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Electrostatics and polarity in 2D oxides

Claudine Noguera and Jacek Goniakowski

Abstract We review the manifestations of electrostatic interactions, and in particular
polarity effects, in oxide ultra-thin films and two-dimensional nano-objects. We dis-
cuss the efficiency of various compensation mechanisms such as overall structural
transformations, strong lattice relaxations, inhomogeneous charge redistributions,
support effects, and/or the formation of 2D or 1D electron/hole gases.

1 Introduction

Due to its relevance in mineralogy, geochemistry, catalysis, electrochemistry, elec-
tronics, magnetic recording, etc, in the past 25 years the field of oxide surfaces has
enormously evolved. While the characteristics and properties of most binary ox-
ide surfaces are now well-established, in the last decade, the main focus has been
on ultra-thin oxide films. Usually grown on metallic supports, these systems may
represent oxygen reservoirs, inverse catalysts, patterned supports for the formation
of catalytically active size-selected clusters, or device constituents in the emerging
field of all-oxide electronics. When the film thickness is no more than one or two
atomic layers, depending upon preparation conditions, these two-dimensional (2D)
oxides may display structures, stoichiometries and properties that are not seen in
bulk crystals [1, 2, 3, 4, 5, 6]. The same is expected in 2D small objects, such as
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nano-ribbons or nano-islands, whose controlled fabrication and growth nowadays
remain a difficult challenge.

The present chapter focuses on the manifestations of electrostatic interactions in
oxide ultra-thin films and 2D nano-objects, and in particular on polarity effects. In-
deed, numerous oxide properties cannot be understood without taking into account
the strong Coulomb interactions which result from their ionic character. Along cer-
tain crystallographic directions, a macroscopic polarization induces a surface insta-
bility. These polar orientations have been thoroughly studied at semi-infinite sur-
faces [7, 8]. But in polar ultra-thin films, especially when their thickness reaches
the monolayer (ML) limit, new questions arise, which are related to the role of
electrostatic interactions and dimensionality. Compared to semi-infinite surfaces,
new mechanisms of polarity compensation exist at the nanoscale, involving, among
others, complete changes of structures, strong lattice relaxations, inhomogeneous
charge redistributions. The interplay between polarity and substrate effects, interfa-
cial charge transfers, and lattice mismatch, have also to be considered since most
2D-objects are grown on (metallic or insulating) substrates. Finally, the possibility
to stabilize 2D or 1D electron or hole gases (2DEG, 2DHG, 1DEG, 1DHG) at polar
interfaces or at polar island edges in new layered materials has recently generated
excitement in the physics community.

The aim here is to present an overview of the consequences of the strong
Coulomb interactions and polarity effects which exist in low dimensional oxide
structures. We will outline how polarity concepts, which have been developed for
surfaces and which are recalled in Section 2, apply or have to be modified at the
nanoscale. For this purpose, they will be successively reviewed in the cases of ultra-
thin films (Section 3), interfaces (Section 4), and 2D ribbons or islands (Section
5).

2 Polarity concepts

In Tasker’s classification [9], compound surfaces are differentiated according to
whether or not the structural repeat unit starting from vacuum bears a non-vanishing
dipole moment. The presence of a dipole moment is characteristic of polar surfaces.
In the simplest capacitor-type representation of a crystal cut along a polar ori-
entation (Fig. 1), with alternating positively and negatively charged plates (charge
densities +0, successive inter-plate distances R; and R;), an electrostatic instability
— sometimes called polar catastrophe — develops due to the existence of a macro-
scopic electric field perpendicular to the surface. According to Gauss law, this insta-
bility can be healed by an excess charge density =00 on the external plates, such

that:
60 =0% (1)
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Fig. 1 (a): Capacitor model of a polar surface with alternating layers of charge densities £0
and spatial variation of its electrostatic potential V. (b): Same but with excess charges £60 =
OR|/(R1 + Ry) on the outer layers which suppress the monotonic variation of V.

with Z =R, /(R1 +R») [7, 8, 9]. 6% represents the dipole moment per unit volume
of the repeat unit. The electrostatic field due to §& precisely cancels the average
macroscopic electric field in the bulk of the material.

Beyond this simplistic picture, in realistic compounds, the charge density ¢ of
the atomic layers is delocalized and differs from the value X obtained by assign-
ing formal charges to the atoms. It involves an electronic contribution o,; due to
covalent effects, so that 0 = X 4 o,;. Whatever the partitioning scheme adopted to
define o and o,;, the electrostatic criterion, Eq. 1, defines the modification of sur-
face charge density 6o required for surface stability, which is then the sum of two
contributions 6 = § G, + 8 G¢omp. The first one, 6 6,;, comes from the modification
of covalent effects at surfaces, due to the change in local environment of the atoms,
associated, for example, to bond breaking. It exists whatever the surface orienta-
tion and is not specific to polarity. The second contribution, 0 G¢omp, represents the
compensating charge which has to be provided by processes other than covalency
effects, for example partial filling of surface bands, surface adsorbates, vacancies,
non-stoichiometric reconstructions, or non-isoelectronic substitutions, in order to
stabilize the surface. It is specific to polarity and, using Eq. 1, its value has to be
equal to:

OCcomp = XX + (#0Ce1 — 85,) 2)

It consists of an ionic term & plus an electronic one Z0,; — §0,,.

The Modern Theory of Polarization [10, 11, 12] provides a formal derivation of
this result. It relates the compensating charge, 0 Ggomp to the bulk polarization Py
of the system, i.e. its dipole density, and writes the latter as:

(SGcomp =Pk 5 Poux =ZZ+ Py (3)

The electronic contribution F,;, which depends on the center-of-gravity positions of
the valence band (VB) Wannier functions, corresponds to the terms Zc,; — 60,
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written in Equation 2. P,; is non-zero in non-centro-symmetric structures in which
the electronic density presents an asymmetry [10, 12, 13, 14].

> -2 ¥ -X ¥ - I -X

T

bulk ..... ‘ vacuum

Ri Ry

Fig. 2 Succession of layers along a direction perpendicular to a polar surface. 77 and 75 represent
the interlayer electron transfers associated to R and R, interlayer distances, respectively. £X are
the layer formal charge densities. Due to bond breaking, 75 is missing at the surface.

