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Abstract: Complex doping is one of the challenging problems to be understood in doping and the associated structure
tuning in materials science. Here we investigate the single-impurity-induced complex doping behaviors of group 13 ele-
ments Ga or In in caged skutterudite CoSb; through a combination of ab initio total-energy calculations and
thermodynamics. Formation energies of void filling, Sb-substitution, and complex dual-site occupancy defects with differ-
ent charge states, and their dependence on chemical potentials of species are considered. Our results show that Ga atoms
predominantly form the dual-site 2Ga,; — Gag, defects and substitute for Sb only at very high Fermi levels or electron con-
centrations. Indium atoms, on the other hand, can play multiple roles in skutterudites, including filling in the crystalline
voids, substituting for Sb atoms, or forming dual-site occupancy, among which the fully charge-compensated dual-site de-
fects (2Inyp — Ing, and 4Iny; — 2Ing, ) are dominant. The total defect concentrations are studied by using overall charge
neutrality under the grand canonical ensemble. The concentration ratio of impurities at void-filling sites and that at Sh-sub-
stitution sites for Ga-doped CoSb; is very close to be 2: 1, while this value visibly deviates from 2: 1 for In-doped CoSb,.
The 2: 1 ratio of Ga-doping in CoSh, causes low electron concentration ( ~2 % 10" c¢m™ ) and makes the doped system a
semiconductor. The underlying physics of the doping behavior for group 13 elements in CoSb; is also analyzed.
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Table 1 Formation energies of different defect with Co-rich and Sb-rich in CoSb, system doped by Ga and In at 0 K (eV).
Ga In
Defects
E(Apg, =0) E(Apg, = -0.33) E(Apg, =0) E(Apg, = -0.33)
My 0.59%4 0. 594 0.471 0.471
M, 0. 896 0. 896 1.458 1. 458
Mg, 0. 676 0. 346 0. 898 0. 568
Myp-Mg, (1 -1) 0. 436 0.271 0.534 0. 369
2Myp-Mg, (2 -1) 0. 309 0. 199 0. 368 0.258
3Myp-Mg, (3 -1) 0.373 0. 290 0. 382 0.299
4Myp-Mg, (4 -1) 0. 414 0. 348 0. 398 0.332
SMyp2Mg, (5-2) 0.397 0. 303 0. 363 0.269
4Myp-2Mg, (4 -2) 0.314 0. 204 0. 359 0. 249
6My-3Mg, (6 -3) 0.337 0. 227 0. 352 0.242
Mg, -Sbyp 0.920 0. 920 1. 476 1.476
M, 1.007 1.997 1. 715 2.705
Vg, - Mg, 2.678 2.078 2.777 2.117
Co, (06.8239)7 1.887(2.19)°

Sb; 2. 46" 2.0°

Ve, 2.89¢ 1.5%

Vs 2.75¢ 3.21°

Note: Superscript a representing data from Park et al. , Phys Rev B, 2010, 81. 085 206
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