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The magnetic spin degrees of freedom in magnetic materials serve as an additional way to tune
materials properties, thereby invoking a magneto-optical response. Herein, we report the magneto-
optoelectronic properties of a family of lead-free magnetic double perovskites of the form Cs, AgTXe
(T =S¢, Ti, V,Cr,Mn, Fe, Co, Ni, Cu; X = Cl, Br, I). These provide an extremely fertile series, giving rise
to potential candidate materials for photovoltaic applications. In conjunction with a high absorption coef-
ficient and a high simulated power-conversion efficiency for photovoltaic applications, a few compounds
in this series exhibit magnetic character useful for spintronic applications. The interaction between mag-
netism and light can have far-reaching effects on the photovoltaic properties as a consequence of the shift
in the defect energy levels due to the Zeeman effect. This subsequently affects the recombination rate
of minority carriers, and hence the photoconversion efficiency. Moreover, the distinct ferromagnetic and
antiferromagnetic ordering driven by hybridization and the superexchange mechanism can play a sig-
nificant role in breaking the time-reversal and/or inversion symmetry. Such a coalescence of magnetism
and efficient optoelectronic response has the potential to trigger a magnetic/spin anomalous photovoltaic
(nonlinear optical) effect in this Cs; AgTXs family. These insights can thus channelize the advancement of

lead-free double perovskites in the magnetic/spin anomalous-photovoltaic-effect field as well.

DOI: 10.1103/PhysRevApplied.21.014063

I. INTRODUCTION

Organic-inorganic halide double perovskites (DPs) have
emerged as a promising class of materials in various
fields, such as ferroelectrics [1], spintronics [2], pho-
tovoltaics [3,4], and optoelectronic devices that include
light-emitting diodes [5], sensors [6], x-ray detectors [7],
and photodetectors [8]. Lead-free halide DPs with the
general formula 4,BB'X;s, formed by the combination of
one monovalent ion and one trivalent ion, have emerged
ubiquitously as a stable and green alternative to toxic lead-
based halide perovskites. The optoelectronic properties of
these materials are associated with compositional flexi-
bility, dielectric properties, and exciton binding energies
ranging over several orders of magnitude [9,10]. Among
the family of DPs, materials with 4 = Cs™, B = Ag* or
Cut, and B’ = Bi*T,Sb**, or In** have been proposed
to be environmentally friendly alternatives to lead-based
perovskites [11]. Some of the experimentally studied mate-
rials, e.g., CspAgBiXs (X = CI, Br, 1) [12,13], Cs AgSbXs
[14,15], Cs,AginXs [16,17], and Cs;InXs (B*T = Sb,

*aftab@iitb.ac.in

2331-7019/24/21(1)/014063(11)

014063-1

Bi) [18,19], have received substantial interest because of
their promising properties. Cs, AgBiBry [20] is one of the
most-frequently-investigated materials in this class, hav-
ing high thermodynamic stability although with an indirect
band gap of about 2 eV and solar power-conversion effi-
ciency of approximately 3%. However, recent experimen-
tal and theoretical evidence has shown that the Ag-Bi vari-
ants exhibit intrinsic and strong electronic confinement,
which is manifested in very large exciton binding energies
(hundreds of millielectronvolts), strong carrier localiza-
tion, and reduced free-carrier mobility [21,22]. The exciton
binding energies in halide DPs are influenced by the elec-
tronic structure of the alternating B-site and B’-site cations.
Hence, via chemical substitution at the B and B’ sites,
the existing set of halide DPs can be optimized towards
better performance. The seminal contributions to modu-
late the existing class of materials have been underpinned
by several viable strategies such as alloy/doping-mediated
band-gap engineering, optimizing synthesis processes with
a view to tackling critical challenges [23].

However, an aspect that remains underexplored but
has much promise is the magnetic spin degrees of
freedom available in magnetic perovskites to tune
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the photovoltaic (PV) properties, which in all like-
lihood could lead to staggering spin-related proper-
ties. In this regard, a few halide perovskites, viz.,
Cs,AgT**Clg (T = Fe,Cr) [24,25], Cs;NaT>*Clg (T =
Fe, V,Mn,Ni) [26,27] , Cs;KT3*Cls (T = Mn, Co, Ni)
[28], and Cs,GeT** Xs (M = Ti, V, Cr, Mn, Fe, Co, Ni, Cu)
[29], and various oxide perovskites [30,31] have been
reported to show interesting magnetic properties. Among
these compounds, cubic Cs;AgFeCl; [24], in particu-
lar, has been experimentally reported to have promising
optoelectronic characteristics and PV performance. Corre-
spondingly, hexagonal Cs, AgCrCly [25] was synthesized
in the paramagnetic phase and demonstrated significant
optoelectronic properties. However, the interconnection
between the magnetic degrees of freedom and the opti-
cal properties is still to be explored. The interplay of two
spin degrees of freedom in these magnetic systems gives a
wider platform for modulating the absorption range in an
attempt to harvest the entire solar-radiation spectrum.

