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Supplementary Methods
We performed two independent variable-composition structure searches using USPEX 
code[1] to find possible stable phases in Be-Fe system, covering a size of the system 
up to 28 atoms/cell. The maximal generation was set to 60. For each structure that might 
be stable, we performed higher precision calculations using VASP[2,3] again, where 
the employed structural relaxation criterion is that for the forces on each atom must be 
less than 0.001 eV/Å. The electronic SCF criterion was set to a tolerance of 10−7 eV, 
the plane wave basis cut-off energy was set to 700 eV, and Monkhorst-Pack[4] k-
meshes with a grid spacing of 2π × 0.016 Å-1 that including the Γ point were used. The 
formation enthalpy per atom of BexFey was calculated by ΔH(BexFey)=[H(BexFey)-
xH(Be)-yH(Fe)]/(x+y), where H is the total enthalpy. We also note that Be11Fe has an 
enthalpy less than 4 meV/atom higher than the convex hull, which is too small to be 
distinguished with the accuracy of the available theoretical methods. We thus take it as 
a ground state in this work as well.

G0W0 calculations were performed on top of the PBE wavefunctions, where the 
energy cutoff for the response function was set to 350 eV. The plane wave cutoff energy 
(ENCUT) was set to 650 eV, and the maximum number of bands supported by this 
value was used for exact diagonalization of the Kohn-Sham Hamiltonian. For Be11Fe 
and Be4Fe, the Monkhorst-Pack k-meshes of 9×9×7 and 8×8×6 including the Γ point 
were used respectively. The Bader charge analysis data were calculated using a fine 
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ensure the convergence of the Bader charge analysis for all phases. We calculated the 
lattice thermal conductivity using the ShengBTE code[5] by considering the influence 
of third-nearest neighbor atoms, where the required second- and third-order force 
constants were obtained using a 2×2×2 supercell. In DFPT calculations with 
QUANTUM ESPRESSO package[6], norm-conserving pseudopotentials were used, 
and as in VASP calculations, 1s22s2 of Be and 3s23p64s23d6 of Fe were treated as 
valence electrons. The kinetic energy cutoff for wavefunction expansion was set to 93 
Ry, and q-points meshes of 6×6×6 and 4×4×4 were used for Be11Fe and Be4Fe, 
respectively. Although such accuracy is enough to obtain sufficiently accurate phonon 
frequencies, it is not fine enough for calculating the electron self-energy through the 
electron-phonon coupling theory. We thus further performed interpolation using EPW 
code[7] and finally executed the calculations on a 30×30×30 grid and obtained an 
imaginary part of the electron self-energy on a 12×12×12 k-points mesh. Then we 
performed a high-accuracy non-self-consistent calculation with VASP using a 
Monkhorst-Pack k-mesh with a grid spacing of 2π × 0.011 Å-1 to obtain the Kohn-Sham 
eigenvalues. Thanks to the Fourier interpolation module provided by the BoltzTraP2 
program[8], We were able to conveniently interpolate the relaxation time and the Kohn-
Sham eigenvalues together to a grid that has 45 times more k-points than the one used 
for calculating the Kohn-Sham eigenvalues, and the accurate electronic transport 
properties were then calculated.



Supplementary Figures



Fig. S1. (color online) Calculated phonon dispersion and projected phonon density of states of (a) 
Be11Fe, (b) Be4Fe, (c) Be5Fe, (d) Be3Fe, (e) Be2Fe, (f) BeFe, (g) BeFe2, (h) Be12Fe, and (i) Be17Fe2, 
respectively.

Fig. S2. (color online) The clathrate structures in Be12Fe and Be17Fe2, where the Fe atoms in Be12Fe 
are surrounded by 34-face cages formed by 20 Be atoms (a), and the Fe atoms in Be17Fe2 are 
surrounded by 28-face cages formed by 16 Be atoms (b).

Fig. S3. (color online) The ELF of selected Be-Fe compounds: (a) Be12Fe, (b) Be17Fe2, (c) Be5Fe, 



and (d) Be2Fe.

In Figs. S4 and S5, we show the characteristics of conventional ISQ and type-Ⅱ 
ISQ using Be11Fe and Be2Fe as the example, respectively. The locations of ISQs in both 
Be11Fe and Be2Fe are the joint maxima of charge density and ELF in real space. 
Therefore they both are electride according the “ELF+CHG” criterion. However, the 
difference is that the ELF value at the location of conventional ISQ is relatively high (> 
0.6), while the ELF of type-ΙΙ ISQ is at a level of ~0.5 and does not exceed 0.6. The 
low ELF of type-ΙΙ ISQ indicates the electrons accumulated in these interstitial regions 
will flow in and out continually.

