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Oxygen-octahedral distortion and electronic correlation induced semiconductor gaps
in ferrimagnetic double perovskite Ca;MReQg (M =Cr,Fe)

Sai Gong, San-Dong Guo, Peng Chen and Bang-Gui Liu*
Beijing National Laboratory for Condensed Matter Physics,
Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China
(Dated: July 11, 2015)

Motivated by experimental nonmetallic features and high magnetic Curie temperatures of 360
and 522 K in double perovskite CasCrReOgs and CazFeReOgs, we systematically investigate the
structural, electronic, and magnetic properties of Caa M ReOg (M =Cr,Fe) by combining the modified
Becke-Johnson (mBJ) exchange potential with usual generalized gradient approximation (GGA).
Our full optimization leads to stable ground-state structures with monoclinic symmetry (P2;/n)
consistent with experiment. The mBJ calculation successfully produces ferrimagnetic phase with
semiconductor gaps of 0.38 eV and 0.05 eV, respectively, in contrast with wrong metallic phases
from GGA calculations. With the spin-orbit coupling (SOC) taken into account, the CazMReOsg
(M=Cr,Fe) shows high magneto-crystalline anisotropy (MCA) with the magnetic easy axis along the
[010] direction. Although reducing to 0.31 and 0.03 eV, the semiconductor gaps remain open in spite
of the SOC broadening of the Re t2, bands. Therefore, our DFT investigation has established the
correct ferrimagnetic semiconductor ground states for the double perovskite Caz MReOg (M =Cr,Fe)
materials. Our analysis shows that the semiconductor gaps are due to orbital-selective splitting on
Re t24 bands in the minority-spin channel, originated from the O-octahedral distortion and Coulomb
correlation effect. This mechanism, different from that in other double perovskite materials such as
SroCrOsOg, CazCrOsOg and SroFeOsOg, can be useful to fully understand chemical and physical

properties of double perovskite compounds.

PACS numbers: 75.30.-m,75.50.-y,75.10.-b,71.20.-b

I. INTRODUCTION

Because of their rich physics and high technological
potential!, ordered double perovskite Ay BB'Og (A = al-
kali, alkaline-earth or rare-earth ion; B and B’ = tran-
sition metals) have been extensively studied? 8. For
cubic or tetragonal double perovskite Sro BB'Og (B =
Cr or Fe, and B’ = Mo, W, or Re), ferrimagnetic
metallic phase is usually formed because the fully oc-
cupied high spin state Fe3* (3d®) or Cr3t (3d®) is an-
tiferromagnetically coupled with the partially filled 4d
and 5d transition-metal cations'®1?. Among them, half-
metallic SroFeMoQOg, SraFeReOg, and SroCrReOg have
been known as prospective spintronic materials beyond
room temperature®51918:20 - On the other hand, double
perovskite SroCrOsQOg is a robust ferrimagnetic insulator
with the highest magnetic Curie of 725 K, and its semi-
conductor gap has been shown to originate from spin-
exchange splitting of the Os 5d ty, bands!®21:22 With
the same origin of band gap, the recently crystallized
CagFeOsOg presents an insulating ferrimagnetic phase
below 320 K2324, Another compound SraFeOsOg is also
revealed to be an insulator in spite of antiferromagnet-
ic arrangement?>26. Very special are double perovskite
CasFeReOg and CasCrReQOg. It is shown experimental-
ly that they are ferrimagnetic insulators with monoclinic
structure and have high magnetic Curie temperatures of
522 and 360 K914:18:20.27.39 hyt their non-metallic elec-
tronic properties have not yet been elucidated although
some efforts were made for the CagFeReOg material®4!.
In addition, their structure-property relationship needs

to be understood.

Here, we investigate the structural, electronic a..’
magnetic properties of the CasCrReOg and CasFeRe( ¢
through density functional theory calculations in orde.
to reveal the origin of their special electronic structur: s,
especially their semiconductor gaps at low temperaturc.
We use Tran and Blahas modified Becke and Johnson (: 1-
BJ) approach for the exchange potential?® to investigatc
their electronic structures because its excellent accr .-
cy has been proved for most of insulators, semiconduc
tors, and transition-metal oxides?®3!. Our calculations
reveal that the CasCrReOg and CasFeReOg are both fe -
rimagnetic semiconductors, even with the spin-orbit «*
fect taken into account. Our further analysis shows th .
the semiconductor gaps are formed between the full-fille..
d.. and the empty d, . states around the Fermi level d e
to the mutual cooperation of O-octahedral distortion anu
Coulomb correlation. We also explore other properties 1
the two Ca-based double perovskite compounds in coiu-
parison with similar materials. More detailed results w .
be presented in the following.