Some qualitative insight into P,; is given by a simple tight-binding approach
which accounts for electron delocalization through inter-layer transfers 77 and 7> per
2D unit cell (77 and T, positive), as shown in Fig. 2. In this particular partitioning
of space, the electronic contribution to ¢ is thus o,; = —7; — 1. At the surface T,
is missing, which yields d6,; = —T5. Local charge redistributions modifying the
mixed ionic and covalent character of the bonding in the surface region, and thus 7}
and 75, are irrelevant, since they induce no global charge variation. In this simple
scheme, 5(7wmp and the electronic contribution to P thus read:

T
Pi=0,|Z%— 4
! l( T1+T2) @)

This expression, not intended to be used for quantitative evaluation, shows that
symmetry considerations alone can tell whether or not P,; = 0. Indeed, the key issue
for its cancellation is in the difference between 7> /(T; + T») and Z. It vanishes,
for example, in rock salt (111) or zinc blende (100) compounds where layers are
equidistant (R} = Ry and Z = 1/2) and T} = T, by symmetry. Similarly, it vanishes
in zinc blende (111) compounds where R, = 3R and, by symmetry 71 = 37>.

In wurtzite compounds, whether or not their structure is ideal, a spontaneous
polarization of electronic origin exists, due to the absence of inversion symmetry in
their lattice. Whenever X # 0, the electronic contribution P,; is often negligible, so
that relying on a formal charge analysis most of the time allows a correct assignment
of polarity. However, when X% = 0, either because £ = 0 or because XZ is exactly
canceled out by external charges, P,; remains the sole factor which drives polarity
effects. An illustration of the case ¥ = 0 is given in Fig. 3, which displays the
value of P,; and its consequences on surface polarity, in an hypothetical distorted
(R1 # Ry) perovskite bulk. In thin films or nano-objects, interfacial strain and global
symmetry lowering may also induce non-vanishing and non-negligible P,;, so that a
formal charge analysis may not always be sufficient to assess the polar character of
these nanoscale objects.
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Fig. 3 Left: Polarization in an hypothetical distorted SrTiO3 bulk with flat, formally-neutral (001)
layers, for various values of Z%. Only when &% = 0.5 does the polarization vanish. When &% # 0.5,
since X = 0, its non-zero value solely comes from its electronic contribution 7,;. Right: Electro-
static potential profile across a distorted SrTiO3(001) slab for 2=0.48, 0.5 and 0.51. The non-zero
slope when % # 0.5 is the signature of polarity.

One can remark that polar semi-infinite surfaces are characterized by a polar-
ization discontinuity 8 P between a polar compound (P, 7 0) and vacuum, which
is a medium with zero polarization (P = 0). The same is true for polar surfaces in
contact with any non-polar medium [15], to which all previous considerations apply.

In order to provide the compensating charge densities 6 Gcomp = Ppuix Tequired
for surface stabilization, several mechanisms may be at work, whose relative effi-
ciency is strongly dependent on the oxide, the surface atomic structure, the chemical
environment or the thermodynamic conditions (temperature, oxygen or water partial
pressures). As reviewed in Refs. [7, 8], a modification of the surface region compo-
sition by an adequate density of charged vacancies, or the adsorption of an adequate
density of charged foreign species, in particular protons or hydroxyl groups result-
ing from the dissociation of water molecules, are the most commonly met. When-
ever P,; # 0, it should be kept in mind that these required densities are close to, but
not equal to Z. This is for example the case at wurtzite (0001) surfaces, whether
ideal or not. There are also examples of surface configurations consistent with a
metallization mechanism, sometimes called electronic reconstruction, in which a
modification of the surface band filling (Zener breakdown) induces the presence of
2DEG/2DHG at the surface.

3 Polarity scenarios in thin films

As reviewed in Refs. [8, 16], the physics of polar thin films is very rich in new elec-
tronic and structural features, due to finite size effects, structural flexibility, soften-
ing of the electrostatic interactions and interaction with the substrate. In particular,
at variance with semi-infinite surfaces, the stability of polar film does not necessar-
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ily require 6 G omp = Pour. We will successively describe several scenarios that may
take place.

3.1 Electronic reconstruction in polar films

As evidenced for example in MgO(111) [17, 18], CoO(111) [19] or ZnO(0001)
[20, 21] films, two qualitatively different thickness regimes may be differentiated.
At large thicknesses, the polarity stabilization mechanisms are qualitatively similar
to those occurring at semi-infinite surfaces. However, the electronic reconstruction
scenario displays finite size characteristics, that are specified below.

@ (b) ©

Mg-termination

O-termination

j\/ 1 I N
4 o
-8.0 -4.0 0.0 4.0 0 0.1 0.2
E-E (eV) 1N

energy
o Oolo
5

LDOS (arb. units)

Fig. 4 (a): Spin resolved LDOS on the magnesium (top) and oxygen (bottom) terminations of a
MgO(111) film, highlighting the metallization of both surfaces and the magnetic moment on the
oxygen termination. (b): Sketch of the electronic structure across a polar thick film. (c) Thickness
dependence of 60/0, deduced from a Bader analysis, in thick MgO(111) films, evidencing its
1/N asymptotic behavior.

Simulations of the electronic structure of thick polar films evidence metallization
and spin polarization at their surfaces (Figure 4a). The local VB on one side of the
film and the local conduction band (CB) on the other side intersect the Fermi level.
This allows a reduction of charge density +00 on both terminations, through elec-
tron exchange between them (Zener breakdown). More precisely, the local densities
of states (LDOS) are monotonically shifted across the film, due to a residual polar-
ization coming from the opposing effect of the film polarization P and 6o (Figure
4b). The associated total band shift AV, no longer proportional to the film thick-
ness, remains of the order of the surface gap (G) to allow band overlap and electron
transfer.

The self-consistent relationship between AV and 6 ¢ constrains the latter to vary
with the film thickness N(R| 4+ R,) (N the number of repeat units), according to the
asymptotic law [22, 23] (€™ the film dielectric constant):
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An example of the 1/N dependence of 6o, found in MgO(111) films, is shown in
Fig. 4c. Thus, in these finite size systems, 6 Gomp differs from the bulk polarization

Ppuik:
5Gcamp (N) 7& Pouir (6)

whenever G is non-zero. Only in the N — oo limit is the equality recovered.