Fig. S4. (color online) Variation of the ELF and charge density in Be11Fe along the given paths. The 
horizontal coordinates in (b), (c) and (d) correspond to the paths from atom A1 to atom A2, from 
atom A1 to atom B1, and from point C1 to point C2, as shown by the arrows in (a), respectively. 
The midpoint of these three paths are the location of interstitial charge localization. 

Fig. S5. (color online) Variation of the ELF and charge density in Be2Fe along the given paths. The 
horizontal coordinates in (b) and (c) correspond to the paths from atom A1 to atom A2 and from 
atom B1 to atom B2 as depicted by arrows in (a), respectively. The midpoint of both paths are the 
location of interstitial charge accumulation.



Fig. S6. (color online) PDOS of (a) Be12Fe, (b) Be3Fe, (c) BeFe, (d) Be17Fe2 (FM), (e) Be2Fe (FM), 
and (f) BeFe2 (FM), respectively.

Fig. S7. (color online) (a) The optimal value of the figure of merit ZT obtained by mild hole doping 
at different temperatures for Be11Fe, (b) PF of Be11Fe as a function of chemical potential at 300 K.



Fig. S8. (color online) Intrinsic carrier concentration (left) and intrinsic carrier mobility (right) of 
Be11Fe, respectively.



Supplementary Tables
Table S1. Structural information of the stable and metastable Be-Fe compounds

Phase Lattice parameters 
(Å)

Atom Wyckoff 
site

Bader 
charge (e-)

Atomic coordinates 
(fractional)

Be 8f
8i
8j

-0.919
-1.025
-0.865

0.250 0.250 0.250
0.348 0.000 0.000
0.290 0.500 0.000

Be12Fe- 
I4/mmm

a = b = 7.145
c = 4.083

α = β = γ= 90.000
Fe 2a 0.420 0.000 0.000 0.000
Be 2i

1a
1c
2g
2h
3k
6n

-0.960
-0.784
-0.643
-1.182
-1.165
-1.127
-0.982

0.667 0.333 0.100
1.000 0.000 0.000
0.333 0.667 0.000
0.000 1.000 0.370
0.333 0.667 0.344
0.990 0.494 0.500
0.166 0.834 0.185

Be17Fe2- 
𝑃6̅𝑚2

a = b = 4.090
c= 10.628

α = β = 90.000
γ = 120.000

Fe 2i 2.716 0.667 0.333 0.307
Be 1a

2g
4j
4k

-0.582
-1.146
-1.138
-1.078

0.000 1.000 1.000
1.000 0.500 0.256
0.744 0.000 0.382
0.500 0.255 0.133

Be11Fe- 
𝑃4̅𝑚2

a = b = 4.108
c= 5.785

α = β = γ= 90.000

Fe 1c 2.217 0.500 0.500 0.500
Be 4c

16e
-1.107
-1.125

0.250 0.250 0.250
0.374 0.126 0.874

Be5Fe- 
𝐹4̅3𝑚

a = b = c = 5.825
α = β = γ= 90.000

Fe 4a 1.513 0.000 0.000 0.000
Be 8f

8f
-1.188
-1.231

-0.308 -0.074 0.145
0.605 0.395 0.953    

Be4Fe- 
𝐶2/𝑐

a =7.716 b = 4.101
c = 7.690

α = γ= 90.000
β = 137.384

Fe 4e 4.84 0.500 -0.128 0.750

Be 2b
4f

-1.290
-1.199

1.000 0.500 0.690
0.252 0.500 0.163

Be3Fe- 
𝑃𝑚𝑚𝑛

a = 4.551
b = 3.647
c = 3.777

α = β = γ= 90.000
Fe 2a 3.686 0.500 0.500 0.653

Be 2a
6h

-1.004
-1.081

0.000 0.000 0.000
0.658 0.829 0.250

Be2Fe-
P63/mmc

a = b = 4.177
c = 6.692

α = β = 90.000
γ =120.000

Fe 4f 0.586 0.667 0.333 0.062

Be 2c -1.190 -0.000 0.500 0.109BeFe- 
P4/nmm

a = b = 2.569
c= 5.368

α = β = γ= 90.000
Fe 2c 1.190 -0.000 0.500 0.636

Be 2a -1.337 0.000 1.000 1.000BeFe2- 
I4/mmm

a = b = 2.567
c = 8.407

α = β = γ= 90.000 Fe 4e 0.668 0.000 1.000 0.338
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