The oxide perovskite Bi,FeCrOg [32] is another state-
of-the-art magnetic material that has been experimentally
reported to have remarkable efficiency of approximately
8%. The interaction between the magnetic field and light
is called the “magneto-optical effect,” which includes the
Zeeman effect, the Faraday effect, and the magneto-optical
Kerr effect. The exceptional performance of Bi,FeCrOg is
attributed to two prime magneto-optical effects, viz., mag-
netoelectric coupling and the Zeeman effect. This system
has attracted interest on account of its coexistent ferroelec-
tric properties with inbuilt polarization—thus leading to
magnetoelectric coupling. The Zeeman effect causes the
energy levels to split when the material is placed in an
applied magnetic field, as a consequence of which, the
energy levels move from the band-gap center, reducing the
recombination rate of minority carriers and thus prolong-
ing lifetime of minority carriers. This use of magnetism
to tune the optoelectronic properties is widely explored
in oxide perovskites but not much has been reported for
halide perovskites. The latter are good photovoltaic mate-
rials with promising photovoltaic power-conversion effi-
ciencies [33]. So combining the magnetic effect with halide
perovskites could provide opportunities for highly efficient
devices.

Herein, we primarily focus on a family of halide
DPs, where an amalgamation of magnetic and opto-
electronic properties is discussed towards magnetopho-
tovoltaic applications. With that perspective, we stud-
ied a set of 27 compounds of the form Cs,AgT**Xg
(T = Sc, Ti, V,Cr,Mn, Fe, Co,Ni, Cu; X = Cl, Br, ) using
ab initio density-functional-theory (DFT) simulation to
explore the interplay between different magnetic ordering
and optoelectronic properties. For example, a magnetic
semiconductor with unequal band gaps in the two spin
channels can capture two different ranges of the solar
spectrum and hence has the capability to provide high

quantum yield. A detailed structural-and-chemical-phase-
stability calculation show that 14 of the 27 compounds are
in a single phase, each with different magnetic ordering.
A few others also show robust stability but with the pos-
sibility of the formation of a secondary phase. Because of
the presence of 3d transition elements (7°%), this family
of compounds provides fertile ground to realize several
interesting properties, such as half-metallic ferromagnets,
antiferromagnetic (AFM) semiconductors, and ferromag-
netic (FM) and nonmagnetic (NM) semiconductors. On
the basis of these versatile properties, these compounds
are classified for different renewable-energy applications.
Such a detailed study of synthesizability, electronic and
magnetic structure, and optoelectronic properties provides
a guiding path for experimentalists for future exploration
of these magnetic perovskites.

II. COMPUTATIONAL DETAILS

All calculations were performed with DFT as imple-
mented in Vienna Ab initio Simulation Package [34,
35]. For spin-polarized calculations, the Perdew-Burke-
Ernzerhof electronic exchange-correlation functional [36]
was used within the generalized-gradient approximation
[37] along with projected-augmented-wave pseudopoten-
tials [38,39]. For the wave-function expansion, a plane-
wave energy cutoff of 350 eV was used for all calculations.
The Brillouin-zone integration was done with the tetra-
hedron method with use of an 8 x 8 x 8 k-point grid for
structural optimization, while for self-consistent-field cal-
culations, a I'-centered k-point mesh of size 12 x 12 x 12
was used. Keeping in mind the possibility of both cubic
and hexagonal phases (as experimentally reported for two
different systems belonging to this class) along with differ-
ent magnetic ordering, we performed structural optimiza-
tion for all the compounds in both these phases considering
NM, FM, and AFM ordering. The force (energy) was
converged up to 1073 eV A~! (1076 eV).

