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In double perovskite oxides (A,BB'Og), magnetism often arises from diluted magnetic lattices, created by
combining a perovskite structure with localized 3d magnetic elements (B) alongside another perovskite lattice
containing nearly nonmagnetic delocalized 4d /5d elements (B’). Alternatively, the magnetic lattice can consist
entirely of 3d elements, with one being completely nonmagnetic with a d° state. La,CoTiOg (LCTO), a
representative double perovskite oxide, contains Ti in a nonmagnetic state with a d° electron configuration due
to its 4 oxidation state. Experimental evidence shows that LCTO possesses a monoclinic structure (space group
P2, /n) and behaves as an antiferromagnet with a Néel temperature of 14.6 K. Through first-principles electronic
structure calculations, we uncover that adjusting external hydrostatic pressure induces a sequence of phase
transitions: from antiferromagnetic insulator (AFM-I) to antiferromagnetic metal (AFM-M), and ultimately to
itinerant nonmagnetic metal (NM-M). The transition from AFM-I to AFM-M at ~42 GPa pressure coincides
with a shift in spin states, moving from a high-spin (HS) state to a low-spin (LS) state, while Co retains a d’
configuration. Distortion within the monoclinic structure under pressure plays a pivotal role in the spin-state
transition. At the AFM-I to AFM-M transition, we observe a sharp decrease in the ratio of the octahedral
volumes occupied by Co and Ti. Such change in ratio is linked to variations in octahedral volumes, akin to
a breathing mode distortion. We explore the impact of the breathing mode distortion by examining a highly
symmetric theoretical structure (space group /4 /mmm), achieved by optimizing the structure with all £ Co-O-Ti
angles set to 180°. Remarkably, the LS state in the LCTO theoretical structure persists under ambient pressure
conditions, underscoring the unique role of breathing mode distortion in the monoclinic phase, facilitating the
HS to LS transition under pressure. In the LS state, LCTO displays metallic behavior, even with a substantial
local correlation (Hubbard U) on Co, as large as U = 6 eV. The spin-state transition is further elucidated through
an energy level diagram, illustrating a significant modification in the crystal field splitting between Co-f,, and
Co-¢, levels, driven by the robust hybridization of Co-d and O-p orbitals. Finally, with a further increase in
pressure, the system attains the NM-M phase at ~130 GPa, leading to the complete suppression of the magnetic

moment on Co.
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I. INTRODUCTION

Double perovskites (DPs) have attracted significant atten-
tion in the last few decades due to their unique electronic and
magnetic properties owing to the interplay between charge,
spin, orbital, and lattice degrees of freedoms [1-4]. This has
general chemical formula A,BB’Og, exhibiting a wide range
of compositions due to the natural ability to form perovskite
structures in double order which tolerates the altering of mul-
tiple transition-metal (TM) cations B and B’ of varying sizes
and electronic configurations. These TMs are surrounded
by oxygen anions forming octahedral units and the A-site
cation refers to the various alkaline- /rare-earth elements [5].
Because of their numerous physical phenomena such as half-
metallicity, above-room-temperature ferro-/ferrimagnetism,
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thermoelectric, magneto-dielectric, magneto-optic, and mul-
tiferroic properties, and semiconducting behavior, DPs have
received a lot of attention for technological applications, par-
ticularly in spintronics [6—10]. Among them, Sr,FeMoOg
[11,12] and SryFeReOg [13,14] are reported as ferrimagnetic
(FiM) half-metallic DPs. In contrast to metallic FM DPs, there
are antiferromagnetic DPs, e.g., Sr,FeWOg [15], having an
insulating ground state can be transformed to FiM metal if one
dopes Mo at the W site, i.e., Sr,FeMo,W;_,O¢ with x > 0.3
[16,17]. In addition to that, a list of DPs exhibit Mott insu-
lating behavior due to the delicate balance among spin-orbit
coupling (SOC), on-site Coulomb (U) repulsion, and the crys-
tal field effect on the 4d/5d TM sites [18-22]. In fact, there
are reports of the pressure-induced metal-insulator transition
(MIT) for perovskite materials [23—26] which, however, is
hardly explored in the case of DPs. The MIT transition is also
reported for DPs with partial or full chemical substitution on
the A and/or TM sites [27-29]. In addition, there are a few
FM/FiM DPs where the spin-state transition is accompanied
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by a transition from an insulator to nonmagnetic metal via a
half-metallic state [30,31] and half-metallic to nonmagnetic
metal via a semiconducting state [32]. However, so far, to the
best of our knowledge, the MIT in AFM DPs associated with
the spin-state transition and, finally, a nonmagnetic metallic
state as a function of applied pressure has neither been ob-
served in experiments nor theoretically prescribed.

One interesting class of double perovskite with d° elec-
tronic configuration at the B’ site, e.g., La,CoTiOg (LCTO),
has moderately been studied in experiments [33—35]. This is
rather a simple system with Ti in the 4 oxidation state sug-
gesting a d° electronic configuration. The compound shows
an antiferromagnetic ground state with low Néel temperature
(Tn = 14.6 K). This is due to the fact that the magnetic lattice
is formed by the Co atoms only and, hence, it is diluted by the
presence of the nonmagnetic Ti atom in LCTO. The nearest-
neighbor distance between two Co atoms is roughly +/2 times
as large compared to that in perovskite oxides [36,37]. In gen-
eral, therefore, relatively weak magnetic exchange coupling
between Co magnetic moments is expected. From simple
charge balance calculation, Co is expected to show a d’ elec-
tronic configuration due to the Co®* oxidation state. Neutron
diffraction reveals the long-range antiferromagnetic order is
due to the arrangement of Co spins [34] with a propagation
vector (k = 1/2,0, 1/2) [33]. There are some recent studies
regarding the cobaltate-titanate oxide heterostructures, hinting
about the orbital polarization of Co>* state as a function of
electronic correlation and by breaking of electronic symmetry
with the formation of a superlattice. Experimentally such a
superlattice can be grown as an epitaxial thin film on a sub-
strate [38,39]. Such d-electron configuration (d’) may result
in altering the Co magnetic moment from its high-spin (HS)
value to low-spin (LS) value or vice versa due to the change
in octahedral geometry. In contrast to the Co>* (d”) in LCTO,
a recent study [40] considering a perovskite, LaCoOs; with
Co*t (d®), has shown a HS to LS transition associated with
the changes in the geometry of CoOg octahedra as a function
of temperatures.

