Supplementary Information

Influence of Surface Atomic Structure Demonstrated on Oxygen Incorporation
Mechanism at a Model Perovskite Oxide

M. Riva et al.



SUPPLEMENTARY FIGURES

0-05 T T T T T T T T T T T T T T T
ToF-SIMS
craters

0.04 - DN
~ SrTiO4(110) SrTiOs(110)
90 0.03r single crystal single crystal
5 |
g 000 ® (2x5) k'=(4+1)x10* ms™!
S 00214 ¢0 (4x1) K'=(4+1)x10** ms™1

0.01F 1

0OQ
_____ oA
0.00 natural abundance 0~ l l N

0 1 2 3 4 ‘ é ‘ 6 ‘ 7 ‘ 8

Depth (nm)
Supplementary Fig. 1 Oxygen isotope exchange depth profiling. ToF-SIMS 80 isotope exchange depth
profiles measured on (4 x 1)- (black) and (2 x 5)-reconstructed (red) SrTiO3(110) surfaces on two dif-
ferent Nb-doped SrTiO3(110) single crystals. More oxygen is exchanged via the (4 x 1) surface. Values of
k* are calculated assuming a constant oxygen exchange rate during the experiment. See Supplementary
Note 1 for details.



As-prepared

[001] [110]
N\

Annealed 20 h, 450°C, 0.1 mbar

Supplementary Fig. 2 Stability of SrTiO3(110) surface structures upon long annealing. Scanning tun-
neling microscopy (STM) images (main panels: a, ¢, 410 x 500 nm?; b, d, 100 x 150 nm?; scale bars
represent a length of 40 nm; top-right insets: 15 x 15 nm?2), and LEED patterns of the SrTiO3(110)-(4 x 1)
(a,¢) and -(2 x5) (b, d) reconstructed surfaces. The as-prepared (a, b), and O,-annealed (20 h at 450°C,
0.1mbar; ¢, d) samples appear similar; the slightly different contrast observed in the high-resolution STM
images of panels b and d are related to variations of the tip termination. See Supplementary Note 2 for
details.
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Supplementary Fig. 3 ToF-SIMS "0 isotope depth profiles of a bi-crystal after 4 h exchange period.
Black diamonds and red circles correspond to depth profiles acquired on (4 x 1)- and (2 x 5)-reconstructed
regions of the SrTiO3(110) surface, respectively. See Supplementary Note 2 for details.
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Supplementary Fig. 4 Comparison of 80 depth profile shapes at different exchange durations. SIMS
counts measured on the surface bi-crystals after 80, isotope exchange times of 1 h (a) and 4 h (b),
normalized to the corresponding area under the curve. Black diamonds and red circles represent depth
profiles measured on the (4 x 1)- and (2 x 5)-reconstructed areas of the surface bi-crystal, respectively.
Here the original SIMS depth profiles (shown in Fig. 3b of the main text, and Supplementary Fig. 3) are
normalized to the integral counts exceeding the natural abundance. Two of the curves in panelsaand b
are compared in panel c. It should be noted that, while the normalized depth profiles for the two surface
reconstructions measured after 1 h exchange time fall on top of each other (a), their respective shapes
differ upon longer exchange periods (b). Nevertheless, the shape of profiles measured on SrTiO3(110)-
(2 x 5) areas (c) appears unaffected by the longer annealing periods. See Supplementary Note 3 for
details.
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Supplementary Fig. 5 Work function measurement on SrTiO3(110). Secondary-electron emission spec-
tra measured on a surface bi-crystal prepared as described in the main manuscript, showing both (4 x 1)
and (2 x 5) reconstructions. Spectra acquired on the two regions are represented in black and red, re-
spectively. The horizontal axis is corrected for the negative bias voltage applied to the sample during
measurement (see Supplementary Note 4 for details). Cutoff energies of the secondary electron emis-
sion, i.e., work-functions - whose positions are highlighted by vertical dashed lines - were determined by
fitting a sigmoidal step function to the main peak in each spectrum. Secondary electrons were collected
in normal emission, from an approximately circular region of ~0.5 mm diameter, with 3.5 eV pass energy.
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Supplementary Fig. 6 Surface structure-independent band alignment. Core level x-ray photoelec-
tron spectra acquired on the SrTiO3(110) surface bi-crystal on which the oxygen exchange experiment
- described in the main manuscript - was performed. Spectra acquired on the (4 x 1)- and (2 x 5)-
reconstructed areas are represented in black, and red, respectively. The spectra were acquired with elec-
tron lens settings such that electrons are collected at normal emission from an approximately circular area
of ~1.5 mm diameter, and at 10 eV pass energy. The two sets of spectra are vertically offset for clarity. See
Supplementary Note 5 for details.
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Supplementary Fig. 7 Oxygen vacancies. Structural models for the a (n x 1) and b (2 x n) reconstruc-
tions indicating the positions of the oxygen vacancies considered in our calculations. Green, red and blue
spheres indicate Sr, O and Ti atoms, respectively. The oxygen atoms removed to create the vacancies are
represented by black (surface, S), pink (sub-surface, S-1) and yellow (interface, |) spheres. All positions
are shown here for convenience. Separate calculations were conducted for each individual vacancy. The
calculated oxygen vacancy formation energies are listed in Supplementary Table 1. See also Supplemen-
tary Note 7 for details.
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Supplementary Fig. 8 Other configurations for O, asdorption and dissociation derived from FPMD.
Structural models of additional configurations - as compared to those reported in Fig. 4 of tha main
manuscript - for the adsorption and dissociation of one O, molecule on the defect-free a (4 x 1) and
b (2 x 5), and on ¢ the (2 x 5) with one V. The adsorption energies are also indicated. Green, red and
light blue spheres indicate surface Sr, O and Ti atoms, respectively. The oxygen atoms originally belonging
to the adsorbed O, molecule are indicated in dark blue. See Supplementary Note 8 for details.
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Supplementary Fig. 9 NEB reaction paths describing the adsorption and dissociation of 0,. a Vacancy-

