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The antiferromagnetic-semiconductor extreme tensile strain (8%) states of La0.7Ca0.3MnO3 membranes 
was achieved by Hong et al. (2020) [23]. To understand such tunable magnetic and electronic properties 
in these La 2

3
M 1

3
MnO3 (M=Ca, Sr) systems, we have investigated the magnetic and electronic behaviors 

of La 2
3

M 1
3

MnO3 (M=Ca, Sr) under strain and charge doping using first-principles calculations. A 
ferromagnetic-semiconductor phase is predicted for La 2

3
Sr 1

3
MnO3 beyond 4% biaxial tensile strain. 

Meanwhile, its energy gap and magnetic anisotropic energy increase as the strain increases. We also 
discover that the change of magnetic exchange energy in La 2

3
Ca 1

3
MnO3 under charge doping is in analogy

to the scenario directly changing the Ca concentrations. Based on the magnetic competition analysis, it is 
expected that the carrier concentration and strains dominate the magnetic ground state while the La/Ca 
distributions have little impact. The highly tunable magnetic-electronic properties offer opportunities for 
the future magnetic-electronic materials design and applications.

© 2022 Elsevier B.V. All rights reserved.
1. Introduction

Over the last several decades, great efforts have been devoted 
to the research of La1−xMxMnO3 (M = Ca, Sr) and the relevant 
compounds, due to their metal–insulator transition [1]. Mangan-
ites with such general formula are perovskite structures, displaying 
various interesting phenomena, such as large magnetocaloric ef-
fect [2], high-temperature superconductivity [3,4], and the colossal 
magnetoresistence [5–7]. Such novel properties extremely rely on 
the doping concentration x as well as external conditions, such as 
strain, pressure, temperature, electric or magnetic field. As typical 
strongly correlated electron systems, rare-earth perovskite man-
ganites have multiple phases which are coupled to the lattice [8]. 
As a result, quite a number of stable and meta-stable magnetic 
and electronic states arise at different strain and carrier concen-
trations, indicating that such materials are promising in the future 
device applications.

Experimental study on these manganite oxides have been the 
subject of intense research. Particularly, the La1−xMxMnO3 se-
ries, with M = Ca, Sr, undergo a phase transition from a high-
temperature paramagnetic insulating phase to a low-temperature 
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ferromagnetic half-metallic phase in the range of 0.2 < x < 0.5
[9]. The maximal Curie temperature Tc is around 250 K for 
La1−xCaxMnO3 and 370 K for La1−xSrxMnO3 around x = 1

3 [10,11], 
in which charge-ordered states [12], and large magnetocaloric ef-
fect [13–16] were also observed experimentally. The half-metallic 
ground state of these materials is closely adjacent to many other 
phases which are coupled to the lattice, offering an excellent plat-
form to understand electronic correlation physics dominated by 
lattice strain [17,18]. Although the ultrathin membranes of these 
materials have been prepared in experiments for years [19–21], 
the extreme tensile strain states had not been achieved exper-
imentally for a very long time in bulk oxides. Those crystals 
are usually so brittle that suffer from cracking under relatively 
small tensile strain. It was believed that a slightly larger strain 
state in such complex oxide materials may only access via com-
pressive strain [22]. In 2020, Hong et al. [23] firstly realized the 
extreme tensile strain states mechanically in La0.7Ca0.3MnO3 ul-
trathin films exceeding 8% uniaxially as well as 5% biaxially in 
their experiment, shedding a light on the possibilities of the ex-
treme strain engineering of a series of analogous complex oxide 
membrane materials. In the same year, McLeod et al. [24] achieved 
the multi-messenger nanoprobes of hidden magnetism in slightly 
strained La 2

3
Ca 1

3
MnO3 films, guiding futural functional engineering 

of similar magnetic oxides into the regime of phase-programmable 
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materials. As is well known, charge doping is another effective way 
to control the magnetic and electronic properties of magnetic ma-
terials [25–28]. However, to our knowledge, such experiments have 
not been demonstrated in these manganite films yet.

