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Two-dimensional oxide quasicrystal approximants
with tunable electronic and magnetic properties’

Thiago T. Dorini,** Florian Brix,%* Corentin Chatelier,® Anton Kokalj,>¢ Emilie
Gaudry*®?

Recently, the discovery of the quasiperiodic order in ultra-thin perovskite films reinvigorated the
field of 2-dimensional oxides on metals, and raised the question of the reasons behind the emer-
gence of the quasiperiodic order in these systems. The effect of size-mismatch between the two
separate systems has been widely reported as a key factor governing the formation of new oxide
structures on metals. Herein, we show that electronic effects can play an important role as well. To
this end, the structural, thermodynamic, electronic and magnetic properties of freestanding two-
dimensional oxide quasicrystalline approximants and their characteristics when deposited over
metallic substrates are systematically investigated to unveil the structure-property relationships
within the series. Our thermodynamic approach suggests that the formation of these aperiodic
systems is likely for a large range of compositions. In addition, the magnetic properties and work
functions of the thin films can be controlled by tuning their chemical composition. This work pro-
vides well-founded general insights into the driving forces behind the emergence of the quasiperi-
odic order in ternary oxides grown on elemental metals and offers guidelines for the discovery of

new oxide quasicrystalline ultra-thin films with interesting physical properties.

1 Introduction

Thin perovskite films, made of a few-layer thick nano-sheets, have
attracted considerable attention due to their extensive structural
and electronic variability, linked to the huge number of conceiv-
able unique chemical compositions — more than ~107, according
to Li et al.. ' The combination of the low dimension with the struc-
tural flexibility of this class of crystals opened the door to a rich
spectrum of applications in many fields, such as energy transition
and catalysis, 2 correlated materials® and electronic devices. 4>
Decreasing the thickness of two-dimensional (2D) perovskites
down to the mono-layer limit is expected to deeply alter their
structures and modify the physical and chemical properties,
as already demonstrated in the case of other types of ultra-
thin 2D oxides films®® — TiO,/Pt(111),° MnO,/Pd(100) 1° and
VO,/Pd(111), 112 to name a few. This has recently led to the
emergence of novel structures with aperiodic ordering, i.e. do-
decagonal oxide quasicrystal interfaces in the BaTiO3/Pt(111)
and SrTiO3/Pt(111) systems. 13-16 The driving force for these
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unique structural modifications, resulting from thickness reduc-
tion, are far from being fully unveiled. Reduced bonding coordi-
nations, possible strong surface polarizations, support effects and
experimental conditions are supposed to play a role, but no clear
picture has yet been drawn. -8

A key parameter for the emergence of quasiperiodic order is
the existence of double-well interaction potentials defining two
different length-scales. 17-18 The presence of at least two elements
fulfil this criterion for intermetallic quasicrystals, 1 whose aperi-
odic order can be transferred to 2D atomic or molecular over-
layers, grown at their surfaces, like Pb/Ag-In-Yb,2° Pb/Al-Co—
Ni2! or Pb/Al-Pd—Mn. 22 These are only scarce examples illustrat-
ing the formation of 2D quasiperiodic films on periodic substrates.
Most of the them deals with molecular assembly — fullerenes or-
ganised as 2D small patches of a quasicrystalline triangle-square
tiling on Pt3Ti(111)23 and molecules aperiodically organised by
Ce-directed assembly on Ag(111).242° The case of the 2D Ox-
ide QuasiCrystals (OQCs) on dense metallic surfaces remains
unique. 13 The stoichiometric ratio and concentration, as well as
the coordinative plasticity, charge and ionic radii of cations, are
invoked as key parameters towards the formation of quasiperiodic
films. In the case of the 2D BaTiO3/Pt(111) OQC, the frustration
at the interface between two periodic materials is suggested to
play a role in the formation of the OQC phase, as proposed previ-
ously in the Ag/GaAs(110) system. 26 Such argument is also sup-
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ported by experimental evidences of interface and support effects
on the structure of the (thick) BaTiO; films.27-28 However, no sys-
tematic structural and electronic investigations have been under-
taken so far to evaluate the impact of elastic, electronic and chem-
ical factors on the emergence of the quasiperiodic order, which is
probably due to the complexity and the non-periodic character of
the structures.

Periodic approximant structures to quasicrystals represent a
very useful approach to deepen our understanding of quasicrys-
talline phases. When modelled with large crystal supercells, ap-
proximants exhibit atomic arrangements similar to those encoun-
tered in quasicrystals, hence they bridge the gap between peri-
odic and aperiodic positional order. Due to their lattice period-
icity, approximants can be studied by methods based on density
functional theory (DFT). Focusing on OQCs, approximants have
been experimentally observed and theoretically investigated in
the BaTiO3/Pt(111), SrTiO3/Pt(111) and BaFeOs;/Pt(111) sys-
tems. 1416:29.30 Beyond these examples, and starting from the
structural model derived for the BaTiO3/Pt(111) approximant, 14
the structural, thermodynamic, electronic and magnetic prop-
erties of freestanding 2D Oxide Quasicrystalline Approximants
(OQAs) — ABO3; where A = Ba, Ca, Sr and B = Ti, V, Cr, Mn,
Fe, Ni — as well as their characteristics when deposited over
Me(111) substrates (Me = Pt, Pd, Au) are systematically investi-
gated herein to unveil the structure-property relationships within
the series. The relative stabilities of the supported OQAs, com-
pared to those of periodic systems with similar compositions, sug-
gest a good experimental feasibility for many of them. While
size-mismatch is generally invoked as the main driving force to-
wards the formation of ultra-thin oxide layers on metal, includ-
ing 00As, %31 we show here that electronic effects (interfacial
electron transfer and hybridisation) play a significant role in
the stability and properties of the films. Our study reveals that
tuning the magnetic properties and the work functions of these
aperiodic-like metallic supported ultra-thin oxide films is achiev-
able by controlling their chemical composition. This work pro-
vides well-founded general guidelines to the discovery of new
OQCs with interesting physical and chemical properties.

2 Relative stabilities of OQA films

2.1 Structures

One of the aims of our study is to assess the relative thermody-
namic stability of supported OQAs against the periodic systems
with similar compositions. Hence, three types of structures are
considered.

The 2D OQA series is studied using structural models derived
from the one designed for BaTiO3/Pt(111). 14 According to a com-
bination of scanning tunnelling microscopy, low-energy electron
diffraction, surface X-ray diffraction and ab initio calculations, it
consists in a 32.4.3.4 Archimedean tiling, with Ti atoms at the cor-
ners of each tiling element and threefold coordinated to oxygen
atoms (Figs. 1a and S1). A wide variety of chemical compositions
is considered herein, through atomic substitutions based on the
AsB401, chemical motif, with A = Ba, Ca, Sr and B = Ti, V, Cr,
Mn, Fe, Ni.
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To evaluate the relative stability of the previous aperiodic-
like single oxide layers against possible periodic arrangements,
we considered a second model, which is an archetypal struc-
ture for 2D periodic ultra-thin oxide films. It consists of
a single-layer hexagonal structured (SHS) B;0s;, doped with
alkali earth elements (A). Such a honeycomb structure, de-
posited on Me(111), has been experimentally observed for
Ti, 03/Au(111) 32, Nb,03/Au, 33 FeWOs/Au3* and copper oxide
on Au®> (Fig. 1b). In contrast to the OQA model, the SHS model
contains the A-element as a dopant. Thus, its content is much
lower than the one of the B-element (AB4QOg is the surface cell
motif).

The experimentally observed OQA structure of BaTiO3/Pt(111)
is prepared from Thick BaTiO; Perovskite Films (TPFs) grown
by RF magnetron sputter deposition.3® The TPFs are modelled
here by 7 A-thick films. TPFs films are built with the [abc] direc-
tion of the bulk crystal perpendicular to the Me(111) termination
planes, with [abc]=[111] for cubic perovskites and [abc]=[100]
for hexagonal perovskites (Figs. 1c-1d). The simulation box con-
tains two interfaces: Me/TPF and TPF/void. Since bulk per-
ovskite crystals are described by a stacking of two types of planes
along the [abc] direction — low-density pure B-element planes
and AO; planes — several configurations are possible. We chose
AO3/Me and AO3/void interfaces, because the atomic density of
the AO3 planes are much higher than the pure B-element ones.
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Fig. 1 Structural models for the oxide films grown on Pt(111), plotted us-
ing XCrySDen:37 OQA (a), SHS (b), TPF built from the cubic perovskite
structure (c) and TPF built from the hexagonal perovskite structure (d).