free (4 x 1), b defective (one Vo) (4 x 1) and ¢ defective (one Vg) (2 x 5) surfaces. The initial states

correspond to O, molecularly adsorbed onto the surface. The O atom filling the initial Vg is highlighted
with a dashed yellow circle in panels b and ¢. See Supplementary Note 9 for details.
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Supplementary Fig. 10 Flexibility of coordination polyhedra. Force constants (in units of eV A™2) of the
lowest rotational mode of the AOg, AOs, AO4, and AO3 polyhedra for A = Ti, V, Cr. See Supplementary
Note 10 for details.
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Supplementary Fig. 11 Surface phase diagram, as a function of the O and Ti chemical potentials, of
the most stable defect-free and defective phases found by first-principles molecular dynamics for the
(4 x1)/(2 x 5)-reconstructed SrTiO3(110) system. See Supplementary Note 11 for details.
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Supplementary Fig. 12 Relative stability of the (2 x 5) + (O,) and (2 x 5) + (O,+V) structures as a
function of the chemical potential of O at a Ti chemical potential of -4 eV (corresponding to the green
region in Supplementary Fig. 11). See Supplementary Note 11 for details.
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SUPPLEMENTARY TABLES

vacancies in the (4 x 1) and (2 x 5) reconstructions.

Supplementary Table1 DFT-calculated formation energies (in eV) for oxygen

Vosite (nx1) (2xn) Vosite (nx1) (2xn)
Vor 6.43 4.32 Vos 5.59 4.67 (S-1)
Vo2 5.95 3.87 Voo 5.58 510

Vo3 5.60(s) 382 Voo 3.56() 4.80(D
Voa 5.68 3.39(S) Von 3.65 4.88

Vos 5.76 6.14 Vo 4.24 5.20

Vose 543 5.48 Vors 3.65 —

Vo7 510(Ss-1) 475 Bulk 4.40 4.40

details.

Refer to Supplementary Fig. 7 for the assignment of each vacancy site. The most fa-
vorable site in each layer (S, S-1, I) is highlighted. See also Supplementary Note 7 for
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Supplementary Table 2 DFT-calculated O, adsorption energies

(in eV) for the structures shown in Fig. 4 and Supplementary Fig. 8.

