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A. The formation energy of YAG with one or two Mn4+ ions

The formation energy of Mn4+ doping YAG can be calculated by the following 

formula:

,
𝐸𝐹(𝑀𝑛4 + ) =

1
𝑥

[𝐸(𝑌𝐴𝐺:𝑥𝑀𝑛4 + ) ‒ 𝐸(𝑌𝐴𝐺) ‒ 𝑥𝜇𝑀𝑛 + 𝑥𝜇𝐴𝑙]

where  represents the energy of YAG with one (x = 1) or two Mn4+ 𝐸(𝑌𝐴𝐺:𝑥𝑀𝑛4 + )

ions (x = 2). The energy of the perfect YAG is denoted as .  and  are 𝐸(𝑌𝐴𝐺) 𝜇𝑀𝑛 𝜇𝐴𝑙

the chemical potential of bulk Mn and Al, respectively. For YAG with one Mn4+ ion, 

the formation energy is about 2.09 eV, while one more Mn4+ ion is introduced, the 

formation energy for each Mn4+ ion increases to 2.73 eV, implying that the Mn4+ ions 

tend to stay away from other Mn4+ ions

B. The electronic structures of KTF with two Mn4+ ions
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Figure S1 Computed band structures, total and partial density of states (DOS and PDOS) of KTF 

with two Mn4+ ions. The Fermi level is set to be 0 eV.

C. Detailed calculation method about the formation energies of intrinsic defects 

at the O-poor and O-rich conditions

In the thermodynamic equilibrium, chemical potentials ( ,  and ) have the 𝜇𝐴𝑙 𝜇𝑌 𝜇𝑂

constraints:

, ,      (1)𝜇𝐴𝑙 ≤ 𝜇𝑏𝑢𝑙𝑘
𝐴𝑙  𝜇𝑌 ≤ 𝜇𝑏𝑢𝑙𝑘

𝑌
 𝜇𝑂 ≤

1
2

𝜇𝑂2

     (2)
3𝜇𝑌 + 5𝜇𝐴𝑙 + 12𝜇𝑂 = 𝐸𝑌3𝐴𝑙5𝑂12

Furthermore, since neither Al2O3 nor Y2O3 may precipitate from bulk YAG, the 

ranges of chemical potentials are subjected to the additional constraints:

     (3)
2𝜇𝐴𝑙 + 3𝜇𝑂 ≤ 𝐸𝐴𝑙2𝑂3

       (4)
2𝜇𝑌 + 3𝜇𝑂 ≤ 𝐸𝑌2𝑂3

In these constraints,  ( , ) is the total energy per formula unit of 
𝐸𝐴𝑙2𝑂3

𝐸𝑌2𝑂3
  𝐸𝑌3𝐴𝑙5𝑂12

the bulk Al2O3 (Y2O3, YAG) crystal. All these equations define the ranges of the 

chemical potentials.
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In the O-poor condition, the chemical potentials of Y and Al must be in balance 

with the potentials in the bulk Y and Al,

 and     (5)𝜇𝐴𝑙 = 𝜇𝑏𝑢𝑙𝑘
𝐴𝑙 𝜇𝑌 = 𝜇𝑏𝑢𝑙𝑘

𝑌

So, the chemical potential of O can be obtained from equation (2),

.      (6)
𝜇𝑂 =

1
12

(𝐸𝑌3𝐴𝑙5𝑂12
‒ 3𝜇𝑌 ‒ 5𝜇𝐴𝑙)

In the O-rich condition, the chemical potential of O is in balance with the potentials 

of O atom in O2,

     (7)
𝜇𝑂 =

1
2

𝜇𝑂2

The chemical potentials of Y can be expressed using  through𝜇𝐴𝑙

     (8)
𝜇𝑌 =

1
3

(𝐸𝑌3𝐴𝑙5𝑂12
‒ 5𝜇𝐴𝑙 ‒ 12𝜇𝑂)

From equation (3), we can obtain the upper limit of 𝜇𝐴𝑙

    (9)
𝜇𝐴𝑙 ≤

1
2

(𝐸𝐴𝑙2𝑂3
‒ 3𝜇𝑂)

The lower limit of  could be obtained through equations (4) and (8)𝜇𝐴𝑙

     (10)
𝜇𝐴𝑙 ≥

1
10

(2𝐸𝑌3𝐴𝑙5𝑂12
‒ 3𝐸𝑌2𝑂3

‒ 15𝜇𝑂)

So, 

    (11)‒ 11.54 𝑒𝑉 ≤ 𝜇𝐴𝑙 ≤‒ 11.34 𝑒𝑉

Since the upper limit and the lower limit are very close to each other, we adopt the 

middle value of the range as the chemical potential of Al for convenience, which is 

about 11.44 eV. 

D. The formation energies of Oi in YAG at different charge states

The neutral Oi is stable when the Fermi level is below 2.99 eV, while Oi
2- is stable 
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at the Fermi level higher than 3.61 eV. When the Fermi level is between 2.99 eV and 

3.61 eV, Oi
- is more stable. So the neutral Oi cannot absorb a hole from the VBM to 

become Oi
+ in the hole-doping compound, but it can absorb an electron from the 

CBM to become Oi
- in the electron-doping case (the Fermi level is high).

Figure S2 Calculated formation energies of the interstitial O at different charge states versus the 

Fermi level. The VBM is taken as the reference.

E. The formation energies of VO in YAG in different charge states

Figure S3 Calculated formation energies of VO at different charge states versus the Fermi level. 

The VBM is taken as the reference.

F. Computed electronic structures of YAG with VAl4, Lii, LiAl4, SiAl4, MgAl6, NaY 

or CaY
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Figure S4 Computed band structures, total and partial density of states (DOS and PDOS) of YAG 

with (a) VAl4, (b)Lii, (c) SiAl4, (d) LiAl4, (e) MgAl6, (f) NaY and (g) CaY. The Fermi level is set to be 

0 eV.

G. The formation energies of Fe in YAG at different charge states
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The Fe4+ is stable when the Fermi level is below 0.26 eV, while Fe2+ is stable at the 

Fermi level higher than 3.64 eV. When the Fermi level is between 0.26 eV and 3.64 

eV, Fe3+ is more stable. Thus, Fe3+ or Fe4+ may coexist with Mn4+. Since Fe4+ is only 

stable when the Fermi level is extremely low, which can only achieved through heavy 

hole-type doping, it is difficult to stabilize the Fe ion at +4 state. Thus, only the 

influence of the Fe3+ is considered in this work.

Figure S5 Calculated formation energies of Fe at different charge states versus the Fermi level. 

The VBM is taken as the reference.


