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Using first-principles, density functional theory based calculations, we explore the microscopic origin of
the switching from antiferromagnetic to ferromagnetic behavior, in replacing Sr by Ca in Sr2CrSbO6 double
perovskite. Our study reveals that the difference in the strength of covalency between Sr and Cr compared to that
between Ca and Cr, added to the structural differences, dictates the sign of the dominant first nearest-neighbor
Cr-Cr interaction, and thereby, is the responsible factor for this interesting behavior. The antiferromagnetically
coupled Cr spins in frustrated face-centered cubic lattice of Sr2CrSbO6 double perovskite structure shows ordering
in A-type antiferromagnetic structure, driven by the magnetocrystalline anisotropy.

I. INTRODUCTION

Transition metal oxides (TMOs) in perovskite structure
of general formula, ABO3 or perovskite-derived double
perovskite structure of general formula, A2BB

′
O6, form an

evergreen field of research, which has attracted the attention
of physicists and chemists for ages. The common wisdom
prevailing in the community is that the key player dictating the
various physical properties are the TM d orbitals, belonging to
B/B

′
sublattice, hybridized with O-p degrees of freedom. The

rare-earth or alkaline-earth ions, present in the compounds,
on the other hand, bring cohesion into the structure, acting as
a charge reservoir. Only in very recent years has the role of
rare-earth or alkaline-earth ions (i.e., the A-cation) beyond the
role of spectator been realized and appreciated.1 To mention a
few examples, SrRuO3 is the only ferromagnetic 4d transition
metal oxide, while replacing Sr by Ca, CaRuO3 does not show
long-range ferromagnetic order.2 The observation of varied
magnetic ground states upon changing the A-site cation, clearly
challenges the idea of nonmagnetic A-cation playing no role in
the magnetism of B-cations. The double perovskite compounds
Sr2CrSbO6 and Ca2CrSbO6 provide another example of such
case. Sr2CrSbO6 compound is reported3 to order with an
antiferromagnetic alignment of Cr spins at a Nee′l temperature
of 12 K, while Ca2CrSbO6 compound is reported4 to exhibit
ferromagnetic long-rage ordering of Cr spins below Tc of
16 K. The ordering temperatures of both Sr2CrSbO6 and
Ca2CrSbO6 are rather low, as due to large Cr-Cr distance
separated by nonmagnetic ions Cr-Cr interactions are expected
to be low. What is interesting, though, is switching from
antiferromagnetism to ferromagnetism upon substitution of
Sr by Ca. It is rather curious to find out the microscopic origin
of this difference in magnetic behavior. Given the fact that the
ordering temperatures are rather low, it is also a challenge for
the ab initio theory to capture the effects accurately.

Using first-principles density functional theory (DFT)
based calculations, we show that it is not only capable
of capturing the ferromagnetic (FM) and antiferromagnetic
(AFM) ordering tendencies in Ca2CrSbO6 and Sr2CrSbO6,
respectively, it also provides a microscopic understanding of
the contrasting behavior in the two compounds.

II. METHODOLOGY

First-principles DFT calculations within generalized gra-
dient approximation5 (GGA) for the exchange-correlation
functional have been utilized to study the electronic struc-
ture of both Sr2CrSbO6 and Ca2CrSbO6 compounds. We
considered two different basis sets, namely: the muffin-tin
orbital (MTO) based Nth order MTO6 (NMTO) method as
implemented in Stuttgart code and the full-potential linearized
augmented plane-wave (FLAPW) method as implemented7

in WIEN2K code. The NMTO method, for which the self-
consistent version is yet to be available, relies on the self-
consistent potentials borrowed from the linear MTO (LMTO)8

