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A family of magnetic halide double perovskites (HDPs) have recently attracted attention due
to their potential to broaden application areas of halide double perovskites into e.g. spintronics.
Up to date the theoretical modelling of these systems have relied on primitive approximations to
the density functional theory (DFT). In this paper, we study structural, electronic and magnetic
properties of the Fe3T-containing HDPs Csy AgFeClg and CsyNaFeClg using a combination of more
advanced DFT-based methods, including DFT+U, hybrid-DFT and treatments of various magnetic
states. We examine the effect of varying the effective Hubbard parameter, Uess, in DFT+U and
the mixing-parameter, «, in hybrid DFT on the electronic structure and structural properties.
Our results reveal a set of localized Fe(d) states that are highly sensitive to these parameters.
CszAgFeClg and CszNaFeClg are both antiferromagnets with Neél temperatures well below room
temperature and are thus in their paramagnetic (PM) state at the external conditions relevant to
most applications. Therefore, we have examined the effect of disordered magnetism on the electronic
structure of these systems and find that while CsaNaFeClg is largely unaffected, Cso AgFeClg shows

significant renormalization of its electronic band structure.

I. INTRODUCTION

Research into metal halide perovskite (MHP) semicon-
ductors have steadily increased over the last decade to
where it is currently one of the most active fields in mate-
rials science [1]. While lead-containing MHPs have been
at the forefront of this research, a number of lead-free
derivatives have emerged as interesting alternatives [2].
These sub-classes often aim to address deficiencies, not
just related to the toxicity of lead, but also in terms of
poor stability of several MHPs. The so-called lead-free
halide double perovskites (HDPs), where the Pb?* ions
are replaced with a pair of mono- and trivalent cations,
is one such class of materials which has emerged over the
last years [3].

Very recently, a set of Fe3Tbased HDPs, including
CsgoNaFeClg and CsoAgFeClg, have garnered attention
[4-6]. While CsyNaFeClg was synthesized at least as
early as 1976 [7], renewed attention has been gained just
in the last few years. In addition to CsyNaFeClg and
CsoAgFeClg, related alloys have also been synthesized
[6]. These systems contain magnetic Fe?* ions with a 3d®
electronic configuration and initial experiments indicate
that they are in their high-spin (HS) configuration, yield-
ing a large magnetic moment [8]. As such, an associated
set of physical phenomena related to their magnetism,
become of relevance. CsoNaFeClg and Csy;AgFeClg both
crystallize in the ideal cubic double perovskite structure
with space group Fm3m (No. 225) at ambient conditions.
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They are further found to be antiferromagnets (AFM)
with low Néel temperatures of 3 K and 18 K, respec-
tively [8]. As such, they are both deep in their paramag-
netic (PM) states at ambient conditions.

The presence of the partially filled 3d shell differenti-
ates CsyNaFeClg and CspAgFeClg from the majority of
MHPs studied in the literature. These Fe(3d) states are
expected to be highly localized and an accurate treat-
ment typically requires consideration beyond standard
semi-local DFT. In this work, we explore two such ap-
proaches. The first is the DFT4U method [9], where an
(effective) onsite Hubbard term, Uy, is added to the ef-
fective Kohn-Sham potential of the localized states. This
method is advantageous in that it adds negligible com-
putational effort compared to standard semi-local DFT.
However, a choice needs to be made on the value of the
effective U.s¢ parameter. While this can in principle be
estimated from first principles [10], often a value is taken
to match some experimentally determined property. The
second approach is hybrid DFT, where a fraction of exact
exchange is mixed in with the semi-local DFT exchange.
This approach is often chosen for semiconductors and in-
sulators when accurate electronic structures are desired.
Although it acts in a similar way to DFT+U on highly lo-
calized states[11], it is not as popular for studies of such
systems. Computationally, hybrid DFT is significantly
more expensive than DFT+U and suffers from a simi-
lar problem as DFT+U when it comes to choosing the
amount, «, of exact exchange to mix in.

