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We use density functional theory calculations to show the magnetic transition in SraFesOs (d5)
within CazMn2Os-type oxygen-deficient perovskites under applied hydrostatic pressure. The presence
of ordered oxygen-vacancies in perovskites governs magnetic stability via changes in crystal field
splitting with different anion geometry, polyhedral arrangement, and electronic configuration on
transition metals. CasMn2Os-type structure is composed of square pyramidal units, whose crystal
field splitting and connectivities yield different ground state magnetic order depending on the
d-orbital electronic configuration; E-type antiferromagnetism (AFM-E) for SroMn,O5 (d*) and
AFM-G for SroFesOs (ds). We continue to demonstrate that hydrostatic pressure reinforce the
magnitude of crystal field spliting and affects magnetic stability which is also sensitive to electronic
configuration. Specifically, we report that AFM-E order of SroMn2Os5 is robust over applied pressure,
whereas SraFe2Os shows magnetic transition from AFM-G to ferromagnetism at ~24.5 GPa with spin
crossover. The effect of Hubbard U potential is also discussed that electronic correlation increases
the electronic gap between spin up/down d-states, which addresses competitive correlation with
external pressure for magnetic transition in SraFe2Os as U works as a barrier for spin crossover.
Finally, we evaluate the pressure effect induced by biaxial strain in vacancy ordered structures. With
applied anisotropic stress with biaxial strain, it turns out to have pressure effect equivalent to 5 GPa.

I. INTRODUCTION

Magnetism in transition metal oxide (TMO) is of spe-
cial interest as it is essential to interesting phenomena
including colossal magnetoresistance (CMR), which is
promising mechanism for next-generation memory de-
vices. Those magnetic phenomena are originated from
sensitive change in magnetic stability upon materials
aspects including local coordination environment, polyhe-
dral arrangement, and electronic configuration and local
bond character. For example, LaMnOg has A-type antifer-
romagnetic (AFM-A)! order as ground state stabilized by
Jahn-Teller distorted octahedra and their checker-board
arrangement, but the other type of orders such as AFM-
C, ferromagnetic (FM), and AFM-G can be stabilized
depending on doping concentration in La;_,Sr,MnQOs3.?
Applying pressure such as hydrostatic pressure, biaxial
strain, and chemical pressure, provides additional route to
tune those stability, as the change in local bond character
can affect the driving force to stabilize a certain magnetic
order.?

Crystal field splitting (A ) originated from anion coor-
dination environment changes the relative energy states of
d-orbitals, and this change sensitively affects the magnetic
interactions. Thus it is certain that presence of ordered
oxygen-vacancies (OOV) modifies the Acp with greater
degree of change compared to the change induced by dis-
tortive atomic displacements. However, most endeavor of
research on magnetic stability has been heavily focused
on pristine perovskites, regarding the presence of vacancy
as a type of point defect which does not disrupt bulk or-
der although vacancy significantly reconstructs the local
electronic structure of d-orbital by changing coordination
environment. As external stimuli such as electric-field
can drive phase transformation to OOV structures and
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FIG. 1. Schematic illustration of (a) ABOs perovskites, (b)

Brownmillerite, and (c) CazMn2Os-type structures based on
polyhedral connectivities. Vacancies are drawn as gray dots,
and prototypical compounds are listed below each structures.

tune electronic/ionic/optical/magnetic properties,® un-
derstanding magnetic bahavior with the presence of OOV
will bring unparalleled benefits to materials engineering.

In A5 B50500; chemistry, there is one vacancy (O) per
two ABQj3 perovskite units, which acts as if participating
in stoichiometry. This A;B305 chemistry adopts var-
ious polymorphs including phases illustrated in Fig. 1.
Fig. 1(b) depicts brownmillerite structure where vacan-
cies are formed along [110], direction from pristine per-
ovskites [Fig. 1(a)]. In result brownmillerite is made
of alternative stacking of octahedral/tetrahedral layers,
which is robustly adopted by SrsFesO5,%¢ CagFesOs,”
Las_,A,MnyO5 (A=Ca, Sr, Ba),® and SroCo205.* On
the other hand, CaoMnyOj-type in Fig. 1(c) has vacancies
formed along [001], direction, which in result composes



square pyramidal network with various connecting orien-
tations. This structure type is adopted by CasMnyOs,
SroMny 05”771 or SryFe;O5 at high pressure.'?

In this work, we report the relative stability in
CasMnsOs-type structure as a result of complicated in-
terplay between d-orbital configuration, external pressure,
and crystal field splitting by utilizing density functional
theory (DFT) calculations. We explain the ground state
magnetic order of SroMnsO5 and SroFesO5 at ambient
pressure, which is consistent with Goodenough-Kanamori-
Anderson (GKA) rule;'?'° E-type antiferromagnetism
(AFM-E) for SroMn,Os and AFM-G for SraoFesO5. We
further demonstrate the origin of magnetic behavior under
hydrostatic pressure originated from reduced B-O bonds;
it strengthens super-exchange interaction and further sta-
bilizes AFM-E order in SroMnyOs (d*) while it assists
spin crossover in SroFeoO5 (d°) and drives AFM-G to fer-
romagnetism (FM) with simultaneous insulator-to-metal
transition at ~24.5 GPa. In line with this explanation
the effect of electronic correlation is also covered by ap-
plying Hubbard U potential, where split of spin up/down
states of d-orbitals is proven to overestimate the stability
of FM in SroMnyO5 and suppress the spin crossover in
SroFesO5. Lastly we also estimate the pressure effect
induced by biaxial strain, where its power is equivalent
to 5 GPa quantified via measure of mangetic stabilities of
SI’QF6205.