calculations. The NMTO calculations have been used for
the construction of the Wannier functions corresponding to
the low-energy Cr-only Hamiltonian and the corresponding
tight-binding Hamiltonian, while total energy estimates of
different magnetic configurations as well as the influence of
spin-orbit coupling (SOC) have been investigated using LAPW
calculations. For self-consistent calculation with LAPW basis
the number of k points were chosen to be 218, and has
been checked for convergence. The commonly used criterion
relating the plane wave and angular momentum cutoffs lmax =
RMT ∗ Kmax was taken to be 7.0, where RMT is the MT sphere
radius and Kmax is the plane wave cutoff for the basis. The
valence electron configurations for the compounds were taken
as Sr 5s2, Ca 4s2, Cr 3d54s1, Sb 4d105s25p3, and O 2s22p4.
The radii for the atoms were chosen as 2.41 Å for Sr, 2.20 Å
for Ca, 1.96 Å for Cr, 1.84 Å for Sb, and 1.74 Å for O. SOC has
been included in the calculations as second variational form
to the original Hamiltonian. For the self-consistent LMTO
calculations within the atomic sphere approximation (ASA),
eight different empty spheres were used to fill the space. The
space filling MT radii used for Sr/Ca, Cr, Sb, and O were
1.95/1.75 Å, 1.31 Å, 1.34 Å, and 0.95 Å, respectively. The
self-consistency was achieved with 8 × 8 × 8 k points in
the Brillouin zone. The reliability of calculation in the two
basis sets have been crosschecked. Calculations have been
carried out within GGA+U 9 and GGA+U+SOC framework
in LAPW basis to take into account the missing correlation
effect beyond GGA.
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FIG. 1. (Color online) Top panels: Crystal structure of Sr2CrSbO6

(SCSO) and Ca2CrSbO6 (CCSO) projected onto a-b plane. The CrO6

and SbO6 octahedra are colored as violet (dark gray) and yellow
(light gray), respectively. The Sr/Ca atoms sit in the hollow formed
by corner shared CrO6 and SbO6 octahedra. The O atoms occupying
the corners of the octahedra are shown as small balls, belonging to
three different classes, O1, O2, and O3. Bottom panels: The O-Cr-O
and O-Sb-O bond angles in two compounds.

III. CRYSTAL STRUCTURE

Both Sr2CrSbO6 (SCSO) and Ca2CrSbO6 (CCSO) com-
pounds belonging to the class of double perovskite compounds
form in monoclinic structure with P 21/n space group.3,10 The
stabilization of monoclinic space group over the orthorhombic
one, signals the ordering of CrO6 and SbO6 octahedra in a rock-
salt fashion,11 as shown in Fig. 1. The degree of Cr-Sb ordering
has been reported to 97% for the Sr compound and 92% for
the Ca compound.3 The comparison of crystal structure data
between SCSO and CCSO shows CCSO structure to be more
distorted compared to that of SCSO which is driven by smaller
ionic radius of Ca2+ compared to that of Sr2+ (see Table I). The
deviation of average Cr-O-Sb angle from 180◦ is 16.7◦ more
for Ca compared to that of Sr compound. The average Cr-O
bond length shows a small expansion of about 0.5% for Ca

FIG. 2. (Color online) Top panels: GGA DOS for SCSO (left) and
CCSO (right) projected onto Cr-d states. The t2g and eg contributions
are shown in solid and dashed lines, respectively. Middle panels: O-p
DOS for SCSO (left) and CCSO (right). Bottom panels: GGA DOS
for SCSO (left) and CCSO (right) projected onto Sr/Ca states (solid
lines) and Sb states (shaded area). The zero of the energy is set at
GGA Fermi energy, EF .

compared to that of Sr compound. CrO6 octahedra is distorted
for both SCSO and CCSO in the sense that all three pairs of
Cr-O bond lengths are different and all O-Cr-O angles deviate
from 90◦.

IV. BASIC ELECTRONIC STRUCTURE

Figure 2 shows the non-spin-polarized density of states
(DOS) of SCSO and CCSO calculated within GGA in LAPW
basis. The states crossing the Fermi level, EF is of dominant
Cr character, as shown in top panel of Fig. 2. The octahedral
crystal field surrounding Cr ions splits the Cr-d states into two
board groups of Cr-t2g and Cr-eg , which show small splitting

TABLE I. Crystal structure data for the two compounds SCSO and CCSO.3 Lattice constants are in units of Å.