The theoretical pioneer to explain the electronic and magnetic 
behaviors of these mixed-valency manganites was the double-
exchange model proposed by Zener and the Heisenberg model 
[29–31]. They did qualitatively describe the magnetic and elec-
tronic properties of these manganites but remarkably overesti-
mated the Curie temperature [32,33]. Other theoretical studies 
of these series were performed using first-principles calculations. 
Early tries mostly focused on the end compound LaMnO3. How-
ever, no matter using the density-functional theory (DFT), or the 
Hartree-Fock (HF) method, the antiferromagnetic ground state and 
band structure were not described correctly [34–39]. Such ambi-
guities originate from the well-kown nature that the DFT method 
is hard to describe the exchange of electrons precisely while the 
HF method ignores the correlation energy [40,41]. In 2005, Tri-
marchi et al. [42] tackled the system via the DFT+U method. Their 
work, however, was based on ultrasoft pseudopotentials, which 
were believed to be less accurate in magnetic properties than 
other state-of-the-art pseudopotentials [43]. Fortunately, Korotana 
et al. [44,45] successfully described the properties of the end 
compounds and La0.75Ca0.25MnO3 using Becke three-parameter 
Lee-Yang-Parr (B3LYP) hybrid-exchange DFT calculations. However, 
hybrid-exchange DFT calculations cost so heavily that it is unaf-
fordable now for many other doping concentrations because signif-
icantly larger supercells are necessary for such simulations. Other 
calculations to solve different problems about this series were also 
carried out with different methods [46–50]. Generally speaking, 
meta-GGA functionals are expected to have a better overall per-
formance than GGA or LDA functionals, however, such calculation 
results about La1−xMxMnO3 have not been reported yet. Further-
more, few theoretical discussions are available about the variable 
magnetic and electronic properties of compressive strain states of 
La 2

3
Ca 1

3
MnO3, the extreme tensile and compressive strain states 

of La 2
3

Sr 1
3

MnO3, and the charge doping states of the both series. 
In consideration of the significant progress of the extreme tensile 
strain experiment of La0.7Ca0.3MnO3, a comprehensive theoretical 
study about these problems is significantly desired at present.

In this work, we report a systematic theoretical study of 
La 2

3
M 1

3
MnO3, with M = Ca, Sr, under different strains and charge 

doping conditions using DFT+U calculation with strongly con-
strained and appropriately normed (SCAN) functional [51,52], 
which is expected to be more accurate than most semilocal func-
tionals [53]. Interestingly, we computationally discover that the 
magnetic behaviors of charge doped La 2

3
Ca 1

3
MnO3 is similar to the 

directly changing of the Ca doping concentration x. Furthermore, 
La 2

3
Sr 1

3
MnO3 will turn into a ferromagnetic-semiconductor ground 

state when biaxially strained exceeding 4%. Meanwhile, the energy 
gap as well as the magnetic anisotropic energy is enlarged as the 
strain is introduced.

2. Computational details

All our calculations are conducted using DFT. The projector-
augmented wave (PAW) approach was used [54], performed in the 
Vienna ab initio simulation package (VASP) [55–57]. The compu-
tations were done within the meta-generalized gradient approxi-
mation (meta-GGA) with SCAN functional to describe the exchange 
and correlation energy. The energy cutoff was set to 560 eV for 
the plane wave basis set to expand the Kohn-Sham wavefunc-
tion [58,59]. The total energy of La2/3Sr1/3MnO3 is converged to 
within 0.1 meV/atom as the cutoff energy increases from 480 eV 
to 600 eV. The criterion for energy convergence of the electronic 
2

self-consistent calculation was no more than 5 × 10−6 eV/cell. 
All the coordinations of the atoms were fully relaxed until the 
residual forces on each atom were smaller than 0.01 eV/Å. In or-
der to appropriately include the strong electrons correlations of 
the d and f electrons, we adopted the DFT+U method with the 
interaction parameters of U(Mn,3d) = 3.9 eV, J(Mn,3d) = 0.9 eV 
for La 2

