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With the help of density functional theory calculations, we explored the recently synthesized double
perovskite material Ca,CrOsOg and found it to be a ferrimagnetic insulator with a band gap of ~0.6 eV.
Its effective magnetic moment is found to be ~0.23 ug per unit cell. The proposed behavior arises from
the cooperative effect of spin—orbit coupling and Coulomb correlation of Cr-3d and Os-5d electrons
along with the crystal field. Within the ferrimagnetic configuration, doping with 50% Ni in the Cr-sites
resulted in a half-metallic state with a total moment of nearly zero, a characteristic of spintronic
materials. Meanwhile, the optical study reveals that both & and &** decrease first and then increase
rapidly with increasing photon energy up to 1.055 eV. We also found optical anisotropy up to ~14 eV,
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and o, parts of the optical conductivity due to a strong 3d—-5d interband transition between Cr and Os.

DOI: 10.1035/c9ral0775d In addition, we performed thermoelectric calculations whose results predict that the material might not
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Introduction

In recent years, research on double perovskites (DPs) with
chemical formula A,BB'O¢ (where the B and B’ cations are
transition metals and A is an alkaline or rare earth metal) has
gained significant interest due to their novel properties arising
from the combination of crystal field, spin orbit coupling (SOC)
and Coulomb correlation (U). Transition metal (TM) DPs are
found to show remarkable properties such as structural
stability, high charge mobility, finite band gap, superconduc-
tivity, half-metallicity (HM), piezoelectricity, thermoelectricity,
etc., which can be exploited in modern technological devices.'”®
Reports on the realization of room-temperature colossal
magnetoresistance and a HM state in Sr,FeMoOs and Sr,-
FeReOg,*” multiferroicity in Bi,NiMnOg,® and magneto-
dielectricity in La,NiMnOg (ref. 9) have motivated researchers to
rigorously study these types of materials. In this regard, DPs
may help in overcoming today’s major challenges through the
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be good as a thermoelectric device due to its small power factor.

development of efficient energy converters and storage devices.
TM doped DPs exhibit HM behaviour,'*** in which the material
exhibits a conducting state in one of the spin channels while the
other spin channel is insulating or semiconducting. HM
behaviour has been exhibited by diverse groups of materials
such as Heusler alloys, shandites, the Ruddlesden-Popper
series, etc.,"*" and is a key property for potential applications in
spintronics.”»*®* The majority of experimentally determined
HMs are ferromagnets (FMs) such as La; ,Sr,MnOj3, and some
are ferrimagnets (FiMs) with finite values of magnetic
moments.*”'718

Recently, osmium perovskites have been observed to show
novel properties. For instance, NaOsO; was found to be
magnetically driven by a metal-insulator (MI) transition,* while
a ferroelectric type structural transition was observed in
LiOs03.»* The CsOs,0,, RbOs,0, and KOs,O, pyrochlores
exhibit unusual superconductivity.>® In DPs such as Sr,CuOsOg
and Sr,NiOsOg, a MI state was identified,> while HM antifer-
romagnetism (HMAFM) was predicted in Sr,CrOsOs and Sr,-
CrRuOg," and for Ba,NiOsOg, FM with a Dirac-Mott insulating
state was observed near 100 K for the bulk material and
anomalous quantum Hall behavior was observed on the
surface.?®?° In Sr,ScOsOg, a transition to AFM was observed at
92 K (ref. 30) and a transition to FiM was observed at 725 K.**
Similarly, Ca,MOsOg (Where M = Mn, Fe, Co, and Ni) displays
a FiM state with Curie temperature (7¢) of 305, 320, 145, and 175
K, respectively.*>** From density functional theory (DFT)
calculations, PrSrMgIrOq was predicted to be an HMAFM with
nearly zero effective magnetic moment per unit cell due to the
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combined effect of Coulomb correlation, U, and SOC."* A few
DPs such as Ca,MgOsOg, and Sr,MgOsOg have finite gaps at the
Fermi level (Eg) due to the correlation effect and are reported to
be AFM Mott insulators,*® while Sr,NiOsOg, Sr,FeOsOg, Sr,-
NiRuOg, and SrLaBB'O¢ (B = Ni, Fe; B’ = Os, Ru)*’** show Mott
insulating states under the combined effect of U and SOC.

