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In search for new magnetic materials, we make computer prediction of structural, electronic and magnetic properties of yet-to-be
synthesized Rh-based double perovskite compounds, Sr(Ca)2BRhO6 (B=Cr, Mn, Fe). We use combination of evolutionary algorithm,
density functional theory, and statistical–mechanical tool for this purpose. We find that the unusual valence of Rh5+ may be
stabilized in these compounds through formation of oxygen ligand hole. Interestingly, while the Cr–Rh and Mn–Rh compounds are
predicted to be ferromagnetic half-metals, the Fe–Rh compounds are found to be rare examples of antiferromagnetic and metallic
transition-metal oxide with three-dimensional electronic structure. The computed magnetic transition temperatures of the
predicted compounds, obtained from finite temperature Monte Carlo study of the first principles-derived model Hamiltonian, are
found to be reasonably high. The prediction of favorable growth condition of the compounds, reported in our study, obtained
through extensive thermodynamic analysis should be useful for future synthesize of this interesting class of materials with
intriguing properties.

INTRODUCTION
While magnetic materials are technologically important and useful
in every day life, they are rare. Only about 5% of known inorganic
compounds are found to be magnetic (see link http://pratt.duke.
edu/news/predicting−magnets). Understandably, experimental
effort in discovering new magnetic materials is limited by the
high cost and time-consuming procedure of synthesis. A natural
alternative is the computational modeling of materials, which has
emerged as a powerful tool for predicting materials with desired
properties.1–3

In this study we will focus on the computer prediction of new
double perovskite (DP) compounds, which pose the promise of
exhibiting novel electronic and magnetic properties. These
compounds have a general formula of A2BB

′O6, where A site is
occupied by alkaline-earth or rare-earth ions, and B and B′ sites are
occupied by transition metal (TM) elements. Some of the magnetic
members of this family are well-known for their spectacularly high
magnetic transition temperature, like Sr2FeMoO6,

4 Sr2CrMoO6,
5,6

Sr2CrWO6,
7 Sr2CrReO6,

8 or Sr2CrOsO6.
9 Due to the presence of two

TM elements (B and B′) in DP, instead of one B element as in
simple perovskites, DPs provide large flexibility in choice of
different combinations of B and B′, leading to possible engineer-
ing of novel magnetic properties. In spite of the fact that about a
thousand of DP compounds have already been synthesized, this
forms only a small percentage of all the possible compounds that
may be synthesized (see Fig. 2 in ref. 10). Therefore, possible
predictions can be made on a large number of new DP
compounds, that has remained unexplored so far.
In the present work, in particular, we restrict our search to

3d–4d DPs with 3d TM cation at B site, B′ site being occupied by 4d
TM element, Rh. As most of the DP compounds found in literature

(~700 in number) have a divalent cation at A site, we consider
compounds having Sr2+ or Ca2+ at A site. For B site element, we
consider Cr, Mn and Fe, which are neighboring elements in 3d TM
series. This allows us to study the trend in properties upon
increasing filling. Based on our first-principles density functional
theory (DFT) calculations combined with genetic evolutionary
algorithm and finite temperature study of model Hamiltonian, we
make predictions of structure and properties of Sr2BRhO6 and
Ca2BRhO6 (B=Cr, Mn, Fe) compounds. Note that there are only a
few Rh-based DPs known. While among the Ca2+-based
compounds, there is none known, among the Sr2+-based
compounds, the known compounds are Sr2NbRhO6,

11

Sr2TaRhO6,
11 Sr2SbRhO6,.

12 All these compounds are nonmag-
netic13 with d0 and low-spin d6 valences at B and Rh sites,
respectively. On the contrary, our study showed all the predicted
Rh DPs to be magnetic with reasonably high magnetic transition
temperature. The Cr–Rh, Mn–Rh DPs are found to be half-metallic
ferromagnets, making them suitable for spintronics application.14

Fe–Rh compounds, on the other hand, are found to be in the
curious state of metallic, antiferromagnetism, adding these
compounds in the list of antiferromagnetic (AFM) metallic oxides
with three-dimensional electronic structure, like CaCrO3.

15 We also
estimated the growth conditions of these compounds in terms of
temperature and partial pressure of reactants from extensive
thermodynamic stability analysis.16,17 This indicated that high
temperature, or low oxygen partial pressure may be required for
synthesizing the predicted compounds.

RESULTS
In the results and discussions section, we report (a) the
theoretically predicted crystal structures of the compounds, (b)
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the electronic structure defined in terms of magnetic moments,
assigned valence states and density of states (DOS), (c) the
magnetic ground state, (d) the DFT-derived model Hamiltonian
and calculated magnetic transition temperatures obtained
through Monte Carlo study of model Hamiltonian, and (e) the
predicted growth conditions of the compounds.