The rest of the paper is organized as follows. We shau
describe our computational details in the next section.
In Sec. III we shall present our optimized ground-ste e
structures for the two compounds. In Sec. IV we shau
present our spin-dependent density of states, band st .-
tures, and electron density distributions and perform tu.
ther analyses concerned. In Sec. V we shall present our
calculated results with the spin-orbit effect taken * .to
account, including their magneto-crystalline anisotr nic
energies, spin and orbital moments along the easy ax-
is, and the spin-orbit-effect-modified semiconductor g .p .
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Finally, we shall give our conclusion in Sec. VI.

II. COMPUTATIONAL DETAILS

We use the full-potential linear augmented plane
wave (FP-LAPW) method within the density function-
al theory (DFT),3233 as implemented in the WIEN2k
package.?* We take GGA exchange-correlation function-
al to do structure optimization and preliminary study3°,
and then use mBJ exchange potential to do electronic
structure calculations. The scalar relativistic approx-
imation is used for valence states, with the spin-orbit
coupling (SOC) is taken into account, whereas the radi-
al Dirac equation is self-consistently solved for the core
electrons®6 38, The magnetization is chosen to be along
all nonequivalent directions for the monoclinic structure
when we investigate the magneto-crystalline anisotropy.
The muffin-tin radii of the Ca, Cr, Fe, Re, and O atoms
are set to be 2.20, 1.96, 2.03, 1.96, and 1.71 bohr, respec-
tively. We make harmonic expansion up to /4, = 10 in
the muffin-tin spheres, and set R+ X K = 8.0. We
use 1000 k-points in whole Brillouin zone (234 k-points
in the reduced wedge). For testing the accuracy, we also
use 2000 k-points in whole Brillouin zone (576 k-points in
the reduced wedge) to do the self-consistent calculation-
s. The total energy difference is proved to be less than
1 meV. Therefore, our choice of 1000 k-points is enough
for the whole calculation. The self-consistent calculations
are considered to be converged only when the integration
of absolute charge-density difference per formula unit be-
tween the successive loops is less than 0.0001|e|, where e
is the electron charge.

III. STRUCTURE OPTIMIZATION

The structure of CagMReOg (M=Cr or Fe) has been
reported to be monoclinic structure with P2, /n symme-
try (space group #14) at room temperature,®'® which is
consistent with the prediction of the empirical tolerance
factor f.1%39 The monoclinic structure is fairly distort-
ed from cubic double perovskite due to the small size
of Ca?t cation, which forces the MQOg and ReOg octa-
hedra to tilt and rotate in order to optimize the Ca-O
bond lengths. As a representative, we demonstrate the
the crystal structure of CasCrReOg in Fig. 1. Both
P2, /n and I4/m structures are presented for the follow-
ing discussion. In order to investigate the origin of the
nonmetallicity in their ground-state phases, we optimize
fully their geometric structures and internal atomic posi-
tions by combining total energy and force optimizations.
We have considered a larger unit cell of 2 f.u. including
20 atoms to relax the structure. The optimized lattice
parameters are listed in Table I, with experimental data
included for comparison. Our total energy calculations
show that the ground state phase is the P2;/n structure
for both of the compounds, with lattice constants ex-

2

panded slightly with respect to experimental ones. This
deviation is due to the special property of the GGA func-
tional. However, the tilt angles 8 of CagMReOg (M="Ir
and Fe) decrease by 0.22° and 0.27° with respect to ex-
perimental values, respectively, which reflects the lar re
distortion at low temperature.

P2in

FIG. 1: (color online) (a) Crystal structure of double p -
ovskite CagCrReOg with 2 unit cells in P2, /n (#14) symmc
try, (b) the I4/m (#87) structure is displayed for comparisc .,
(c) and (d) the projected images in the (110) plane for coric
sponding structures. CrOg and ReOg octahedra are denot .d
with purple and yellow, respectively. The green and bla.’
ones are Ca atoms in two different layers.

