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Room-temperature ferromagnetic (FM) semiconductors are of vital
importance for realizing advanced spintronic devices. The recent
discovery of diluted ferromagnetism in Mn-doped CH3;NHzPbls
suggests hopes for developing halide perovskite based spintronics.
However, the measured Curie temperature was usually below 15 K,
which severely prohibits the Mn-doped CH3;NHzPbl; from being
applied in room-temperature applications. In this work, instead of
using the usual doping strategy, we present a new class of Pb-free
FM halide semiconductors with double perovskite structures
(Cs,GeMXg, transition metal M = V, Mn or Ni; X = Cl, Br or 1), which
possess spin splitting in a broad range of 0.06-1.00 eV and ultra-
high Curie temperature of 490-800 K. Furthermore, the Curie
temperature can still be higher than room temperature under the
lattice expansion effect. These excellent intrinsic properties are
because of the large number of nearest neighboring magnetic ions
and strong exchange coupling between the M 3d and GeXg os_p*
orbitals. Our designed Pb-free FM halide semiconductors with
double perovskite structures can be envisaged to develop into
other highly dynamic research fields with vast implications for
high-performance spin optoelectronics and spintronics.

Introduction

Spintronics has demonstrated great potential in next-generation
high speed and low power consumption information technology."
However, it is still a major challenge to obtain 100% spin polarized
carriers at room temperature (RT). Until now, a considerable
amount of spintronic materials have been explored, such as
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Conceptual insights

As the Moore’s law approaches the limit, spintronics has received
intensive research interest due to its potential to revolutionize informa-
tion technology. The utilization of spintronics requires the creation of a
ferromagnetic semiconductor that can work at room temperature. Here,
we introduce famous photovoltaic/optoelectronic material perovskite
halides into the spintronics field. We present a series of intrinsic
ferromagnetic semiconductors, namely double perovskite halides with a
stable crystalline structure at room temperature. Furthermore, the ferro-
magnetic compounds are semiconductors with large spin splitting and
high Curie temperature, which is crucial for extending the applications of
perovskite halides in spintronics.

europium chalcogenides (EuO, EuS),>” spinel (NiFe,O,,
CoFe,0,),%” perovskite oxides (BiFeO;) and double perovskite
oxides (Bi,CrOsOg),>®* ™ Heusler compounds (CoVTiAl,
CovzrAl)** and layered Cr-based materials as well as the corres-
ponding low-dimensional compounds (CrGeTe; and Crl).'>®
However, their small quantity of spin polarized carriers and low
Curie temperature are two critical obstacles before realizing the
corresponding RT spintronics." Therefore, two prerequisites
should be fulfilled for realizing 100% spin polarized carriers at
RT: (i) the electronic band structures should be nondegenerate
with consequent large spin splitting; (ii) the Curie temperature
(Tc) should be at least higher than RT."*®

Although pristine halide perovskites (ABX3, A = monovalent
organic molecule or alkali metal, B = divalent carbon group
cation and X = halogen anion) possess excellent optoelectronic
properties, they usually exhibit no magnetism.**>° Nafradi
et al. reported Mn-doped CH;NH,;PbI; with a weak magnetism,
which suggests a promising route towards halide perovskite
based spintronics.>® However, the small spin splitting of less
than 0.2 eV and low Curie temperature of lower than 15 K in
their devices should be greatly improved before obtaining RT
operated spintronics. Also, their adopted doping strategy could
lead to aggregation and secondary phase separation of dilute
magnetic materials. In contrast, intrinsic ferromagnetic semi-
conductors without any assistance of a doping strategy should
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be highly desirable in spintronic applications. Double perovskite
oxides have been widely used for spintronic applications due to
their simple crystal structures and consequent facile modelling,
the large number of members of their elemental family as well as
their tunable electronic and magnetic properties." However, the
magnetism of double perovskite halides (DPHs) has so far not
been explored.

In this work, via first-principles calculations, we present a
new class of Pb-free ferromagnetic (FM) DPHs with large spin
splitting and ultrahigh 7. Twenty-four types of Pb-free DPHs,
namely Cs,GeMX¢ (M = Ti, V, Cr, Mn, Fe, Co, Ni or Cu and
X = Cl, Br, or I), have been investigated in detail, and ten of
them exhibit good structure stability. Among the ten materials,
based on the analysis of magnetic ground states and electronic
properties, Cs,GeMX, with M =V and Mn are FM semiconductors,
and five of the FM DPHs have large spin splitting. Other DPHs,
Cs,GeMX, (M = Ti and Cr), are antiferromagnetic (AFM) materials.
Moreover, all the FM compounds have Curie temperatures higher
than 490 K, which is because DPHs possess a large number of
nearest neighboring magnetic ions z = 12 and the strong exchange
coupling between the M 3d and GeXg o_p* orbitals. Furthermore,
the T¢ cannot be less than room temperature. Combining
the good stability, nontoxic properties and large spin splitting
together with ultrahigh T, Cs,GeMnXs DPHs are promising
candidates for spintronic applications.