II. COMPUTATIONAL METHODS AND
MATERIALS

We performed DFT calculations using the Vienna Ab-
initio Simulations Package (VASP)!'%!7 with the Perdew-
Burke-Ernzerhof functional (PBE),'® with the plus Hub-
bard U correction.'” Projector-augmented wave (PAW)
potentials?® were used to describe the electron core-
valence interactions with the following configurations:
La(4f°5s%5p55d'6s%) Sr (4s524p®5s%), Mn (3d%4s!), Fe
(3d74s'), and O (2s?2p*). A 850 eV planewave cutoff
is used to obtain the ground structures for each struc-
ture with 8x4x6 Monkhorst-Pack k-point mesh?! for
relaxation and self-consistent total energy calculations.
Brillouin zone integrations employed the tetrahedron
method.?? The cell volume and atomic positions were
evolved until the forces on each atom were less than
3meV A~1. For the calculations involving Hubbard U
potentials,?? U=3 and 5 eV are initially applied to Mn and
Fe atoms, and otherwise described in main text for discus-
sion of correlation between U and external pressure. To
evaluate the relative stabilities among different magnetic
orders, enthalpies H=E+PYV are calculated where external
pressure was applied by adding Pulay correction to the
stress tensor with 10 GPa intervals. Exchange coupling
(J) constants are calculated as an effective parameters so
that S’i and SA’l in Heisenberg’s model H = Z” JijS'igj
become unit vectors.” The coupling constants are calcu-
lated by applying different magnetic orders on structures
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FIG. 2. (a) Atomic structure of CasMnyOs-type structure.
AFM-E order is indicated by thickness of colors; up-spin (thick)
and down-spin (thin) (b) d-orbital filling for Mn®** and Fe3*
ions in BOs square pyramidal coordination environment.

of the most stable magnetic order at each pressure. We
induced antiferromagnetic or ferromagnetic interaction
on each type of bridging oxygens, which yields 8 different
magnetic orders from 3 types of oxygen sites (23=8).
Fig. 2(a) describes the atomic structures of SraMn,Os
which has Pbam symmetry. This CasMnyOs-type struc-
ture consists of BO5 square pyramidal units, where three
different O-sites bridge the pyramids in different ways.
The O1 and O3 sites correspond to the basal positions
for both neighboring pyramids along c-axis and on ab-
plane, respectively, whereas the O2-site corresponds to
the apical oxygen that bridges the BOj5 vertex of one unit
to the basal oxygen of another. The square pyramidal
crystal field resembles that of Jahn-Teller distorted oc-
tahedral crystal field splitting in LaMnOgs. The orbital
states associated with z character are lowered owing to
the absence of one oxygen along z (apical) direction, and
ey and to, states are further split. This feature is related
to longer apical Mn-O bond than basal bonds, to mini-
mize the electrostatic instability with d electrons when
d* configuration of Mn37 fills up to d,2 and leaves dg2_y2
empty. This CayMnsOs-type structure is also adopted by
SroFes O35 by having reconstructive phase transition from
brownmillerite under high pressure,'??* which makes this
phase an appropriate sample structure to investigate the
effect d-orbital filling with ordered oxygen vacancies.

III. RESULTS AND DISCUSSION
A. Magnetic Stability at Ambient Condition

CasMnsyOs-type structure can host an AFM-E mag-
netic order via super-exchange interaction when square
pyramidal crystal field, polyhedral arrangement, and
d* electronic configration are combined as depicted in
Fig. 2.3%° As transition metal with d* configuration has
half-filled d-orbitals except for dg2_,2, the magnetic inter-
action between pyramids is determined by their connectiv-
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FIG. 3. Schematic illustration of ground state magnetic orders
with varying polyhedral unit and d-electronic configuration.
Magnetic orders are indicated based on color; purple and
orange polyhedra up and down spin, respectively, and dark grey
plane is used for inter planar antiferromagnetic interaction.

ities: O1 and O3 connection becomes antiferromagnetic
owing to interaction between empty orbitals, and O2 con-
nection ferromagnetic because of the imaginary hopping
between empty and half-filled orbitals.

Though Jahn-Teller distorted perovskites share similar
d-orbital levels with square pyramidal crystal field split-
ting, the difference in polyhedral arrangement changes the
resultant magnetic orders as illustrated in Fig.3. In down-
left cell of Fig. 3, there are two orientation of elongated
octahedra and they form checker-board arrangement on
(001),-plane. Thus on one (001),-plane, all connections
between square pyramids becomes ferromagnetic inter-
actions via super-exchange interpretation of GKA-rule.
On the other hand, connections along [001], direction
addresses overlap of empty d,2_,» orbitals and makes
antiferromagnetic interplanar interaction.!

It is noteworthy that AFM-E order in SroMnsOj is
stabilized by conventional A-cation, which contrasts to
RMnQg perovskites in that its AFM-E order is only sta-
bilized by insertion of rare earth element to induce higher
degree of lattice distortion and activate the magnetic in-
teraction from second-nearest neighbors.?® In SroMnyOs,
on the other hand, square pyramidal crystal field splitting
owing to ordered oxygen-vacancies stabilizes the AFM-E
order. The relative stability of AFM-E order in SroMnyO5
and RMnOg can be deduced from Néel temperature T .
SroMnyO5 has Ty of 380 K, which contrasts to RMnQOg
has less than Ty <50K.2729

The ground state magnetic order in A3B205 can be
altered by orbital filling. SroFe;Os is an appropriate exam-
ple of this case as it adopts the square pyramidal network
under high perssure,'? while Fe3* with d° configuration
makes all d-orbitals half-filled. As this orbital configu-
ration inhibit electron hopping of same spin direction
between orbitals, every Fe-O-Fe bond forms antiferro-
magnetic interaction. This behavior stabilizes AFM-G
order regardless of polyhedral connectivities in corner-
connected network. In the right column of Fig. 3, the
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FIG. 4. Energy landscape of different magnetic orders in

A2 B205 compounds with square pyramidal network oabtained
at DFT-PBE level with U of 3 and 5eV are applied to Mn
and Fe, respectively. Magnetic orders are indicated based on
color; each purple and orange polyhedra up and down spin,
respectively, and dark grey plane is used for antiferromagnetic
interaction between atomic layers along c-direction.

checkerboard-like ordering is illustrated in both A3 BsOs5
and perovskites structures.

TABLE I. Bond length of square pyramid in SroMnsOs,
SroFes 05, and LaaMnyOs at ambient pressure (0 GPa). Apical
bond (lap), and average basal bonds (lpa,qve) follow the unit
of A, while unit cell volume the unit of A3.

