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Ferroelectric perovskites present a switchable spontaneous polar-
ization and are promising energy-efficient device components
for digital information storage. Full control of the ferroelectric
polarization in ultrathin films of ferroelectric perovskites needs
to be achieved in order to apply this class of materials in modern
devices. However, ferroelectricity itself is not well understood in
this nanoscale form, where interface and surface effects become
particularly relevant and where loss of net polarization is often
observed. In this work, we show that the precise control of
the structure of the top surface and bottom interface of the
thin film is crucial toward this aim. We explore the proper-
ties of thin films of the prototypical ferroelectric lead titanate
(PbTiO3) on a metallic strontium ruthenate (SrRuO3) buffer using
a combination of computational (density functional theory) and
experimental (optical second harmonic generation) methods. We
find that the polarization direction and strength are influenced
by chemical and electronic processes occurring at the epitaxial
interface and at the surface. The polarization is particularly sen-
sitive to adsorbates and to surface and interface defects. These
results point to the possibility of controlling the polarization direc-
tion and magnitude by engineering specific interface and surface
chemistries.
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he switchable spontaneous polarization of ferroelectric (FE)

materials makes them very interesting for technological
applications. Indeed, they are widely used in electronics and
information technology as capacitors, ultrasonic transducers,
thermistors, optoelectronic devices, and piezoelectric sensors (1,
2). In order to meet size requirements for miniaturized techno-
logical devices, the FE polarization of nanoscale-size (thin) films
needs to be controlled. Despite advances in the theory of FE thin
films (3-6), much is still to be understood.

There are multiple reasons why obtaining complete control of
ferroelectricity at the nanoscale is a challenging task (7). First,
below a certain thickness, the FE polarization becomes com-
promised as it is suppressed by the depolarizing field (8, 9). In
addition, with decreasing thickness, surface and interface effects
become increasingly important and can affect both the strength
and direction of the polarization.

Screening of the depolarizing field at an interface is gener-
ally achieved by using a metal buffer to the insulating substrate
material (10, 11). Since the screening of the polarization is not
perfect, the buffer can generally not completely prevent the exis-
tence of a critical thickness (12). It has, however, been proposed
that a robust polarization in ultrathin films—thinner than 30 unit
cells (u.c.)—can be promoted by interface defects (13, 14), dis-
tortions in the metallic buffer (15, 16), or the interfacial chemical
bonding (17-19). Interface effects can also influence the char-
acter of the polarization across the whole film in the ultrathin
regime. For example, the chemical and electronic character of
the interface between the FE and the buffer can determine the
direction of the polarization in the film (20, 21). Indeed, differ-
ent terminations of some ABO3 perovskite buffers [BO2 or AO
in the (001) direction] have been observed to promote opposite
polarization directions of a FE grown on its surface. Compet-
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ing effects arising from the two interfaces in a heterostructure
can also lead to domain walls across the FE film thickness as
observed in KNbO3/SrRuOs (22).

The presence of a surface adds further electrostatic and chem-
ical considerations, namely, the polar discontinuity at the surface
(4) and the charge compensation mechanisms required in order
to avoid it. A robust compensation mechanism is vital for the
stability of the ferroelectricity as the absence of sufficient com-
pensating charge can trigger the formation of FE domains or
the rotation of the polarization into the plane of the thin FE
film (23). These effects are undesirable in many applications
(24). In a stoichiometric FE/vacuum interface, compensation is
expected to occur through an electronic reconstruction leading
to a metallic surface; for a surface in contact with a nonvac-
uum environment, stoichiometry-altering mechanisms, including
molecular adsorption or surface defect formation, are available
(25, 26). Calculations suggest that passivation with ions is usually
energetically favored over the metallization of the surface, and
thus, nonstoichiometry is an effective way to provide the required
electron and hole screening of the surface bound charges (3,
27, 28). Nonstoichiometry (5, 6, 29) and molecular adsorption
(30, 31) can also lead to the reversal of the FE polarization and
can change the Curie temperature (6). The stabilization of the
FE polarization against surface effects is especially relevant in
emerging applications such as catalysis (2), where interactions
with the environment, such as humidity or chemicals present in
the atmosphere, routinely occur.

