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Resistance random access memory is a promising next-generation non-volatile memory device due to its simple capacitor-

like structure, ultrafast switching, and extended retention. A composite thin film of perovskite oxide such as La1-xSrxMnO3 

(LSMO) and reactive metal such as aluminum (Al) is a key material for such device, but lack of clear understanding of its 

microscopic switching mechanism hampers further development along this direction. We therefore carry out a series of 

density functional theory calculations tracking down a molecular-level hypothesis of the switching process: (1) oxygen 

vacancy (VO) formation in LSMO and migration through LSMO towards the interface with Al and (2) AlOx oxide formation at 

the interface. As the first step of this series of effort, Al/LSMO/Al model junction devices are built to represent four 

different oxygen-deficiency levels of LSMO, and their structure, energy, electronic structure, and current-voltage 

characteristics are calculated and compared. We find that the VO formation in LSMO itself plays an interesting role in the 

resistive switching of the junction by initially reducing the number of majority-spin states around the Fermi level 

(becoming more insulating as expected) and then by increasing the number of minority-spin states through Mn-VO-Mn-VO 

filament-like pathways developed in the film (surprisingly becoming more conducting than stoichiometric LSMO). 

Assessment of the importance of this effect would require a comparison with the ON/OFF ratio induced by AlOx formation, 

which will be done separately in the second step of our effort, but the control of the oxygen deficiency appears to be a 

very important and challenging task required for reliable device fabrication and operation. The calculation also shows that, 

at sufficiently high doping level x, the VO formation energy is reasonably low and the VO migration energy barrier is even 

lower, explaining the fast switching of this type of devices. On the other hand, the calculated energy barrier is high enough 

to avoid thermal random-walk O migration which could refill VO sites, explaining the extended retention of such devices. 

Introduction 

Across nanoscale thin films, even a low applied voltage corresponds 

to a large electric field that can cause charged species to move.1,2 A 

resistive switching coupled with the voltage-induced movement of 

charged species occurring in a metal-oxide-metal capacitor-like thin 

film [so-called electric-pulse-induced resistance change,3-7 colossal 

electroresistance8,9 or redox-based electrochemical nanoionics2,10,11] 

forms the basis of resistance (switching) random access memory 

(RRAM).12,13 Due to its simplicity, ultrafast read/write/erase, low 

operation voltage, and extended retention of each bi-stable (or 

possibly multi-stable) resistive state,14 RRAM has a great potential 

as a next-generation high-density non-volatile memory.12,13,15,16  

 Such resistive switching is classified into two types, unipolar and 

bipolar, depending on the polarity of the write/erase (ON/OFF) 

voltages.1,2,12,13,17 Current-induced thermophysical (due to the Joule 

heating)10,17 formation-rupture of nm-scale conductive filaments in 

an insulating oxide matrix is considered responsible for unipolar 

(symmetric) switching observed in MIM-type thin-film devices (I = 

NiO, TiO2; M = Pt).13,18-23 A bipolar (antisymmetric) resistive 

switching, which requires both polarities of voltages (one to set to 

an ON state and the reverse to reset to an OFF state), is observed in 

similar MIM’-type heterojunction devices (I = ZnO, SiO2, Al2O5, ZrO2, 

Ta2O5, TiO2; M = Pt, W; M’ = Ag, Cu) via so-called electrochemical 

metallization (or conductive bridging).10,11,24-27  

 Another type of bipolar switching is exhibited by heterojunction 

devices composed of insulating or semiconducting perovskite oxide 

[Pr1-xCaxMnO3 (PCMO), La1-xCaxMnO3 (LCMO), La1-xSrxMnO3 (LSMO), 

La1-xBaxMnO3 (LBMO)] attached to reactive metal (Al, Sm, Ti).3-8,28-45 

Microscopic mechanism of this phenomenon is still unclear,2,12,13,46 

except that the high-resistance state comes from a facile formation 

of an interfacial metal oxide layer (AlOx, SmOx, TiOx) after a reaction 

of the reactive metal with the oxygen ions migrated from the 

perovskite oxide and that such layer-type (rather than filament-type) 

transition greatly improves the switching ratio and the die-to-die 

uniformity47 so that even a possibility of a multi-level operation is 

demonstrated using LSMO.40 Therefore most studies of the resistive 

switching mechanism27,48-53 have focused on the role played by the 

reactive metal and its oxides without paying much attention to the 

role played by the perovskite. 

