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Supplementary Section 1: Abbreviations used

The following is the list of abbreviations utilized.

DFT: Density-functional theory

MC: Monte Carlo

MCMC: Markov-chain Monte Carlo

ML: Machine learning

NFF: Neural network force field

AL: Active learning

AutoSurfRecon: Automatic Surface Reconstruction
VSSR-MC: Virtual Surface Site Relaxation-Monte Carlo
DAS: Dimer-adatom stacking fault

SD: Standard deviation

MAE: Mean absolute error

PCA: Principal component analysis

DL: Double layer

SL: Single layer

LR: Learning rate

SRS: Stephenson, Radny & Smith (potential)



Supplementary Section 2: Surface stability analysis

The stability of surfaces can be compared using the surface Gibbs free energy Qgurt
[1-3]:

Qsurt = Gslab — Z Na/Ja (Sl)

all a

where Ggap refers to the Gibbs free energy of the slab. For each element a, N, refers
to the number of a atoms in the slab, u, refers to the chemical potential of a.
For SrTiOj3 specifically, we have its surface Gibbs free energy:

SrTiOz

qurf - Gslab - NSTMST - NTilJ/Ti - NOH’O (82)

The SrTiO3 chemical potential is defined as the sum of the chemical potentials
of the component elements:

HUSrTio, = Hsr + pTi + 3po

At thermodynamic equilibrium, the chemical potential of the surface is equal to
the bulk crystal Gibbs free energy:

__ _bulk
HSrTiO; = gSrTiO,

Substituting, we obtain:

SrTio bulk Ti Ti
Qort © = Gstab — Nrigsrrio, — U'srpsr — I'6' 1o (S3)
Ti Nbulk X .
where I';' = Nao — Nri o refers to the excess a component in the surface with
Ti

bulk
respect to the number of Ti atoms and Lﬂk refers to the bulk stoichiometric ratio

g
. Nri
of a to Ti.

The bulk Gibbs free energy for a crystal can be decomposed into the following:
gll;l)ulk _ E;;ulk + E;}ib _ TSa +pva (84)

where EPUK is the static crystal energy obtained through DFT calculations, EY™ is
the vibrational component, T' is the temperature, s, is the entropy of the crystal, p
is the pressure, and v, is the volume of the crystal. By performing approximations
similar to [1, 2], changes in EY™® due to temperature roughly cancel out changes in
T'sq while pv, is negligible.

Thus, Gibbs free energies can be approximated by the DFT energies:

bulk bulk
9o = E,

For later convenience in plotting the phase diagram, bulk-subtracted chemical
potentials are introduced for Sr and Ti:

[ = pse — g & pse — EQE (S5)



i = pri — g1~ i — B (6)

where E2Y¥ and ERM* are obtained from DFT calculations.
Similarly, pg is defined with the reference state as an isolated oxygen molecule:

1
o = po — 5 Eo, (87)
where Eo, is the DFT total energy of a single oxygen molecule.

Additionally, o can be defined as a function of experimental conditions, O,
partial pressure (po,) and temperature (T'), with the following equation:

1 po
IU’O(T,pOz) = E Eoz + Ko, (T,po) + kpTlIn ( p02 ):| (88)

where po = 1 bar is the reference pressure and po, (T, po) is the reference chemical
potential obtained from NIST [4].
We swap out p, for pj, and transform to obtain:

et * = &= T — TG0 (89)

surf

where

. - Fo
_ bulk Ti bulk Ti 2
¢ = Gatab — N1igsimio, — segsr ™ —T'o —

~ By — N B, — THBES 151502
Gslab is approximated by the slab energy Egap. For thermodynamic stability, ps, < 0,
po < 0.
Note: In our main text, we denote ug, and po as psr and puo respectively for
simplicity.
VSSR-MC samples according to the grand potential 2¢, which is equivalent to
Qgurt after approximations:

QsGrTiO3 = Eqab — TSstab — Nsrpisr — Nriprs — Nopo (S10)
= Gslab — DPUslab — NSTNST - NTi'u’Ti B N()/LO

~ Gslab — Nsrptsr — Ntipri — Nopo

SrTiOg
- qurf
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