Predicted crystal structures
Compilation of crystal structure data of so-far synthesized DP
compounds shows10 that while compounds with relatively
smaller tolerance values, 0.93 or less, are predominantly of
monoclinic P21/n symmetry, compounds with relatively larger
tolerance factors, 0.97 and beyond form in either cubic Fm-3m, or
tetragonal I4/m or rhombohedral R3 symmetry. Our search based
on evolutionary algorithm results into either I4/m or R3 symmetry
of the compounds, in agreement with this general expectation.
We note here that larger size of Sr2+ compared to Ca2+ drives the
tolerance factor t (t= rAþrOffiffi

2
p rBþrB0

2 þrO
� � where rA, rO, rB, rB′ are the ionic

radii of A, O, B and B′ ions respectively) >1 (1.03–1.01) for Sr-
based compounds and <1 (0.98–0.97) for Ca-based compounds. t
> 1 makes non-perovskite structures with face shared BO6 and
B′O6 units as possible structures for Sr-based compounds, which
compete with perovskite structures having corner-shared BO6

and B′O6 units. This poses a challenge to the evolutionary
algorithm. While for all Ca-based compounds, low-energy
structures are found to be of perovskite-based R3 symmetry, in
case of Sr-based compounds, a non-perovskite phase with C2/m
symmetry is found to compete with R3 for Sr2CrRhO6 and
Sr2FeRhO6, and I4/m for Sr2MnRhO6. The predicted crystal
structure data have been provided in Supplementary
Information.
Figure 1 shows the schematic representation of C2/m, I4/m and

R3 structures. The crystal structure of non-perovskite monoclinic
C2/m symmetry can be derived from the hexagonal P
3m1 symmetry by introduction of distortion, with their lattice
constants connected by the transformation a′=−a+ b, b′=−a
− b, and c′= c, a′ (a), b′ (b) and c′ (c) being the lattice constants of
the monoclinic (hexagonal) unit cell. The distorted BO6 and RhO6

octahedra in this structure, face-share and form chain-like
structures with alternating BO6 and RhO6 units running along
crystallographic c-direction, and Sr atoms positioned in between
the chains. The I4/m symmetry of the perovskite-based structure
shows a0a0c� Glazer tilt pattern resulting into 180° B–O–Rh bond
angles along the crystallographic c-axis and in-plane B–O–Rh
bond angle bent from 180°. The R3 symmetry of the perovskite-
based structure, on the other hand shows a�a�a� Glazer tilt
pattern resulting into B–O–Rh bond angles that are same between

in-plane and out-of-plane directions, and having a value that
deviates from 180°. The deviation of ∠ B–O–Rh from 180° for
perovskite-structures of Sr2BRhO6 compounds is found to be
around 20°, while for Ca2BRhO6 compounds this deviation is found
to increase to about 30°. The B–O and Rh–O bond lengths show a
definitive trend as a function of choice of Hubbard U parameter on
B site (UB). While B–O bondlengths are found to be less than 2 Å
(≈1.88–1.90 Å) in DFT calculations within generalized gradient
approximation (GGA), within GGA+ U calculations, for choice of
UB= 4 eV or more, the B–O bond lengths are found to be more
than 2 Å (≈2.01–2.02 Å). This occurs with a concomitant decrease
of Rh–O bond length from a value 2.03–2.04 Å obtained within
GGA calculation to a value 1.98–1.99 Å in GGA+ U calculations for
UB= 4 eV or more. The observed UB-dependent evolution of bond
length has important implications in valences of B cation and Rh
cation, as will be discussed in the following.

Magnetic moment, valence states, electronic structure
In order to discuss the electronic properties of B ion and Rh ion in
Sr2BRhO6 and Ca2BRhO6 (B=Cr, Mn, Fe) compounds, we start with
discussion of calculated magnetic moments, as given in GGA+ U
calculations. As expected, the magnetic moments at Sr or Ca sites
are found to be negligible small. We thus limit our discussion to B,
Rh and O site magnetic moment. The first observation to be made
is that, irrespective of the choice of UB, the magnetic moment at
Rh site, along with that at O sites are aligned in opposite direction
to that at B site (MB). The total moment in the formula unit is
found to be 1, 2 and 3 μB aligned in the direction of MB, for Sr
(Ca)2CrRhO6, Sr(Ca)2MnRhO6 and Sr(Ca)2FeRhO6, respectively. The
values of atom-projected magnetic moments at B, Rh and O sites,
however, show interesting evolution as a function of UB, as
presented in Fig. 2. The precise value of the moment will
understandably depend on the choice of sphere radii on which
the projection is made. A comparison of magnetic moments
calculated in linear muffin-tin orbital and plane wave basis is
presented in Supplementary Information, Table. S2. Although the
detailed values defer, the basic conclusion is found to hold good.
For reference, Fig. 2 also includes the result of GGA calculation,
shown as the data point corresponding to UB= 0 eV.
Note that the total B-cation oxidation state in DP formula unit of