System d-filling  Order lap  lba,ave lap/lba,ave
SroFep 05 d° AFM-G 1.89 1.98 0.97
LasMn,Os d° AFM-G 2.04 2.14 0.96
h-SraFesO5 d* AFM-E 1.84 1.81 1.02
SroMn2Os d* AFM-E 2.09 1.94 1.08

To confirm the validity of GKA-rule on predict-
ing ground state magnetic order in CasMnyOs-type
structures, we plotted energy landscape for SroMnsOs,
SroFesO5, and LagMnyOs with different magnetic orders
in Fig. 4 by performing DFT-PBE calculations. As ex-
pected, AFM-E and AFM-G order are the most stable
for SroMnyOs, and SroFesOs, respectively, which means
super-exchange interaction provides appropriate intuition
on magnetic stability at ambient condition. The both
AFM order in two compounds are insulators where band
gap formed by different orbital characters. In SroMnyO5,
d* configuration half-fills d-orbital up to d,» and the
band gap is formed with conduction band of d;>_,2. In
SroFesOs, on the other hand, all d-states are half-filled
then conduction band is composed with spin down d-
orbitals and the electron hopping between Fe sites are



prohibited by Hund’s rule. To better capture the role of
d-electron filling, we tested for hole-doped SraFeoOs5 (h-
SroFe;O5) with nominal d* configuration and LayMnyOs
(d).

La is well known for element compatible with SroMnsOs
chemistry which dope electron to Mn atoms.? %33 Thus
we performed calculations for LasMny,Os, which yields
nominally d° configuration with manganese.?> The gen-
eral shape of energy landscape was intact regardless of
Hubbard U potential in SroFesOs5 and SroMnoOs. As
plotted in Fig. 4, energy landscapes can be categorized
by compounds’ d-electron configurations regardless of B-
cation element, which means that d-orbital filling has
deterministic effect on ground state magnetic order at
ambient condition.

Local bonding character within individual polyhedron
is another feature significantly affected by d-configuration.
Specifically, the bond ratio {4y /lpa,qve is highly dependent
on d-orbital filling because d* SraMnyQOs and h-SroFesO5
are with elongated polyhedra along apical direction while
SroFesO5 and LagMnyO5 with d® are not (Table I). This
feature in CagMnyOs5-type structure can be understood
in the same context with Jahn-Teller distortion in ABO3
perovskites. LaMnQs is d* Jahn-Teller active system
therefore has elongated octahedron to stabilize the sys-
tem by removing the degeneracy in ey orbital. On the
contrary, d° systems for instance LaFeO3 and SrMnO3 do
not have such elongated octahera,?*3* as illustrated in
Fig. 3. Likewise, as CasMnsOs-type structure has similar
crystal field splitting with Jahn-Teller distorted octahe-
dra, SroMnyOs can be stabilized by having longer I,y
than lyq,qve While d® systems have no energetic merit of
having distorted bonding environment.

B. Pressure-dependent super-exchange interaction
in SI‘QMDQO5

When hydrostatic pressure is applied, relative stabilites
among mangnetic orders in SroMnyOj5 change, where
AFM-E order becomes more stable compared to other
magnetic orders. As shown in Fig. 5(a), FM order has
200 meV higher enthalpy per formula unit than AFM-E
order at 0 GPa, and it increases to 700 meV when 30 GPa
is applied. Other AFM orders (A, E*, and G), on the
other hand, are unstable by ~100 meV /f.u. at 0 GPa, but
their enthalpies increase by different degrees: AFM-A to
387meV, AFM-E* to 246 meV, and AFM-G to 95 meV
at 30 GPa.

To understand the different evolution of instabilites
for magnetic orders under pressure, we calculated ex-
change coupling constants between Mn atoms as plotted
in Fig. 5(b). J1, Jo and J3 represent the coupling via
01, 02, and O3 connections, respectively, and they show
clear contrast especially under high pressure. Calculated
J1 and Jg are positive values while J5 is negative, which
supports the AFM-E order with the lowest energy. Based
on Heisenberg’s model, H = Z” Ji;5:S;, the ground
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FIG. 5. (a) DFT-PBE level relative enthalpy differences

of different magnetic orders with respect to AFM-E order in
SroMn3O5 under hydrostatic pressure. No Hubbard potential
is applied (U=0eV), and metallic phases are drawn with filled
symbol connected with dashed line. (b) The exchange coupling
constants between Mn atoms, where J1, J2 and J3 correspond
to O1, O2, and O3 connections, respectively.

state magnetic order can be achieved by antiferromag-
netic connection on O1 and O3 connections with positive
J constants while ferromangetic interaction on O2 for
negative J. This formulation also explains the origin of
instabilities for other magnetic orders: each AFM-E*,
AFM-G, and AFM-A order gains instability from Jy, Jo,
and J3, respectively, by deviating optimum magnetic order
(AFM-E), while FM gain from both J; and Js.

The pressure-dependent relative stabilities are also
closely associated with J constants. J; and J3 signifi-
cantly increase from 36 and 72meV to 66 and 274 meV at
30 GPa, respectively, while Jo barely changes upon hydro-
static pressure. In result, magnetic orders gain varying
degree of instabilities depending on their magnetic inter-
actions different from AFM-E order and corresponding
J constants. Note that the number of O3 connections
are half of O1 or O2 connections, then this analyis based
on Heisenberg’s model recovers the pressure-dependent
stabilities in Fig. 5(a). Instability of AFM-A is higher



than that of AFM-E* at high pressure, because their
instabilities are originated from Js and Jp, respectively.
FM spontaneously gains highest instabiliy by having both
energetic demerit from both J; and J3, and AFM-G order
maintain similar level of instability. Reinforcement in
super-exchange interaction is general behavior because
the bond length B-O decreases.®® % Thus the increasing
instability in Fig. 5(a) can be attributed to pressure de-
creasing general bond length, while the detailed trend
depends on polyhedral connections.

The relationship between bond length and superex-
change interaction provide intuition about different unit
volume of SroMnsOj5 depending on magnetic orders. Hy-
drostatic pressure generally drives the materials system
toward smaller unit volume, which accompanies shorter
bond length and reinforced super-exchange interaction.
This trend further stabilizes the AFM-E order, while the
energetic cost for other magnetic orders becomes larger
especially when they are associated with J; and Js. Thus
non-ground state magnetic orders are relaxed with rela-
tively longer bond length so as to reduce the energetic
cost. Indeed, AFM-A, -E*, and FM order are with larger
unit volume compared to AFM-E order, while AFM-G
order shows similar value to AFM-E (Table IT and sup-
plementary information).