Because of the strongly correlated nature of the 3d
transition elements, an “on-site” Hubbard potential (U)
[40] was applied to capture the intra-atomic interactions
between these strongly correlated electrons. U was calcu-
lated with the linear-response ansatz of Cococcioni et al.
[41]. The calculation procedure and the simulated U values
for different systems are presented in Sec. S1 (see Fig. S1
and Table S1) of Supplemental Material [42]; also see
Refs. [43-51]. To estimate the theoretical photoconversion
efficiency, we report the spectroscopic limited maximum
efficiency (SLME) of the semiconducting systems [52].

III. RESULTS AND DISCUSSION

A. Structural and chemical phase stability

The structural stability of the halide DPs [53] is dictated
by a geometrical tolerance factor (7) defined as
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where ry, ry, and r,, are the Shannon ionic radii of 4
cations and X anions and the average ionic radius of B and
B’ cations, respectively. Table S2 in Supplemental Material
[42] shows the tolerance factor of all the compounds that
are found to lie in the 7 range from 0.91 to 0.98, predicting
these compounds will stabilize in the cubic structure. Inter-
estingly, Cs;AgCrClg [25] was experimentally reported
to crystallize in the hexagonal phase, which is normally
associated with values of ¢ greater than 1. Certainly, there
are other instances where the ideal cubic structure is not
observed experimentally, departing from these purely geo-
metrical tolerance-factor guidelines [54,55]. There are also
other factors, such as B cation off-centering and the pres-
ence and stereoactivity of a lone pair of electrons, that are
also suggested to have a strong impact on the geometrical
stability of perovskites in general [56—58]. However, for
transition metal-based perovskites, the nonbonding (lone)
pairs of electrons in transition metals do not influence the
molecular geometry and are said to be stereochemically
inactive. Hence, we believe that the presence of lone pairs
in transition metals will not affect the molecular geome-
try of the BX ¢ octahedra in 4,BB'Xs DPs. To address the
above-mentioned ambiguities, we investigated the chem-
ical and thermodynamic stability in both the cubic phase
and the hexagonal phase for the entire series.

For the cubic structure of Cs,AgTXs, a 40-atom con-
ventional unit cell [space group Fm3m (no. 225)] was
considered, in which Cs is enclosed by a cage of 12 X
atoms, while Ag and T form corner-sharing AgXs and 7'.X ¢
octahedra, as shown in Fig. 1(a). The Wyckoff positions of

Cs, Ag, T and X were 8c (0.25, 0.25, 0.25), 4b (0.5, 0.5,
0.5), 4a (0, 0, 0), and 24e (0.24, 0, 0), respectively. For
the hexagonal phase, we used a 20-atom primitive unit cell
[space group R3m (no. 166)] adopting a Ba,NiTeOg-type
structure [59]; see Fig. 1(b). The Wyckoff positions in this
case were 6¢ (0, 0,0.21), 6¢ (0, 0, 0.37), 3a (0, 0, 0), and 8h
(0.48,x, 0.24) for Cs, Ag, T, and X, respectively. To assess
the thermodynamic stability, we calculated the formation
energy (AEr) of all the compounds in both the cubic phase
and the hexagonal phase considering three different mag-
netic orderings (NM, FM, and AFM), as depicted in Fig. 2,
where an asterisk indicates the energetically stable phase
for a given compound.

Negative AEr indicate the thermodynamic possibility
of the formation of these compound. Herein, a compar-
ison of the data for materials with different halides sug-
gests that chloride-based compounds are more robust than
those based on bromide and iodide. This trend validates
the available experimental findings, according to which
bromide-based and chloride-based halide DPs are easier to
synthesize than their iodide counterparts. Unsurprisingly,
experimental reports on the latter are quite rare [60]. The
actual formation energies of all the examined compounds
in their respective stable structural or magnetic phase are
provided in Table S3 in Supplemental Material [42].

Experimentally, Cs,AgFeCl; [24,61] and Cs,AgCrCl,
[25] are reported to crystallize in cubic (with antiferromag-
netic nature at low temperature) and hexagonal structures,
respectively. Because of the involvement of 3d transi-
tion elements (Fe and Cr), these compounds are expected
to show rich magnetic phase diagrams, including the
possibility of distinct magnetic ordering such as FM or
AFM in the lower-temperature range. This aspect of the

Hexagonal

FIG. 1.

