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ABSTRACT Complex oxide thin films and heterostructures have
become one of the foci for condensed matter physics research due to
a broad variety of properties they exhibit. Similar to the bulk,
properties of oxide surfaces can be expected to be strongly affected
by oxygen stoichiometry. Here we explore the coupling between
atomic structure and physical properties of SrRu0; (SR0), one of the
most well-studied oxide materials. We perform a detailed in situ and
ex situ experimental investigation of the surfaces of SRO thin films
using a combination of scanning tunneling microscopy (STM), X-ray

and ultraviolet photoelectron spectroscopy, SQUID magnetometry, and magnetotransport measurements, as well as ab initio modeling. A number of

remarkable linear surface reconstructions were observed by STM and interpreted as oxygen adatoms, favorably adsorbed in a regular rectangular or zigzag

patterns. The degree of oxygen coverage and different surface patterns change the work function of the thin films, and modify local electronic and

magnetic properties of the topmost atomic layer. The ab initio modeling reveals that oxygen adatoms possess frustrated local spin moments with possible

spin-glass behavior of the surface covered by adsorbed oxygen. Additionally, the modeling indicates presence of a pseudo gap on the topmost Sr0 layer on

pristine Sr0-terminated surface, suggesting possibility for realization of a surface half-metallic film.
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xide thin films and heterostruc-

tures have become one of the focal

points of physical research in the
last two decades, with multiple examples of
novel phenomena and functionalities rang-
ing from interface orbital reconstructions,
formation of unconventional 2D electron
gases with coexisting superconductivity
and magnetism between insulating non-
magnetic materials to ferroelectric field
effects and charge writing.! The bulk prop-
erties of oxides are strongly affected by
oxygen stoichiometry, both due to changes
of oxidation state of the cation, changes in
molar volume due to Vegard expansion
with associated changes in bond length
and angles, and symmetry changes induced
by vacancy ordering. Recent studies of phe-
nomena such as charge writing for modifi-
cation of the LaAlOs/SITiO; interface,®*
tunneling in ferroelectric junction, and po-
larization switching in ultrathin ferroelectric
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films,>~ and resistive switching in ferro-

electric tunnel memristors® underscore the
role of these phenomena on physical func-
tionality at interfaces.

In this context, oxygen-stoichiometry-
controlled properties of oxide surfaces are
of special interest. Surfaces are the key
intermediate active step during film growth
that controls the structure and hence prop-
erties of final structures. Higher structural
lability of cationic and oxygen sublattices
can lead to multiple possible adatom recon-
structions. Furthermore, surface electro-
chemistry was shown to be an essential
component of phenomena such as ferro-
electric phase stability or metal—insulator
transitions in oxides by directly influencing
physical processes in the bulk.® Finally, oxy-
gen evolution and reduction at surfaces
is the key step in functionality of catalysts,
solid oxide fuel cells, oxygen sensors and
pumps, and multiple other energy conversion
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devices. Multiple studies have focused on exploration
of oxide surfaces primarily in materials such as tita-
nates, titania, ceria, and others that can be readily
prepared by standard surface science techniques such
as deposition or sputtering/annealing.'®~"> Most of
the oxide materials of interest from fundamental and
applied points of view combine variable redox states of
cations and a high oxygen mobility, and correspond-
ingly, high chemical activity at the surface. Conse-
quently, their studies require in situ growth and
surface investigation techniques.

