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A. Methods

All the DFT calculations were performed under periodic boundary conditions using the
Vienna ab simulation package (VASP).! The projector-augmented-wave (PAW) method with
a plane-wave basis set was used.> 3 Spin orbit coupling (SOC) effect has been widely applied
in band-gap calculations due to the presence of Cs element. However, the SOC effect shows
trivial influence on band gaps because that Cs does not participate in electronic transitions in
our case. Therefore, it is not adopted in our calculation.* To account for the van der Waals
interactions between Cs atoms and other atoms, DFT-D3 method was adopted.”> A kinetic
energy cutoff of 500 eV was set on a grid of 5x5x5 k-points for perovskite. Geometry
optimization and stability analysis were carried out under the Perdew, Burke, and Ernzerholf
(PBE) exchange-correlation functional.® Electronic properties were also extracted by using
generalized gradient functional (GGA). To properly describe the strongly correlated electrons
in the partially filled d subshells, we used the Hubbard U, to correct the electronic properties
introduced by Dudarev ef al.” The Hubbard U, is defined as U.g=U-J, where U and J specifies
the on-site Coulomb and exchange interaction parameters, respectively. The self-consistent U,y
=4.13¢eV,2.77eV,2.68 eV, 4.73 eV, 6.22 eV, 5.83 eV, 6.52 ¢V, and 5.38 eV for Ti, V, Cr,
Mn, Fe, Co, Ni and Cu,which were extracted from first-principles. Computational method of
self-consistent Uy can be found in section D. Self-consistent Ugs. Band structures were also
checked by Heyd-Scuseria-Ernzerhof hybrid functional (HSE06). The comparison of HSE06
and GGA+U,y clearly confirm that GGA+U, is an accurate method to describe the electronic
properties. The parameter reliability was verified by the optimized cubic perovskite CsPbBr;

lattice parameters of a = 5.85 A (a=5.80 A in Ref. 8).



B. Dynamic stability derived from phonon spectra

The harmonic phonon spectrum was calculated from second-order interatomic force
constants obtained by using the real-space finite-difference approach implemented in Phonopy
code.’ The 2x2x2 supercell of the primitive cell accompanying with the k-point mesh with grid
spacing of 2x0.03 A-! was used for these calculations. The room-temperature (300 K) phonon
spectrum was obtained by considering an harmonic phonon-phonon interaction with a self-
consistent ab initio lattice dynamical (SCAILD) method.!? This was carried out via calculating
the phonon frequencies renormalization induced by phonon entropys, i.e., the geometric disorder
introduced by several frozen phonons simultaneously presenting in the simulated supercell. The
SCAILD method calculation mainly consists of two cyclic steps. One is to create new atomic
displacement in terms of phonon frequencies, and the other is to generate new phonon
frequencies from calculated forces acting on the displace atoms. The self-consistent cycle was
terminated when the difference in the approximate free energy between two consecutive
iterations was less than 1 meV. Calculations were performed at constant volume with ignored

thermal expansion effect.

C. Phase stability diagram analysis

In thermodynamic equilibrium growth conditions, the existence of Cs,GeMXg should

satisty

200+ pg, + 1y, 64, = AH(Cs,GeMX ) (1)
where f; is the chemical potential of constitute element which refers to its most stable phase,
and AH(Cs,GeMX,) is the formation enthalpy of Cs,GeMXs. To avoid precipitation of the

elemental dopants and the host elements, chemical potential 4 are bound by

#; <0 )
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To avoid the formation of possible secondary phases, the following constraints are required to

satisfy simultaneously

e+ 1ty < AH(CsX)
U, +au, <AH(GeX )
apg, +bu, <AH(Ge M,)
U, + e, < AH(CsGe) 3)
au, +bu, <AHM X,)
ape +bu,, +cu, <AH(Cs M, X,)
ap. +bu,, +cu, <AH(Cs, Ge,X,)
all the decomposition channels were taken fully into account for various combinations of the

competing phases, including all the existing binary, ternary, and quaternary compounds from

the Crystallography Open Database.