TABLE II. Unit cell volume and bond length of square pyra-
mid in SroMn,Os with different pressure (P). Apical bond
(lap), and average basal bonds (lpa.ave) follow the unit of A,
while unit cell volume the unit of A3,

Order Pressure  Volume lap lba,ave  lap/lba,ave
AFM-E 0 455 2.07 1.92 1.08
10 421 2.04 1.89 1.08
20 394 2.03 1.87 1.09
30 374 2.03 1.85 1.10
AFM-G 0 455 2.07 1.92 1.08
10 421 2.03 1.89 1.08
20 394 2.03 1.86 1.09
30 374 2.03 1.85 1.10
FM 0 464 2.02 1.94 1.04
10 431 1.99 1.91 1.04
20 405 1.97 1.88 1.05
30 385 1.95 1.87 1.04

It is noteworthy that pressure-dependence shows
anisotropy regarding J, interaction and its consequen-
tial instability of AFM-G order, which is generally in-
sensitive to hydrostatic pressure. This implies that the
magnetic interaction of O2 site connection, where dg>_,»
and d,» are associated for double-exchange interaction,
are insensitive to pressure. Super-exchange is reported
as able to dominate double-exchange interaction under
compressive condition,?”** meaning double-exchange in-
teraction is relatively insensitive to pressure compared
to super-exchange. Thus small change in J; constant
and its consequent instability of AFM-G order with re-
spect to pressure can be understood from its distinction
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FIG. 6. Electronic density of states of SraMnsOs with AFM-
E order under pressure of (a) 0 GPa, (b) 10 GPa, (c) 20 GPa,
and (d) 30 GPa.

from O1 and O3 connections in d* CagMn,Os-type struc-
ture. Another interpretation can partially made from
the anisotropic contraction in bond length (Table II). In
AFM-E order, l,, decreases by 2% compared to twice
larger change in lj4 qve Of 4 %. This means apical bond
is relatively stiffer than basal bonds, and interaction via
02 connection occurs relatively constant distance under
pressure.

Since there is no change of sign in J constants under
hydrostatic pressure, GKA-rule predicting magnetic sta-
bilities is still valid and the discussion can be reduced to
the crystal field splitting. As hydrostatic pressure induces
compressive condition for materials and reduces the gen-
eral bond length, the crystal field splitting via anionic
coordination is also reinforced. This effect can be roughly
quantified from density of states (DOS), as plotted in
Fig. 6. On the conduction band spin-down DOS of one
Mn atom is plotted with purple color resembles the square
pyramidal crystal field splitting decribed in Fig.2(b). To
capture the A;, we measured the energy difference of
the DOS peaks in purple color as annotated. The mea-
sured value increases with respect to pressure, from 2.73
at 0 GPa to 2.82, 3.04 and to 3.18 at 30 GPa. Thus the



enhanced relative stability of AFM-E order is also shown
from electronic structure, by rough measure of crystal
field splitting and its impact on magnetic stabilities.

The stable AFM-E order in SroMnyOs under pressure
is distinct from AFM order of other d* manganites in
pristine ABOj3 perovskites. AFM-A order of LaMnOs3
becomes unstable under pressure as Jahn-Teller distortion
is suppressed under hydrostatic pressure, and eventually
exhibit insulator-to-metal transition.*=*3 In RMnOs, sta-
bility of AFM orders depend on the selection of R element
and the role of f-orbital. While AFM-A order which com-
petes with AFM-E in EuMnOg shows magnetic transition
toward FM order at ~2 GPa,** YMnOgs shows reinforced
stability of AFM-E order*® but it is known that AFM-E
order in YMnOg is with very low Ty and synthesizable
with limited condition.*®*” Considering the distinction
of SroMnyO5 in CasMnyOs-type structure with other
d* manganites, we can conclude that crystal field split-
ting of square pyramidal network and the arrangement of
the pyramids provides a tuning opportunity of a certain
magnetic order.

C. Pressure-dependent Magnetic Transition in
SI‘QF9205

To evaluate the relative magnetic phase stabilities of
SroFeyO5 with d® configuration under different external
pressure, we plotted enthalpy and exchange coupling con-
stants of structures in Fig. 7(a) at the DFT-PBE level
(U=0). The most noticeable pressure-dependent change is
that the relative enthalpies of magnetic orders to AFM-G
order decrease with respect to pressure, which is opposite
to the magnetic behavior in SroMnsOs. At the end of the
trend magnetic transition from AFM-G to FM is derived
by hydrostatic pressure at ~24.5 GPa. As FM phase is
metallic, this AFM-G to FM magnetic transition accom-
panies insulator-to-metal transition. Metallicity was also
found from magnetic orders other than AFM-G at high
pressure. AFM-E as another exception showed insulating
behavior at 0 GPa but becomes metal over 10 GPa, and its
relative stability starts to decrease compared to AFM-G
like other metallic orders.

Exchange coupling constants in Fig. 7(b) are consistent
with this magnetic transition that all constants decrease
from positive value and becomes negative at higher pres-
sure. Thus any magnetic interaction between opposite
spins leads to energetic cost based on Heisenberg formula-
tion. Similar to the earlier section, the energy difference
between FM and AFM-G order can be interpreted by
summed Jp, Jo, and J3. Considering that J; and Jo
curves are with the steep slope compared to J3, we can
conclude that the magnetic transition is mainly drived
by J; and J; via O1 and O2 connections in the struc-
ture. This magnetic transition in SroFesOp is an unique
behavior when compared to SroMnsOs in that AFM-G
order in SraFe;O5 is also stabilized by super-exchange
interactions like SroMnyOs, but its stability is rather
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FIG. 7. (a) DFT-PBE level relative enthalpy differences

of different magnetic orders with respect to AFM-E order in
SroMn2Ojs under hydrostatic pressure. No Hubbard potential
is applied (U=0€eV), and metallic phases are drawn with filled
symbol connected with dashed line. (b) The exchange coupling
constants between Fe atoms, where J1, J2 and J3 correspond
to O1, O2, and O3 connections, respectively.

weakened under pressure opposite to the AFM-E order
in SroMnyOs5. This difference implies that a mechanism
other than super-exchange is the origin of the transition.