TABLE I: Optimized lattice constants and tilt angle 8 o
Caz MReOg (M =Cr,Fe) with space group P21 /n (#14), cou.-
pared with experimental results®

Lattice CasCrReOg CasFeReOg
parameters opt. exp. opt. exp.ﬁ
a (A) 5.392 5.388 5.417 5.4( 1
b (A) 5.524 5.460 5.609 5.525
c (A) 7.680 7.660 7.733 7.604
8 (°) 89.74 89.96 89.80 90.07

We present in Table II optimized bond lengths ar.a
bond angles of CagMReOg (M=Cr,Fe) with P2/
structure. For comparison, we also present the I4/ .
structure for CasCrReQOg. It’s shown that the three U.
O bond lengths are slightly larger than Re-O ones in
CagCrReOg, while the FeOg octahedra are significs at-
ly more expanded than ReOg octahedra in CasFeRd Dg.
This observation is consistent with the ionic size sequence
of Re®t < Cr3t < Fe3*. The bond angles in ReOg ¢ :t: -
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hedra all deviate from ideal values of 90°, so do the angles
of M-O-Re from 180°. Considering that a large num-
ber of double perovskite compounds with half-metallicity
are in tetragonal structure with I4/m symmetry (space
group #87), and in order to clarify the relationship be-
tween the electronic property and lattice structure, we
also present the structure parameters of the I4/m struc-
ture for CagCrReOg in Table II. There are actually two
nonequivalent kinds of O atoms in I4/m structure. The
01 and O4 atoms are equal to each other and in the same
zy-plane. The atom Og sits along the z-axis with Cr or
Re atoms in between. The bond lengths of Cr-O are larg-
er than those of Re-O due to the larger ionic size of Cr3+
versus Re®t. All angles in ReOg octahedra remain to
be 90°, while the Cr-O; 2-Re bond angles reduce signifi-
cantly from 180°, which makes the Cr-O; 2 and Re-Oq 2
lengths much larger than the Cr-Os and Re-Os bonds,
respectively. Our calculated total energy of CasCrReOg
in I4/m structure are higher than that in P2;/n struc-
ture by 392 meV per formula unit, indicating the P2;/n
structure is more stable for CasCrReOg.

TABLE II: Optimized bond lengths and angles of Cas M ReOg
(M=Cr, Fe) with space group P21/n (#14), with those of
CayCrReO¢ with I4/m (#87) structure for comparison. O
and Oz are equivalent to each other in I4/m structure.

M Cr(#14) Cr(#87) TFe(#14)
Bond length M-0O, 1.975 1.984 2.061
M-Os 1.978 1.984 2.046
M-O3 1.971 1.939 2.036
Re-01 1.974 1.977 1.944
Re-02 1.968 1.977 1.948
Re-O3 1.964 1.922 1.941
Bond angle 01-Re-05 90.88 90 90.30
02-Re-0O3 89.43 90 89.28
01-Re-0Os3 89.81 90 89.22
M-O;-Re 152.56 154.63 149.34
M-O2-Re 152.85 154.63 150.59
M-O3-Re 153.46 180 150.06

IV. ELECTRONIC STRUCTURES
A. Density of states and energy bands

From now on, we investigate the electronic structures
of the optimized CasMReOg (M=Cr,Fe). At first, we
use the popular GGA functional to calculate the density
of states (DOS). The spin-resolved DOSs are presented
in Fig. 2. For the CasCrReOg, the electronic energy
bands between -8.0 eV and -3.0 eV are dominated by
O 2p states. The Fermi energy falls in an energy gap
of about 1.0 €V in the majority spin channel, between
the fully filled Cr t54 and empty Re t2, bands. As for
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FIG. 2: (color online) The spin-resolved total (tot) and partial
(Cr/Fe,Re,0) density of states (DOSs) of CazCrReOg (a) a «d
CazFeReOg (b) in P21 /n structure from GGA calculation.