 However, LSMO and other perovskite manganites54 are in fact 

the most studied materials for colossal magnetoresistance55,56 and 
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they are known to exhibit sharp metal-to-insulator transitions upon 

oxygen deficiency:57-61 they exhibit both colossal magnetoresistance 

and colossal electroresistance.40 We therefore speculate that the 

sensitive oxygen-vacancy-induced variation of resistivity in bulk 

LSMO perovskites could also be (a part of) the origin of the bipolar 

resistive switching of their junctions with reactive metals (Al/LSMO, 

for example). Indeed, oxygen vacancies already created in LSMO in 

the course of device fabrication, whose contents are controlled 

with reactive metals, are known to improve the ON/OFF ratio.42 

Understanding the oxygen-defect chemistry of perovskites (LSMO) 

separately from the oxide-formation chemistry of reactive metals 

(Al) should be crucial for understanding the resistive switching 

mechanism and designing high-performance RRAM materials from 

a combinatorial approach. However, these two effects are so 

entangled that it should be extremely difficult to separate them out 

in real-world experiments. 

 Therefore in this work we perform a virtual experiment where 

density functional theory (DFT) calculations are carried out to study 

the oxygen-vacancy-induced resistivity change in Al/LSMO/Al model 

junctions without the intervention of concurrent AlOx formation at 

the interface, which will be studied separately and combined with 

this work later. Energetics of the oxygen vacancy formation and 

migration in bulk LSMO as well as the electronic structure of the 

oxygen-deficient LSMO are also studied. This is an extension of our 

previous studies where DFT calculations were carried out first on 

the smallest Al/LSMO/Al junction models made of an ideal cubic 

structure of LSMO62 and then rather seriously on the orthorhombic 

structure of stoichiometric bulk LSMO.63 We now introduce various 

concentrations of oxygen vacancies in the orthorhombic structure 

of parents and mixed-valence LSMO (La1-xSrxMnO3-δ with x = 0, 0.25, 

0.5, and 1 and δ = 0, 0.17, 0.25, 0.33, 0.5, 0.67, and 1).  

Computational Details 

A spin-polarized DFT calculation with the Perdew-Burke-Ernzerhof 

(PBE) exchange-correlation functional64,65 is carried out using VASP 

(Vienna ab initio simulation package).66,67 The PBE functional is 

known to quite well reproduce the structure, electronic structure, 

and magnetic properties of manganites.68-71 Projector-augmented-

wave pseudopotentials replace the core electrons of each atom,67,72 

and the valence electrons [11 in La 5s/5p/6s/5d, 10 in Sr 4s/4p/5s, 7 

in Mn 4s/3d, and 6 in O 2s/2p] are described by a set of plane 

waves with kinetic energies up to 550 eV. The convergence criterion 

is 10–5 eV for electronic self-consistent-field (SCF) cycles and 10–4 eV 

for conjugate-gradient ionic update cycles. The Monkhorst-Pack k-

point mesh73 is used to sample the Brillouin zone with the size of 

(6×6×6) for β-SrMnO3, (6×5×6) for LaMO3 and La1-xSrxMO3 (x = 0.25 

and 0.5), and (6×3×4) for α-SrMnO3 for geometry optimization (See 

the size of the unit cells below in Table 1). All the structures are 

built and visualized with VESTA.74 For further electronic structure 

analyses at each optimized geometry, a single-point-energy PBE+U 

calculation is carried out with a carefully-chosen U parameter (2.0 

eV), despite a debate on the choice of U.75-81 Density of states (DOS) 

is visualized with a Gaussian smearing with a width of 0.1 eV. 