Structure Adsorption Energy
(4 x1),no Vo Fig. 4a -3.17

(4 x1),no Vo Supplementary Fig. 8a -2.94

(4 x1),oneVg Fig. 4b -1.82
(2x5),n0Vg Fig. 4c -112

(2x5),n0Vg  Supplementary Fig. 8b -0.87
(2%x5),noVg  Supplementary Fig. 8c  +2.33
(2x5),0oneVo Fig. 4d -0.08
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SUPPLEMENTARY NOTE 1
130-SIMS on monophase SrTiO3(110)-(4 x 1) and —(2 x 5)

Some SIMS results on Nb-doped SrTiO;(110) single crystals with two different co-existing sur-
face reconstructions (‘surface bi-crystal’) were presented in the main text of this article. Additional
data acquired on similar surface bi-crystals are presented in Supplementary Note 2. In addition to
these samples, separate ‘monophase’ Nb-doped SrTiO5(110) single crystals with only one type of
reconstruction, (4 x 1) or (2 x 5), were prepared. The surface structure and morphology were con-
firmed by STM and LEED. These samples were also subjected to *O isotope exchange at nominally
identical experimental conditions as for the surface bi-crystal described in the main text (i.e., 4 h
equilibration in *O,, 1 h annealing in ®*O,, both at 450°C, 0.1 mbar). On the monophase sam-
ples, the oxygen exchange via the (4 x 1) surface is again considerably faster than the exchange
via the (2 x 5) surface (Supplementary Fig. 1). The values of the surface exchange coeflicient k* of
(4+1)x10* ms'and (441) X 107" m s~ agree well with those obtained on the surface bi-crystal,
ie,(1.4+£0.9) x 107" ms'and (4.54+0.3) x 107" m s for (4 x 1) and (2 x 5), respectively. As
slight variations of the annealing conditions (temperature, gas atmosphere) or the individual single
crystals could cause some scatter between monophase samples, we put more emphasis on the results

obtained on the surface bi-crystals.

SUPPLEMENTARY NOTE 2
Effect of exchange duration, and derivation of k* from SIMS data

In order to evaluate the influence of the total exchange time on the amount of incorporated oxy-
gen, and exclude possible saturation effects, a second surface bi-crystal was prepared with a proce-
dure similar to the one described in the main manuscript. Subsequently, this surface bi-crystal was
annealed in '*O, (16 h, 450°C, 0.1 mbar), and *O, (4 h, 450°C, 0.1 mbar), following a procedure
analogous to the one described in the main text. In this case, however, the preparation of the sur-
face bi-crystal - first with a uniform (4 x 1) surface structure and then with the additional (2 x 5)
reconstruction — was carried out by pulsed laser deposition (248 nm-KrF excimer laser; spot-size:

%; repetition frequency: 1 Hz; target-substrate distance 55 mm)’,

0.7 x 1.7 mm?; fluence: 2.5 ] cm™
from a single-crystalline rutile TiO, target (pre-ablated before each deposition at the growth param-

eters), in O, background (5 x 10~¢ mbar). A total of 27 laser pulses were deposited at 600°C onto
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the uniform (4 x 1)-reconstructed SrTiO;(110) surface — while shading half of the sample with a
dedicated mask — to obtain a well-ordered SrTiO;(110)—(2 x 5) surface structure. Comparison of
Supplementary Fig. 2a,b and Fig. 2a,b (main manuscript) shows that this PLD-based preparation
method yields analogous results for both the SrTiO5(110)-(4 x 1) and —(2 x 5) surface structures.
In particular, similar morphologies (main panels of Fig. 2a,b, and Supplementary Fig. 2a,b) and
structures (insets of Fig. 2a,b and Supplementary Fig. 2a,b) are obtained by either employing epi-
taxial growth of Ti (Fig. 2a,b — main text), and pulsed laser deposition of TiO, (Supplementary
Fig. 2a,b). Supplementary Fig. 2¢,d shows the corresponding samples in Supplementary Fig. 2a,b
after the annealing treatment described above (i.e., 20 h at 450°C, 0.1 mbar O,). Comparison of
large- and small-scale STM images shows that morphology and atomic-scale structure are respec-
tively retained even after such a harsh treatment. Minimal morphology changes, comparable to
those described in the main text, occur only for the SrTiO;(110)-(2 x 5) structure, which appears
somewhat rougher after annealing, with the appearance of a few, single-atomic-layer-high islands.
It should be stressed that, while STM imaging allows to confirm that the SrTiO;(110)-(4 x 1) and
—(2 x 5) structures are stable at the atomic and mesoscopic scales, an analogous conclusion can be
extended to the macroscopic scale by analysis of the LEED patterns of the samples (bottom-right
insets of Supplementary Fig. 2). In particular, several LEED patterns on the whole surface of the
sample (not shown here) have been acquired by macroscopically moving the sample in the elec-
tron beam. All LEED images acquired on the two parts of the surface bi-crystal showed analogous
structures at each step of the preparation.