Here, we explore coupling between oxygen behav-
ior and physical functionality on the surface of SrRuO;
(SRO), a complex oxide with a perovskite structure. SRO
is known for a set of properties that set it apart from
most perovskites. In particular, it is a metallic conduc-
tor, exhibits itinerant ferromagnetism with a Curie
temperature of 163 K in bulk, and at higher tempera-
tures it demonstrate poor metal behavior due to
electron—electron correlations.® In the thin film form,
SRO is the most widely used electrode material for
oxide electronics.'®?° Theoretically and experimen-
tally, it was established that SRO thin films can remain
metallic down to a thickness as small as two unit cells
(u.c),?"** which may be used for realization of multi-
layered structures with ultrathin metallic SRO layers.
However, a metal—insulator transition at a thickness of
4—5 u.c. with decreasing film thickness was reported as
well, still leaving the possibility and existence of such a
transition a controversial issue. The physics of such a
transition may be surface-related as suggested by
Rondinelli et al,*" or reminiscent of a metal—insulator
transition due to oxygen octahedral rotations asso-
ciated with compressive stresses as observed in thin
films of a related oxide Ca,Ru0,.**** The origin of
interfacial effects in ultrathin films grown on SRO can
be strongly mediated by the nature of the surfaces of
the initially grown SRO films, and understanding as
well as detailed knowledge of the SRO surface, its
structure and composition as functions of deposition
and processing conditions are of critical importance for
reliable realization of atomically defined interfaces of
SRO with other complex oxides. The surface oxygen
behavior is also of importance for understanding the
redox chemistry of ruthenates; while a significant
number of theoretical studies have been carried out
to understand the electronic properties of oxide inter-
faces, very little has been done to understand the
surface reconstructions of bare SRO surfaces and their
dependence on film growth conditions.

In this work, using in situ scanning tunneling micro-
scopy (STM) and photoemission spectroscopy (PES),
we investigate oxygen-related surface reconstruc-
tions on a few nanometer thick films of SRO epitaxially
grown by pulsed laser deposition (PLD) on (001)SrTiO3
(STO) substrates. In a previous work, Shin et al*®
performed atomically resolved STM of PLD-grown
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SRO thin films and identified an oxygen-induced sur-
face reconstruction, which was demonstrated to have
direct influence in the sharpness of the interface
between SRO and a top BaTiOs layer. However, STM
with atomic resolution was achieved only after a pro-
long 90 min postgrowth anneal of the films in oxygen
atmosphere at 450 °C and a relatively high pressure of
1 Torr, which is an unusual processing step. In contrast,
in this work, we have for the first time succeeded in
atomic resolution imaging of as-deposited films grown
at conditions that are normally used for deposition of
SRO electrode layers in complex oxide functional
heterostructures. The results revealed new patterns
on the film surface, which were not observed before.
The patterns have a linear structure and cannot be
identified as reconstructions of bare SrO- or RuO,-
terminated surfaces. Two types of linear structures—
zigzag and rectangular—were observed. Using model-
ing based on ab initio density functional calculations
(DFT), we identify the structures as formed by adsorbed
oxygen atoms. This conclusion is supported by PES
measurements. DFT modeling indicates relatively large
adsorption energies of oxygen in the observed surface
structures suggesting stability of the structures at
the deposition temperature. In addition, DFT calcula-
tions indicate half-metallicity of the oxygen-free SrO-
terminated surface and predict a spin-glass behavior
in the adsorbed oxygen layer due to random
ferromagnetic/antiferromagnetic coupling between
spins of oxygen adatoms and spins of the underlying
SRO.

RESULTS AND DISCUSSION

SRO films were grown as described in the Methods
section on undoped TiO,-terminated (001)STO sub-
strates with well-defined surface steps. After film
growth, the samples were either annealed at deposi-
tion conditions for 15 min and then cooled down, or
cooled down immediately after deposition. After cool-
ing, the growth chamber was evacuated and the
films were quickly transferred without exposure to
air into an SPM chamber for STM measurements. In
the following, we discuss results obtained for three
samples. Film thickness, deposition parameters, and
types of the observed surface structures for these three
samples are given in Table 1. Reproducibility of the
surface structures was confirmed with a larger set of
samples.

TABLE 1. Sample Information

sample thickness deposition anneal observed
number (u.c) temperature (°C)  time (min) structure
1 23 690 no zigzag, rectangular
2 16 690 15 rectangular
3 23 650 15 zigzag, (1 x 1)
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Figure 1. (a) Ex situ topographic AFM image and (b) low-
magnification in situ STM image (V; = 2 V, I, = 15 pA) of
sample 1.