Sr(Ca)2BRhO6 is 8+, considering the nominal valences of 2− for
oxygen and 2+ for Sr/Ca. This can be realized by a combination of
4+/4+, 3+/5+, or 5+/3+ valences of B/Rh, as the possible
oxidation states of Rh in octahedral coordination can be 3+ or 4+
or 5+.18 The observation of net moment of 1, 2 and 3 μB aligned in
the direction of MB, for Sr(Ca)2CrRhO6, Sr(Ca)2MnRhO6 and Sr
(Ca)2FeRhO6, respectively, would suggest 4+/4+ or 3+/5+

Fig. 1 Schematic representation of low-energy crystal structures of Sr2BRhO6 and Ca2BRhO6 (B=Cr, Mn, Fe) compounds, as given by the
evolutionary search. a Non-Perovskite structure with C2/m symmetry, b Perovskite structure with I4/m symmetry and c Perovskite structure
with R3 symmetry. The BO6 and RhO6 polyhedra are shown as dark and light gray polyhedra, respectively, while the Sr2+ or Ca2+ ions are
shown as balls
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nominal valences for B/Rh. Following the empirical rule of
ordering of B and B′ cations in a DP structure,19 4+/4+
combination may lead to disordered structure. There are, on the
other hand, so far no reported examples of Rh5+ perovskites,
though perovskites of neighboring elements like Ru and Ir, do
show 5+ valence states of B cations. The only known Rh5+-based
compounds, Sr3ARhO6 (A=Li, Na) compounds20 are formed in
K4CdCl6 structure type with hexagonal symmetry.
For nominal valence of 4+ at B site in Sr2BRhO6 or Ca2BRhO6,

which corresponds to d2, d3 and d4 nominal occupancy of Cr, Mn
and Fe, respectively, MB is expected to be 1 μB <MB < 2 μB for
B=Cr, 2 μB <MB < 3 μB for B=Mn and 3 μB <MB < 4 μB for B=Fe.
Decrease of nominal valence from 4+ to 3+ at B site corresponds
to d3, d4 and d5 nominal occupancy Cr, Mn and Fe, respectively,
which should result into magnetic moments at B site, 2 μB <MB <
3 μB for B=Cr, 3 μB <MB < 4 μB for B=Mn and 4 μB <MB < 5 μB for
B=Fe. As is seen from Fig. 2, upon increasing UB, a transition from
nominal valence of 4+ to 3+ happens at B site, at critical value of
UB, estimated to be 4 eV for Cr–Rh and Mn–Rh compounds, and
5 eV for Fe–Rh compounds. At this critical value of UB, the net
moment on Rh and six O sites in the formula unit, MRhþO6 , also
makes a transition from MRhþO6 < 1 μB, to 1 μB < MRhþO6 < 2 μB. In
order to check the influence of spin-orbit coupling (SOC), which
might be important for 4d Rh ion, we also repeat calculations
within the framework of GGA+ U+ SOC (see Supplementary
Information, Table S3, for details of spin and orbital moments in
GGA+ U+ SOC calculations). The trend, as described above is
found to remain valid. We thus conclude a transition of nominal 4
+/4+ valence of B/Rh to 3+/5+ valence of B/Rh happens beyond
critical value of UB. As is also evident, the unusual 5+ valence of
Rh gets stabilized having a large contribution of moment from
oxygen sites. Thus ideally the valence should be written as Rh4+L
(i.e., with a ligand hole at oxygen). The UB-dependent change in

Rh–O bond-length, as described in previous sub-section, further
supports the change of nominal valence from 4+/4+ to 3+/5+.20

The UB-assisted stabilization of unusual 5+ valence of Rh may
be rationalized through mechanism of so-called inductive
effect.21. Increase of UB, effectively shifts the d level of B cation
away from p level of oxygen, thereby destabilizing the O p states.
This in turn promotes increased orbital overlap of O p states with
Rh d states and facilitates the formation of ligand hole.
We also find that at the same critical UB value, a transition from

non-perovskite structure to perovskite structure happens for Sr-
based compound. This is seen in the plot of energy difference
between non-perovskite and perovskite structures, as a function
of UB, the representative case of Sr2MnRhO6 being presented as
inset in Fig. 2a. Similar cross-over of structural stability is observed
between C2/m and R3 for Sr2CrRhO6 and Sr2FeRhO6 (see
Supplementary Information Fig. S2 for the UB-dependent struc-
tural stability of Sr2CrRhO6 and Sr2FeRhO6). As mentioned before,
increase of UB influences the Rh-O bond-length, being consistent
with change in formal Rh4+ to Rh5+ valence.20 This transition from
Rh(IV) to Rh(V) drives the change in structure. As noticed, this
reduces the tolerance factor, e.g., from 1.03 to 1.01 (Rh4+/Mn4+