3
Ca 1

3
MnO3 while U(Mn,3d) = 3.4 eV, J(Mn,3d) = 0.9 eV for 

La 2
3

Sr 1
3

MnO3 and U(La,4f ) = 6 eV, J(La,4f ) = 1 eV for both. These 
U and J values give reasonable lattice parameters and correct an-
tiferromagnetic ground state of LaMnO3. 8×8×2 and 8×8×4 �-
centered Monkhorst-Pack k-point meshes for La 2

3
Ca 1

3
MnO3 and 

La 2
3

Sr 1
3

MnO3 were employed, respectively. We used the follow-

ing electronic configurations: 5s25p65d16s2 for La, 3s23p64s2 for 
Ca, 4s24p65s2 for Sr, 3s23p63d54s2 for Mn, and 2s22p4 for O. The 
semi-core electrons of Mn, Ca and Sr were included in our calcu-
lations in order to get a more accurate description. The search of 
equivalent crystal structure and data post-processing were done by 
SAGAR code and the vaspkit program [60–62].

3. Results and discussion

3.1. Structures of La 2
3

Ca 1
3

MnO3 and La 2
3

Sr 1
3

MnO3

Both La 2
3

Ca 1
3

MnO3 and La 2
3

Sr 1
3

MnO3 are of the nature of a 
solid-solution configuration [10,11,23]. If the La and Ca/Sr ions are 
not distinguished, the La 2

3
Ca 1

3
MnO3 structure is an orthorhombic 

perovskite crystal structure with a Pnma space group [10]. As for 
the La 2

3
Sr 1

3
MnO3, a rhombohedral perovskite structure with a R3c

space group is observed [11]. Here, we will not focus on the solid-
solution configuration. Instead, the ordered distributions were em-
ployed. Actually, Hong et al. [23] have tested the influence of the 
La/Ca distributions in their work and the configuration impact to 
the magnetic transitions are not remarkable in their results. For 
the La 2

3
Ca 1

3
MnO3, we build a most symmetrical 1×1×3 supercell 

from the Pnma LaMnO3. After full structural relaxation for each of 
the possible configurations in the FM ordering, the most energet-
ically favorable one is selected for further investigation from the 
32 configurations. As for the La 2

3
Sr 1

3
MnO3, the minimal cell nec-

essary for the calculation of this doping concentration x is the R3c
LaMnO3 primitive cell and there are only 3 nonequivalent configu-
rations of the distributions. We also choose the most energetically 
favorable configuration for the following studies. Both of them 
have the highest symmetry among these distributions. The fully re-
laxed lattice parameters are listed in Table 1 for La 2

3
Ca 1

3
MnO3 and 

La 2
3

Sr 1
3

MnO3. These parameters are in excellent agreement with 
the experimental results [10,11]. In both structures, Mn ions are lo-
cated in the MnO6 octahedra cages, which are tilted and distorted
by different Mn-O bond lengths due to the Jahn-Teller distortion 
[63]. The structures of La 2

3
Ca 1

3
MnO3, La 2

3
Sr 1

3
MnO3 and the cor-

responding Jahn-Teller distorted structure of MnO6 octahedra are 
shown in Fig. 1(a)-(c).

3.2. The biaxial and compressive strain of La 2
3

Ca 1
3

MnO3

In La1−xCaxMnO3 series, there are 4 different stable magnetic 
states in different Ca concentration x, namely the A-, C-, G-type 
antiferromagnetic states and the ferromagnetic state [64]. The four 
types spin configurations are shown in Fig. 2. Generally speak-
ing, the magnetic competition mechanism in La1−xCaxMnO3 com-
pounds is accepted as following: the Mn3+-O-Mn4+ double ex-
change supports the ferromagnetic order while the Jahn-Teller dis-
tortion benefits the formation of A-type antiferromagnetic order 
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Table 1
The calculated and experimental lattice parameters of La 2