Crystal structure of Cs; AgTXs (where 7 is a transition element) in (a) the cubic and (b) hexagonal phases. FM and AFM
indicate ferromagnetic and antiferromagnetic ordering, respectively.
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FIG. 2. Formation energies (AEr) of Cs;AgTXs (T = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu; X = CL,Br,I) in two different structures
[cubic and hexagonal (hex)] and three different magnetic phases (NM, FM, and AFM). An asterisk indicates the energetically stable

phase for each compound.

aforementioned systems is overlooked in the literature
but it can be extremely important to dictate their overall
magneto-optical properties. Therefore, we studied all the
compounds in different magnetic configurations—namely,
NM, FM, and AFM.

Remarkably, the magnetic as well as the structural
phases of these compounds are not significantly affected
by the chemical nature of the halide anion, indicating that
perhaps the transition element 73 plays a pivotal role in
determining the crystal/magnetic structure of these sys-
tems. However, the tolerance factor raises uncertainty in
the experimentally stable structural phase, as observed
in the case of CspAgCrCly [25]. Apparently, the simu-
lated thermodynamic chemical phase diagram gives more-
accurate information about the degree of synthesizability

-1.0— T

-1.2
-1.4
u(Fe)

=16 /

-1.8

CsCl
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FIG. 3.

of such compounds (i.e., whether in the cubic or hexag-
onal phase and/or the NM, FM, or AFM phase). The
chemical phase diagrams of the experimentally synthe-
sized systems Csp;AgFeCl, [24] and Cs,AgCrCly [25] are
shown in Fig. 3. They display a narrow stable region
(shown by the gray area) in comparison with the compet-
ing secondary phases. For each of these two compounds,
ten secondary phases were simulated to draw their phase
diagrams (see Table S4 in Supplemental Material [42]).
The narrow stable region indicates that it may be an ardu-
ous task to synthesize these systems in a single phase.
From analysis of the energetics in our calculations, the
most-competing secondary phases for the two systems are
Cs3Fe,Clg and Cs;Cr,Cly, which, depending on the syn-
thesis conditions, may restrain the respective target phases

1 y crcl, e
-3.2 s S
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C KEF |
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Chemical phase diagrams of (a) Cs;AgFeCly and (b) Cs;AgCrCl,. The gray area indicates the extent of the stability region

for the target systems, whereas the cyan area represents secondary phases.
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CsyAgFeCly and Cs;AgCrClg to remain stable in a sin-
gle phase. There is a possibility of the coexistence of
binary phases in the synthesized compounds, with a slight
dominance of Cs3Fe,Clg over Cs,AgFeCl,. Recently, the
phase segregation and existence of secondary phases along
with the target phase have also been observed in Cs-Pb-Br
thin films [62]. For example, Caicedo-Davila et al. [63]
reported the coexistence of CsPbBrs and CsPbBr; during
the synthesis of CsPbBr; on the basis of competing-phase-
diagram analysis, which was further validated by the DFT
calculations. Also, Yu et al. [64] confirmed that the coex-
istence of CsPb,Brs and CsPbBrj; is inevitable during the
synthesis of CsPb,Brs.

However, the presence of binary phases can be negated
by optimization of the synthesis process and variation of
the environmental parameters, such as pressure. There are
reports where pressure is used as an important parame-
ter to study the structural-property relationships [65]. To
cross-check the pressure effect, we performed DFT calcu-
lations for two compounds, Cs, AgFeCl; and Cs, AgCrClg,
by systematically varying the lattice constant, which in
turn results in a change in the unit-cell volume and hence
the pressure. In the case of Cs;AgFeCl; and Cs, AgCrClg,
we studied the chemical stability over a range of pressure
from 0 to 44 kbar and from 0 to 18.82 kbar respec-
tively. The chemical phase stability diagrams of these
compounds in the above-mentioned pressure ranges are
presented in Fig. S3 in Supplemental Material [42]. It
can be observed that the stability region of the tar-
get phase decreases. Although the synthesizability of
Cs,AgFeClg and Cs, AgCrClg decreases with increase in
pressure, it is important to note that both Cs,AgFeCl
and CsyAgCrClg have been synthesized experimentally
in ambient conditions. So, from the chemical stability
point of view, we confirm that Cs,AgFeCl; [61] crys-
tallizes in a cubic structure with AFM ordering, while
Csy AgCrCl; crystallizes in a hexagonal structure with fer-
romagnetic ordering. We simulated the chemical phase
diagrams of the rest of the compounds in the series
as well, and found 14 of the 27 compounds stabilize
in a single phase (see Fig. S2 in Supplemental Mate-
rial [42]). The respective competing secondary phases
used for each target compound are provided in Table S4
in Supplemental Material [42]. These 14 compounds
are CspAgSclg, CsyAgScBrg, CspAgScCly, Cs;AgVBryg,
CspAgVClg, CspAgCrBrg, Cs,AgCrCly, Cs;AgMnBryg,
Cs,AgMnClg, CsyAgFeBry, Cs;AgFeCly, Cs;AgCoBryg,
CsyAgCoClg, and CsyAgNiClg. Of these 14 compounds,
only the iodide-based perovskite (Cs,AgScly) is predicted
to be stable, again confirming the difficulty in stabilizing
the DPs with this anion.

