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For Tm adatom adsorbed by triple carbonyls, the minority states of 4f orbital mainly arise in the
energy window ranging from -0.4 to 0.2 eV. The operator L, couples two nearest states fre—3y) and
fy(3x2—y2) together, which predominantly contributes to the out-of-plane anisotropy, with the weights
c]% 2 ay = = 0.741 and cf gty = = 0.416 respectively. Also we take into account the SOC matrix el-
ements Ay, and A,,, which mainly contribute to the in-plane anisotropy with the leading matrix
elements ( fz(5227r2)|ﬁx| Fis2—p2y)) and (fy |L |fy(s2—2))- By considering the energy-level separa-

tion A = Efy<3x2 =0.12 and the welghts c2 Fiso = 0.885 (occupied) and ¢ Fose o = 0.304

o Bl
(unoccupied), we get the anisotropy energy Ejys = DS% = (0.741 x 0.416 x 9£2/0.12 — 0.885 x 0.304 x
6£2/0.26) x 1.0%, which gives the constant & = 63.6 meV for Tm.

For Er adatom adsorbed by triple carbonyls, the out-of-plane anisotropy is mainly contributed
by the states of Jrx2=3y2) and Fy3—y2) with the energy splitting of 0.40 eV as well as the weights
3 Forae = 0.745 (unoccupied) and C?’y@xL 2 = 0.955 (occupied). Also electron hopping from the state
of f;(s;2_3,2) (the weight of 0.955) to the degenerate states of {f,(s.2_32), fy(5.2_3,2)} (0.520) leads to
the orbital moment reversal from out-of-plane to in-plane direction. The energy splitting between two
states is 0.42 eV. Therefore, the magnetic anisotropy of Er is AEy4 = DS? = (0.745 x 0.955 x 92 /0.40 —
0.520 x 0.955 x 6£2/0.42) x (1.0)?, which gives the spin-orbital coupling parameter & = 73.7 meV.

For Sm adatom upon quadruple carbonyls, spin-orbital coupling between orbitals of f, 232 and
Fy3x2—2) contributes heavily to the out-of-plane anisotropy, with the weights of 0.417 (unoccupied)
and 0.830 (occupied) respectively. The energy splitting between two states is 0.18 eV. Moreover,
the operators of angular momentum L, and L, couple the state of fis5:2-32) (0.925) with the double
degenerate states of {f,(s2_3,2), fy(s2-3,2)} (0.251) together. The energy splitting between the states
of fy(5:2-3,2) and {fy(s2-3.2)> fy(s:2-32)} is 0.20 eV. Considering the spin quantum number S, = 3, the

magnetic anisotropy of Sm is calculated as AEy4 = DS? = (0.830 x 0.417 x 9£2/0.18 — 0.925 x 0.251 x
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Table S1 Single RE atom adsorbed by triple carbonyls of defective graphene oxide.

adatom dn, Ah mﬂ m! mi  mg My AEwa  Ep
A A W) W) W) W) () meV) (eV)

Co 1.84 2.28 0.15 2.03 0.34 2.03 2.78 2.9 4.3

Rh 2.04 2,58 0.19 1.27 0.29 1.28 1.44 7.3 34

Ir 2.03 2.56 0.30 1.04 0.70 1.07 1.22 50.4 2.7

Nd 2.12 2.76 2.49 3.33 2.47 3.35 4.22 1.5 7.4

Pm 2.12 2.76 2.72 448 3.03 4.46 5.22 13.1 6.8
Sm 2.13 2.76 3.12 6.03 3.56 5.99 6.22 40.3 6.1

Gd 2.06 2.74 0.15 6.82 0.09 6.83 7.55 -3.2 7.1

Dy 2.05 266 3.79 4.58 3.45 457 555 -34.0 6.9

Er 2.05 2.64 3.86 2.52 4.28 2.58 3.52 48.6 6.1

Tm 2.05 264 479 244 526 252 147 684 5.6

Table S2 Single RE atom adsorbed by quadruple carbonyls of defective graphene oxide.

adatom dpn, Ak mg mg  mp  my My AEwa  Ep
A A (up) (up) (up) (up) (up) (meV) (eV)

Co  1.83 156 027 122 005 120 081 3.7 58
Rh 195 1.56 020 065 001 0.63 0.78 -2.6 5.1
Ir 194 1.58 049 072 0.01 0.63 0.93 -144 5.4
Nd 221 241 223 3.17 251 324 347 145 8.4
Pm 219 237 3.11 417 2.94 439 350 206 7.8
Sm 221 234 357 545 3.70 543 4.84 215 9.7
Gd 213 226 009 680 009 681 7.56 -0.7 8.7
Dy 212 224 420 445 439 429 493 11.5 8.1
Er 213 225 429 2.80 432 278 355 167 7.2
Tm 213 224 496 237 489 232 240 -12.8 6.8

6£2/0.20) x 32, which gives the spin-orbital constant & = 20.8 meV.