It is thus clear that in order to engineer stable ferroelectricity
in a thin film, interface and surface effects play a pivotal role.

Significance

With an ever-increasing societal demand for energy for elec-
tronic devices and in the face of the current climate issues, the
need for low-energy-consuming electronics has never been
greater. Ferroelectrics are promising energy-efficient device
components for digital information storage, with the func-
tionality relying on the manipulation of their polarization in
ultrathin films. Polar discontinuities at the thin film interfaces
and surfaces, however, can cause loss of polarization and thus
functionality. Here we show how the interface and surface
influence the overall polarization of the thin film. We show
that the structure of the interface and surface can be tailored
toward a specific polarization direction and strength, and that
great control in the engineering of ferroelectrics thin films can
be achieved.
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Fig. 1. (A) SRO/PTO/vacuum thin film geometries considered in this work.
The TiOiZnt system (Left) has an SrO-TiO; interface and a PbO surface, and
the PbO™ system (Right) has a RuO,-PbO interface and a TiO; surface. P
indicates the preferred direction of the FE polarization for the fully relaxed
system. P+ and Pg,s show the preferred polarization direction of the inter-
face and the surface chemistry, respectively. (B) u.c. by u.c. polarization in a
relaxed 13 u.c. film of PTO for the two SRO/PTO/vacuum systems. The inter-
face is at the bottom, and the surface is at the top. The relaxed polarization
direction is Py in all cases.

However, the relative role of surface, interface, and electro-
static properties still needs to be clearly disentangled and well
understood. In this work we address this problem. We investi-
gate how the interface with the metallic buffer and the surface
affect the FE polarization and how are they affected by nonstoi-
chiometry. We achieve this by means of ab initio computational
methods based on density functional theory (DFT) and by in situ
second harmonic generation (ISHG) experiments which track
the polarization during the pulsed-laser deposition (PLD) of
a thin film (21, 32). We investigate with both approaches a
lead titanate (PbTiO3, PTO) thin film with a metallic strontium
ruthenate (SrRuO3, SRO) buffer grown on a strontium titanate
(SrTiOs) substrate along the (001) direction. We consider two
systems (shown in Fig. 14): TiOS, where the metal-ferroelectric
interface is SrO-TiO2 and the surface termination is PbO, and
PbO™, where the metal-ferroelectric interface is RuO2-PbO
and the surface termination is TiOs.

Our results reveal the role played by electrostatic, interface
and surface factors in determining the polarization direction
in PTO. As summarized in Fig. 14, we observe that ferroelec-
tric dipoles arise at the buffer/thin film interface (Pin¢) and at
the surface (Psurf). The final overall polarization P is, however,
independent of these local dipoles, and it arises from the interac-
tion of the surface and interface chemistry with the electrostatic
properties of the ferroelectric.

Results

Calculated Polarization in the Fully Relaxed Stoichiometric System.
Our calculations show that a fully relaxed stoichiometric PTO
film with a thickness over 7 u.c. on SRO presents an upward-
pointing polarization P, (pointing away from the substrate),
irrespective of the surface/interface terminations. The relaxed
u.c.-by-u.c. polarization profiles are shown in Fig. 1B for both
the TiOY and the PbO™" systems, for a representative 13-u.c.-
thick PTO film (simulated on a 4-u.c.-thick SRO electrode). At
the interface (bottom of the graph) the two systems have almost
identical polarization which is sustained across the film. We note
that the value of the polarization is ~ 30 uC/cm?, which is circa
40% less than the calculated bulk value of ~49 pC/cm?. This
is not unexpected, as the depolarizing field quenching ultrathin
polarization is still felt at this thickness, and experimentally, bulk-
like polarization is not expected to emerge until ~ 30 u.c. (33).
Surface effects become apparent with strong surface relaxations
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in the topmost five u.c. of both systems: the polarization of the
topmost u.c. in the TiOY* system is —5 xC/cm? and in the PbO™®
system is +5 puC/cm?.

