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Table S1. The formation energy E; (eV/atom), the buckling energy E, (meV/atom), and the size of buckling d, (&) for
all 2D TMOs. Bold dark-blue formation energies denote lowest-energy configurations. A negative (positive) E,
indicates that a buckled (planar) structure is energetically more stable than its planar (buckled) counterpart. Fields with
— indicate that a buckled input configuration relaxed into a planar configuration, or that a specific magnetic input
configuration relaxed into a non-magnetic (NM) configuration. For the t-MOs, “(a)” and “(b)” refer to the

configurations shown in Figure 5a and 5b, respectively.

NM FM AFM1 AFM2
Ef Ey dp Ey Ey dp Ef Ey dp Ef Ey dp
t-VO (a) -1.192 -10 0.49 -1.317 — — -1.332 -6 0.45 -1.335 -5 0.44
t-VO (b) -1.140 -54  0.47 -1.269 — — -1.260 11 0.39 -1.243 14 0.42
t-CrO (a) -0.744 61 0.57 -1.071 — — -1.158 — — -1.174 — —
t-CrO (b) -0.699 -130 0.53 -1.029 — — -1.051 -6 0.20 -1.038 -13 0.85
t-MnO (a) -0.628 — — -1.016 — — -1.153 — — -1.127 — —
t-MnO (b) -0.565 — — -1.144 — — -1.208 — — -1.142 — —
NM FM AFM FiM
Ey Ey dp Ef Ep dp Ef Ep dp Ef Ey dp
h-ScO -2.350 -14  0.35 -2.359  -23  0.53 -2.367 -31 0.52 -2.344 — —
h-TiO -1.753 -39 0.71 -1.742 — — -1.735 — — — — —
h-VO -1.084 52 0.77 -1.261 -47 0.39 -1.212 — — -1.196 — —
h-CrO -0.567 112 0.62 -0.931 -2 0.24 -1.038 — — -1.001 0 0.11
h-MnO -0.435 -78  0.39 -1.016 — — -1.137 — — -1.130 — —
NM FM AFM1 AFM2
Ef Ey dp Ey Ey dp Ef Ey dp Ef Ey dp
5q-ScO -2.470 — — — — — — — — — — —
sq-TiO -1.884 — — -1.891 — — -1.942 — — -1.910 — —
sg-VO -1.200 -20 0.25 -1.331 — — -1.430 — — -1.380 11 0.21
sq-CrO -0.660 -81  0.50 -1.103 — — -1.250 -7 0.22 -1.248 — —
sg-MnO -0.476 -90  0.55 -1.087 — — -1.098 — — -1.055 — —
NM FM AFM
Ef Ey dy Ef Ey dp Ef Ey dp
h-Sc.0; -2.713 — — — — — _ _ _
h-Ti>0s -2.239 -8 0.22 -2.307 -7 0.26 -2.315 -1 0.14
h-V,05 -1.590 11 0.32 -1.821 — — -1.711 — —
h-Cr.0; -1.135 -6 0.21 -1.394 — — -1.359 — —
h-Mn,Os -0.956 — — -1.222 — — -1.225 (FiM) —
NM FM AFM1 AFM1
Ey Ey dp Ef Ep dp Ef Ep dp Ef Ey dp
$9-5¢cO> -1.935 — — -1.980 — — — — — -1.948 (FiM) —
5g-TiO; -2.144 — — — — — — — — — — —
5g-VO2 -1.600 5 0.13 -1.681 2 0.15 -1.680 -1 0.10 -1.678 -1 0.11
5q-CrO. -1.173 — — -1.378 — — -1.338 — — -1.362 — —
sg-MnO, -0.925 — — -1.036 — — -1.114 — — -1.091 — —
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Table S2. Properties (space group, magnetic ordering, and conductivity) of the bulk TMO phases chosen in this study
as the 2D TMOs’ corresponding 3D phases; and coordination numbers (CNs) and TM-O bond lengths (drvo) for
these 2D and 3D TMOs. Bond lengths are averaged values; real bond length difference for 3D TMOs is within 9%.
Structural parameters and magnetic orderings that were not found in literature were calculated in this study; with the

exception of ScO,, which was omitted. SC: semiconductor, SM: semimetal, HM: half-metal, M: metal, I: insulator.

