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ABSTRACT

We investigate the electronic and magnetic properties of Ca,CrIrOg and Ca,FelrOs by means of density functional theory. These materials
belong to a family of recently synthesized Ca,CrOsOs whose properties show possible applications in a room temperature regime. Upon
replacement of Os by Ir in Ca,CrOsOg, we found the system to exhibit a stable ferrimagnetic configuration with a bandgap of ~0.25 eV and !
an effective magnetic moment of ~2.58u; per unit cell. Furthermore, when chemical doping is considered by replacing Cr with Fe and Os
with Ir, the material retains the insulating state but with a reduced bandgap of 0.13 eV and large increment in the effective magnetic :
moment of ~6.684; per unit cell. These observed behaviors are noted to be the consequence of the cooperative effect of spin-orbit coupling;
Coulomb correlations from Cr-3d, Fe-3d, and Ir-5d electrons; and the crystal field effect of the materials. These calculations suggest that by
chemical tuning, one can manipulate the bandgap and their effective magnetic moment, which may help in material fabrication for device
applications. To check further the suitability and applicability of Ca,CrIrOg and Ca,FelrOg at higher temperatures, we estimate the Curie
temperature (Tc) by calculating the spin—exchange coupling. We found that our findings are in a valid T trend similar to other perovskites.
Our findings are expected to be useful in experimental synthesis and transport measurement for potential applications in modern
technological devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0069884
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. INTRODUCTION novel properties, such as antiferromagnetism (AFM) in SrLaNilIrOg,
weak paramagnetism (PM) in SrLaMglrO,,'"’ ferromagnetism in
A,BB’'Og [where B and B’ cations are transition metals (TMs) and Ba2N1U06,1112 magnetic 1nsu.1at1ng state - In Sr;Cu0sOs  and
A and A’ sites are alkaline or rare earth metals], are found to have SrZNIOSO@H half—.seml—mf.:talhc AFM 1.n SrzCrQsOﬁ (SCO0) agd
various properties with potential applications. Transition metal Sr2CrRuOg, - ferrllrilagnetlsm with high Curie temperature in
(TM)-based DPs are of interest due to their remarkable properties St,CrIrOg (SCIO), " Dirac insulating ferromagnetic (FM) state
including structural stability, high charge mobility, finite bandgap, near 100K, and quantum anomalous Hall (QAH) effect in

Double perovskites (DPs), derived from the general formula

superconductivity, half-metallicity, —piezo-electricity, thermo- Ba,NiOsOg.'* The A-site occupied with a transition metal in DP
electricity, topological properties, etc. These peculiar properties are ~ MnyFeReOg shows half-metallic ferrimagnetism with a transition
important to integrate with modern technological devices.'™ temperature of 520 K above room temperature with a positive mag-
Recently, various DP materials have been reported with different netoresistance behavior."” In a few cases, Coulomb correlation is
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sufficient to explore the Mott insulating state in AFM systems such
as Ca;MgOsO, and Sr,MgOsOy.'® Based on density functional
theory (DFT) calculations, it was reported that the Mott insulating
state of Sr,NiOsQg, Sr,FeOsOg, and Sr,NiRuOg arises as a result of
electron-correlation and spin-orbit coupling (SOC)."” A study by
Monte Carlo simulations on Sr,VMoOs shows the dependency of
blocking temperature, magnetic properties on the crystal field, the
system size, and the coupling constants, and on Lu,MnCoOg,
phase transitions and the magnetic stability along with exchange
coupling were calculated.””!

In addition, the correlated-metal oxides, in particular, iridates
and rhodates, lead to unconventional phases.zz’23 Among them,
iridate-based materials that yield various unconventional phases in
cooperation with strongly correlated effects due to the strong
Coulomb interaction among electrons have shown interesting fea-
tures. For example, Sr,Ir0,”**° is reported as a Mott insulator,
LI 0,7 is a topological Mott insulator, Y,Ir,0,% is a topologi-
cal semimetal with a Fermi-arc on the surface, Pr,MglrO,” is a
ferrimagnetic (FIM) Mott-Hubbard insulator, Bi,FelrOg”* is an
FM insulator, and PrSrMgIrO; shows half-metallic AFM
(HMAFM) with zero effective moment per unit cell.”” A second-
order transition and ferrimagnetism have been reported on
Sr,RuHo0O4*" with the mean-field approximation (MFA) and
Monte Carlo calculations.