A second challenge in modelling these systems, also
rarely encountered for MHPs, is that they are in the para-
magnetic (PM) state at the relevant external conditions.
The PM state is sometimes modeled as non-magnetic,
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without the presence of local magnetic moments, which
could lead to erroneous conclusions [12].

Previous DFT studies on CssNaFeClg and Cso AgFeClg
[4, 13, 14] have either been performed with a NM or FM
state and have not directly addressed the issue of the
modelling of the strongly localized Fe(d) states. In the
current paper, we therefore aim to explore how DFT+U
and hybrid-DFT behave in modelling these systems and
study the influence of varying values of U and the mixing
parameter, «, respectively. Moreover, we use a descrip-
tion of the PM state in the framework of the disordered
local moment (DLM) picture [15] using a DLM-supercell
approach [16], to explore how the disordered PM state
influences structural and electronic structure properties.

II. COMPUTATIONAL DETAILS

All computations were performed using plane-wave
Kohn-Sham DFT and the PAW method [17] as imple-
mented in VASP [18-20]. We have used the PBEsol [21]
form of the exchange-correlation functional augmented
with an effective on-site U.¢¢ correction in the form ac-
cording to Dudarev et al.[22], as well as range-separated
hybrid DFT [23] with varying values of the mixing-
parameter «. For the majority of the calculations we
have used a 450 eV cutoff energy, and an 8 x8x8 sampling
of the first Brillouin zone (BZ) of the 10 atom primitive
unit cell and a 10~ eV convergence criterion for the self-
consistent field (SCF) cycles and the "PREC = Accurate”
mode in VASP. Full structural relaxations (lattice vec-
tors and internal coordinates) were performed until all
the atomic forces were < 5 meV/A. For relaxations with
hybrid-DFT we have used a less dense 4x4x4 k-point
grid. We confirmed that yielded forces < 6 meV /A dif-
ferent compared with the 8x8x8 grid used for calcula-
tions of densities of states (DOS). The employed PAW
potentials treated the Cs(5s5p6s), Ag(4dbs), Na(2p3s),
Fe(3p3d4s) and Cl(3s3p) states as valence. Details on
chemical bonding was obtained from a Crystal Orbital
Hamiltonian Population (COHP) [24] analysis, using the
LOBSTER][25-27] package.

The PM state was modelled with special quasiran-
dom structure (SQS) [28] distributions of the spin-up
and spin-down Fe magnetic moments in a disordered-
local moment (DLM) fashion [16]. For the calculations
of energies of different magnetic states we used a 320
atom supercell, constructed as a 2x2x2 repetition of the
40 atom conventional cubic unit cell, and I'-point sam-
pling of the BZ. Effective band structures (EBS) in the
BZ of the primitive unit cell were obtained using band
unfolding [29] as implemented in the BandUP code [30].
For these calculations we used a 4x4x4 supercell of the
primitive fcc unit cell (640 atoms). In order to make
these calculations computationally feasible, the accuracy
settings were slightly reduced as follows: cutoff energy
300 eV, energy convergence criterion 107> eV and ”PREC
= Normal”. We have recalculated the band structures

of the FM unit cell with these settings to confirm that
band structures agree almost within the width of the line
in the displayed band structures.

III. RESULTS
A. Basic electronic and structural properties

We start by examining the structural and mag-
netic properties, as well as the electronic structure of
CsaNaFeClg and Csy AgFeClg across a range of Uggy and
« values. Although, as mentioned in the introduction,
CsyNaFeClg and CsyAgFeClg are both AFM at low tem-
perature and in their disordered PM state at relevant ex-
ternal conditions, we will in this section primarily treat
them in their ferromagnetic (FM) state. This allows us
to retain the symmetry of the double perovskite structure
and to most easily highlight basic features of their elec-
tronic structure. The effect of different magnetic states
on the electronic structure will then be considered in
more detail in Section ITI B.