3D 2D
Phase Reference Space Gr. Magnetism C CNmt  CNo drvo (A) Phase CNmv  CNo drvo (A)
wz-ScO — P6smc* NM*® — 6 6 22164 h-ScO 3 3 2.017
wz-TiO — P6smc” NM? — 4 4 2.033 h-TiO 3 3 1.921
wz-VO — P6smc” FM? — 4 4 1.968 h-VvO 3 3 1.908
wz-CrO — P6smc” AFM1® — 4 4 1.958 h-CrO 3 3 1.879
wz-MnO [4,5,8,9] P6;mc wz-AFM3 SC 4 4 2.029 h-MnO 3 3 1.936
rs-ScO — Fm3m® NM? — 6 6 2.239 5g-ScO 4 4 2.111
€e-TiO [1,2] P62M NM M 6,3 6,3° 2.111, 1.976° sq-TiO 4 4 2.019
distorted rs-VO [2] R3M AFM M 6 6 2.141 5q-VO 4 4 1.986
rs-CrO [3] Fm3m AFM1? M 6 6 2.154 5q-CrO 4 4 1.988
7s-MnO [4,5,6,7] Fm3m® AFM2° sC 6 6 2222 5¢-MnO 4 4 2,029
bixbyite Sc;05 [10] a3 NM®* I 6 4 2.136 h-Sc:05 3 2 1.920
corundum Ti,O; [11,12, 13, 14] R3c AFM1 SC 6 4 2.051 h-Ti,O; 3 2 1.826
monoclinic V,05 [15, 16] I2/a AFM SC 6 4 2.011 h-V,0; 3 2 1.784
corundum Cr,0s [11,17, 18] R3c AFM SC 6 4 1.993 h-Cr,0; 3 2 1.772
bixbyite Mn,Os [6,7,19] 1a3 AFM M 6 4 2.063 h-Mn,0; 3 2 1.778
— — — — — — — — 5q-ScO, 4 2 2.004
anatase TiO, [20, 21] I4/amd NM SC 6 3 1.976 5g-TiO. 4 2 1.873
Mo VO, [22, 29, 30, 31] P2,/c M M 6 3 1.936 5g-VO, 4 2 1.824
rutile CrO, [23, 24] P4,/mnm FM HM 6 3 1.907 5g-CrO, 4 2 1.790
rutile MnO, [7, 25] P4,/mnm (NC) AFM© SC 6 3 1.897 5g-MnO, 4 2 1.777

a

o

o

®

The wz-ScO, wz-TiO, wz-VO, wz-CrO, and rs-ScO phases, and the magnetic orderings for the aforementioned phases, and for rs-CrO
and bixbyite Sc.O3, are not found in literature. We calculated the ground state magnetism for these structures. For rs-ScO and rs-CrO,
we compared the energies of the 7 magnetic orderings for the rs structure as described in [5]: our calculations suggest that rs-ScO is
non-magnetic; and although Ref. [3] mentions that bulk 7s-CrO can be AFM or FM, our results show that the AFM1 configuration is
more stable than the FM configuration, by 119 meV/atom. In our calculations for bixbyite Sc.Os, the AFM1 and FM orderings states
all relaxed to NM.

MnO is in the rs structure and is paramagnetic with T > Ty = 118 K; below the Néel temperature, MnO is AFM2 with a

rhombohedrally distorted structure (0=90.62°) determined by neutron scattering [26]. In 2006, it was found by refined neutron
scattering that the rhombohedral MnO is in fact monoclinic [27]. However, DFT calculations usually neglect this slight deviation [5].

For rutile MnO,, the spiral non-collinear (NC) AFM is the real magnetic ground state. We considered only the collinear (CL) AFM

solution due to limited computational power. The moderate difference between the two magnetic states was given by [7]: AE(NC-CL)
=—-47 meV/fu.

