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Despite the intensive interest in copper- and nickel-based superconductivity in infinite-layer structures, the
physical properties of many other infinite-layer transition-metal oxides remain largely unknown. Here we unveil,
by the first-principles calculations, the electronic correlation (EC)-driven series of quantum-phase transitions
(QPTs) in infinite-layer StMnO,, where spin and charge orders are strongly interwoven. At a weak EC region,
SrMnQ; is a ferromagnetic metal with anisotropic spin transportation, as a promising spin valve under room
temperature. When EC is slightly increased, a structural transition accompanied by charge/bond disproportion
occurs as a consequence of Fermi surface nesting, resulting in a ferromagnetic insulator with reduced Curie
temperature. When EC is further enhanced, another structural transition occurs that drives the system into a
different-type multiferroic phase with piezoelectricity-tunable antiferromagnetic orders. Therefore, infinite-layer
SrMnO; is possibly a unique system on the quantum critical point, where small perturbations of EC can realize

a series of QPTs.
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I. INTRODUCTION

Many fascinating phenomena in condensed matter
physics, including magnetism, ferroelectricity, colossal
magnetoresistance, quantum Hall effect, superconductivity,
and charge/orbital/spin order [1-8], are observed in transition
metal oxides (TMOs) with a typical formula of ABO;. With
decades of effort, the synthesis of TMOs becomes mature
and efficient [9,10], which provides new opportunities to
generate artificial oxides by chemical doping, alloying, or
topotactic reduction. The special interest in reduction reaction
arises from the discovery of copper-based superconductivity
in the infinite-layer phase [11,12] and is accelerated by
nickel-based superconductivity with a similar structure
[13]. In general, an infinite-layer TMO with a formula of
ABQO, consists of a quasi-2D BO, plane separated by an
A-dominated charge-reservoir spacer layer, whose physical
properties are strongly influenced by different crystal-field
splitting and a large shift of Fermi level due to the escape of
apical oxygen from ABO3. Accompanied by the synthesis and
characterization of infinite-layer ABO, with B = Cu (e.g.,
CaCuO, [11,12]), Ni (e.g., NdNiO; [13]), Fe (e.g., SrFeO,
[14,15]), and Co (e.g., CaCoO; [16]), an interesting question
arises: as the neighbor of existing ABO, in the element
periodic table, can AMnO, exhibit new physics different
from the existing ABO,? While experimental synthesis of
AMnO, may be time consuming, theoretical predictions play
an important role in identifying their fascinating properties in
advance, guiding future experimental measurements.
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Electronic correlation (EC) is indispensable in under-
standing charge/spin order, non-Fermi-liquid behavior, Mott
insulator, and unconventional superconductivity [17,18]. The
EC is usually strong in systems containing open d or f
shells because of narrow bandwidth and highly degenerate
atomic orbitals. The simplest model to describe the EC effect
is the Hubbard model, H = -3, ti(cl cio —i—c;ac,-,,) +
U Zi nisn;y, where i and j are sites and o denotes spin and
U represents the strength of EC, giving a successful interpre-
tation of the correlation-driven Mott phase transition. Density
functional theory (DFT) flavors of this model [19-21] could
give a good description of the ground-state structures and
electronic structures on the mean-field level as precursors for
many-body phenomena. For example, the antiferromagnetic
(AFM) order in SrFeO, [22], geometric frustration in CaCoO,
[16], and self-doping effect in NdNiO, [23] can be well
understood by the DFT 4 U calculations. Remarkably, the
mentioned physical properties of ABO, (B = Fe, Co, and Ni)
are insensitive to the small change of U.