Several SIMS depth profiles (Supplementary Fig. 3) were measured on such a surface bi-crystal
after the 'O isotope exchange treatment described above, i.e., 16 h anneal in '°O,, followed by 4 h
anneal in *O,. The first measurement point is excluded. As in the main text, the surface exchange

coefficient, k*, was determined from

J
= —m———. (Supplementary Eq. 1)
(fout - fbg) o
Supplementary Eq. 1 includes the O flux density j, the tracer fraction fo,, = 0.971 (i.e., the *O
fraction in our isotope-enriched exchange gas), the background **O fraction fys, approximated as
the natural abundance of O (i.e., f,y = 0.00205), and the concentration co of oxygen in SrTiO;.
With the assumption of constant exchange rate during the exchange period ¢, the tracer flux

density can be expressed as

ji= o (Supplementary Eq. 2)
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where M represents the area-specific total amount of incorporated tracer

1
M = " / Cs(2)dV. (Supplementary Eq. 3)
In Supplementary Eq. 3 ¢is(2) is the volume concentration of exchanged tracer, and A the cross-
sectional area measured by SIMS, while z represents the depth coordinate. Since each SIMS mea-
surement has been performed on uniformly-terminated regions of the SrTiOj; bi-crystal, the volume
integral in Supplementary Eq. 3 can be reduced to an integration along the depth coordinate, yield-

ing

M = /clso(z) dz = ¢co / (fm(2) — fog) dz
— ¢ Z ( fon — fbg) d.. (Supplementary Eq. 4)

e
In Supplementary Eq. 4, the 'O tracer concentration ¢, is expressed in terms of the oxygen con-
centration in SrTiO;, ¢, and the isotope fraction exceeding the background measured in SIMS.
Moreover, the continuum depth integration is substituted by a summation over the discrete SIMS
measurement points, times the sputter depth per measured point d;.
Inserting Supplementary Eqs. 2 and 4 into Supplementary Eq. 1 yields the expression used for

the determination of the effective surface exchange constant in the present work

. (fm - fbg> dS/t
= Z (fout _fbg) .

(Supplementary Eq. 5)

measured
points

As for the profiles presented in the main text, direct fitting of the depth profiles measured after
4 h '®*O exchange did not yield reliable results due to their extremely shallow extension of only a few
nanometers. In such a depth range, SIMS-related profile broadening effects cannot be neglected, as
discussed in Supplementary Note 3 below.

The values of k* for 1 h and 4 h annealing periods, respectively, show no significant trend de-
pending on the duration of the annealing treatment [~ (4 — 6) X 107" m s™! for (2 x 5)-, and
~ (1=2) x 107" m s7! for (4 x 1)-reconstructed surfaces, respectively], and the very same ra-
tio of effective surface exchange constants kf,,., /k,, 5) is observed in both experiments, namely
K,k

(ax1)/ Klaxs) = 31+ 0.3, and k?4x1)/k?2x5) = 3.1£ 0.6 after 1 h, and 4 h annealing periods, respec-
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tively. This means that, in good approximation, the incorporation over time via the surface remains
constant, at least over several hours. We can thereby exclude that either saturation effects or different
oxygen transport in SrTiO3(110) near-surface regions are responsible for the observed differences
between the two reconstructions. Consequently, only the different activity of the respective surface

structures is responsible for the observed effects.