and Rh5+/Mn3+ ionic radii being 0.60/0.53 and 0.55/0.65 Å,
respectively)18 for Sr2MnRhO6. The strong influence of tolerance
factor on the geometry of the double-perovskites have been
discussed extensively in ref.10. This shows the general trend of
stabilization of non-perovskite, hexagonal symmetry-based struc-
tures for tolerance factors larger than 1, and stabilization of
perovskite structures with cubic symmetry for tolerance factors
about 1 or less than 1. Our results follow this general trend.
The spin-polarized DOS of the compounds in double-perovskite

space groups, R3 for Sr2CrRhO6 (SCRO), Sr2FeRhO6 (SFRO),
Ca2CrRhO6 (CCRO), Ca2MnRhO6 (CMRO) and Ca2FeRhO6 (CFRO)
compounds, and I4/m for Sr2MnRhO6 (SMRO) are shown in Fig. 3.

Fig. 2 UB dependence of atom-projected magnetic moments. a Shown for Sr2BRhO6 (B=Cr, Mn, Fe) compounds. b Shown for Ca2BRhO6
(B=Cr, Mn, Fe) compounds. B site magnetic moments (MB) are shown in left y-axis, while the Rh site magnetic moment (MRh), magnetic
moments on oxygen sites (MO6 ), the combined moment at Rh and O sites (MRhþO6 ), all three quantities are shown in right y-axis. MB, MRh, MO6 ,
MRhþO6 are shown in black, green, red and yellow lines, respectively. For the moment on B site, plotted are the quantities, ΔM= 2−MCr, 3−
MMn or 4−MCr. The change of valence at B site from 4+ to 3+ is signaled by change in ΔM from a value within +1 to 0 μB to a value within 0
to −1 μB. The hatched bar in each panel signals the critical value of UB at which such change-over happens. At this critical value of UB,
MRhþO6also changes from a value less that −1 μB to a value within −1 to −2 μB. The inset in a of the figure shows the plot of energy difference
per formula unit between non-perovskite C2/m symmetry and perovskite I4/m symmetry plotted as a function of UB for Sr2MnRhO6



We have chosen UB value of 5 eV in these calculations, which is
larger or equal to the critical UB value driving the 4+/4+ to 3+/5+
valence transition in the studied compounds.
A volume of literature exists on calculated U values of TMs,22–25

which suggest the U values of Cr, Mn and Fe atoms in oxides to be
4–5 eV. The U value of a given TM atom, though depends on the
environment, i.e., the particular compound under consideration.
Thus, to confirm our choice, we have calculated the UB values of
the compounds under discussion using constrained DFT calcula-
tions.26 The calculated UB values turned out to be 4.2 (4.3) eV for Sr
(Ca)2CrRhO6, 4.5 (4.7) eV for Sr(Ca)2MnRhO6 and 5.1 (5.2) eV for Sr
(Ca)2FeRhO6 justifying the uniform choice of UB= 5 eV for all six
compounds to be reasonable. We have also repeated our
calculations within hybrid functional27 which produces results
close to that obtained with UB= 5 eV.
Focusing on DOS plots, we find that the states close to Fermi

level are dominantly of B d and Rh d character, which are both
crystal field split into t2g and eg, and spin-split. The spin-splitting at
Rh site is found to be oppositely oriented to that at B site in
agreement with oppositely directed moments at B and Rh sites.
We further find that the DOS of Ca and Sr compounds show
similar features for choice of same B site element, except small
decrease in band width in Ca compounds compared to
corresponding Sr counterparts. We find that the Rh eg states are
empty in both spin channels in all compounds, in conformity with
low spin nominal d4 state of Rh. This makes Rh t2g states
completely filled in down spin channel and Rh t2g–O p hybridized
state in the up spin channel partially filled with about 1 electron.
This creates a gap in down spin channel, while in up spin channel
partially filled Rh t2g–O p states cross the Fermi energy strongly
admixed with Cr t2g states or Mn eg states or Fe eg states. The inset
in Fig. 3a shows the plot of charge density with an energy window

set between Fermi level and 0.5 eV above Fermi level. This shows
that the unfilled low energy states have a rather large contribution
from the oxygen orbitals, thereby establishing the scenario of the
ligand hole formation.