the CasFeReOg, the triplet Fe ¢, states in the majc -
ity spin channel move to the lower energy between -& 2
eV and -2.2 eV, with a strong mixture of O 2p state.
The Fermi energy is in the majority-spin gap of 1.4 e'”
between Fe e, and Re o, bands. In contrast, for the .
nority spin channel, the Fermi level lies in the partially
filled ¢34 bands of hybridized M, Re, and O 2p states in
the CagMReOg (M=Cr,Fe). Thus, the GGA calculati »
produces a half-metallic ferrimagnet. This is contradi~
tory with the reported experimental results®!® and c.~
be attributed to the false GGA description of Re to4 1 -
ture around the Fermi level in the monoclinic structui
For the sake of accurate calculation for Re to, state, v -
need to use improved exchange potential to investige -
electronic structures of the Cas MReOg. The modifi~’
Becke-Johnson (mBJ) potential is a good choice becau €
it is excellent in describing the hybrid transition-met.’
ions. 2942

We present the spin-resolved DOSs and energy ban s
of the CayCrReOg calculated with mBJ in Fig. 3. 1o
is clear that there is a semiconductor gap open at +'_
Fermi level, which is in good agrement with experime..
tal results?. Moreover, the occupied Cr 24 and unoccu-
pied Cr e, and Re t2, bands in the majority spin cb n-
nel are pushed substantially downwards and upwe -ds,
respectively, which consequently enhances the majority-
spin gap (Gmag) to 2.5 eV. In the minority spin char ae ,
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FIG. 3: (color online) Electronic structure of CasCrReOg
in P2y /n structure calculated with mBJ: spin-resolved total
(tot) and partial (Cr,Re,0) DOSs (a); amplified d states split
DOSs of Cr and Re around the Fermi level (b); and majority-
spin (c) and minority-spin (d) bands.

the triplet Re to, states around the Fermi level split into
a doublet dyy+d,. and a singlet d,., with two electrons
fully occupying the doublet state. This produces a semi-
conductor gap of 0.38 eV, as shown in Fig. 3(a). The de-
tailed orbital-resolved DOSs around the Fermi level are
presented in Fig. 3(b). Both of the unoccupied Cr to
and ey in the minority spin channel are pushed upwards
substantially, with a little overlap between them, which
enlarges the spin exchange splitting energy of Cr ty4 to
4.7 eV. Fig. 3(c) and (d) show the energy bands of the
CaoCrReOg in majority-spin and minority-spin channels,
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FIG. 4: (color online) Electronic structure of CagFeRe! )¢
in P21 /n structure calculated with mBJ: spin-resolved totas
(tot) and partial (Fe,Re,O) DOSs (a); amplified d states sy 1t
DOSs of Fe and Re around the Fermi level (b); and majority-
spin (c¢) and minority-spin (d) bands.

respectively. The thicker a line is, the more the Re ty,
weight is. There are 72 bands (36 majority spin and su
minority spin) in the energy window from -7.8 eV to -Z.0
eV, because we consider 2 unit cell in our calculatic ..
The energy bands between -2.0 eV and -1.0 €V consist o,
6 Cr tg4 bands in the majority spin channel. There = .
4 occupied bands of Re ty4, including d;, and dg, ju.
below the Fermi level and 2 bands of d,,, above the Fermi
level. It can be clearly seen that the top of the valer ce
band and the bottom of the conduction band are loc. ted
in M and I points, respectively, resulting in an indirecu
band gap for the CasCrReOg.
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In Fig. 4 we present the spin-resolved DOSs and energy
bands of the optimized CasFeReOg calculated with mBJ.
The distinguished feature of the DOSs is that compared
to GGA results, the Fe ty, states move to lower energy
in the majority spin channel, and the gaps between Fe
tag and e, states almost vanish in both of spin channels.
This can be attributed to the enhanced spin exchange
effect due to mBJ functional. The semiconductor gap
of 0.05eV is also observed, owing to the same reason as
in the CapxCrReOg. However, the Re ty4 splitting in the
minority spin channel is much smaller than that in the
majority spin channel, in contrast to the CayCrReOg.
This result is consistent with the fact that the resistivi-
ty of the CasFeReOg at low temperature is almost two
order of magnitude lower than that of Cay;CrReQOg, be-
cause the electron inter-band transition takes place easily
in the CasFeReOg compound. In the band structures (c)
and (d) of the CagFeReOg, the Fe ty, bands are pushed
down to between -8.0 eV and -3.0 €V in the majority spin
channel, in contrast to the minority-spin one. the energy
window from -3.0 eV to -2.0 eV consists of 4 bands of
Fe e4. The top of valence bands and the bottom of the
conduction bands are located in N and I" points, respec-
tively. This implies that the semiconductor gap of the
CasFeReOg is indirect, same as that of the CasCrReOg.