For systems with fewer than 7 u.c. the paraelectric state is the
most stable, showing the existence of a critical thickness for fer-
roelectricity for PTO on SRO, in good agreement with previous
reports on the same thin film structure (34, 35). Below this crit-
ical thickness, a metal SRO buffer at a single interface provides
insufficient screening, and other interface- or surface-related
effects are needed to stabilize ultrathin ferroelectricity.

We were able to stabilize configurations with downward-
pointing polarization (P4own) but with the larger critical thick-
ness of 11 u.c. These P4own Systems are, however, less stable
than the Py, (paraelectric) configuration by up to 40 meV/u.c
(10 meV/u.c.).

In the following sections, we address how electrostatic, inter-
face, and surface effects in a thin film determine the ferroelectric
polarization in the relaxed film.

Electrostatic Effects. We first consider electrostatic arguments to
understand the preference for Py, of both systems. In particular,
we analyze the energy cost of screening the polar discontinuity at
the free surface with electrons and holes (4).

Fig. 2a shows the u.c.-by-u.c. density of states for paraelectric
TiO* and PbO™* SRO/PTO/vacuum thin films. We note that
the Fermi level of the SRO metal lies within the band gap of
PTO, as expected from a realistic system. While the alignment
itself will only be as exact as the DFT approximation underlying
it, we do not have a pathological situation giving rise to unphys-
ical spurious charge transfer (4). We are thus confident that the
results of our work are physically meaningful.
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Fig. 2. (A) DFT-calculated projected density of states for (4 u.c. SRO)/(7 u.c.
PTO)/vacuum paraelectric system. The Fermi level is the solid vertical black
line, and the dotted black lines are the valence and conduction band edges.
The Schottky barriers are as follows: for PbO"t (Right), ¢p = 1.0 eV for holes
and ¢, =0.15 eV for electrons, and for TiOiZnt (Left), ¢ =0.60 eV for holes
and ¢, =0.45 eV for electrons. (B) The u.c.-by-u.c. density of states for a
fully relaxed (4 u.c. SRO)/(13 u.c. PTO)/vacuum PbO™ heterostructure. SRO
is in black, and PTO is in blue. The vertical black line is the Fermi energy.
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The DFT-calculated Fermi level (shown as a solid black line)
lies closer to the PTO conduction band than to the valence band
making the Schottky barrier for electrons (¢,, defined as the
difference between the conduction band edge and the Fermi
level) lower than that for holes (¢,, defined as the difference
between the Fermi level and the valence band edge). This is true
for both SRO/PTO systems but especially for PbO™" which has
¢p =1.0 eV for holes and ¢,, = 0.15 eV for electrons; for TiO5"*
the difference between the two barriers is not as large, them
being ¢, =0.60 eV for holes and ¢, =0.45 eV for electrons.
Thus, a higher potential energy barrier needs to be overcome
to screen the surface polarization with valence-band holes (for
Pdown) than with conduction-band electrons (for P.,;), making
the Py, systems more energetically favorable than the Paown.
This is shown, for PbO™® (TiOY* shows a similar behavior), in
Fig. 2B, where the u.c.-by-u.c. density of state of upward and
downward polarized PbO™" systems is reported. We indeed see
that for P, the bands are less bent than in Pgown, indicating a
lower Schottky barrier for the former.

Having established the role of the band alignment and electro-
statics in defining the ferroelectric polarization in a SRO/PTO
thin film, we now analyze other factors which could determine
the sign and magnitude of P: the interface and surface chemistry.

