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1 Structural information of the stable ternary phases
in the Al-Fe-Si system

In the established phase equilibria and thermodynamic description of the Al-Fe-Si system,
there are eleven stable ternary phases.5!™” They are the 71(79)-Al,FesSis, 7o(7)-AlsFeSi,
T3-AlbFeSi, 74(d)-AlsFeSiy, 75()-Al; 4FepSi, 76(8)-Aly sFeSi, 77-AlsFeySis, 75-AlyFesSiy, T10-
AlgFe Sis, 111-AlsFe,Si, and 115-AlsFe,Si phases, where the variant notations are given in
brackets if they were used in literature and the nominal formulae are also listed. Only the

S7-S10

T1, T4, T7, Tg, and 715 phases were found to crystallize in the ordered structures, whose

detailed structural information are presented in Table S1.
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Table S1:

Crystallographic data of the m-AlyFesSis, 74-AlsFeSiy, 7-AlsFesSis, 75-AlyFesSiy,

and 71o-AlsFe,Si phases reported in experiments. The calculated results of the 71-Al,FesSig
phase by the GGA-PBE method are listed for comparison.

Compound  Space group Parameters ExperimentS8 510 GGA-PBE
11-AlyFesSis  P-1 (2) a, b, c (A)  4.684, 6.325, 7.498 4.6032, 6.3256, 7.4594
a, B, (°) 100.99, 105.6, 101.62 101.90, 106.79, 100.59
All, 2i (0.06814, 0.65441, 0.27676)  (0.05172, 0.64468, 0.27253)
Al2, 2i (0.40363, 0.67391, 0.03217)  (0.41424, 0.67513, 0.05218)
Fel, 2i (0.03698, 0.30012, 0.40831)  (0.03990, 0.29241, 0.41558)
Fe2, 2i (0.13163, 0.31991, 0.05574) (0.13515, 0.31778, 0.05655)
Fe3, 2i (0.36206, 0.02398, 0.22443)  (0.36468, 0.02816, 0.23271)
Sil, 2i (0.28252, 0.05495, 0.54012)  (0.27580, 0.04246, 0.53282)
Si2, 2i (0.54301, 0.41573, 0.34732)  (0.54283, 0.41274, 0.34779)
Si3, 2i (0.82738, 0.01759, 0.12078)  (0.82049, 0.02395, 0.11363)
m4-AlgFeSi,  Pben (60) a, b, c (A)  6.061, 6.061, 9.525
All, 4a (0, 0, 0)
Al2, 8d (0.1418, 0.3655, 0.1377)
Fe, 4c (0, 0.0109, 0.25)
Si, 8d (0.3387, 0.1687, 0.3474)
m7-AlsFe,Sis  P21/c (14)  a, b,c (A)  7.179, 8.354, 15.7076
o, B, (°) 90, 113.331, 90
All, 4e (0.49142, 0.047, 0.16762)
Al2, 4e (0.51102, 0.2039, 0.32282)
Al3, 4e (0.10038, 0.1402, 0.05058)
Al4, 4e (0.10127, 0.6175, 0.05607)
Al5, 4e (0.62249, 0.376, 0.17459)
Al6, 4e (0.07068, 0.3769, 0.27478)
Fel, 4e (0.17213, 0.11825, 0.22857)
Fe2, 4e (0.17495, 0.63784, 0.23027)
Fe3, 4e (0.29171, 0.62979, 0.53526)
Fed, 4e (0.29609, 0.37834, 0.03103)
Sil, 4e (0.26441, 0.3748, 0.17331)
Si2, 4e (0.18286, 0.8771, 0.15226)
Si3, 4e (0.16833, 0.6445, 0.37643)
Sid, 4de (0.16826, 0.1138, 0.37396)
Si5, 4e (0.6114, 0.3719, 0.0108)
Si6, 4e (0.3639, 0.379, 0.4672)
m3-AlyFe;Siy  Cmem (63)  a, b, c (A)  3.6687, 12.385, 10.147
Al 8f (0, 0.05746, 0.6086)
Fel, 8f (0, 0.14896, 0.12537)
Fe2, 4c (0, 0.35285, 0.25)
Sil, 8f (0, 0.31907, 0.015)
Si2, 4c (0, 0.5448, 0.25)
Si3, 4c (0, 0.7396, 0.25)
T12-Al3Fe,Si Fd-3m (227) a, b, ¢ (A)  10.806, 10.806, 10.806
Al, 48f (0.42756 0.125 0.125)
Fe, 32e (0.21402 0.21402 0.21402)
Si, 16¢ (0, 0, 0)