Results and discussion
Crystallographic structures and magnetic ground states

Perovskites can usually exhibit four phases: cubic, tetragonal,
orthorhombic and monoclinic. The cubic lattice is the most
basic structure of perovskites, and the tetragonal lattice can be
transferred to the cubic phase during the structure optimiza-
tion. Moreover, the orthorhombic and monoclinic lattice can
collapse in our simulation. Hence, we have mainly investigated
the cubic lattice in this work. In cubic DPH A,B;B;Xe structures,
each unit cell of DPH equals a 2 x 2 Xx 2 single perovskite
supercell, which contains four B;Xs octahedrons and four By X,
octahedrons. Two kinds of octahedrons alternately arrange
along the three crystallographic axes, as shown in Fig. 1a. B;
and B atoms locate at the center of B;Xy; and ByXe octa-
hedrons, respectively. B; sites are occupied with the Ge element,
because Ge-based perovskite halides have a similar formation
energy to Pb-based perovskite halides, and both of them show
better structure stability compared with Sn-based perovskite
halides.>' For By sites, transition metals are good candidates
because of their unpaired d electrons, which usually lead to
magnetism. The A sites locate at the octahedral interstice, which
are filled with Cs ions. The reason for using Cs is that Cs can
avoid the imposition of an arbitrary orientation for the organic
group cation, and avoid the creation of a spontaneous polariza-
tion field in the organic group cations. The arbitrary orientation
would increase the simulation difficulty, and the polarization
field would affect the electronic properties. The optimized
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Fig. 1 (a) Crystalline structure of Cs,GeMXe. lge_x and [u_x are the Ge—X
and M-X bond length, respectively. (b) Schematic illustration of the
constructed FM coupling state and three AFM coupling states. The
adopted magnetic unit cell is a 2 x 2 x 2 double perovskite supercell.
Here, we only present magnetic M-site atoms. The blue and red colors
denote the spin-up and spin-down M atoms, respectively.

lattice constants a, and bond lengths Ig._x and ly_x are given
in Table S1, ESL.f

To calculate the magnetic ground states of Cs,GeMXs, a
magnetic unit cell was used to estimate the system energy, as
shown in Fig. 1b. In these structures, the magnetic unit cell is
defined as a 2 x 2 x 2 double perovskite supercell. We firstly
construct one FM coupling state and three AFM coupling states.
However, according to space and energy analysis, the AFM-(100)
state is the same as AFM-(110). In terms of the total energy,
Cs,GeVXe, Cs,GeMnX,, and Cs,GeNiX, are FM states, while
Cs,GeTiXg, Cs,GeCrX,, Cs,GeFeXy and Cs,GeCoX, are AFM,
and Cs,GeCuXe is nonmagnetic (NM), respectively. We further
analyzed the electron configuration of M ions. The result could
explain the difference between the magnetic ground state of
DPHs. From Ti to Ni, the d orbitals are occupied by unpaired d
electrons, which lead to a magnetic moment in M atoms, thereby
giving rise to FM or AFM states. However, the 3d orbitals of Cu
are occupied by five electron pairs. Thus, no spin magnetic
moments can be found in Cs,GeCuXg, endowing the NM ground
state in Cu-based DPHs.

Structure stability

Stability is a very important property of new materials. Here, we
examine the different stabilities of DPHs through simulations.
Firstly, effective tolerance factor t.s and octahedral factor
Uere were used to evaluate the crystallographic stability.
Most of the DPHs locate in the area of 0.44 < g < 0.90
and 0.81 < t. < 1.11, which indicates that they are crystallo-
graphically stable, as shown in Fig. 2a. The result also indicates
that the cubic phase is the most suitable structure for our
simulation, because perovskites tend to form the cubic phase
when the tolerance factor t. is close to 1.>*?? Secondly, we
constructed different arrangement configurations of Cs,GeMBrg.
The energy analysis indicates that the alternative arrangement
of GeBrg and MBrs octahedrons is the most energetically