B. Electron density distributions

The energy-resolved charge and spin density distribu-
tions are very important to explore the bonding and mag-
netic properties. We present in Fig. 5 the valence charge
(including up and down) and spin density distributions
of the CayCrReOg, with all the contribution from -8.0 eV
to the Fermi level, calculated with mBJ. The upper three
panels are for the (001) plane of the structure shown in
Fig. 1, the lower three ones are for the perpendicular
plane, being equivalent to the (110) plane, including Cr
and Re ions. In the spin-up channel, the charge density
distributions at Cr sites look like a quatrefoil, which re-
flects the fully occupied g, characteristic between -2 eV
to -1 eV, whereas the charge density around Re is fairly
small. In the spin-down channel, there is much electron
density around Re, in consistence with the partially filled
Re tyq4 state from -1 eV to the Fermi level. The small
charge density at Cr sits should result from the hybridiza-
tion between Re and Cr ¢y, states. In both of the spin
channels, the oxygen atoms with high electron affinities
attract the electrons from Cr and Re atoms to form near-
ly closed O 2p shells with spherically distributed charge
densities. It can be seen in the charge density contours
that the bonds between Cr and nearest O are almost ionic
with respect to the Re-O bonds with covalent character-
istic, which is in accordance with the longer bond lengths
of Cr-O than Re-O ones, as described in Table II. The
charge distributions also show that there exists no direct
interaction between two nearest Cr-Cr or Re-Re pairs.
The spin density distribution of the CayCrReQOg in Fig.
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5 (e) and (f) demonstrates that the spin moments of Cr
and Re are mainly localized at the ionic sites. The con-
tours, with an increment of 0.013u5/a.u®, mean that the
spin density around Cr varies from -0.5 g /a.u® to 0 and
that around Re from 0 to 0.5up/a.u®. This spin densi-v
distribution indicates the antiferromagnetic coupling be-
tween the Cr and Re moments in the double perovskite
CaoCrReOg. The some deformed quatrefoils of Cr auu
Re ions are ascribed to the distortion of O octahedra. it
is worth note that different density contours between hLic
and Cr sites are due to the more closed shells in the inr 2
part of heavier Re ion compared to Cr.

As for the CasFeReOg, we illustrate the correspond-
ing charge and spin density distributions calculated witn
mBJ in Fig. 6. It can be seen that charge distributic 1-
s at the Fe site are nearly spherical because of neaiiy
half-filled Fe 3d orbitals, which is different from the qu a
trefoils shape of partially occupied Cr 3d orbitals in the
CagCrReOg. The Fe 3d electrons that are more than .. '+
full move to oxygen sites for stabilizing the ground st ...
leaving the highly ionized Fe atoms, as shown in Fig. 6.
The shape of charge density around the Re site is sim-
ilar to that in the Cay;CrReOg due to the same valer e
states of Re®" ions in the two compounds. Most of the
Re 5d electrons with larger orbitals spread out to O 'r
states, forming the Re-O covalent bonds. Furthermorz.
the hybridizations are still along the Fe-O-Re-O-Fe chain
and no direct interaction between Fe-Fe and Re-Re pa.rs
are found. The spin moments of Fe 3d and Re 5d states
are mainly localized and coupled antiferromagnetical v
as are those of the Cr and Re states in the CasCrReO-.

TABLE III: Spin exchange splitting (Aex) and crystal ficid
splitting (Acf) of Cr and Fe, spin exchange splitting Aex o1
Re ion, the band gaps across the Fermi level in the major:
spin channel (Gmaj) and the minority-spin channel (Gmin) -
CasMReOg (M=Cr, Fe) calculated with GGA and mBJ.