In this work, within combined experimental and theoret-
ical approaches, we characterize the structural and magnetic
behavior of LCTO at ambient pressure. The pressure effects
have then been studied within first-principles electronic struc-
ture calculations in order to explore the electronic and the
associated magnetic properties of LCTO. At ambient pressure,
the prepared LCTO has a monoclinic structure with space
group P2;/n as determined from x-ray diffraction (XRD)
and shows an antiferromagnetic (AFM) ground state from the
Curie-Weiss analysis. The magnetic ground state is consis-
tent with the electronic structure calculations. The insulating
nature of having band gap 1.01 eV estimated from the total
density of states (DOS) is consistent with the reported resis-
tivity measurement [34]. Such insulating behavior is due to
the the presence of distortion between the TiOg and CoOg
octahedra as it becomes metallic when the distortion is re-
moved. As we increase pressure, LCTO systematically shows
transition from an AFM insulating state to an AFM metallic
phase at ~42 GPa, and with further increase in pressure,
it becomes a nonmagnetic metal at about 130 GPa. In fact,
when the system enters this metallic state in the AFM phase,
a spin-state transition occurs at that particular pressure and,

hence, the Co moment abruptly jumps from its high-spin state
value to the low-spin state value. Such insulator to metal
transition associated with the spin-state transition is a rare
occurrence in AFMs, and hence, in the case of DP oxides like
LCTO, pressure becomes an efficient tool to tailor its physical
properties.

The remainder of this paper is written as follows: In Sec. II,
we discuss crystal structures and magnetic characterization
of the polycrystalline sample in experiment at ambient con-
dition; in Sec. III, the methodology for ab initio electronic
structure calculations within the density functional theory
(DFT) framework is presented; in Sec. IV, we provide the
electronic and magnetic properties using fully relaxed atomic
coordinates in the unit cell, both for experimental as well
as theoretically optimized zero-pressure lattice geometries,
and thereafter, we explore the role of breathing modes in
CoOg and TiOg octahedra for the MIT in the high-symmetry
theoretical structure; in Sec. V, finally, within first-principles
electronic structure calculations we discuss various details
of the structural phase transitions along with the associated
magnetic and electronic properties as a function of pressure;
at the end, Sec. VI summarizes with conclusion of our work
on LCTO.

II. EXPERIMENTAL RESULTS AT AMBIENT PRESSURE

A. Crystal structure determination

A polycrystalline sample of LCTO is synthesized by
solid-state reaction route and the structural characterization
is performed in the powder sample within x-ray diffraction
(XRD) at ambient conditions. XRD data are collected using
PANalytical Aeris XRD at IIT Tirupati at room temperature,
operating Cu K,, radiation over the angular range 10° < 20 <
90° with a 20 step size of 0.01. Rietveld refinements of the
structural parameters were performed using the FULLPROF
suite software [41]. The Rietveld refinement on XRD data
of LCTO reveals that it crystallizes in a monoclinic structure
with space group P2;/n (No. 14) which is consistent with
earlier reports [33,34]. The structure consists of corner-shared
oxygen octahedra forming a three-dimensional (3D) network
where Co and Ti are at their center surrounded by six oxygens.
On the other hand, the La atom is located at the center of
the cage formed by the alternating CoOg and TiOe octahedra
along the crystallographic a, b, and ¢ directions; see Fig. 1(a).
It is here evident that in the monoclinic phase, the Co-O-Ti
chain along the a, b, and ¢ directions deviates significantly
from the ideal /undistorted one by changing the angle, Z Co-
O-Ti, from 180° to ~ 151°-153°. Table I further summarizes
all the structural information at room temperature and ambient
pressure. The GdFeOs-type distortion is also observed in this
sample [42]. Due to the larger size of the Co atom compared
to the Ti atom, the CoOg octahedral volume is expected to be
larger than that for the TiOg octahedron.

B. Magnetic measurements

The polycrystalline LCTO is used for the magnetiza-
tion measurements using a magnetic property measurement
system (MPMS3, Quantum Design). Figure 1(b) shows the
temperature-dependent magnetic susceptibility down to 1.8 K
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FIG. 1. At ambient pressure: (a) Structure of LCTO with space group P2;/n. The angles £ Co-O-Ti that connect the TiOs and CoOg
octahedra, both apical and planar, exhibit nearly similar values, approximately 153.2° and 154.3°, respectively. Co and Ti octahedra are
distinguished by deep blue and light blue colors, respectively, while La and O atoms are indicated by green and red colors, respectively.
(b) The magnetic susceptibility (left axis) and the inverse magnetic susceptibility (right axis) as a function of temperature of LCTO at a
magnetic field of B = 1 T. The transition temperature Ty is identified as 14.6 K. Utilizing a Curie-Weiss fit, the Curie-Weiss temperature Ocw
is determined to be —50.5 K, and the effective magnetic moment is estimated at around peg & 5.05 up within the experimental unit cell of

LCTO.

in an external field of 1 T. As temperature decreases from the
room temperature, the magnetization increases in the usual
manner obeying the Curie law in the paramagnetic region.
However, below 14.6 K the magnetic moment drops sig-
nificantly showing a peak in the magnetization data. This
behavior is not only very typical for an antiferromagnetic
(AFM) phase transition, but consistent with the literature
[33-35]. Moreover, the Curie-Weiss x = C/(T — Ocw) fitting
at high temperature between 300 K and 100 K (in the para-
magnetic region) yields negative Curie-Weiss temperature,
Ocw = —50.5 K, confirming AFM interactions between the
spins, and the obtained effective Co moment, ptef, is 5.05 ug,
and will be compared with the value obtained from the DFT
(discussed in the next section). Detailed experimental findings
will be published elsewhere.

TABLEI. Table containing structural information (lattice param-
eters, volumes of the Co and Ti octahedra and the ratio between them,
bond lengths and bond angles) of the experimental results obtained
from the x-ray diffraction at ambient pressure.