The double perovskite structure contains 2 degrees of
freedom, the lattice parameter, a, (or equivalently the
unit cell volume) and the position of the Cl atom along
the (Ag/Na)-Cl-Fe bond. Table I lists these parame-
ters for both CssNaFeClg and CsyAgFeClg for different
U values in PBEsol+U and different « values in the HSE
methodology. To assess the importance of the magnetic
state on the structural parameters, we show results for
the FM, PM and NM states in the case of Ugrr = 3 eV.

Generally, PBEsol+U gives the better structural pa-
rameters in comparison to experiments, with HSE some-
what overestimating lattice constants. The structural pa-
rameters are rather weakly influenced by varying the val-
ues of Ugsr and . It is, however, interesting to note that
increasing Ucys increases the Fe-Cl bond length and lat-
tice constant, while increasing « instead decreases the
same bond length and lattice constant. We can also
see from Table I that, while the NM calculations clearly
gives erroneous results for the lattice constant and bond
lengths, the precise nature of the magnetic state, i.e. FM
or PM, is not influential on the structural parameters, as
long as local magnetic moments are included in the cal-
culations.

Table I also shows the total magnetic moment in the
unit cell and the local magnetic moments on the Fe atoms
for different values of Ucs; and « [31]. We see that in all
cases, expect for U=0 eV in CsyAgFeClg there is a total
magnetic moment of 5 pp in the unit cell, as expected
from the 5 unpaired electrons of HS Fe3*. The local
magnetic moment on the Fe ions increases for increasing
Ueys (or @), due to the increased charge localization.

Turning to the electronic structure, Fig. 1 shows the
densities of states (DOS) in the FM spin configuration for
CsyNaFeClg, with U, rvalues on the Fe 3d states varying
from 0 to 6 eV.

The most eye-catching feature of the DOS is the highly
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FIG. 1. Electronic DOS for Cs;NaFeClg in the FM state, for (a) varying values of Ucysy on the Fe(d) states in the PBEsol4U
methodology and (b) varying values of « in the hybrid DFT (default HSE06 range separation parameter). The DOS are aligned

to the VBM.

localized Fe-d states. These separate, as dictated by the
octahedral coordination environment of the Cl-p ligands,
into states with e, and toy symmetry. In a simple picture,
the e, and ty, orbitals have both Coulomb and covalent
interactions with the ligands. The e, orbitals point more
directly towards the ligands and the Coulomb repulsion
is thus stronger than for the to, orbitals, but the covalent
interaction also tends to be larger.

In general, increasing the value of U.¢s has the effect
of driving the occupied and unoccupied states to which
the U.yy is applied, Fe 3d states in our case, down and up
in energy, respectively. This can clearly be seen to be the
case for CsyNaFeClg in Fig. 1. Importantly, however, the
sharper ta, and the broader e, states move with Ugyy at
different rates. This is particularly true for the unoccu-
pied ey /ta, states, where the to, states are initially lower
in energy, but where a crossing with the e, states hap-
pens at U.rr ~ 6 eV. This is because the e, states have,
as mentioned above, a stronger covalent interaction with
the ligands and as such have a counteracting effect to the
increase in U.s s, while the more localized ty4 states move
with Ueff at will.

There are two sets of Fe(d)-Cl(p) hybridized states in
each spin-channel, one of predominantly Fe(d) charac-
ter and one with predominantly Cl(p) character. In the
majority spin-channel both sets are occupied, while the
predominantly Fe(d) states are unoccupied in the minor-
ity spin-channel. We see that the predominantly Fe(d)
peaks corresponding to occupied e, and tp, states and
unoccupied ty, states are very sharp, while the unoccu-
pied e, band is more disperse.