Atomic charges and magnetic moments are obtained with the 

Bader analysis.82-84 The transmission spectra and the I-V curves of 

Al/LSMO/Al model junction devices are calculated with the non-

equilibrium Green’s-function (NEGF) formalism implemented in ATK 

(Atomistix Tool Kit).86,87 The Trouillier-Martins norm-conserving 

nonlocal pseudopotentials88 replace the core electrons and a single-

zeta-polarization Gaussian-type localized basis set describes the 

valence electrons. A (60×60) k-point sampling is used. 

Results and discussion 

Stoichiometric La1-xSrxMnO3 (x = 0, 0.25, 0.5, and 1) 

Parent LaMnO3 (LMO; x = 0) is rhombohedral and monoclinic above 

970 K,89 cubic (with dynamic fluctuation) above 750 K,90-92 and 

orthorhombic at room and low temperatures.90,93-96 SrMnO3 (SMO; 

x = 1) is hexagonal (α-SMO) and becomes orthorhombic around 100 

K,97-100 but both share essentially the same primitive-cell structure. 

SMO can be also cubic (β-SMO) at room temperature85,97,101,102 but 

only after annealing α-SMO from ~1673 K.85,103 A significant oxygen-

deficiency is expected at such high temperature (SrMnO3-δ) and 

oxidation during annealing is required to restore the stoichiometric 

β-SMO,85,97,101,102 implying that cubic β-SMO should be an oxygen-

deficient non-stoichiometric phase. 

 

Fig. 1. LSMO unit cells and unique VO sites. (a) x = 0 (orthorhombic LMO; 4 f.u.) with 

two unique VO sites, (b) x = 0.25 with three, (c-d) x = 0.5 with checkerboard- and plane-

type La/Sr ordering where the latter has three, and (e-f) x=1 (orthorhombic α-SMO 

with three and 2×2 supercell of cubic β-SMO with only one). Color code: La (blue), Sr 

(green), Mn (purple), O (red), and VO site (black circle). 

Table 1. Crystal structures of parent manganites (LMO and SMO). 

  a b c ρ ∠(MnOMn) 

LMO Expa 5.74 7.70 5.54 6.57 155.5±1.1 
AFM-A Calc 5.66 7.77 5.57 6.56 155.3±1.0 

 Error 1.5% 1% 0.6% 0.13% 0.1% 

α-SMO Expa 5.44 9.42 9.06 5.45 175.8±1.3 
AFM-A Calc. 5.50 9.51 9.14 5.30 170.6±2.0 

 Error 1% 0.9% 0.8% 2.7% 2.9% 

β-SMO Expa 3.80 - - 5.75 180 
AFM-G Calc 3.83 - - 5.63 180 

 Error 0.7% - - 2.1% 0% 
a Refs. 85,93,100; lattice constant (a-c) in Å; density (ρ) in g/cm3; angle (∠) in °. 
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 The crystal structures of orthorhombic LMO, orthorhombic α-

SMO, and cubic β-SMO, which consist of four, eight, and one 

formula units (f.u.) per unit cell, are selected and fully optimized 

(Fig. 1). Indeed, orthorhombic α-SMO is calculated more stable (by 

0.3 eV/f.u.) than cubic β-SMO. The magnetic ground state is also 

predicted: FM (ferromagnetic) and A-type AFM (antiferromagnetic) 

for LMO and A-type and G-type AFM for SMO, which agree with 

experiments.56,85,93,99,100,104,105 The lattice constants and the internal 

structural parameters (Mn-O-Mn angle) optimized at their magnetic 

ground states are within 3% from the experiments (Table 1),85,93,100 

correctly reflecting the greater Jahn-Teller distortion in LMO (155°) 

than in SMO (~180°).85,90,93-96,100,101 The magnetic moment (in µB) 

calculated for Mn in orthorhombic FM LMO (3.81) well reproduces 

experiment (3.81)93 and hybrid-functional (Heyd-Scuseria-Ernzerhof; 

HSE)106,107 DFT calculations (3.84).79 All these results indicate the 

reliability of our method employed in the following calculations. 