Parameters Experiment (ambient pressure)
Space group P2, /n
a(A) 5.5565
bA) 5.5717
cA) 7.8566
B (deg) 90.002
v (A 243.23
Veo-oet (A?) 11.71
Viicoe (A%) 10.02
VCo-oct/VTi-ocl 1.16
dco.o (apical) (A) 2.02
drio (apical) (A) 1.97
dco.o (planar) (A) 2.08
dri.o (planar) (A) 1.98

/ Co-0O-Ti (apical) (deg) 153.19

/ Co-O-Ti (planar) (deg) 154.28

III. METHODOLOGY

The electronic and magnetic properties of LCTO with-
out and with pressure have been explored within ab initio
spin-polarized electronic structure calculations using the
projector-augmented wave (PAW) scheme [43,44] in the
plane-wave pseudopotential implementation of the DFT code,
the Vienna ab initio Simulation Package (VASP) [45]. A
Perdew-Burke-Ernzerhof (PBE) [46] functional within the
generalized gradient approximation (GGA) is adopted for the
exchange correlation potential. A k mesh of 8 x 8 x 6 ("
centered) is used for the momentum-space integration over
a full Brillouin zone, while a plane-wave cutoff energy of
500 eV is used for the plane-wave basis expansion in all
calculations. In order to consider the electron-electron cor-
relation effect on Co-d electrons, the GGA + U scheme is
employed within the Dudarev ef al. formalism [47]. Here, we
have varied the U value between 2 and 6 eV on Co-d (d7)
states while on Ti (d°), U is always fixed to zero. The inter-
nal position coordinates of all atoms have been fully relaxed
until the forces are smaller than 107> eV /A and the energy
convergence cutoff is considered about 10~7 eV. In order to
determine the optimized zero-pressure structure, we perform
the total energy calculations of the unit cell as a function
of its volume. This is performed around the experimental
unit cell volume via changing the lattice constants uniformly.
According to the Birch-Murnaghan (BM) equation [48,49],
a fit to the total energy (E) and the unit cell volume (V)
is valid around the equilibrium geometry. The details of our
BM fitting are given in the Appendix. The total energy (Ey)
corresponding to the zero-pressure volume (Vp) point in the
BM fitting turns out to be the lowest energy value and the
corresponding optimized parameters are further used for the
pressure calculations. Achieving true hydrostatic compres-
sion requires thorough system relaxation with high precision.
Each volume point underwent full geometry optimization un-
til the atomic forces fell below 10~ eV /A for both FM and
AFM magnetic configurations within GGA + U calculations.
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FIG. 2. Electronic structures of LCTO considering AFM state using experimental crystal structure at ambient pressure. The total DOSs in
(a) exhibit LCTO as insulator within GGA + U, U = 2 eV, calculations. A gap of 1.01 eV is observed in the calculation with a value of U set
to 2 eV. In the context of GGA + U calculations, panel (b) depicts the atom-projected partial density of states (PDOS) for the d states of Col
and Til as well as the O-p state. The octahedral crystal field effect on Co and Ti is responsible for the further designation of d-state orbitals as
t, and e,. The O-p state is fully occupied, whereas the ,, and e, orbitals associated with the Ti-d state remain unoccupied. Significantly, the
insulating state arises due to the separation of t;;fl states, even when considering GGA (not shown) calculations. For GGA + U calculations,
(c) also illustrates the orbital-projected DOS for Co-d orbitals. In all cases, the Ef is set at zero.

Following structure relaxation, a highly accurate static cal-
culation was conducted using the tetrahedron method with
Blochl corrections and an energy convergence criterion of
10~7 eV /cell. In order to obtain accurate hydrostatic pressure,
the structures were fully relaxed with high accuracy.

in good agreement with the experimental gap value of 1.02 eV
[34]. By varying U, we have further compared both FM and
AFM configurations defined within the experimental unit cell
as well as the high-symmetry undistorted case, presented in
Table II. The total energy of the AFM order is always lower

than that of the FM state. For U = 2 eV, the Co atom car-
ries an absolute magnetic moment (¢, of about 2.6 ug. The
Co?* oxidation state under the HS electronic configuration is
offering such magnetic moment. This is in agreement with
the expected moment per cobalt of 3 ug for the Co*™ (d7)
high-spin state in the ordered state. The effective magnetic
moment ~5.05 up estimated from the magnetic susceptibility
data by fitting the Curie-Weiss law in the paramagnetic region
is found to deviate from the spin-only contribution (3.87 ug)
in our spin-polarized calculations. Such discrepancy is well
reported for other materials of having Co*t (d") [50-52].
One thus expects that the system may have some unquenched
orbital magnetization which contributes to the total magnetic
moment. It is however unlikely to have a significantly large
orbital moment in 3d oxides. In order to check the effect

IV. DFT RESULTS AT AMBIENT PRESSURE

In order to corroborate with the experimental AFM ground
state, in this section, we first discuss the spin-polarized elec-
tronic structure results calculated using experimental structure
(space group P2 /n) at ambient pressure. The distortion in the
experimental structure of LCTO [Fig. 1(a)] is mainly coming
from the octahedral tilting measured by the angle £ Co-O-Ti,
given in Table I. The total DOS within the GGA (not shown)
calculation reveals insulating AFM behavior with a gap of
0.21 eV. The magnitude of the Co magnetic moment (/4c,) in
the AFM configuration is ~2.512 ug. The addition of correla-
tion, i.e., GGA + U calculation for U = 2 eV, gives a slightly
enhanced gap value of 1.01 eV [see Fig. 2(a)] which is indeed

TABLE II. The competing magnetic states, AFM and FM, are examined as a function of U (with values of 2, 4, and 6 eV) within GGA+-U
calculations for both the theoretically assumed high-symmetry (/4 /mmm) structure and the experimentally determined low-symmetry (P2, /n)
structure. In both scenarios, the AFM state consistently exhibits lower energy (greater stability) compared to the FM state. It should be noted
that the stability of the AFM state is examined by considering the most straightforward AFM configuration within a 20-atom unit cell of
LCTO. The computed magnetic moment (fc,) suggests that the LS (HS) state persists within the d’ electronic configuration of Co for the
theoretical structure (the experimental structure) in the electronic configuration of Co. From the gap values in the AFM phase, the last row
in the table clearly indicates AFM-M and AFM-I phases for high-symmetry /4 /mmm and low-symmetry P2, /n structures, respectively. The
experimentally observed gap is approximately 1.02 eV [34], which corresponds well with the result obtained using U = 2 eV.

High-symmetric theoretical structure vs low-symmetric experimental structure comparison

Undistorted (/4 /mmm) Distorted (P2, /n)
Parameters 2eV 4eV 6eV 2eV 4eV 6eV
Ery_apm (meV/fu.) 270 160 150 190 100 100
Moment on Co (i4c, in (p) 0.98 0.99 0.99 2.60 2.71 2.80
Gap value (eV) 0 0 0 1.01 1.58 2.08
Magnetic ground state AFM-M AFM-M AFM-M AFM-1I AFM-I AFM-1I
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TABLE III. The detailed structural information of LCTO as function of pressure: lattice parameters, unit cell volumes, x =

Vp£0—Vp=0)
Vp=0

100%, volumes of the CoOg and TiO4 octahedra, bond lengths and bond angles. Under pressure, « quantifies the percentage change in volume
relative to the optimized volume. The undistorted /4 /mmm structure is also optimized in our calculation. The pressure values selected (30, 42,
60, and 130 GPa) in the table result in LCTO entering different states or regimes, e.g., AFM-I, AFM-M, and NM-M in Fig. 4.