2.2 Formation enthalpies

The formation energies of the freestanding and supported 2D ox-
ides (AH[™® and AH;"", respectively), in both OQA and SHS con-



figurations, are calculated for different compositions using the
O, molecule and the elemental solids as references (X € {OQA,
SHS}), i.e.:

z
AHffree (X) = E(AxByOz) 7XEcoh(A) 7yEcoh(B) - 5.“02 1

and
AH™(X) = AH™®(X) + E(Me,,Ba,B,0;) — E(Ba,B,0;) — WEcon(Me), (2)

where E and E,,, are the total and the cohesive energies, respec-
tively, and o, is the chemical potential of oxygen molecule. The
formation energies are negative for all considered B-metals in the
OOQA freestanding layers (Tabs. 1 and S1, and Fig. S2), ranging
from —2.04 eV/at. to —0.84 e€V/at., thus indicating exothermic
formation reactions. Formation enthalpies are less exothermic in
the SHS freestanding series and even become endothermic for the
late transition metals. The increasing endothermicity of AHffree
along the transition metal series is attributed to the increase of
the electronegativity from Ti to Ni that provokes a decrease of the
charge transfer in the series and, consequently, weakening of the
B-0 bonds. This will be demonstrated in the next section.

As for the freestanding layers, the endothermicity of the forma-
tion energy increases for the supported layers along the transition
metal series. (Tabs. 1, S2-S4 and Fig. S3). In this case, the effect
of the substrate—oxide interaction can be quantified through the
adhesion energy (E,qn(X), Tabs. 1 and S5-S7). The latter can be
calculated either from energy differences between the constituted
oxide/metal system (E(X/Me)) and its separated components —
bare metal substrate (E(Me)) and freestanding oxide single-layer
at its equilibrium lattice parameter (E(X)) or it can be evaluated
from a Born-Haber cycle:

Eqaan(X/Me) = E(X /Me) — E(X) — E(Me)
= AH;"®(X /Me) — AH[™(X). 3)

Adhesion is favoured in all cases (E,gn < 0), although it is much
weaker for OQA arrangements than for SHSs. It ranges from
—0.082 eV/A? (BaTiO3/Pt OQA) to —0.033 eV/A2 (BaNiO3/Au
0QA) and from —0.435 eV/A? (BaTiO;/Pt SHS) to —0.128 eV/A?
(BaCoO3/Au SHS). This trend is consistent with the fact that B
metals in SHSs are all located in favourable threefold adsorption
sites on Me, because the dense surface of close-packed Me and

the SHSs are both periodic and commensurate. In contrast, the
approximant structure makes it unmanageable to locate all B met-
als of OQAs in the favourable hollow sites of the substrate, thus
weakening adhesion.

Irrespectively of the substrate and alkaline earth element (A
= Ba, Sr, Ca), adhesion is systematically stronger for oxide films
from the beginning of the transition metal series (Ti, V). In ad-
dition, adhesion does not seem to vary significantly in the OQA
with different substrates or alkali earth elements (A). Nonethe-
less, the change of the substrate in the SHS from Pt to Au re-
sults in a clearly stronger interaction with Pt, as also shown in
the work by Goniakowski and Noguera.38 Adhesion is impacted
by both the strength of the direct metal-oxide interaction at the

interface and the elastic strain of the freestanding single-layer,
necessary to match its in-plane lattice parameter with the metal

substrate. The contribution from elastic strain, non favourable for
adhesion, is calculated from the energy difference between the
strained and freestanding single-layer. Elastic strain is alleviated
by the film rumpling. This has been checked using the freestand-
ing layer of the BaTiO3 OQA, for which the contributions of the
elastic strain (30 meV/at.) is much lower than that of the rum-
pling (152 meV/at.). A deeper analysis of the film rumpling and
charge transfer is detailed below (section 3).

2.3 Gibbs free energies
The exothermic formation energy of OQAs is a necessary but not
sufficient condition to assess the stability of the system. In a sec-
ond step, we calculate the OQAs formation enthalpies with re-
spect to the competing periodic phases (SHSs, PTFs), taking into
account the experimental conditions (pressure, temperature). Ex-
perimentally, BaTiO3 TPF is first grown by RF magnetron sputter
deposition143% and then the OQA is formed by annealing in ul-
trahigh vacuum (UHV).!®> By exposing the 2D OQA at elevated
temperatures to O,, a rapid transition back into 3D BaTiOs3 is-
lands occurs. 1°

According to experiments, key parameters for the OQA and
SHS formation includes the oxygen pressure, the temperature,
and the number of annealing cycles. We evaluate the formation
Gibbs free energies of the ABO3; OQAs and SHSs for several com-
positions (BaTiO3, SrTiO3, BaFeO3, BaCoO3, BaNiO3) by consid-
ering the following reactions:

ntpr TPF/Me — nX/MeX/Me + nBapo,BaBO3 + no,0, + np,Ba (€))]

X /Me

AGy" = ny/me E(X/Me) + npapo,E(BaBO3) + no,lo, + npattsa — nter E(TPF) (5)

This description was chosen, since it corresponds to the experi-
mental setup in which the bulk perovskite and the oxygen partial
pressure are controlled. The pressure is included in the model
through the chemical potential of oxygen gas, accounting for only
its rotational and translational contributions to the partition func-
tion. Within the standard DFT approach, and considering the sta-
ble perovskite bulk structures, the formation Gibbs free energies

(AG?QA/ Me) are all positive, in the range [0.15;0.19] eV/at. and

[0.07;0.11] eV/at. for the Pt and Au substrates, respectively, at
T =300 K and P = 1070 mbar. It means that the formation of
single-layer oxide films is not likely under these conditions. In-
stead, the growth of thick BaBO3 perovskite layers is predicted.
This is in agreement with the experimental results, which report
a BaTiO3(111)-(1x1) structure on Pt(111)-(2x2), observed by
Low Energy Electron Diffraction. 3°

Increasing the temperature under UHV conditions makes the
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Table 1 Formation enthalpies AH, (eV/at.), Gibbs free energies AG, (eV/at.) and adhesion energies E,an (eV/Az) for the BaBO; quasicrystalline
approximant and honeycomb freestanding and supported layers, at T = 300 K and P = 10~ '° bar.

OQA SHS
A Ba Sr Ba Ba Ba Ba Sr Ba Ba Ba
B Ti Ti Fe Co Ni Ti Ti Fe Co Ni
Freestanding layer Freestanding layer
AHffree —2.02 —2.04 —1.14 —1.12 —0.84 —1.05 —1.20 0.00 —0.39 0.38
Pt substrate Pt substrate
Eadn —0.082 —0.075 —0.051 —0.068 —0.051 —0.435 —0.403 -0.209 —0.157 —0.152
AHfsup —0.42 —0.41 -0.24  —-026 —0.20 —0.84 —0.84 —0.28 —0.31 —0.11
AG; +0.12  +0.13 +0.15 +0.15 +0.13 +0.46  +0.48 +0.43 +0.43 +0.41
Au substrate Au substrate
Eadn —-0.077 —-0.076 —0.045 —0.049 —0.033 -0.322  -0.299 —0.174 —0.128 —0.134
AH;? —042  —042 —-024 025 —0.18 -072  -0.73 —024 —028  —0.08
AG; +0.08 +0.07  +0.11 +0.10  +0.08 +0.47 +0.48 +0.40  +0.38 +0.37
isothermal reversibility between a 2D quasicrystal and a periodic
103 015 3D island structure, controlled by an external parameter — here
the oxygen chemical potential — as observed experimentally. 1°
1t 010 Perovskite (TPF) Approximant (OQA)
| | | | |
- D —y
o] -3 o L | I | I p
g o 3 T | | | A
-~ — | | | | |
¥ 107 e " 1 ' ' 1 Pt
< 05 3 o | : : Au
o : | : : Pt
C°: | | | A
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| [ | | | Au
107 0 500 1000 1500 2000 013 Perovskite (TPF) Honeycomb (SHS)
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e e e e
Fig. 2 Gibbs free energy (AG?QA/P‘), as a function of the temperature - L L ! | pt
and O, partial pressure, for the formation of the BaTiO3 oxide quasicrys- Ti : : : : : Au
tal approximant on Pt(111). . : : : : : Pt
‘| I I I | Au
I | | | | Pt
AG?QA/ Me exergonic (Fig. 2, Figs. S4-S7) thus favouring the Co : : : : | Au
growth of the OQAs. The theoretical formation temperature Ni : : : : : Pt
(Ttorm) at which the OQAs are formed, that is, the tempera- i | | i | Au
OQA/Me 0 500 1000 1500 2000

ture at which AG; < 0, is calculated to be 986 K (using
Upa = Ecop(Ba)) for BaTiO3/Pt at P = 10~'° mbar, as shown in
Fig. 2. This temperature is in reasonable agreement with the ex-
perimental one (7}2’;& = 1250 K).!* The formation temperature
does not vary much within the series, i.e., it ranges from 737 K
(SrTiO3/Au) to 1164 K (BaFeO3/Pt). (Fig. 3). A similar analysis
performed for SHSs (Figs. S8-S11) shows that the temperatures
at which they grow (AG? HS/Me 0) are systematically higher than
the ones for OQAs. It suggests that OQAs can be formed over
SHSs. This assumption is also supported by the positive forma-
tion enthalpy (AH; = 1.12 eV/at) calculated for the following
reaction:

BaTiO3/Pt OQA +1BaTiO; BaTiO3 + no, O, — SHS +ng,Ba (6)

At a given temperature, the increase of the O, pressure leads to

. A/M ..
an increase of AG? QA/Me up to positive values. It reveals a nearly
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Temperature (K)

Fig. 3 Relative stabilities of the OQA/TPF (upper panel) and SHS/TPF
(lower panel) systems. TPFs are stable at lower temperatures, whereas
OQAs and SHSs are stable at higher temperatures. B-elements (Ti, Fe,
Co, or Ni) are stated on the left and the metal substrates (Pt or Au) are
stated on the right. The alkali earth is A = Ba, except when Ti is labelled
as Ti* for which A = Sr. The pressure is P = 1071 mbar.