3.2 Uncompensated polarity

Under specific conditions, the total shift of electrostatic potential AV may be in-
sufficient to induce band overlap. This happens, either at extremely low thickness
without much structural distortion (P =~ Py,;), or at low thickness if the film struc-
ture is flexible enough to strongly reduce its polarization with respect to the bulk
value (P < Py,x). Whatever the case, 6 G0 » 7 P since

86comp =0 (7

For this reason, this regime has been called “uncompensated polarity” [18]. In an-
other context, it is referred to as the subcritical regime [24]. The associated elec-
tronic structure is sketched in Fig. 5a.

This scenario was discovered in a theoretical study of stoichiometric MgO(111),
Zn0O(0001) and NaCl(111) ultra-thin films, which display a metastable zinc blende
phase at low thickness with strongly size-dependent properties [18]. As shown in
Fig. 5b, Z is extremely reduced thanks to a drastic decrease of the inter-layer dis-
tance R;. The total dipole moment grows linearly with N and simultaneously, G
decreases. The electronic structure remains insulating but only up to a critical thick-
ness N.. At N, a metal-insulator transition takes place with a strong discontinuity in
Z and 86. Above N,, all film properties follow the general trends of compensation
by metallization described in the previous section

Kaolinite films have also been predicted to display the same scenario, although
the uncompensated mechanism was not referred to [25]. Kaolinite Al;Si,O5(OH)4
is a layered silicate compound, whose (0001) layers are composed of two sublat-
tices, made of a silica and a gibbsite sheet, respectively. Due to this asymmetry, the
repeat unit along the (0001) orientation bears a finite dipole moment, making this
orientation polar. According to the simulation, kaolinite (0001) films display a metal
insulator transition when the thickness reaches about three repeat units.

A nearly identical scenario has been invoked in LaAlO3(100) and KTaO3(100)
films grown on a SrTiO3 substrate to rationalize experimental results[26, 27, 28, 29,
30]. It gave rise to an intense debate on whether the 2DEG originates from polarity
or/and from the presence of oxygen vacancies [31, 32]. Indeed, these oxides are in-
sulating, but the LaAlO3(100) and KTaO3(100) orientations are polar. For example,
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Fig. 5 (a): Sketch of the electronic structure across a polar uncompensated film for N < N¢; (b)
thickness dependence of unsupported MgO (111) film properties in the metastable zinc blende
phase. Top panel: Z = R, /(R + R;) (black symbols) and excess Bader charge densities §0/0 (red
open symbols); Bottom panel: gap G (black symbols) and total voltage AV (red open symbols).

in LaAlOs3, a metal-insulator transition occurs at a critical thickness of four repeat
units [24, 26]. This transition was assigned to the shift of the LaAlO3; bands, which,
beyond N,, allows its top of VB to overlap the SrTiO3; CB minimum.

3.3 Structural transformation

The literature review on polar ultra-thin films [8, 16] evidences another scenario
at low thickness, in which a global structural transformation takes place in order to
make the film orientation non-polar. In that case, the equality & Gcopmp = P is fulfilled,
but in the specific limit where:

P=0=60comp ®)

Such transformation results from a competition between surface and bulk energy
terms, in which the surface term wins. The new structure being different from the
bulk ground state, there is a cost of energy for each additional repeat unit when the
thickness N increases. However, as long as N remains small, the gain in surface
energy in having a non-polar orientation is able to overcome this cost. Thus, up to
a critical thickness, ultra-thin polar films may sustain a structure which is not their
bulk ground state but allows a non-polar termination.

This generic scenario was first proposed in Ref. [17], accompanying simulations
of MgO(111) films (Figure 6a). It rationalizes theoretical or experimental findings
made in many polar binary oxide films, such as MgO [33], FeO [34, 35], CoO
[36, 37], ZnO [38, 39], BeO [40, 41], other wurtzite type compounds [42], and
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AlO, [43], which evidence nearly flat repeat units and expanded in-plane lattice
parameters compared to bulk. Among the reported results, a frequently-met feature
is the existence of flat layers with a graphene-like honeycomb structure made of
six-member rings with equal number of cations and oxygens (Figure 6b). When
such layers are stacked together, a non-polar (0001) film of an hexagonal boron
nitride structure (h-BN) is produced. This scenario is relevant for binary compounds
which, in the bulk, crystallize in the rock salt, zinc blende or wurtzite structures.
More generally, the stabilization of polar films by a strong transformation of the
bulk equilibrium structure appears to be a quite general scenario at extremely low
thickness, due to the structural flexibility of ultra-thin films.

12.0 T T T

100 k- RS |
..o...o,..b.,.... 0.

L za

©
=)

Formation energy (JImQ)

Thickness (N)

Fig. 6 (a): Structural phase diagram of MgO(111) unsupported films as a function of thickness,
indicating the relative stability of the rock salt (RS), zinc blende (ZB) and h-BN phases. (b): Top
view of the honeycomb structure of the h-BN ML.

3.4 Support effects

While previous scenarios are intrinsic to (unsupported) polar thin films, the inter-
action with a support can significantly modify the film structure, their stability and
their electronic characteristics, depending on their thickness.

At the interface between a thick polar film and a metal substrate, the cost of po-
larity is strongly reduced by a transfer of the compensating charge from the oxide
to the metal [44, 45]. The interfacial oxide bands recover their normal filling, and
it is the filling of the metal bands in contact with the oxide which changes with
respect to that of the clean metal surface. This transfer avoids electron excitations
across the oxide gap and replaces them by low-energy excitations in the vicinity of
the metal Fermi level. The associated gain of energy is reflected in a strong interfa-
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cial adhesion. This process was invoked to support the experimental evidence of a
structurally and chemically abrupt Cu/MgO(111) interface [46, 47].

When the oxide film is thin and especially when polarity effects are weak or
absent (case of uncompensated polarity or structural transformation), an interfacial
charge transfer of a different origin takes place between the film and the metal sub-
strate, which is no longer driven by the requirement of polarity compensation. Due
to interfacial hybridization and/or penetration of the MIGS (Metal Induced Gap
States), its amount and sign depend on the relative position of the metal Fermi level
and the oxide point of zero charge. The associated dipole moment contributes to the
Schottky barrier height [48, 49, 50]. For example, deposition of a MgO(111) film
on a simple metal (Mg, Al) of low electronegativity results in an electron transfer
from the substrate to the film, while on transition metal substrates (Ag, Mo, Pt) an
opposite transfer occurs. Such charge transfer is unrelated to polarity as it may also
occur at the interface between a metal and a non-polar surface.