Structural Undistorted Distorted

parameters 0 GPa 0 GPa 30 GPa 42 GPa 60 GPa 130 GPa
Space group 14/mmm P2, /n P2, /n P2, /n P2, /n P2, /n
a(A) 5.3722 5.5621 5.2344 5.1683 5.0812 4.8700
b(A) 5.3722 5.5667 5.3411 5.2736 5.1848 4.9007
cA) 7.9659 7.8502 7.4205 7.3254 7.2056 6.9099
B (deg) 90.0 90.3 90.3 90.3 90.3 90.3

V (A3 229.90 243.06 207.65 199.88 189.94 167.24

K (%) 0 —14.56 —17.76 —21.85 —31.19
Veooot (A%) 9.58 11.81 9.39 8.38 7.78 6.69
Viicoet (A%) 9.57 10.17 8.98 8.87 8.48 7.38
Veo-oct/ Vioct 1.00 1.16 1.04 0.94 0.92 0.90
dco.o (apical) (A) 2.04 2.06 1.90 1.82 1.79 1.70
dri.o (apical) (A) 1.94 1.96 1.88 1.88 1.85 1.76
dco.o (planar) (A) 1.87 2.07 1.92 1.86 1.80 1.71
dri.o (planar) (A) 1.92 1.97 1.89 1.87 1.85 1.77

Z Co-O-Ti (apical) (deg) 180.00 152.89 156.70 161.79 162.08 169.00

£ Co-O-Ti (planar) (deg) 180.00 153.51 157.54 162.20 166.32 172.05

of orbital contribution, we have further performed GGA + U
calculations with the spin-orbit coupling effect. However, the
orbital moment on Co is found to be around 0.17 ug along the
z direction at ambient pressure. Indeed, it is consistent with the
fact that the SOC strength for a 3d transition metal (here Co)
[39,53] is weak. On the other hand, Ti is found to carry zero
magnetic moment, owing to an expected d° electronic config-
uration. These are all evident from the atom-projected Col-d,
Ti-d, and O-p partial density of states (PDOS) presented in
Fig. 2(b) for GGA + U calculations. The d-state orbitals of
Co and Ti are also marked as #,; and e, due to the octahedral
crystal field effect. Ti-d state is unoccupied whereas the O-p
state is fully occupied. These results can be understood by the
electronlc configuration on the Col (Co2) site as t2g¢ thZg '
(tzg €2l tzm) i.e., a partially filled mmonty spin channel of Co.
Moreover, there is a split between the tzg | states, even when
considering GGA (not shown) calculations, which is respon-
sible for the insulating behavior of this material. Figure 2(c)
shows the PDOS of the Col sublattice for different d orbitals.
The structure of the LCTO is distorted, i.e., the angle
between £ Co-O-Ti is ~151°-153°, visibly away from the
ideal /high-symmetry undistorted structure where the angle
between /£ Co-O-Ti is 180° (space group I4/mmm). The
distortion not only changes the bond angles, but also the bond
lengths, given in Table III. As a matter of fact, the local
environments as well as the interactions are also changed.
We studied the breathing mode [54,55] distortion for the
undistorted structure by stretching and squeezing the volume
of the Co and Ti octahedra periodically. The volume ratio
between the Co and Ti octahedra were changed from 5% to
20% in an equal interval by keeping the unit cell volume fixed.
Figure 3(a) shows the structures of LCTO for a few selected
(maximum breathing in comparison with the no breathing)
breathing parameters, defined as dg = (1 — Vqi/Vo) where

the structure remains invariant (space group /4/mmm). Here
we discuss the total DOS and orbital-projected PDOS of
Col for 6p = +40.33, 40.001, and —0.49. Figure 3(b)
shows the total DOS for all three structures related to dg =
+0.33, +0.001, and —0.49 within GGA + U calculations for
U = 2 eV. Interestingly, the undistorted structure shows an
antiferromagnetic metallic state, indicating distortion plays
an important role in tuning the system. The nonzero DOS
at Ep confirms that the system is metallic across different
Sg values. Thus, the transition to the metallic state from the
insulating state as a function of distortion is accompanied by
the electronic phase transition, not driven by the breathing
mode distortion, or accompanied by any structural transition.
In fact, with the application of hydrostatic pressure, the low-
symmetry distorted structure also gives a metallic phase which
will be discussed in greater detail in the subsequent section.
Figures 3(c), 3(d), and 3(e) show the orbital-projected PDOS
for the Col sublattice for ég = +0.33, +0.001, and —0.49,
respectively. For ég = 0.001 [see Fig. 3(d)], the dy, and d,
orbitals are almost degenerate; however, the down-spin chan-
nels are closer to the Fermi level in comparison to the up-spin
channels. A schematic orbital energy level diagram is drawn
based on the PDOS, indicating a low-spin state (correspond-
ing magnetic moment on Co 0.98 up), shown in the inset of
Fig. 3(d). Thus, the spin-state transition, i.e., from a high-spin
state (distorted low-symmetry P2, /n structure) to a low-spin
state (undistorted high-symmetry I4/mmm structure), hap-
pens with distortion at ambient pressure. We do not expect
any orbital order in this system as the Jahn-Teller effect does
not exert significant influence on the octahedral geometries
around Col and Co2; namely, the octahedral geometries are
unchanged. Interestingly, there is a significant change in the
PDOS as a function of Jg; viz., electronic energy levels shift
along the energy axis with varying §g. As a matter of fact,
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FIG. 3. The impact of a breathing-type distortion on the octahedra of TiOg and CoOg. In this context, we adopt the high-symmetry /4 /mmm
structure, leading to an assumed angle of £ Co-O-Ti = 180°. Keeping unit cell volume fixed, the alteration in the volume of the TiO¢ and
CoOg octahedra is quantified by introducing the parameter dg, defined as §g = (1 — Vi3/Vo). (2) The configurations displaying the octahedral
network of CoOg (deep blue) and TiOg (light blue) in LCTO are illustrated for values of §g = +0.33, +0.001, and —0.49. Ti and Co atoms
are situated at the center of the octahedra while La and O atoms are marked in green and red colors, respectively. Changing the §g value
under the 7/4/mmm phase does not introduce a gap at Eg, as clearly evident from the total DOS shown in (b). However, the orbital-projected
DOS considering Col in panels (c)—(e) exhibits distinct changes in orbital characteristics as a function of dg; for instance, electronic energy
levels shift along the energy axis with varying dg. We have performed our calculations within GGA + U for U = 2 eV. Remarkably, the
d’ electronic configuration of Co remains unchanged despite the presence of the breathing distortion. At g = 0.001, the magnetic moment
on Co is determined to be 0.98 ug, supporting a LS state; see the energy level diagram presented in the inset of (d). Within the metallic
phase, a significant disparity in octahedral volume (g = +0.33 and —0.49) triggers a transition to the HS state, resulting in an increase in
the magnetic moment of Co to 0.9 ug and 2.45 ug, respectively. Importantly, throughout all examined cases, the Ti electronic configuration
remains consistent at the d° state. The coordinate system in an octahedron is defined such that the position of oxygen atoms align along the
x, y, and z axes locally, establishing a well-defined reference for orbitals. In that scenario, the #,, manifold comprises d,y, dy., and d,, orbitals,