Figure 1a shows an ex situ topographic atomic
force microscopy (AFM) image of a 23 u.c.-thick SRO
film deposited at a substrate temperature T = 690 °C
and immediately cooled down to room temperature
(sample 1 in Table 1). The AFM image and in situ high-
pressure reflection high-energy electron diffraction
(RHEED) data (Supporting Information, Figure S1)
clearly indicate the step-flow growth mode for the
film. Figure 1b displays an in situ STM image of the
same film near a step edge showing an atomically
smooth surface with step edges running along the
(110), pseudocubic directions of SRO. At this magni-
fication scale, occasional cluster-like features are seen
on the surface (larger white dots), and there are signs
of the double—SrO/RuO,—termination along the step
edges. Zooming-in at a spot with traces of the double-
termination reveals the double-termination clearly as
seen in the STM image in the main panel of Figure 2.
The line profile across the step edge (inset in the lower
left corner of Figure 2) shows two steps of a 0.2 nm
height, that is, half unit cell. The surface of both SrO and
RuO,-terminated portions of the film of bright spots
form L-like domain patterns without ordering among
domains. Importantly, the patterns are similar for both
terminations (see inset in the upper right corner of
Figure 2).

It is well established that in the case of SRO growth
on vicinal B-terminated (TiO,-terminated) (001)STO
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Figure 2. An STM image of a step edge with the double
termination (sample 1). The inset in the upper right corner
displays an STM image of the area indicated by the dashed-
line in the main panel of figure. The image in the inset is
made with global-plane fit to reveal structures on both
terminations (V, = —1.6 V, I, = 40 pA). The inset in the lower
left corner shows the profile along the orange line across
the step edge in the main panel.

substrates, the B-terminated (RuO,-terminated) sur-
face of SRO is unstable due to a high oxygen activity
during PLD and ready formation of volatile RuO,, and
after a few units cells, the growth takes place with the
“A" surface termination.® Therefore, the surfaces of
SRO films grown on (001)STO substrates are assumed
to be SrO-terminated. However, in the imaged area
of the film, most of the step edges showed double-
termination. The observed double-termination at
the step edges of the film is not associated with the
possible double-termination at the step edges of
the substrate (which might not be registered by AFM
imaging of substrates before growth), because the
step edges significantly moved during film deposition
in the step-flow film growth mode. As a rule, double
termination at the substrate steps results in appear-
ance of grooves in the films because SRO does not
nucleate within the A-terminated (SrO-terminated)
substrate portions,?”?® and no such grooves are pres-
ent on the surface of the sample. It is worth noting
that the fact that step edges in the growing SRO films
can advance with double termination has not been
reported before and reveals a previously unknown
aspect in the SRO film growth dynamics, showing that
the RuO,-terminated surface can be stabilized during
growth, at least near the step edges. However, other
samples imaged in our experiments did not show
double termination at step edges in the imaged areas.

To get more insight into the structures formed on
the film surface, we performed atomic-resolution imag-
ing of the surface on both terminations. Figure 3a
shows a typical high-resolution image of the pattern
visible in Figure 2. The pattern consists of one-
dimensional structures made up of bright spots
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Figure 3. Higher-resolution STM images of (a) zigzag struc-
tures (Vy = 1.4V, I, = 25 pA) and (b) rectangular structures
(Ve =1.6 V, I, = 150 pA); (c) profile along line 1 in panel a,
along a row of the bright spots in the zigzag structure;
(d) profile along line 2 in panel a, across the zigzag structure;
(e) profile along line 3 in panel b, along a row in the double-
row rectangular structure of the bright spots; (f) profile
along line 4 in panel b, across double rows.

arranged in zigzag. The structures run along the
mutually orthogonal (110),. pseudocubic directions
of SRO. The apparent corrugation along the half-line
of the structure (profile along the line 1 in Figure 3a
shown in Figure 3c) is about 30 pm in amplitude. There
are two lines of darker spots on both sides of the 1D
zigzag structure. Therefore, the linear structures can
be more accurately described as four-line with the
two inner lines being elevated. The exact geometrical
relations between the darker lines and in the zigzag
structure could not be reliably resolved, with both
zigzag and rectangular packings being likely. The line
profile across such a 1D structure is shown in Figure 3d
(indicated by line 2 in Figure 3a). The elevation at the
peak of the structure above the bottom of the valley is
about 120 £ 20 pm, which is less than half a unit cell
(200 pm). The separations between neighboring
spots in a line of a zigzag structure are 0.56 =+
0.04 nm, close to /2 x dpc & 0.55 nm, where dp, =
0.393 nm is the pseudocubic lattice constant of SRO.
Separation between lines is about 0.40 + 0.02 nm.
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Figure 4. Characteristic dimensions of (a) zigzag and (b)
rectangular structures (averages over multiple instances).
The linear dimensions are shown in nanometers. (c) STM
image showing simultaneous existence of rectangular and
zigzag structure on the surface of sample 1 (V;=1.6V, /=20
pA). (d) A larger scale STM image of the surface of sample 2
(see main text, Table 1) showing the L-shaped domain
pattern of the structures with rectangular packing of the
bright spots (V, = 0.9 V, I, = 60 pA).