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (a) Distribution mapping of Cs,GeMXg perovskites with different effective tolerance factors (ter) and octahedral factors (ues). The stable region is
highlighted by the cyan color. (b) Total energies of Cs,GeMnBrg with different types of GeBrg (in gray) + MnBrg (in purple) motif arrangements. The lowest
energy corresponding to configuration A was set to be zero. (c) Calculated phonon spectra at 0 K (left-hand side) and 300 K (right-hand side) of
Cs,GeMnBre. (d) Phase stability diagram analysis of double perovskite halides Cs,GeMnBrg. Only the slices at the chemical potential Aucs = —4.0 eV
planes are shown here. The polygon region in gray represents thermodynamic stable conditions and each line corresponds to one competing phase.

favorable configuration, as shown in Fig. 2b. It is worth
mentioning that other thermodynamic metastable phases
may exist at finite temperatures since their energy differences
are very small. Furthermore, the kinetic stabilities of DPHs are
confirmed by phonon spectra, as shown in Fig. 2c. We can find
soft modes, which indicate instability, in the 0 K phonon
spectra. However, these soft modes disappear when the tem-
perature rises up to 300 K. This result shows that DPHs exhibit
the stable cubic phase at RT. Meanwhile, we find that the
longitudinal optic-transverse optic (LO-TO) branch splitting
feature at the gamma point is missing, which is caused by the
high symmetry of cubic phase double perovskite halides. Herein,
we do not discuss this point because LO-TO splitting is governed
by different physics. Finally, we check the decomposition
processes through phase diagram analysis. Fig. 2d shows slices
of the polyhedron for stable Cs,GeMnBr, in chemical potential
Ucs = —4.0 eV. The complete data of phase diagram analysis are
given in the ESL{ The gray regions in Fig. 2d can satisfy all
chemical potential constraints, which means that high quality
DPH samples without secondary competing phases can be
realized in experiments. All results reveal that some DPHs are
feasible in experiments.

Spin electronic properties

In order to understand the electronic and magnetic structures
of all these systems, we analyzed the electronic configurations
of AFM and FM DPHs, as shown in Fig. 3. Since the s electrons

This journal is © The Royal Society of Chemistry 2018

of the M atoms form bonds with the surrounding halogen
atoms, only 3d electrons participate in orbital splitting in the
octahedron crystal field and contribute to the magnetism.
According to the crystal field theory, Hund’s rule, the Pauli
exclusion principle, and the Jahn-Teller (J-T) effect, the d
orbitals could split into t,, and e, orbitals, and then further
split into d,y, dy, and d,, and d,2_y> and d,.. Only V with d*
configuration, high spin Mn with d°, and Ni with d® can avoid
J-T distortions and have more effective coupling with surrounding
atoms. As a result, V-based, Mn-based, and Ni-based DPHs
display FM states.

The spin densities of Cs,GeVBrg, Cs,GeMnBrg and Cs,Ge-
NiBre are shown in Fig. 4. The result clearly indicates that the
magnetism origin is M 3d orbitals (3 fold-degenerated t,, for
V, 3 fold-degenerated t,, and 2-fold degenerated e, for Mn
and 2-fold degenerated e, for Ni), which is in good agreement
with the above discussions.

Because the main features of the GGA + Uy electronic
properties are the same as HSE06 (see ESIt), we discuss their
electronic structures by using GGA + U.¢ methods. Considering
the toxic nature of V-based DPHs and the instability of Ni-based
DPHs, we only displayed the spin-polarized band structure to
study the bandgaps and spin splitting of FM ground state DPHs.
The related information of the spin-polarized band structure
of all FM ground state DPHs is shown in Table 1 and Fig. S3
in the ESL} In terms of band structures, Cs,GeMnX, DPHs
are half semiconductors (HSCs, M =V, and Mn). HSCs refer to

Mater. Horiz., 2018, 5, 961-968 | 963
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Fig. 3 (a) Diagram of the electronic configurations of transition metal M
3d orbitals. Unevenly occupied 3d orbitals would induce the Jahn-Teller
effect, thereby giving rise to further splitting of t,g and eq orbitals. (b) Spin
density of FM state Cs,GeVBrg, Cs,GeMnBrg and Cs,GeNiBre, respectively.
The isovalue is 0.014 e A3,
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Fig. 4 Spin density of FM state Cs,GeVBrg, Cs,GeMnBrg and Cs,GeNiBrg,
respectively. The isovalue is 0.014 e A=>.

the semiconductors in one spin channel, whereas they are
insulators in the other spin channels. Their valence band
(VB) and conduction band (CB) are spin split with the valence
band maximum (VBM) and conduction band minimum (CBM)
possessing the same spin channel.