Table S3 A-B dimers adsorbed by triple carbonyls of defective graphene oxide.

A-B dmo Ahap AR mp. o omp. Mg, mg, miA mLLB mi mg, Mo AEys Ep
A A A (u) (M) (us)  (us)  (up) () (us) (up) (up) (meV) (eV)
Co-Ir 198 213 253 032 0.54 211 206 -0.66 0.89 215 202 425 9.1 7.9
Ir-Co 2.15 2.11 2.75 0.28 0.29 1.69 201 081 0.29 149 1.67 412 696 6.5
Sm-Ir 2.24 246 286 1.26 0.78 6.13 -1.75 3.10 1.59 558 -1.54 346 232.7 9.3
Ir-Sm 222 222 2.83 0.02 240 -046 6.25 0.77 3.60 -0.53 6.04 585 1054 64
Er-Ir 2.16 249 274 3.60 092 260 164 4.02 1.74 275 147 456 1349 94
Ir-Er 2.14 239 271 031 3.83 1.09 267 1.05 4.16 1.03 267 4.57 585 6.3
Tm-Ir 2.15 253 2.73 3.84 082 211 1.26 4.71 184 2.20 1.34 3.61 256.0 8.9
Ir-Tm 2.12 243 2.69 0.30 4.13 099 199 1.06 4.72 099 221 3.51 1140 59
Table S4 A-B dimers adsorbed by quadruple carbonyls of defective graphene oxide.
A-B dno Ahap Al m!A m‘1|43 mgA m!‘B mi\ me mfA mé%B Moy  AEpa E,
A A A () (us) ()  (us)  (up) (up) (up) () (up) (meV) (eV)
Co-Ir 2.00 2.23 199 0.27 084 211 237 0.04 135 211 230 4.28 213 8.1
Ir-Co 2.00 2.22 1.64 0.12 025 058 218 0.03 035 059 224 326 13.0 7.8
Sm-Ir 2.32 257 254 1.75 092 572 -1.88 329 1.34 548 -1.69 3.64 120.0 9.8
Ir-Sm 2.00 246 1.57 0.02 3.88 -0.19 564 0.01 3.56 -0.19 5.64 6.00 18.1 8.3
Er-Ir 221 2.57 237 3.72 099 277 169 419 136 283 168 471 634 10.2
Ir-Er 2.00 2,51 1.63 0.01 445 0.08 290 0.02 548 0.07 296 2.77 -374 8.0
Tm-Ir 2.21 2.64 2.38 4.17 1.00 237 168 475 139 244 166 340 763 94
Ir-Tm 2.01 2,53 1.63 0.01 483 0.11 2.76 0.02 545 0.11 283 1.78 509 7.6
Pm-Ir 2.31 244 253 1.86 0.06 4.07 0.18 -3.22 0.97 395 041 4.67 143.6 10.4
Ir-Pm 2.01 246 1.60 0.02 275 -0.17 4.64 0.01 3.06 -0.18 450 599 19.8 8.8

Table S5 Results of GGA+U calculations for single adatom adsorbed by triple carbonyls.

adatom  my mg mi  mg My AEma
(up)  (up) (up) (ug) (up) (meV)
Co 0.08 2.24 0.12 2.24 2.78 0.7
Rh 0.13 1.56 0.18 1.56 1.44 2.7
Ir 0.26 1.34 043 1.34 1.22 46.7
Nd 0.49 339 049 3.40 4.12 1.3
Pm 0.49 449 0.54 449 5.21 0.1
Sm 0.18 6.30 0.68 6.34 6.22 124
Gd 0.02 7.06 0.02 7.06 7.56 -0.3
Dy 0.72 465 0.80 4.76 5.15 17.8
Er 0.76 291 1.20 293 3.51 17.6
Tm 0.73 1.63 098 1.65 2,56 25.3




Table S6 Results of GGA+U calculations for single adatom adsorbed by quadruple carbonyls.