€Y (b)

19%%6%" a5t
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Fig. 7 Schematic representation of the two dipoles associated to the charge transfer between an
oxide film and its metal support and to the rumpling inside the oxide film (shown by arrows), for
the two cases of a negative (a) and a positive (b) metal charging. In the first case, oxygen atoms of
the oxide film are repelled by the negative charge of the metal and pushed outwards. In the second
case, they are attracted by the substrate. Cations, oxygens, and metal atoms are represented as blue,
red and large brown balls, respectively.

As a response to the electrostatic field produced by the interfacial charge transfer,
thin films undergo a structural distortion as schematized in Fig. 7 in the case of an
oxide ML of honeycomb structure deposited on a metal substrate. While perfectly
flat when unsupported, the ML gets rumpled upon deposition, in such a way that
the dipoles associated to charge transfer and rumpling have opposite sign and thus
partially compensate each other [51]. This argument based on a generic electrostatic
coupling between charge transfer and structural distortion rationalizes the small and
large rumpling values in MgO/Ag(111) and FeO/Pt(111) ML films, respectively.

A similar electrostatic coupling between charge transfer and structural distortion
applies to adsorbates on thin oxide films supported on a metal support. Upon de-
position, the adsorbates become charged, in a way which is mainly determined by
the electronic characteristics (e.g. the work function) of the oxide-on-metal support
[52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62]. In response to this charge transfer, es-
pecially at low film thickness, a polaronic distortion of the oxide film takes place
around the charged adsorbates, which significantly stabilizes them [63] and has im-
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plications on the growth, chemical, optical, and magnetic properties of adsorbed
metal particles, their self-organization [3, 64] and their wetting on the oxide film
[54, 58].

It has furthermore been demonstrated that this mechanism allows to incorporate
oxygen atoms into ultra-thin oxide films supported on a metal, producing oxygen-
rich oxide phases, with no bulk equivalent, which may serve as oxygen reservoirs
in low temperature oxidation reactions [65, 66]. A prototypical example is the FeO
ML on Pt(111) which, upon interaction with an oxygen atmosphere, transforms into
O-Fe-O trilayer islands stabilized by a strong interfacial charge transfer [67, 68]. A
similar mechanism is also likely active for other O-M-O trilayers, such as IrO, [69],
PdO; [70], RhO; [71], RuO; [72] and MnO; [73, 74].

4 Interface polarity

Oxide/oxide interfaces have recently focused the attention of the research commu-
nity, due to the entirely new properties they display compared to their parent mate-
rials, and to their much wider variety of behaviors compared to traditional semicon-
ductor/semiconductor interfaces [75, 76]. The possibility of producing a confined
2DEG/2DHG, subject of enhanced correlation effects, and magnetic or even super-
conducting instabilities, represents a particularly exciting issue. This section focuses
on the compensation scenarios which may take place at polar/polar interfaces. We
will not consider polar/non-polar interfaces for which, as stated in Section 2, the ab-
sence of polarization in one of the compounds makes their polarity characteristics
similar to those described at the interface between polar films and vacuum.

-30 30 -3¢ o0’
0-0 0-0 O0-0 o'-0 o'-0 0 -0

Fig. 8 Capacitor model of a polar/polar interface, assuming contact between two layers of oppo-
site character. In an heterostructure, the two outer layers (extreme left and right layers) are free
surfaces in contact with vacuum. In superlattices, they are in contact with each other, via the appli-
cation of periodic boundary conditions. In that case, the outer interface charge density is equal and
opposite to that in the central interface.
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4.1 Criterion of compensation

A straightforward extension of Equations 1 and 3 to polar/polar interfaces in the
large thickness limit (Figure 8), yields the following electrostatic criterion for the
stability of the interface:

So=%c . 860 =%o 9)

The excess charge densities 6 and 8¢’ are required at the polar terminations of
each medium, leading to an excess interface charge density:

§o'=80—-60’ (10)

Aside from those provided by covalent contributions, the remaining compensating
charges leading to the cancellation of the polarizations P and P’ present in the core
of each subsystem read:

8Ccomp =P=RZ+Py ; 5(;0'0’”17 =P =%'5' +P, (11)
The interfacial compensating charge densities +6 Gclomp are equal to the polarization

discontinuity 6P = P — P’ between the two media:

SGfompzéacamp—éac’omp =dP (12)
At a polar/polar interface, both polarizations P and P’ are different from zero.
Using Equation 11, the polarization discontinuity can be written under the following

form [77]:
SP=P-P =RE—-X"Y+X(#—R)+ 6P, (13)

which highlights its three contributions:

e the term Z(X — X') depends on the difference of formal charge densities X — X’
between the two parts of the system. It represents the contribution from valence
discontinuity.

e the term X'(Z — %') represents the contribution from structural discontinuity.

e the term 6P,; depends on the difference of the electronic contributions to P and
P'. 1t thus represents the electronic discontinuity. It is non-zero when one or both
compounds are non-centro-symmetric.

Polarity compensation mechanisms at polar/polar interfaces may be extrapolated
from those already mentioned at polar surfaces. They may involve interface non-
stoichiometry (including charged vacancies or interfacial mixing [78]), structural
reconstructions [79] or electronic reconstruction. In the field of oxide/oxide inter-
faces, the latter mechanism has been experimentally evidenced at the polar/polar
Zn0O(0001)/Zn,yMg1_,O(0001) interface [80].
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4.2 Electronic reconstruction at polar/polar interfaces

In this section, we specify the conditions under which a 2DEG may exist at the
interface between two stoichiometric polar compounds [77].
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MgO(111)/wurtzite ZnO(0001) (right panels) superlattices. From top to bottom: Bader charges
Q (absolute values), electrostatic potential profiles V, and LDOS. The thin line in the ]{)tential

profiles represent its lateral average V, while the thick one corresponds to its cell average V.