SCSO CCSO
a = 5.576, b = 5.554, c = 7.847 a = 5.408, b = 5.494, c = 7.690

P21/n β = 89.98◦ β = 90.10◦

Wyckoff x y z x y z

Sr/Ca 4e 1.000 0.004 0.252 0.990 0.043 0.251
Cr 2d 0.5 0.0 0.0 0.5 0.0 0.0
Sb 2b 0.5 0.0 0.5 0.5 0.0 0.5
O1 4e 0.040 0.510 0.248 0.082 0.477 0.250
O2 4e 0.751 0.250 0.014 0.703 0.297 0.041
O3 4e 0.239 0.236 0.976 0.208 0.211 0.954
� Sb-O1-Cr 166.63◦ 153.00◦
� Sb-O2-Cr 173.42◦ 151.87◦
� Sb-O3-Cr 167.63◦ 152.59◦

〈Cr-O〉 (Å) 1.978 1.988
〈Sb-O〉 (Å) 1.972 1.977
〈 � Cr-O-Sb〉 169.23◦ 152.49◦



within themselves arising due to distortion in CrO6 octahedra.
This distortion also leads to finite mixing between t2g and eg

degrees of freedom as seen in DOS plot in Fig. 2. The relatively
narrow Cr-t2g states occupy the range of ≈0.5 eV below
EF to ≈0.2 eV above EF , while Cr-eg states remain empty,
occupying an energy window of about 2–2.5 eV, positioned
around 2 eV above EF . The Cr-eg band width is relatively
wider for SCSO compared to that of CCSO, which almost
closes the gap between Cr-t2g and Cr-eg manifold. The O-p
states occupy mostly the energy range below −3 eV or so,
though they show finite mixing with Cr-d states, as shown in
the middle panel of Fig. 2. The last panel in Fig. 2 shows
the DOS projected onto Sr/Ca states as well as onto Sb
states. Both of these (A as well as B

′
) degrees of freedom

show finite mixing with Cr-d states, the contribution of Sr
states in Cr-d manifold being somewhat larger than that of Ca
states.

V. SUPEREXCHANGE INTERACTIONS

In order to understand the superexchange-driven magnetism
in these two compounds, in the next step we define a low-
energy Hamiltonian starting from the full DFT band structure
by keeping active only the Cr-d states and integrating out all the
rest, by employing the NMTO-downfolding procedure.6 The
process leads to the renormalization of Cr-d wave functions
by integrating out the O-p, Sr/Ca and Sb degrees of freedom
thereby defining the superexchange paths connecting the two
Cr ions. Figure 3 shows the low-energy band structure in
comparison to the full band structure, calculated in NMTO
basis, for SCSO and CCSO. The nearly perfect agreement
between the two, validates the goodness of the procedure. The
wave functions defining the basis for the low-energy, down-
folded band-structure are the effective Cr-d wave functions,
which serve as the Wannier-like functions for the underlying
low-energy band structure. The Fourier transformation of the
low-energy Cr-d Hamiltonian, H (k) → H (R), provides the
effective hopping integrals connecting the neighboring Cr-d
levels and the crystal field splitting between various d levels
at the Cr site. The Cr ion in its nominal valence of 3 + , gives
rise to half-filled t2g levels and empty eg levels, as shown in
Fig. 4, for SCSO.
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FIG. 3. (Color online) The NMTO-downfolded Cr-d only band
structure (shown in red, solid lines) in comparison to full GGA band
structure (shown in black, dashed lines) for SCSO (left panel) and
CCSO (right panel). E0–E3 denote the energy points about which
energy expansions have been carried out in NMTO calculation.
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FIG. 4. (Color online) The superexchange processes and the
corresponding energy costs for virtual hopping between half-filled
Cr-t2g states and half-filled Cr-t2g states (top panels), and that between
half-filled Cr-t2g states and empty eg states (bottom panels). The
values of crystal field splittings are shown for specific case of SCSO.