The Sc-sublayer and O-sublayer relaxed to the same plane. Thus the structure can be regarded as #-ScO monolayers stacked in the
ABAB order.
There are two configurations of coordination in €-TiO. Thus there are two sets of coordination numbers and two different bond

lengths.
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Table S3. (Average) bond lengths in AatoK prior to AIMD simulation; and average, minimum, and maximum
bond lengths in A for the structures that showed no bond breaking during AIMD simulation, at 300 K and 700 K.
That bond lengths can be evaluated does not necessarily imply that a structure is thermally stable: a number of
structures for which bond lengths are listed in this Table, were found to restructure into energetically more favorable

configurations, and as such are considered to be thermally unstable.

oK 300 K 700 K

avrg min max avrg min max
h-ScO 2.017 2.039 1.831 2.361 2.050 1.773 2.657
h-TiO 1.921 1.959 1.751 2.297 1.970 1.626 2.674
h-VO 1.908 1.916 1.727 2.224 1.934 1.641 2.473
h-CrO 1.879 1.921 1.729 2.301 1.931 1.639 2.727
h-MnO 1.936 1.972 1.763 2.290 1.982 1.667 2.556
5q-ScO 2.111 2.138 1.916 2.440 2.153 1.816 2.877
sq-TiO 2.019 2.039 1.841 2.357 2.059 1.725 2.542
sq-VO 1.986 2.002 1.820 2.301 2.018 1.738 2.625
sq—CrO 1.988 2.007 1.801 2.263 2.019 1.744 2.544
sq—MnO 2.029 2.059 1.801 2.698 — — —
h-Sc,05 1.920 1.941 1.808 2.095 1.958 1.770 2.261
h-Ti,Os 1.826 1.847 1.710 2.008 1.862 1.672 2.203
h-V,0; 1.785 1.804 1.674 1.989 1.818 1.612 2.139
h-Cr,0; 1.772 1.796 1.664 2.032 1.813 1.596 2.204
h-Mn,O; 1.778 1.805 1.600 2.124 1.825 1.552 2.423
sq—SCOz 2.004 2.069 1.857 2.441 — — —
5q-TiO. 1.873 — — — — — —
5q-VO, 1.824 — — — — — —
5q-CrO. 1.790 — — — — — —
5q-MnO- 1.777 — — _ _ _ _
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Table S4. DFT (GGA-PBE) and HSE06 calculated electronic and magnetic properties of the 2D TMO phases. EGS:
electronic ground state, MGS: magnetic ground state. TM: transition metal atom, O: oxygen atom. SC: semiconductor,

SM: semimetal, HM: half-metal, M: metal. Band gaps are for spin-up (1) and spin-down () electrons. Magnetic

moments were evaluated from spin-up and spin-down electron densities within Bader volumes.