In this study, we unveil, by the first-principles calcula-
tions, the EC-driven continuous quantum-phase transitions
in infinite-layer StMnQO,, where spin and charge orders are
strongly interwoven. At a small EC region, StMnO; is a fer-
romagnetic metal with anisotropic spin transportation. When
the EC is slightly enhanced, a structural transition accom-
panied by charge/bond disproportion occurs due to Fermi
surface nesting (FSN), resulting in a ferromagnetic insulator.
With the further enhancement of EC, a structural transition
occurs that can transform the system into degenerately AFM
insulators with tunable magnetic order by the piezoelectric re-
sponse, resulting in a different type of multiferroics. Our study
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FIG. 1. Magnetic configurations of StMnQO, considered in this study. (a) Definition of exchange parameter J;(i = 1,2, 3,4) in the
Heisenberg model. (b) Ferromagnetic and (c)—(f) antiferromagnetic configurations. For simplicity, only Mn atoms are shown and different

spins are colored with purple and orange respectively.

demonstrates that infinite-layer StMnQO, is possibly a good
system with tunable quantum phase transitions.

II. METHODS

DFT calculations. Our first-principles calculations are per-
formed with the Vienna ab initio simulation package (VASP)
[24] with projector augmented wave method (PAW) [25].
The exchange-correlation term is treated with the Perdew-
Burke-Ernzerhof (PBE) [26] form of the generalized gradient
approximation. The 4s%4p®5s2, 3p°4s'3d® and 2s*2p* elec-
trons are treated as valence electrons for Sr, Mn, and O,
respectively. Gaussian smearing of 0.05 eV has been adopted
in our calculations. We study the correlation effect within the
scheme of LSDA + U with the flavor of Dudarev’s form [21].
Since SrMnO; has not been synthesized experimentally, it is
hard to accurately determine how large U is supposed to be.
Insight can be found based on the fact that for SrMnOj; typi-
cally U = 1.7-3.0 eV can give the best fitting to experiments
[27,28]. Hence, we safely regard U in StMnO; as a param-
eter in the range 1-5 eV. We start geometric optimization
with a 2x2x2 supercell [including eight formula units (f.u.)]
to accommodate possible structural distortions and magnetic
configurations (see details in Fig. 1). We use energy cutoff of
520 eV and k mesh of 4x4x5 over the Brillouin zone until
the energy difference of iteration is smaller than 107 eV.
And for static calculations, a denser k£ mesh of 8 x8x9 and
convergence criterion of the total energy of 107 eV are used.
Our test calculations confirm that the spin-orbital coupling
(SOC) effect, which is not included in our following study
except for the calculation of magnetocrystalline anisotropic
energy, will not influence our main conclusion. The Fermi
surface is shown with FERMISURFER software [29] and the
unfolded band structure is calculated with the BANDUP code
[30,31]. The phonon spectra are calculated based on a 2x2x2
supercell with density functional perturbation theory (DFPT),

as implemented in PHONOPY software [32], with precision
consistent with the geometry relaxation. The piezoelectric-
ity is calculated with the DFPT method. We use MCSOLVER
software [33] for classic Monte Carlo (MC) simulation for a
12x12x 12 supercell to solve the Heisenberg model and to
obtain the Curie temperature. To determine the critical tem-
perature of the charge order, we perform ab initio molecular
dynamic (AIMD) with NVT ensembles and a Nose-Hoover
thermostat [34,35] considering a supercell containing 64 f.u.
and up to 3.6 ps. The evaluation of U from first-principles cal-
culations are performed with DFPT [36,37], as implemented
in QUANTUM ESPRESSO (QE) software [38].

Heisenberg model. To determine the Curie temperature, the
Heisenberg model is used to construct MC simulation param-
eters. The classic spin Hamiltonian is H =}, Ji;Si -8+
>".DS?%, where J;; is the exchange parameter and D is the
spin anisotropy parameter.J;; can be obtained by mapping the
total energy of different magnetic configurations to the model.
The atomic position is fixed to the ferromagnetic one, as in the
static calculations. We have