Magnetic ground state
The literature of magnetic double-perovskites shows that they
exhibit ferromagnetism as well as antiferromagnetism.7 In view of
this we carried out total energy calculations considering the
ferromagnetic (FM) alignment of B site spins, together with A-type
and G-type AFM arrangement of B spins within a 2 × 2 × 2 supercell
of the compounds.
Comparison of the GGA+ U total energy of the three magnetic

structures shows the FM state to the minimum energy state
among the three considered magnetic structures for SCRO, SMRO,
CCRO and CMRO. For choice of UB= 5 eV, the FM state is found to
be favored compared to A-AFM and G-AFM states by energy
difference of 39.3 (49.1) meV/f.u. and 39.7 (49.4) meV/f.u., respec-
tively, for SCRO (CCRO). SMRO and CMRO show the similar trend
as SCRO and CCRO, in terms of FM state being the minimum
energy state, with Ca-counterparts showing enhanced stability of
FM state with respect to AFM states, compared to Sr-compounds.
The calculated magnetic moments in the A-AFM and G-AFM
phases, show the magnetic moment at Cr/Mn site to be robust
showing little variation between FM and AFM phases, while the
the moments at Rh and O sites are found to be vanishingly small
in AFM phases (see Supplementary Information, Table. S4 for
calculated magnetic moments in FM and AFM phases) indicating
the induced nature of moments at Rh and O sites, as will be
discussed in the following. Very interestingly, moving to Fe–Rh
compounds, both for Sr and Ca-counterparts, the AFM structures
came out to be minimum energy states, with slight preference of

Fig. 3 GGA+ U (UB= 5 eV, URh= 1 eV, JH= 0.8 eV) density of states. a Shown for Sr2BRhO6 (B=Cr, Mn, Fe) compounds. b Shown for Ca2BRhO6
(B=Cr, Mn, Fe) compounds. The DOS projected onto B d states are shown in black, solid line, Rh d states are shown in red, dashed lines and O
p states are shown as green, shaded area. The zero of the energy is set at GGA+ U Fermi energy in each case. The inset in a shows the plot of
charge density calculated for the energy window from 0 to 0.5 eV. The isosurface value in the charge density plot is set at 0.015 e−/Å3



A-AFM over G-AFM, and separated by an energy difference of
109.1 meV/f.u. from the FM solution for SFRO and 43.1 meV/f.u. for
CFRO. We find this AFM state to be metallic (see Supplementary
Information, Fig. S4 for the AFM DOSs). This makes the situation as
one among the rare cases of AFM metal, deviating from
established wisdom of relation between magnetic order and
electrical conductivity, i.e., antiferromagnets are insulators and
ferromagnets are metals. There are only few examples of this
exceptional situation, reported in case of compounds with low-
dimensional electronic structure,28 and only one known so far in
perovskite family.15

Since the above results have been obtained for a specific choice
of UB value, the natural question to ask is that how robust is the
obtained ground state upon variation of UB value. In order to
answer this, we have carried out calculations of ground state
magnetic structures, over the entire studied range of UB= 1–8 eV.
In all cases, the FM state turns out to be the ground state for Cr–Rh
and Mn–Rh compounds, while the AFM state is found to be the
ground state for Fe–Rh compounds (see Supplementary Informa-
tion, Fig. S3 for UB-dependent energy difference per f.u. between
FM and AFM structures of all six compounds).

Mechanism of magnetism and model calculation of magnetic
transition temperature
The fact that the moments at Rh and O site are strongly
dependent on the arrangement of B site spins in Sr2BRhO6 and
Ca2BRhO6 compounds indicates that the moment on the Rh–O
network is induced by the magnetism at B site. This scenario was
first described in the context of Sr2FeMoO6 in terms of
hybridization driven mechanism.29 Within this mechanism, if the
effective energy levels of the 4d or 5d TM d –O p fall within the

exchange split energy levels of 3d TM d, due to the hybridization
between states of same spin and symmetry at the two sites, a
negative spin-polarization is induced at the 4d or 5d–O network
re-normalizing the intrinsic spin-polarization at the 4d or 5d–O
network. Following this, in the FM configuration of B (Cr/Mn/Fe)
site spins, this gives rise to an intrinsic spin splitting at 3d TM site
and an induced, negative spin splitting at Rh network. In the AFM
structure, on the other hand, where the intrinsic spins at
neighboring 3d TM (Cr/Mn/Fe) sites are oppositely aligned, the
induced spin splitting at the Rh–O network due to the effect of
two neighboring 3d TM sites cancel out resulting into vanishing
magnetic moments at Rh and O sites. Calculated energy level
diagrams of B site d level and effective Rh t2g–O p levels of
Sr2BRhO6 or Ca2BRhO6 series, shows that effective Rh t2g–O p
states appear within the spin-split energy levels of B sites, further
supporting the hybridization-driven mechanism of magnetism to
be operative in Sr2BRhO6 and Ca2BRhO6 series.
Interesting enough, the hybridization-driven mechanism sup-