M scheme  Aex(M) Acf(M) Aex(Re) Gmaj Gu o

Cr GGA (eV) 29 3.0 08 1.0 0
mBJ (eV) 4.6 6.7 20 25 05>

Fe GGA (V) 3.0 1.0 0.7 14 0
mBJ (eV) 6.5 3.0 1.8 3.3  0.00

C. Further analyses

The spin exchange splitting (Aex) and crystal field s-
plitting (Acf) of Cr and Fe, the spin exchange splitting
Aex of Re ion, and the band gaps across the Fermi lev .
in both majority-spin (Gy,e;) and minority-spin (Gmin,
channels calculated with GGA and mBJ are summarized
in Table III. Here, the spin exchange splitting energr of
Cr (Fe) is defined as the energy difference between the
DOS weight centre of the filled Cr-ty, (Fe-3d) spin-up
states and that of the empty Cr-ty, (Fe-3d) spin-d w .
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001plane

FIG. 5: (color online) Valence el

tron charge [up, (a) and (b); dn;
and (d)] and spin [(e),(f)] density d s-
tributions, within the energy window
from -8.0 eV to the Fermi level, of

110plane

CazCrReO¢ projected to the (001,
and (110) planes calculated with a
BJ. The contours in (a)-(d) are frou:
0.005 to 0.5¢/a.u.® with an incremeu
of 0.025¢/a.u., and those in (e) a’
(f) from -0.5 to 0 up/a.u.® for Re sit
and 0 to 0.5up/a.u.® for Cr sites wi -
an increment of 0.013u3/a.u.3.

001plane

FIG. 6: (color online) Valence elec-
tron charge [up, (a) and (b); ca,
(c) and (d)] and spin [(e),(f)] densivy
distributions, within the energy w’ .-
dow from -8.2 eV to the Fermi leve,,

110plane

of CazFeReOg projected to the (0C.)
and (110) planes calculated with 1.
BJ. The contours in (a)-(d) are frc.a
0.005 to 0.5¢/a.u.® with an increme..
of 0.025¢/a.u.®, and those in (e) ar-
(f) from -0.5 to 0 pp/a.u.® for Re . “o<
and 0 to 0.5up/a.u.> for Fe sites with
an increment of 0.013,u3/a.u.3.

ones, and for Re it is similarly defined as the energy d-
ifference between the partially filled spin-down 5d states
and those empty spin-up ones. Both Aex and Acf of
transition-metals are significantly enhanced by mBJ cal-
culation. As a result, the gaps in the majority spin chan-
nel are enlarged by 1.5 eV and 1.9 eV for the Cay; M ReOg
(M=Cr,Fe), respectively. The semiconductor gaps are e-
quivalent to 0.38 eV and 0.05 eV, respectively, in contrast
to the wrong results from GGA. This implies that elec-
tron correlations play an essential role in forming semi-
conductivity on CagMReOg (M=Cr,Fe) compounds due
to the mBJ approach mimics the the behavior of orbital-
dependent potentials and the correlation effects are treat-
ed not only for localized, but also for delocalized electron-

s. The role of correlations can also be verified by the fa -t
that the CasCrWOg shows insulator behavior??, while
CasFeMoOyg exhibits metallic conduction®*, which is ¢ t-
tributed to the stronger correlation strength in 5d atoms
of W and Re than 4d one of Mo.

Besides electron correlations, we also investigate t'ie
effect of lattice structure on opening band gaps o.
CagMReOg (M=Cr,Fe). The DOSs of the CasCrRe”
in I4/m structure with both GGA and mBJ functio..
als are presented in Fig. 7. It’s shown that the G-
GA produces a half-metallicity, which is similar to “he
GGA result of the CagCrReOg with P21/n symmc ' ry,
and however, the metallic property is not changed by
using mBJ potential, although the Aex and Acf o C:

Page 6 of 10
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and Re are much enlarged. This comparison indicates
that the semiconductor nature of the CasMReOg has
intimate relationship with the crystal structure. For dis-
cussing the importance of structure in detail, We present
in Fig. 8 the band structures near the Fermi level
in the minority-spin channel, showing the Re 5d states
for the CapCrReOg. The corresponding states of the
CasFeReOg are similar to those of the CasCrReOg. In
the I4/m structure, the bond angles of CrOg and ReOg
octahedra are ideal 90°, as shown in Fig. 1 (b), allowing
the symmetry operation of rotation 45° and translation
along z axis. Therefore, the Re 5d states are preserved
in high degeneration. The d, bands are full-occupied
with two electrons and lie below the Fermi level. The
remainder two ones half-fill the doublet d..+d,. states,
resulting in the metallicity of the CayCrReQOg. As for the
P2, /n structure, the CrOg and ReOg octahedra undergo
tilting and rotation, making the bond angles deviate from
90°. Meanwhile, the Ca atoms in different layers move
oppositely, and then the symmetry along z axis is bro-
ken. The symmetry reduction urges the half-filled states
to split into full-filled d,, and empty d,,. ones, leading to
a Peierls-like gap. This fact is consistent with the quatre-
foil pattern of the spin density distribution at Re sites, as
shown in Fig. 5(e) and (f) and Fig. 6 (e) and (f). In gen-
eral, not only the correlation effect, but also octahedral
distortion are necessary for the semiconductor nature of
the CagMReOg (M=Cr,Fe) compounds.
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FIG. 7: (color online) The spin-resolved total and partial
DOSs of CaCrReOg In I4/m structure with GGA (a) and
mBJ (b) methods.
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V. SPIN-ORBIT COUPLING EFFECT

To investigate the effect of spin-orbit coupling on t'.e
optimized CasMReOg (M =Cr,Fe), the magnetization ..
chosen to be approximately along [100], [010], [001], [11 },
[101], [011] and [111] directions for the P2;/n monoclin.c
structure. The calculated total energies with GGA+SC ¢
method presented in Table IV indicate high magneto-
crystalline anisotropy (MAC) in the CasMReOg comi-
pounds. The most stable magnetic orientation are boun
along [010] direction, equivalent to the b-axis perpend: .-
ular to the ac plane in the P2;/n structure. These aic
consistent with experimental results'®.

After the magnetic easy axis is fixed, we do further .
tudy with SOC along the [010] direction. Our calculated
spin and orbital moments for the CasMReOg are sm-
marized in Table V. When SOC is neglected, the t \tal
spin moment is precisely 1lup and 3up per formula uniu
for the CasCrReOg and CagFeReOg, respectively. (T :
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TABLE IV: Total energies (meV) of CagMReOg (M=Cr,Fe)
with different magnetization orientations calculated with G-
GA+SOC, with the lowest energy set as reference.

M [100] [010] [001]  [110] [101] [011]  [111]
Cr  1.00 0 216 1.21  2.08 1.34  1.29
Fe 137 0 2.04 203 262 160 161

TABLE V: The mBJ results of individual and total spin mo-
ments (p°), orbital moments (4°), and net moments (ptot)
in up, and semiconductor gap (Gs, in e€V) of CaaMReOg
(M=Cr,Fe) with P2;/n structure with and without SOC.

M scheme  pjy  pRe  Biot Ml HRe Mot Gs
Cr  mBJ 2520 -1.264 1.000 1.000 0.38
mBJ4+SOC 2.520 -1.239 1.035 -0.018 0.192 1.209 0.31
Fe  mBJ  4.090 -1.118 3.000 3.000 0.05
mBJ+SOC 4.090 -1.096 3.033 0.042 0.183 3.258 0.03

results can be elucidated in the ionic model, where the
transition-metal ions are in the (MRe)®t valence state.
The M3 are in the high spin state of S=3/2 for Cr3* and
S=5/2 for Fe3* according to Hund’s rule, antiferromag-
netically coupled with highly ionized Re®t with valence
spin states of S=1, resulting the integer moment in Bohr
magneton. Note that a large part of the spin moment is
delocalized into the interstitial region, and therefore the
spin moments of the individual M and Re ions appear
small compared to the ionic values.