Role of the Epitaxial Interface. The importance of interface chem-
istry in stabilizing buffer/film interface dipoles has previously
been shown for a number of metal-oxide interfaces [e.g.,
Pt/BaTiO3 (34), Al, Mg, Mo, Pt, and Ag/MgO (36, 37)]. Dipole
formation at the interface between a metal and an oxide has been
correlated to charge transfer between the two materials (36, 37),
to the stiffness of interfacial bonds (34), or to the charge mis-
match at the interface (20). In this section we show that the
local chemistry between SRO and PTO favors a specific polariza-
tion direction in the PbO™® system. This is a consequence of the
formation of an interface dipole with associated charge transfer
which is shown in Fig. 14 as Pipe.

We isolated the influence of the interface chemistry on the FE
polarization by considering in our calculations only the effect
of interfacial bonding on the total energy. We employed (4
u.c. SRO)/(13 u.c. PTO)/vacuum slabs which were optimized
in a paraelectric (PE) configuration. We did this for both the
TiOY* and PbO™" systems. We next displaced the atoms in the
SRO/PTO interface bilayer, explicitly shown in the cartoons in
Fig. 3, by a small distance (J) along the direction perpendic-
ular to the interface. We then tracked the change in the total
energy, Es_pg, between the structure with the § displacement
and the fully paraelectric one. The graphs at the bottom of
Fig. 34 show that the § displacements around the paraelectric
equilibrium point (the 0 in the horizontal axis) have little effect
in the TiO¥* system. Indeed, for the SrO-TiO interface, the
atoms in the SrO layer are at their most stable in the paraelec-
tric configuration (yellow and dashed red line), while the TiO2
layer favors rumpling by displacement of the oxygen atoms (solid
red line), and upward or downward displacements are equally
energetically favorable within the precision of our calculations.
In contrast, in the PbO™" system (Fig. 3B), the atoms in the PbO
layer favor a net downward-pointing dipole, as shown in the car-
toon at the top of the figure. Indeed the blue line (corresponding
to Pb) in the graph in Fig. 3B shows a preferential shift of Pb
toward the interface, and the solid red line (corresponding to the
O atom) shows a preferential upward shift of O. In the RuO2
layer the O atoms (dashed red line) are on a saddle point, and
the energies for displacing toward or away from the FE layer are
comparable.

To investigate the possible link between interface rumpling
and charge transfer (36, 37), we look at the deviation of the
charges of the interface atoms from their bulk values in the
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Fig. 3. (Top) Cartoons of the paraelectric SRO/PTO/vacuum slabs. Only the

atoms at the SRO/PTO interface are explicitly shown. The arrows show the
preferential direction of the displacement of the interfacial atoms away
from the paraelectric structure. (A) The structure with TiOiz'“ interfaces and
(B) the structure with PbO™ interfaces. (Bottom) Relative energy of the
paraelectric (4 u.c. SRO)/(13 u.c. PTO)/vacuum slabs upon § displacements
of specified interface atoms. E; _p is calculated as the difference between
the system with § displacements and the fully paraelectric one.

paraelectric structure. Small changes (of < £0.05 e/atom) are
observed in the atoms at the SrO-TiO- interface; on the con-
trary, a large positive change of +0.2 e/atom is found for the
Ru atom in the RuO2-PbO interface. We have already pointed
out that the two systems differ in the height of the electron
Schottky barrier, which is low in the PbO™ system (Fig. 24),
thus promoting electron migration from the metal to the oxide.
These results support the idea of a connection between interfa-
cial charge transfer and polarization (36): the neutral SrO-TiO,
interface has a very small preference for an upward-pointing
polarization direction, while, in PbO™", the positively charged
RuO3 layer promotes a Pgown dipole in PbO.

It is worth noting that we observe this interfacial charge
transfer in the paraelectric system and not in the ferroelectric
structure of Fig. 1, showing that it occurs only when the ferro-
electricity is suppressed. Correspondingly, we do not observe the
full downward-pointing Pins in the ferroelectric PbO™® system;
however, the chemical interface effect is still present in some
measure, and it leads to a small reduction of the interfacial polar-
ization with respect to the middle of the film, as seen in the blue
line in Fig. 1B.