E, = Eg+ S*(2J; + Jo + 275 + 4Jy), (1
Ey = Eg + S*(2J) — Jo + 205 — 4Jy), 2)
Ey = Eg + S*(—J2 — 2J3), 3)
E; = Eg + S*(=2J, + J, 4+ 2J3 — 4J4), “)
Es = Eg+ S*(—=2J; — Jy + 2J5 + 4J4), &)

where the definition of J; (i = 1, 2, 3, 4) is showed in Fig. 1.
Ey is the energy of primitive cells unrelated to spin con-
figuration. Here, based on the total magnetic moments, we
approximate S?> = 4. By solving the equations, the exchange
parameter J; (i = 1, 2, 3, 4) is obtained, as shown in Table I.
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TABLE I. Exchange parameters obtained by DFT energy map-
ping of different AFM configurations. Here negative D represents
spin parallel to c. The unit is meV.

Jl Jz J3 J4 D
P4/mmm (U =1eV) =538 -—17.67 197 —-0.34 —-0.10
CmCm (U =3 ¢eV) —1.82 -9.15 0.28 0.17 —-0.10

III. RESULTS AND DISCUSSION

Continuous structural transitions induced by EC. In the
topotactic reduction process, the apical O atoms are removed
from the perovskite StMnOjs structure, accompanied by the
reduction of the space group from Pm3m to P4/mmm. As
shown in Fig. 2(a), the StMnO, structure is characterized by
stacking the Mn-O plane and interstitial Sr atom along the ¢
axis. We have evaluated the ground-state transition as a func-
tion of U. Specifically, one ferromagnetic (FM) [(0,0,0)] and
four AFM [(0,0,0.5), (0.5,0,0.5), (0.5,0.5,0), and (0.5,0.5,0.5)]
orders are considered (Fig. 1). As shown in Fig. 2(d), the
P4 /mmm phase is only stable with small U (~1 eV), being
a FM metal. Unexpectedly, when U is increased to 2-3 eV,
additional movements of O atoms can be found [Fig. 2(b)]
to reach a different ground-state configuration. Four O atoms
move toward central Mn and away from nearest-neighbor Mn
within the Mn-O plane, forming a frozen breathing mode in
layer 1 and antiphase modulation in the neighboring Mn-O
plane (layer 2). Therefore, the structure is reconstructed with
CmCm space group and contains a 2 x2 x 2 f.u. in the primitive
cell, with obvious charge/bond disproportion order. When U
is further increased to 4-5 eV, the ground-state configura-
tion of StMnO, is featured by a bent Mn-O plane, rotation
of Mn-O tetrahedrons, and displacement of Sr along the ¢
axis [Fig. 2(c)]. This structure has a space group of P42,m,
including +/2x+/2x2 fu. in the primitive cell. Interest-
ingly, the two lowest-energy (0.5,0.5,0) and (0.5,0.5,0.5) AFM
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configurations are nearly degenerate with an energy difference
<1 meV/f.u., despite both being insulators.

Anisotropic spin valve. When U = 1 eV, the ground state
of StMnO; is a FM metal. The band structures of both spin
channels are shown in Figs. 3(a) and 3(b). The band splitting
due to Stoner instability is ~4.25 eV, creating dramatically
different electronic states in different spin channels around
Efr. In the spin 1 channel, d,>_,> contributes mainly to the
band across Er. Thus, the Fermi surface behaves as a strong
quasi-2D feature and the electron density around Er shows
clear in-plane distribution with high Fermi velocity in the
2D Mn-O plane [Fig. 3(c)]. Overall, the band structure of the
spin 1 channel highly resembles infinite-layer nickelates and
cuprates [39]. Remarkably, the unoccupied band close to Eg
at A is attributed to an interstitial electron (Fig. 4), which
is occupied in NdNiO, and influences superconductivity
fundamentally [40]. The band structure of the spin | channel
shows a very different feature [Fig. 3(b)]. All Mn d orbitals
are all pushed above Er except half occupied d. The sharp
band dispersion along I'-Z crossing Ef is observed, enabling
the Fermi surface of the spin | channel to be quasi-1D with
high Fermi velocity along I'-Z [Fig. 3(d)]. Therefore, the
electron density around Er shows conducting behavior along
the ¢ direction.