Two different hopping processes are involved in the
superexchange. The first process involves hopping from half-
filled t2g levels at one Cr site to half-filled t2g levels at
neighboring Cr site. This superexchange process is of AFM

nature12–14 and of magnitude
∑

ij

2t2
ij

(U+�ij ) where tij is the
hopping interaction connecting ith t2g level at Cr site 1 to
j th t2g level at Cr site 2, �ij is the difference in energy level
position of ith and j th level and U is the Hubbard U, the energy
cost in putting two electrons at the same site. The second
process involves hopping from half-filled t2g states at Cr site 1
to empty states at Cr site 2. This superexchange process is of
FM nature, favored by Hund’s coupling JH and given by,13,14

−∑
ij

2t2
ij JH

(U+�ij )(U+�ij −JH ) , where tij is the hopping connecting
ith t2g state and the j th eg state, �ij being the corresponding
energy level splitting. The net magnetic exchange is given by
the sum of the two processes and the balance between the
AFM and FM component, depends on the precise values of
tij and �ij . For the determination of tij and �ij we use the
real-space description of the low-energy, Cr-t2g-only Hamil-
tonian as given by NMTO-downfolding calculation. Figure 5
summarizes the results for the first-nearest-neighbor (1NN)
Cr-Cr interaction, J (1), for a variation of U values at Cr site.
The Hund’s coupling JH is assumed to be fixed at 0.9 eV. We
find that in general the AFM component of magnetic exchange,
J

(1)
AFM is larger for the Sr compound to that for the Ca compound

while the reverse is true for the FM component of magnetic
exchange J

(1)
FM. The resulting net magnetic component of

magnetic exchange: J
(1)
Total = J

(1)
AFM + J

(1)
FM, is of positive sign

for SCSO and therefore of AFM nature while it is of negative
sign for CCSO and therefore of FM nature. As expected with
increase of U value, the magnitude of J (1) decreases. We
repeated this exercise for the second nearest neighbors Cr-Cr
interaction, J (2), as well. Figure 6 shows the comparison of
J (1) to that of J (2) for SCSO and CCSO. The 1NN and 2NN
superexchange paths are shown in the inset. While in literature,
attention has been focused3 on 2NN interaction given by the



-2

-1

0

1

2

3

-4

-3

-2

-1

0

0

1

2

3

4
U (eV)

U (eV)

U (eV)

J
(m

eV
)

J A
F

M
(m

eV
)

J
F

M
(m

eV
)

T
ot

al
(1

)

(1
)

(1
)

1 2 3 4 5 1 2 3 4 5

1 2 3 4 5

FIG. 5. (Color online) The total (left, top panel), ferromagnetic
(right, top panel) and antiferromagnetic (bottom panel) components
of the first-nearest-neighbor Cr-Cr magnetic exchange, plotted as a
function of U for SCSO (circles) and CCSO (squares).

superexchange path Cr-O-Sb-O-Cr, we find it is the 1NN
interaction, which involves the hopping through Sr/Ca site,
dominates and is the relevant one to be considered. We further
note the 2NN interactions which are significantly smaller in
magnitude compared to 1NN interactions, are of same sign
for both SCSO and CCSO. Therefore, the switching from net
AFM to FM behavior of SCSO to CCSO is governed by the
1NN superexchange path through Sr or Ca ion.