S-3



2 Calculated electronic density of states of Al,Fe;Sis,

Al g5833Fe3Sis, AlsFesSis 95833, Al gg167F€3515 95833, and

Al g5833F€3S513 4167
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FIG S1: Electronic density of states (DOS) of (a) perfect AlyFesSis, (b) Alj gss33FesSis, (c)
AlyFesSip g5s33, (d) Al gssssFesSizoaigr, and (e) AlpoaigrFesSiagssss obtained by the GGA-
PBE calculations. The vertical dotted line indicates the position of Fermi level. In panel
(a), the averaged DOS of Fe 3d orbit is also shown and the position of Fermi level is set
to the valence band maximum. The Al gsg33Fe3Sis, AlyFesSiy g5s33, Alj gss33F€3513 04167 and
Al ga167F€3515 95833 Were simulated by considering the most stable structures of single Al
vacancy, Si vacancy, anti-site substitutional Si for Al, and anti-site substitutional Al for Si
in a 3 x 2 x 2 supercell of Al,Fe;3Si;, respectively.
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3 The predicted power factors of Al,; 5. Fesq 5Sisg , (0.0 <

r < 2.2 in steps of 0.1) by machine-learning model

W

S

S
|

R?=0.99 @

~
vy
=

S
=3
S

o
(=1
(=}
vl boveecborne oo oo bovee b b

(9%
wn
(=

(7
(=3
(=

Predicted power factor [uWm™'K 2]

III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|
0 100 150 200 250 300 350 400 450 500

Measured power factor [uWm™K~2]

i

FIG S2: Comparison between the predicted and experimentally-measured power factors for
the testing data set, which includes only some of the results of synthesized compositions (z
= 0.0, 1.5, 1.8, 2.0, and 2.2). The coefficient of determination (R?) is about 0.99.
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FIG S3: Predicted power factors of Alys 5, ,Fesq 55140 , by machine-learning model in the first
iteration. The experimentally-measured power factors for the synthesized compositions (z
= 0.0, 1.5, 1.8, 2.0, and 2.2) are shown for comparison and the corresponding data points
are used for building the machine-learning model.
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FIG S4: Predicted power factors of Alys 5., . Fesq 559140, by machine-learning model in the sec-
ond iteration. The experimentally-measured power factors for the synthesized compositions
(x = 0.0, 0.7, 1.5, 1.8, 2.0, and 2.2) are shown for comparison and the corresponding data
points are used for building the machine-learning model.
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FIG S5: Predicted power factors of Alyz 5. Fesq 55140 » by machine-learning model in the third
iteration. The experimentally-measured power factors for the synthesized compositions (z
= 0.0, 0.7, 0.9, 1.5, 1.8, 2.0, and 2.2) are shown for comparison and the corresponding data
points are used for building the machine-learning model.



4 The measured thermoelectric properties of

A123.5+xFe36.5Si40_x, 6—FeSi, and 78—A12F83Si4

- 40—
- (a) @ x= 0.0, expt. D> x= 009, expt. @ x= 1.8 expt. - (b) @ x= 0.0, expt. D> x= 09, expt. -@ - x= 1.8 expt.
1200__ @ x=07 expt. O x= 10, expt. -‘ x= 2.0, expt. 20—: @ x=07 expt. O x= 10, expt. -‘ x= 2.0, expt.
:‘ =g x= 0.8, expt. — - x= 1.5 expt. - x=22, expt. E = x= 0.8, expt. — - x= 1.5 expt. - x= 22, expt.
= - =N 0=
% 1000 - ‘\‘ = : I el B R
S e e s 2 m A ‘3
= -O. T@--0--g--0--@- 2 = S-I 2o
z 800—"" i ¢ ; B’ 22 5 40— .’ A"A,$ ”?M
I “%5.5.5509% CE 7 U . g
: 2 e, - = =3 P g oo M 4 gi&/"
= = - - = z _ S — I8
E 600 -*‘:-1_ ©-o0-0 i :,,%: 2 803 T@. .‘,"-‘:/ &
S e an o & 5. 5 i Z PG
: 400—"’”*“""““"" —m Sl 2
- Pliige B o -
- T —l20—_’~\t-_-’:_’3/
‘- = v
P2 T T T T T O Y T O S B S I B R B B (U T T T T T T T O O T A O T R B I B I R BB |
300 400 500 600 700 800 900 300 400 500 600 700 800 900
Temperature [K] Temperature [K]
- (C) @ x= 0.0, expt. > x=09,expt. @ x= 1.8 expt.
- -. x= 0.7, expt. O x= 1.0, expt. —’ x= 2.0, expt.
800__ = x= 0.8, expt. —& - x= 15 expt. - x=22 expt.
s - ’_—'-:':q‘ >
¥ 600~ =N > >
g - D> QO &-e.
= - - 8 o-e._ D>
RO 2 T SN WS
g 400 @07 RO .
T e A A Ny s
5 Q- ~4 o N>d
z ’ ~ S >
2 - AL AN e \.':§
200 — - -H- A RN
m A §\ ~~
- = ~\ SS =
- m|e ‘P~‘_ g’
- - - =
0 B-m s = o= &
_| LI B | | LI B | | LI B | | [ | | [ | L L I
300 400 500 600 700 800 900
Temperature [K]