From MC simulation, the Curie temperature 7T¢ es-
timated by the peak of specific heat is predicted to
be ~427 K [Fig. 3(e)], far above room temperature. These
unique features of the Fermi surface of StMnO, are highly
desirable for designing a spin valve. Common FM metal is
conductive for the transportation of both spin currents from
any direction while half metal allows transportation of one
spin current and prohibits transportation of opposite spin from
any direction [41]. In StMnQO,, the transport of spin current
is anisotropic. As shown in Fig. 3(f), the transport behavior
depends on the direction of spin flows. If electrons are in-
jected along the a-b plane, spin | electrons will be filtered
out; if the electrons are injected along the ¢ direction, spin 1
electrons will be filtered out. Thus, the spin-polarized current

(d)
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- L (0,0,0.5)
- 200 (0.5,0,0.5)
S | (0.5,0.5,0)
2 100 H_’_H fﬂ (0.5,0.5,0.5)
)
5 -100r
FM metal FM CO Insulator
P4/ mmm CmCm
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. . . , PA2m |
1 3
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FIG. 2. Structural evolution of StMnO, with U. (a) Infinite-layer StMnO, with P4/mmm symmetry. The Mn-O plane is illustrated with
shadowed squares. (b) Schematic diagram of frozen breathing mode in charge/bond disproportion state of StMnO, with CmCm symmetry.
Arrows with different colors indicate the movement of oxygens in different Mn-O layers (denoted as Layer 1 and Layer 2). (c) Side view (left)
and top view (right) of StMnO, with P42;m symmetry. (d) Total energy versus U of geometrically relaxed SrMnO, within a 2 x2 x2 supercell
under different magnetic configurations. The energy of FM P4 /mmm phase is set to zero. CO: charge order.
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FIG. 3. Electronic properties of ferromagnetic P4/mmm phase with U = 1 eV. Band structures of (a) spin 1 and (b) spin | channels.
Orbital projections are illustrated with color dots. Fermi level (Ef) is set to zero. Fermi surface in Brillioun zone (up panel) and spin-resolved
electron density distribution summed over Er £ 0.1 eV (down panel) for (c¢) spin 1 and (d) spin |, band structures. Fermi velocity is illustrated
with the color bar and the electron density isosurface is set to 2x 107> ¢/A3. (e) MC-simulated specific heat C(T') versus temperature based on
the Heisenberg model. (f) Diagram of the anisotropic spin valve. Spin 4 and spin |, currents are illustrated with red and blue, respectively.

can be obtained merely by changing the direction of injected
electrons.

Emergent charge/bond disproportion order. As shown in
Fig. 2(d), when U is increased to 2-3 eV, the ground state is
accompanied by charge/bond disproportion. This can be
indicated by the phonon spectra of the FM P4/mmm phase
[Fig. 5(a)], which show dramatic instabilities only when U =
3 eV. For these two unstable modes, the major imaginary
mode reaching —6i THz at A is indeed a breathing mode in-
volving the vibration of Mn-O bonds, as depicted in Fig. 2(b).
In the charge/bond disproportion order phase [Fig. 5(b)], two
kinds of Mn-O bonds are obtained (2.09 and 1.95 A), resulting
in two kinds of Mn atoms (unm = 4.3ug and pyn = 3.4uB).
To unveil the change of electronic states as a consequence of
the formation of charge order, the unfolded band structures
are plotted and compared with undistorted ones [Figs. 5(c)

. =g (b) I :E
008000830 0 © BT o

FIG. 4. The squared wave function of (a) spin 1 and (b) spin |, at
A point of Brillouin zone slightly above Eg. The isosurface is set to
2.5x1078 /A3,

(a)
()

and 5(d)]. Overall, the formation of charge order opens energy
gaps in both spin channels, resulting in a FM insulating phase.
Specifically, the local gap of the spin 1 channel is about ~1 eV
while in the spin | channel only a gap of ~0.5 eV along I'-Z
can be found.