3 Driving forces for the formation of OQAs

Up to now, experimentalists have mainly considered the BaTiO3
and SrTiO3 perovskites to grow OQAs on Pt, because of the small
oxide-metal lattice mismatch. 3! However, the thermodynamic ap-
proach presented above, predicted that a wide range of OQA com-
positions are stable on Pt and Au.

As a general principle, the formation of new 2D oxide struc-



tures has been attributed to size-mismatch. A severe lattice mis-
match between the oxide and the metal surface tends to avoid
the formation of ordered oxide films over metals. A typical ex-
ample is CaO deposited on Mo(001).3° Amorphous CaO films are
formed at low growth temperature, but a rocksalt-type CazMoOy4
structure, with a small oxide-metal lattice mismatch, is obtained
after annealing at high temperature. Here, a detailed analysis
of the structural properties of OQA freestanding and supported
systems has been performed to address the question of how the
size-mismatch impacts the OQAs formation. In this section, we
also address the influence of electronic effects on the OQAs for-
mation, through charge transfer and density of states analyses.

3.1 Size-mismatch and rumpling

Atomic relaxations of the freestanding OQA layers lead to flat
planes, distorted from the initial orthorhombic lattice, with pa-
rameters larger than the ones of the substrate. This result is in
agreement with the literature, at least for the BaFeO3/Pt OQA. 30
The B-O first neighbour distances are almost identical in all sys-
tems (Tab. S8), due to the similarity of the transition metal (B)
ionic radii, with only a weak systematic decrease along the transi-
tion metal series. In contrast, the distances between the alkaline
earth metals (A) and their oxygen neighbours (A-O distances) in-
crease consistently with the A ionic radii (r¢y > rsy > rga)-

The surface cell mismatch (A) is defined as:

A— Ha‘/\bHsub* Ha/\beree
Ha/\bHsub

(7

where g and b are the in-plane lattice vectors of the relaxed free-
standing layer (labelled by subscript free) and of the substrate
(sub). Cell mismatch can reach quite high values (up to 50 %). It
remains around 20 to 35% for a number of systems, being higher
when the OQA layer is supported on Au rather than on Pt or Pd.

With respect to the perfectly planar geometry of the free-
standing films, supported OQAs display significant structural re-
laxations, quantified by the vertical separation (rumpling, R =
77 —z7) between the average z-position of the anions (z~) and
cation (z 1), where z-coordinate represents the surface normal di-
rection. Overall, in most systems, on average, the cations are
closer to the substrate than the oxygen atoms, thus resulting in
negative values for R. A more detailed analysis shows that the
oxygen atoms are positioned either in one plane or in two planes
separated by about 1.4 A (BaTiO3 OQA). The B-O and Ba-O dis-
tances in the supported films are similar to the ones in the free-
standing layer (but slightly longer by c.a. 0.05 A and 0.11 A,
respectively). This is consistent with a contraction of interatomic
distances when the atomic coordination decreases. *? It also high-
lights that lattice mismatches can be rather easily accommodated
by the rumpling of the film, the bending distortions being of much
lower energies than bond-length modifications.*' However, no
clear correlation has been found between the surface cell mis-
match and the rumpling (Fig. S12), suggesting that electronic ef-
fects also influence the atomic structure of the OQAs.

3.2 Charge transfer

The structural distortions described in the previous section can be
understood as a response to the electrostatic dipole produced by
the interface charge transfer. %43 A negatively charged substrate
(Owme < 0) attracts the cations and thus tends to produce a nega-
tive rumpling (R < 0) whereas a positive rumpling is expected for
a positive charging of the substrate. The negative rumpling calcu-
lated for all investigated OQAs and SHSs series is then attributed
to a charge transfer from the oxide film to the substrate. This
picture is in agreement with the planar integrated charge density
differences, which indicates that the net electron charge is being
concentrated in the oxide/metal bonding region with the predom-
inant electron donation coming from the oxide layer (Figs. S13-
S14).

The aforementioned hypothesis of the oxide-to-substrate
charge transfer is also consistent with the Bader charge analy-
sis (Tabs. S5-S7). While in the freestanding layer, the positive
charge of A- and B-type atoms originates from an “in plane” elec-
tron transfer toward the more electronegative oxygen atoms, the
picture is slightly altered in the supported films, in which the
charge transfer also occurs towards the substrate. In compari-
son to the freestanding film, the B-metal of supported OQAs and
SHSs carry a higher positive charge, and the oxygen atoms have
a less negative charge, thus leading to interfacial Me atoms car-
rying an excess of electrons. The charge transfer decreases in the
transition metal series, but is similar for all considered substrates
(Au, Pt, Pd). In contrast, the charges on the alkaline earth atoms
(Ba, Sr, Ca) are quite constant (1.5-1.6 e), suggesting that they
only weakly participate to the oxide/metal interaction.

The charge transfer is an important parameter that controls the
atomic structure of the OQA. It is shown in Fig. 4, where a corre-
lation is evidenced between the film rumpling (R) and the Bader
charge carried by B atoms. The charge transfer also influences the
thermodynamics through the adhesion energy. Overall, a stronger
adhesion of the film indeed corresponds to a larger Qg (Fig. S15).
The size mismatch does not show clear correlations with the ad-
hesion energy (Fig. S16), while stronger adhesion energies are
found for R < 0 (Fig. S17).

3.3 Electronic structure and oxide/metal bonding scheme

Density of states (DOS) calculations have been performed for the
complete set of OQAs freestanding and supported layers. They
show hybridisations within the oxide layer (mainly between B
and O atoms). Associated with the interfacial electron trans-
fer, the local density of states of the freestanding oxide single-
layers (Fig. S21) are substantially modified in supported OQAs
(Figs. S18-20). The most obvious effect is probably the widening
of the bands. For example, while hybridisation between Ti and
O states occurs in the [—4.4,—2.0] eV range in the freestanding
oxide single-layer, it extends from —5.5 eV to the Fermi energy
for the BaTiO3 OQA supported on Pt. This observation is less
clear for late transition metals (B = Fe, Co), because the B-states
of the freestanding layer are displayed in a wider energy range,
up to about 1 eV. DOS analysis clearly reveals that A are cations,
because their DOS below the Fermi energy is quite low thus cor-
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Fig. 4 Plot of the film rumpling (R) as a function of the Bader charge
carried by B-type atoms (Qp; note that positive Qg values correspond to
cations). The data located around Qg = 1.8 and Qp = 2.0 correspond to
B=V and B=Ti, respectively.

roborating the Bader analysis. Their DOS becomes appreciable
only about 2 eV above the Er and beyond. Overall, the interac-
tion with the substrate leads to OQAs with a metallic character,
with a strong overlap between O- and B-states, indicating a strong
interaction. For BaTiO3/Pt, this is in agreement with the hybridis-
ation of O-2p and Ti-3d states and with the occupied Ti-3d states
at Eg that have been experimentally observed. 44

Within the transition metal series, the spin-up contribution
from the B-type atoms of the OQAs is progressively shifted away
from the Fermi energy, from Ti to Ni, in agreement with the fill-
ing of d-states and the magnetic properties of the oxide layer.
By combining the previous trends with the variations induced
by the different substrates, we can obtain insight into the Me-
OOQA interactions. The decreasing work function from Pt to Pd
(Wpe111) = 5.644 eV and Wpq(111) = 5.207 V) *° shifts the metal
Fermi energy slightly upwards. This comes in addition to the
bandwidth increase from 4d to 5d metals. As a consequence, the
overlap between the states of the oxide layer and the substrate,
which is effective for BaTiO3 and BaVOs, start to be weaker from
B = Cr, in agreement with the predicted lower adhesion. This
effect is stronger for Me = Pd than for Me = Pt, in relation to the
larger bandwidth of Pt compared to Pd. The situation is slightly
different in the case of gold, since its d-band centre is significantly
downshifted and is located considerably below the Fermi energy.
Here, the weaker Me—OQA interaction is attributed to the small
overlap in the region just below Er (—2 eV < E < Ep).