To get further insight into the electronic structure
of CsyNaFeClg, Fig. 2 shows the Fe-d partial DOS for
Ucsr = 3 eV, along with the Fe-Cl partial crystal orbital
Hamiltonian population (COHP). Analysing the Fe(3d)-
Cl(3p) hybridised states, we see that the predominantly
Fe(d) peaks are of bonding and anti-bonding character
in the majority and minority spin-channels, respectively,
and that the order of the to4 and e, states is opposite in
the two spin-channels. The predominantly Cl(p) states
are instead anti-bonding in the majority and bonding in
the minority spin-channel. As expected, the bonding-
antibonding energy splitting is larger for the e, orbitals,
resulting in the opposite order of to,/e, states for the



TABLE I. Lattice constant, a and select bond-lengths (in units of A), total magnetic moments in the unit cell, z(uc), and local
magnetic moments on the Fe3T-ion, u(Fe). For the PM states, the average values of the bond lengths and u(Fe) are given.

Experimental results are from Refs. [4, 5]

CsaNaFeClg
Method Magnetic state a d(Fe-Cl) d(Na-Cl) p(uc) u(Fe)
Experiment (80 K) [5] PM 10.2591 2.366 2.764
PBEsol+U
U=0 eV FM 10.246 2.377 2.746 5.00 3.88
U=3 eV FM 10.258 2.381 2.747 5.00 4.06
NM 10.073 2.276 2.761 0 0
PM 10.258 2.381 2.748 5.00 4.06
U=6 eV FM 10.266 2.385 2.748 5.00 4.22
U=9 eV FM 10.271 2.388 2.748 5.00 4.38
HSE
a = 0.125 FM 10.461 2.407 2.823 5.00 4.04
a = 0.250 FM 10.432 2.399 2.817 5.00 4.16
a = 0.375 FM 10.397 2.392 2.807 5.00 4.26
CsaAgFeClg
Method Magnetic state a d(Fe-Cl) d(Na-Cl) w(uc) wu(Fe)
Experiment (300 K) [4] PM 10.2023 2.382 2.719
PBEsol4+-U
U=0eV FM 10.079 2.387 2.652 4.53 3.67
U=3 eV FM 10.126 2.396 2.667 5.00 4.01
NM 9.93 2.295 2.668 0 0
PM 10.116 2.381 2.747 5.00 4.06
U=6 eV FM 10.139 2.400 2.669 5.00 4.16
U=9 eV FM 10.150 2.402 2.673 5.00 4.32
HSE
a = 0.125 FM 10.377 2.416 2.773 5.00 4.01
a = 0.250 FM 10.364 2.405 2.778 5.00 4.13
a = 0.375 FM 10.348 2.395 2.779 5.00 4.24

bonding and antibonding Fe(3d)-Cl(3p) combinations,
for lower values of U.

Increasing the value of U,y has the additional effect of
localizing the Fe-d states and thus reducing the covalent
interaction with the ligands. The impact of this is seen
most clearly for the Fe(3d)-Cl(3p) anti-bonding states in
the majority spin-channel, where, upon increasing Uy,
the Fe(eq/tag) weight rapidly decreases and gets redis-
tributed into the sharp bonding states. In fact, the effect
of adding U, is rather drastic on the top of the valence
band; for U,y = 0 €V, antibonding Fe(e,)-Cl(p) states
are separated out from the rest of the VB in the major-
ity spin-channel. This is a clear indication that ”regular”
semilocal DFT functionals, such as PBEsol, do not accu-
rately describe the electronic structure of CsoNaFeClg.

As can be seen in Fig. 1 b), the effect of increas-
ing the mixing parameter « has similar impact on the
Fe(d) states as increasing Ucs¢. This is to be expected
as DFT4+U and hybrid DFT can be shown to behave
very similarly for localized states [11]. An important dif-
ference, however, is that the unoccupied to, states move
up in energy on increasing U.fss at a much larger rate
than the e, states, this rate difference is much smaller
on increasing «. Indeed, the unoccupied ty, states stay
below the e, states at least up to a=0.5. This difference

in behavior could be related to different spatial localiza-
tion in hybrid DFT and DFT+U calculations resulting
in somewhat different splitting between Coulomb and co-
valent interactions [32].