Other characteristic dimensions of the structure are
shown in Figure 4a. The three spots in the structure
equivalent to those used to indicate dimension in
Figure 4a are at the vertices of a distorted equilateral
triangle. The angle of the triangle opposite to the
0.56 nm side is near 70°. As evident, the separation
between the bright spots is commensurate with the
crystalline lattice of the films, while the separation
between lines and between the nearest neighbors
from different lines is not. This geometry points to a
relaxation of the structure transversely to the lines,
such that it requires more unit cells for the structure to
repeat itself along the surface in the transverse direc-
tion. At a larger scale, sets of several parallel linear
structures are intervened with similar sets running
along the orthogonal direction, making altogether
L-like arrangements. As was mentioned above, both
SrO- and RuO,-terminated portions of the film were
covered by patterns looking identical in the STM
images. An image of the RuO,-terminated portion of
the film, where the zigzag structures are clearly resolved
can be found in the Supporting Information, Figure S2.

The zigzag structures are prevailing on the surface of
sample 1. At the same time, on the surface this sample,
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the zigzag structures alternate with similarly looking
linear structures with a rectangular arrangement of the
bright spots. An example of such an image in given in
Figure 4c, where the zigzag and rectangular structures
“compete” for the area on the SrO-terminated surface.

To explore the effect of exposure to oxygen at the
deposition temperature, we have grown a 16 u.c.-thick
film (sample 2 in Table 1) at the same conditions as
sample 1. However, this time the film was annealed
after deposition stopped for 15 min at deposition
conditions, that is, at 100 mTorr oxygen pressure and
T, = 690 °C, before it was cooled down to room
temperature. A high-resolution STM image of this
sample is shown in Figure 3b. As seen, the sample
surface is covered by a different pattern. We observe
domains consisting of parallel double-row structures of
bright spots along the (110),. pseudocubic directions
of SRO with a rectangular atomic packing within the
double-rows. Similar structures were observed among
zigzag structure on the surface of sample 1. However,
in the case of sample 2, only linear structures with
rectangular packing of bright spots were found on the
surface. Overall, this highly regular pattern can be
described as a (2 x 1) reconstruction. The average
distance between spots along the linear structures
of this type is close to +/2 x 0.393 nm ~ 0.55 nm.
The period of the structures in the transverse direction
is 1.10 & 0.05 nm with a row separation of 0.47 +
0.02 nm within a double line (Figure 4b). Some ten-
dency toward pairing between spots along the lines is
also seen. Lower magnification STM images (Figure 4d)
show that the sets of double-rows are arranged in an
L-like domain pattern and noticeably more ordered
than the structures on the surface of sample 1.
“Antiphase” domains can be also observed, where the
double-row structures running along the same direc-
tion are shifted in respect to each other by a half-period
in the transverse direction (Figure 3b).

Further, we investigated influence of the deposition/
annealing temperature on the surface structure.
For that we have deposited a 23 u.c.-thick SRO film
(sample 3 in Table 1) at a lower substrate temperature
T, = 650 °C and again annealed it after deposition for
15 min at deposition conditions. In this case, the
intensity of the specular spot in the RHEED pattern
decayed, but continuous oscillations occurred up to
the very end of the deposition run, which indicated
that the reduced growth temperature resulted in a
mixed growth mode with step flow accompanied by
island formation.?®2° This can be attributed to insuffi-
cient diffusion time for adatoms to reach the step
edges due to a reduced substrate temperature. Rela-
tively higher substrate roughness can also contribute
to this effect. In situ STM and ex situ AFM imaging
showed that the film surface contains numerous pits
of one-unit-cell height as a result of the mixed growth
mode. However, STM images with atomic resolution
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Figure 5. O 1s, Ru 3p, Ru 3d/Sr 3p, and Sr 3d core lines
spectra measured with in situ XPS (Mg Ka radiation,
hv = 1253.6 eV) for samples 2 and 3.

could be obtained. They revealed that the film surface
is predominantly covered by the zigzag structures
similar to those found on the surface of sample 1
(Figure 3a). Additionally, areas with (1 x 1) reconstruc-
tion can be occasionally seen. The appearance of
zigzag structures on the surface of the films annealed
at a temperature only 40 °C below that for sample 2
suggests that the kinetics of the surface structure
formation is sensitive to temperature and the rectan-
gular structures are more likely to form at elevated T.