The interactions between the ultra-thin films and the metal-
lic substrates has also been analysed in terms of COHP (Crystal
Orbital Hamilton Population, Figs. S22-S27) and their energy-
integrated counterparts (ICOHP, Fig. 5). COHP is a partitioning of
the band-structure energy in terms of orbital-pair contributions.
The energy-resolved COHP(E) plots facilitate the identification
of bonding, non bonding and anti bonding contributions, while

6| Journal Name, [year], [vol.],1-9

the energy-integrated ICOHP is a useful measure of the inter-
action strength, i.e., the more negative is the ICOHP value, the
stronger is the interaction. Fig. 5 therefore reveals that, overall,
the interaction is stronger for Me-O bonds than for Me-B ones.
In addition, the trends in the 3d series differs for the two bond
types. When the atomic number of the B-species increases, the
Me-B bonds gradually weakens, in agreement with a smaller or-
bital overlap consistent with the smaller radii of the B-type ele-
ments. In contrast, the Me—O bonds get stronger in the series, in
agreement with the shorter Me-O bonds, on average, over the se-
ries. Overall, substrate-oxide interactions are weaker on Au than
on Pt, in agreement with the lower adhesion energy calculated
on Au than on Pt. In summary, the bonding picture at the OQA-
substrate interface is complex, and likely results from the balance
between in-plane and out-of-plane interactions (Fig. S30).
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Fig. 5 Interaction between the OQA layer and the metallic substrate
analysed with the ICOHP. The sum of ICOHPs () ICOHP) for Me—B and
Me—-O bonds is plotted for several BaBOs;/Me systems with B € {Ti, Fe,
Co, Ni} and Me € {Pt, Pd, Au}. The sum of ICOHPs covers all bonds
of a given type, with a bond length (R;;) smaller than 4 A: Y ICOHP =
Y ICOHP(R;)).

R;ij<4

4 Work functions and magnetic properties

The knowledge of materials work functions provides an abso-
lute electron energy-level reference relative to the vacuum en-
ergy, which is important for device applications. Due to their low
work functions, perovskites — especially StVO3; — have already
been identified as promising materials for new electron emission
cathodes.*® DFT calculations show a decrease of the ABO3/Me
work function in comparison to the bare metallic surface. The



change of the work function (AW = Wooa/Mme — We, Fig. 6 and
Tabs. S5-S7) is about 2 eV. It is impacted by the nature of A, in
agreement with what has been reported for the adsorption of al-
kali metal atoms deposited on ultra-thin oxide films.4” The work
functions are strongly correlated to the electronic surface dipoles.
The latter are non negligible in all investigated systems and both
the rumpling and the charge transfer contribute to their values. 38

Perovskites are also well-known for the remarkable variety of
magnetic properties. Magnetism persists down to the single-layer
limit (Fig. 7, Tab. S11). Magnetic properties of the films are in-
duced by the shift between the majority and minority spin states
that occurs for all OQA except those with B € {Ti, V}. This is
further confirmed by the magnetic moments calculated on B-type
atoms (B ¢ {Ti, V}), which show a great diversity of magnetic
coupling, attributed both to electronic effects (number of elec-
trons) and geometric effects (rumpling and interatomic distance
between the cations). Focusing on the BaFeO3 OQA, a magnetic
moment of 3.3 ug per Fe atom has been calculated, in good agree-
ment with the literature (3.3 ug per Fe atom“*). It is slightly
smaller than for the SHS system (3.63 up per Fe atom). A polar-
isation of the O- and Pt-atoms in the vicinity is also noticeable,
similarly to what has been pointed by Ref. 44.

-2.00
Au
Ca|Pd -2.05
Pt
L -2.10
Au S
@
Sr|Pd L _515—
=
Pt <
L —2.20
Au
Ba |Pd -2.25
P [ 11
-2.30

Ti Vv Cr Mn Fe Co Ni

Fig. 6 Work function change (AW = Wogame — Wive) Of the OQAs sup-
ported on Pt, Pd and Au. Black rectangles are missing data.

5 Conclusion

In this study, more than 80 ABO3/Me materials (A = alkali earth
metal, B = transition metal, Me = metal substrate) have been
computationally explored. The relative stability of aperiodic ox-
ide ultra-thin films, described with the approximant models, have
been assessed against periodic atomic arrangement with similar
compositions, and insights have been given to understand how
the OQA chemistry influences their atomic structures and proper-
ties.

The rumpling of the oxide film, the interfacial electron transfer
and the adhesion energies display general trends within the se-
ries. Magnetic properties are influenced by the nature of the sub-
strate and the B-metal, whereas the type of earth alkaline metal A

4.0
Au
35
Ca|Pd
Pt 30
Au 2.5
2
Sr|Pd 2.0
Pt l15 S
Au l1o
Ba| Pd
0.5
Pt
LLo.0

Ti \% Cr Mn Fe Co Ni

Fig. 7 B-element average magnetic moment calculated for several
OQA/Me systems. The crossed squares indicate an anti-ferromagnetic
ordering. Black rectangles are missing data.

impacts AW, i.e. the change in the metallic substrate work func-
tion induced by the deposition of the oxide film.

Notably, no clear correlation was found between the surface
cell mismatch and the rumpling or the adhesion energies (Figs.
S12, S15-S17) although size-mismatch is generally believed to
be the main driving force towards the formation of ultra-thin ox-
ide layers on metals, including OQAs. In contrast, electronic ef-
fects were identified as important parameters that influence the
formation of OQAs. In particular, the rumpling and the adhesive
energies roughly correlate with the charge transfer, determined
through the charge on the B-type metal.

Up to now, experimentalists have mainly focused on BaTiO3/Pt
and SrTiO3/Pt, because of the small size mismatch with Pt. This
strategy accounts for the formation at an initial stage of a thick
perovskite film on the metallic substrate. However, since elec-
tronic effects are predicted to play a key role over size-mismatch,
we strongly believe that many complex 2D oxide quasiperiodic or
approximant systems remain to be discovered.

6 Computational Methods

All calculations were performed with Density Functional Theory
(DFT) using the Vienna ab initio simulation package (VASP) 48-50
combined with the Atomic Simulation Environment (ASE).>!
Spin-polarised calculations were performed with plane-wave ba-
sis set and projector-augmented wave (PAW) method, >%°3 using
the optPBE functional.>*>° The following electrons were treated
explicitly: 5525p%6s% (Ba), 4524p®5s% (Sr), 3523p04s? (Ca), 2522p*
(0), 35s23p%4s234% (Ti), 3p03d*4s! (V), 3p03d°4s! (Cr), 3p04s23d7
(Mn), 3d74s' (Fe), 3d%4s' (Co), 3d°4s' (Ni), 54°6s' (Pv), 4s'3d°
(Pd), 45s'34'0 (Au). The strong on-site Coulomb interaction of
localised electrons was treated through the GGA+U approach, >°
using the values for U from the literature: 57,58 1.0 eV (Ti), 1.7 €V
V), 3.0 eV (Cr, Fe), 4.3 eV (Mn, Co, Ni). These values differ
from those of the bulk oxides,>® but give very convergent de-
scriptions of the electronic structure of both freestanding and sup-
ported honeycomb layers, according to a comparison with the re-
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sults obtained using the hybrid HSE03 exchange-correlation func-
tional. 38->7 The one-electron Kohn-Sham orbitals were expanded
in a plane-wave basis set with a kinetic energy cutoff of 500 €eV.
Total energies were minimised until the energy differences were
less than 107> eV between two electronic cycles. The recipro-
cal space integration was approximated with a Monkhorst-Pack
k-point grid of 3x3x1 and 6x6x1 (surface cell 14.107 A x 14.660
A) for the structural relaxations and the density of state calcula-
tions for the approximant structures, respectively. For the cubic
perovskites and honeycomb slabs we used a 8 x4x1 (surface cell
5.643 A x 9.760 A) respectively, and 8 x8x 1 (surface cell 5.643 A
x 5.643 A) for the hexagonal perovskite slabs.