Interestingly, comparison of the chemical phase stabil-
ity diagram (Fig. S4) indicates a larger stability region
for Cs;AgTXe (T = Fe, Cl) as compared with Cs, AgBiBr,,
confirming the ease of synthesis and relative robustness of

the former. Along similar lines, it was previously reported
that the influence of structural dynamics in the halide dou-
ble perovskite Cs;AgBiBr, is weaker than that in halide
single perovskites [66]. To assess and compare the influ-
ence of structural dynamics on this class of magnetic
halide DPs, we performed phonon-dispersion calculations
for Cs;AgFeCle. In Fig. S4(d), we compare the dynam-
ical stability of Csy;AgFeCl; with that of Cs;AgBiBrg
and CsPbBr; at 0 K. One can notice the appearance of
relatively higher imaginary frequencies in the case of
CsyAgBiBrg [67] and CsPbBr; [68] due to the highly
anharmonic nature of the force constants as compared with
Cs,AgFeClg, confirming the greater stability of the latter.
The above comparison support the smaller influence of
structural dynamics in our reported magnetic halide DPs
as compared with Cs,AgBiBrg and CsPbBr;.

B. Electronic structure and magnetic properties

Table I shows the band gap (E,), the difference between
the direct band gap and the indirect band gap (A), and
atom-projected magnetic moments on the transition ele-
ments (7) for all 14 stable compounds, as mentioned in
the previous section. Similar details for all 27 compounds
(CspAgTXg) are presented in Table S5 in Supplemen-
tal Material [42]. Most energetically stable structure and

TABLE 1. Magnitude and nature of the band gap (E,), dif-
ference between the direct band gap and the indirect band gap
(A), and local magnetic moment on 7" atoms (m7) of 14 chemi-
cally stable Cs; AgTXs compounds. 4 and | stand for the spin-up
and spin-down channels respectively. The description within
parentheses for every system indicates the stable phase.

CsyAgTXe E, A mr
(eV) €V) (up)

3.64 (indirect)  0.01 ---
(1) 2.40 (indirect) 0.01 1.93
(}) 2.46 (indirect) 0.07
(1) 1.69 (indirect) 0.02 3.15
(}) 3.51 (indirect) 0.07

Cs, AgScCl, (hexagonal NM)
CsyAgVCl, (hexagonal FM)

Cs, AgCrClg (hexagonal FM)

Cs, AgMnCl; (cubic FM) (1) metallic 43
() 3.81 (direct)
CsyAgFeCl, (cubic AFM) 1.17 (direct)

e 412

1.27 (indirect)  0.03 .-
2.89 (indirect)  0.03 .-

(1) 1.95 (indirect) 0.13 1.99

() 3.00 (indirect) 0.11

(1) 1.09 (indirect) 0.05 3.33

(}) 3.19 (indirect) 0.09

Cs, AgCoCly (hexagonal NM)
Cs, AgScBr, (hexagonal NM)
CsyAgVBr, (hexagonal FM)

Cs, AgCrBry (hexagonal FM)

Cs, AgMnBr, (cubic FM) (1) metallic 4.32
() 2.87 (direct) X
CspAgFeBry (cubic AFM) 0.64 (direct) <. 398
Cs,AgCoBr, (hexagonal NM)  0.96 (indirect)  0.05 - --
Cs, AgNiBr, (hexagonal FM) (1) metallic 1.66

({) 1.93 (direct) 0..0.3

CspAgScl, (hexagonal NM) 2.51 (indirect)  0.08
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the corresponding magnetic phase for each compound are
given in parentheses in the first columns of Table 1 and
S5. To correctly capture the effect of electron-electron cor-
relation arising from transition elements, we applied an
on-site Hubbard U correction for each compound, which
was calculated self-consistently. On inclusion of the Hub-
bard potential, the degeneracy of d states found around
the Fermi level is lifted in some of the compounds exam-
ined, resulting in an increase of the band gap. As follows
from the data in Table I, this set of compounds shows
diverse electronic and magnetic properties ranging from
nonmagnetic metals and semiconductors to ferromagnetic
half-metals to antiferromagnetic semiconductors and fer-
romagnetic semiconductors.