3
M 1

3
MnO3 (M = Ca, Sr).

La 2
3

Ca 1
3

MnO3 a (Å) b (Å) c (Å) α (deg) β (deg) γ (deg) Ref

Theo. values 5.4585 5.4715 7.7085 90 90 90
Expt. values 5.4515 5.4671 7.7004 90 90 90 [10]
La 2

3
Sr 1

3
MnO3

Theo. values 5.4976 5.4976 13.3525 90 90 120
Expt. values 5.5073 5.5073 13.3626 90 90 120 [11]
Fig. 1. Structures of La 2
3

M 1
3

MnO3. The purple, red, bottle green, blue, jade-green 
balls correspond to the Mn, O, La, Ca, Sr atoms, respectively. Crystallographic cells 
used in calculations for (a) La 2

3
Ca 1

3
MnO3, (b) La 2

3
Sr 1

3
MnO3. (c) The Jahn-Teller dis-

torted structure of MnO6 octahedra. (For interpretation of the colors in the figure(s), 
the reader is referred to the web version of this article.)

Fig. 2. The magnetic configurations in La1−xCaxMnO3 with the local magnetic mo-
ments of Mn are represented by the arrows. (a) A-type antiferromagnetic (A-AFM) 
order; (b) Ferromagnetic (FM) order; (c) C-type antiferromagnetic (C-AFM) order; 
(d) G-type antiferromagnetic (G-AFM) order.

[44], and the Mn4+-O-Mn4+ superexchange give rise to the G-type 
antiferromagnetic order [65].

We have first calculated the structural, magnetic and electronic 
properties of La 2

3
Ca 1

3
MnO3 with no ambient strain or charge dop-

ing. In our calculation, not only the lattice parameters have no 
remarkable difference from the experimental values as listed in Ta-
ble 1, but also the average magnetic moment (3.67 μB /Mn) is in 
3

line with the experimental value of 3.5 μB /Mn very well [66]. The 
ground state of the experimental ferromagnetic half-metal phase 
is reproduced, as shown in Fig. 3(a). Meanwhile, the calculated en-
ergy difference between A-AFM and FM states is about 44 meV 
per formula unit (f.u.), agreeing well with the experimental result 
[23]. Such energy difference is greater than the energy scale kT of 
room-temperature and the numerical error of the DFT calculations. 
We did not conduct the SCF calculations with SOC since its in-
fluence on magnetic exchange energy is typically no more than 1 
meV/magnetic-atom [67]. We also carefully tested the influence of 
SOC on the magnetic exchange energy with the LaMnO3 primitive 
cell to ensure that the SOC effect will not change our conclusion. 
All the above validates the reliability of our calculations. To sim-
ulate the behaviors of the materials under strain conditions, we 
artificially enlarge values of a, b lattice parameters then relaxed 
c axis for biaxial tensile strain while reducing the c lattice pa-
rameter and relaxing the a, b axes for compressive strain. In our 
simulation, La 2

3
Ca 1

3
MnO3 undergoes a transition from an FM half-

metal ground state to A-AFM semiconductor ground state when 
biaxially strained exceeding 4% as shown in Fig. 3(b)(d), in line 
with the result from Hong et al. [23]. Similar results are obtained 
when the c axis is compressed by 4% as shown in Fig. 3(c)(e). It is 
widely accepted that the FM state in La1−xCaxMnO3 is originated 
from the double exchange of Mn-O-Mn [29,30]. The Jahn-Teller 
distortion will suppress the double exchange and give rise to an 
A-AFM configuration. Here, we take the bond length difference 
between the longest and shortest ones/average-bond-length*100%
as an indicator to measure the Jahn-Teller distortion. Such bond 
length difference increases from about 3.6% (no strain) to 20.48%
(biaxial strain of 8%). Experimentally, isotropic pressure can sup-
press the Jahn-Teller distortion, and subsequently enhance the fer-
romagnetism and Curie temperature of La0.7M0.3MnO3 (M=Ca, Sr) 
[10,11]. Strains will enlarge the difference of the Mn-O bond length 
in a MnO6 octahedra, enhancing the Jahn-Teller effect [23]. There-
fore, we expect that the transition of La 2