Another interesting observation is that the sharp occu-
pied bonding Fe(e,)-Cl(p) states are lower in energy than
the toy states. This is contrary to the predictions from
simple crystal field theory (CFT) applied to an octahe-
dral coordination environment, where the opposite order-
ing of to4 and e, states is expected. Indeed, if the atomic
d orbitals are split simply by their Coloumb interaction
with the ligands, represented as negative point charges,
the e, orbitals have to lie above the ty, orbitals. This
is, as mentioned above, because e, orbitals point more
directly towards the ligands and are thus repelled more
strongly. However, moving beyond CFT and considering
also covalent interactions between the e, /to, orbitals and
the ligands, things are a bit less straightforward.

For the typical case where the transition metal d or-
bitals lie above the ligand p levels, the anti-bonding com-
bination of ligand p and TM d are the ones which are
predominately of TM d-character and which are often
refereed to as just the TM d-states. These states also
show the "normal” order of eg/te, orbitals [33]. How-
ever, in the opposite case where the TM d lie below the
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FIG. 2. (a) PBEsol4+U(3eV) density of states and (b) corre-
sponding Fe-Cl partial COHP for the majority (blue line) and
minority (red line) spin-channels.The bonding states around
-4 eV are of Fe(s)-Cl(p) character.

TABLE II. Energies of different magnetic states, referenced
to the FM configuration, in CszNaFeClg and Csz AgFeClg.

AFE (meV/fu.)

Magnetic state CsaNaFeClg Cs2AgFeClg
FM 0 0
AFM-I -8 -56
PM -6 -49

Majority spin 1

l Minority spin

i
1
i
e S
i - tog
E . Fe(d)
_ eg H !
— — — 1
tzg :
1
—.
1
B EEE
: I
1
1
— E
T e i
i
1

FIG. 3. Schematic cartoon illustration of Fe(d)-Cl(p) hy-
bridization in CsaNaFeClg. Yellow and blue boxes indicate
states of predominately Fe(d) and Cl(p) character, respec-
tively.

ligand p levels, the predominantly d levels are the bond-
ing orbitals which can show the opposite tog/e, order-
ing. In the present case, we propose that the Fe(3d) and

Cl(3p) hybridisation in Cs;NaFeClg can be schematically
illustrated as in Fig. 3.

Fig. 4 shows the DOS for different U.s; and o
for CsyAgFeClg, which is, in many ways, similar to
CsoNaFeClg. Indeed, the Fe(ey/ta,) states behave in
much the same way, the primary difference being that
the unoccupied e, band is broader in CsyAgFeClg than
in CsoNaFeClg. This is due to a stronger Fe-Fe interac-
tion as will be discussed further below. The main differ-
ence between the two systems, however, is the presence
of Ag(d) states in the main valence band. In particular
bands of predominantly Ag(e,)-Cl(p) character are at the
top of the valence band in the majority spin-channel. It
is thus clear that beside the Fe3*-ions, also the Ag™ ions
are spin-polarized, despite the fact that the they have
a full d'9 electron configuration. As we will see below,
these Ag(ey) states are important in mediating the mag-
netic interaction between Fe3T, and is responsible for the
different magnetic energetics in Cso AgFeClg compared to
CssNaFeClg.

It is worth noting that for U,y = 0 eV, the states at the
top of the valence band in the majority spin-channel over-
lap in energy with the sharp Fe(tog) peak in the minority
spin-channel, resulting essentially in a metallic system.

B. Magnetic states

While the initial investigation in the previous sec-
tion was, for clarity and simplicity, done primarily with
a FM spin-configuration of the Fe atoms, experiments
indicate that both CssNaFeClg and CssAgFeClg have
AFM ground-states with low Neél temperatures [8]. Ta-
ble. II lists the total energies of the NM, FM, AFM-I
[34] and PM spin configurations. The calculations used
PBEsol+U(3eV), this U.¢s was chosen since it gives the
same ordering of the unoccupied e, /ta, states as hybrid
DFT for reasonable values of a. The relaxed FM lattice
constant was used and internal degrees of freedom were
relaxed for each magnetic state.