while the e, manifold comprises d,2_,» and d» orbitals.

the change in the ratios of the octahedral volume induces
a high-spin state for g = —0.49 (corresponding magnetic
moment in Co 2.45 ug) in comparison to the low-spin state for
o = +0.33 (corresponding magnetic moment in Co 0.9 up).
Importantly, throughout all examined cases, the Ti electronic
configuration remains consistent at the d° state. Thus, the
breathing mode also plays an important role in transforming
the spin-state transition in this material while the structure
(I4/mmm) remains unchanged.

The minimum energies obtained for both AFM and FM
Co-spin configurations at ambient pressure for both undis-
torted (theoretically high-symmetry 74/mmm) and distorted
(experimentally low-symmetry P2;/n) structures within
GGA + U calculations for U values of 2, 4, and 6 eV. Table 11
consolidates the energy difference between the configura-
tions, magnetic moments, gap values, and the corresponding
magnetic ground states as a function of U values. For both
the structures, AFM remains the ground state providing the
lower energy in comparison to FM configuration. The es-

timated magnetic moment (ic,) reveals that the theoretical
high-symmetry 74 /mmm structure shows a low-spin (LS) state
with pco = 0.98-0.99 pp whereas the experimental low-
symmetry P2; /n structure remains in the high-spin (HS) state
with pco = 2.6-2.8 ug. The ground state as a function of U
remains at the AFM metallic state for the undistorted /4 /mmm
structure whereas it is insulating for the distorted P2, /n struc-
ture. In fact, the experimentally obtained gap value 1.02 eV
[34] corresponds to the gap value obtained for U = 2 eV. As
a matter of fact, studies under pressure were carried out for
U=2eV.

There is a structural transition when the distortion is re-
moved; namely, the undistorted tetragonal /4/mmm structure
is modified to a distorted cubic P2;/n structure. However,
there is no structural change in the distorted structure when
the pressure was applied and the system transforms to a metal-
lic state from an insulating state, which will be discussed
in the subsequent section. There is some similarity with the
nickelate systems where the metal to insulator transition is
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FIG. 4. Pressure-induced variations in various quantities provide support for the existence of various stable phases: AFM insulator (AFM-
I), AFM metal (AFM-M), and nonmagnetic metal (NM-M). Three well-defined phases are evident in different colors (light red, light green,
and light violet) with their boundary lines clearly depicted as shown in panel (a). The magnetic moment of Co (red circles), expressed in
units of mp,y, experiences a sudden decrease coinciding with a sharp change in §g (blue triangle) around 42 GPa pressure. This transition
is accompanied with the gap closing (green star), signifying a transition from an insulator to a metal in the AFM phase. The AFM phase
consistently maintains lower energy until the second transition to the NM-M phase occurs around a pressure of 130 GPa, as indicated by the
cyan square. Remarkably, a transition from a HS to a LS state in the magnetic moment of Co becomes apparent under pressure, ultimately
vanishing in the NM-M phase. In panel (b), we illustrate the pressure-dependent structural changes, specifically along the ¢ axis (apical),
including variations in Co-O and Ti-O bond lengths (yellow and white circles, respectively), as well as £ Co-O-Ti (red square). The simulations

are carried out with a U value of 2 eV.

accompanied by a structural change [55,56]. However, the
undistorted breathing mode structure, i.e., the breathing mode
in addition to the GdFeOs-type distortion, cannot open a gap
at the Fermi level with large U values, cf. Table II, in contrast
to the nickelate systems. Nevertheless, AFM still remains the
ground state of the system.

V. DFT RESULTS AT VARYING PRESSURE

A. Structural changes under hydrostatic pressure

In this section, we discuss the hydrostatic pressure stud-
ies, with an applied maximum of 150 GPa on the distorted
low-symmetry structure (P2;/n). We tune the system from
an antiferromagnetic insulating (AFM-I) state to a nonmag-
netic metallic (NM-M) state via an antiferromagnetic metallic
(AFM-M) state by the application of hydrostatic pressure.
Note that the AFM-M state can also be achieved from the
AFM-I state as a function of distortion, discussed in Sec. IV.
Table III summarizes all the theoretical optimized structural
information, i.e., lattice parameters, unit cell volumes, vol-
umes of the Co and Ti octahedra, percentage change in volume

defined as k = % x 100%, the ratio between the octa-
hedra volumes, bond lengths (Co-O and Ti-O for both apical
and equatorial), and bond angles (£ Co-O-Ti for both apical
and equatorial) used for the calculations. This includes the
optimized high-symmetry (I4/mmm) undistorted structure at
ambient pressure and low-symmetry distorted (P2;/n) struc-
ture at ambient pressure, as well as a few selected pressure
points (30, 42, 60, and 130 GPa) corresponding to the vari-
ous regimes, i.e., AFM-I, AFM-M, and NM-M, of the phase
diagram. Under pressure, the monoclinic space group P2;/n
remains the same with more distorted structure in terms of
changes in bond lengths and angles.