Phase Method  EGS MGS Band gap (eV) Mag. moment ({4s) Bader charge (e)
0 J ™ 6] ™ 6]
t-VO DFT SC AFM2 0.15 0.15 +1.72 +0.02 1.04 -1.04
HSE SC AFM2 1.16 1.16 +2.27 +0.04 1.09 -1.09
t-CrO DFT SC AFM2 0.40 0.40 +2.93 +0.03 1.11 -1.11
HSE SC AFM2 0.60 0.60 +3.36 +0.06 1.09 -1.09
t-MnO DFT SC AFM1 0.18 0.18 +4.03 +0.08 1.19 -1.19
HSE SC AFM1 1.69 1.69 +4.42 +0.07 1.30 -1.30
h-ScO DFT SC AFM 0.36 0.36 +0.23 0.00 1.32 -1.32
HSE SC AFM 1.05 1.05 +0.21 +0.02 1.41 -1.41
h-TiO DFT SC NM 0.22 — — — 1.19 -1.19
HSE SC NM 0.28 — — — 1.27 -1.27
h-VO DFT SC FM 0.51 5.16 2.80 0.20 1.24 -1.24
HSE SC FM 0.55 6.77 2.86 0.14 1.29 -1.29
h-CrO DFT SC AFM 0.62 0.62 +3.38 +0.05 1.20 -1.20
HSE M AFM — — +3.66 +0.08 1.32 -1.32
h-MnO DFT SC AFM 0.63 0.63 +4.37 +0.10 1.28 -1.28
HSE SC AFM 2.11 2.11 +4.61 +0.08 1.42 -1.42
5q-ScO DFT M NM — — — — 1.51 -1.51
HSE M NM — — — — 1.62 -1.62
Sq—TiO DFT M AFM1 — — +1.03 0.00 1.39 -1.39
HSE M AFM1 — — +1.22 0.00 1.50 -1.50
sg-VO DFT SC AFM1 0.36 0.36 +3.46 0.00 1.40 -1.40
HSE SC AFM1 3.12 3.12 +3.66 0.00 1.46 -1.46
Sq—CI‘O DFT M AFM1 — — +2.33 0.00 1.36 -1.36
HSE M AFM1 — — +2.61 0.00 1.45 -1.45
sq—MnO DFT M AFM1 — — +4.20 0.00 1.31 -1.31
HSE SM AFM1 -0.04 -0.04 +4.64 0.00 1.44 -1.44
h-Sc203 DFT SC NM 2.89 — — — 1.88 -1.25
HSE SC NM 4.35 — — — 1.99 -1.33
h-Ti>0s DFT SC AFM 0.93 0.93 +0.87 0.00 1.69 -1.13
HSE SC AFM 3.23 3.23 +0.95 0.00 1.81 -1.21
h-V.0; DFT HM FM — 4.32 2.00 0.00 1.56 -1.04
HSE HM M — 6.24 2.10 -0.06 1.65 -1.10
h-Cr0; DFT HM FM — 3.94 2.96 0.02 1.51 -1.01
HSE SC FM 0.88 5.73 2.93 0.05 1.65 -1.10
h-Mn,O3 DFT SC FiM 0.62 0.93 4.15;-2.24 0.03 1.45 -0.97
HSE SC FiM 3.02 3.77 4.55; -2.69 0.05 1.44 -1.02
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Table S4 continued. DFT (GGA-PBE) and HSEO06 calculated electronic and magnetic properties of the 2D TMO
phases. EGS: electronic ground state, MGS: magnetic ground state. TM: transition metal atom, O: oxygen atom. SC:

semiconductor, SM: semimetal, HM: half-metal, M: metal. Band gaps are for spin-up (M) and spin-down W)

electrons. Magnetic moments were evaluated from spin-up and spin-down electron densities within Bader volumes.

Phase Method  EGS MGS Band gap (eV) Mag. moment (Us) Bader charge (e)
0 N ™ 0 ™ 0
5q-5¢O; DFT HM FM 3.26 — -0.05 0.53 1.98 -0.99
HSE HM FM 5.21 — -0.09 0.54 2.08 -1.04
Sq—TiO; DFT SM NM -0.002 — — — 2.09 -1.04
HSE SC NM 0.13 — — — 2.28 -1.14
5q-VO, DFT HM FM -0.36% 0.81 0.18 -0.09 1.86 -0.93
HSE SC FM 0.65 1.93 1.12 -0.06 2.06 -1.03
sq—CrO; DFT HM FM — 0.46 2.22 -0.11 1.75 -0.88
HSE HM FM — 291 2.54 -0.27 1.93 -0.97
5q-MnO- DFT M AFM1 — — +2.58 0.03 1.68 -0.84
HSE HM AFM1 4.07 — +3.48 0.50 1.93 —-0.96

* Semimetal.
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300 K AIMD 700 K AIMD 300 K AIMD 700 K AIMD 0K posl—AlMD
output output bond lengths (A) bond lengths (A) relaxed output
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Figure S1. AIMD output configurations as obtained after 2 ps equilibration and 5 ps canonical (NVT) ensemble
simulation at 300 K and 700 K; minimum, average, and maximum bond lengths, for the structures that showed no bond
breaking during the 5 ps NVT simulation; and post-AIMD relaxation output configurations as obtained after 0 K
relaxation of the 300 K AIMD output configurations.
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Figure S1 continued. AIMD output configurations as obtained after 2 ps equilibration and 5 ps canonical (NVT)

ensemble simulation at 300 K and 700 K; minimum, average, and maximum bond lengths, for the structures that

showed no bond breaking during the 5 ps NVT simulation; and post-AIMD relaxation output configurations as obtained
after 0 K relaxation of the 300 K AIMD output configurations.
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Figure S1 continued. AIMD output configurations as obtained after 2 ps equilibration and

ensemble simulation at 300 K and 700 K; minimum, average, and maximum bond lengths,

o

o0

time {ps)