 Mixed-valence LSMO crystals can be tetragonal, orthorhombic, 

rhombohedral, or monoclinic, depending on doping level x, oxygen 

deficiency δ, and synthesis conditions.56,85,108 LSMO at doping levels 

of 0.25-0.3 and 0.5 lie near the rhombohedral-orthorhombic56,109,110 

and tetragonal-orthorhombic85,111 phase boundaries, respectively, 

at low temperatures. In fact their lattice constants are similar within 

2% and their total energies are calculated similar within 8 meV. We 

thus use the orthorhombic phase of LMO (Pnma with 4 f.u.)93 to 

build the orthorhombic mixed-valence LSMO (x = 0.25 and 0.5) by 

replacing a given amount (x) of La with Sr. We consider only FM 

magnetic ordering, based on experimental reports on FM ordering 

of LSMO (x > 0.15).56,112 Among two types (checkerboard or plane) 

of A-site (La/Si) ordering in LSMO (x = 0.5; Figs. 2c-d), we consider 

only the plane type,77,113-115 which is calculated to be more stable 

(by 0.12 eV) than the checkerboard type. The average Mn magnetic 

moment (in µB) decreases with increasing the Sr concentration x 

[3.81 (0); 3.61 (0.25); 3.39 (0.5)] consistently with the experimental 

trend [3.81 (0); 3.48 (0.3); 3.38 (0.4)].93,116 This should be because 

Sr2+ replacement of La3+ would induce Mn4+ (4d3) replacement of 

Mn3+ (4d4) for the charge valence. The DOS (black) and PDOS (color) 

curves in Figs. 2a-b show that stoichiometric mixed-valence LSMO 

(x = 0.25 and 0.5) keeps the typical half-metallic behaviour of parent 

LMO and that the majority (up) and minority (down) spin states 

near the Fermi level (EF) mainly come from Mn (purple) and O (red). 

The contribution of La and Sr (not shown) to these states near EF is 

negligible. We also notice a slight shift of the DOS curves towards a 

lower binding energy (to the right side in Fig. 2) with increasing the 

Sr doping level x, which is considered as a hole-doping effect.117 All 

these are consistent with the findings from the HSE calculation.79 

 

 

Fig. 2. Spin-polarized (majority/minority spins in upper/lower regions) DOS (black) and 

PDOS (colored) curves (relative to EF set to zero) of orthorhombic LSMO (x = 0.25, 0.5).  

Formation of a single oxygen vacancy in LSMO (x = 0 to 1) 

A single oxygen vacancy (VO; conc. 8.3%) is created and relaxed at 

different sites in the optimized unit cells of LSMO (black circle; Fig. 

1). The VO formation energy (EVO), that is, the energy cost to form a 

VO is defined as: 

 EVO = E(La1–xSrxMnO3–δ) + ½E(O2) – E(La1–xSrxMnO3),  (1) 

where E(La1–xSrxMnO3–δ) or E(LSMO3–δ), E(La1–xSrxMnO3) or E(LSMO), 

and E(O2) are the energy of bulk LSMO with and without VO (Fig. 1) 

and the energy of a triplet O2 in the gas phase (modelled by an 

empty cubic unit cell of 15 Å). The calculated EVO values (in eV) are: 

4.22 and 4.39 from LaO (VO1) and MnO2 (VO2) planes of LMO (x = 0; 

Fig. 1a); 4.01, 3.98, and 4.17 from LaO (VO1), MnO2 (VO2), and LaSrO 

(VO3) planes of LSMO (x = 0.25; Fig. 1b); 3.39 (VO1), 3.44 (VO2), and 

3.69 (VO3) from LSMO (x = 0.5; Fig. 1d); 1.92 from a (2x2) super cell 

of cubic β-SMO (x = 1; Fig. 1f). Our EVO values for LMO (4.22-4.39) 