In situ X-ray photoemission spectroscopy (XPS) of
core O 1s, Ru 3d, and 3p, and Sr 3p and 3d states
and ultraviolet photoemission spectroscopy (UPS) of
valence band O 2p and Ru 4d states provided more
information on the surface composition of the films.
These measurements were performed with samples 2
and 3. The samples with different patterns showed
relatively small differences in their respective XPS
spectra as seen in Figure 5. All core lines could be
identified as originating from the SRO lattice with
minor distortions, in contrast to, for example, results
of references30 and 31 where spectra were obtained
from samples exposed to air (also note that the Ru peak
overlaps with the C peak, precluding detailed analysis
after contamination by ambient exposure). In particu-
lar, the Ru 3d peaks were found to be nearly identical
for the two films. In the sample with the rectangular
pattern (sample 2), the Sr 3d peaks doublet is shifted
about 0.2 eV to higher binding energy in comparison
with the sample 3 spectrum, suggesting that the
surface of sample 2 is more oxidized, which can be
interpreted as a larger oxygen coverage of the SrO-
terminated surface. At the same time, the O 1s peak
from sample 2 was found to have a smaller tail to
higher binding energy evidencing a more uniform
oxygen bonding than in the sample with the zigzag
patterns.

In contrast to the XPS spectra, UPS spectra (Figure 6)
of the two samples look substantially different. We
note that due to lower energy of photoelectrons
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Figure 6. Valence band UPS (He—I radiation, hv = 21.2 eV)
spectra of samples 2 and 3.

emitted by ultraviolet in comparison with X-ray
photons, UPS is more surface sensitive. Additionally,
the lower energies of UPS photons result in signifi-
cantly different photoionization cross sections for
valence O 2p and Ru 4d states.3? Further, as known
for PLD films, the Ru 4d peak is suppressed due to
Ru deficiency and associated disorder.>® Therefore, the
O 2p-related valence band peaks near 5 and 7 eV
dominate the UPS spectra in comparison with the
Ru 4d peak, which is closer to the Fermi energy and
appears in XPS. As a result, the UPS spectra are mostly
sensitive to oxygen states on the surface. In this
connection, we note that the O 2p peaks of sample 2
are narrower suggesting that oxygen atoms on the
surface of sample 2 are more ordered, in full accord
with the STM results. The origin of the shift of the peaks
toward the Fermi level in sample 2 compared to
sample 3 is most probably associated with a difference
in oxygen atom packing on the surface. Furthermore,
the work functions of sample 2, determined by UPS
onset, was found to be 0.19 eV larger than that of
sample 3, again suggesting a more oxidized surface
based on the trend observed in ref 34.

To assess the crystalline quality of the entire SRO
films, we used ex situ magnetic and magnetotransport
measurements. Magnetization curves of the films
obtained with a Quantum Design superconducting
quantum interference device (SQUID) magnetometer
showed that the Curie temperatures of the films are
between 135 and 140 K (see the inset in Figure 7a for
results of the measurements). The values for T, lower
than the bulk value of 160 K are expected as a result
of epitaxial strain in the thin films.?**> Measurement
of electrical resistance versus temperature in a zero
magnetic field resulted in residual resistance ratios of
about 5 (Figure 7a), which indicates a good crystalline
quality of the films. (Values between 3 and 6 were
reported in literature for films of comparable thickness,
<10 nm.*2%%738) Further, our films demonstrated a
large anisotropic magnetoresistance (AMR) as dis-
played in Figure 7b for sample 1. As follows from the
analysis of AMR data for similar films performed by
Ziese et al.*” our film lattice structure is monoclinically
distorted as expected for the films of this relatively
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Figure 7. (a) Resistance normalized to the resistance at room
temperature for samples 1, 2, and 3 as a function of tem-
perature (see figure legend for sample-curve identification).
(Inset) The dc and ac magnetizations as functions of tem-
perature for sample 2. The dc measurements were performed
in an external field of 1000 Oe. The ac field used in the
measurement was 1 Oe with a frequency of 10 Hz under zero
dc field. The transition temperature obtained from the ac
curve is 135 K. (b) AMR curves measured at temperature T =
10 Kin a magnetic field H= 12 T for sample 1. In this particular
case, the AMR behavior with pronounced in-plane anisotropy
corresponds to a relatively small degree of twinning in the
film, which correlates with well-defined step edge orientation
on the SrTiOj3 substrate surface. The crystallographic notation
is shown in respect to the orthorhombic lattice of SrRuOs,
and the mutual orientation of current and crystallographic
directions was identified according to ref 37.