For Mn-based DPHs, the compounds are ferromagnetic
semiconductors with the VBM and CBM occupied by the
spin-up carriers, as shown in Fig. 5. The CBM is mainly
dominated by the spin-up Ge p orbitals, and the VBM derives
from the antibonding of the Mn e,, Ge s, and X p orbitals.
Cs,GeMnX; (X = Cl, Br and I) has indirect bandgaps of 2.21 eV,
1.59 eV and 1.05 eV, respectively. As X changes from Cl, to Br,
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Table1 The spin splitting (denoted by A Evgm = EYBm — ESSN" and AEcgm =
E®R — E22NN in eV), nearest and next nearest exchange parameters J; and
J, (in meV), energy band gaps (Eg, in eV), and magnetic moments per
magnetic atom (M, in ug) for halide double perovskites by using the GGA +
Uesr method

AEcem AEypm Eq J1 J2 M
Cs,GeVClg —0.40 1.00 2.26 —9.47 —-1.37 3
Cs,GeVBrg —0.30 0.71 2.04 —8.53 —1.24 3
Cs,GeVIg —0.21 0.01 1.78 —7.40 —1.09 3
Cs,GeMnClg —0.35 0.86 2.21 —8.56 —-3.75 5
Cs,GeMnBrg —0.39 0.78 1.59 —7.76 —3.38 5
Cs,GeMnlg —0.43 0.20 1.05 —6.82 —2.99 5
Cs,GeNiClg 0.56 0.68 1.82 —6.15 —3.24 2
Cs,GeNiBrg 0.32 0.48 1.37 —5.50 —2.89 2
Cs,GeNilg 0.09 0.06 0.97 —4.80 —2.52 2

to I, the p orbital energy of X increases, leading to the lift of the
VBM. The evolution of the VBM level accounts for the slightly
decreasing profile of the band gap from 2.21 eV to 1.05 eV and
AEygy from 0.86 eV to 0.20 eV. Moreover, the splitting can
reach up to 0.86 eV, 0.78 eV and 0.43 eV for Cs,GeMnClg,
Cs,GeMnBrg and Cs,GeMnl,, respectively. The half semi-
conductors are also ideal spintronic materials due to the
presence of large spin splitting.

Curie temperature

We now turn to study the magnetic properties of these com-
pounds at finite temperatures. There are several mechanisms for
the occurrence of long-range FM order at finite temperatures:
barriers due to the nearest-neighboring number z of magnetic
ions, the exchange integral J between two magnetic ions, and
other factors in experiments. Here, the nearest-neighboring
number z = 12 in DPHs is two times as much as that in double
perovskite oxides (DPOs). This means that if the exchange
integral J is equal in two systems, the spin flip needs to cross
a higher barrier in DPHs. Thus, a long-range FM order can be
stabilized at higher temperatures. Since z = 12 is a constant in
these systems, we will not discuss more on this parameter.
Large exchange integral J is critical to stabilize the long-range
FM order. The nearest and the next nearest exchange parameter
J1 and J, can be extracted from the energy difference of the
magnetic unit cell in Fig. 1b by using eqn (1)—(3). The data of
J1 and J, are listed in Table 1. The negative and positive J
represent FM and AFM coupling, respectively.

E(FM) = (192, + 96/,)|S|* (1)

E(AFM1) = (—64/; + 96/,)|S|* (2)

E(AFM2) = —96),|S|* (3)

H==> "S-85 —Y DSk (4)
(i) ()

Then, we can extract T by performing the Ising model. In
this model, the magnetic coupling Hamiltonian is expressed in
eqn (4), in which the spin exchange parameter J; , is the nearest
and the next nearest exchange parameter, and Sy« is the total

This journal is © The Royal Society of Chemistry 2018


https://doi.org/10.1039/c8mh00590g

Published on 24 July 2018. Downloaded by Y unnan University on 8/21/2025 11:10:59 AM.