Figure 4 shows a detailed phase diagram containing all the
phases, i.e., AFM-I, AFM-M, and NM-M, as a function of
hydrostatic pressure. At ambient pressure, the system is an
AFM-I with a band gap of around 1.01 eV at the Fermi level.
As pressure increases the band gap decreases almost linearly
followed by a sudden jump at around 42 GPa when the system
enters into an AFM-M state by closing the band gap, shown in
Fig. 4(a). In fact, a number of parameters have been estimated
and plotted in the same graph showing significant changes
across this phase boundary. The pressure-dependent Co mo-
ment normalized to its maximum value (2.6 ug) decreases
linearly till 42 GPa followed by a dramatic change upon
entering the AFM-M state. The moment decreases further, and
at around 130 GPa, the moment abruptly becomes vanishingly
small, indicating that the system transforms to a NM-M state.
The breathing parameter (§g) also shows an abrupt jump at the
AFM-I to AFM-M phase transition. Interestingly, the jump
happens when the volume of the Co and Ti octahedra are
almost equal. As the minimum energy for both the AFM and
FM configurations is rather small, we calculated the energy
difference between the configurations as a function of pressure
and plotted in the same graph. Throughout, the AFM phase
maintains the lower energy. In fact, there is a slight increase
in the energy difference till 130 GPa; then it becomes zero
drastically which is consistent with the fact that the system
enters to the NM-M state.

Two other parameters, namely, the bond lengths and the
bond angles, also show interesting consequences when the
system enters to this metallic state. Figure 4(b) shows the
pressure variation of the Co-O and Ti-O apical (c-axis) bond
lengths and £ Co-O-Ti apical bond angle. Other bond lengths
(equatorial bond lengths) and £ Co-O-Ti equatorial bond an-
gle show (not plotted here for clarity) similar behavior. With
the increase of the applied pressure, the Ti-O bond lengths
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FIG. 5. In the AFM-M phase corresponding to the pressure P = 42 GPa, the following features in the PDOS profile are illustrated:
(a) atom-projected PDOS of Col-d, Co2-d, Ti-d, and O-p; (b) orbital-projected PDOS for Col; (c) orbital-projected PDOS for Ti. The
level diagram depicted in the inset of (b), which outlines the orbital nature of the Co-d state, illustrates the LS state of the d’ electronic
configuration. Ti remains at the d° state. The development of the magnetic moment within the LS state of Co is linked to the exchange splitting
within the e, level. Nonetheless, this exchange splitting gradually diminishes to zero as pressure continues to rise, typically around 130 GPa.
The atom-projected PDOS is presented in (d) for Col-d, Co2-d, Ti-d, and O-p, while the orbital-projected PDOSs for Col-d and Ti-d are
depicted in (e) and (f), respectively. An almost NM-M phase becomes evident at 130 GPa pressure from the calculations, even though a nearly
negligible Co moment is observed in our calculations. These calculations are performed within GGA + U for U = 2 eV.

gradually decrease, while the Co-O bond lengths and the
/ Co-0O-Ti angle undergo significant abrupt changes at the
AFM-I to AFM-M phase transition. In fact, under the appli-
cation of hydrostatic pressure in a p-band oxide RbsOg, the
spin-state transitions [i.e., a transition from a high-spin (HS)
state to a low-spin (LS) state and, ultimately, to a nonmagnetic
state is characterized by the total quenching of the magnetic
moment] can develop various magnetic and electronic phases
concomitantly: AFM insulator, FM insulator, FM half-metal,
and finally, nonmagnetic (NM) metal [57]. Interestingly, in
such oxides the magnetism is driven by the p-electron-based
anionogenic magnetic order where one observes partially
filled  bands associated with the O, molecular orbital energy
levels [58-60].

Note that all the calculations, on the basis of which the
phase diagrams are constructed (Fig. 4), were done for U =
2 eV. As electron correlation U plays a vital role for the
metal-insulator transition, we also calculated (not shown) the
pressure variation of the band gap for different U values. The
gap values increase with the increase of the U values and the
system takes higher pressure to get into the metallic phase as
expected. However, the onset of the antiferromagnetic metal-
lic state is robust for all the U values studied.

At very high pressure (~140 GPa), we tested the structural
stability of LCTO through phonon calculations (not shown
here) and identified an imaginary optical mode at the I

point. This mode corresponds primarily to oxygen displace-
ment, indicating a pressure-induced ferroelectric-like lattice
instability [61]. Detailed analysis of pressure-driven ferro-
electricity requires extensive study, which could open new
avenues for future research in LCTO under pressure.