VI. WANNIER FUNCTIONS

In order to understand the dominance of 1NN superex-
change path over the 2NN, we show in the top panel of Fig. 7
the plot of effective Cr t2g (dxy) Wannier function placed at two
Cr sites of SCSO, one at 1NN positions and another at 2NN
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FIG. 6. (Color online) The second-nearest-neighbor Cr-Cr mag-
netic exchange in comparison to first-nearest-neighbor Cr-Cr mag-
netic exchange plotted as a function of U . The first- and second-
nearest-neighbor interactions are shown as circles (squares) and
triangles (stars) for SCSO (CCSO), respectively. The top inset show
the superexchange paths for the first-nearest-neighbor interaction,
J (1) and second-nearest-neighbor interaction, J (2), considering the
case of SCSO. The bottom inset shows the zoomed plot showing the
second-nearest-neighbor interaction, J (2).
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)NN2( OSCC)NN1( OSCC

FIG. 7. (Color online) Effective orbitals corresponding to the
downfolded Cr dxy NMTOs, placed at two Cr sites situated at first-
nearest-neighbor (left panels) and second-nearest-neighbor (right
panels) positions for SCSO (top panels) and CCSO (bottom panels).
Lobes of the orbitals placed at different Cr sites are colored differently.

positions. While the central part of the functions are shaped
according to t2g symmetry, the tails are shaped according to
integrated out O-p symmetry. We find that O-p-like tails are
deformed in the sense O-px/py tails are bend towards Sr
atom, which highlights the importance of hybridization effect
from Sr. This in turn facilitates the 1NN Cr-Cr interaction
significantly, forming an overlapping path between Wannier
functions at two Cr sites. The 2NN Cr-Cr interaction on the
other hand, does not benefit from this bending of tails; the
two Wannier functions remain more or less decoupled, though
tiny overlap is noticed at 2NN O sites. Having understood that
the 1NN interaction being stronger than 2NN, we show in the
bottom panel of Fig. 7 a plot of Cr-t2g Wannier functions at
1NN and 2NN positions of CCSO. Comparing with the case
of SCSO, we notice two differences. First, the bending of O-
px/py tails is somewhat less pronounced for CCSO compared
to that of SCSO. Second, due to larger distortion in the structure
in case of CCSO the tails are misaligned, weakening the AFM
superexchange path. The increased distortion in the structure
in case of CCSO compared SCSO, on the other hand, causes
greater t2g-eg mixing and therefore, relatively stronger t2g to eg

hopping than that of SCSO, making J
(1)
FM stronger for CCSO.

The combined effect of weakening of the AFM superexchange
and strengthening of the FM superexchange, leads to a net
FM Cr-Cr interaction for the Ca compound, as opposed to
an AFM Cr-Cr interaction in the Sr compound. We note that
such effects are rather subtle and the result depends on the
reliable estimate of t and �, which the NMTO-downfolding
method is clearly capable of providing. Finally, in order to
appreciate the effect of the structural distortion on the sign
and values of J (1), we repeated the calculation of J (1) for



CCSO assuming the same crystal structure as that of SCSO.
The resulting J (1) is found to be of AFM type, slightly smaller
in magnitude compared to that of SCSO. This happens as the
AFM component is increased compared to that of real CCSO,
due to the prevention of misalignment of tails, and the FM
component is reduced compared to that of real CCSO, due to
reduced t2g-eg mixing. This in turn, emphasizes the role of
lattice distortion.