Here, we report Ca,CrIrOg (CCIO) and Ca,FelrOg (CFIO),
which have no experimental or theoretical information on the mag-
netic transition temperature yet. For investigating the electronic
and magnetic transition temperatures, we take Ca,CrOsOg
(CCOO) as a reference material, which is found to be an FIM insu-
lator with a large Curie temperature (T¢) of 490 K.’ The reference
material Ca;CrOsOs was reported by some of us as an FIM insula-
tor with a total magnetic moment g,,, = 0.21up per unit cell.”” In
this work, we propose Ca,CrIrO¢ and Ca,FelrOg, obtained by sub-
stituting Fe in place of Cr and Ir in place of Os, as new FIM insula-
tors in the family of Ca,BB'O4. The materials are expected to be

ARTICLE scitation.org/journalljap

suitable for spintronic device applications. To our knowledge and
survey, there is no report yet on these new materials. The main
motivation to explore Ca,CrIrO¢ and Ca,FelrOg was to obtain (i)
high transition temperature (T¢) above room temperature, (ii) FIM
insulating ground state, and (iii) small effective moment. With elec-
tron doping, the material is expected to show new properties with
rise in T. The associated features are expected to be important in
new DP-based spintronic devices that work at room temperature.
With this report, we expect that new materials can be synthesized
experimentally based on this result. Here, we report the structural,
electronic, and magnetic properties on the basis of DFT calcula-
tions. Section II presents the computational methods, while results
and discussion are presented in Sec. III. Finally, conclusions of the
research are provided in Sec. I'V.

Il. COMPUTATIONAL METHOD

To investigate the electronic and magnetic properties’”* of the
proposed materials, DFT calculations were performed with the full-
potential linearized augmented plane wave method as implemented
in WIEN2k code™ and the all-electron full-potential local-orbital
(FPLO)**" code using the standard generalized gradient approxima-
tion (GGA) of Perdew-Burke-Ernzerhof (PBE)." To incorporate the
correlation effects, Coulomb interaction U is 4 eV for Cr, 5 eV for Fe,
and 1.5eV for Ir*"*>. The magnetic anisotropy energy (MAE) was
calculated by a self-consistent full-relativistic mode. A set of 500
k-points was used within the full Brillouin zone, which produces a set
of 8 x 8 x 6 k-mesh. To consider different magnetic configurations,
the monoclinic structure (space group 14) was split to lower symme-
try (space group 2:P1) that corresponds to 20 inequivalent atoms.

lll. RESULTS AND DISCUSSION

The crystal structure of Ca,BIrOg shown in Fig. 1 falls in the
space group P2, /n with monoclinic structure maintained by BOg
(where B=Cr, Fe) and IrOs octahedra. The experimental lattice

FIG. 1. Crystal structure of Ca,BIrOg (gray, purple, sky blue, green, maroon, and red spheres correspond to Ca, Cr, Ir, Os, Fe, and O atoms, respectively).
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parameters opted for the calculations are a = 5.351 A, b = 5.456 A,
and ¢ = 7.620 A. On the basis of adaptation of the Goldschmidt
tolerance factor t = (ry + ro)/\/f((rB/Z) + (r3/2) + ro), *3 where
ra, g, and rp are the ionic radii of the respective ions and ry is the
ionic radius of oxygen, we select Fe and Ir elements for substitu-
tions to obtain Ca,CrIrOs and Ca,FelrOg structure, respectively.
For the DP family, it is well known that if t < 0.97, the compound
is either monoclinic or orthorhombic.™

To check the stability of the substituted compounds, the cohe-
sive and formation energies for both the compounds are calculated,

Bror = By, — [2E B B 6B ()
and
Econ = EggiBIrOG - [ZEEZ + EEO + Eﬁo + 6E8D]’ 2

where B =Cr, Fe; ELo' . is the total energy obtained from DFT
for Ca,BIrOg; E2u, Ebuik) Ebulk | and E%* are energies of the bulk of
Ca, B, Ir, and O elements; and EX, E5°, EX°, and EY’ are energies
of isolated Ca, B, Ir, and O elements, respectively. The formation
and cohesive energies per atom for the materials Ca,CrIrOg and
Ca,FelrOg are found to be —2.84, —2.66, —4.54, and —4.25¢V,
respectively. The negative values for both cohesive and formation
energies confirm that both the materials have a thermodynamically
stable structure and are possible to synthesize experimentally.