5 ps canonical (NVT)

for the structures that

showed no bond breaking during the 5 ps NVT simulation; and post-AIMD relaxation output configurations as obtained

after 0 K relaxation of the 300 K AIMD output configurations.
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Figure S1 continued. AIMD output configurations as obtained after 2 ps equilibration and 5 ps canonical (NVT)

ensemble simulation at 300 K and 700 K; minimum, average, and maximum bond lengths, for the structures that

showed no bond breaking during the 5 ps NVT simulation; and post-AIMD relaxation output configurations as obtained

after 0 K relaxation of the 300 K AIMD output configurations.
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(a) -VO (c) --MnO

(e) +-CrO (f) +-MnO

Figure S2. Top panels, (a-c): Magnetic orderings of the supercells as obtained after 0 K post-AIMD relaxation of the
300 K AIMD output configurations for #-VO, h-CrO, and h-MnO; red, light green and purple spheres denote O, and
spin-up and spin-down TM atoms, respectively. Bottom panels, (d-f): Unit cells for the +-VO, ¢-CrO, and -MnO
magnetic and structural ground state configurations; red, orange, dark blue, and purple spheres denote O, V, Cr, and

Mn atoms, respectively.
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Figure S3. DFT and HSE band structures, and HSE orbital-resolved band structures, of the magnetic ground state of the
h-MO phases. For spin-polarized configurations, spin-down bands are shown in cyan when spin-up and spin-down

bands do not overlap.

-813 -



(f) sq-5cO NM

E— Ep (eV)

E— Ep (eV)

(g) sg-TiO AFM1

z
[
o
|
=
z
o
=
|
]
(h) sg-VO AFM1
£
=
=
5]
|
" v - - v BT -
Vd,. ; i Vo d.
o~ 3 T 3 — 3
2 & :
S 3 1 1 1 1
¥ LY { R [ S (S SR | I ||| D N— | O | I Lt L EF N
T =1 ' =14 o I B < =L :
L -3 =3 -3t * 3
r x M I r X M r 0 x M I Fr X M I I X M T
(i) sg-CrO AFM1 HSE g 0 7 . On i e
=
< 3 3 3
;‘f' 1 1 1
:ﬂ .'Ir. —]_ —l 5 —l jEeve
~ B h 5 et G 5 S
>:L’| p‘l Y
< 3 3 3 3 3
.
"ol 1 1 1 1
B oy -1 S B et bl sy T -1
r xXx M r T X M T I X M T T X M T T' X M T
- : 0}
(j) sg-MnO AFM1 _ O pe i Py " Op:
z 2 2
Tl = st el i e R e e R Ees e Rl e
| - -2 —2
& T o -
Mn d,, Mn d,, Mn d,, Mu a2 Mnd.s
~ 4 4 e 4 - e 4 -
= I r A ; :
L e ot B e R e R 0 f------1 e Ll e e
| =2 .| -2 -2 -2 -2
E —4 —4 —4 —4

Figure S3 continued. DFT and HSE band structures, and HSE orbital-resolved band structures, of the magnetic ground
state of the sg-MO phases. For spin-polarized configurations, spin-down bands are shown in cyan when spin-up and

spin-down bands do not overlap.
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Figure S3 continued. DFT and HSE band structures, and HSE orbital-resolved band structures, of the magnetic ground
state of the h-M,O; phases. For spin-polarized configurations, spin-down bands are shown in cyan when spin-up and

spin-down bands do not overlap.
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Figure S3 continued. DFT and HSE band structures, and HSE orbital-resolved band structures, of the magnetic ground
state of the sg-MO, phases. For spin-polarized configurations, spin-down bands are shown in cyan when spin-up and