When SOC is taken into account, the total spin
moments increase by 0.035up and 0.033up for the
CagMReOg (M=Cr,Fe), respectively, due to some in-
crease of Re spin moment. The orbital moments of Cr
and Re are both antiparallel to the spin moments, be-
cause of the less than half-filled d shell, in accordance
with Hund’s rule. As for the CasFeReOg, the orbital
moments of Fe 3d is of the same sign as the spin momen-
t, indicating that the 3d orbital is more than half-filled,
consistent with Hund’s rule. Our calculated Cr orbital
moment of -0.018up is much smaller than the Fe one of
0.042u 5, which could be understood as a consequence
of stronger ligand field caused by the Cr 3d orbital than
by the Fe 3d orbital. For Re ion, the orbital moment is
0.192up or 0.183up for the CasCrReOg or CasFeReOg,
due to the strong spin-orbit coupling in 5d orbital. The
higher improvement of total magnetic moment, 0.258 3,
in the CagFeReOg than 0.209up in the CayCrReOg is
due to the positive large orbital moment in Fe ion.

We also present the semiconductor gaps G as the true
gaps of these compounds in Table V. When SOC is in-
cluded, the band gaps remain but become smaller, and
is equivalent to 0.31 eV for the CasCrReOg and 0.03 eV
for the CasFeReOg, respectively. In order to understand
in more detail the reason of the smaller gap with SOC,
the partial DOS of M and Re projected onto d orbital
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FIG. 9: (color online) The spin-resolved DOSs of CasCrR-*
(a) and CazFeReOg (b) calculated with mBJ potential ar’
SOC taken into account.

in the CagMReOg calculated with SOC are plotted in
Fig. 9. In the presence of SOC, the bands in both of t e
spin channels hybridize with each other, in contrast *o
the pictures in Figs. 3 and 4. The Re ¢y, states arou.
the Fermi level in one spin channel induce some states in
the oppositive spin channel, especially in the CagFeR -4
compound. Moreover, the Re t4 characteristic states
with SOC are broadened compared with those without
SOC, which leads to the some reduction of the semicc 1
ductor gaps of the CasMReOg. It should be pointed
out that the noninteger moments in Bohr magneton 't
the CapMReOg (M=Cr,Fe) with P2;/n structure are
the consequence of the mixing of spin-up and spin-dov m
states, but the semiconductor gaps are preserved.

VI. CONCLUSION

We have used FP-LAPW method to investigate tue
structural, electronic, and magnetic properties of dc i-
ble perovskites CagMReOg (M=Cr,Fe). The GGA ap-
proach has been used to do geometry optimization, == .
then the electronic and magnetic properties have bec.
investigated with mBJ exchange potential for improving
on description of electronic structures. Our calcule’ed
results shows that the ground-state phase assumes the
P2y /n structure and is a ferrimagnetic semiconductor
for both of the Cas MReOg, being consistent with e; -
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periment. In the case of the CasCrReOg (CasFeReOg)
phase, we have three (five) Cr3* (Fe3*) 3d electrons and
two Re®t 5d electrons, respectively. The Hund’s rule
and the crystal field and spin exchange splitting require
that three Cr3* (Fe3T) 3d toy (tag+e,) bands below the
Fermi level in the majority-spin channel are fully filled
and three Re®t 5d tog bands astride the Fermi level in
the minority-spin channel are filled by two electrons, as
the GGA electronic structures shows. Our calculation
and comparison shows that the better mBJ exchange
potential than GGA and the monoclinic lattice distor-
tion against the I4/m structure are both necessary to
obtaining the nonzero semiconductor gaps. This implies
that the electron correlations are important in driving the
I4/m structure to the monoclinic structure and the re-
sulting cooperation of oxygen-octahedral distortions and
electron correlations in the monoclinic phases is neces-
sary to splitting the partially-filled Re 5d triplet bands
into the fully-filled doublet bands and the empty sin-
glet bands in the minority-spin channel. In this sense,
both electron correlations and O-octahedral distortion
are needed for forming the semiconductive nature of the
CagMReOg. When the spin-orbit coupling is taken into
account, the total magnetic moments become noninteger

RSC Advances

in unit of Bohr magneton due to the mixing of spin-up
and spin-down states, and fortunately, the semiconductor
gaps (0.31 and 0.03 V) remain open.

In summary, our calculated results and analyses she
that the monoclinic CasCrReOg and CasFeReOg 2~
both ferrimagentic semiconductors, being consistent with
experiment, and their nonzero semiconductor gaps & e
formed because there exist strong interaction of oxygen-
octahedral distortion and electron correlations in the 1.
This mechanism can be useful to fully understand chem-
ical and physical properties of double perovskite coin
pounds.
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