Density of states (DOS) of SraFe;O5 in Fig. 8 reveal
that the magnetic transition accompaning insulator-to-
metal transition is derived from high-spin to low-spin
transition on Fe atoms. Projected DOS of one Fe atom,
especially with AFM-G order, well describes the square
pyramidal crystal field splitting of d-orbital depicted in
Fig.2(b) and so forth the width of the splitting defined by
A1. This projected DOS clearly shows that AFM-G order
is insulating because d° configuration only filling the spin-
up states of d-orbital. On the other hand, in FM order the
up/down states overlap each other by some fraction, which
makes the SroFesO5 metallic. Note that here the electron
hopping would occur via minority spin, so the conductivity
of the metal would be not be sufficiently high. Magnetic
moments on Fe atoms also corroborate the spin crossover.
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FIG. 8. Electronic density of states of SraFe2Os with different
mangetic orders and pressures without Hubbard potential. (a)
AFM-G at 0GPa, (b) AFM-G at 30 GPa, (c) FM at 0 GPa,
and (d) FM at 30 GPa.

The moment is 3.49 up in AFM-G phase at 0 GPa, but
it decreases down to 2.67 pup in FM phase under 30 GPa,
meaning spin character of some electrons are screened
by opposite-spin electrons in FM under high pressure.
This means pressure-induced magnetic transition from
AFM-G to FM involves spin crossover, making some spin-
up electrons at higher energy level transit to spin-down
states.

The energetic motive of spin crossover can be found
from band widening effect by hydrostatic pressure on d-
orbital. In Fig. 8, states are broadened upon hydrostatic
pressure in both magnetic orders. The broadening in
valence band can be attributed to enhanced hybridiza-
tion between Fe-d and O-p orbital owing to higher orbital
overlap with shorter M-O bond length. Indeed, the av-
erage Fe-O bond length decreases from 1.96 Ato 1.88 Ain
AFM-G order, and 1.94 Ato 1.87 Ain FM at 0 GPa and
30 GPa, respectively. The conduction band is also subject
to widening, but its origin can be interpreted as reinforced
crystal field splitting effect as discussed in earlier section.
Especially in AFM-G order of SroFe;Os5, the d-orbital in

conduction band is isolated from other states whose defini-
tive edge enables the quantitative comparison of crystal
field splitting (A1). The A; increases by 0.92eV with
30 GPa of hydrostatic pressure, from 2.29eV at 0 GPa to
3.21eV at 30 GPa. This band broadening via reinforced
crystal field splitting reduces the the band gap (E,) in
AFM-G order, from 0.85eV to 0.2eV, which lowers the
energetic barrier spin crossover for FM order between oc-
cupied d-states (spin-up electrons of Fe) and unoccupied
states (spin-down).

The presence of spin crossover induces the dictinction
of unit volume in SroFesO5 when compared to SroMnyOs
that GKA-predicted AFM-G ground state order is not
with the smallest unit volume. Unlike SroMnyO5 having
larger unit volume when a magnetic order more deviates
from ground state magnetic roder, FM order in SroFesOs5
has smaller volume than AFM-G as shown in Table III.
Indeed, FM order has the smallest unit volume. As ions
have smaller radii with low-spin configuration compared
to high-spin,*® Fe?t obtains smaller radii in FM order
than in AFM-G order, making smaller unit volume with
spin crossover occurs. Calculation on AFM-E order clearly
shows this effect because its unit volume is larger than
that of AFM-G at 0 GPa but becomes smaller above
10 GPa. This is also the point that AFM-E order becomes
metallic via spin crossover, showing that spin crossover is
the key determining the unit volume.

TABLE III. Unit cell volume and bond length of square
pyramid in SroFe;Os with different pressure (P). Apical bond
(lap), and average basal bonds (lpe.ave) follow the unit of A,
while unit cell volume the unit of A3,

Order Pressure  Volume lap lba,ave  lap/lba,ave
AFM-G 0 468 1.90 1.97 0.96
10 432 1.89 1.93 0.98
20 405 1.91 1.89 1.00
30 383 1.90 1.87 1.02
AFM-E 0 473 1.90 1.99 0.96
10 425 1.92 1.91 1.01
20 398 1.91 1.87 1.02
30 377 1.91 1.87 1.03
FM 0 453 2.01 1.92 1.05
10 418 2.01 1.91 1.07
20 393 2.00 1.89 1.08
30 374 1.99 1.87 1.08

Together with unit volume, the bond length ratio
lap/lba,ave also senstively reacts to spin crossover. In
Table III, 4 /lba,ave changes from 0.96 to 1.02 in AFM-
G by pressure, but FM has range of 1.05-1.08 which is
closer to the range of SroMnyOs. In addition, as Iy, of
AFM-E order also becomes longer than lpq ¢ at 10 GPa,
this higher bond length ratio can be regarded as a sign
of spin crossover in SroFesOs. As spin crossover occurs
electron in up-spin d,»_,» state transit to lower spin-
down d-states, where empty d,2_,> leads to the similar
structural feature with d* system. The change in the



lap/lba,ave ratio is mainly drived by the lpg que, in that
lqp barely changes either by pressure or spin crossover.
This behavior again can be understood as an endeavor
to minimize the energetic cost of hosting electron in d,»
orbital by maintaining longer [, bond. This structural
difference is closely related to magnetic interaction as seen
from Fig. 7(b). The trend abruptly changes at 20 GPa,
especially for J;, because the FM structure is used for
exchange coupling constants as ground state structure on
that pressure. Indeed, when AFM-G structure relaxed at
30 GPa is used for calculation, we found that the linear
trend is maintained up to 30 GPa. Thus we can deduce
that the difference in lgp/lpa,qve Detween AFM-G and FM
is responsible for this anisotropic change.