ports filling driven FM-AFM transition, which was predicted
theoretically30 and verified experimentally31 for La-doped Sr2Fe-
MoO6. As opposed to super-exchange driven insulating AFM state
found in DPs,32 the AFM phase within the hybridization-driven
mechanism of magnetism is metallic. The increase of filling upon
moving from Cr or Mn in Cr–Rh or Mn–Rh compounds to Fe in
Fe–Rh compounds, drives the Fe–Rh DPs AFM with Fe spins
aligned antiparalelly in A–AFM manner with vanishing moment at
Rh, O sites, as opposed to FM ground state of Cr–Rh or Mn–Rh DPs
with parallel alignment of B site moments and induced moment
on Rh. As schematically shown in Fig. 4, in case of Cr–Rh or Mn–Rh
compounds, the minority spins on Rh site, which are parallel to the
majority spins on the B site, can hop via the majority spin t2g–eg
hybridization, provided all the B site moments are parallel, and all
the Rh site moments are antiparallel to them (cf. Fig. 4a,b). In case
of Fe–Rh compounds, the eg states in majority spin channel at B
site gets filled, thus prohibiting B–Rh hybridization in the majority
spin channel of B site, unlike Cr–Rh or Mn–Rh compounds. In an
AFM arrangement of B site spins on the other hand (cf. Fig. 4c),
both the minority and majority spin electrons at the Rh site can
hybridize with the B sites in either down (Scenario 1 in the figure)
or up spin (Scenario 2 in the figure) sublattices, thus maximizing
the kinetic energy of hybridization. This makes Fe–Rh DPs one of
the rare example of undoped DPs in AFM metallic phase.
Furthermore, it is interesting to note that the magnetism in the

compounds under discussion, being governed by hybridization-
driven mechanism, as opposed to more conventional super-
exchange mechanism, is almost insensitive to the change in the
valences from 4+/4+ to 3+/5+, as long as energy levels of Rh d
states fall within the spin-split d energy levels of B site. The
predicted magnetic properties, thus turned out to be robust upon
variation of UB over large range, as demonstrated above.
The important ingredients in the hybridization-driven mechan-

ism, as pointed out in refs.33,34, are (i) a large core spin (S) at B site,
(ii) strong coupling between B site core spin and the itinerant
electron on B′–O network when it hops onto the B site, inducing
preferred polarization of the itinerant electron in one spin channel
over other, and (iii) delocalization of the itinerant electron on the
B–O–B′ network. This can be written in terms of a B and effective
B′ site two-sublattice double-exchange model, given by,

H ¼ ϵB
X
i2B;σ

cByiσ c
B
iσ þ ϵB0

X
i2B0;σ

cB
0y

iσ cB
0

iσ þ t
X
ijh iσ

cByiσ c
B0
jσ þ J

X
i2B;αβ

S
!

i � cByiα~σαβcBiβ

(1)

where ϵB and ϵB0 represent onsite energies on the B and B′
sublattices. The third term in the Hamiltonian represents the
kinetic energy of the itinerant electrons, t being the effective B–B′
hopping. cByiσ and cB0yiσ create B and B′ site fermions, respectively, at
the i-th site with spin σ. Si’s are the classical (large) core spins at B

Fig. 4 The schematic represenation of allowed and dis-allowed
hybridization within the hybridization-driven mechanism. a For
Cr–Rh and Mn–Rh compounds in FM configuration of Cr/Mn spins. b
For Fe–Rh compounds in FM configuration of Fe spins. c For Fe–Rh
compounds in AFM configuration of Fe spins



site, coupled to the itinerant electrons through a coupling J≫ t. In
the limit J→∞, the above Hamiltonian can be recast to an
effective model involving only the core spin S of the B sites,
integrating out the fermionic degrees of freedom of the itinerant
electron using the procedure of self-consistent renormalization,34

given by,

HefffSg �
X
ijh ih i

Dij

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Si:Sj

2

r
(2)

While the original Hamiltonian given by Eq. (1) contains only
nearest neighbor hopping, the effective model, given by Eq. (2)
contains the nearest neighbor (DNN) as well as next nearest
neighbor (DNNN) interactions.
In the present work the Hamiltonian, Heff, has been used

phenomenologically, and the parameters Dij have been obtained
from DFT total energies of the FM, A–AFM and G–AFM
configurations. The calculated values for DNN and DNNN for
Sr2BRhO6 and Ca2BRhO6 compounds are listed in Table 1. With
the DFT inputs for DNN and DNNN, the core spin Hamiltonian was
simulated using Monte Carlo algorithm. It was confirmed that for
each of the compounds same magnetic ground state was
obtained from the Monte Carlo simulation as obtained from
DFT. From the Monte Carlo simulation, the magnetization was
calculated as a function of temperature (see Supplementary
Information, Fig. S5 for plot of calculated magnetization as a
function of temperature), and the FM transition temperatures, Tc
was obtained for SCRO, CCRO, SMRO, and CMRO. Similarly, the
staggered sublattice magnetization was calculated as a function of
temperature from Monte Carlo simulation, and AFM transition
temperatures, TN’s were obtained for SFRO and CFRO. Following
the same procedure, Tc for well-known DP compound Sr2CrMoO6

was computed, which was found to be about 430 K, in good
agreement with experimentally measured Tc,