SUPPLEMENTARY NOTE 3
Experimental broadening of SIMS profiles

Broadening of depth profiles occurs in SIMS due to atomic mixing as a consequence of the sputter
ions used for depth profiling (Cs™ ions, 2 kV, ~ 100 nA in the present study), and of the impact
and implantation of the primary ions (Bi; * clusters, 25 kV, ~ 0.02 pA)**. As a result, the isotope
composition attributed to deeper atomic layers is affected by the composition of the higher-lying
ones. Such an effect is of minor importance when isotope profiles with diffusion lengths larger
than 10 nm are investigated. However, the SIMS results reported in Fig. 3b (main manuscript) and
Supplementary Fig. 3 show depth profiles rapidly decaying towards the natural abundance of O
within a few nanometers.

In order to address if these O depth profiles are effectively representative of diffusion profiles,
or if they are rather dominated by broadening effects, Supplementary Fig. 4 compares the shape of
the decay of the O concentration on (4 x 1)- and (2 x 5)-reconstructed areas. In the former case,
given that (i) both reconstructed areas belong to the very same bulk crystal, and (ii) we measure no
difference in band-bending/surface potential by XPS - meaning that the whole sample is charac-
terized by a uniform ‘bulk’ diffusion constant - the difference in k* values between the two surface
structures should lead to a different decay length, and, as a result, to different profile shapes. Con-
versely, in case readily-decaying profiles are dominated by SIMS broadening effects, the very same
shape as a function of depth should be observed. As can be observed in Supplementary Fig. 4a, the
rescaled '®O concentration profiles measured on (4 x 1)- and (2 x 5)-reconstructed areas after short
annealing times (1 h) are essentially superimposed, indicating that such profiles are dominated by
SIMS broadening effects. Upon longer annealing periods (4 h, Supplementary Fig. 4b) the decay
lengths of the 8O concentration profiles on (4 x 1) and (2 x 5) are still similar, but no longer virtu-
ally identical. The visible difference arises in particular from some broadening of the profile in the

(4 x 1)-reconstructed area. Therefore, we conclude that the decay of these latter depth profiles at
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least partly originates from true tracer diffusion dynamics.

However, a strong indication that SIMS-related broadening effects still significantly contribute
to the data in Supplementary Fig. 4b comes from the comparison of the scaled profiles measured on
(2 x 5)-reconstructed regions (Supplementary Fig. 4c), whose shape appears essentially unaffected
by the four-fold increase in exchange duration. This observation strengthens the conclusion that on
SrTiO5(110)-(2 x 5) areas oxygen exchange involves exclusively very near-surface layers, on a length
scale shorter than the depth resolution of SIMS, consistently with the findings of DFT calculations
(see main manuscript, and Supplementary Notes 7 and 8). For this reason, and since comparable
decay lengths are observed for all depth profiles in Supplementary Fig. 4, SIMS-related broadening
of the 'O profiles are important also for long annealing times (Supplementary Fig. 4b). As a result,
fitting such profiles - as it is customarily done in these cases — using Fick’s diffusion law does not
yield satisfactory results, and provides unreliable values for k* and D* coeflicients. Therefore, only k*
values have been extracted from the total *O amount incorporated, as described in Supplementary
Note 2.

SUPPLEMENTARY NOTE 4
Work function of SrTiO3(110)-(4 x 1) and -(2 x 5) surfaces

In order to assess any difference in work function between (4 x 1)-, and (2 x 5)-reconstructed
SrTiO;(110) surfaces, x-ray-excited (Al Ka, hv = 1486.61 eV) secondary electron emission spectra
were measured at a surface bi-crystal (Supplementary Fig. 5). The bi-crystal was prepared as detailed
in the main manuscript. It should be stressed that this approach allows to unequivocally measure
work function differences solely arising from the two SrTiO;(110) reconstructions, independently
of any extrinsic influence.