A curious question is about the driving force behind this
charge order. First of all, the Jahn-Teller instability is excluded
since no partially filled degenerate orbitals are found in either
spin channel—the degenerate d, and d,; orbitals of P4/mmm
phase are fully occupied (empty) in the spin 1 (]) channel
despite different values of U (Fig. 6). Instead, we suggest that
FSN may play an important role in driving this charge order.
In the 1D case, Peierls transition as a consequence of elec-
tronic instability and Kohn anomaly results in a simultaneous
bond disproportion state and gap opening at Eg. Although
the power of FSN in forming charge order decreases with
the increasing dimensions [42], StMnO, could be approxi-
mately decoupled to a quasi-2D spin 1 channel and a quasi-1D
spin | channel, and each part satisfies the corresponding
decomposed nesting vector. We illustrate this in two steps.
First, we verify that the system can be well decoupled. As
shown in Fig. 7, we artificially fixed the vibration of Mn-O
bonds in the neighboring Mn-O plane with the same phase
(antiphase in the CmCm phase). Only the density of states
(DOS) of the spin 1 channel around Ef is strongly reduced,
indicating that the gap opening of the spin 1 ({) channel
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FIG. 5. Electronic properties of charge/bond disproportion phase with U = 3 eV. (a) Phonon spectrum of P4 /mmm phase under different U
within FM configuration. (b) Electron localization function (ELF) of the CmCm phase. Two kinds of Mn with different chemical environments
are colored purple and orange, respectively. The number of layers corresponds to Fig. 2(b). (c) Spin 4 and (d) spin | unfolded band structures
of CmCm phase. Band structures of P4/mmm phase are also plotted with gray lines for comparison. (e) Fermi surface sections across I" point
of P4/mmm phase under different U. Left panel: spin 1 with ab direction. Right panel: spin | with ¢ direction. The proper nesting vector is
decomposed into two vectors, which are labeled in the diagram with red and blue arrows. (f) Specific heat C(T') and charge-order parameter o

versus temperature from MC simulation and AIMD, respectively.

is mainly induced by in-plane (out-of-plane) breathing
(antiphase) mode. Second, we demonstrate that the nesting
condition can be satisfied with decoupled nesting vectors.
As shown in Fig. 5(e), the hole pocket of the Fermi sur-
face in the spin 1 channel shrinks while the Fermi surface
of the spin | channel becomes closer to I' with increasing
U. The nesting vector forming such 2x2x2 charge order is
Gresiing = (0.5, 0.5, 0.5) reciprocal lattice unit (r.1.u.), which

(a) U=1eV (b)

can be decomposed as g; = (0.5, 0.5, 0) corresponding to
spin 1 channel and ¢, = (0,0, 0.5) corresponding to the
spin | channel. Overall, the nesting condition can be better
satisfied when U = 2 and 3 eV than U = 1 and 4 eV. Besides,
the nesting scenario also agrees with the facts that the collapse
in phonon spectra is sharp rather than extended and that the
major change of both spin channels is near Er rather than in
the deep valence band [43].

1.0

'
H L L L

-6 -4 -2

-6 4 -2 0 2 4 6
Energy (eV)

Energy (eV)

0 2

Energy (eV)

FIG. 6. Projected density of states (PDOS) of the Mn in the P4 /mmm StMnO, with (a) U = 1eV,(b)U =3 eV, and (c) U =4 eV.PDOS

of degenerate d,, and d,, orbitals are thickened.
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FIG. 7. (a) Structure of artificially fixed StMnO,. (b) DOS of the artificially fixed structure compared with DOS of P4/mmm and CmCm

SrMnO,.