Thus, we have shown that the chemistry of the interface can
favor a preferential direction of the polarization at the interface,
shown in Fig. 14 as Pin¢. This interface contribution does not
affect the overall direction of the polarization, but it leads to a
reduction of P at the interface in the PbO™" system. We next
investigate the role surface relaxations in determining the value
and direction of P.

Surface Structure and Chemistry. We now turn our attention to
the PTO/vacuum interface. We consider (4 u.c. SRO)/(13 u.c.
PTO)/vacuum heterostructures (for both interfaces and polariza-
tion directions) with fixed constant polarization throughout their
thickness. We progressively relax all of the u.c. from the top, and
in Fig. 44 we plot the evolution of the energy of the four het-
erostructures as a function of the number of relaxed u.c. (N).
The plotted energy, Ere_pE, is the total energy of the systems
minus the energy of the corresponding paraelectric structure.
The results presented in Fig. 44 show that the P, polarization
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Fig. 4. (A) Relative stability of partially relaxed SRO/PTO/vacuum structures

with respect to the paraelectric phase, Ege_pg. N is the number of u.c. from
the surface which are relaxed. (B) Schematic representation of the surface
relaxations for Py, systems where only the topmost layer (0.5 u.c.) is relaxed.
Pb is in blue, Tiis in gray, and O is in red. The arrows represent the direction
of the polarization above (P, ) and below (P) the gray line.

direction (dashed lines) is the most stable throughout, starting
from the relaxation of the topmost surface layer (i.e., 0.5 u.c.).
The energy difference between Py, and Pyown is also almost con-
stant throughout, showing that these relaxations do not affect the
stability of Pyp.

In all systems, regardless of termination and polarization
direction, we observe the formation of a downward-pointing
dipole in the topmost layer (Fig. 4B). Indeed, in the TiO>* sys-
tem (Fig. 4B, Left), the stereochemical activity of the Pb lone
pair, which is facing the vacuum, strongly pushes the Pb ion down
toward the TiO- layer. In the PbO™ system (Fig. 4B, Right),
shrinking of the Ti-O bond (38) lowers the Ti atom toward the
PbO layer.

This downward-pointing surface dipole, driven by the sur-
face chemistry, still does not reverse the overall upward-pointing
polarization of the film. Indeed, despite the surface and, in the
case of PbO™, also the interface favoring a downward direction
of the ferroelectric polarization, an upward-pointing polariza-
tion is energetically more stable for both interface types (Fig. 1).
We can conclude, then, that the local chemistry at the sur-
face and interface does not determine the overall polarization
direction.

It is, however, known, following the work of ref. 39, that the
band alignment between a metal and an insulator depends on the
interface properties of the two. As already discussed, and shown
in Fig. 24, the relative position of the conduction and valence
band with respect to the Fermi level is different for the two inter-
face structures, PbO™ and TiO%*. Tt can thus be argued that it
is indeed the interface which sets the polarization direction for
PTO thin films on SRO, not through the local chemistry and
bonding but through its influence on the overall band alignment.

Having established the principles guiding the setting of the
polarization direction in a stoichiometric thin film, we now ana-
lyze the effect of surface and interface defects in the screening of
the surface and interface charges.

Polarization Engineering by Surface and Interface Defects. Surface
and interface defects, as well as surface adsorbates from the envi-
ronment, are a common occurrence in crystalline systems. In this
section we examine their effect on the structure of a ferroelec-
tric thin film. We consider three representative scenarios: surface
adsorbates and defects (Fig. 54, i), interface defects (Fig. 54,
ii), and the simultaneous occurrence of the two (Fig. 54, iii).
Note that in this section we do not present a complete study of
the defect chemistry of PTO, which would include also charged
defects or defect dipoles (40), but we only consider neutral point
defects whose intrinsic formal charge might be able to stabilize
the ferroelectric polarization.
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Surface ionic charges, occurring through defect formation
or adsorption processes, interact with the ferroelectric bound
charges (Fig. 54, i) and can either screen (13, 14, 27) or enhance
the depolarizing field (5, 31). Indeed, in our calculations we
observe that adsorbates or defects with an associated negative
charge (such as OH™ adsorbates, 02~ adatoms, or cation vacan-
cies) stabilize P, regardless of the polarization direction of
the initial system. Conversely, positively charged species (such
as H" adsorbates, Pb?*, Ti** adatoms, or O vacancies) favor
Paown. A full list of the defects that we have tested is available
in S Appendix. The resulting polarization is robust and bulk-like
throughout the film thickness: it does not suffer from either the
surface effects or depolarizing field effects observed in Fig. 1B.
We observe bulk-like polarization even in the ultrathin regime,
down to a single u.c. for surface-screened systems, far below the
critical thickness for PTO on SRO.