spin-down bands do not overlap.
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Figure S4. Top panel, (a): TM atom coordination and TM d orbital splitting pattern in the 2D square-planar and 3D

octahedral and 3D trigonal-prismatic crystal fields. Bottom panel, (b): Projected density of states of O p and TM d orbitals
for the 2D sq-MO and their corresponding 3D bulk MO phases. The Fermi energy is set to zero and indicated with a
dashed line. Pink and blue indicate spin-up and spin-down states of the 2D phases; orange and green indicate spin-up and

spin-down states of the 3D phases. Please note that for visualization effects and to allow easier comparison by the reader,

the DOS plots in this Figure were generated with a wider Gaussian smearing than actually used for the total-energy and

band structure calculations.
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Supplementary Discussion

Energetic Stability of 2D sq-MOs over 3D Counterparts. To further understand the underlying reason
for the energetic stability of the thermally stable sq-TiO and sq-MnO phases over their corresponding bulk phases
(see the section on the energetic stability of 2D TMO phases with respect to bulk), we compared the orbital-
resolved density-of-states (DOS) for these two 2D TMOs to the DOS of their 3D counterparts.

It is informative to briefly review the crystal field splitting of the 2D sq-TMO systems and their
corresponding 3D TMO systems (see Figure S4). In the bulk 7s-TMO systems, each TM atom is surrounded by six
oxygen atoms in an octahedral coordination. Under the octahedral crystal field, the five formerly degenerate d
orbitals of this TM atom split into two groups of orbitals, where the dy, d,,;, and d,, orbitals will have a lower
energy than the d ;2 and d,2_,,2 orbitals, which will be higher in energy. This crystal field splitting pattern can be
seen in the DOS for rs-MnO (and for rs-ScO, distorted rs-VO, and rs-CrO as well) in Figure S4. In bulk €-TiO,
each TM atom is surrounded by six oxygen atoms in a trigonal-prismatic coordination. As such, the d orbitals of
the TM atoms split into three groups of orbitals, consisting of, with increasing energy: (1) d,2; (2) d,2_,2 and
dyys and (3) dy, and d,,, orbitals. This pattern too can be seen in Figure 4, in terms of the d-band splitting in the
DOS of e-TiO.

For the 2D sq-MOs, the removal of two oxygen nearest neighbors results in the lowering of the crystal
field symmetry from 3D octahedral or 3D trigonal-prismatic to 2D square-planar. As a consequence, under the
square-planar crystal field, the d orbitals are further split: Compared to the octahedral crystal field, under the
square-planar crystal field, the d orbitals with a z component will be lowered in energy as their overlap with the
oxygen p orbitals is reduced; the degeneracy of the d,2 and the d,.2_,2 orbitals will be broken, and the d ;2 orbital
will have a lower energy; likewise, the dy, and d,,, orbitals will be lowered in energy away from the d,,, orbital.
The square-planar crystal field breaks the degeneracy of the d,2_,,2 and the d, orbitals in the trigonal-prismatic
field in a similar way. The final pattern of splitting of the d orbitals under a square-planar crystal field is thus given
as follows, in order of increasing energy: (1) dy, and d,,;; (2) d,2; (3) dy,; and (4) dxz_yz. For MnO and TiO,
this loss of degeneracy and shifting in energy of orbitals can be observed in their DOS (see Figure S4). Note, for
example, how in MnO the d orbitals split according to the square-planar crystal field splitting pattern, and how
the d 2 orbital, and the degenerate dy, and d,, orbitals, clearly shift to lower energies in the 2D system. This
shifting to lower energies can also be observed for TiO. The other sg-MOs do not seem to follow this trend (see
Figure S4). Based on this discussion of crystal field theory and the DOS, we think that the possible reason for the
energetic stability of 2D sq-TiO and 2D sq-MnO over their 3D counterparts may be attributed to the fact that in
these two systems, the splitting of the d orbitals under the square-planar crystal field stabilizes the system more

that the d orbital splitting in the trigonal-prismatic and octahedral crystal fields does.
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Supplementary Video

Supplementary Video 1 shows the transformation of 2D sg-MnO to 2D t-MnO during a 2 ps AIMD equilibration
at 700 K.
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