Materials Horizons

View Article Online

Communication

(@) Cs,GeMnCl, (b)  cs,GemnBy, (©) Cs,GeMnl,
4
L -~ ]
S 2 ‘0.35eV 2 ‘DSQeV s‘é |
= t ’ Ti].436V
o
5 Ohe=d- -k -|-- -d--t--|-- b= < = =f==t"020ev
c 0.86 eV 0.78 eV §§T
g, Erae T B2
X T w r L X r w r L X r W r L

Fig. 5 Spin-polarized band structures of (a) Cs,GeMnClg, (b) Cs,GeMnBrg
states, respectively. The width of the gray region represents the spin splitti

magnetic moment at site i (j, k, [). The Ising model is con-
firmed to provide good agreement with the experiments."*
To estimate the Tc, we performed Monte Carlo (MC)
simulation.®*"** Our MC simulation is based on a 20 x 20 x
20 supercell, and the average magnetic moment per unit cell
was extracted after the system reached equilibrium. Fig. 6
displays the magnetic moment of the systems as a function
of temperature variation. It is clear to see that with an increase
of the temperature, the magnetic moment of the system shows
a sudden decrease at a certain temperature. This phenomenon
indicates there is a magnetic phase transition and this tem-
perature is the 7. It can be seen that the T values of
Cs,GeMnClg, Cs,GeMnBrg, Cs,GeMnlg, Cs,GeVClg, Cs,GeVBrg,
Cs,GeVlg, Cs,GeNiClg, Cs,GeNiBrg, and Cs,GeNilg are measured
to be 800 K, 720 K, 640 K, 730 K, 660 K, 580 K, 640 K, 560 K, and
490 K, respectively.

From the above results, we know that DPHs can realize both
semiconducting properties and high 7. In general, the semi-
conductor characteristic is incompatible with high Tc. Why is
the T¢ of semiconductor DPHs much higher than RT?

Here, we take Cs,GeMnCls as an example to clarify the
semiconductor characteristic. Previous study shows that the
CBM and VBM of CsMsX; (MIVA = Ge, Sn and Pb; X = Cl,
Br and I) and Cs,MyaXe are dominated by the My, p orbitals
and MaXs O p* orbitals, respectively. The MpaXs'™ octa-
hedron is the direct and main origin of semiconductor char-
acteristics of CsMpsX; and Cs,MpaXe.>' In these systems,
semiconducting GeClg groups were inserted into transition

20 -@- Cs,GeMnCl,
-@- Cs,GeMnBrg

-~ -@- Cs,GeMnl,
= -O-Cs,GeVCl,
% -O-Cs,GeVBr,
= -O-Cs,GeVl,
g 10 - Cs,GeNiCl,
© -+ Cs,GeNiBrg
0=> e CszeNiI6
[} =
®
=

400 600 800
Temperature (K)

Fig. 6 Variation of the total magnetic moment per formula unit of Cs,GeMXg
(M =V, Mn, or Ni, X = C|, Br, or I) as a function of temperature.

This journal is © The Royal Society of Chemistry 2018

and (c) Cs,GeMnle. Blue and red lines represent the spin-up and spin-down
ing value.

metal ions. This configuration can seriously limit carrier move-
ments, thereby leading to semiconducting properties in the
compounds. Since the bridging GeClg*~ group in our work was
different compared with the single-atom anion in the tradi-
tional superexchange, we identify it as the quasi superexchange
coupling. The DHP crystal can remain semiconducting despite
the interaction being strong between magnetic ions and non-
magnetic anions, because the octahedrons exhibit environment-
independent semiconducting properties.