5 thereby providing
confidence in the adapted procedure. The calculated Tc and TN
values for the Sr2BRhO6 and Ca2BRhO6 compounds are listed in
Table 1, which show that other than SMRO and CFRO, the
magnetic transition temperatures to be above 100 K.

Predicted growth conditions
Finally, for guiding the future synthesis of these compounds,
analysis of the thermodynamic stability of the predicted Rh-based
DP compounds is important. In particular, we follow the formalism
outlined in refs.16,17, based on the computation of the formation
enthalpies ΔHf of both the predicted compound and it’s
competing phases. The details of the analysis can be found in
Supplementary Information.
This analysis provides allowed range of the deviation of the

chemical potential of oxygen (μO) in the compound from it’s
elemental-phase reference (μ0O), ΔμO ¼ μO � μ0O. The allowed
range of ΔμO when recast in terms of oxygen partial pressure
(pO2 ) and temperature (T) provide a prediction of the growth
conditions for the Rh DP compounds. Figure 5 shows the pO2 vs T

plot for a range of values of ΔμO. The shaded region in the figure
indicates the conditions for growth of the predicted Rh-DP
compounds, from which we assess that formation of Sr2BRhO6

and Ca2BRhO6 (B=Cr, Mn, Fe) compounds require high tempera-
ture synthesis for ambient pressure condition, or low pressure
condition at room temperature.

DISCUSSION
Keeping in mind the cost and effort involved in synthesizing new
materials, prediction of new materials with a focused need by
computation is becoming increasingly popular among the
researchers. In this study we consider the case of yet-to-
synthesized Rh family of magnetic DPs, namely Sr(Ca)2BRhO6,
where B is Cr or Mn or Fe. While Rh double-perovskites, having Nb,
Ta or Sb at B site position have been synthesized, Rh-based DPs
having 3d TM ions at B site position have not been reported so far.
Through computer simulation, we predict the crystal structure,
electronic, magnetic properties and growth conditions of these
compounds, which should form an useful basis for attempts in
synthesizing these compounds. We predict stabilization of unusual
valence of Rh5+ through formation of ligand hole, as in case of
cuprates or nickelates,35 which would be possible to verify
through spectroscopic techniques if these compounds can be
synthesized. Studying the electronic and magnetic structure of the
compounds in predicted crystal structures, we show that while
Cr–Rh and Mn–Rh combinations give rise to FM, half-metallic
solutions, the Fe–Rh combinations form rare example of DPs with
AFM metallic properties. The microscopic origin of this exotic
phase is found to be driven by hybridization-mediated mechan-
ism, first discussed in context of Sr2FeMoO6.

29 The Monte Carlo
simulation of the derived model Hamiltonian of the compounds
show the magnetic transition temperatures to be above 100 K for
most compounds, except Sr2MnRhO6 and Ca2FeRhO6. We believe
that our study will motivate future experimental activity in terms
of synthesis of these compounds with novel physical properties.

Table 1. Tc,TN and exchanges DNN and DNNN (see text) for the model
spin Hamiltonian corresponding to Sr2BRhO6 and Ca2BRhO6

compounds

Compound Structure DNN (meV) DNNN (meV) TC (K) TN (K)

SCRO Rhombohedral −6.62 −6.54 135 –

SMRO Tetragonal −2.05 −1.79 40 –

SFRO Rhombohedral 16.6 18.9 – 145

CCRO Rhombohedral −8.23 −8.16 170 –

CMRO Rhombohedral −6.18 −6.71 135 –

CFRO Rhombohedral 5.78 7.88 – 60

Fig. 5 Plot of oxygen partial pressure pO2 vs temperature T. a Shown
for Sr2BRhO6 (B=Cr, Mn, Fe) compounds. b Shown for Ca2BRhO6
(B=Cr, Mn, Fe) compounds. The shaded (hatched) area denotes the
region corresponding to the allowed range of ΔμO. The tempera-
tures required to grow the compounds at standard atmospheric
pressure are indicated by the dotted red line



Before closing, we discuss the possible effect of anti-site
disorder, i.e., Rh atom sitting at position of B and vice-versa which
is common in double-perovskites. Influence of anti-site disorder
on the electronic and magnetic properties of DPs has been
investigated rigorously in a number of theoretical studies.36–38