A first situation arises when 8P = 0. Although, in that case, 87, =0, non-
negligible charge modifications may take place at the interface, which reveal the
electronic contribution to §&/. There is no need of electronic or structural recon-
struction at the interface, which remains insulating. The profile of the electrostatic
potential across the system is flat and there is no residual electric field on both sides
of the interface. The interface is thus non polar, although each sub-system on its own
is polar. For this condition to be fulfilled, there needs to be no structural discontinu-
ity, no valence discontinuity and no electronic contribution to polarization on both
sides of the interface. § P = 0 occurs at ideal zinc blende/zinc blende interfaces when
the two compounds have the same valency, at ideal rock salt/rock salt (RS) interfaces
(as exemplified in Fig. 9 in the particular case of MgO(111)/CaO(111) interface
[77]), at ideal perovskite/perovskite interface such as KSbO3(001)/KNbO3(001)
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[81]. The SrTiO3(110)/LaAlO3(110) interface studied in Refs. [82, 83] between two
perovskites aligned along the polar (110) direction represents a special case. If sto-
ichiometric, this interface is non-polar, since no polarization discontinuity exists
between the two materials. However, in the experiment, a metal-insulator transition
was evidenced and assigned to polarity effects induced by an interfacial mixing.

A second type of polar/polar interfaces is characterized by 6P # 0, when one
or several of its three contributions (structural, valence, or electronic discontinu-
ity) are non zero. Such interfaces are polar, with a strong voltage across the sys-
tem, which has to be canceled out, either by interface non-stoichiometry, as in
the ZnO/FeO interface [84], or by the formation of a 2DEG, depending upon ex-
perimental preparation conditions. For the latter to exist, an overlap between the
top of the VB of one compound and the bottom of the CB of the other com-
pound has to take place, as illustrated in Fig. 9 in the case of wurtzite (WZ)
Zn0O(0001)/rock salt MgO(111)interface [77] and recently recognized in Ref. [15].
The ZnO(0001)/Zn,Mg;_,O(0001) interface, in which Shubnikov-de Haas oscil-
lations and the quantum Hall effect have been observed [80], also belongs to the
family of polar compensated interfaces.

4.3 Finite size effects

Similarly to what occurs in polar ultra-thin films, polar/polar heterostructures or su-
perlattices involving compounds of finite thickness may display properties modified
by finite size effects. The latter may lead to the existence of a subcritical regime or
to a structural transformation to avoid polarity.

An uncompensated polarity regime may take place at low thickness, either with-
out much structural distortion (case of a small polarization discontinuity between
the two bulk compounds 6P,,;), or when the film structure is flexible enough to
strongly reduce the polarization discontinuity (6P << 8 Py,x). Under these circum-
stances, the voltage AV due to 8P is too small to induce an overlap of the VB of one
compound with the CB of the other one at the interface and 6 Gclomp =0.Eq. 12is
thus not fulfilled in this regime (& # 8P). The interface remains insulating up
to a critical thickness d. of the order of AV /80, » and displays a metal-insulator
transition at d, [77].

If 8 P results from a valence discontinuity or a strong structural discontinuity, the
critical thickness will be extremely small and the pre-critical regime will likely not
be observable. If, however, the polarization discontinuity and thus 60’{,0," p are small
enough, d. may involve up to several tens of repeat units. This may happen at the
interface between e.g. two wurtzite compounds with X = X’. As an example, Fig.
10 displays the interfacial characteristics of an AIN(0001)/GaN(0001) superlattice
[77]. Both compounds crystallize in a non-ideal wurzite structures with slightly dif-
ferent Z. O P thus results from a weak structural discontinuity and from an electronic
contribution 6 P,; due to the non-centro-symmetric wurtzite structure. The average

potential v profile presents a small slope, which yields small band shifts. Below a

1
Ocom p



Electrostatics and polarity in 2D oxides 17

24

-l - aw e T
| \ ® nitrogen
2.2 [e \ ® aluminum
20k \ © galium ] Thickness (N)
o4 WZ AN \ WZ GaN 5 7 9 11 13 15 17 19 21 23 25
18 r 1 2.0 T T T T T T T T
»
16| \ 15
% e 0-0-9% | T 19
14 | ! 0 g5
5 0.0 -
s b
> 15 |
< |
S 1 Wz AIN ‘ ‘ WZ GaN
>
25 I — 717
0 5 10 15 20 25 30 35 -13 —um
position (A) 15115
— 19/19
-14

L L L L L L L L L
0 01 02 03 04 05 06 07 08 09 1
position (fractional coordinates)

E-E.(eV)

LDOS

Fig. 10 Left panels: same as in Fig. 9 for a wurtzite AIN(0001)/wurtzite GaN(0001) superlattice.
At the thickness under consideration, the interfaces are insulating. Right panels, from top to bot-
tom: Thickness dependence of the gap width G and cell-averaged electrostatic potential profiles
(in fractional coordinates), in superlattices of increasing thicknesses.

critical thickness of about twenty repeat units, AV is insufficient to induce a band
overlap and the interfaces remain insulating. A similar behavior has been found in
a simulation of the polar/polar ZnO(0001)/MgO(0001) interface at low thickness,
assuming wurtzite structure for MgO [85]. Above d., VB and CB overlap, which
provides the compensating interfacial charges, and an interfacial 2DEG occurs, as
found experimentally in ZnO(0001)/ZnMgO(0001) superlattices in the regime of
low Mg doping [80, 86].

Aside from the existence of a subcritical regime, other finite size effects may
occur. At small thickness, atomic layers are flexible and may depart from the bulk
geometry, either intrinsically or in order to accommodate the interfacial strain. As
described in the thin film section, a layer flattening towards a honeycomb structure
may allow to avoid polarity at low thickness in thin rock salt or wurtzite films.