We then analyze the electronic and magnetic properties of DP.
We begin our discussion starting from the magnetic ground state.
For this, we first optimize the internal parameters and have

ARTICLE scitation.org/journalljap

considered five types of magnetic configurations: one FM
(FMI-1111), two AFM (AF1-T[1|, AF2-1||7), and two FIM
(FIM1-1T1|, FIM2-T7T]), respectively, for both the systems with
an energy difference of 159 and 80 meV between FIMI and first
excited FM structure for Ca,CrIrOg and Ca,FelrOg, respectively.
FIM1 is found to have the lowest energy for both the materials indi-
cating the magnetic ground state with a magnetic easy axis along
the [010] direction for Ca,CrIrOg and along the [100] direction for
Ca,FelrOg, and MAE is found to be 8 and 12 meV, respectively.

In Ca,CrlrOs, within GGA, the TM Cr takes the charge state
the +3 with 3d® configuration and is coupled ferrimagnetically
with Ir. The three d electrons of Cr go to ty, states for the spin-up
channel and hence remain in the valence region, while for the spin-
down channel, they remain in the conduction region and the e,
state remains empty for both channels so it lies in the conduction
region. For Ir, it takes charge state +5 with the d* configuration
where three electrons go to the spin-down channel in the t,; state
and hence remain close to the Fermi level (Er) in the valence
region and one remaining electron goes to the t,, state with
spin-up forming a low spin state as seen in Fig. 2.

Likewise, in Ca,FelrOg, Fe has five outer most electrons with
a 3d° configuration and has a charge state +3 and is found to be
occupied in the spin-up channel and empty in the spin-down
channel. Hence, the density of states (DOS) lies deep in the valence
region while states in the spin-down channel lie far in the conduc-
tion region giving rise to the high spin state of Fe. In the case of Ir,
it has a 54* configuration with the charge state +5. The three out-
ermost electrons reside for the spin-down channel and hence they
remain in the upper most valence region just below the Fermi level
(Er) and one remaining electron goes to the f,, state giving a low
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FIG. 2. The total and partial density of states (PDOS) of Ca,CrlrOs within GGA (left), GGA + U (middle) and GGA + U+ SOC functional (right), respectively. (a) Total
density of states (DOS), (b) partial DOS of Cr-3d, (c) PDOS of Ir-5d, and (d) PDOS of O-2p atoms for spin-up (T) and spin-down (|) for Ca,CrlrOg. The vertical dotted

line indicates Ef = 0.
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spin state as in Fig. 3. Two unoccupied t,, states are found in the calculated orbital moment at the Fe site is small, that is, 0.027u,
conduction region represented by a peak for the spin-up channel. and aligns in the same direction as the spin moment, confirming
The presence of 3d elements in the material is supposed to the half-filled 54° configuration of Fe in Ca,FelrOs, which is in
have a strong correlation effect, which was ignored in the calcula- accordance with Hund’s third rule.” The calculated orbital

tions within GGA. Here, we extend our calculation with GGA + U moment at the Ir site is found to be —0.26u5 in a parallel direction
taking U=4e¢V for Cr, 5¢V for Fe, and 1.5eV for Ir. Since the with spin magnetic moments contributing to an effective magnetic
strength of the SOC in Ir plays a significant role indicating the elec- moment of 6.66up per unit cell.

tronic properties, we further performed calculations with Moving on to Ca,CrlrOg, the spin and orbital moments for
GGA + U + SOC. As expected, the metallic state transforms to the Cr are found to be 2.54up and —0.1up, respectively, and align in
semiconducting state with bandgaps of 0.25 and 0.13 eV for Crand  the antiparallel direction showing that the 3d orbital is either less

Fe, respectively. After SOC, we observe a noticeable change in the or more than half filled. From Table I, the spin magnetic moment
Ir-5d bands in which it splits near Ep as observed in DOS and in Ir is slightly reduced due to the Ir-O hybridization and influence
band structures (see Figs. 2-4). of SOC, whereas in Ir-5d, orbital magnetic moments are found to