B. Spin-state transition under pressure
and associated electronic structures

As illustrated in Fig. 4, the system exhibits distinct mag-
netic behaviors under different pressure conditions. To be
more specific, the system progresses from an AFM-I phase
to an AFM-M phase at P &~ 42 GPa and subsequently, at
P =~ 130 GPa, it undergoes a further transition, entering a
NM-M phase. The initial transition from the AFM-I (as shown
in Fig. 2) to the AFM-M phase is associated with a spin-state
transition, during which the Co magnetic moment undergoes
a sudden change from its HS state value to the LS state
value. Therefore, we provide a comprehensive examination
by analyzing the electronic structures computed for different
atoms at two critical pressure values, 42 GPa and 130 GPa.
In Fig. 5(a), the atom-projected PDOS is particularly de-
picting the contributions from the Col-d, Co2-d, Ti-d, and
O-p states at 42 GPa. Around Ef, the Co atoms, specifically
their d orbital, contribute almost entirely compared to the
other atoms. Due to the antiferromagnetic alignment of the
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Co spins in LCTO, the spin-polarized d-orbital contribution
from the Col sublattice is exactly opposite to that arising
from the Co2 sublattice. As a result, in the AFM-M phase
(42 GPa pressure), LCTO exhibits a typical metallic behavior
in the total DOS, characterized by the existence of nonzero
DOS at Eg. Figures 5(b) and 5(c) present the corresponding
orbital-projected PDOS of Col-d and Ti-d states. As shown
in Fig. 5(c), it is clear that Ti is in a nonmagnetic state,
as its d-orbital PDOS features are situated above Eg. The
electronic configuration of the Ti atom remains as expected
d° configuration, confirming its 4T oxidation state. However,
the magnetic moment on Co undergoes an abrupt decrease,
reaching a value of approximately 0.97 ug. From Fig. 5(b), it
is crucial to emphasize that the number of d electrons on Co
remains unchanged to d”, which in turn leads to a transition
in its spin-state due to the applied pressure of about 42 GPa.
The corresponding energy level diagram presented in the inset
illustrates a LS state for Col (Co2) having the electronic con-
figuration as tigT.tgg e (g 1rpey))- Prior to this transition,
Co has a magnetic moment of approximately 2.6 g at pres-
sures below 42 GPa, indicating a HS state with an electronic
configuration of t;gT Coplyg, s SE€ also Fig. 2(b). The reordering
of energy levels is correlated with the sudden decrease in the
dp value at around 42 GPa pressure, as depicted in Fig. 4(a).
Additionally, as pressure is applied, the Ti-O bond lengths
gradually decrease, while the Co-O bond lengths and the £
Co-O-Ti angle undergo significant abrupt changes, as depicted
in Fig. 4(b). These changes profoundly affect the electronic
structure of LCTO, particularly the energy level gap between
f), and e, orbitals on Co. In this context, ,, and e, levels
are ascribed to Co d based on the splitting occurring within
the CoOg¢ octahedral geometry. In the up-spin channel, the
energy separation between the #,, and e, orbitals is initially
approximately 0.83 eV under ambient conditions [Fig. 2(b)]
but increases to around 2.2 eV at the pressure corresponding
to the transition from AFM-I to AFM-M [Fig. 5(b)]. A similar
trend is also observed in the down-spin channel. We observe
that this results in a crossover of energy levels, with the egy
level being positioned above the t5,, level. This, in turn, ef-
fectively reduces the exchange splitting within the f,, bands,
enabling the emergence of a t26g electronic configuration at
42 GPa pressure. Another significant change is observed in the
bandwidth of both ,, and e, levels. The observed bandwidth
increase correlates with reduced Co-O bond lengths in the
CoOg octahedra under pressure, enhancing Co-d and O-p
state hybridization. However, at ambient condition (HS state),
the unequal Co-O (apical) and Co-O (planar) bond lengths
within CoOg octahedra lead to additional splitting of the #,,
and e, levels in the down-spin channel, as seen in the orbital-
projected PDOS of cobalt in Fig. 5(b). The gap value at Eg
within GGA is approximately 0.21 eV, while within GGA +
U [see total DOS Fig. 2(a)], it is approximately 1.01 eV,
consistent with its insulating nature. Before transitioning to
the LS state with a sudden band gap closure at Ef, there is a
gradual decrease in the band gap while the system remains in
the HS state. In the LS state, where the Co-t,, level is fully
occupied, the extra electron eventually populates the e, level
of Co partially, thereby causing the system to exhibit metallic
properties. Therefore, the expected magnetic moment on Co
is 1 up and the calculated moment of 0.97 g provides strong

evidence of the transition to the LS state. In the pressure range
approximately from 42 GPa to 130 GPa, LCTO maintains
its AFM-M phase with the magnetic moment of Co showing
minimal variation; see Fig. 4(a). Note that the energy levels
linked to the LS state bear a striking resemblance to the con-
figuration observed in the theoretically optimized undistorted
high-symmetry (/4/mmm) structure under ambient pressure
conditions; see Fig. 3(d).

Once the pressure exceeds 130 GPa, the exchange splitting
becomes zero, leading to the complete suppression of the
Co moment. This leads to another transition of the AFM-M
phase into an NM-M phase at a critical pressure of 130 GPa.
Furthermore, the phase diagram shown in Fig. 4(a) clearly
demonstrates that the energy values for the considered AFM
and FM configurations are degenerate. In both cases, the com-
puted Co moment is found to be zero. Figure 5(d) presents
the atom-projected PDOS for the Col-d, Co2-d, Ti-d, and
O-p states, while Figs. 5(e) and 5(f) depict the correspond-
ing orbital-projected PDOS for the Col-d and Ti-d states,
respectively. Under such high-pressure conditions, it is ex-
pected that the hybridization between Co-d and O-p states
will be significantly enhanced owing to the further reduction
in bond lengths. Comparing Figs. 5(a) and 5(d), a significant
expansion in the bandwidths of the 7, and e, levels can be
noted. The Co-f,, orbitals are observed to be pushed even
lower with respect to Ep, potentially leading to a more signif-
icant reduction in the effective exchange splitting. Indeed, as
demonstrated in the PDOS calculations shown in Fig. 5(e), the
exchange splitting in the Co-t,,/Co-e, level has substantially
diminished, approaching zero. Hence, the magnetic moment
on Co is entirely quenched, while the partial occupancy in
the e, band keeps the metallic characteristics in LCTO. The
increased bandwidth under pressure can counterbalance the
impact of correlation effects (U), rendering the absence of a
magnetic moment on Co even for a large value of U. In other
words, the NM-M phase remains stable even with an increase
in U up to 6 eV. The results presented here are derived from
GGA + U calculations with a U value of 2 eV.

Typically, applied pressure leads to reduced interatomic
distances, causing a decrease in the previously defined breath-
ing parameter, §g. As pressure in LCTO increases, the Co-tp,
energy level in Figs. 2(b), 5(a), 5(b) 5(d), and 5(e) experi-
ences a discernible shift, as depicted by its position relative
to Eg. The reduction in CoOg octahedral volume primarily
modifies the octahedral crystal field splitting and simulta-
neously enhances d-p hybridization due to shorter Co-O
bond lengths, resulting in increased bandwidth of #,, and
e, orbitals. In Fig. 6, we summarize the pressure-dependent
studies within an energy level diagram, which illustrates a
microscopic mechanism for the spin-state transition. Here, the
ultimate energy level diagrams (presented on the right and
left sides for HS and LS states, respectively) are illustrated,
considering the hybridization between nonmagnetic O-p and
Co-d orbitals in the presence of exchange splitting Agx. Fur-
thermore, the final energy levels are designated based on the
combined impact of the crystal field and hybridization, with
Acr representing the resulting separation between 1, and e,
levels. The critical aspect of the transition from HS to LS
is the energy level crossing between e! and t}g, primarily

. ... 8 . 8
occurring due to the renormalization in hybridization under
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FIG. 6. The energy level diagram of Co-d orbitals offers insight
into the mechanism underpinning the pressure-induced spin-state
transition in LCTO, in accordance with the findings from DFT
analysis. The energy levels of Co-f;, and Co-e, orbitals in both the
up- and down-spin channels are displayed on the right side (HS
state), demonstrating the impact of hybridization between Co-d and
O-p orbitals within an octahedral arrangement. At the far right,
we provide schematics of the Co PDOS as computed at ambient
pressure. On the left side, the energy levels are adjusted to account
for changes in hybridization occurring within a pressure range of
42 to 130 GPa, ultimately resulting in the manifestation of a LS
state. Beyond 130 GPa, the magnetic moment of cobalt (Co) is
entirely quenched. The Co PDOSs for 42 and 130 GPa pressures are
schematically shown at the far left.