small thickness, and the films are twinned; the degree
of twinning varies from film to film in correlation
with the orientation of step edges on the substrate
surface.>® However, the twinning in the interior of the
film should not influence the formation of the ob-
served surface structures because the local symmetry
of the linear surface structures is compatible with any
of the twin domain in the bulk. Overall, these measure-
ments indicated that our SRO films are of good crystal-
line quality expected for the films in the corresponding
thickness range, and further, we proceed to the inter-
pretation of our STM images.

An important observation from the experimental
STM images is that similar L-shaped domain arrange-
ments of 1D structures are present both on A- and
B-terminated surfaces. This indicates that the struc-
tures have a common, nontermination-specific, origin
and are not reconstructions of clean, abrupt A- and
B-terminated surfaces. We note that the observed
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linear structures are reminiscent of nanostructures
reported to form on sputtered and annealed (001)
surfaces of SrTiO5.'%*° However, the linear structures
on STO have different dimensions and orientation, and
cannot explain the structures observed on the surface
of SRO films.

To identify the nature of the differently reconstructed
surfaces, we performed density functional theory based
first-principles modeling of epitaxially strained SRO
thin films. Because SRO is a weakly correlated metal,'
with local density approximation failing to accurately
reproduce spectroscopic results, here we used a
spin-polarized semilocal Perdew—Burke—Ernzerhof
generalize-gradient approximation (PBE-GGA)*' ex-
change-correlation functional within the projector aug-
mented-wave (PAW) formalism.*>** Further details of
the modeling approach are described in the Methods
section.

The similarity of the zigzag and rectangular patterns
found both on SrO- and RuO,-terminated surfaces
suggest that oxygen defects are at the root of these
surface structures. It is possible to either create oxygen
vacancies or adsorb oxygen in regular zigzag or rec-
tangular patterns. The energy cost for formation
of a single oxygen vacancy was found to be as high
as 7.98 eV for an SrO-terminated surface. A Sr-vacancy
can lead to underbonded oxygen atoms. Sr vacancies
were also found to be energetically costly by as much
as 7.19 eV. This can be understood given that Sr is fully
ionic in SRO, with a strong binding energy of Sr—O
ionic bond of 6.65 eV. On the other hand, the calcula-
tions showed that a single oxygen adatom adsorbs
energetically favorably on an SrO-terminated surface
midway between the SrO oxygen atoms with a 4.64 eV
binding energy. On a RuO,-terminated surface,
O-adatoms adsorb on top of Ru atoms with an even
stronger binding energy of 5.84 eV per atom. Given the
favorable energetics of oxygen adsorption on both the
surface terminations and the fact that the film growth
takes place in a relatively high 100 mTorr O, pressure,
we conclude that the zigzag and rectangular patterns
are formed by adsorbed oxygen adatoms.