FIG S6: Experimentally-measured (a) electrical conductivity o, (b) Seebeck coefficient S,
and (c) power factor as a function of temperature for Alys s, Fess5Sis0 . at the synthesized
compositions (x = 0.0, 0.7, 0.8, 0.9, 1.0, 1.5, 1.8, 2.0, and 2.2).
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FIG S7: Experimentally-measured (a) electrical conductivity o, (b) Seebeck coefficient S,
and (c) power factor as a function of temperature for e-FeSi and 75-AlyFe3Siy.
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5 Calculations of elastic modulus, sound velocity, De-
bye temperature, and Griineisen parameter

Because AlyFesSis is a triclinic crystal, 21 independent elastic constants are required to
describe its mechanical response. The values of these constants Cj; (i,j = {1,...,6}) of
AlyFesSis are estimated by calculating the stress tensors on applying different deformations

to the equilibrium triclinic lattice. The calculated elastic constants are listed in Eq. 1.

321.0 103.3 &89.8 —-3.3 4.6 5.6
314.7 101.8 24.0 &1 —14.1
335.0 —-1.1 —-1.7 9.2

117.7 =78 11.5
1229 —-1.5

126.0

From the calculated elastic constants, the macroscopic mechanical parameters such as
bulk modulus (B) and shear modulus (G), are calculated using the Voigt (V),5!! Reuss

(R),%2 and Voigt-Reuss-Hill (H) approaches®!? in the following forms:

(C11 + Ca + Cs3) +2(Cra + Caz + Cs1)

By - ' )
1
Br = 3
" (S11 + S22 + S33) + 2(S12 + S23 + S31) 3)
Gy = (Ch1 + Co + Cs3) — (Cra + Caz + Cs1) 4 3(Cuy + Cs5 + Ces) (4)
15
15
Gr = 5
t 4(s11 + S92 + S33) — 4(S12 + S23 + S31) + 3(Saa + S55 + Se6) (5)
1
B = §(Bv + Bg) (6)
1
G = §(Gv + GRr) (7)
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9BG
3B+G

where s;; = Cy; !. The Young’s modulus (E) and Poisson ratio are evaluated as E =

3B-2G

and v = {5556,

respectively. The calculated bulk modulus, Young’s modulus, shear modulus,
and Poisson ratio are summarized in Table S2. The obtained elastic modulus of Al,FesSis,
exceeding 100 GPa, indicate that its mechanical strength could be strong enough for the

practical application in thermoelectric device.

Table S2: The bulk modulus (B), Young’s modulus (E), shear modulus (G), and Poisson’s
ratio (v) of AlyFesSiz are calculated according to the Hill averaging scheme and the elastic
constants obtained by the GGA-PBE method. The experimental data obtained from the
sound velocity measurement of Alys 5., Fesq5Sig . (z = 0.0 and = = 0.9) in this work and of
AlyFesSis in Ref. S14 are also listed for comparison.

B E G v
(GPa) (GPa) (GPa)
This work 173.1  286.2 116.9 0.224

This work (z = 0.0) 131.0 2163 88.3  0.225
This work (z = 0.9) 147.5 237.3 963  0.232
Ref. S14 152 249 102 0.226

The propagation velocities of longitudinal (v,) and transverse (vr) acoustic waves are

U_\/ E(1—v) _\/B+4/3G 8
Ve -2v) p

\/ 1 +v) \/7 )

where p is the mass density. The Debye temperature (Op)5!? is calculated from the relation

h 3n 0\ 3
= (), 1
O =7 (zmz) ! (10)

where h and kg are Planck and Boltzmann constants, respectively, n is the number of atoms

derived from

in the cell, € is the cell volume, and v, is the average sound wave velocity. The v, is given

1/1 2\
===+ = . 11
v [3(+>} =

in terms of vy, and vt as



The Griineisen parameter 7 is calculated from the relation proposed by Belomestnykh:5'6

v \2
9—12(4%)

2 F Az 12)

’y:

which takes into account the contribution of acoustic sound velocities only.
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