The ABO3/Me(111) systems have been built using 5-layer thick
asymmetric slabs consisting of four Me(111) layers and one
oxide-layer with the approximant structure shown in Fig. 1 and
detailed in Ref. 14. Adjacent slabs (along the surface normal di-
rection) were separated by 20 A of vacuum and a dipole correc-
tion was applied to cancel an artificial electric field that develops
due to imposed periodic boundary conditions in surface normal
direction. All atomic positions, with the exception of the bottom
layer of Me, were relaxed using the Conjugate Gradient Algorithm
until all forces were less than 0.05 eV/A? (Pt and Pd substrates)
and 0.1 éV/A? (Au substrate). This set-up gives cohesive energies
and lattice parameters of bulk systems in good agreement with
the experimental data (Tab. S9-S10).
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with tunable electronic and magnetic properties
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Formation enthalpies

Freestanding layers
Reaction 0 (r0): Oxide Quasicrystal Approximant (OQA): 5/2 Ba + 4B + 602 — BasB4012
Reaction 0’ (7/0): Single-layer Oxide Honeycomb Structure (SHS) : Ba + 4B + 302 — BaB4Og

Table S1: Formation enthalpies (T = 0 K) of the freestanding layers.

| BaTiOs SrTiO3 BaFeOs BaCoOs BaNiOs

OQA

AH; (eV/at) | —2.02 —204 —114 -112  —0.84
SHS

AH (eV/at) | —1.05 —1.20  0.00 —0.40 0.38

Honey

Type of oxide

Approx

BaTiO3 SrTiO3 BaFeOs BaCoO3 BaNiO3
Structures

Figure S2: Formation enthalpies (T' = 0 K), according to r0 and r’0.



Supported layers
Reaction 1 (rl): Oxide Quasicrystal Approximant (OQA): 5Ba + 4B + 602 + Pt1o9 — Pt120Bas B4012
Reaction 2 (r2): Thick Perovskite Film (TPF) : 8Ba + 6B + 605 + Ptgy — Pt32BagBgOay
Reaction 3 (r3): Single-layer Oxide Honeycomb Structure (SHS) : Ba + 4B + 303 + Pt32 — Pt33BaB4Og

Table S2: Formation enthalpy of the supported OQA (T = 0 K), according to 5Ba + 4B + 602 + Pti20 —
Pt120Bas B4O12

| BaTiO3/Me SrTiOsz/Me BaFeOs/Me BaCoOs/Me BaNiOs/Me

Pt substrate
AH; (eV/at.) —0.42 —0.41 —0.24 —-0.26 0.20

Au substrate
AH; (eV/at.) —0.42 —0.42 —0.24 —0.24 —0.17

Table S3: Formation enthalpy of the supported TPF (T' = 0 K) according to 8Ba + 6B + 602 + Ptz —
Pt32BagBgO24

| BaTiO3/Me SrTiOs/Me BaFeOs/Me BaCoOs/Me BaNiOz/Me

Pt substrate
AH; (eV/fu.) —1.52 —1.56 —0.94 -0.99 —0.79

Au substrate
AH¢ (eV/fu.) —1.48 —1.50 —0.91 —-0.92 -0.73

Table S4: Formation enthalpy of the supported SHS (T" = 0 K) according to Ba + 4B + 302 + Ptss — Pt32BaB4O¢

| BaTiO3/Me SrTiOsz/Me BaFeOs/Me BaCoOs/Me BaNiOs/Me

Pt substrate
AH; (eV/at.) —0.84 —-0.83 —0.28 —-0.31 —-0.11

Au substrate
AH; (eV/at.) —0.72 —0.72 —0.24 —-0.28 -0.09
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Figure S3: Formation enthalpies (T' = 0 K), according to rl, r2, r3 with the Pt substrate.
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Properties of OQA films
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Table S5: BaBOs/Me(111) systems (B = Ti, V, Cr, Mn, Fe, Co, Ni and Me = Pt, Pd, Au) : film rumplings (R),
Bader charges (Q), enthalpies of formation at 0 K (AH¢), adhesion energies (Faan), lattice mismatch, work function
differences (AW), dipole moments in the surface normal direction z (D), and atomic magnetic moments (m). Bader
charges are expressed in units of elementary charge (e), positive charges indicate cations. Que corresponds to the
average charge of Me atoms in the topmost metal layer of Me(111). @ p and mp stand for Bader charge and magnetic
moment of atom B of ABOs, respectively. MS stands for the ground-state spin order (NM = non-magnetic, FM =
ferromagnetic, and AFM = anti ferromagnetic).

| BaTiOs BaVOs BaCrOs; BaMnOs BaFeO3 BaCoOs BaNiOs

Freestanding layer

QBa (€) 1.58 1.60 / / 1.63 1.63 1.63
Qs (e) 1.96 1.39 / / 1.18 1.13 1.05
Qo (e) -1.31 -1.13 / / —~1.07 —~1.06 —~1.03
mp (us) 0.2 0.5 / / 2.5 1.4 0.11
Pt substrate
R (A) -0.17  —0.27 -0.19 / —0.06 0.11 0.21
Qga (e) 1.54 1.53 1.50 / 1.52 1.54 1.51
Qs (e) 1.98 1.71 1.76 / 1.37 1.16 0.94
Qo (e) -1.09  —0.94 —-0.97 / —0.97 —0.98 —-0.95
Qps (e) —0.10  —0.12 —0.11 / —-0.07 —-0.03 0.00
AH; (eV) —0.42  —0.36 —-0.15 / —0.24 —0.26 —-0.21
Faan (meV/A%) | —81.73 —81.56 / / —50.96  —67.53  —50.76
mismatch (%) 3220  25.75 / / 31.20 26.06 27.07
AW (eV) 2.01 2.15 2.20 / 2.18 2.25 2.25
D. (ed) —2.12  —2.37 —2.85 / —2.44 —2.62 —2.76
mp (us) 0.0 0.0 0.03 / 3.32 0.04 0.67
MS NM NM AFM / FM AFM AFM
Pd substrate
R (A) -0.11  —0.23 —0.18 0.03 0.07 0.25 0.31
Qga (e) 1.51 1.50 1.48 1.51 1.50 1.51 1.49
Qs (e) 1.96 1.68 1.73 1.57 1.51 1.21 0.96
Qo (e) ~1.12  —0.95 —0.97 ~1.04 —0.94 —0.98 —-0.91
Qra (e) —-0.07  —0.09 —0.08 -0.04  —0.05 —0.02 0.01
AH; (eV) —0.41  —0.35 —0.14 —-0.23 —0.24 —0.26 —0.20
Eaan (meV/A%) | —78.08 —75.99 / / —50.06 —68.46  —55.29
mismatch (%) 30.95  24.21 / / 29.94 24.70 25.74
AW (eV) 2.16 2.19 2.21 2.21 2.20 2.22 2.20
D. (eh) -1.85  —2.07 —2.30 —2.30 —2.21 —2.56 —2.29
mp (uB) 0.0 0.0 0.59 0.92 3.58 2.57 0.03
MS NM NM AFM AFM FM FM AFM
Au substrate
R (A) —-0.16  —0.36 / —0.03 0.03 0.17 0.21
Qga (e) 1.58 1.57 / 1.57 1.56 1.55 1.54
Qs (e) 2.00 1.74 / 1.57 1.31 1.19 0.92
Qo (e) -1.14  —0.97 / ~1.09 —-1.03 —1.00 —-0.99
Qau (e) —-0.08  —0.11 / —-0.07  —0.06 —0.04 0.00
AH; (eV) —042  —0.35 / —0.24  —0.24 —0.24 —0.18
Eaan (meV/A%) | —76.72 —68.72 / /  —45.03  —49.00 —32.54
mismatch (%) 38.22  32.18 / / 37.32 32.62 33.55
AW (eV) 2.12 2.15 / 2.15 2.17 2.17 2.20
D, (eh) —1.58  —1.94 / -1.95 —2.25 —2.13 —2.46
mp (uB) 0.0 0.0 / 1.17 3.40 2.76 0.05
MS NM NM / AFM FM FM AFM
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Table S6: SrBO3/Me(111) systems (B = Ti, V, Cr, Mn, Fe, Co, Ni and Me = Pt, Pd, Au) : film rumplings (R),
Bader charges (Q), enthalpies of formation at 0 K (AH¢), adhesion energies (Faan), lattice mismatch, work function
differences (AW), dipole moments in the surface normal direction z (D), and atomic magnetic moments (m). Bader
charges are expressed in units of elementary charge (e), positive charges indicate cations. Que corresponds to the
average charge of Me atoms in the topmost metal layer of Me(111). @ p and mp stand for Bader charge and magnetic
moment of atom B of ABOs, respectively. MS stands for the ground-state spin order (NM = non-magnetic, FM =
ferromagnetic, and AFM = anti ferromagnetic).