Electron doping has also been considered in FiM DPs such
as La,Ca, ,CrWOg, which demonstrates that doping generally
increases the T¢.*® DPs are known also as potential candidates
for optoelectronic and photovoltaic device applications. The
optically active region for these perovskites lies within 3 to 15 eV
which is in the range of UV and IR spectra.’**> Frequencies
suitable for optoelectronics can be absorbed in this region.
Bi,FeMnOg is one such example with a band gap of ~0.8 eV that
has been predicted as a suitable material for optical devices.*

Recently, Morrow et al.** synthesized a new DP material
Ca,CrOsO¢ whose T was measured to be much higher than
room temperature, i.e., 490 K. This study further reports that
the atomic sites occupied by the two transition metals, i.e., Cr
and Os cations, are in the ratios of 76% and 24%, respectively,
which is a signature of antisite disorder in the system. Here, we
are particularly motivated to explore the electronic and related
properties of Ca,CrOsOq due to (i) its high T above room
temperature, (ii) the FiM insulating state, and (iii) the small
effective magnetic moment. Upon electron doping, the material
is expected to close the band gap in one spin-channel, giving
rise to HM state; compensate the total moments nearly to zero;
and the increase in 7¢.*° These features are expected to be
important in new DP spintronic devices that work at room
temperature.

In this work, we have carried out DFT calculations and found
that Ca,CrOsOs is a FiM insulator with a total magnetic
moment, py: = 0.23 up per unit cell. When Ni is partially
substituted in the Cr-sites, it contributes an additional five
electrons to the system. This significantly changes the elec-
tronic as well as magnetic behaviour, giving rise to a nearly
compensated HMAFM state. The optical study on Ca,CrOsOg
shows a strong optical interband transition between the Cr-3d
and Os-5d bands in a plateau like region. We further consider
the transport properties and calculate the Seebeck coefficient,
thermal conductivity and power factor of the parent material
Ca,CrOsOg.

Crystal structures and computational
details

Ca,CrOsOg crystallizes in the monoclinic structure with space
group P24/n (14), and contains CrOs and OsOg octahedra [see
Fig. 1]. The experimental lattice parameters chosen for the
calculations are @ = 5.3513 A, b = 5.4561 A, and ¢ = 7.6204 A,
with 8 = 90.092°. The inter-octahedral Cr-O-Os bond angles are
153.3°, 152.6° and 153.8°, with average Cr-O and Os-O bond
lengths of 1.972 A and 1.954 A respectively.

We performed DFT calculations to explore the electronic,
magnetic and related properties of 3D and 2D materials as re-
ported recently.**** The electronic and magnetic properties

16180 | RSC Adv, 2020, 10, 16179-16186

View Article Online

Paper

Fig.1 Crystal structure of double perovskite Ca,CrOsOg.

were calculated using the full-potential linearized augmented
plane wave (FP-LAPW) method as implemented in the WIEN2k
code.” The standard generalized gradient approximation (PBE-
GGA)* was used, incorporating U of 4 eV for Cr (Ni) and 1.5 eV
for 0s.*** The SOC was included via the second variational
step.” The magnetic anisotropy energy (MAE) was calculated by
self consistent calculations in full relativistic mode considering
five different orientations of the magnetization. The atomic
sphere radii Ry, were 2.14,1.94,1.99, 2.01 and 1.64 Bohr for Ca,
Cr, Ni, Os and O respectively, and a set of 500 k-points within the
full Brillouin zone was used which corresponds toan 8 x 8 x 6
k-mesh. The convergence was set to 1 mRy per a.u. which gives
reliable results for materials that contain transition metals.>

In order to consider different magnetic configurations, the
symmetry of the crystal has been lowered to P1 which corre-
sponds to a total of 20 inequivalent atoms in which three types
of oxygen atoms are present and form octahedra with Cr and Os.
The tilt and rotation of the CrOq and OsOg octahedra result in
Cr-0-Os bond angles within 152.6° to 153.8°. This variation
plays a significant role in the magnetic properties.*

For the optical property calculations, the full potential local
orbital (FPLO) code®® (version 18.00) has been used, from which
the velocity matrix elements for the optical parameters were
extracted. In order to minimize the major fluctuations in the
lower energy range, a 16 x 16 x 16 k-mesh was used. The
electrical transport properties have been calculated using the
Boltzmann theory® and the relaxation time approximation as
implemented in the Boltztrap code,* interfaced with WIEN2k.*
The electrical conductivity and power factor are calculated with
respect to time relaxation, 7; the Seebeck coefficient is inde-
pendent of 7.