Then, we compared the difference between Cs,GeMnClg and
Bi,CrOsOg to study the origin of high T¢ in DPHs. Exchange
parameters are related by the coupling style. Since the distance
between two nearest neighbor transition metal ions is larger
than 7.0 A, the direct coupling between them should be
negligible. The indirect exchange coupling through the GeXg
groups between two transition metal ions plays a majority role
in ultrahigh T¢. From Fig. 7a, we can find a strong coupling
between Mn 3d and Cl 4p orbitals. Hence, the indirect coupling
can be described as a 90° quasi-superexchange model between
the Mn 3d and GeCls o,_,* orbitals, while the coupling model
of DPOs is 180° superexchange of Cr(d)-O(p)-Os(d). The 90°
superexchange interaction is more suitable for the ferromag-
netic interaction compared to the 180° superexchange accord-
ing to the Pauli exclusion principle. Exchange parameters are
also determined by the overlap of charge distributions. Next, we
calculated the electron location function (ELF) and deforma-
tion charge density (DCD) to analyse the indirect exchange
coupling. The (110) plane was selected to analyse the ELF and
DCD results because it contains four kinds of atoms in the
quaternary compounds, as shown in Fig. 7b. Fig. 7c shows the
ELF of two double perovskites, we observed that the maximum
value locates at the Bi sites and the minimum value locates at
the Cr/Os/O sites. In contrast, the maximum value and the
minimum value are at the Ge/Cl and Cs/Mn sites in Cs,GeMnCl.
This evidence reveals that DPOs and DPHs have different bonding
states. In other words, the iconicity of the M-GeXs~M bond is
stronger than the M-O-M bond with an increased electron
density at the GeX; site than the O site. Fig. 7d shows the DCD
of two kinds of double perovskites, we can see that there is
charge depletion between the O and Os (Cr) atoms in Bi,CrOsOg.
However, there is charge accumulation that can be found
between Mn and the GeClg groups in Cs,GeMnClg. The charge
depletion in Bi,CrOsOg gives rise to the weaker overlap of
charge distribution in DPOs than that in DPHs, resulting in a
weaker exchange coupling in Os-O-Cr. Hence, the T¢ of DPHs
are much higher than Bi,CrOsOg (201 K). Furthermore, the
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difference between the charge overlap cannot be used to clarify
the bandgap. This is because the Bi atoms and Bi-O bonds
affect significantly the Bi,CrOsOs band structure, whereas the
Cs atoms and Cs-Cl bonds do not have such effects.

We extracted the T¢ by freezing the lattice constants in the
above discussion. However, the lattice constant expansion (or
contraction) is a common phenomenon, and a lot of factors
can induce lattice constant change, such as interface lattice
mismatch in devices and lattice thermal expansion. The
lattice expansion could change the charge distribution, thereby
affecting the exchange constant J. As a result, the result of T¢
could change. Considering the toxic effect of the V element and
the instability of Cs,GeNiXg, we do not supplement the calcula-
tion of Cs,GeVXe and Cs,GeNiXg. Here, we only calculate the
strain effect of Cs,GeMnXg on Tc. In our calculation, the
expansion ¢ is defined as

o= % x 100% ()

where a, is the expansion lattice constant and a is the equili-
brium lattice constant. The negative value corresponds to the
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lattice contraction. The result is presented in Fig. 8. T shows a
monotone decrease with increasing ¢. With the lattice expan-
sion, the overlap of charge distribution becomes weaker, which

850 | Y -@-Cs,GeMnCl,
—~ -@-Cs,GeMnBr,
°\ 2 6
. 800 |- °\ —°-CS,‘,Ge|V|FI|6
© °\ \o
'é 750 o \
o \ o
£ 700 |- \o
3 o e
= ~— \
3 650 |- o
600 |- *—o °
-2 -1 0 1 2 3 4

Lattice expansion (%)

Fig. 8 Calculated lattice expansion effect on the T¢ of Cs,GeMnXg.
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would make the exchange coupling less effective. As a result, T
can decrease with the lattice expansion and can remain higher
than RT at a reasonable expansion effect.

Conclusions

In summary, via DFT calculations, we have presented a new
class of semiconductor DPH Cs,GeMX, with large spin splitting
and high T¢. The DPH Cs,GeMX¢ (M = Ti, V, Cr, Mn, Fe, Co, Ni,
or Cu) exhibits a cubic lattice with GeX, and MXg alternating
along the three crystallographic axes. Based on the calculation
of the octahedral factor ¢ and tolerance factor t.g, along with
the analysis of phonon spectra and the phase diagram, we
found that ten of the twenty-four designed compounds possess
good structural stability. Importantly, seven of the nine FM
ground state DPHs have spin splitting larger than 0.4 eV and T¢
in the range of 490-800 K. Moreover, the T can remain much
higher than room temperature under the lattice expansion
effect. Combining the excellent structural stability, nontoxic
properties, large spin splitting and high 7, Cs,GeMnXs DPHs
are the most ideal spintronic materials. Furthermore, we
analyzed the origin of the semiconducting properties coupled
with a high T¢. The semiconducting properties are caused by
the alternating arrangement of magnetic transition metal ions
and semiconducting groups. Moreover, the large number of
nearest neighboring magnetic ions and the strong exchange
coupling between the M 3d and GeXg o,,* orbitals play a
decisive role in the high T¢. Also, the mechanism analysis of the
semiconductor characteristics coupled with high T could shed
new light on the future design of advanced ferromagnetic
semiconductors with tailored properties. In parallel with the
current research into perovskite-based optoelectronics, our
designed DPH semiconductors could open another intriguing
route for the research of perovskite-based spintronics.
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