VII. ANTIFERROMAGNETIC ORDERING IN Sr2CrSbO6

The FCC lattice of Cr spins in SCSO, consisting of
edge-shared Cr4 tetrahedra with AFM 1NN coupling is known
to be geometrically frustrated, as in the case of Ba2LnSbO6 or
Sr2LnSbO6 (Ln = Dy, Ho, Gd), in which case no magnetic
ordering is observed down to a temperature scale of 2 K
or so.15 While frustrated triangular, kagome, pyrochlore, and
square-lattice systems have been extensively studied,16 there
have been relatively few studies of frustrated FCC lattice.
The few studies carried out on frustrated FCC lattice in the
context of double perovskite compounds17–19 indicate that
weak 2NN coupling or small anisotropy can, however, give
rise to stabilization of the AFM order. The experimentally
observed AFM structure of SCSO3 is an A-type AFM structure
with ferromagnetic layers of Cr moments in the a-b plane,
coupled antiferromagnetically along the c direction. This leads
to a high degree of frustration with each Cr spin surrounded
by four in-plane Cr spins ferromagnetically coupled and eight
out-of-plane Cr spins antiferromagnetically coupled. The spin-
wave theory of frustrated AFM on FCC lattice predicts17,18 that
FM 2NN coupling stabilizes the AFM-A structure, while AFM
2NN coupling leads to stabilization of the AFM-G structure
with all neighboring Cr spins being antiferromagnetically
coupled. Since the observed AFM structure for SCSO is of
AFM-A type, the tiny but AFM nature of 2NN coupling
cannot explain this. The alternative explanation could be
the stabilization through anisotropy. In order to probe this,
we carried out GGA+U+SOC calculations in LAPW basis,
considering the spin quantization axis pointed along the
[001] direction as well as the [110] direction with choice of
U = 5 eV and JH = 0.9 eV. The [110] direction is found
to be favored energetically compared to that of the [001]
direction by about 1.8 meV/f.u. The preference of the [110]
magnetization direction is in conformity with the experimental
observations.3 The orbital moment at Cr site is expected to be
vanishingly small due to t3

2g configuration, but finite covalency
with oxygen20 gives rise to an orbital moment of −0.05 μB .
For the magnetocrystalline anisotropy of positive sign with
E110 being favorable compared to E001 leads to stabilization
of AFM-A structure, as discussed in Ref. 19.

VIII. TOTAL ENERGY ESTIMATION

Finally, in order to check the accuracy of the above analysis,
which though it provides immense microscopic insights is
based on the second-order perturbative treatment, we carried
out total energy calculations within the GGA+U+SOC
scheme in LAPW basis for SCSO and CCSO compounds,
considering two different spin alignments, the FM and A-type
AFM as observed for SCSO.3 From our experience on the
U dependence of J values as given by the superexchange
formula, described above, we choose U = 5 eV and
JH = 0.9 eV. With this choice, E(AFM) − E(FM) turned
out to be −2.72 meV for SCSO and + 1.63 meV for CCSO.
Mapping the total energy differences to spin model, the J

values turn to be −0.08 meV for SCSO and 0.05 meV for
CCSO. This leads to mean-field estimates of TN = 14 K for
SCSO and TC = 8 K for CCSO, in rather good agreement
with the experimental estimates.

IX. CONCLUSION

To conclude, we have carried out first-principles calcu-
lations in order to gain microscopic understanding of the
switching from AFM to FM long-range order in double
perovskite compound SCSO, in replacing Sr by Ca. Our study
reveals that the first-neighbor magnetic interaction mediated
by the superexchange path involving Sr/Ca dominates over
the the second-neighbor magnetic interaction. While in the
literature, importance has been placed on second-neighbor
magnetic interaction,3 our study shows that it is the first-
nearest-neighbor interaction that dictates the physical behav-
ior. Plugging in the NMTO-downfolding-derived estimates of
effective Cr-Cr hopping and the crystal field splitting in the
superexchange formula could successfully reproduce the fer-
romagnetic and antiferromagnetic nature of magnetic interac-
tions in Ca2CrSbO6 and Sr2CrSbO6 compounds respectively.
The differences in the hybridization effect between Sr and Cr to
that of Ca and Cr, together with differences in the distortion of
the crystal structure driven by size difference of Sr2+ and Ca2+
ions, drive this interesting switching of magnetic properties at
Cr sublattice. Finally, the magnetocrystalline anisotropy at Cr
site drives the A-type AFM ordering in case of SCSO. Similar
behavior has been reported for A2MnRuO6 (A= Sr, Ca). While
Sr2MnRuO6 is observed to be an AFM insulator, Ca2MnRuO6

is found to be a metallic ferromagnet.21 It will be worthwhile
to explore these compounds in a further study.
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