Results and discussion
Electronic and magnetic properties

We begin our discussion with the magnetic ground state. For
this, we have considered four types of magnetic configurations,
one FM state (FM1-1111), two AFM states (AF1-1 |1 |, AF2-
t111), and one FiM state (FiM-1 1] |). This was done after

This journal is © The Royal Society of Chemistry 2020
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Fig.2 The total and partial density of states (DOS) of Ca,CrOsOg (left) and Ca,Crq sNig s0sOg (right). (a) Total DOS, (b) partial DOS of Cr-3d and
Ni-3d, (c) PDOS of Os-5d, (d) PDOS of O-2p states for spin up (1) and spin down () channels within the GGA+U+SOC functional. The vertical

dotted line indicates E¢ = 0.

noting that the nonmagnetic (NM) state of the crystal was found
to be the most unstable state, with the highest energy. The FiM
configuration is found to be the magnetic ground state with the
lowest energy among the other magnetic configurations. The
relativistic calculations considered for spin quantisation align
along the [100], [010], [001], [110] and [111] directions. For the
easy axis along [001], the calculated MAE is 12.75 meV per unit
cell.

In the parent material Ca,CrOsOg, Cr has a charge of +3 with
a 3d’ configuration, involving the occupancy of the three ty,
states in the spin up channel and leaving the e, states empty. As
a result, in the density of states (DOS), the three occupied t,,
states lie in the valence region while the two empty e, states
move to the conduction region. In the spin down channel, all
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the Cr-d bands are unoccupied and thus lie far into the
conduction region. In the case of Os, its charge is +5 with a 5d°
configuration. Therefore, only three electrons from Os will
occupy the t,, states in the spin down channel, leaving all the
other states to shift to the conduction region.

The electronic DOS and band structures of Ca,CrOsOg and
Ca,Cry 5Nij 50506 within GGA+U+SOC are shown in Fig. 2 and
3, respectively. Starting with the parent material Ca,CrOsOg,
a band gap of ~0.59 eV has been calculated (Fig. 2 and 3 (left)),
signifying that Ca,CrOsOg is an insulator. The results thus ob-
tained are in good agreement with experimental and theoretical
reports.***® The major contribution to the total DOS around Eg
(Fig. 2(a) (left)) is mainly from the Cr-3d and Os-5d orbitals
hybridizing strongly with the O-2p orbitals (Fig. 2(d) (left)).
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Fig. 3 The band structures of Ca,CrOsOg (left) and CayCrg sNig 50sOg (right) within GGA+U+SOC. The horizontal dotted line indicates E¢ = 0.
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On the other hand, for the doped material Ca,Cr, sNiy 50504,
one Ni atom is substituted in a Cr-site in Ca,CrOsQOs. This will
add five extra electrons to the system as Ni with a charge of +2
has a 3d® configuration. Out of five additional electrons, two
occupy the e, states of the spin up channel, while the remaining
three are bound to go to the spin down channel to occupy the t,,
states. These three electrons of Ni in the spin down channel
generate a repulsive effect in the Os-t,; band, which causes the
Os band to shift from the valence region towards the conduc-
tion region by crossing Er in the spin down channel (see Fig. 2(c)
(right)). This gives rise to a metallic state in the spin down
channel, while the material remains insulating in the spin up
channel. Thus, with an insulating state in the spin up channel
and a metallic state in the spin down channel, the Ca,Cr 5-
Nij 50506 material is predicted to be a HM. It is interesting to
note that the HM state remains robust for Uy as large as 4 eV.
The DOS and band structures for the parent and the doped
material within GGA and GGA+U are available in the ESI section
for comparison (see Fig. S1-547).