We measured the secondary electron cutoft energy, which can be straightforwardly related to the
sample work function®. The electron emission spectra were acquired at normal emission, by neg-
atively polarizing the sample with a 9 V (nominal) battery. Such a precaution prevents unwanted
cutoffs due to the detection system, conferring the electrons a minimum kinetic energy higher than
any analyzer work function (4-5 eV). To compensate for this bias voltage, and therefore allowing
to determine absolute values of work functions rather than mere differences, O 1s core-level spec-
tra were acquired on both regions, with the sample held at both ground and at the polarization

potentials. This allows for a correction of the horizontal energy axis in Supplementary Fig. 5. In
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order to minimize electric-field-lines distortion, which can significantly affect work function mea-
surements?, the x-ray source was significantly retracted from the surface (approximately 50 mm).
All measurements were performed overnight, to limit the effect of any stray, time-varying magnetic
fields. Subsequent spectra acquired on both regions show a deviation in the measured cutoff smaller
than the standard error of the fitted position.

The secondary electron cutoft was evaluated by fitting a sigmoidal step function to the main,
lowest-kinetic energy peak in each spectrum. The cutoff positions were evaluated as the energies
corresponding to 5% of the step amplitude, resulting in work functions of (4.051 + 0.010) eV and
(4.470 £ 0.003) eV for SrTiO5(110)-(2 x 5) and —(4 x 1) surfaces, respectively. Uncertainties derive
from the combined standard errors on the fitting parameters of the sigmoidal step, and the position
of the O 1s core levels.

Additional features in the spectra of Supplementary Fig. 5 are possibly related to low-energy
Auger emission, and were not present on secondary emission spectra measured on the sample plate.

Their characterization is beyond the scope of the present manuscript.

SUPPLEMENTARY NOTE 5
XPS core level positions of (4 x 1)- and (2 x 5)-SrTiO3(110)

Supplementary Fig. 6 reports core-level x-ray photoelectron spectra (Al Ka, hv = 1486.61 eV) ac-
quired on the SrTiO;(110) surface bi-crystal described in the main manuscript. Clearly the features
corresponding to electron emission from O 1s, Ti 2p, and Sr 3d are all found at the same binding
energy (within the experimental uncertainty of £0.03 eV). This indicates that no difference exists
between the surface potentials of (4 x 1)- (black), and (2 x 5)-reconstructed (red) SrTiO;(110)
surfaces. Once more it should be stressed that the present measurement, performed on the very
same bulk sample on which both surface structures are present at the same time, allows to unequiv-
ocally disentangle the structure-related surface potential from extrinsic effects deriving from, e.g.,
the bulk of the single crystalline sample, or the detailed configuration of the electric contact with

the measuring set-up.
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SUPPLEMENTARY NOTE 6

Vo concentration estimates

As detailed below, according to defect chemical models in the literature®”’, at our experimental
conditions the nominal equilibrium concentration of Vgs in 0.5 wt.% Nb-doped SrTiOs; is approx-
imately 6 X 107 cm ™2, or about 10~%° with respect to oxygen sites. However, it is possible that this
thermodynamic lower limit of oxygen vacancies is not reached within our experiments. Therefore,
here we also determine an upper limit of oxygen vacancy concentration by using an estimate of the
decay length of the tracer profiles.

Electron-conducting donor-doped SrTiO; may undergo a re-oxidation process when exposed
to high temperatures®, accompanied by a complex time dependence of the corresponding defect
concentration profiles due to the changing band bending during re-oxidation. SrO evolves at the
surface, and at equilibrium Sr vacancies largely compensate the donor dopants. Since our samples
were annealed at about 1000°C in 3 x 10~ bar O, for 1 h, such a re-oxidation may have taken place
also in our case, at least in the relevant region close to the surface. With the database of Ref. 6 we
can estimate the resulting equilibrium defect concentrations for the given pressure and temperature:
An oxygen vacancy concentration of about 5 x 10" cm™> and an electron concentration of about
5 x 10" cm ™ result. Hence, a remaining effective donor concentration of 5 x 10" cm™ is found,
corresponding to those Nb donors still uncompensated by Sr vacancies.