Similarly, interface defects (Fig. 54, ii) contribute to the
screening of the interface bound charges. It has been proposed
in previous work that a combination of screening from the metal
buffer and from interface defects can stabilize ferroelectricity in
ultrathin systems (13, 14). This effect was observed in calcula-
tions performed on SRO/PTO or SrTiO3/PTO heterostructures.
However, in our calculations with the uncompensated top sur-
face, we found stabilization of the ferroelectric polarization by
interface defects only in the u.c. below where they are posi-
tioned. In a 3-u.c.-thick PTO film, for O (Pb, Ti) vacancies in the
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Fig. 5. (A) Schematic representations of the effect of surface and inter-

face charges on the polarization. These charges could be defects or, on the
surface, adsorbates. SRO is light blue, and PTO is gray. The black arrows
represent the ferroelectric polarization. We consider three types of screen-
ing: (i) surface, (ii) interface, and (iii) a superposition of the two. (iv) The
stoichiometric system for comparison. The blue (gray) shading indicates
processes which stabilize (reduce) the polarization and are related to the
mechanisms also shaded in blue (gray) of C. (B) Out-of-plane piezoresponse
force microscopy phase images. The as-grown state is up-polarized (bright
contrast). The polarization direction is switched down (dark contrast) after
applying a +4 V bias. The reversibility of the switching is shown after suc-
cessive +4 V and —4 V application in a box-in-box configuration. (Scale
bar, 1 um.) (C) ISHG data for the PLD growth of an SRO/PTO system. The
data are in arbitrary units. The blue-shaded area corresponds to PLD growth
of the PTO film, and the gray-shaded area corresponds to a pause in the
growth.
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interface PTO u.c. we observe Pyown (Pup) polarization for the
u.c. below the vacancy and paraelectric PTO above (Fig. 54, ii).
Thus, interface defects appear to be less effective at stabilizing
the ferroelectric polarization for the whole film. It is important
to note that a more complex distribution of defects than that cal-
culated here, such as defect gradients (41), could occur in the
film. More pronounced screening effects could be observed in
that scenario. Finally, a combination of screening from the sur-
face and the interface could occur at the same time (Fig. 54,
iii). If both contributions promote the same direction of the
ferroelectric polarization, the result is a thin film with robust
bulk-like polarization through the entire thickness. Alternatively,
if they promote opposite directions of the polarization, as shown
in Fig. 54, iii, two regions of opposite polarization occur in
the film.

In this work we have thus identified four types of surface and
interface structures, two of which promote stabilization of the
ferroelectric polarization (surface and interface nonstoichiome-
try; Fig. 54, i and ii) and two a reduction of the polarization in
the thin film with respect to the bulk (noncooperative defects
and stoichiometric system; Fig. 54, iii and iv). Our analysis indi-
cates that engineering of surface and interface screening through
adsorbates or defects could be a powerful tool to control the
polarization (5, 28, 42, 43).