These remarks stress that, in superlattices or heterostructures made of thin lay-
ers, predicting polarity character from the bulk properties of the two materials may
lead to erroneous results. In the case of interfaces with large polarization disconti-
nuity, finite size effects are not likely to alter the polar character of the interface,
except if a structural transformation towards non-polar orientations takes place. In
other systems, they may modify the structural and the electronic contributions to the
polarization discontinuity, and thus the critical thickness of the metal-insulator tran-
sition. They may also induce a finite polarization discontinuity in systems in which
bulk considerations predict 8P = 0.
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5 Polarity in 2D nano-ribbons and nano-islands

While polarity concepts in ultra-thin films are rather well-established, the same is
not true in 2D nano-ribbons and nano-islands [16]. A surge of interest in this field
has taken place after the discovery of edge states at the Fermi level of graphene
zigzag (ZZ) nano-ribbons [87, 88], although, as it will appear clearly, their physical
origin is different. It is not often well-recognized that, depending upon the orien-
tation of their edges, 2D objects may have a non-vanishing in-plane polarization.
Experimentally, the difficulty in producing them in a well-characterized and repro-
ducible way explains why most information that we have come from atomistic sim-
ulations.

5.1 Electrostatic characteristics

Nano-ribbons with infinite edges are the 2D equivalents of thin films. When their
2D repeat unit bears a dipole moment perpendicular to their edges, the latter are
polar. The polarity characteristics then depend on the charge density per unit length
of the atomic rows +A, the geometric factor associated to inter-row distances % =
R /(R + Ry) and the ribbon width H = N(R; + R;) (N the number of repeat units
perpendicular to the edge).

Nano-ribbons may be produced from (001) ML of rock salt structure. Edges
along the [110] direction (# = 1/2) are polar, while those along [100] directions
are non-polar. Alternatively, starting from the honeycomb-like (0001) ML of the h-
BN structure, ribbons with ZZ or armchair (AC) edges can be obtained. The former
are polar (# = 1/3) and the latter non-polar. Ribbons cut out of a 1H (0001) trilayer
of transition metal dichalcogenides (TMD) may also have ZZ or AC edges. Figures.
11 a and b display top views of polar [110] and ZZ ribbons.

The main electrostatic difference between polar thin films and polar ribbons lies
in the logarithmic variation of the electrostatic potential V (z) across a ribbon and
the logarithmic dependence of the potential jump AV as a function of its width H
(Figure 11 c) [89]. Contrary to thin films in which AV and the total dipole moment
scale linearly with NV, in polar ribbons in the absence of compensating charges, AV
grows as InN while the total dipole moment diverges linearly with N. Such loga-
rithmic asymptotic behavior of AV and the absence of proportionality between AV
and the total dipole moment are characteristic of electrostatic fields in 2D.

In the large width limit, the stability of polar ribbons requires edge excess charge
densities OA (per unit length), whose expression is formally similar to that for 6o
in polar films:

oA =ZA 14

and the expression of the compensating charges 0A.omp, as a function of the 2D
polarization Py (now referred to the full ML) and the formal charge densities A
borne by the rows, reads:
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SAcomp = Pur =A% + Py (15)
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Fig. 11 Top view of polar nano-ribbons cut out of (a) a rock salt (001) ML with [110] edges or (b)
an h-BN(0001) ML with ZZ edges. (c): Variations of the electrostatic potential across polar ribbons
of increasing width H =6, 14, 22, 30, and 38 A. The inset highlights the logarithmic dependence
of |AV| as a function of H.

5.2 Unsupported polar ribbons

Considering the similarities of the electrostatic properties between polar thin films
and polar ribbons, it is not surprising that the range of possible behaviors displayed
by the latter largely overlaps those described in Section 3. In the following, we will
nevertheless highlight some distinctive features of polar ribbons.

In the electronic reconstruction mechanism, due to the increase of AV with N,
eventually an overlap of the outermost row VB and CB takes place, yielding the
compensating charges 8., and edge metallization(1DEG). The LDOS narrow-
ing on edge atoms, due to their reduced coordination number, which is particularly
strong on the anion terminations, favors the stabilization of spin polarization to-
gether with the edge metallization, as at thin film polar surfaces. AV does not vanish
but stabilizes at a value of the order of the ribbon gap. This finite value constrains
0 Acomp to depart from Py :

a)tcomp(N) 7& Pyr (16)

and to vary with the ribbon width N according to the following asymptotic law [90]:
AVEe™

6Acomp(N) ~PuyL——— (17)

4InN
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This expression bears a close resemblance to the corresponding expression for thin
films, Equation 5, except for the logarithmic function of size in the denominator
which replaces the linear function in films.
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Fig. 12 Left: LDOS through an MgO ZZ ribbon of width N = 7, highlighting the metallization
of the surfaces and the band shifts across the ribbon. Row n =1 is a cationic row. For simplicity,
LDOS of rows n = 3 and n = 5 are not plotted. Right: Width dependence of §A /A represented as
a function of 1/1InN to highlight its asymptotic behavior.

Such scenario has been found in polar ribbons of various oxides, such as MgO
[90, 91], ZnO [92, 93, 94, 95], BeO [41], V,05 [96], as well as in non-oxide com-
pounds MoS; [90, 97, 98, 99, 100, 101, 102, 103], ZnS [104], BN [105, 106, 107],
AIN, GaN and SiC [108, 109]. In most cases, the authors did not make reference
to polarity. In MgO ZZ ribbons, however, the LDOS and the size variation of the
excess charges, displayed in Fig. 12, clearly exemplify the electronic reconstruction
scenario and the validity of Equation 17 [90]. By a detailed comparison between
Z7Z ribbons of MgO and MoS,, it was also shown that polar signatures depend only
marginally on the degree of ionicity of the compound [90]. It is important to stress
that edge metallicity in these polar ribbons results from polarity compensation and
is associated to an effective charge transfer between the two opposite edges. This is
not the case in graphene ZZ nano ribbons, which are non-polar and in which states
at the Fermi level are non-bonding 7 states localized at low coordinated edge atoms,
with no correlation to charge transfer processes across the ribbon.

Compensating charges may also be provided by non-stoichiometry in the out-
ermost rows, or adsorption of charged species such as protons or hydroxyl groups
issued from water dissociation. As in polar thin films, these mechanisms are gener-
ally more efficient than electronic reconstruction. In Fig. 13, the stability diagrams
of MgO(111) polar surfaces [110, 111] and MgO ZZ polar ribbons [91] highlight
their similar behavior, despite the difference in dimensionality.
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Fig. 13 Left: Formation energies (eV/A?) of polar MgO(111) and non-polar MgO(001) surfaces as
a function of water chemical potential ty,0. Right: Formation energies (eV/A) of polar MgO [110]
and non-polar MgO [100] ribbons, as a function of uy,o. Bottom panels display the corresponding
Wulff shapes at low, medium and high water chemical potentials, from left to right. Dry (100)
facets, hydroxylated (100) facets and hydroxylated (111) facets of 3D particles are represented

in red, purple and blue, respectively. Dry [100] and hydroxylated [110] edges of 2D islands are
represented by plain and dashed lines, respectively.