We see that in both cases the AFM-I configuration
is lowest in energy, in agreement with the experimen-
tal results that these systems are AFM at low tempera-
tures. For CsyNaFeClg, however, the energies across all
three spin configurations are close to degenerate on the
~1 meV/atom accuracy in our calculations, indicating a
weak interaction between Fe magnetic moments in this
system. This is in agreement with the very low experi-
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to the VBM.

mental Neél temperature of ~3 K.

For Csy AgFeClg, the energy differences across the spin
configurations are larger, but the AFM-PM energy dif-
ference is still small, again in agreement with a low Neél
temperature of ~18 K. The energy difference between the
AFM/PM and the FM state is however much larger in
CsoAgFeClg compared to CsoNaFeClg, indicating some
significant interaction between Fe magnetic moments.
This is likely due to the Ag d shell which can mediate
the magnetic interactions between the Fe spins to a larger
degree than the mostly inert Na ion. A detailed study
into the magnetic interactions in magnetic halide double
perovskites is beyond the scope of the present work and
will be reported elsewhere.

Since the Neél temperatures of Csa(Ag,Na)FeClg are
low, the relevant magnetic setting for any prospective ap-
plications at or around ambient temperature is the PM
phase. To model the electronic band structure in the PM
state we employ a DLM spin-configuration, and then use
the band unfolding formalism [29] to unfold the result-
ing band structure, yielding an effective band structure
(EBS) in the primitive BZ of the double perovskite struc-

ture. The results are shown in Fig. 5 for CsyNaFeClg and
CsoAgFeClg, where we compare these EBSs to their cor-
responding band structures in the FM state.

We see that for CsoNaFeClg the band structure is
rather weakly affected by the different local spin envi-
ronments that the Fe atoms experience and the EBS re-
sembles the FM band structure quite closely, with mi-
nor shifts and broadening in certain bands with some
Fe(eq/tag) character.

The effects of the spin configuration on the band struc-
ture is significantly larger for CsyAgFeClg. Firstly, we
see that the PBEsol+U(3eV) bandgap is significantly in-
creased in the PM as compared to the FM spin config-
uration. This follows from the decreased bandwidth in
the PM state of the unoccupied Fe e, band at the bottom
of the conduction band and occupied Ag e, band at the
top of the valence band in the I' — X direction. This is
a result of the weaker Fe-Fe interaction in this direction
upon introduction of magnetic disorder and is present,
although to a lesser extent, also for the unoccupied Fe e,
band in CsyNaFeClg.

Indeed, for CsyAgFeClg all the states within ~1 eV of
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the valence band maximum, of Ag(e,)+Cl(p) character,
are rather heavily broadened and shifted in the EBS as
a result of disordered spin configuration on the Fe ions.
This indicates that the bands of Ag(ey) character are
significantly influenced by the spin configuration of the
neighboring Fe ions. This in turn suggests a stronger in-
teraction between Fe spins, mediated by Ag(e,) orbitals,
which explains the larger energy difference between the
FM and AFM spin configurations in CsyAgFeClg com-
pared to CsoNaFeClg.

It is important to note at this point that broadening
effects in the EBS may converge quite slowly with the
size of the employed supercell [35]. Unfortunately, the
computational complexity of employing larger supercells
than the 640 atom ones used in this work is prohibitively
large. Nevertheless, the presented result should be quali-
tatively accurate in terms of which states are effected by
the disordered magnetism.

Analysing the band structures of CsyAgFeClg and
CsoNaFeClg for Ueps = 3 €V in their FM states, we
find that for spin-allowed transitions CsyAgFeClg is an

indirect bandgap semiconductor in the minority spin-
channel, with the VBM and CBM at the L and X-points,
respectively. CsoNaFeClg is also an indirect semiconduc-
tor with VBM and CBM at the I" and X-points, respec-
tively, due to the almost dispersionless I' — X branch at
the top of the valence band, the direct bandgap is very
close to the fundamental gap.