‘SrT103 SrtVO3; SrCrOs SrMnOsz SrFeOsz SrCoOs  SrNiOs

Freestanding layer

Qs: (e) 1.60 1.61 1.63 1.62 / / 1.61
Qs (e) 1.90 1.44 1.61 1.60 / / 1.12
Qo (e) -1.30  —-1.15  —1.14 —1.21 / / =104
ms (1) 0.1 0.4 1.39 0.0 / / 0.9
Pt substrate
R (A) -022 —029  —0.25 —0.05  —0.12 —0.05 0.20
Qs: (e) 1.56 1.56 1.54 1.56 1.57 1.57 1.57
Qs (e) 1.99 1.71 1.77 1.55 1.36 1.25 0.92
Qo (e) -1.10 —0.95  —0.98 -1.05  —0.98 —0.99  —0.94
Qrps (e) -0.10 —0.12  —0.11 -0.06  —0.07  —0.05  —0.04
AH; (eV) —0.40  —035  —0.14 -0.24  —0.23 —-0.25 0.87
Faan (meV/A%) | —75.8 —74.74 —50.28 —51.8 / /  —49.22
mismatch (%) 37.16  39.84 31.56 40.27 / / 42.14
AW (eV) 2.15 2.20 2.19 2.16 2.19 2.21 2.19
D, (eA) ~1.65  —220  —2.43 -1.65  —1.93 -1.72 211
mp (us) 0.00 0.00 1.17 3.41 0.14 0.04 0.32
MS NM NM FM FM  AFM AFM  AFM
Pd substrate
R (A) -0.14  —027  —0.23 0.1 0.05 0.23 0.23
Qs (e) 1.56 1.53 1.56 1.55 1.53 1.54 1.54
Qs (e) 1.97 1.69 1.69 1.54 1.35 1.20 1.04
Qo (e ~1.13  —097  —1.04 ~1.06  —0.99 -1.00  —0.95
Qra (e) -0.02 -0.10  —0.07 —-0.05  —0.05 -0.03  —0.03
AH; (eV) -0.41  —-0.34  —0.13 -0.24  —0.23 -0.26  —0.19
Eaan (meV/A%) | —74.22 7249  —45.19 —58.1 / / —38.49
mismatch (%) 36.01  38.74 30.31 39.18 / / 41.08
AW (eV) 2.14 2.14 2.15 2.20 2.16 2.19 2.20
D, (eA) —1.45 —1.61  —1.89 -1.30 —2.09 -2.16  —2.13
mp (1) 0.00 0.00 1.23 0.00 3.76 2.59 0.48
MS NM NM FM FM FM FM FM
Au substrate
R (A) -0.19  —0.39 / 0.07  —0.07 0.11 0.20
Qs (e) 1.58 1.57 / 1.57 1.57 1.57 1.56
Qs (e) 1.99 1.73 / 1.57 1.34 1.12 0.95
Qo (e) -1.16  —0.97 / -1.11  —1.01 -1.03  —1.02
Qau (e) —0.08  —0.11 / —0.03  —0.05 —0.02 0.00
AH; (eV) —0.42  —0.36 / —0.24  —0.22 -0.23  —0.18
Eaan (meV/A%) | —75.56 —74.64 /  —50.43 / /  —24.93
mismatch (%) 42.74 4519 / 45.58 / / 47.28
AW (eV) 2.10 2.13 / 2.14 2.12 2.14 2.15
D, (eA) -1.28  —1.60 / -1.58  —1.58 -1.67  —1.92
mp (1) 0.00 0.00 / 0.00 1.50 0.11 0.44
MS NM NM / AFM  AFM AFM FM
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Table S7: CaBOs/Me(111) systems (B = Ti, V, Cr, Mn, Fe, Co, Ni and Me = Pt, Pd, Au) : film rumplings (R),
Bader charges (@), enthalpies of formation at 0K (Htor), adhesion energies (Emqarn ), lattice mismatch, work function
differences (AW), dipole moments in the z direction (D), and atomic magnetic moments (m). Bader charges are
expressed in units of elementary charge (e), positive charges indicate cations. Qme corresponds to the average charge
of Me atoms in the topmost metal layer of Me(111). @Qp and mp stands for Bade charge and magnetic moment of
atom B of ABOs. MS stands for the ground-state spin order

| CaTiO3 CaVOs CaCrOz CaMnOz CaFeO3 CaCoOs CaNiOs

Freestanding layer

Qca (e) 1.55 / / 1.57 / 1.58 /
Qs (e) 1.94 / / 1.64 / 1.32 /
Qo (e) —1.29 / / —1.20 / ~1.10 /
mp (4B) 0.3 / / 0.0 / 2.3 /
Pt substrate
R (R) -0.24 —035  —0.31 /  —0.04 0.07 0.14
Qca (€) 1.53 1.53 1.51 / 1.54 1.54 1.54
Qs (e) 2.01 1.73 1.78 / 1.40 1.25 1.05
Qo (e) ~1.10 —094  —0.97 /  —0.98 —0.98  —0.93
Qpt (e) —0.09 —0.12 0.11 / —0.06 —0.05 —0.04
AH; (eV) —0.40 —0.34 —0.13 / —0.23 —0.25 —0.19
Eaan (meV/A%) | —78.59 / / / /  —61.11 /
mismatch (%) 43.55 / / / / 45.49 /
AW (eV) 2.11 2.11 2.15 / 2.16 2.15 2.14
D. (eA) ~125  —1.62 ~1.82 /  —1.90 ~1.83  —1.68
mp (uB) 0.0 0.0 1.55 / 0.22 0.11 1.44
MS NM NM FM / AFM AFM FM
Pd substrate
R (A) —0.17 —0.30 —0.32 0.07 —0.02 0.07 0.29
Qca (e) 1.53 1.49 1.49 1.53 1.50 1.51 1.51
Qs (e) 1.98 1.70 1.72 1.54 1.36 1.25 1.01
Qo (e) —-1.13 —0.97 —0.99 —1.06 —1.00 —1.02 —0.95
Qpra (e) —0.07 -0.09 —0.08 —0.02 —0.04 -0.03 —0.02
AH¢ (eV) —0.40 —-0.34 —-0.14 —-0.24 —-0.23 —-0.24 —0.20
Eaan (meV/A%) | —81.14 / / / /  —64.81 /
mismatch (%) 42.51 / / / / 44.49 /
AW (eV) 2.10 2.11 2.12 2.16 2.12 2.13 2.12
D. (eA) -1.00 —1.13  —1.06 —0.89  —1.26 -1.37  —1.35
mp () 0.00 0.00 1.14 0.00 0.26 0.12 1.45
MS NM NM FM FM AFM AFM AFM
Au substrate
R (A) —0.16 —0.40 —0.36 0.06 0.04 0.14 0.23
Qca (e) 1.55 1.54 1.53 1.55 1.54 1.54 1.53
Qs (e) 2.03 1.75 1.80 1.59 1.38 1.15 1.02
Qo (e) —1.16 —0.96 —1.02 —-1.07 —1.05 —1.06 —1.00
Qau () —0.08 —0.11 —0.09 —0.04 —0.03 0.00 0.00
AH: (eV) —0.40 —0.34 -0.12 —-0.25 -0.23 -0.23 —0.18
Faan (meV/A%) | —68.16 / / —61.77 /  —41.80 /
mismatch (%) 48.56 / / 47.51 / 50.33 /
AW (eV) 2.07 2.07 2.07 2.11 2.08 2.11 2.14
D, (eA) —0.93 —-1.03 -0.92 -0.73 —-1.11 -1.39 —1.68
mp (uB) 0.00 0.00 0.65 0.00 0.17 1.33 1.24
MS NM NM AFM AFM AFM AFM FM
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Gibbs free energies
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(a) BaTiO3/Pt(111) (b) BaTiO3/Au(111)
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Figure S4: Gibbs free energy of the following reaction : 15 Pt3aBagBgO24 — 4 Pt120Bas B4O12 + 74 BaBOs + 45
Oz + 26 Ba. The thick ABOs3 film is more stable than the OQA in the red region. The OQA is more stable than
the thick ABOg film in the blue region.