These studies suggest that in presence of moderate disorder the
magnetic ground states survive with magnetic transition tem-
peratures being largely unaffected. The anti-site disorder though
are predicted to be detrimental to the strength of magnetism (e.g.,
the net magnetic moment or intensity of neutron peak for
antiferromagnetism) as well as to the metallic or half-metallic
properties. Following these findings, in presence of anti-site
disorder the Tc of the Cr–Rh and Mn–Rh compounds are expected
to remain largely unaffected, and the FM state is expected to
survive with reduced magnetization and spin-polarization of
carriers. Similarly, the AFM ground state of the Fe–Rh compound
is expected to remain largely unaltered, except for a decrease in
intensity of the magnetic neutron peaks for the antiferromagnet-
ism. The transport behavior though is expected to change from
metallic to insulating for large (30–40%, the extreme limit being
50%) antisite defect concentration. Our initial calculations also
predict the crystal structure symmetry to be maintained until the
extreme limit of antisite disorder, in which case DP structure
converts to simple perovskite structure.

METHODS
To predict the structures of Sr2BRhO6 and Ca2BRhO6 (B=Cr, Mn, Fe)
compounds, we used a genetic evolutionary algorithm which is
implemented in Universal Structure Predictor: Evolutionary Xtallography
(USPEX).39,40 The evolutionary algorithm for crystal structure prediction has
been highly successful as a method for the discovery of minerals and
materials.41 However, to the best of our knowledge, this method has not
been applied to DPs, which are multi-component with four different
elements, out of which two are magnetic TM ions with strong electron-
electron correlation effect. We considered fixed composition mode with 10
atoms/unit cell and all the calculations are performed at zero pressure. In
order to bias the search, we started with guess structures of P21/n, I2/m,
P4/mnc, I4/m, R3, Fm3m space groups, in which DPs are primarily found to
form.10 The structures in the first generation were picked up randomly
from the restricted space group as mentioned above. In the succeeding
generations, the structures were produced employing 40% from heredity
operations, 20% from lattice mutation, 10% from permutation and few
structures (30%) were produced randomly. For structural relaxations and
total energy calculations, first-principle DFT-based calculations were
carried out in plane wave basis as implemented in Vienna Ab initio
Simulation Package42,43 which is interfaced with USPEX. We used projected
augmented wave potential.44 Exchange correlation functional was chosen
to be that of GGA in the implementation of Perdew–Burke–Ernzerhof.45

Additional calculations were carried out taking into account the electronic
correlation effect beyond GGA at B (Cr/Mn/Fe) and Rh sites through GGA
+ U calculation46 as prescribed in Liechtenstein formulation.47 The U value
at B site was been chosen to vary between 1 and 8 eV, keeping the U value
at Rh site and Hund’s coupling JH fixed at 1 eV, and at 0.8 eV, respectively.
Structural relaxations were carried out stepwise from low to high precision,
where at the last stage we used a full relaxation with a high threshold of
energy cut off set at 500 eV and a force convergence of 10−3 eV/A0. In the
final step, one single self consistency calculation was performed with
energy cut off of 600 eV and 8 × 8 × 8 Monkhorst-Pack k-points mesh to
obtain the accurate enthalpies. The crystal structure corresponding to the
lowest enthalpy was considered as the chosen structure. The validity of the
above described method has been checked for two well known DPs,
namely Sr2CrMoO6 and Sr2FeMoO6. The method reproduced the correct
space groups of the compounds, Fm3m for Sr2CrMoO6

5 and I4/m for
Sr2FeMoO6

4 with good agreement between measured and predicted
lattice parameters, giving us confidence in our adapted method.
After determining the crystal structures, their electronic and magnetic

structure were studied using DFT in plane wave basis. The site-projected
magnetic moments were obtained from the difference of the projected
partial charge in up and down spin channels on atom-centered spheres.
The ground state magnetic structures were determined by comparing the
energies of 2 × 2 × 2 supercells having eight formula unit. These supercells

with eight inequivalent B atoms can accommodate the ferromagnetic (FM)
spin alignment of B atoms as well as A-type and G-type AFM alignment of
B atoms (see Supplementary Information, Fig. S1, for pictorial representa-
tion of the magnetic configurations). Upon clarification of magnetic
structure, the magnetic transition temperatures were obtained from Monte
Carlo study of a model spin Hamiltonian defined on a 16 × 16 × 16 system,
containing 4096 spins. The growth conditions of the predicted compounds
were obtained by calculating the formation enthalpy of the possible
competing phases, as elaborated in the result section and in SI.

Data availability
All relevant data are available within the paper and its Supplementary
Information file.
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