1

adatom m; m!w mi mg My  AEMmA
(ug) (up) (up) (up) (up) (meV)

Co 0.09 1.76 0.03 1.76 1.04 -1.0
Rh 0.11 086 0.0 0.85 1.00 -0.9
Ir 0.30 0.83 0.01 0.81 1.00 -4.9
Nd 0.45 3.21 045 320 3.61 -04
Pm 050 4.36 0.49 4.36 3.28 -0.8
Sm 040 5.99 0.74 582 497 13.6
Gd 0.02 7.03 0.02 7.03 7.56 0.0
Dy 0.68 4.76 0.59 4.83 4.50 -2.0
Er 0.83 2.76 0.82 2.76 3.60 -1.6
Tm 0.52 1.89 1.23 194 226 184

Table S7 Results of GGA+U calculations of metal dimer absorbed by triple carbonyls.

L

A-B my,omp, Mg mg, mLLA miB mi mg, M:o; AEpa

() (u) (M) (M) (M) (M) (M) (MB) (M) (meV)
Co-Ir 0.19 041 246 2.17 0.04 066 245 2.17 439 175
Ir-Co 0.32 0.18 198 240 0.55 0.15 1.97 241 4.22 7.0
Sm-Ir 0.61 0.26 6.04 -2.00 0.85 044 598 -1.74 3.44 64.7
I[r-Sm 0.11 0.10 -0.61 6.65 0.48 0.70 -0.65 6.65 6.52 45.8
Er-Ir 0.83 041 280 1.76 0.79 1.44 279 1.32 472 142.7
Ir-Er 0.24 083 1.31 2.73 097 082 1.29 275 4.77 69.2
Tm-Ir 0.74 044 1.71 180 053 149 1.72 1.28 3.78 70.4
Ir-Tm 0.27 087 149 1.72 0.73 092 148 1.63 3.46 126.8

Table S8 Results of GGA+U calculations of metal dimer absorbed by quadruple carbonyls.

A-B my omp mg, mg, mLLA miB m?A mﬁB M:o: AEpa

(ug) (up)  (up)  (up) (up) (up) (M) (up) (up) (meV)
ColIr 0.18 0.52 229 234 0.03 0.72 231 242 427 58
Ir-Co 0.14 0.06 0.62 257 0.02 0.07 061 255 3.77 9.7
Sm-Ir 0.42 0.53 5.83 -1.88 0.50 0.65 5.80 -1.89 3.54 15.9
Ir-Sm 0.04 0.26 -0.15 6.48 0.01 0.15 -0.15 6.48 6.81 -3.2
ErIr 0.77 0.53 2.84 1.83 0.82 063 279 1.83 511 15.0
Ir-Er 0.01 1.06 0.07 2.82 0.0 0.72 007 274 3.00 -18.6
Tm-Ir 0.78 0.54 1.89 1.85 0.92 0.64 1.89 1.86 3.75 9.7
Ir-Tm 0.02 1.29 0.08 1.88 0.01 0.83 0.09 1.82 2.00 -15.0
Pm-Ir 0.37 0.24 4.07 1.21 0.44 0.62 4.07 122 562 10.5
Ir-Pm 0.03 0.21 -0.14 501 0.01 026 0.14 5.03 6.09 8.2
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Fig. S1 (Color online) Projected density of states for Ir(a), Tm(b), Er(c) and Sm (d) adatoms adsorbed by
triple carbonyls. The Fermi level is set to be zero.
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Fig. S2 (Color online) Projected density of states for Ir(a), Tm(b), Er(c) and Sm (d) adatoms adsorbed by
quadruple carbonyls. The Fermi level is set to be zero.
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Fig. S3 (Color online) Projected density of states for Tm-Ir(a,b), Er-Ir(c,d) and Sm-Ir(e,f) dimers adsorbed by
triple carbonyls. The Fermi level is set to be zero.
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Fig. S4 (Color online) Projected density of states for Tm-Ir(a,b), Er-Ir(c,d) and Sm-Ir(e,f) dimers adsorbed by
quadruple carbonyls. The Fermi level is set to be zero.