3
Ca 1

3
MnO3 from an FM 

half-metal ground state to the A-AFM semiconductor ground state 
roots from the enhancement of Jahn-Teller distortion. Particularly, 
we discover that the energy of C-AFM, G-AFM states considerably 
decrease with respect to that of FM state as the strain increases. 
This means that the exchange energy will descend fast when the 
lattice is distorted. We also fit the equation of state following Mur-
naghan formalism [68] as shown in Fig. 3(f). Of note, the volume 
of the system may not be the same for a given value of c during 
c-compressive strain and a-b tensile strain due to the kinetic bar-
rier during the relaxation.
To further explore the atomic size effect on above magnetic be-
haviors, we directly replaced the Ca atoms by Sr atoms in the 
optimized La 2

3
Ca 1

3
MnO3 structures under different strain condi-

tions then performed electronic self-consistent calculations with 
different magnetic orders. In our computations, all the energy dif-
ference of AFM and FM states change merely about 2 meV. This 
indicates that the atomic size effect has little influence. Instead, 
the carrier concentration combined with the Jahn-Teller distortion 
dominate the magnetic exchange energy in this series from our 
following demonstration.
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Fig. 3. Strain effect on the density of states and energy of La 2
3

Ca 1
3

MnO3. (a) The PDOS of La 2
3

Ca 1
3

MnO3 without strain. (b) The PDOS of biaxial strain 4% state. (c) The PDOS 
of compressive strain 4% state along c axis. (d) EAFM-EFM vs. biaxial strain. (e) EAFM-EFM for compressive strain states along c axis. (f) The energy for various biaxial strain 
states.

Fig. 4. Charge doping of La 2
3

Ca 1
3

MnO3. (a) The PDOS of doped 0.3 electron/f.u. state. (b) The PDOS of doped 0.3 hole/f.u. state. (c) The PDOS of La and Ca ions with no 
ambient conditions. (d) EAFM-EFM vs. electron doping. (e) EAFM-EFM vs. hole doping.
3.3. The charge doped La 2
3

Ca 1
3

MnO3

Consequently, we evaluate the effect of both electron doping 
and hole doping in La 2

3
Ca 1

3
MnO3. In our calculations, La 2

3
Ca 1

3
MnO3

undergoes a phase transition from FM to C-AFM ground state 
when hole doping concentration reaches 0.3 hole/f.u. as shown in 
Fig. 4(e). As for electron doping, although no magnetic-electronic 
phase transition takes place in our simulation, the energy differ-
ence between FM and A-AFM state is only about 3 meV at doping 
concentration of 0.3 electron/f.u. as shown in Fig. 4(d). At the same 
time, the exchange energy reduction also accelerates as the charge 
doping enhances. It is worth to note that the performance of the 
magnetic ground states vs. charge doping is quite analogous to 
the scenario of directly changing the Ca doping concentration. For 
comparison, La1−xCaxMnO3 is in C-AFM ground state when x = 0.6 
while in A-AFM ground state when x = 0 [64]. To explore the ori-
gin of such phenomenon, we have plotted the PDOS of the valence 
electrons of La and Ca ions, as shown in Fig. 4(c). It is obvious that 
the energy levels of these orbitals are relatively far away from the 
Fermi level. Thus, we suggest that the Ca doping mainly affects 
4