Compounds of the form Csp,AgFeXs (X = Cl,Br,I)
have a direct band gap (£,), with £, values ranging from
1.17 eV (CI) to 0.64 eV (Br) to 0.12 eV (I). Although
the other compounds have an indirect band gap, the dif-
ference (A) between the direct band gap and the indirect
band gap is quite small (ranging from 0.01 to 0.09 eV). As
expected, the band gap decreases owing to the decrease in
the electronegativity of the halogens, as observed in other
halide perovskites as well [69]. The magnetism in some
of these compounds arises mainly from the partially filled
transition d elements at the 7T site (Table I). Hence, the
presence of unpaired electrons in the d orbitals of transi-
tion elements, mainly contributes to the magnetic behavior
of the compound in Cs; AgTX series. On the basis of these
electronic and magnetic properties, one can classify these
materials into compounds with (1) moderate band gaps, (2)
large band gaps, and (3) metallic nature in one spin chan-
nel and semiconducting nature in the other (half-metals).
Such varied properties can make these materials useful for
applications such as photovoltaics, photo(electro)catalysis,
and spintronics, which needs further in-depth analysis (see
Sec. 3 of Supplemental Material [42] for more details).

To explore the potential of these materials for mag-
netophotovoltaic application, two experimentally synthe-
sized compounds, Cs, AgFeCl [24] and Cs, AgCrCl [25],
that show two distinct magnetic orderings (AFM and
FM, respectively) were chosen for deeper examination.
Figures 4(a) and 4(b) show the bulk electronic band
structures of these two materials. The magnetic ordering
preferably shows up at low temperature, which to the best
of our knowledge has not been experimentally observed.
Our simulation show CsyAgFeCl to be antiferromagnetic
with a band gap of around 1.17 eV, which agrees fairly
well with the experimental value of 1.55 eV [24]. The
valence-band maximum (VBM) and the conduction-band
minimum (CBM) lie at a common high-symmetry X point,
resulting in a direct band gap. From the partial density
of states (PDOS), one can see that the CBM is com-
posed mostly of the Fe d states hybridized with some of
the Cl p states, with a slight contribution from the Ag
d states. The VBM is composed mostly of the Cl p and

LB

e

I
-2 =2
CT HJHL T SJSF T PDOS (arb. units) PDOS (arb. units) [T AL T SISF T

FIG. 4. Spin-resolved band structure and PDOS for (a) cubic
AFM Cs;AgFeCl, and (b) hexagonal FM Cs, AgCrClg. The for-
mer is an AFM semiconductor with a band gap of 1.17 eV, while
the latter is a FM semiconductor with band gaps of 3.51 and 1.69
eV for spin-down and spin-up channels, respectively.

Ag d states. The strong hybridization between these states
near the VBM is responsible for strong band dispersion,
leading to low effective mass of holes and hence higher
mobility of holes as compared with electrons, indicating
the p-type semiconducting behavior of Cs, AgFeCl,. Using
the semiclassical Boltzmann transport theory within the
constant-relaxation-time approximation [70], we simulated
the carrier mobilities of Cs,AgFeCly and Cs, AgCrCl,.
These are essentially the free-carrier mobility and hence set
an upper bound on this quantity. Figure S9 in Supplemen-
tal Material [42] shows a comparative plot of electron and
hole mobilities of Cs, AgFeCly and Cs; AgCrCl, across the
temperature range at a carrier concentration of 10! cm™3.
For comparison, carrier mobilities for Cs;AgBiBrg, a well-
studied DP, are also shown. The Cs s states are scant
around the Fermi level and dominantly lie deep down the
conduction band and hence play a passive role in defining
the electronic properties. Because of the AFM ordering, the
net magnetization of the unit cell is zero, while the atom-
projected Fe moment is approximately 4.12up. In case of
Cs,AgFeClg and its counter bromine and iodine analogues
(Cs,AgFeBrg and Csp;AgFelg) the orbital contribution to
density of states is same as Cs, AgFeClg only the value of
band gap decreases as expected.