The spin resolved total and partial density of states (PDOS) be —0.28up in the same direction of the orbital magnetic moment
for Ca,CrIrOg¢ within GGA, GGA + U, and GGA + U + SOC are of Cr, which increases the net magnetic moment to 2.59u;.

shown in Figs. 2 and 3. The major contribution to the total DOS Due to the partial charge transfer from Cr, Fe, and Ir to
around Ep is mainly from Cr-3d, Ir-5d, and O-2p states. The Ir-5d oxygen, it also gains a sizeable moment of 0.08up in CayCrlrOg
states are found to play a key role indicating the electronic proper- and 0.01up in Ca,FelrOg, and polarization is mainly on O-2p g
ties. They are found to hybridize strongly with the O-2p states in orbitals consistent with the spin magnetization isosurface plot §
both spin channels. Their hybridization occurs mostly in the shown in Fig. 5. Here, the polarization is mainly found in 2p &
valence region near Er and in the conduction region. We observe orbitals, and this hybridized moment in oxygen increases the resul- g
that Ir-t,, states are fully occupied in spin-down channels and thus tant moment. Interestingly, the developed magnetic moments at =
©
lie in the valence region, whereas in the spin-up channel, the states the O site are aligned in the direction of the Ir moment, suggesting <
being empty lie in the conduction region along with other unoccu- a stronger interaction among Ir-O than that of Cr-O in &
pied Ir-e, states. This is found to be consistent with the ionic Ca, CrIrOe. 5
picture of Ir. The charge transfer effect is prominent between Ir-5d Further to note in Fig. 5 is that the isosurface of Cr-3d states &
and O-2p states due to strong hybridization. This induces sizable is in a dumb-bell-like shape, which is formed due to the f, orbit- &
moments in oxygen atoms, which get polarized in parallel with Ir als. The contribution of charge distribution is due to the #,, state, 1%
atoms. and to Ir, charge distribution is in the spin-down channel in £, Z
We further considered the magnetic behavior of Ca,BIrOg. As states. Upon replacement of the Cr by Fe atom, both the #,, state %
tabulated in Table I, the calculated magnetic moments for Fe and and the ¢, state are fully occupied in the spin-up channel but §
Ir sites are found to be 4.12up and —0.73up, respectively. The remain empty in the spin-down channel. Hence, the contribution 3
e
g
o
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FIG. 3. The total and partial DOS of Ca,FelrOg within GGA (left), GGA + U (middle), and GGA + U + SOC functional (right), respectively. (a) Total density of states (DOS),
(b) partial DOS of Fe-3d, (c) PDOS of Ir-5d, and (d) PDOS of O-2p atoms for spin-up (1) and spin-down (|) for Ca,FelrOg. The vertical dotted line indicates Er = 0.
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to the spin magnetization is by both #,, and e, states. As a result,
the isosurface of Fe is spherical, and Ir contribution remains the
same as in Fig. 5 (right).

In order to understand the suitability of the proposed materi-
als, we have computed the spin-exchange coupling parameters by
computing the total energy for several collinear spin configurations
of Cr, Fe, and Ir and are mapped into the spin model. For the
same, we utilize the exchange parameters for estimating the mag-
netic transition temperature based on the Heisenberg model of
mean-field approximation (MFA).

The Hamiltonian for the interaction of spins can be written as

H=->"J;85,

i<j

(©)

TABLE |. Calculated spin magnetic moments (in uz) of B (Cr/Fe), B (Ir), three oxygen atoms, and bandgap “E," (eV). The calculated orbital moments at B and B’ sites are <

shown within parentheses for Ca,BIrOs HM denotes the half-metallic state.

where (J;;) is the exchange coupling constant between spins at sites
i and j, where i,j represent the atomic sites in the crystal
(Sre =5/2, Scr = 3/2, S;, = 3/2), as shown in Fig. 6; J; is for
Jcr-cr (in'Plane); J> is for Jre_pe (in'Plaﬂe)§ and J3 is for Jer_pe
(out-of-plane) with nearest neighbors of 6, 12, and 12, respectively,
considered for calculations.