The application of SrMnO, as a platform to study anoma-
lous Hall effect requires the existence of both charge and
FM orders. Thus, it is important to determine the crit-
ical temperature of both orders. We performed classic
MC simulation on the spin Heisenberg model to obtain
Curie temperature 7c and AIMD with the evolution of en-
ergy shown in Fig. 8 to obtain the critical temperature
of charge order Tco. Here, Tco is approximately deter-
mined by o = 0.5, where o (T) = D(T)/D(0) and D(T) =
|L(T) — L(T)|/[1L1(T) + L(T)] with [,(T) and I,(T') are the
mean Mn-O bond lengths at temperature 7. As shown in
Fig. 5(f), while the calculated Tco is ~845 K, the T¢ is esti-
mated to be 184 K, lower than the phase without charge order.
Remarkably, during the AIMD simulation, FM configuration
is set artificially, which disappears above 7¢. But the charge
order also exists in the ground state despite magnetic orders
based on the geometric relaxation. Therefore, it is convincible
that Tc ~ 184 K is the upper-limit temperature for the coexis-
tence of FM and charge-order state.

Piezoelectricity-switchable AFM orders. StMnQO, was pre-
dicted to be an AFM metal with U = 5.3 eV in previous DFT

-1710 =
. —— T=500K—— T=600K—— T=700K
| T=800K——— T=900K—— T=1000K
-1720
S
)
5-1730
()
C
L
-1740
-1750 LU

1.0 15 20 25 3.0 35
time (ps)

0.0 05

FIG. 8. AIMD simulated energy evolution with time under
different temperatures.

calculations without considering dynamic stabilities [44]. By
contrast, in this study, when U =5 eV, despite different
magnetic configurations, large structural reconstructions oc-
cur, eliminating the charge order and producing nearly
degenerate (0.5,0.5,0)/(0.5,0.5,0.5) AFM ground states. As
shown in Fig. 9(a), both configurations are insulators with a
nearly direct band gap of ~1 eV at the I" point. However,
there are distinct differences between the electronic structures
of these two configurations. For example, the valence-band
dispersion of the (0.5,0.5,0) configuration around Ef is larger
than that of the (0.5,0.5,0.5) configuration. As a consequence,
a different response to an external electric field (Eey) is
expected. Figure 9(b) shows the energy of different AFM
configurations under E.x parallel to the ¢ axis. This sug-
gests that the (0.5,0.5,0) configuration is the ground state
when FEgy < OV/A, the (0.5,0.5,0.5) configuration is the
ground state when 0 < E < 0.002 V/IOX, and the (0,0,0.5)
configuration is the ground state when E > 0.003 V/A. The
magnitude of E. needed for the magnetic phase transition is
quite small (in the order of 10 MV/m) and can be achieved
experimentally [45].

On the other hand, emerging piezoelectricity is observed
in P42;m StMnO, as a result of noncentric symmetry, which
is absent in P4/mmm (small U case) and CmCm (middle
U case) phases. The piezoelectric coefficient tensor has two
nonzero independent components ej4 = eps and e36. Unlike
an e33, which reflects the polarization change along ¢ due to
strain along the same axis (e.g., in PbZr, Ti;_,O3), e3¢ reflects
the polarization change along ¢ with response to in-plane
strain. As shown in Fig. 9(c), the difference in piezoelectric
coefficients of all three AFM configurations is minor (ej4 ~
0.6 C/m2 and ez ~ 1.2 C/mz), in agreement with similar
structures for different magnetic orders. Besides, since the
electric field along ¢ emerges with in-plane strain as a con-
sequence of nonzero esq, the piezoelectric effect may also
switch the magnetic ground state. As shown in Fig. 9(d), when
a compressive in-plane strain is applied, an electric field along
—c is generated, favoring the (0.5,0.5,0) configuration, and
when a tensile in-plane strain is applied, the direction of the
electric field is reversed, favoring the (0.5,0.5,0.5) configura-
tion. This interesting phenomenon may provide a new idea in
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FIG. 9. Electronic properties of nearly degenerate AFM insulating phases with U = 5 eV. (a) Band structures of P42;m phase with
(0.5,0.5,0) and (0.5,0.5,0.5) configurations. (b) The energy of AFM configurations under the external electric field. Here the electric field
is applied to the c axis. (c) Piezoelectric coefficients of P42;m phase with (0,0,0.5), (0.5,0.5,0), and (0.5,0.5,0.5) configurations. (d) Schematic
diagram of tunable antiferromagnetism by piezoelectricity. Red and blue arrows represent different spin orientations. ¢ is external strain field