Summarizing the effect of hydrostatic pressure in
SroFesO5 with d® configuration, band broadening in unoc-
cupied d-states in conduction band assists spin crossover
and stabilizes the ferromagnetic interactions. This be-
havior can be attributed to the d° configuration as in
SroMnsO5 the band broadening in d-orbital would in-
creases the band gap composed by spin-up d.2» and d2_,»
states, which further inhibits the electron hopping.®® In-
deed, we found that pressure works favorable toward FM
order is universal in other d® systems. CagFesO5 showed
transition at ~17 GPa, and FM order in LasMn;O5 be-
comes further stabilized with pressure.(Suppl to be in-
cluded) Thus it is easily deducible that this magnetic
transition with increased crystal field splitting can also
occur in other elements when appropriate d-orbital config-
uration is provided. In addition, other types of polyhedral
unit such as octahedron and square plane can host spin
crossover via band broadening effect with different criti-
cal pressure. Indeed, transitions with spin crossover are
commonly oberved in other types of ferrite compounds
with comparable pressure range: SrFeOs (square planar)
at 33 GPa,’’®! CaFeO3 at ~30GPa,’? and BiFeOs3 at
~40 GPa.”?

At ambient pressure, SraFesO5 is known to exhibit
structural transition from brownmillerite structure which
consists of alternative stacking of octahedral and tetrahe-
dral layers, to square pyramidal network at 19.7 GPa.!??*
To the best of our knowledge, the magnetic structure
of SroFesO5 with Pbam symmetry at lower temperature
has not been investigated while without cooling it ex-
hibits paramagnetism.'? Thus we predict FM phase for
SroFesO5 at high pressure with controlled low tempera-
ture, with metallicity derived from spin crossover.

D. Effect of Hubbard U potential

The both super-exchange and spin crossover are sensi-
tive to relative orbital energies, so the effect of Hubbard
U potential is expected to be non-trivial as it affects
these behaviors by shifting occupied orbitals down and
unoccupied up in the energy. Given electronic configu-
rations in Fig. 2(b), we anticipate finite U value in Mn
and Fe affects pressure-magnetic property relationship

of SroMnyOs and SroFe;O5 via tuning band gap (Eg),
square pyramidal crystal field splitting (A4), and average
bond length (I44.). In Fig. 9, we plotted the DFT-PBE
level relative enthalpies with U potential of 3eV and 5eV
are applied to Mn and Fe atoms, which follows the gener-
ally acceptable values.'?#454 96 Ag a result of U potential
we confirmed that band gap increases for insulating struc-
tures and some metallic phases change to insulators while
A1 diminished as summarized in Table IV.

TABLE IV. Band gap (E,), square pyramidal crystal field
splitting (A1), and average bond length (lqve) in SroaMn2Os
and SroFesOs depending on applied U potential value. The
structures are with ground state magnetic orders (AFM-E for
SraMn205, AFM-G for SroFe2Os) at ambient pressure.

Order U Eg Al la'ue
SroMnsOs 0 1.09 2.73 1.95
3 1.61 1.93 1.97

SroFesOs5 0 1.00 2.29 1.96
2 1.90 1.74 1.97

5 2.32 1.64 1.97

In SroMnsOs, AFM-E order is still the most stable over
the whole pressure range as it is plotted in Fig. 9(a), and
the pressure dependences stay same regardless of U po-
tential: enthalpy of AFM-A, AFM-E*, and FM increases
with pressure while AFM-G barely changes. The energy
difference between AFM-G and -E slightly increases with
on-site potential (U), from AFE of ~100 to ~130meV /f.u,
which means that AFM-E order is more stabilized with
respect to AFM-G order. On the other hand AFM-E*,
AFM-A and FM orders are more stabilized by U, having
more than ~50% of reduction in energy difference with
respect to AFM-E order, as can be seen in the change of
scale in Fig.9(a), compared to Fig.5(a). Compiling these
observations, the stabilization effect of U can be rewritten
as a hierarchy of AFM-G < AFM-E < AFM-E* < AFM-
A <FM, whose trend is maintained over entire pressure
range. This hierarchy also roughly follows the sum of fer-
romagnetic interactions strength among square pyramidal
units; as AFM-G (all antiferromagnetic), AFM-E (ferro-
magnetic Jo), AFM-E* (ferromagnetic Jo and J;), AFM-A
(ferromagnetic Jo and J3), and FM (all ferromagnetic).*’
Thus we can deduce that on-site potential U has sta-
bilizing effect on FM interactions, while the difference
between AFM-E* and AFM-A despite the same num-
ber of ferromagnetic interactions can be attributed to
the relatively subtle difference in bonding type O1 and
03. This trend is consistent with other studies which
demonstrated LSDA+U formalism considered to overes-
timate the tendency toward ferromagntism in LaMnOs
and YMnQj;.26:57

The on-site potential U on SroFesO5 (d°), in contrary,
addresses the opposite pressure-dependent trend, which is
distinct from that of SroMnsOjs. The enthalpies of other
magnetic orders increase with respect to AFM-G order, in
result no magnetic transition from AFM-G to FM order
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FIG. 9. DFT-PBE level relative enthalpy differences between
different magnetic orders for (a)SraMn2Os and (b)SrzFe2Os5
under hydrostatic pressure. Hubbard potential of 3 and 5eV
were applied to Mn and Fe, respectively. The reference energy
was set to the ground state magnetic order of each compounds
at ambient pressure.

found within 0 to 30 GPa range. Indeed, the relative
enthalpy of FM becomes the highest at high pressure,
meaning FM phase changes from the most stable to the
most unstable by the presence of U potential. In addition,
all magnetic orders become insulator after U is applied
as indicated by empty symbols in Fig.9. Even FM order
opens a band gap of 0.72eV at 0 GPa and having high-
spin d® configuration without occupied spin-down states
of Fe. This absence of spin transition can be attributed to
the general effect of U on transition metals. As d-orbital
states are more localized, band gap increases and a barrier
for spin crossover is addressed. Applied on-site potential
changes the governing mechanism for pressure-dependent
behavior in SroFe;O5 to super-exchange like in SroMnsOs,
as spin crossover is suppressed by U.