We also considered the magnetic behaviour of Ca,Cr;_,-
Ni,OsOg. As tabulated in Table 1, for x = 0, the individual
magnetic moments of the Cr and Os atoms are 2.52 ug and
—1.59 up respectively, with an effective magnetic moment of
0.23 up per unit cell (2 f.u.). Similarly, for x = 0.5, the individual
magnetic moments of the Cr, Ni and Os atoms are 2.52 ug, 1.64
ug and —1.42 up respectively, with an effective magnetic
moment of 0.21 up per unit cell. Due to the partial charge
transfer from Cr and Os to oxygen, the oxygen atoms are spin
polarized in parallel with the Os ions and gain a sizable
magnetic moment of —0.07 ug, consistent with the isosurface
plot shown in Fig. 4 (left). Here, the polarisation is mainly found
in the 2p orbitals and this hybridized moment in oxygen
increases the resultant magnetic moment.

To understand the charge transfer effects among Cr, Ni, Os
and O atoms, spin density isosurfaces are drawn as shown in
Fig. 4 (right). As observed for the parent compound Ca,CrOsOs
(see Fig. 4 (left)), the spin density contributions for Cr and Os
are due to 3d and 5d states. The observed characteristics are due
to the combination of d,,, dy, and d,, (i.e., t,) states that are
indicative of d* configurations. In addition, the oxygen-2p states
become spin-polarized due to the Cr-3d and Os-5d states. When
one of the Cr atoms is replaced by Ni, the nature of the spin
density changes significantly (see Fig. 4 (right)). Actually, Ni
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Fig. 4 lsosurfaces of spin magnetization density at +0.21 e A~ with
red (blue) for spin up (down): (left) parent material Ca,CrOsOg, (right)
material with 50% Cr replacement CaCrg 5Nig505Os¢.

with a charge of +2 has a d® configuration. Thus, with five
electrons fully occupying one spin channel, the remaining three
electrons move to another spin channel to fill the t,, states. As
a result, the remaining visible states are the e, states which are
clearly seen in the isosurfaces of the Ni (see Fig. 4 (right)) atoms.

From Table 1, the spin magnetic moment in Os is reduced
due to the strong Os-O hybridization, and SOC induces an
orbital moment. Thus, the SOC is found to be responsible for
the small reduction in spin magnetic moment. The alignment
of the orbital magnetic moment of Cr is the same as that of the
total spin magnetic moment, showing that the 3d orbital is
either semi occupied or more than half filled. Whereas, in the
Os-5d state, the spin orientations are antiparallel as compared
to the orbital magnetic moments due to the less than half filled
states, which is in accordance with Hund’s third rule.*” Hence,
the orbital magnetic moments on Cr and Os are parallel which
increases the net magnetic moment in Ca,CrOsOg.

Optical properties

In this work, we have investigated the optical properties of the
double perovskite Ca,CrOsOg, considering the polarization
directions Ey, and E, as E,. = E, due to the tetragonal
symmetry. The optical current j, generated by an electric field Ej,
is given by: j, = g.pEp. For Ca,CrOsOg, we consider only E, and
E, polarization as E, = E, due to the tetragonal symmetry,
leaving only two independent x and z components of the optical

Table 1 Calculated spin magnetic moments (in ug) of B (Cr/Ni), B’ (Os) and the 3 types of oxygen atoms, net moments (per unit cell) and band
gaps, Eg, (in eV). The calculated orbital moments at the B and B’ sites are shown within parentheses for Ca,CrOsOg and Ca,Cr;_,NiyOsOg

Ca,CrOsO¢ Ca,Cr 5Nip 50504
Site GGA GGA+U GGA+U+SOC Expt. GGA GGA+U GGA+U+SOC
B 2.20 2.52 2.52(0.05) 2.5 2.19/1.32 2.52/1.65 2.52(0.05)/1.64(0.14)
B —1.45 —1.66 —1.59(0.14) 1.26 —1.28 —1.48 —1.42(0.16)
01 —0.10 —0.11 —0.10 —0.08 —0.09 —0.08
02 —0.09 —0.10 —0.10 —0.03 —0.05 —0.05
03 —0.09 —0.10 —0.10 —0.05 —0.07 —0.07
Net 0 0 0.23 0.2 0.0 0 0.21
E, 0.53 0.65 0.59 Metallic Metallic Metallic