S-10



(a) BaCoO3/Pt(111) (b) BaCoO3/Au(111)
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(c) BaNiO3/Pt(111) (d) BaNiO3/Au(111)
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Figure S5: Gibbs free energy of the following reaction : 15 Pt32BagBsO24 — 4 Pti20BasB4O12 + 74 BaBO3 + 45
O2 + 26 Ba. The thick ABOg film is more stable than the OQA in the red region. The OQA is more stable than
the thick ABOg film in the blue region.
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Formation energies

0.100
2000 0.075
L 0.050
< 1500
v F0.025
- L
= >
© 1000 £ 0.000 g
v ~
e L —0.025 2
Q
— 500
—0.050
0 —0.075
~0.100

BaTiOs SrTiOs BaFeOs BaCoOs BaNiOs
Structures

Figure S6: Gibbs free energy corresponding to the following reaction : 15 PtsaBagBsO24 — 4 Pti20BasB1O12 + 74
BaBO; + 45 O2 + 26 Ba (P = 10~ '° mbar).
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Figure S7: Gibbs free energy corresponding to the following reaction : 15 AuzaBagBsO24 — 4 Aui20Bas B4O12 + 74
BaBO; + 45 O2 + 26 Ba (P = 10~ '° mbar).
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(a) BaTiO3/Pt(111) (b) BaTiO3/Au(111)
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Figure S8: Gibbs free energy of the following reaction : Pt32BagBsO24 — Pt32BaB4Og + 2 BaBOs + 6 Oz + 5/2
Ba. The thick ABOs3 film is more stable than the SHS in the red region. The SHS is more stable than the thick
ABOs3 film in the blue region.
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(a) BaCoO3/Pt(111) (b) BaCoO3/Au(111)
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Figure S9: Gibbs free energy of the following reaction : Pt32BagBsO24 — Pt32BaB4Og + 2 BaBO3 + 6 Oz + 5/2
Ba. The thick ABOs3 film is more stable than the SHS in the red region. The SHS is more stable than the thick
ABQOs3 film in the blue region.
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Figure S10: Gibbs free energy corresponding to the following reaction : Pt32BagBsO24 — Pt32BaB1Og + 2 BaBOgs
+6 02 + 5/2 Ba (P = 107 '° mbar).
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Figure S11: Gibbs free energy corresponding to the following reaction : Aus2BagBsO24 — Auz2BaB4sOs + 2 BaBO3
+6 02 + 5/2 Ba (P = 107 '° mbar).

S-17



Atomic structures of OQAs
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Table S8: Average A — O, B — O, A — Me, and B — Me bond lengths, as well as the rumplings and average O—B—0
angles in all structures.

‘BaTiO;; BaVO3; BaCrOsz BaMnOj; BaFeO3; BaCoOz BaNiOs

Freestanding layer

B-0(4) 1.79 1.74 / / 1.71 1.73 1.72
Ba-0 (A) 2.64 2.64 / / 2.7 2.55 2.63
0-B-0 angle (°) 120.0 120.0 / / 120.0 120.0 120.0
Pt substrate
B-0(4) 1.84 1.74 1.72 / 1.81 1.84 1.88
Ba—0 (A) 2.7 2.78 2.78 / 2.66 2.67 2.7
B—Pt (A) 3.06 2.82 2.9 / 2.91 2.98 2.88
Ba—Pt (A) 3.48 3.43 3.52 / 3.52 3.52 3.55
0—B-0 angle (°) 112.2 111.0 113.4 / 115.4 117.3 117.5
Pd substrate
B-0(A) 1.83 1.74 1.71 1.77 1.79 1.82 1.87
B-Pd (A) 3.02 2.95 2.91 3.02 2.92 2.99 2.87
Ba-0 (A) 2.67 2.75 2.74 2.68 2.65 2.63 2.74
Ba—Pd (A) 3.51 3.5 3.49 3.48 3.57 3.59 3.55
0-B-0 angle (°) 113.8 111.4 114.3 117.3 116.9 118.8 118.1
Au substrate
B-0(4) 1.82 1.72 / 1.79 1.77 1.79 1.86
B—Au (A) 3.09 2.99 / 3.03 2.93 2.93 2.94
Ba—0 (A) 2.74 2.76 / 2.72 2.7 2.7 2.71
Ba—Au (A) 3.54 3.42 / 3.55 3.54 3.55 3.56
0—B—0 angle (°) 115.3 112.2 / 118.8 118.5 119.7 118.9

‘ SrTiO3 SrVOs3 SrCrOs SrMnO3 SrFeO3 SrCoO3 SrNiO3

Freestanding layer

B-0 (A) 1.79 1.74 1.82 1.76 / / 1.72
Sr—0 (A) 2.46 2.58 2.43 2.5 / / 2.53
0—B—0 angle (°) 120.0 120.0 120.0 120.0 / / 120.0
Pt substrate
B-0(A) 1.85 1.75 1.73 1.86 1.82 1.85 1.84
B—Pt (A) 3.06 2.98 2.91 3.02 2.91 2.97 2.95
Sr—0 (A) 2.55 2.69 2.67 2.5 2.54 2.53 2.49
Sr—Pt (A) 3.34 3.27 3.27 3.34 3.31 3.34 3.33
0-B-0 angle (°) 113.6 111.6 114.4 118.0 116.2 117.8 118.2
Pd substrate
B-0(A) 1.84 1.74 1.77 1.82 1.8 1.82 1.8
B-Pd (A) 3.04 3.01 2.97 3.0 2.92 2.89 2.98
Sr—0 (A) 2.51 2.64 2.7 2.47 2.5 2.48 2.49
Sr—Pd (A) 3.31 3.31 3.42 3.29 3.27 3.3 3.3
0—B—0 angle (°) 114.3 112.5 114.5 118.7 117.6 119.0 118.9
Au substrate
B-0(4) 1.83 1.72 / 1.86 1.79 1.85 1.86
B-Au (&) 3.12 3.01 / 3.07 2.93 2.86 2.97
Sr—0 (A) 2.54 2.58 / 2.48 2.56 2.51 2.45
Sr—Au (A) 3.29 3.23 / 3.4 3.29 3.32 3.36
0-B-0 angle (°) 116.0 113.6 / 119.5 119.1 119.7 119.0

‘CaTiOs CaVOs; CaCrOsz CaMnOsz CaFeOs3 CaCoOs; CaNiOs

Freestanding layer

B-0 (A) 1.8 / / 1.77 / 1.72 /
Ca—0 (A) 2.14 / / 2.26 / 2.26 /
0-B-0 angle (°) 120.0 / / 120.0 / 120.0 /
Pt substrate
R (A) -0.24  -0.35 —0.31 / -0.17 -0.10 -0.07
B-0 (A) 1.86 1.75 1.73 / 1.85 1.88 1.91
B-Pt (A) 3.07 2.96 2.9 / 2.91 2.95 2.95
Ca—0 (A) 2.43 2.5 2.46 / 2.42 2.39 2.35
Ca—Pt (A) 3.17 3.13 3.1 / 3.17 3.18 3.19
0-B-0 angle (°) 115.3 112.5 114.9 / 117.1 118.3 119.0
Pd substrate
R (A) —0.22  —0.33 —0.30 —0.11 —0.13 —0.06 0.00
B-0(4) 1.84 1.75 1.73 1.85 1.82 1.85 1.78
B—Pd (A) 3.05 3.01 2.92 3.01 2.95 2.94 2.81
Ca—0 (A) 2.38 2.5 2.56 2.34 2.35 2.34 2.29
Ca—Pd (A) 3.2 3.12 3.08 3.2 3.16 3.13 3.14
0—-B-0 angle (°) 116.0 113.9 116.2 119.2 118.4 119.0 128.4
Au substrate
R (A) -0.13  —0.36 -0.26 —0.12 0.01 0.13 0.14
B-0 (A) 1.84 1.73 1.73 1.94 1.86 1.92 1.89
B-Au (A) 3.13 3.06 3.04 2.98 2.95 2.85 2.92
Ca—0 (A) 2.33 2.32 2.37 2.46 2.39 2.33 2.3
Ca—Au (A4) 3.23 3.05 3.08 3.18 3.2 3.2 3.24
0—B—0 angle (°) 116.8 114.0 117.0 119.3 119.5 119.5 122.4
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Size mismatch and rumpling for OQAs
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Figure S12: Plot of the rumpling as a function of the size mismatch for selected structures.
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Averaged planar differences
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Figure S13: Planar averaged electrostatic potential (V(z) = % f 4 V(2,y,2z)dzdy, where A is the surface area) for
BaTiOs on Pt. Green band represents the Pt(111) slab and blue stripe indicates the position of the OQA layer. ®;
and @, are the values in the plateau of the average electrostatic potential in the vacuum level (with the Fermi energy
as a reference in zero) for the metal-oxide and metal systems, respectivelly.
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Figure S14: Planar averaged electron charge density differences (Ap(z) = f ) Ap(z,y, z) dedy, where integration was
performed over the area (A) spanned by the surface supercell) for several OQA structures studied in this work. Green
represents the Pt(111) slab and blue stripe indicates the position of the OQA layer.
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Adhesion energies as a function of size mismatch, rumpling and

charge transfer
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Figure S15: Plot of the adhesion energy (Faan) as a function of the Bader charge of B atom (@g).
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Figure S16: Plot of the adhesion energy (Faqn) as a function of the size mismatch for selected structures.
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Figure S17: Plot of the adhesion energy (Faan) as a function of the rumpling (R) for selected structures.
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Electronic properties