are close to literature values: 4.16 calculated for cubic LMO (VO 

conc. 4.2%)118 and 4.29 from a cluster-defect model,119 although a 

higher value (4.85) has also been reported.120 The most striking 

feature revealed by our calculation (Fig. 3a) is that the average EVO 

decreases almost linearly with the doping level x in agreement with 

an experimental finding.119 This is understandable because LSMO 

with La3+ replaced by Sr2+ would tend to maintain its charge 

neutrality by turning Mn3+ into Mn4+ (as seen in the previous 

section) or by losing O2- (as seen here). Our EVO values for LSMO 

with 0.25-0.5 of x (~4 eV) are comparable to the typical operation 

voltages (4-4.5 V).33,36 Highly-doped LSMO (only up to x ≈ 0.5 due to 

a stability issue) could easily create VO (most likely during device 

fabrication), improving the RRAM ON/OFF ratio,42 the threshold 

voltage for device operation, and the operation speed.  

 

Fig. 3. (a) Average VO formation energy in LSMO; (b) Energy profile for VO migration into 

adjacent VO sites (dotted square) along the minim-energy pathways (black arrows) in 

orthorhombic LSMO with x = 0 (c), 0.25 (d), and 0.5 (e). 

Migration of a single VO in LSMO (x = 0, 1/4, and 1/2) 

A facile VO formation in LSMO should be related with a facile oxygen 

transport through LSMO under bias voltages. We therefore search 

for the minimum-energy oxygen-migration (VO-migration) pathways 

in LSMO (x = 0, 0.25, and 0.5; Figs. 3c-e) and calculate the energy 

changes along the pathways, using the climbing image nudged 

elastic band method121,122 implemented in VASP. These oxygen 

migration energy profiles combined with the EVO values calculated 
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in the previous section [4.3 (x = 0; black), 4.0 (x = 0.25; blue), and 

3.5 (x = 0.5; red) eV at the image number 0] are shown in Fig. 3b. 

Surprisingly, the activation barrier of oxygen migration is calculated 

as 0.6-0.8 eV for all three LSMO’s irrespective of the doping level x, 

contrary to EVO which significantly decreases with x (4.3 to 3.5 eV). 

The oxygen migration in bulk L(S)MO has been extensively studied 

for high-temperature (~1000 K) solid-oxide fuel-cell applications: 

Low diffusion barriers estimated from molecular dynamics 

simulations (<1 eV)123-126 and from electrochemical measurements 

(0.73 eV for x = 0.2)127 agree well with our estimates (0.6-0.8 eV). 

Comparable diffusion barriers (0.4 and recently 0.9±0.2 eV) have 

been estimated in Pt/PCMO/Pt (x ≈ 0.3) devices.7,35 In all the cases 

the VO migration barriers stay much lower than EVO, implying that, 

once VO is created, the switching speed may not depend critically 

on the doping level x. Such low migration barriers may explain the 

fast switching of perovskite-based RRAM devices. On the other 

hand, since the migration barriers are sufficiently high to block 

thermal random-walk VO migrations at room temperature, the VO 

sites would not be refilled randomly without voltage applied, 

explaining the extended retention of this type of RRAM devices. 

Electronic structure of oxygen-deficient LSMO (x = 1/4 and 1/2) 

The average Mn magnetic moment (in µB), which decreased from 

3.81 of parent LMO (x = 0) to 3.61 (x = 0.25) and to 3.39 (x = 0.5) of 

mixed-valence LSMO, increases back to 3.91 (x = 0.25) and 3.73 (x = 

0.5) when a single VO (conc. 8.3%) is introduced and stays around 

3.80 (x = 0.25) and 3.73 (x = 0.5) when the second VO is created 

(conc. 16.7%) to form the most stable double-VO configuration (Mn-

VO-Mn-VO perpendicular to LaO/SrO planes). It is understandable 

because mixed-valence LSMO with La3+ replaced by Sr2+, which 

maintained its charge neutrality by turning Mn3+ (d4) into Mn4+ (d3) 

lowering the magnetic moment, now puts back Mn3+ (increasing the 

magnetic moment) to fix charge imbalance caused by lost O2- Ions.  