D. Self-consistent U,

We calculated Hubbard U self-consistently (SCF-U.g) from first-principles by using the
linear response approach proposed by Cococcioni and Gironcoli,'! in which U, is determined
by difference between the screened and bare second derivative of the energy with respect to

localized state occupations 7/ at site 1. This can be written as

~ aZEGGA ~ 82EOGGA
a(n[ )2 a(nl )2

(4)

Applying localized potential shifts to the d levels transition metal atoms to excite charge
fluctuation on their orbitals, and solving the Kohn-Sham equations self-consistently, we can get

an occupation dependent energy functional
E° :min{E[{al}]—Zaln'} (5
1
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and

aEGGA
on'

CE _day(in'})

=-a,(in'}), e o

(6)

Using oy as the perturbation parameter, the effective interaction parameter U of site I can

be obtained as,

U :aa_fﬂ_%:
on, On,

% -x'T 7

In the above derivation U is calculated from the GGA ground state. It should be
consistently obtained from the GGA+ U ground state itself, which may be especially relevant
when GGA and GGA+U.¢ differ qualitatively. To solve this problem (metal versus insulator in
the solid state, different symmetry in a molecule), Kulik ez al. have identified that the electronic

terms in the GGA+ U, functional that have quadratic dependence on the occupations:!?

Uscf

Bt ==L XX () -0+ 2 X A=) (®)

Where SCF-Ug represents the effective on-site electron-electron interaction already
present in the GGA energy functional for the GGA+U, ground state when U is chosen to be
Uin. The second derivative of Eq,q with respect to n/ also corresponds to the U, obtained from

linear-response:

dzE uad U
Uout:d(—ﬂj{)z:ljscf_g )

Thus, Uy is linear in Uy, for the relevant range of U;,-Ug.. From a few linear-response
calculations for different U, ground states, we can extract the SCF-U.g that should be used for
the halide double perovskites. The SCF-U.g is performed using the quantum espresso code’
using the GGA (PBE) exchange-correlation functional and PAW pseudopotentials. The wave-
function and electronic density cut-off energies are 35 and 300 Ry, respectively, which are

tested to be large enough for the desired accuracy.
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Fig. S1. Linear response U, calculated from the GGA+Uj, ground state of Cs,GeMBrq (M=T1,

V, Cr, Mn, Fe, Co, Ni, Cu), respectively.

Because the U, for different compounds strongly affect the electronic properties, and they

strongly depend on their bonding environment. We calculate the self-consistent U.s before
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checking the electronic properties. Chloride, bromide, and iodide have similar bonding
environment, hence we just calculate the self-consistent U.g in Cs,GeMBrg. Here we plot U,y
as a linear function of Uj,, as shown in Fig S1. Hence, the extrapolated self-consistent U for
Ti, V, Cr, Mn, Fe, Co, Ni, and Cu are 4.13, 2.77, 2.68, 4.73, 6.22, 5.83, 6.52, and 5.38 eV,
respectively. The U =2.68 eV of Cr-based halide compounds in our simulation are in excellent

agreement with Ref. 13.
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Fig. S2. Comparison of spin-polarized band structures of Cs,GeMnBrg by using GGA+Ucg (Ut
=4.73 eV), HSE06 and GGA+Uc¢ (Uer = 4.00 €V) method, respectively.

To further confirm the reasonableness of self-consistent U.s, we compare the spin band
structures of Cs,GeMnBrg by using GGA+U¢ (self-consistent U = 4.73 eV and reference
value Uy = 4.0 eV in MnO'#) and HSE06 methods. HSE06 usually gives an exact description
of band structures, but its computational burden is much more expensive than GGA functional.
Form Fig. S2, we can see that all the features of HSE06 result are reproduction in result of U
=4.73 eV, only except bandgap value. Meanwhile, the spin down conduction bands in Uy =
4.0 eV result have obvious difference from HSE06 method and U= 4.73 eV. This comparison
further reflects the fact that GGA functional combination with self-consistent U can give a

reasonable description of electronic properties with cheap computational cost.



E. Structrues

TABLE 1 Calculated results of cubic lattice constant (a), Ge-X and M-X bond length (/g,.x,
and /,.x), ground state, etc. The parameter reliability is confirmed by the optimized cubic

perovskite CsPbBrj lattice parameters.