and E is the piezoelectricity-induced electric field.

designing a device with AFM order switching by piezoelec-
tricity, a different type of multiferroics.

IV. OUTLOOK AND SUMMARY

The uniqueness of SrtMnO, is observed compared with
other infinite-layer systems. While a small change of U (of
several eV) does not influence the basic properties of other
ABQO,; qualitatively [StFeO, (3—6 eV) [22], CaCoO, (2-6 eV)
[16], and NdNiO, (3—6 eV) [23]], the physical properties of
ground-state STMnQ; is dramatically changed under different
U. These properties are highly phase dependent and their
existence is associated with the dynamical stability of the
phase. Basically, we see that the electronic states around Ep
seem to play an important role in determining the dynam-
ical stability. Varying U by several eV would change the
FM band splitting dramatically, accompanied by a consequen-
tially changed Fermi surface and Mn-O bonding states of both
spin channels. On the other hand, the sensitivity to U indicates
that SrMnO, is indeed on the quantum critical point. Thus,
remarkable phase transition can be expected even with a small
stimulation. Noticeably, in TMOs, U can be dependent on the
local chemical environment and carrier doping. For example,
in PrNiO, [46], U is ~5 eV while in LaNiO, [47], U is
~6 eV by experimental measurements. Once the synthesis of

SrMnO; is realized, the tunability between different phases
can be promising through chemical doping or alloying.

Theoretically, the determination of U from first-principles
calculations can be insightful. The value of U in infinite-layer
SrMnO,, estimated by the DFPT method implemented in QE,
is ~5.4 eV. However, it is worth noting that the accuracy of
U estimated with first-principles methods are strongly system
dependent [48], often with errors reaching several eV. For
example, the U of SrMnOj; by first principles is estimated
to be 4.0-4.3 eV [49,50], larger than the empirically used
1.7-3.0 eV [27,28], while for SrVOs;, the U by first principles
is ~3.4 eV [51], smaller than the empirical value ~5 eV [52]
used to reproduce experimental spectra features. Therefore, as
for StMnO,, whose property is sensitive to U, experimental
measurement may be necessary. Besides, we find that 3%
compressive in-plane strain can reduce U by ~0.3 eV while
3% tensile in-plane strain can increase U by ~0.6 eV, suggest-
ing that U may be changed by the epitaxial strain of substrates
to some degree.

In conclusion, this study unveils unexpected phase tran-
sitions in SrMnQO,, which is sensitive to the small change
of EC. Abundant structural transitions coupled with charge
and spin degrees of freedom with novel quantum phenomena
are predicted. In the weak EC range, the system is pre-
dicted to be ferromagnetic metal with promising application
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in spin-valve devices. With the slight increase of EC, the
ferromagnetic charge/bond disproportion order occurs related
to correlation-driven FSN. When the EC is further enlarged,
obvious structural reconstruction into P42;m symmetry with
emergent nearly degenerate AFM orders is predicted, which
can be tuned by the electric field induced by the piezoelec-
tricity effect, achieving coupled antiferromagnetic order with
polarization. Besides, AMnOs3, as a star material in colossal
magnetoresistance effect [53], has played important roles in
information storage. Our study would stimulate experimental

interest in STMnO, and to check whether its unique properties
can be as fascinating as AMnOs.
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