As a test of our theoretical predictions, we grow PTO thin
films on SRO by means of PLD, and we analyze the surface
and interface effects in this experimental system. PTO is ferro-
electric during growth (44), and we probe the polarization as it
develops using ISHG (21, 26). This technique allows us to mon-
itor the evolution of the overall ferroelectric polarization and
indirectly see the contribution of surfaces and interfaces dur-
ing growth. First, we note that the polarization direction of the
films after growth is P, for both the TiO¥* and PbO™" systems
as expected from our theoretical predictions. This can be seen
in Fig. 5B which shows piezoresponse force microscopy mea-
surements for the two systems. The external area of the sample
shows that the as-grown film is P, polarized. The local appli-
cation of an electric field using the scanning probe tip (£4 V
bias) can affect the surface charges or the film stoichiometry and
therefore stabilize the Pyown state (45). Both TiO and PbO™®
films are fully switchable. This is consistent with our theoretical
results showing that applying a positive charge to the surface of
both TiOY* and PbO™* systems leads to a reversal of the polar-
ization direction from Pyp t0 Paown (SI Appendix, Fig. S5 and
Table S1).

The polarization measured during thin film growth with ISHG
can be seen in Fig. 5C. Data points during growth are shown in
blue, and data points while the growth is paused are in gray. The
ISHG signal, which is proportional to the square of the polar-
ization, shows that the onset of polarization—corresponding to a
nonzero ISHG signal in the blue data in Fig. SC—occurs shortly
after the beginning of the deposition, indicating very small or no
critical thickness. After the end of growth, a drop in the total
value of the polarization is observed (gray data points in Fig. 5C);
however, the full strength of the polarization is swiftly recovered
when growth is resumed (Fig. 5C, blue data points on the right),
indicating that the observed effect is not the result of domain
splitting but likely surface-related.

In light of the screening models of Fig. 54, we attribute the
absence of critical thickness in PTO to either screening from
both the SRO/PTO interface and the top surface (Fig. 54,
i) or to a defect-rich SRO/PTO interface (Fig. 54, if). When
growth is interrupted, the chemistry inside the PLD chamber
changes, affecting the surface structure. The decrease in polar-
ization upon interruption of growth can then be related to the
polarization-reducing mechanisms in Fig. 54, iii and iv. That is,
the surface can lose the screening mechanism and become stoi-
chiometric, with a polarization of the topmost u.c. shifting from
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bulk-like to surface-relaxed (Fig. 54, iv). Alternatively, the sur-
face polarization is partially reversed by surface effects as in
Fig. 54, iii.

Summary

In this work, we have determined the factors that influence the
polarization for ferroelectric PTO thin films on an SRO metallic
buffer. We have shown that the interplay of electronic struc-
ture and the chemistry of the surface and the interface is key to
determining the overall polarization. In particular, the engineer-
ing of specific surface and interface defects could be a powerful
way to to select the polarization direction and achieve bulk-like
polarization strength across the film thickness.

We predicted and obtained experimental confirmation that
PTO thin films grown on an SRO buffer have a strong prefer-
ence for an upward-pointing polarization. This is a result of the
interfacial band alignment between SRO and PTO which results
in a lower Schottky barrier for electrons and, in turn, a lower
energy cost for screening the positive surface polarization charge
with electrode electrons.

We have also shown that surface defects and adsorbates can
dramatically alter the polarization and can be engineered both to
screen the surface polar discontinuity and to reverse the polar-
ization direction (Fig. 5). With our calculations we identified a
mechanism which could lead to a thin film with robust bulk-
like polarization across its thickness through a combination of
surface and interface defects. Our experimental results are com-
patible with the theoretical scenarios and reveal the key role
of defects and adsorbates during epitaxial thin film growth in
enhancing or suppressiong the FE polarization.

We hope that our findings motivate further experimental work
toward the engineering of thin films with bulk-like polarization.
For example, careful analysis of the defect structure of the film
could help pinpoint the exact stabilization/reduction mechanism
at play during epitaxial growth. In turn, this could enable the
promotion of a structure with enhanced ferroelectric polariza-
tion by tuning the experimental conditions. We also predict that
this same screening mechanisms which suppresses the upward-
pointing polarization after growth in Fig. 5C could, on the con-
trary, lead to an enhancement of the ferroelectric polarization
with a downward-pointing ferroelectric polarization. Verification
of this prediction would require finding a substrate which favors
Paown PTO.