the carrier concentration in La1−xCaxMnO3, dominating the mag-
netic exchanges of Mn ions and the extent of Jahn-Teller distortion. 
As a result, the magnetic ground state is determined. Further-
more, the magnetic exchanges of Mn 3d electrons are mediated 
by O 2p orbitals while the La/Ca ions do not directly partici-
pate in such exchanges. So it is expected that the distributions of 
La/Ca barely influence the magnetic ground state of La1−xCaxMnO3
series. As a comparison, Hong et al. [23] calculated energy differ-
ences of FM and A-AFM states of strained La0.69Ca0.31MnO3 as 
well as La0.75Ca0.25MnO3 with random La/Ca distributions. They 
reported that all the structures favor A-AFM ground state near 
the experimental critical points due to the enhanced Jahn-Teller 
distortion under strain. Here, we suppose that the carrier con-
centration combined with external conditions such as strain and 
pressure, dominate the magnetic ground state as well as the ex-
change energy while the La/Ca distributions have little impact on 
the magnetic properties of La1−xCaxMnO3. This explains why this 
series is of the nature of solid-solution but the magnetic ground 
state is not sensitive to the La/Ca distributions. Meanwhile, the 
Curie temperature Tc is also in a very small range at specific Ca 
concentration x in a number of different experiments [10,11].
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Fig. 5. The gap and MAE of La 2
3

Sr 1
3

MnO3 as strain applied. (a) The gap of 
La 2

3
Sr 1

3
MnO3. (b) The MAE of La 2

3
Sr 1

3
MnO3.

3.4. The case of La 2
3

Sr 1
3

MnO3

As for the case of La 2
3

Sr 1
3

MnO3, we also obtained an average 
magnetic moment of 3.67 μB /Mn when no ambient condition is 
imposed, in line with the experimental value of 3.7 μB /Mn very 
well [69]. The calculated spin-down band gap is about 3 eV as 
shown in Fig. 6(a), close to the experimental values [48]. In or-
der to understand the magnetic behaviors of this material, we 
have identified all the nonequivalent Mn ions via self-developed 
SAGAR codes then calculated the energy difference between FM 
and all possible AFM states with various strains. Interestingly, 
as shown in Fig. 6(b)(c)(f), contrast to the La 2

3
Ca 1

3
MnO3 case, 

La 2
3

Sr 1
3

MnO3 never favors the AFM ground state but becomes 
ferromagnetic-semiconductor ground state as the biaxial strain is 
imposed exceeding 4%. At the same time, the band gap is en-
larged as the biaxial strain is performed as Fig. 5(a) shown. Fur-
thermore, all the energy difference between FM and AFM states 
reaches a plateau in the range of about 20 meV after becom-
ing ferromagnetic-semiconductor ground state structures. This sug-
gests that the ferromagnetic-semiconductor ground state is robust 
in such process. Similar phenomenon also emerged in LaMnO3 re-
lated superlattice [70]. Moreover, we also calculated the magnetic
anisotropic energy (MAE) by arranging all the magnetic moments 
along x, y, z axes, respectively, with spin-orbit coupling (SOC) in-
cluded. To our knowledge, the SOC effect has been discussed in 
LaMnO3 end compound [71] but has not been investigated in the 
doped series. From our calculations, we find that the z direction 
magnetization is most energetic favored while the x and y mag-
netization have the same energy. So it seems that the c axis is 
close to the easy axis in La 2

3
Sr 1

3
MnO3 films. It is worth to note 

that the MAE would be enhanced as biaxial strain is applied, from 
13.33 μeV without strain to 43.33 μeV with 8% biaxial strain as 
shown in Fig. 5(b). Such MAE values are much more greater than 
numbers of well-known room-temperature magnetic element crys-
tals, such as iron, cobalt and nickel, of which the MAE is typically 
on the order of 1 μeV [72]. Generally, ideal candidate for spin field-
effect transistor needs to be ferromagnetic semiconductor with 
high MAE, which is believed to be rare [73].

