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Calculation details

The magnetism of Co doped ZnO systems with oxygen vacancies is estimated by the
fundament of the density functional theory (DFT).! The generalized gradient
approximation (GGA) with spin-polarized Perdew-Burke-Ernerhof (PBE) method
was performed for the calculation of exchange and correlation functional.> The core
electrons were represented by the projector augmented-wave (PAW) potential.?

In comparison with the experimental results, the basic ZnO system with a 3x3x2
supercell containing 70 atoms (36 Zn atoms and 34 O atoms) was used to calculate
the related parameter of magnetic properties. Based on this system, some Zn atoms in
supercell were replaced by Co atoms, and some oxygen atoms were removed
according to the experimental model. In addition, the Brillouin zone integrations were
performed using a 3x3x2 Monkhorst-Pack k-grid and cutoff energy was 400 eV.*
Self-consistency was achieved when the total energy converged to 1.0x10* eV per
atom and the Hellmann-Feynman force on an atom was smaller than 0.01 eVA-!. The
calculated lattice constants for bulk ZnO were a=b =3.287 A and ¢ = 5.301 A, which

are in good accordance with the experiment values (a=b=3.25 A and ¢ = 5.22 A).
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Fig. S1 M-H curves fitted with BMP model for undoped and Co-doped ZnO samples.
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Fig. S2 M-H curves fitted by BMP model for original Zng¢3C000,0 and

Z1n,98C00,020-A.

To Further analyze the effects of doping Co atoms and oxygen defects on the

magnetization, the M-H curves were fitted according to the Langevin function’-:

myeH  KgT
M =nm|coth S + x,H
KgT  mgeeH 1)

where n, mg and m.g are number of BMP, ‘effective’ spontaneous magnetic moment

per BMP and true spontaneous magnetic moment per BMP. The first term in equation



meffH KgT
nm coth -
( KgT

MesrH ) represents the contribution of BMP’s model. The
second term (XmH) is the matrix contribution, which is equal to the paramagnetic
contribution from original magnetic data. This part has no influence on the BMP’s

model. Herein, the paramagnetic signals have been subtracted. Therefore, the M-H

curves were fitted by the following equation according to the BMP model:

Mol KpT

M =nm, coth
KT meffH 2)

Fig. S1 shows the M-H curves fitted with BMP model for undoped and Co-doped
ZnO samples. Fig. S2 shows the M-H curves fitted by BMP model for original
71 93C00 020 and Znj93C0¢0,0O-A. Obviously, the M-H curves can be well fitted by

BMP model. The related fitted parameters are listed in Table S1.

Table S1 Parameters obtained from BMP fitting for undoped and Co-doped ZnO

nanoparticles
Samples Ms (emu/g) ms (*103 1 ) N(*10'%/cm?3)
ZnO 0.0025 22.02 1.219
71 99C0¢ 910 0.0215 10.55 23.06
Zng 93C0¢ 020 0.0329 8.51 43.42
71 96C0¢ 040 0.0087 11.16 8.485

Zl’l()'ggCOo'on-Aa 0.0252 10.27 28.23




Fig. S3 The original structure of 3x3x2 ZnO supercell with two doped Co atoms and

two oxygen defects without optimization.

Fig. S4 Spin density distribution with two single charge oxygen vacancies in 3x3x2

ZnO supercell doped by four Co?".
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Fig. S5 Calculated DOS spectra of the 3x3x2 ZnO supercell doped by four Co?* with
two single charge oxygen vacancies: (a) total DOS. Inset shows the corresponding
magnification near Eg.; (b) partial DOS of O 2s and O 2p surrounding with Co ions;

(c) 3p and (d) 3d of Co ions surrounding with two single charge oxygen vacancies.



Table S2 Comparison of formation energy and magnetic moment for the Co-doped

3x3x2 ZnO lattice (2 Co atoms and 34 Zn atoms) with different oxygen defect

systems

Oxygen defect states Magnetic state

Formation energy

Magnetic moment (i)

AFM -0.32241700E+03 -0.0246
20v* FM -0.32242331E+03 8.004

PM -0.31987527E+03 --

AFM -0.32101104E+03 -0.0318

Ov+Ov M -0.32096158E+03 6.9988
PM -0.31831664E+03 --

AFM -0.31879413E+03 0.0062

20v FM -0.31879371E+03 6.0033
PM -0.31601803E+03 --
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