Edge energies of infinite ribbons enable the determination of large island shapes
on the basis of the Wulff construction. Results for unsupported MgO islands (Figure
13) at increasing values of water chemical potential show a progressive transition
from dry non-polar [100] to hydroxylated polar [110] edges [91]. This trend is the
2D equivalent of the transition from cubic shapes with dry (100) facets to octahedral
shapes with hydroxylated (111) facets found in 3D MgO particles [110, 111].

Interestingly, according to simulations of ZnO ZZ ribbons [92], the metallic char-
acter of their edges disappears at 2ML-thickness. Due to the h-BN(0001) stacking
sequence in which oxygen atoms are located on-top cations and vice versa, there
is a cancellation of polarity effects between the two layers, the potential difference
induced by the top layer being equal and opposite to that of the bottom layer. No
compensating charges are then needed and the ribbons keep their insulating or semi-
conducting character. This reasoning may be extended to other compounds display-
ing the h-BN structure and to thicker ribbons in which an odd-even alternation of

the electronic structure takes place as a function of thickness. It has no equivalent in
the case of polar thin films.
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5.3 Finite size effects

Polarity compensation cannot be avoided in large width polar ribbons. However,
similarly to ultra-thin films, different scenarios may be expected at small width, in
which charge compensation 8., may substantially differ from the actual polar-
ization P and/or P may differ from Pyr.

A spontaneous transformation towards a structure with non-polar edges pertains
to the case where 8Acomp = P = 0 and thus P # Pyy. It may occur in small width
ribbons due to their important edge-to-central atom ratio. The new structure being
different from the ML ground state, there is a cost of energy for each additional 2D
repeat unit when the width N increases. However, as long as N remains small, the
gain in edge energy in having a non-polar orientation is able to overcome this cost.
Thus, up to a critical width, ultra-thin polar ribbons may sustain a structure which
is not their ML ground state but allows non-polar edges.

Formation energy (eV/A)

Width (N)

Fig. 14 Left panels: Top views of 1T and 1H MoS;, ZZ ribbons. Mo and S atoms are represented
by large purple and small green balls, respectively. Note that the 1T repeat units bears no dipole
moment at variance with the 1H one. Right panel; formation energy of 1T and 1H MoS, ZZ ribbons
as a function of their width N.

This scenario has been invoked in ZZ ribbons of MoS,, WS, and MoSe; [112].
In the infinite trilayer, their structural ground state, labeled 1H, is such that each
TM has a trigonal prismatic coordination with the nearby S/Se atoms. Higher in
energy, is a metastable 1T phase, in which each TM is octahedrally coordinated to
its neighbors. ZZ edges of 1T ribbons are non-polar, while ZZ edges of 1H ribbons
are polar (Figure 14). The 1T phase is thus stabilized in narrow ZZ ribbons up to a
critical width N, of the order of a few repeat units. Such structural transformation
does not take place in ZrS, ZZ ribbons since the ML ground state is already 1T. An
interesting outcome of the 1H-to-1T transformation, which is expected to drastically
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change the ribbon transport as well as optical properties, is the existence of a sound
modification in their electronic properties at N,, due to the different electronic char-
acter of the 1T and 1H MLs: metallic in the 1T phase and semiconducting in the 1H
phase.

To our knowledge, there is presently no example of uncompensated polarity (in
which 8 Acomp = 0 and 8Aomp # P), in polar nano-ribbons. The flexibility of these
nano-structures, much stronger than thin films, may give hints for the absence of this
regime. For example, in our study of ZZ MgO ribbons [91], we found that below
N = 6, there is a spontaneous transformation of ZZ ribbons towards a non-polar
[100] configuration, preventing the occurrence of uncompensated polarity.

5.4 Interfaces between polar ribbons

In line with the similarities of behaviors between polar films and polar ribbons, the
interface characteristics between two polar ribbons are driven by the strength of the
polarization discontinuity 8P, which, in 2D, reads:

SP=P—-P =RA—-A)+A (% %)+ 5P, (18)

In the absence of polarization discontinuity (6P = 0), the interface will remain in-
sulating, while a finite discontinuity (0P # 0) will lead either to electronic recon-
struction at large width or to uncompensated polarity under a critical width.

Such polar/polar interfaces between 2D ribbons have been predicted to accom-
modate fully spin-polarized 1DEG or 1DHG in the case of AIN/SiC and ZnO/SiC
ZZ ribbons [113]. Indeed these interfaces exemplify cases in which the polarization
discontinuity is driven by the valence discontinuity with A — A’ = 1 in the former
and 2 in the latter, per unit cell length. Consistently, the interfacial compensating
charge density is nearly twice larger in ZnO/SiC than in AIN/SiC, the small dis-
crepancy with respect to the ratio 2 being due to the electronic contribution to 6P
in these non-centro-symmetric honeycomb lattices. Considering the fact that these
compounds have not been isolated as ML, the authors of Ref. [114] have suggested
several pathways to engineer polar discontinuities, involving selective functional-
ization of a BN ML or total functionalization of graphene/BN interfaces.

5.5 Support effects

The scenarios described previously apply to (unsupported) polar ribbons. Although
interesting because they allow to point out the intrinsic effect of polarity, they can
only represent a preliminary step towards a full understanding of the behavior of
supported polar ribbons.
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Similarly to what happens at the interface between a polar thin film and its metal-
lic support (Section 3.4), compensation of polarity in supported ribbons involves
screening effects by the support. A large part of the compensating charges is trans-
ferred from the oxide edges to the metal support, thus allowing the oxide ions to
recover charges closer to their ML values. In that way, the polar instability is healed
and the interfacial electron transfer leads to strong adhesion along the ribbon edges.
The efficiency of the metal screening is even stronger for polar ribbons than for po-
lar films, since both ribbon edges interact with the support, while screening occurs
at a single film termination, the one in contact with the support.
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Fig. 15 Bader excess charge 64 /A at anion and cation sites across unsupported and Au-supported
MgO ZZ ribbons. Bottom panels represent the modification of charge Ay /A in the metal substrate
underneath the ribbon. Note that screening at the Mg edge (row #1) is more efficient than at the O
edge, due to the large electronegativity of gold.