To further explore the stability of zigzag and rectan-
gular patterns formed by oxygen adatoms and the
features in the STM images, we first freeze the zigzag
and rectangular patterns on the more predominant
SrO-terminated surface, as shown in Figure 8, and
calculate formation energies of the patterns. The
calculated energy gain of creating these patterns is
4.15 eV per oxygen adatom for the zigzag pattern
and 4.37 eV per oxygen adatom for the rectangular
pattern. We note that the calculated formation ener-
gies are sufficiently high for stability of the observed
structures at temperatures as high as the substrate
temperature in PLD, and therefore, the structures can
further influence formation of the functional layers
deposited on top of SRO. In the zigzag pattern,
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Figure 8. DFT calculated atomic arrangements correspond-
ing to zigzag and rectangular patterns of oxygen adatoms.
Yellow color shows charge density isosurfaces derived from
electron states within 1.5 eV of the Fermi level.

the near-neighbor distances between oxygen adatoms
in the model are ~0.42 nm, and the indicated angle
is predominantly ~76° in reasonable agreement
with the experimentally obtained 70 + 4 degrees.
The average height of the adsorbed oxygen adatom
is ~0.14 nm above the SrO layer, in good agreement
with the experimental 0.11 £ 0.03 nm. In the rectan-
gular pattern, the oxygen nearest-neighbor distances
are between 0.56 and 0.58 nm, close to 0.56 nm, as
measured experimentally. Similar oxygen patterns
on a RuO,-terminated surface were obtained by
placing oxygen adatoms on top of surface Ru atoms.
The adsorption energy for the zigzag pattern was
5.7 eV/adatom and for the square pattern, it was
6.0 eV/adatom, which is noticeably higher than for
the SrO-terminated surface. Figure 8 also shows charge
density isosurfaces derived from electron states within
1.5 eV of the Fermi level (an isosurface corresponds to a
value 0.005 e /A3). These states likely contributed most
to the STM images at the tip bias voltages used in the
STM experiments.** We note here that no noticeable
changes in the contrast of the images were observed
when changing the sign of the tip bias voltage. The
contrast also did not show any significant variations
with varying absolute value of the bias voltage in the
range from 0.1 to 2 V (at smaller bias values, the
imaging was less stable due to frequent intermittent
contact between the tip and surface). As seen from
calculated electronic density of states (DOS), shown
in Figures S6 and S7 in the Supporting Information,
adsorbed oxygen adatoms significantly contribute to
the density of states in the energy range from —2 eV
to +2 eV around the Fermi level, which again strongly
indicates that they appear as the bright spots in the
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Figure 9. (a) Gray and pink: Calculated spin-resolved DOS
for an SrO-terminated slab. Gray is spin-up, and pink is spin-
down states. States from the surface SrO layer are also
shown (with a 2-fold magnification of magnitude) in green
and blue. Green is spin-up, and blue is spin-down. (b) DOS
shown in panel a zoomed-in near the Fermi level to high-
light a pseudogap in the majority spin states of the surface
SrO layer.

STM images. Consequently, the formation of the rec-
tangular patterns similar to that seen in Figure 4d
should be interpreted as a near complete coverage
of the SRO surface with adsorbed oxygen as compared
to surfaces with zigzag patterns in Figure 3a, which, in
turn, explained the results of PES and the difference in
the work functions of samples 2 and 3. Hybridization of
O p orbitals with Ru d states as seen in bulk?' should
also lead to their significant contribution to the experi-
mental STM images.

The presence of oxygen adatoms was also reported
in related PLD-grown thin films of (001)Las/sCaz/;sMnO3
on (001)STO substrates, where controlled oxygen ad-
sorption and desorption were achieved.*® However
unlike their case, we always find our samples to be
metallic both in the experiments and in modeling (see
Figure 9 and Figures $4—S7 in Supporting Information
for calculated DOS spectra). It worth noting that the
topmost SrO layer free of the adsorbed oxygen in the
SrO-terminated slab shows a pseudogap in the major-
ity spin channel just above the Fermi level as seen in
Figure 9b, while the topmost RuO, layer in an RuO,
terminated slab (Figure S5 in Supporting Information)
is metallic in both the spin channels. This suggests that
increasing the number of SrO layers might help to
achieve surface half-metallicity in an SRO thin-film,
which is of significant interest for realization of spin-
tronic devices. The calculated magnetizations of the
surface layer are 1.70 ug and 1.21 ug per Ru-atom for
the SrO- and RuO,-terminations, respectively. The low-
er moment on the RuO,-terminated surface can be
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Figure 10. DFT calculated distribution of spin density among
oxygen adatoms (the top line of atoms) in the rectangular
structure.