This cation defect chemical state is ‘frozen’ while cooling the sample after annealing. Possibly
some minor cation changes take place also during cooling, and the frozen-in temperature is thus
somewhat lower than 1000°C; this may further reduce the effective donor concentration very close
to the surface, but the following conclusion is not affected by this uncertainty: Before the diffusion
experiment, the SrTiO; sample was exposed to 0.1 mbar oxygen at 450°C for about 4 h and the
oxygen stoichiometry equilibrates according to these conditions. In contrast to annealing at 1000°C,
however, all cations - and thus also Sr vacancies - can be considered immobile at this temperature®.
As a consequence, the equilibration takes place without changing the effective donor concentration
of about 5 x 10® cm™. From the defect chemical data in the literature® we then get a nominal
oxygen vacancy concentration of 6 x 1077 cm ™2, i.e., virtually all oxygen vacancies that were formed
at 1000°C should become refilled at 450°C during oxygen exposure. This is also in accordance with
our experimental observation that no oxygen vacancies are observed on the SrTiO; surfaces by STM.

However, as discussed in Supplementary Note 3 the tracer diffusion profile of the (4 x 1)-
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reconstructed SrTiO3(110) surface seems to broaden to a small extent after 4 h diffusion time, com-
pared to the 1 h exchange period, i.e., at least some oxygen vacancies seem to exist. An upper limit
of this concentration can be determined from an estimated decay length Lp, in the profile of about
2 nm. With Ly ~ v/D*t we find D* = 3 x 10®® cm? s~ . Using data® of the vacancy diffusion co-
efficient Dy we get from D* = 0.69 Dy Cy an upper limit of the vacancy concentration Cy of about
6 x 10" cm™?, or a vacancy fraction with respect to oxygen sites of 107 (possibly with a spatial

variation within the diffusion zone).

SUPPLEMENTARY NOTE 7
DFT formation energy for Vps at (4 x 1) and (2 x 5) surfaces

Several vacancy sites were inspected in the surface (S), subsurface (S-1) and interface region (I) be-
tween the reconstructed overlayer and the bulk-like SrTiO; substrate, as indicated in Supplementary
Fig. 7. The results, collected in Supplementary Table 1, reveal that the formation of V in the (2 x 5)
surface layer is by 2.2 eV more favorable than at the very surface of the (4 x 1) reconstruction. We
note that the DFT slab effectively models the (2 x 4) member of the (2 x 1) family; to avoid any
confusion with the experimental results we adopt the notation (2 x 5). As already reported in Ref. 8

we find that the energetically more advantageous Vo site in the (4 x 1) is in the interface layer.

SUPPLEMENTARY NOTE 8
O, adsorption and dissociation: first principles molecular dynamics

The first principles molecular dynamics (FPMD) runs delivered several final structures for the pro-
cess describing the adsorption and dissociation of O, on both types of surface reconstructions. First,
in our MD runs we did not start from a ‘true’ gas phase (i.e., O, many angstroms above the surface),
as this would have required a much larger vacuum region and much longer MD runs. Consider-
ing the large size of our supercells, this would have been computationally too costly. To model the
adsorption and dissociation process we have performed several MD runs starting from different
initial configurations with the O, molecule located at different positions/orientations at about 2 A
above the surface. Depending on the initial configuration, we had cases in which the O, landed on
the surface and dissociated, and cases in which the O, desorbed back in the vacuum region. The

structures involving both adsorption and dissociation turned out to be by far the energetically most
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stable configurations. In the main text, we show the most representative ones. In Supplementary
Fig. 8 we have collected a few other models representing (a) dissociation of O, on the large hollow
area of the (4 x 1) surface (E,qs = —2.94 eV), (b) O, dissociation on the defect-free (2 x 5) surface
along the Sr-chain (E,4s = —0.87 €V), and (c) the unfavorable (positive formation energy) situation
of O, adsorption in the middle of the (2 x 5) surface with one V. Supplementary Table 2 summa-
rizes all the DFT-calculated O, adsorption energies for the configurations reported in the main text

and in this Supplementary Information.

SUPPLEMENTARY NOTE 9
O, dissociation paths and barriers calculated by nudged elastic band (NEB)

Supplementary Figure 9 shows the NEB paths discussed in the main text, and reports the initial,
transition and final states, the corresponding activation energy (i.e., the one at the transition state),

and the overall energy gain in the final state.