16182 | RSC Adv, 2020, 10, 16179-16186
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element. The complex dielectric function e(w) = & (w) + iex(w)
describes the behavior of materials under incident light, where
¢1(w) and &,(w) are the real and imaginary parts of the dielectric
function, respectively. The imaginary part ¢,(w) is obtained from
the electronic structure through the joint density of states and
the momentum matrix elements between the occupied and
unoccupied states:

2
&r(w) = % Jd3k S el plien' [ Gem) [ 1 f (k)|
8(Ep — Epy — ) (1)

where p is the momentum operator, kn is the eigenfunction with
eigenvalue Ey, and f{kn) is the Fermi distribution function. The
real part of the dielectric function ¢, is given by the Kramers-
Kronig dispersion relations.®

er(w) =1 42 Jde’ (2)

(U/z — w?

The other optical parameters like optical conductivity o(w)
and electron loss function L(w) are directly related to the
dielectric function as follows.>

—iw(e(w) — 1)

o(w) = B — 3)

L) = @) “

The real part of the complex dielectric function &;(w)
expresses the electronic polarizability of materials due to inci-
dent photons. Fig. 5 (left) shows the variation of the dielectric
function (real and imaginary) as a function of photon energy.
The calculated static dielectric constants for x and z polarization
(e4(0) and &,%(0)) are 15.94 eV and 12.43 eV, respectively (Table
2). Both &, and &% decrease first and then increase rapidly
with increasing photon energy up to 1.055 eV. With a small
increase in photon energy above 0.0 eV, ;% decreases more as
compared to &, and then increases again. At a certain energy,
both & and &% show a maximum peak where ¢, surpasses
£, in magnitude. The plot also indicates the presence of optical
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Table 2 Calculated optical parameters at the main peak value for the
Ca,CrOsOg compound

Optical parameters &, (0)  &%(0) L(w) 0 (w)  0F(w)

ev 15.94 12.43 14.11 7.32

anisotropy up to ~14 eV, and after that the material becomes
almost optically isotropic. Both &™ and &% become zero at
~7.6 eV which may be due to the occurrence of plasmonic type
oscillations. We know that the imaginary part e(w) of the
complex dielectric function is related to optical absorption. The
dependence of &,(w) on photon energy is presented in Fig. 5
(left).

From the figure, we notice a rapid increase in &,(w) beyond
the threshold energy which corresponds to the calculated
energy band gap and observed a maximum peak at 1.0-1.5 eV.
After that, the value of ¢,(w) decreases with severe fluctuations.
A significant plateau like region is obtained in the energy range
from 3.0 eV up to 10.0 eV. This can also be verified by the optical
conduction plot which shows active absorption of photon
energy due to direct electron transitions. The variation of the
electron energy loss function L(w) versus photon energy is also
plotted in Fig. 5 (middle). L(w) gives a description of the energy
loss due to the scattering of a fast electron travelling in the
material. The electron energy loss is very high in the low energy
region in the case of intraband transitions. However, for inter-
band transitions, L(w) slowly increases up to 12.0 eV and then
abruptly increases beyond 13.0 to 14.0 eV. The low value of
electron energy loss is due to the fact that L(w) is inversely
related to ¢(w). The large peak in the energy loss spectra at
around 13.0 eV to 14.0 eV corresponds to a plasmon frequency
wp at 13.0-14.0 eV. We also calculated the optical conductivity
o(w) as shown in Fig. 5 (right). The only independent compo-
nents of ¢(w) in this material are g, (w), 0;(w), 7y (w) and o,(w).
0yx(w) and o,(w) are zero, and only the o, (w) and o, (w)
components contribute. The optical conductivity of Ca,CrOsOq
has a plateau like region at 3-12 eV rather than a sharp peak like
feature. This indicates a strong optical interband transition
between the Cr-3d and Os-5d bands in this region.
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Thermoelectric properties