In the case of compressive strain states of La 2
3

Sr 1
3

MnO3, we 
predict that it will undergo a phase transition from an FM-
metallic state to a ferrimagnetic (FerriM)-semiconductor state 
when the c lattice parameter is compressed beyond 10% as shown 
in Figs. 6(d)(f). Various initial AFM magnetic configurations always 
converge to FerriM states after relaxation. Typically, the domi-
nant magnetic coupling are the nearest and next nearest coupling 
while the longer range interactions contribute little to the mag-
5

netic exchange energy [25]. Via SAGAR codes, we have tried 6 
initial AFM configurations of La 2

3
Sr 1

3
MnO3 with its c lattice pa-

rameter compressed beyond 10%, which run over all the possible 
magnetic configurations in the 30-atom cell and covered the pos-
sible magnetic interactions up to next nearest couplings. In fact, 
all the atomic moments of the spin up and down do not favor 
AFM after relaxation, with the local atomic moments different in 
the two spin channels like 3.036 μB , -2.392 μB , etc. This gives 
rise to a total magnetic moment of about 4 μB /cell and the DOS 
no longer looks like the AFM configurations, which suppose to be 
symmetrical for spin up and down channels. Meanwhile, as shown 
in Fig. 6(f), the FM configuration is not the most energetic fa-
vorable after reaching the critical points. Thus, the ferrimagnetic 
behavior is confirmed within the 30-atom cell. In a larger super-
cell, the new magnetic configurations will involve changes of less 
nearest and next nearest interactions, and the favored magnetic 
ferrimagnetic configuration is unlikely to change. Although such 
large compression may be quite difficult to realize in experiments 
since such perovskites are easy to be broken down under high 
pressure [74], the fact that their magnetic exchange energy as well 
as the ferromagnetism would be sharply weaken is confirmed in 
our computations. We have carefully checked the energy of these 
strain states and find that the fitting lines obey the Murganan rule 
[68] very well as shown in Fig. 6(f).

Last but not the least, we have also investigated the hole doping 
states of La 2

3
Sr 1

3
MnO3 for comparison. Unlike the La 2

3
Ca 1

3
MnO3

case, La 2
3

Sr 1
3

MnO3 undergoes a phase transition from an FM-

metallic state to an FerriM-metallic state when charge doped 0.4 
hole/f.u. as Fig. 6 (e)(f) shown. Although such high doping con-
centration may not easy to realize in experiments, the remarkably 
weaken ferromagnetism in such situation is confirmed.

4. Conclusion

We have primarily investigated the electronic and magnetic 
properties of La 2

3
M 1

3
MnO3 (M=Ca, Sr) membranes under strain 

and charge doping conditions based on SCAN+U simulations. For 
La 2

3
Ca 1

3
MnO3, a phase transition from FM-metallic ground state 

to A-AFM semiconductor ground state is observed under both bi-
axial and compressive c-axis strain conditions in our calculation. 
We also discover that the trend of variation of magnetic behav-
ior under charge doping is in analogy to the case directly changing 
the Ca concentrations. It further implies the carrier concentration 
combined with strains determine the magnetic ground state while 
the La/Ca distributions have little impact. As for La 2

3
Sr 1

3
MnO3, 

we predict that it could enter into a ferromagnetic-semiconductor 
ground state under biaxial strain. Furthermore, the energy gap and 
the magnetic anisotropic energy is remarkably enlarged as strain 
applies. Under compressive strain, La 2

3
Sr 1

3
MnO3 transits into an 

FerriM-semiconductor ground state. In the hole doping situation, 
this material will rush into FerriM-metallic ground state when the 
hole doping concentration reaches 0.4 hole/f.u. We not only offers 
a comprehensive theoretical understanding of the tunable mag-
netic and electronic properties of this series but also, hopefully, 
offer great opportunities for the materials prediction and design 
in a large number of complex magnetic oxides wherever compet-
ing orders exist, such as La1−xSrxCoO3 [75], La1−xBaxMnO3 [76], 
La1−xSrxMn1−yFeyO3 [77], La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3 films 
[78], La1−xNaxMnOz [79], and so on.
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vs. hole doping; the total energy for biaxial strain states; the total energy for compressive strain states along c axis.
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