Materials and Methods

Experimental. We study the polarization state of PTO in PTO/SRO het-
erostructures depending on the PTO top layer plane being either TiO, or
PbO. Uniaxial FE PTO (001) films with a thickness of 25 u.c. were grown
by PLD on (001)-oriented SrTiO3 buffered by 10 u.c. of SRO. The SRO thick-
ness is enough to ensure it is metallic and thus provides screening. SRO/PTO
systems with insulating (ultrathin) SRO show a different and complex behav-
ior and have been studied in ref. 46. The laser fluence, its repetition rate,
substrate temperature, and growth pressure for individual layers were as
follows: SRO, 0.9 Jcm™2, 2 Hz, 700°C, and 0.1 mbar O; PTO, 1.15 Jem 2,
4 Hz, 550°C, and 0.12 mbar O,; and TiO,: 1.15 Jam~2, 2 Hz, 550°C, and
0.12 mbar O;. The substrate exerts ~ 1.4% compressive strain, increasing
the FE Curie temperature above the growth temperature (Tgrowth = 550° C).
We monitor the FE response during the thin film deposition using ISHG as
a noninvasive detection technique. SHG denotes frequency doubling of a
light wave in a material. This process is sensitive to the loss of inversion sym-
metry that occurs with the emergence of FE order (21, 47). The ISHG light
is measured in 45° reflection geometry, and its polarization is chosen such
that it detects the out-of-plane component of the FE polarization emerg-
ing in the PTO during the deposition process (32). Room-temperature FE
properties were confirmed using piezoresponse force microscopy. The thin
film piezoresponse was characterized using a Bruker Multimode 8 micro-
scope. An alternating voltage of 0.5 V was applied between the tip and
the SRO bottom electrode to access the ferroelectric polarization direction.
When poling an area, the alternating voltage was switched off, and only
the +4 V DC bias was applied to the tip, while the bottom electrode was
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grounded. Both films show up-polarized as-grown state and repeatable
switching (Fig. 5C).

PTO (001) u.c. consist of PbO-TiO, planes. The growth mode established
during the PLD process requires that the smallest building unit corresponds
to a full u.c.; thus, necessarily, a PTO system with a TiO; interface has a PbO
surface and vice versa. TiOiznt is the only system accessible to our experiments
as the RuO, layer is volatile, and therefore, PLD of PTO necessarily starts
with a TiO, layer (48). Experimentally, a system with a PbO™ surface was
engineered by depositing a thin TiO, layer on top of the SrO-terminated
SRO. Results for this system are similar to the TiO™ one and are presented

in S/ Appendix.

Theory. Density functional theory calculations were carried out with the
VASP (49-51) package (version 5.4.1) using the PBEsol (52) functional which
gives a good metal/insulator band alignment at the interface, with the Fermi
level of the metal falling within the PTO gap. Core electrons were replaced
by projector augmented wave potentials (53), whereas the valence states
(10 electrons for Sr, 4 for Pb, 8 for Ru, 4 for Ti, and 6 for O) were expanded
in plane waves with a cutoff energy of 500 eV. A Monkhorst-Pack grid of
6 x 6 x 1k points was used for all thin films with a surface area of 1 x 1 u.c.
Note that the surface area of 1 u.c. does not allow for domain formation, so
this effect was not explored in this work. Moreover, they do not allow the
antiferrodistortive reconstruction which has been observed for PTO (001)
(54, 55) to occur. In principle, changes in rotations and tilts can affect the
ferroelectricity of a material (56). Tests on a 13-u.c. PbO;.; slab with a 2 x 2
unit area show that the polarization profile between the system in Fig. 1
and one with the surface reconstruction are very similar, showing that the
distortions have only a small effect on the polarization (S/ Appendix).

We added a 4-u.c.-thick SRO electrode under the PTO slab. We considered
PTO slab thicknesses between 3 and 13 u.c. Periodic images were sepa-
rated by ~ 15 A of vacuum in the direction perpendicular to the surface.
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