Density of states
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Figure S18: LDOS per atom for BaBOs (B = Ti, V, Cr, Mn, Fe, Co, Ni) with Pt, Pd, and Au substrates. Me, Ba,
B, and O are represented by orange, red, black, and blue colors, respectivelly, as indicated in the top-left plot.
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Figure S19: LDOS per atom for SrtBO3 (B = Ti, V, Cr, Mn, Fe, Co, Ni) with Pt, Pd, and Au substrates. Me, Sr,
B, and O are represented by orange, red, black, and blue colors, respectivelly, as indicated in the top-left plot.
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Figure S20: LDOS per atom for CaBO3 (B = Ti, V, Cr, Mn, Fe, Co, Ni) with Pt, Pd, and Au substrates. Me, Ca,
B, and O are represented by orange, red, black, and blue colors, respectivelly, as indicated in the top-left plot.
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Figure S21: LDOS per atom for the oxide freestanding layers. Ba, B, and O are represented by red, black, and blue
colors, respectivelly, as indicated in the top-left plot.
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COHP and ICOHPs
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Figure $22: COHPs between all bonds up to 3A in the BaBO3/Pt(111) systems (with B = Ti, Fe).
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Figure $23: COHPs between all bonds up to 3A in the BaBO3/Pt(111) systems (with B = Co, Ni).
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Figure S24: COHPs between all bonds up to 3A in the BaBO3/Me(111) systems (with B = Ti, Fe).
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Figure $25: COHPs between all bonds up to 3A in the BaBO3/Pt(111) systems (with B = Co, Ni).

S-33



E —Er (eV)

E — Er (eV)

(a) Pt-O (with Ti)

= Up-spin
== = Down-spin
-10 -5 0 5 10 15
—COHP
(c) Pt—O (with Fe)
e Up-spin
== = Down-spin
-
el o
i -
-
Clyesl
AR ] -—

-75 -50 -25 00 25 50 75 100 125
—COHP

E —Ef (eV)

E —Ef (eV)

(b) Au-O (with Ti)

e Up-spin
== = Down-spin

0
—COHP

(d) Au-O (with Fe)

-10

w— Up-spin
== = Down-spin

—COHP

Figure $26: COHPs between all bonds up to 3A in the BaBO3/Me(111) systems (with B = Ti, Fe).
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Figure S27: COHPs between all bonds up to 3A in the BaBO3/Pt(111) systems (with B = Co, Ni).
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Elemental metals and bulk perovskites

Table S9: Lattice parameters, space groups, cohesive energies of the metals taken as references to calculate the
formation enthalpies of OQAs and SHSs.

Metal Structure a (A) ¢ (A) Cohesive energy (eV/at.) Ref.

Ba bee (Im3m) 4.99 -1.91 this work
5.03 —1.88 PBE!
5.01 —1.91 exp. 23
Sr fecc (Fm3m) 6.02 —1.57 this work
6.02 —1.62 PBE!
6.08 —-1.73 exp. >4
Ti  hep (P6smme) 293 4.64 —5.17 this work
2.95 4.68 —5.47 PBE!'®
2.93 4.67 —5.45 PBES
2.95  4.68 —4.85 exp. ¥4
\Y bee (Im3m) 2.98 —5.45 this work
3.00 —5.92 PBE!
2.98 —6.03 PBE®
3.03 —5.31 exp. >4
Fe bee (Im3m) 2.83 —4.97 this work
2.83 —4.32 PBES
2.83 —4.85 PBE!
2.86 —4.28 exp. 34
Co  hep (P6smme)  2.50  4.02 —4.89 this work
2.49 4.01 —4.44 PBES
2.50 4.09 —5.14 PBE!
2.51  4.07 —4.39 exp.>7
Ni fec (Fm3m) 3.53 —4.75 this work
3.52 —4.48 PBES
3.52 —4.83 PBE!
3.92 —4.44 exp. 34
Pt fec (Fm3m) 3.99 —5.63 this work
3.95 —5.87 PBES
3.98 —5.32 PBE!
3.92 —5.84 exp. >4
Au fecc (Fm3m) 4.18 -3.18 this work
4.17 —3.83 PBE®
4.16 —-3.11 PBE!
4.07 —3.81 exp. 34
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Table S10: Lattice parameters, space groups and formation enthalpies of perovskites considered in the thermodynamic

model.

Perovskite Structure

a (A)

b (A)

c(A)

Formation enthalpy (eV/at.) Ref.

BaTiO3 Pm3m 4.05 -3.35 this work
R3m 4.08 («=89.67°) —3.50 PBE?

SrTiOs Pm3m 3.96 —3.38 this work
Pm3m 3.94 —3.56 PBE?

BaFeOs; Pm3m 4.01 —-2.07 this work
Pm3m 4.03 —2.25 PBE?

BaCoOs3 Cmem 5.70 9.99 4.81 —1.83 this work
P63mmc 5.74 5.77 —2.11 PBE?®

BaNiOj P63mme 5.71 4.80 —1.48 this work
P63mme 5.72 4.83 —1.48 PBE?®

Magnetic stability

Table S11: Magnetic stability considering, as the initial magnetic moment, a ferromagnetic (FM) and an antiferro-
magnetic (AFM) state of the B (B = Cr, Mn, Fe, Co, Ni) elements in the approximant structure. Since there are
four B atoms in the approximant with two equivalent positions, we consider the initial AFM state with the mp of
the non-equivalent positions in opposite directions. RMS = Resulting magnetic moment; IMC = Initial magnetic
configuration; SIC = Stable as initial configuration.

Formula

Energy FM (eV/at.)

Energy AFM (eV /at.)

RMC (IMC = FM)

RMS (IMC = AFM)

mp (ps) (IMS = FM)

s (up) (IMS = AFM)  SIC

Pt120BasCrsO12
Ptig9BasFe 012
Pt120Bas;Cos012
Pt120BasNisO12
Pt120Sr5CrsO12
Pt120Sr5Fe4012
Pt120S15C04012
Pt120Sr5Nis 012
Pty29CasFesO1o
Pt120Ca5Co4012
Pt120CasNigO12
Pd;20BasCryO12
Pd;20BasMn 012
PdisBasFe 015
Pd;20Bas;Co4012
Pdi20BasNigOqo
Pd;20Sr5CrsOq2
Pd;20Sr5Fe 012
Pd;20Sr5C04012
Pd;20Sr5Ni 012
Pd;20CazCryO12
Pd;2CasFe 012
Pdy50CasCo,401o
Pd;20CasNigOqo
Aujo0BasMny Oy
AuigoBasFe 019
Auy0Ba;Cos012
Auyo0BasNigOq2
Auyg0Sr5Fe 019
Auy20Sr5C04012
Auy0Sr5NigOq2
Auy0CasCryOr2
AuigpCasFe 012
Auy0CazCo4012
Auy20CasNigOq2

—3.15717
—3.09922
—3.02495
—2.98047
—3.13384

—2.01027
—1.94105

—0.72306
—0.72789

—0.56905

—3.15781
—3.09826

—1.9067
—2.05942
—2.01489

/
~1.88285

/
—2.01448
~1.93402
—1.89853

/
—0.73004
—0.6345
—0.57633
—0.69365
—0.61436
—0.56264

/
~0.70957
—0.61429

/

FM
FM
AFM
FM
FM
AFM
AFM
AFM
AFM
AFM
AFM
AFM
AFM
FM
FM
FM
FM
FM
FM
FM
FM
FM
AFM
AFM
AFM
AFM
FM
FM
AFM

FM
AFM

AFM
FM
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AFM
AFM

AFM
FM
AFM
AFM
AFM
AFM
AFM
FM

AFM

/
AFM
AFM

FM

1.09
3.32
0.04
0.59
1.16
—0.12
—0.04
0.69
—0.26
—0.11
0.03
0.59
0.92

~0.03 AFM
~0.12 FM
—2.69 FM
—0.67 FM
117 AFM
~0.14 AFM
—0.04 FM
0.32 AFM
~0.2 AFM
—0.11 FM
1.44 FM
/ FM
/ FM
3.58 AFM
—2.57 FM
~0.03 AFM
1.23 AFM
3.76 AFM
/ FM
0.4 FM
FM
0.26 AFM
0.12 AFM
1.45 FM
/ FM
3.4 AFM
2.76 FM
~0.05 AFM
~0.03 FM
—0.11 AFM
—0.01 FM
FM
0.17 AFM
2.66 FM
/ FM
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