 The DOS curves of LSMO (x = 0.5, Fig. 4; essentially the same 

curves are obtained for x = 0.25, not shown) show that non-

stoichiometric LSMO with a single VO (VO conc. 8.3%; Fig. 4a) still 

keeps the typical half-metallic characteristic of stoichiometric LSMO 

irrespective of the position of the VO site (VO1, VO2, or VO3). Only 

defect states appear near the bottom of the conduction band of the 

minority spin (at ~1 eV) and reduces the minority-spin gap to 2.49 (x 

= 0.25) and 1.99 (x = 0.5) eV. This is comparable to the study of 

Wang and coworkers, which has shown the reduced half-metallic 

gap of rhombohedral LSMO with VO conc. up to 8.3%.69  

 On the other hand, the half-metallic characteristic of LSMO 

disappears when the second VO is introduced to form Mn-VO-Mn-VO 

paths (VO conc. 16.7%; Fig. 4b). The majority spin density decreases 

around EF by ~50%, while the minority spin density slightly increases. 

Since the conductivity is in general proportional to the number of 

states at EF, the oxygen loss from the Mn-O-Mn-O paths would 

result in a significant reduction of the majority-spin conductivity of 

LSMO,128 but an increase in the minority-spin conduction is also 

expected. It is not therefore clear yet how (more specifically, in 

which direction, positive or negative) the VO formation in LSMO 

would contribute to the resistive switching of Al/LSMO-based RRAM 

devices. We need to quantify the contribution of the VO formation 

in LSMO to electron transport (current, conductivity, or resistivity). 

 

Fig. 4. Spin-polarized DOS of LSMO (x = 0.5) at VO conc. 8.3% and 16.7%. LSMO (x = 0.25) 

shows essentially the same behaviour (not shown here). 

Electron transport through oxygen-deficient LSMO (x = 1/3) 

We therefore quantify the contribution of the VO formation in 

LSMO to the resistive switching of Al/LSMO devices. This is done by 

comparing electron transport (transmission and I-V curves) of the 

Al/LSMO/Al model devices calculated at different VO conc. in LSMO 

(x = 0.5). To build a model device at each VO concentration, the 

lowest-energy VO configuration of LSMO (x = 0.5 with a plane-type 

La/Sr ordering) is selected, cut into a seven-atomic-layer symmetric 

LSMO(001) thin film with the MnO2 termination129 (MnO2-LaO-

MnO2-SrO-MnO2-LaO-MnO2), redefined as a (√2×√2)R45°  unit cell 

and attached to a (2×2) supercell of three-atomic-layer Al(001) film 

at each side in order to minimize the junction mismatch (3.5%). The 

atomic positions of LSMO and two adjacent Al layers at each side 

are relaxed with the outermost Al layer at each side fixed at its bulk 

position and lattice parameter (8.05 Å). This optimized scattering 

region (Figs. 5b-e) is attached to a (2×2) supercell of additional 

thirteen Al(001) layers at each side (Fig. 5a) to avoid a failure in SCF 

convergence of the NEGF calculations. Our choice of symmetric 

junction models (LaO-SrO-LaO) would give the conductivity of LSMO 

(x = 0.33) instead of LSMO (x = 0.5). In all the cases, this doping level 

(x = 0.33) corresponds to the most interesting doping level for 

device applications3-7 [due to the highest Curie temperature (380 K) 

at x ≈ 0.3.55,56] A layered configuration of 2VO and 4VO (conc. 5.7% 

and 11%; Figs. 5c-d) with all the VO’s from the same LaO plane, 

which is at least 0.22 eV more stable than other configurations, is 

chosen. Since these layered VO’s are significantly more stable in LaO 

or SrO planes than in MnO2 planes, a layered configuration of 12VO 

made by removing all the O’s from La(Sr)O planes (conv. 33%; Fig. 

5e) to form a full amount of Mn-VO-Mn-VO paths is also considered. 

 
Fig. 5. Al/LSMO/Al model devices at different VO concentrations (0, 5.7, 11, and 33%). 
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Fig. 6. (a) Spin-resolved (blue/red) LDOS (Å-3eV-1) projected onto LSMO(100) planes cut 

along Mn-O-Mn (left) and La-O-Sr (right) chains perpendicular to the junction interfaces 

and (b) PDOS projected onto La, Sr (right), Mn, and O (left) of LSMO at different VO 

concentrations. 