In the DLM state, where the two spin channels are
equivalent, both CsyAgFeClg and CsoNaFeClg are prac-
tically direct band gap systems due to their flat I'-X
branches in the VB and the CBM at the X-point.

IV. DISCUSSION

We now provide some thoughts regarding the choice of
o and Ucss. As we have seen, basic structural properties
are not strongly affected by these parameters, whereas
the electronic structure is. It might therefore be tempting
to attempt to tune U.sy or o to match the room temper-
ature experimental bandgap values, 2.07-2.2 eV [13, 36]
and 1.55-1.6 eV [4, 6] for CsaNaFeClg and CspAgFeClg.
As can be judged from Figs. 1 and 4, this is possible for
both CsyNaFeClg and CsyAgFeClg in the hybrid DFT
framework, and for CsyNaFeClg also in the PBEsol4+U
framework. We note, however, that this is rather precar-
ious since, as has been mentioned above, varying Uy
or « has multiple consequences, for instance in regards
to the amount of Fe(d) contributions to the top of the
valence band.

In modelling the PM state we have chosen to use a
Ucss value of 3 eV, since this gives the same ordering of
the unoccupied e4/ta, states as hybrid DFT for reason-
able values of a. The ordering of these states is indeed
potentially important for e.g. the transport properties of
these systems since they provide very different effective
electron masses. Indeed, the to, states are very flat, while
the e, bands have some curvature, corresponding to lower
effective electron masses.

As the recent interest for Css AgFeClg and CssNaFeClg
have emerged in the context of their membership of the
lead-free halide double perovskite class of materials, it
is instructive to point out similarities and differences of
their electronic structure to some prototypical members
of this class. The two prototypical members of this class
are CsyAgInClg and CsoAgBi(Br/Cl)g. Indeed, these
systems both have relatively disperse conduction bands,
very different from the highly localized Fe(d)-based states
of, in particular, CssNaFeClg. A possible implications of
this is the self-localization of excess electrons, i.e. the for-
mation of small-electron polarons on Fe3t lattice sites.
Initial exploratory calculations (not shown) indeed in-
dicate that electron polaron formation is likely, but a
comprehensive investigation into this topic is beyond the
scope of this paper and is the subject of intended future
work.

As has been mentioned throughout the paper, the pres-
ence of HS Fe?t have implications in regards to the com-



putational techniques that have be used in order to ac-
curately model these systems. Indeed, we have demon-
strated that careful considerations regarding the mag-
netic state and strong correlation effects have to be made
in order for accurate results to be obtained. Such consid-
erations are not normally required in modelling systems
within the class of halide perovskites.

V. CONCLUSION

To conclude we have studied the electronic structure
of Fe3*containing double halide perovskites CsoNaFeClg
and CspAgFeClg. We have investigated the impact on
varying the effective on-site Hubbard interaction , Ucy/,
in DFT4+U and the impact of the fraction of exact ex-
change, «, in the hybrid-DFT framework. We find that
while basic structural properties are relatively insensitive
to the choice of U5 or v, several details of the electronic
structure vary strongly. In particular, we find a set of
highly localized Fe(d) states in the electronic structure
of both CssNaFeClg and CsyAgFeClg, which vary sen-
sitively with Ucsy and o. A value of Uesy = 3 €V in
DFT+U yields the same ordering of the Fe ty, and e,
states as in hybrid-DFT, for reasonable values of «.

We have further investigated the impact of the mag-
netic state of these compounds. We find both systems to

be antiferromagnetic at low T, but with rather small en-
ergy difference across different magnetic orderings. This
is in agreement with the rather low experimental Neél
temperatures of 3 K and 18 K for CsyNaFeClg and
CsaAgFeClg, respectively [8]. Furthermore, we have re-
vealed the effect of disordered magnetism on the elec-
tronic band structures of these systems, finding that
while Csy;NaFeClg is only weakly affected, CsyAgFeClg is
substantially influenced by the disordered magnetic state.
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