The estimated J parameters, description of the atoms, and
respective nearest neighbors for DP Ca,CrIrOg and Ca,FelrOg
are shown in Table II. Our results are found to be within the
limitation with GGA + U calculations, which tends to localize the
orbitals decreasing the overlap between magnetic orbitals. As a
result, this reduces the spin-exchange interactions and, hence,
the estimation of magnetic transition temperature in the
materials.

Ca,CrlIrOgq Ca,FelrOg
Site GGA GGA+U GGA + U+ SOC GGA GGA+U GGA + U+ SOC
B 2.12 2.55 2.54/-0.073 3.48 4.12 4.12/0.027
B -0.72 -0.96 —0.82/—0.284 —0.55 —0.87 —0.728/-0.263
01 —0.08 —0.10 —-0.078 0.0061 —0.038 —0.007
02 —0.076 —0.11 —0.083 0.015 —0.023 0.003
03 —0.072 —0.10 —0.085 0.012 —0.025 —0.009
Tot. mom. 2.0 2.0 2.59 6.0 5.99 6.66
E, HM HM 0.25 HM HM 0.13
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FIG. 5. Isosurface of spin magnetization density at +0.23¢/A° with red (blue)
for spin-up (down): left, CapFelrOg; right, material with Cr replacement
CayCrlrOg [royal blue, sky blue, maroon, and red colors represent Ir, Ca, Cr
(Fe), and O, respectively].

FIG. 6. Computed magnetic exchange interactions in the double perovskite con-
figuration Ca,CrlrOg and Ca,FelrOg. The atom label M in the figure refers to Cr
or Fe.

TABLE IlI. Estimated magnetic exchange coupling parameters (in meV) for double
perovskite Ca,MIrOg, M = Cr/Fe.

Nearest Distance
Interaction Description neighbor M=Cr M=Fe (A°)
IR M-Ir 6 -3.21 —3.55 3.82/3.81
I Ir—Ir 12 —4.25 —0.8 5.39
I3 M-M 12 5.85 —0.32  5.45/5.35
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FIG. 7. Calculated vs measured Curie temperatures for different double
perovskites.

We have also estimated the Curie temperature of the proposed
materials using the mean-field theory as

23 )y

Tc = 81513 Ks (4)
where S; and S; are the spin quantum numbers at i and j sublattices,
respectively. Our calculated T¢ are found to be 906 and 836 K for
Ca,CrIrOg and Ca,FelrOg, respectively. As shown in Fig. 7, we have
compared the measured and calculated Curie temperatures. Different
DPs with their respective T presented in Fig. 7 are Ba,FeMoOg
(BFMO),"" Sr,FeReOg (SFRO),"* Sr,CrMoOs (SCMO),"” Sr,CrWOs
(SCWO),""  Ca,CrOsOs (CCOO),”*** Ca;MnOsOs (CMOO),"

Sr,CrReOg (SCRO)," Sr,CrOsOg (SCO0),"”* Sr,CrlrOg (SCIO)," ¢

Ca, CrIrO4 (CCIO), and Ca,FelrOg (CFIO). By comparing the calcu-

lated Tc of the materials with a similar work as reported by Mandal ;

et al.,”” we found a decent agreement of our result though no experi-
mental report of T has been studied on these materials. Our theoret-
ical value of T¢ for the studied compounds may be slightly larger
than their true values in similar materials. This may happen since the
mean-field theory often overestimates the T'c, and the absolute value
of T¢ depends on the selected U values. Nonetheless, our results are
expected to give a valid T trend as observed in Fig. 7 for the consid-
ered compounds.”

IV. CONCLUSIONS

We performed density functional theory to identify the elec-
tronic, magnetic, and ordering temperatures of yet to be synthe-
sized materials Ca,CrIrOg and Ca,FelrOs. We found that they are
insulating in nature under the cooperative effect of Coulomb inter-
actions and spin-orbit coupling. The effect is found to be signifi-
cant in opening the bandgap. The bandgap was noted to be 0.25 eV
for Ca,CrIrOg and 0.13 eV for Ca,FelrOg. Furthermore, we esti-
mated the Curie temperature (T¢c) that was found to be 906 and
836 K for Ca,CrIrO¢ and Ca,FelrOg, respectively, which are in a
valid T¢ range as in other similar compounds. Our predicted value
is expected to initiate further experimental efforts to verify the
interesting predictions made in this work.
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