SUPPLEMENTARY NOTE 10
Polyhedral flexibility: phonon softening

The degree of flexibility of a polyhedron is quantifiable by the softness of the lowest phonon mode
that is responsible for structural deformation or rotations. A similar concept has been used by Li
and Benedek? for quantifying the flexibility of polyhedra in assisting oxygen interstitial diffusion. To
prove further the generality of the concept of polyhedral flexibility, we have performed phonon cal-
culations on AO, clusters for A = Ti, Crand V and x = 6, 5, 4, 3. The structures have been obtained
by performing full structural relaxations using a quasi-Newton algorithm without any symmetry
constraint, starting from the AO4 phase and progressively removing one oxygen atom from the op-
timized AO, to form an initial AO,_, structure. The phonon frequencies and dynamical matrix for
the optimized structures were obtained using finite differences, and the force constants have been
computed with the help of the phonopy package'’. The resulting optimized structures and the force
constants for the lowest (i.e., less stable) phonon mode are collected in Supplementary Fig. 10.
These results clearly show that the rotational phonon in the AOs, AO,4, and AO; polyhedra ex-
hibit much more negative (i.e., unstable) modes compared to that in the AOg, confirming that the

perovskite AOg environment is the preferred and the most rigid one. The increased flexibility of the

23



unsaturated polyhedra with respect to the octahedral environment is also explained by the larger
degree of asymmetry of the unsaturated clusters in terms of the A-O-A bond-angles, which are sig-
nificantly altered in the unsaturated clusters as compared to the 90° configuration in the AO4 phase.
In AO; the out-of-plane A-O-A angle is reduced to 85° in AO, the A-O-A angles are increased
to 109°, and in AO; the three A-O-A angles measure 120°. The average Ti-O bond length, on the
other hand, decreases monotonically from 1.89 A in TiOg to 1.78 A in the TiOj; cluster (qualitatively

similar trends are obtained for VO, and CrO, clusters).

SUPPLEMENTARY NOTE 11
Surface phase diagram with defects or adsorbates

The final defect structures obtained by combining chemical intuition and extensive molecular dy-
namic runs should represent stable phases. However, a phase diagram of the most stable phases
would help the interpretation of the results and its connection with the observations. Following
the standard recipe and prescriptions of ab-initio thermodynamics''~** (described in detail also in
Ref. 14), which we have previously used for SrTiOs,'* we have constructed the surface phase dia-
gram as a function of the O and Ti chemical potentials for the two types of SrTiO; reconstructions
under scrutiny, specifically the (4 x 1) and (2 x 5), considering the clean surfaces and the defected
ones (with one O,, and with one O,+V). The results shown in Supplementary Fig. 11 clearly indi-
cate that the five phases show areas of stability for specific ranges of the Ti and O chemical potentials.
The only phase that does not appear in the phase diagram is (2 x 5) + (O,+Vo), i.e., the less stable
one according to our results reported in Fig. 4 of the main text. Nonetheless, by inspecting the rela-
tive stability of the (2 x 5) + (O,) and (2 x 5) + (O,+V) phases at Ayr; = —4eVand —1 > Au, > 0
- corresponding to the region of stability of (2 x 5) + (O,) — we find that these two phases are very

close in energy, about 30 meV A2, as shown in Supplementary Fig. 12.
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SUPPLEMENTARY METHODS

Image processing. All STM images in the main text and in the present Supplementary Information
have been post-processed by Image]. To all images a first-order (small-scale images) or second-
order (piezoelectric creep on large area images) background has been subtracted. Minimal removal
of line-jumps has also been employed when needed (e.g., tip change). Thermal-drift and piezo-
creep correction was applied in post-processing of the images. LEED images were cropped to one-
quadrant without loss of information, and are displayed in inverted gray scale. Specific references
to filenames of raw data are reported in the figures, where applicable.

Spectra processing. No post-processing was used for spectroscopy results, except for area/height
normalization where explicitly indicated. Analysis of LEIS/XPS/WF spectra and SIMS profiles was
accomplished by OriginPro. Raw, non-smoothed data are presented throughout. For SIMS depth
profiles, the first measurement point was excluded from analysis and representation, since this is
usually seriously affected by the presence of unavoidable contamination when transferring samples
trough air.

DFT structure rendering. The DFT structures have been rendered with POV-Ray (with the excep-
tion of Supplementary Fig. 8, for which VESTA was employed).
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