bond length stable area in phase

a ground states

Igex hix stability diagram
CsPbBr; 5.85(cal) -- -- NM --
5.80(exp) -- -- NM --
Cs,GeTiClg 10.63 2.69 2.62 AFM Y
Cs,GeTiBrg 11.20 2.82 2.77 AFM Y
Cs,GeTilg 12.04 3.02 2.98 AFM Y
Cs,GeVClg 10.49 2.68 2.56 FM Y
Cs,GeVBry 11.08 2.83 2.70 FM Y
Cs,GeVlg 11.89 3.02 293 FM Y
Cs,GeCrClg 10.39 2.68 2.53 AFM Y
Cs,GeCrBrg 10.96 2.82 2.67 AFM Y
Cs,GeCrlg 11.86 2.99 3.00 AFM Y
Cs,GeMnClg 10.53 2.69 2.58 FM Y
Cs,GeMnBrg 11.10 2.82 2.73 FM Y
Cs,GeMnl, 11.92 3.01 2.95 FM Y
Cs,GeFeClg 10.44 2.69 2.55 AFM N
Cs,GeFeBrg 11.03 2.81 2.72 AFM N
Cs,GeFelg 11.65 3.03 2.79 AFM N
Cs,GeCoClg 10.19 2.66 243 AFM N
Cs,GeCoBrg 10.75 2.79 2.58 AFM N
Cs,GeColg 11.73 3.00 2.82 AFM N
Cs,GeNiClg 10.33 2.69 2.48 FM N
Cs,GeNiBrg 10.90 2.82 2.63 FM N
Cs,GeNilg 11.67 3.00 2.84 FM N
Cs,GeCuClg 10.23 2.60 2.52 NM N
Cs,GeCuBrg 10.80 2.73 2.67 NM N
Cs,GeCulg 11.57 291 2.88 NM N




F. Spin polarized band structure
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Fig. S3 Spin-polarized band structures of (a) Cs,GeVXg, (b) Cs;GeMnX¢ and (c) Cs,GeNiX.

Blue and red lines represent the spin-up and spin-down states, respectively. The width of the

gray region represents the spin splitting value.

G. Exchange parameter

TABLE 2 The nearest and next nearest exchange parameter J; and J, (in meV), energy band
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gaps (E,, in €V), and magnetic moments per magnetic atom (M, in pg) for halide double
perovskites by using GGA+U.¢ method. The energy difference between FM, AFM and NM is

also given (Epm-Earmi, Erm-Earmz2, and Epy-Enu, in meV/atom).

Ji J> E, M Erm-Eapmi Erm-Earm2 Erm-Exm
Cs,GeTiClg 8.56 3.64 2.32 2 6.85 7.32 -
Cs,GeTiBrg 8.13 3.46 2.11 2 6.50 6.95 -178
Cs,GeTilg 7.75 3.20 1.87 2 6.20 6.57 -
Cs,GeVClg -9.47 -1.37 2.26 3 -17.05 -14.63 -
Cs,GeVBry -8.53 -1.24 2.04 3 -15.35 -13.19 -189
Cs,GeVlg -7.40 -1.09 1.78 3 -13.32 -11.46 -
Cs,GeCrClg 7.15 3.03 0 4 22.88 24.43 -
Cs,GeCrBrg 4.00 1.70 0 4 12.80 13.68 -188
Cs,GeCrlg 2.86 1.19 0 4 9.152 9.72 -
Cs,GeMnClg -8.56 -3.75 2.21 5 -42.80 -46.16 -
Cs,GeMnBrg -7.76 -3.38 1.59 5 -38.80 -41.78 -191
Cs,GeMnl, -6.82 -2.99 1.05 5 -34.10 -36.79 -
Cs,GeFeClg 5.98 2.53 2.25 4 19.14 20.42 -
Cs,GeFeBrg 591 2.51 1.84 4 18.91 20.21 -141
Cs,GeFel, 5.76 2.40 1.43 4 18.43 19.58 -
Cs,GeCoClg 6.26 2.61 1.45 3 11.27 11.97 -
Cs,GeCoBrg 5.54 2.35 1.07 3 9.97 10.65 -135
Cs,GeColg 4.80 2.03 0.63 3 8.64 9.22 -
Cs,GeNiClg -6.15 -3.24 1.82 2 -4.92 -5.63 -
Cs,GeNiBrg -5.50 -2.89 1.37 2 -4.40 -5.03 -129
Cs,GeNilg -4.80 -2.52 0.97 2 -3.84 -4.39 -
Cs,GeCuClg -- -- 0 0 -- -- --
Cs,GeCuBrg -- -- 0 0 -- -- --
Cs,GeCulg - - 0 0 -- - --

We have assigned the initial magnetic moments to Cs,GeMBrg before the FM and AFM
structural optimization. Afterwards, we found that the initial magnetic moment of Cs, Ge, Br
and Cu have disappeared. Therefore, we could not exstract the energy difference between FM,
AFM and NM state Cs,GeCuBrg. Next, we have tried to calculate the system energy of NM
state Cs;GeMBrg (excluding M=Cu). The result demonstrates that the energy of NM
Cs,GeMBr; (excluding M=Cu) is higher than the FM and AFM states. Hence, two conclusions

10



can be obtained: (i) the magnetism of Cs,GeMBr; (excluding M=Cu) is originated from the

transition metal atoms. (ii) the ground state of Cs,GeCuBrgs is NM. Based on the two

conclusions, we did not simulate the properties of NM Cs,GeMXg (X=CI and I).
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