pressure. As an illustrative example, the bandwidth of t2T
increases nearly threefold, going from around 0.33 eV under
ambient conditions to approximately 0.9 eV at 42 GPa; see
the schematics of Co PDOS in Fig. 6. The abrupt decrease
in &g at about 42 GPa pressure (see Fig. 4) signifies that
concurrent with the crossover, a metallic behavior in LCTO
appears with the E lying in the e[ state. The e[ state exhibits
a notably wide bandwidth of approximately 1.6 eV, indicating
the robustness of the metallic state even when we increase the
electron correlation parameter U to 6 eV. At the AFM-M to
NM-M transition point (130 GPa pressure), the f,, level is
pushed even further below Ep, with a Acp of approximately
3.50 eV, as illustrated in Fig. 5(e). The bandwidth, which is
also approximately 1.5 eV, is a consequence of even stronger
hybridization effects. In this situation, our calculations reveal
complete quenching of the exchange splitting in the #,, and
e, levels, maintaining the electronic configuration as tgge; (LS
state), but resulting in a zero magnetic moment on the Co site.
The mechanism depicted in Fig. 6 hence demonstrates how
changes in pressure significantly impact the energy levels and
bandwidths of Co-t,, and Co-¢, orbitals, leading to a series of
transitions: from AFM-I to AFM-M, and ultimately to NM-M.
In addition, we have estimated the Hund’s coupling (J) and
crystal field splitting (A) values from the PDOSs in three dif-
ferent pressure regions: 30 GPa (AFM-I), 42 GPa (AFM-M),
and 130 GPa (NM-M), tabulated in Table IV. This estimation
is carried out by analyzing roughly the center of bands, ,, and
e, in the PDOS. The separation, E (tzcgoTl) —E (tz(:g‘il), for two
different spin channels provides an approximate estimation of

TABLE IV. The variation of Hund’s coupling J and crystal field
splitting A in three different regions, namely, at 8 GPa (AFM-I),
42 GPa (AFM-M), 130 GPa (NM-M).

P (GPa) Estimated J value (eV) Estimated A value (eV)
8 1.16 0.83

42 0.6 2.2

130 0.0 35

J, while the separation, E(tzcg) —E (egTOI), within the same
spin channel offers an estimate of the crystal field splitting A
[62—-64]. The values as a function of pressure exhibit a sys-
tematic variation, clarifying the spin state transition in LCTO.
In the future, we would like to do a very detailed study on this
aspect by performing model calculations.

VI. SUMMARY AND CONCLUSIONS

The double perovskite oxide La,CoTiO¢ was first ex-
amined experimentally through synthesis and magnetic
measurements, followed by a detailed investigation using
first-principles electronic structure calculations within density
functional theory. This comprehensive study aimed to under-
stand the magnetic and transport properties of Lay,CoTiOg
under different external pressure conditions. At ambient pres-
sure, the structure is monoclinic with space group P2;/n and
it shows an insulating behavior with antiferromagnetic ground
state below Ty = 14.6 K at ambient pressure. However, with
the application of hydrostatic pressure on the experimental
structure, studied within first-principles electronic structure
calculations, we can tune the magnetic and transport prop-
erties, viz., antiferromagnetic insulator to antiferromagnetic
metal at around 42 GPa, and finally to itinerant nonmagnetic
metal at around 130 GPa. Interestingly, antiferromagnetic
insulator to antiferromagnetic metal transition is accompa-
nied with a spin-state transition (high-spin to low-spin state)
while Co and Ti remain in the d’ and d° electronic configu-
ration, respectively. The spin-state transition under pressure
is found to be robust with U up to 6 eV. The structural
distortion, particularly a breathing mode distortion near the
critical pressure point, facilitates the spin-state transition as
the system transitions into the metallic phase. Furthermore,
we observe a low-spin state even under ambient pressure
conditions in a theoretically high-symmetry structure where
the lattice distortions in the monoclinic structure are removed.
The introduction of breathing mode by changing the ratio of
the Co and Ti octahedra governs an increase in Co magnetic
moment in the metallic phase. The PDOS and the correspond-
ing energy level diagram illustrate that the pressure-induced
spin-state transition is a result of both the octahedral crystal
field splitting in Co-d orbitals (splitting to f,, and e, levels)
and the bandwidths, mainly driven by the strong hybridization
between Co-d and O-p orbitals. The nonmagnetic metallic
phase at high pressure (above 130 GPa) is characterized
by the total quenching of the Co magnetic moment. Thus,
La,CoTiOg is a rare antiferromagnetic double perovskite ox-
ide where the insulator to metal transition can be tuned as
a function of hydrostatic pressure/distortion/even changing
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the breathing parameter which is accompanied by a spin-state
transition. In the future, experimental validation of these phase
transitions can be conducted by subjecting the synthesized
material to hydrostatic pressure conditions.
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APPENDIX: BIRCH-MURNAGHAN FITTING

As pressure increases, the unit cell volume decreases, lead-
ing to a reduction in the bond lengths between atoms. The total
energy obtained from self-consistent calculations for specific
volumes was fitted to the Birch-Murnaghan (BM) isothermal
equation of state [48,49], as shown here,

2 3
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EWV)=E — — 11 B
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— | —1||6-4—] |, Al
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where B and By, are the bulk modulus and its pressure deriva-

tive, respectively, and Ej is the total energy at the equilibrium
volume V) [65-67].
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FIG. 7. The ab initio calculated energy (E) versus volume (V')
data of La,CoTiOg within GGA + U calculation considering U =
2 eV. This is fitted to the Birch-Murnaghan equation.

By fitting the ab intio computed energy value as a func-
tion of volume, the calculated parameters are as follows:
Ey=—172.92 eV, V, = 239.87 A3, By = 142.78 GPa, and
B), =4.42.

To determine the pressure, the derived fitting parameters
were then incorporated into the pressure-volume BM relation
[48,49] as

/3 5/3
-2

3 Vo\¥?
X{I+Z(B0—4)|:(VO> —1“. (A2)

We have performed these calculations within GGA + U for
U = 2 eV where the structure remains unaffected with space
group P2 /n.

The ambient pressure lattice parameters for La,CoTiOg,
which represent the ground state parameters, are determined
through the BM fitting shown in Fig. 7. The smallest volume
point on the plot corresponds to the La,CoTiOg structure at
zero pressure, and volumes less than this corresponds to the
structure under pressure.
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