As U activates the conventional super-exchange be-
havior, the pressure-dependent magnetic stabilities of
SroFesO5 can be also explained based on the degree of
GKA-rule violation. This trend is almost precisely scal-
able by the number of ferromagnetic interaction of each
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FIG. 10. Relative energy difference of FM SraFe2Os phases
compared to AFM-G phases with respect to hydrostatic pres-
sure.

magnetic orders in Fig. 9(b). There are eight Ol-sites,
eight O2-sites, and four O3-sites among total 20 connect-
ing oxygens in one magnetic unit cell, which hosts J1,
J2, and J3 coefficients. By scoring the violation of GKA-
rule in each magnetic order, AFM-E is 8 (J3), AFM-A
is 12 (Jo, J3), AFM-E* is 16 (J1, J2), and FM is 20 (J4,
Ja, J3), which matches the nearly equally distanced en-
thalpy curves and doubly spaced distance between AFM-E
and -G in Fig. 9(b). Indeed, the stability hierarchy be-
tween AFM-A and -E* in SroFesO5 is reversed from that
in SroMnyOs, where AFM-A showed higher instability
than AFM-E* owing to distinctly strong J3 constant.
These two observations imply that every connection in
d® CapMnyO5-type structure is comprised with magnetic
connections of nearly same strength, when spin transition
is suppresed and super-exchange is dominant.

To evaluate the supression of spin crossover with appli-
cation of U in d® system, we plotted pressure-dependent
magnetic stabilities between FM and AFM-G order of
SroFesOs5 in Fig. 10 with additional calculation with ap-
plying U=2eV under wider range of hydrostatic pressure
up to 60 GPa. When the hydrostatic pressure range is
extended, calculations with U=5¢eV showed that the en-
ergy difference of FM with respect to AFM-G makes a
peak at 40 GPa and starts to decrease after that point.
As metallicity indicated as filled symbol in Fig. 10, FM
phase becomes metallic at 40 GPa where spin crossover
occurs simultaneously. The decrease in enthalpy relative
to AFM-G order can be attributed to the enhanced spin
crossover under pressure similar to when U is not applied.
Calculations with U=2eV shows similar relationships
by having peak at 10 GPa, which is lower pressure than
that of U=5eV calculations. Eventually magnetic tran-
sition from AFM-G to FM order occurred at ~60 GPa,
which accompanies insulator-to-metal transition and spin
crossover. This relationship tells us that U hosts a bar-
rier for spin crossover and activates the reinforcement of



antiferromagnetic interaction,’® whch varies depending
on U value, but such effect is surmountable with higher
level of applied pressure.

E. Effect of Biaxial Strain on Sr>Fe>O5

In thin thin, epitaxial strain can mimic anisotropic pres-
sure effects, by creating compressed or elongated B-O dis-
tances and rotations of polyhedra.” Such anisotropy can
be further diverged in oxygen-deficient perovskites with
ordered vacancies, such as A3 BoOg compounds, depend-
ing on the relative orientation of the vacancy order with
respect to the biaxial epitaxial strain.”? We anticipate the
similar anisotropic effect by applying biaxial strain, be-
cause CasMnyOs-type structure hosts anisotropic behav-
ior in both super-exchange and spin crossover as discussed
earlier. To investigate this feature regarding magnetic
order stability, we applied biaxial strain with two different
orientation on SryFesOs, as illustrated in Fig. 11(a). Ori-
entation 1 corresponds to (001) plane of CagMnyOjs-type
structure, while orientation 2 is on (210) plane. As its
FM order showed monotonic decrease in relative energy
with respect to AFM-G order when U is not applied, we
can quantitatively estimate the pressure effect induced by
each orientation.

In Fig. 11(b), stability of FM to AFM-G order is plotted
with respect to pseudo-cubic lattice parameter. With
orientation 1, the energy difference between FM and AFM-
G order is minimized down to 400 meV/f.u., which is
comparable to 5.5 GPa power of hydrostatic pressure. On
the other hand, orientation 2 is able to reach less power
than orientation 1, down to 462meV/f.u.. This is only
equivalent to 2 GPa of hydrostatic pressure, by having
significant orientation-dependence. The first noticieable
aspect in biaxial strain is that its pressure-mimicking
power is much smaller than hydrostatic pressure when
measured with magnetic stability of FM. This inefficiency
becomes more clear when compared with the pseudocubic
lattice parameter (a,.). The maximum pressure effect of
5 GPa can be realized at a. of 3.75 A with orientation
1, but the same value a,. correspnds to the parameter
under hydrostatic pressure of 20 GPa where the relative
enthalpy of FM is 65 meV.

The reason for this inefficiency in mimicking pressure
effect can be found from the relaxation of structure that
elongation occurs perpendicular to biaxial plane when
compressive strain is applied. For example, at 3.75 A
with orientation 1, a and b crystallographic lattices are
compressed by ~6.5%, but at the same time ~10% of
elongation along c-direction occurs so as to relax the
elastic instability, while all lattice parameters decrease
under hydrostatic pressure. This reaction leads to less
change in unit volume that the minmum unit volume
of AFM-G order is 447A3, which is equivalent to unit
volume when ~5 GPa of hydrostatic pressure is applied.
Regarding that one of energetic motive of transitioning to
FM order was with smaller unit volume, which is favorable
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FIG. 11. (a) Schematic illustration of two biaxial orientations
on CaaMn2Os-type structure, with unit cell structure is high-
lighted with purple color and red outline. (b) Relative energy
difference of FM SroFe2Os phases compared to AFM-G phases
with respect to pseudocubic lattice parameter of biaxial strain

change under hydrostatic pressure, biaxial strain weakens
the motive as the out-of-plane elongation relieves the
compressive condition given from biaxial strain.

The elongation along out-of-plane direction can be de-
composed down to local bond length of each orientation,
which explains the disparity between orientation 1 and 2.
The general change of local bond length is summarized
in Table V, where the basal bonds are divided into lpq,qp
and lpq,. depending on bonding direction. In orientation
1, the basal bonds along c-axis (lpa,c) are elongated while
bond length along ab-plane (I44,45) and apical bond length
decrease. Likewise in orientation 2, the basal bond along
ab-plane (Ipg,qp) increases when other bonds are reduced
under compressive strain. The elongated bonds works as
opposite-contributions to stabilize FM state because spin
crossover is inhibitted along such elongated bonds. As
each biaxial strain is with different degree of opposite con-
tributions from stabilizing FM order, orientations exhibit
different pressure-mimicking power as shown in Fig. 11(b),
compared to hydrostatic pressure with cooperative contri-
butions from all O1, O2, and O3 connections via general



decrease in all types of Fe-O bonds.