Next we consider Cs;AgCrClg, which is a ferromag-
netic semiconductor [Fig. 4(b)]. It has two different semi-
conducting band gaps (£,) in two spin channels. In the
spin-down channel, the CBM lies at the high-symmetry
F point, while the VBM lies at the T point, producing an
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indirect band gap (E, = 3.15 eV). In the spin-up channel,
the CBM also lies at the F' point, but the VBM occur at
the L point, with an indirect band gap of 1.69 eV. From the
PDOS plot, one can notice a hybridization between the Cl
p and Ag d states in the valence band in both spin channels.
In the spin-up channel, the conduction band is composed
mostly of the Cr d states, with some contribution from the
p states. In both spin channels, the Ag d states reside near
the valence band because it has full d valence electrons.
The d orbitals of Cr are half filled with three unpaired elec-
trons, giving rise to a net moment of approximately 3.1u3.
The electronic band structure and the DOS for the rest of
the chemically stable compounds (Cs,Ag7Xs) are given
in Figs. S5-S8 in Supplemental Material [42]. Robust
chemical stability, optimal band gap, and varying mag-
netic orderings make these materials potential candidates
for magnetophotovoltaic applications.

C. Optical properties

Hybrid halide perovskites have proven to be potential
candidates for photovoltaic applications owing to factors
such as high absorption coefficients and suitable band gaps.
The equation relating the optical absorption coefficient (o)
to the dielectric function (¢) is:

a(@) = V20/c * [yRe(e1(0?)) + Im(ez(?))
— Re(e1 (0™ ?))] 2

where c is the speed of light, €; and €, represent the real
and imaginary parts of the dielectric function, and w is the
frequency. €, was calculated by use of the independent-
particle approximation [71] and €; was calculated from the
DFT-simulated €, with use of the Kramers-Kronig relation
[72]. In the case of the hexagonal structure, the dielec-
tric tensor is diagonal with two different components: €;,,__
(along the z axis of the crystal), and €54, and €3, (along
any direction in the plane perpendicular to the hexagonal
z axis). On the basis of the optimal band-gap values in the
visible range, a few of the compounds, viz., Cs;AgColy,
CspAgCoBrg, CsyAgCoCly, Cs;AgFeBrg, CsyAgFeClg,
CsyAgCrlg, CspAgCrBry, CspAgCrCly, and Cs;AgVBry,
were found to be promising for PV applications. The
optical absorption of most of these compounds is rel-
atively high (more than 3 x 10° cm™'), as shown in
Figs. 5(a)-5(f). The onset of the absorption curves corre-
sponds to the respective band gaps (Table I). For example,
in the case of Cs,AgFeClg, one can observe that onset of
optical absorption is at around 1.17 eV, which matches our
simulated electronic band gap.

To quantify the power-conversion efficiency, the SLME,
as introduced by Yu et al. [52], was estimated (see
Sec. 3.1 of Supplemental Material [42] for more details).
For the SLME, the input parameters are the band gap,
the absorption coefficient, the standard solar spectrum,

35

(b)e,

(a) axx or ayy

w
w

30
s (9)
g
=20

=15

)
)

S

Absorption coefficient (x 105 cm")

Absorption coefficient (x 10s cm_')
o

oS

— Cs,AgCoBr
— Cs,AgCoCl

02 04 06 08

N Thickness (Lm)
30 ( h)

S
r =20
o'k
\\_/ =15
7
F 10 )
— Cs,AgFeBr
Cs,AgFeCl;
3

02 04 06 08

h = w»

1 2 3 4
Photon energy (eV)

(d) ,

12 3
Photon energy (eV)
o _or o
L C)“xx Yy

NIy

w
)

[
»

Absorption coefficient (x 105 cm_])
Absorption coefficient (x 10° cm_‘)

o

o

1 2 3 4 1 2 3 4
Photon Energy (eV) Photon energy (eV) Thickness (um)

i o _or« T :

5il(e)% %, 5(f)a, Wl (i)

S "2

z x ~25

s = S

a2t 22 =20

E % E 15

8 g =

R g L % 10 — Cs,AgCrBr,
E 2 . — Cs,AgCrClg
g g — Cs,AgVBr,
el 2 o

S

s

1 2 3 4
Photon energy (eV)

02 04 06 08

1 2 3 .. X .
Photon energy (eV) Thickness (Lum)