The few theoretical works which have considered metal-supported polar ribbons
[90, 91, 115, 116] support this picture. For example, Fig. 15 compares the charge
distribution in unsupported and Au-supported MgO ZZ ribbons [91]. It evidences an
electron excess in the metal below the ribbon cation edge and an electron depletion
under its oxygen edge.

The relative efficiency of electronic reconstruction, non-stoichiometry and hy-
droxylation in compensating polarity may be strongly influenced by the support. In
particular, since the stabilization due to the screening of the compensating charges
by the metal on both sides of supported polar ribbons is very efficient, electronic
reconstruction becomes competitive with respect to non-stoichiometry and hydrox-
ylation, allowing polar ribbons to remain dry and unreconstructed in a large range
of water chemical potentials. These general features are exemplified in the case of
Au-supported MgO ZZ ribbons (Figure 16) [91]. It turns out that, at variance with
unsupported ribbons, supported dry and unreconstructed ZZ ribbons are more stable
than AC ones. At intermediate water chemical potential, where differences between
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[100], [110], ZZ, and AC edge energies are tiny, islands of different symmetries may
coexist. This is consistent with the recent experimental findings of shape transitions
in MgO islands grown on the Au(111) surface [117, 118, 119].
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Fig. 16 Formation energies (eV/A) of unsupported and Au-supported polar and non-polar MgO
ribbons as a function of water chemical potential uy,o. Bare or fully hydroxylated states of the
ribbons are represented with full and dashed lines, respectively [91].

To our knowledge, there are no experimental results on infinitely long polar rib-
bons. There are however hints of edge polarity in polar 2D islands in non-oxide
compounds such as MoS;, [120, 121], or BN [105, 106, 107, 122], although no
relation to polarity was invoked. For example, STM experiments [120, 121] have
evidenced the growth of MoS; (0001) islands of triangular shape on Au(111), with
edges displaying a pronounced contrast which was interpreted as due to the pres-
ence of metallic states [97, 123]. The observation of MgO and NiO mono- or bi-
layer islands with [110] polar edges, grown on Ag(001) [124, 125, 126] as well as
simulations [115, 116] have suggested that these islands might be embedded in the
substrate grooves. Let us note that an excess of oxygen in 2D islands stabilized un-
der specific preparation conditions, such as observed in MgO/Ag(100) [127, 128] or
FeO,/Pt(111) [65, 66], may alter the relative stability of the various island edges.

This discussion proves that a metallic support may drastically change the prop-
erties of polar ribbons — atomic structure, electronic properties and stability —
compared to those expected when the ribbons are unsupported. In particular, in the
electronic reconstruction scenario, the exciting electronic and magnetic properties
of the 1DEG disappear, since the compensating charge, mainly localized in the sup-
port, becomes mixed with its metallic states.

5.6 Polar nano-islands

The previous analysis has mainly focused on (infinitely long) ribbons, but also ap-
plies to 2D large islands with polar edges, as long as their shape may be predicted
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from edge formation energies by the Wulff theorem. However, electrostatic consid-
erations predict some specific finite size effects, driven by the finite length L of the
island edges.
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Fig. 17 Left panel: a 2D (001) island with two [110] polar edges. Middle panel: potential profile
V (x) along a polar edge in the limit L < H, for different values of L (L =8 A, 34 A 40 A, 55 A,
and 71 A). Right panel: Potential difference AV between the center of the objects and the center
of gravity of their polar termination (black symbols), and maximal potential variation AV’ within
their polar terminations (open symbols).

Across an island, such as the one represented in Fig. 17, the voltage AV depends
on both the island width H and the edge length L in the following way (a an atomic

length) [89]:
LH
AV =26A1 19
" <a(L+ VIL? +4H2)> (1

When L > H, the behavior of infinite ribbons is recovered, with AV increasing
as InH. In the opposite limit L < H, relevant for nano-islands, AV grows as the
logarithm of the lateral size L of the polar termination:

AV =206A1n (L> (20)
2a

It is thus the smallest of the two shape parameters, the width H of the polar island
or the length L of its polar edge, which drives the electrostatic behavior. Ultimately,
when the size of the polar edge is reduced to a single atom (1D wire), AV =2A1n2
remains finite and independent of H.

Another finite size effect affects the potential profile along polar edges. In infinite
ribbons, the average potential V (x) along an edge is flat. This is no longer true in
finite size islands in the limit L < H (Figure 17). V (x) presents large variations AV’
between the corners and the center of the edge, which scale as InL.

From these considerations, one could anticipate that polarity effects are less cru-
cial in islands with small polar edges, and that the compensating charge density
OAcomp in the regime L < H might not be homogeneously distributed. As a conse-
quence, vacancy formation energies might drastically depend on the edge length and
on the location of the vacancy on the edge. Similarly, adsorption energies of charged
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species might depend on the precise adsorption site on the edge. However, these ar-
guments remain speculative and need further confirmation whether by experiment
or by simulation.

6 Conclusion

As reviewed in this chapter, electrostatic interactions and polarity effects are key
driving forces behind many new compositions, structures and morphologies that
oxides may display in the 2D limit. Most of the time, these new oxides have noth-
ing to do with bulk oxides. While an intense activity has been devoted to polar thin
films during the last decade, the synthesis of 2D polar nano-objects, such as rib-
bons or islands, is not as well-controlled and their properties not as well-understood.
Several major challenges have to be taken up, such as defining preparation proto-
cols, mastering the kinetics of the first steps of their formation, characterizing their
composition and simulating their properties. The importance of the field has long
been recognized in chemistry, due to the novel reactivity and selectivity properties
displayed by these 2D oxides. Physical properties are nowadays also scrutinized,
with a specific interest towards the consequences of confinement on the electronic
degrees of freedom: edge/interface metallization, magnetism, and, in some cases,
superconductivity. No doubt that a convergent effort of interdisciplinary nature will
allow a deeper understanding and mastering of these objects in a near future.
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