The insulating behavior of Ca,CrOsOs prompted us to inves-
tigate the thermoelectric properties. The performance of
thermoelectric materials is given by a dimensionless param-
eter called the figure of merit, i.e., ZT = S*oT/k, where S, ¢ and
k represent the Seebeck coefficient, electrical conductivity, and
thermal conductivity, respectively.®**> Conventional materials
such as Bi,Te; and PbTe have shown a promising figure of
merit, however, these alloys suffer from toxic compositions,
low thermal stability, and expensive constituents. In this
regard, oxide materials could be a promising alternative owing
to their environmental friendliness, non-toxicity, good
thermal stability, and low-cost compositions.®*** Recently,
good thermoelectric performances have been reported for
double perovskite oxides.®>*® Motivated by these findings, we
investigated the thermoelectric properties of Ca,CrOsOg
utilizing the Boltztrap code which is used for computing the
electrical transport coefficients S and ¢, and thereby S%c,
within the rigid band approximation (RBA) and constant
relaxation time approach (CRTA). The CRTA assumes the
Seebeck coefficient to be independent of relaxation time, ,
and the electrical conductivity and power factor (PF) are
expressed with respect to 7. These two approaches have been
successful in the theoretical investigation of new thermoelec-
tric materials by many groups.®”"°

Fig. 6 shows the Seebeck coefficient, electrical conductivity
and power factor with respect to relaxation time, as a function of
temperature for Ca,CrOsOg for the spin up and spin down

(a) 600

. | L | -
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4 T T T
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Fig. 6 (a) Seebeck coefficient, (b) electrical conductivity, and (c)
power factor of Ca,CrOsOg as a function of temperature for spin up
(black), spin down (red) and total contribution (green). The electrical
conductivity and power factor are plotted with respect to the relaxa-
tion time.
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channels, and the total contribution. The parameters are
calculated for both the spin channels according to the two
current model.”* Within this model, the total electrical
conductivity and Seebeck coefficients are given by ¢ = o(1) +
o(l)and S = [S(1)a(1) + S(L)o(L))/[e(1) + ()] where (1) and
(1) represent the coefficients for spin up and spin down
respectively. Utilizing this model, the total Seebeck coefficient
obtained shows an increasing trend in the temperature range
300-900 K. The positive values are in the range 43-83 puv K
and are indicative of p-type charge carriers. However, the See-
beck coefficient values are not significant as compared to
benchmark values (150 uV K ').” For evaluating the electrical
conductivity and power factor, one needs to incorporate the
relaxation time which is not trivial to calculate. The relaxation
time is very sensitive as it may vary for different systems at
different doping levels and temperatures.”” Thus, the actual
value of the relaxation time is quite essential for determining
the transport properties. However, in previous theoretical
studies, a relaxation time of 5 x 10™*° s has been used for
evaluating the transport properties.” Utilizing the same value,
we obtained good values of total electrical conductivity in the
range 429-404 S cm ' in the temperature range 300-900 K.
These values can be attributed to the greater density of states at
the VBM owing to the degenerate bands. The degenerate bands
increase the density of states which results in a larger number of
charge carriers. The greater density of states at the VBM close to
the Fermi level as compared to the conduction band minimum
suggests that hole doping would be beneficial for improving the
transport properties.”

The calculated total power factor with respect to the relaxa-
tion time is not significant, owing to the low Seebeck coefficient.
The values range from 0.08 pW ecm™ ' K> s~ ' at room temper-
ature to 3 uW cm™ ' K 2 s~ '. Utilizing the relaxation time as
before, i.e., 7 =5 x 10~ '> 5, the maximum obtained power factor
is 15 pW em ™" K2 at 900 K. The proposed value, though not
significant, can be further improved by utilizing suitable
dopants and synthesis approaches, meriting further experi-
mental investigations.

Conclusions

By means of density functional calculations, we found that the
double perovskite material Ca,CrOsOg is a ferrimagnetic insu-
lator. Upon substantial doping with Ni (50%) in the Cr-sites, the
composition Ca,Crg 5sNip 50506 shows nearly compensated half-
metal behaviour which is desirable for spintronic device
applications. The optical study of the parent material Ca,-
CrOsOg reveals that both ™ and &% decrease first and then
increase rapidly with increasing photon energy up to 1.055 eV.
At a certain energy, both & and &% show a maximum peak
where &™ surpasses &% in magnitude. We also found that
optical anisotropy is present up to ~14 eV. The promising
optical response of Ca,CrOsOg due to Cr-3d and Os-5d inter-
band transitions makes it an important material for photovol-
taic and optoelectronic applications. In addition,
investigated the thermoelectric properties, however, the mate-
rial does not show promise as a thermoelectric device.

we

This journal is © The Royal Society of Chemistry 2020
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