 

Fig. 7. (a-c) Total and spin-polarized (majority-spin and minority-spin) transmission and 

(d) I-V curves of Al/LSMO/Al at different VO concentrations. 

The spatially-resolved local DOS (LDOS) on the LSMO(100) planes 

cut along the Mn-O-Mn and La-O-Sr chains perpendicular to the 

Al/LSMO/Al junction interfaces (Fig. 6a) as well as the PDOS of La, 

Sr, Mn, and O in the Al/LSMO/Al junctions (Fig. 6b) show the same 

spin-polarized characteristics found in bulk LSMO in the previous 

sections. Up to 4VO (conc. 11%) where all the VO’s are confined in a 

single LaO plane, the half-metallic behaviour of the schoichiometric 

LSMO is still maintained and the major contribution around EF 

comes from the majority-spin states of Mn and O. Hence the 

transmission (Figs. 7a-c) is allowed only for the majority spins. 

There is no transmission of minority spins due to the minority-spin 

gap larger than 2 eV near EF. This majority-spin transmission near EF 

steadily decreases with increasing VO concentration up to 11% (4VO) 

where it is completely eliminated while minority-spin transmission 

is still negligible, resulting in an order-of-magnitude reduction of 

the current (Fig. 7d, black to green). This could be related with the 

typical ON/OFF ratio of ~10 observed for the junctions between 

PCMO and inert layers such as Pt.3,33 It is surprising to see such a 

drastic change in the transmission since the major-spin PDOS 

changes so little in this range of VO concentration (Fig. 6b). Fig. 6a 

indicates that VO formation induces spin-flipping of Mn atoms next 

to VO. A single spin-flipped Mn atom per Mn-O-Mn-O conduction 

path at VO conc. 11%, which corresponds to a negligible amount in 

DOS, appears to be sufficient to cut the conduction path and switch 

OFF the transmission. 

On the other hand, at the high VO conc. of 33% (12VO) where Mn-

VO-Mn-VO filament-like pathways form across the thin film of LSMO, 

a significant amount of minority-spin states develop near EF due to 

spin-flipped Mn atoms next to VO’s (Fig. 6b). This series of spin-

flipped Mn atoms along Mn-VO-Mn-VO chains are now close enough 

to overlap with each other (Fig. 6a) and form filament-like major 

transmission channels (Fig. 7c), dramatically increasing the total 

transmission and the current (Figs. 7a-b, green to red). Surprisingly 

LSMO at this VO concentration is even more conductive (ON) than 

stoichiometric LSMO, cancelling out the OFF state of the coexistent 

AlOx layer and reducing the ON/OFF ratio of the device. 

These results suggest that (1) the electron transport of Al/LSMO-

based RRAM devices is sensitive to the VO concentration in LSMO; 

(2) the intrinsic contribution from the VO formation in LSMO to the 

resistive switching of the device would be the ON/OFF current ratio 

of 101 at most (which could be smaller than the contribution from 

the AlOx formation, as will be reported separately); and (3) overly 

high VO concentration in overly thin LSMO films may form filament-

like additional minority-spin conduction channels and end up with a 

reduction of the ON/OFF ratio by ~101 unless only the majority-spin 

current is detected. 

Conclusions 

Carefully-validated DFT and NEGF calculations on oxygen-deficient 

LSMO show that (1) the first step for the resistive switching of 

Al/LSMO-based RRAM, VO formation-migration, could be realized 

with reasonable energy (for reasonable operation voltage, speed, 

and retention) in highly-doped LSMO in particular; (2) the ON/OFF 

ratio of the VO-induced resistive switching of LSMO would increase 

only up to the point where minority-spin current channels along 

filament-like Mn-VO-Mn-VO chains start to cut across the whole thin 

layer of LSMO; and (3) this contribution from VO formation in LSMO 

to the total ON/OFF ratio of Al/LSMO-based RRAM could be smaller 

than the contribution from concurrent AlOX formation, as will be 

reported separately.  
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