FIG. 5. Absorption coefficient (¢;;) in the in-plane direction
and the out-of-plane direction for selected (a),(b) nonmagnetic,
(c),(d) antiferromagnetic, and (e),(f) ferromagnetic systems.
SLME of the same set of (g) nonmagnetic, (h) antiferromagnetic,
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and the thickness. Figures 5(g)—5(i) show the simulated
SLME for all the compounds shortlisted for PV applica-
tion. The calculated SLME for an absorber-layer thickness
of 1 pm is 23.09%, 30.57%, 32.41%, 25.52%, 28.82%,
17.42%, 31.72%, 28.45%, and 20.93%, for Cs;AgColy,
CspAgCoBrg, CspAgCoCly, Csy;AgFeBrg, CsyAgFeCl,
CsyAgCrlg, Cs;AgCrBry, CspAgCrCle, and Csy;AgVBry,
respectively. Interestingly, all these materials have high
SLME values even for a smaller absorber-layer thick-
ness. This, along with their suitable band gap and high
absorption coefficient, makes them potential candidates for
thin-film solar cells. The highest SLME is achieved with
CspAgCoClg, which could serve as the best material for
PV applications. Cs;AgCrBrg, which is a ferromagnetic
semiconductor, exhibits a high absorption coefficients and
high SLME (approximately 31%), and hence could be
a promising candidate for magnetophotovoltaic applica-
tions. It is, however, important to mention that excitonic
effects cannot be fully accounted for in our absorption-
coefficient calculations. The method rather incorporates
some weak Coulomb screening. Although this by no means
reduces the impact of our findings from an overall per-
spective, it is a constraint on the SLME model used here.
Yet another interesting candidate is Csy;AgFeClg, which
shows highly dispersive bands around the high-symmetry
X point [Fig. 4(a)], implying a low effective mass of hole
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charge carriers and high hole mobility as mentioned ear-
lier. Both the VBM and the CBM are dominated by 7 d
states located at the X point, giving rise to a direct band
gap. In contrast, for Cs, AgCrClg, two peaks are observed
in the optical absorption spectrum, which corresponds to
two different band gaps in the two spin channels. These
two peaks can be assigned to the d-d transitions at 3.51 and
1.69 eV, respectively. With varying halides (Cl to Br to I),
there is a significant shift in the onset of optical absorption,
indicating a change in the electronic band gaps.

IV. CONCLUSION

The interplay of magnetic and optical properties
can lead to a new avenue for finding candidate
materials with promising PV performance. The pur-
pose of this work was to explore the said objective
in a family of lead-free magnetic DPs of the form
Csp;AgTXs (where T = Sc,Ti, V,Cr,Mn,Fe, Co, Ni, Cu;
X = CLBr,I). The combination of two transition ele-
ments (Ag and 7) offers a wide range of intrigu-
ing magneto-optoelectronic properties. From 27 com-
pounds, seven prospective compounds—Cs,AgCoBryg,
CsyAgCoCly, CspAgFeBry, CspAgFeCl;, Csy;AgCrBry,
CspAgCrCly, and Cs,AgVBrc—showed visible-light-
driven band gaps, good absorption coefficients, and high
power-conversion efficiency, substantiating their potential
as potential PV absorbers. The rest of the compounds in
the series have the potential to show significant promise in
the field of photo(electro)catalysis and spintronics, on the
basis of their electronic properties. The driving mechanism
for the distinct magnetic properties in these compounds
is hybridization and superexchange. Among the mag-
netic compounds in this series, CspAgCrl, Cs;AgCrBry,
CspAgCrClg, and Cs, AgVBry stabilize in hexagonal sym-
metry with ferromagnetic or antiferromagnetic ordering.
This can incite broken time-reversal or inversion symme-
try and lead to a bulk spin photovoltaic effect, thereby
enhancing the PV performance due to nonlinear optical
effects. For instance, large photoconductivity has been
reported in Crl; due to the magnetism-mediated asymme-
try in its antiferromagnetic ordered structure [73]. Such
asymmetry has paved a unique way to explore the novel
properties of magnetic materials for the anomalous pho-
tovoltaic effect. Hence, the insights into magnetic DPs
of the form Cs,AgTX;s reported in this work can chan-
nelize the advancement of perovskites in the field of the
magnetic/spin anomalous photovoltaic effect. The theoret-
ical reaffirmation of the synthesizability of our proposed
compounds paves the way to also expedite experimental
research in the Cs; AgTXs family.
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