TABLE V. General change of Fe-O-Fe path length which can
be decomposed t0 lap, lba,ab, and lpq,c.

Fe-O1-Fe Fe-O2-Fe

Orientation lba,c lba,c lap lba,ab lba,ab lba,ab

Orientation 1~ ™~ J W W W
Orientation 2 || W 1 M 7 4

Fe-O3-Fe

The selective elongation/compression of specific type of
Fe-O bonds can be used to roughly estimate the change of
stability contributions from O1, O2, and O3 connections,
via relative change in Fe-O—Fe path length. Each O1
connection can be composed of two Fe-O1 bonds (Ipq,c),
02 of lap + lpa,ab, and O3 of two lpg,qp. Thus we can
estimate the change of Fe-O—Fe path length based on
change in constituent increasing/decreasing bonds, which
are summarized in Table V. Under compressive strain,
orientation 1 experiences shortened Fe—-O—-Fe path length
except for increasing Fe-O1-Fe path. In orientation 2,
there is a competitive behavior in Fe-O2-Fe path because
lap decreases while ly4,q, increases. Similar to the change
under hydrostatic pressure, we found that l,, bond is
relatively insensitive to the strain and shows less change
in bond length. This difference makes Fe-O2-Fe path in
orientation 2 become longer as the increase in lpq,qp dom-
inates the decrease in l,,. As increase in Fe-O-Fe path
length implies the decrease in contribution of correspond-
ing O-connection stabilizing FM order, the orientation
dependent in Fig. 11(b) is obtained.

It is noteworthy that biaxial strain induces a significant
change in bond angles compared to hydrostatic pressure.
In CayMnyOs-type structures, there are three types of
characteristic bond angles, Z Fe-O1-Fe (£01), £ Fe-O2-Fe
(£02), and ZFe-03-Fe (£03), where £03 is set to 180°
by symmetry. While hydrostatic pressure increases the
/01 and Z02 up to 10°, from 0 GPa to 30 GPa, these
bond angles can be dramatically tuned depending on
biaxial orientation; with orientation 1, ZO1 increases by
17° and Z02 decreases by 27°, and with orientation 2,
Z01 changes less than 1° while ZO2 increases by XX°.

We attribute this dramatic change in bond angles as
a reaction to resolve the elastic stress on (001) plane
induced by stiffer apical bond under compressive condi-
tion. While basal oxygens have pair anion on the opposite
direction over B cation thus subjected to compression
under pressure or strain, the absence of counterpart for
apical oxygen in a square pyramid makes makes B-cation
displace and keeps apical bond length under compressive
condition. As the compressibility of apical bond is rela-
tively small, CayMnyOs-type structure tends to resolve
the elastic instability by tuning bond angle. In orientation
1, change in bond angles makes square pyramids more
like triangular bipyramids, which significantly changes the
basal bonds and Z02 but yields more efficient packing
on (001) plane. This compression on (001) plane makes
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the bonding along [001] direction is further elongated and
/01 changes toward 180°. On the other hand, orien-
tation 2 barely experiences compression on (001) plane
is perpendicular to biaxial plane and elastic instability
and elastic instability can be easily resolved by relax-
ation along [210] direction. Thus ZO2 rather approaches
toward 180°, while only ZO1 slightly decreases owing
to compression along [001] direction whose instability is
mostly resolved by change in Iy, ¢.

Biaxial strain on SraFesOs5 with CasMnsOs-type struc-
ture shows that different relative orientations makes dis-
tinction in change of local bond length and bond angles.
The pressure-mimicking power of biaxial strain is only
equivalent to 5.5 GPa of hydrostatic pressure even under
significant compressive condition, because of the relax-
ation along the direction perpendicular to biaxial plane
while magnetic transition of SroFesOs require coopera-
tive compression from whole way. Instead, the relaxation
along perpendicular direction from biaxial plane intro-
duces the significant change in local structures, which is
particularly anisotropic with ordered oxygen vacancies
in perovskite, and thus shows a promising strategy to
stabilize unique materials phenomena sensitive to such
local structures.

IV. CONCLUSION

In conclusion, we identified the nature of pressure-
dependent magnetic stabilities in CagMnyOs-type oxygen-
deficient perovskites, by adopting SroMnsOs and
SroFesOj5 as representative cases for d* and d® systems, re-
spectively. We demonstrate that SroMnsOs shows AFM-E
order at ambient condition following the Goodenough-
Kanamori-Anderson rule with square pyramidal crystal
field splitting, where its order is further stabilized under
hydrostatic pressure owing to reinforced super-exchange
interaction. SroFesOs on the other hand shows magnetic
transition from AFM-G order to FM at ~24.5 GPa which
accompanies insulator-metal transitions via spin crossover.
The both behavior can be understood as hydrostatic pres-
sure reduces the B-O bond length and reinforce the crystal
field splitting. d-orbital states are broadened along energy
scale, which induces different behavior in SroMnsOs and
SroFesO5. We also investigated the effect of Hubbard
U on-site potential on magnetic behavior, which yielded
FM-preferable effect on SroMnsOy but worked oppositely
for d® systems by rather stabilizing AFM-G order. As
stabilization of FM order via spin crossover is inhibited by
the presence of U, higher level of pressure was required to
overcome the barrier to drive magnetic transition. Lastly
we evaluated the effect of biaxial strain following the mea-
sure of energy difference between FM and AFM-G order
in SroFe; 05, and estimated it pressure effect is equivalent
to 5.5 GPa when strain equivalent to 3.75Apseudocubic
lattice is applied on ab-crystallographic plane. The lo-
cal structures with biaxial strain changes distinctly com-
pared to structures under hydrostatic pressure, and its



dependence in relative orientation of biaxial plane can
be understood based on different compressibility of B-O
bonds in CagMnyOs5-type structure. This study provides
various benefit on magnetic materials in transition metal
compounds in that the correlation between local coordi-
nation environment, polyhedral arrangement, d-orbital
filling, and pressure/strain effects are comprehensively
covered.
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