attributed to the relaxation of oxygen octahedra tilting
away from the orthorhombic tilts in the bulk. This
indicates that the magnetic moment in SRO thin films
is carried by tilted RuOg octahedras, and relaxation of
the tilts should result in a reduction of ferromagnetic
moment of the thin film. Owing to a strong hybridiza-
tion of O 2p and Ru d orbitals, part of the magnetic
moment of SRO appears on the oxygen site. Interest-
ingly, the total magnetic moments in our SrO-terminated
supercell slabs are 1.5 ug and 1.7 ug for the zigzag and
rectangular patterns of oxygen adatoms, respectively.
This is below the bulk value of 1.97 ug and correlates to
a slightly reduced ferromagnetic transition temperature
of the strained slab compared to the bulk. Interestingly,
the adsorbed oxygen atoms, even on SrO-terminated
surfaces, possess local moments up to 0.7 ug. However,
the directions of the magnetic moments of individual
atoms are disordered as is evident from Figure 10
showing isosurfaces of magnetization densities at
0.022 e~/A3 for the rectangular pattern. This is unlike
expectations for bulk-like oxygen atoms that were
ferromagnetically coupled to the underlying strained
SRO film. The calculated projected density of states
(Figure S7 in the Supporting Information) shows that
the oxygen layer is metallic unlike such surface layers
being insulating in manganates,** but in agreement with
our experimental results. A pseudogap in DOS at the
Fermi level found in the model of the SrO-terminated
surface suggests the possibility of decreased conduc-
tance even in the presence of the oxygen adatom layer, a
topic of further detailed study. The presence of such
disordered spin arrangement of surface oxygen atoms,
possibly due to the weak exchange interaction with the
subsurface Ru d electrons, is reminiscent of a surface
spin-glass. This may further affect magnetic or charge-
ordered interfaces with SRO layers.

SUMMARY AND CONCLUSIONS

We have obtained atomically resolved STM images
of SrRuO; films grown by PLD on (001)SrTiOs sub-
strates at conditions which are used for the deposi-
tion of SRO electrode layers in complex oxide func-
tional heterostructures. Both SrO and RuO, surface
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terminations were found in images of one of the
samples, with the RuO,-termination covering a small
fraction of the film surface along the step edges.
Common to all samples, the images revealed linear—
zigzag and rectangular—patterns on surfaces of the
films, regardless of the type of surface termination.
With use of ab initio modeling, the patterns were
identified as adsorbed oxygen atoms, with the rectan-
gular pattern appearing at nearly complete coverage
of the film surface with adsorbed oxygen. The differ-
ence in the degree of oxygen coverage is reflected by
the observed difference in the work functions of the
surfaces with zigzag and rectangular patterns. The
kinetics of the surface structure formation appears to
be sensitive to the substrate temperature, with the
rectangular pattern forming at higher temperatures
with a longer exposure to oxygen. High formation
energies of the observed surface patterns as found
with ab initio calculations suggest formation and sta-
bility of the patterns at temperatures corresponding to
the film deposition during PLD with possible influence

METHODS

Sample Preparation and Characterization. The SRO films were
grown on single crystal undoped (001)SrTiO; substrates
with miscut angles in the range between 0.07° and 0.11°
(SurfaceNet, GmbH). As-delivered substrates were soaked for
45 min then sonicated for 10 min in ultrapure water at 55 °Cand
then etched for 30 s in a buffered oxide etch solution (pH = 4.5)
at room temperature. After etch, the substrates were annealed
in air at 900 °C for 4 h and then allowed to cool to room
temperature at a rate less than 150 °C/h. It was found that
higher anneal temperatures may result in larger surface rough-
ness (with resulting increase in the roughness of the film due to
reduced mobility of adatoms*®). After being cooled to room
temperature, soaking and sonication in water were repeated as
before the etching step. Soaking in water before etch and after
anneal were reported as promoting the removal of SrO-termi-
nation from the STO surface.*’*® After that, the substrates were
inspected with AFM in tapping mode using fresh, uncoated Si
tips. Only substrates free of traces of SrO termination and with
surface roughness root-mean-square (RMS) less than 70 pm
were selected for the experiments.

To provide current path from the SRO films to the ground
source for STM imaging, contact pads were deposited along
edges of the substrates with room-temperature PLD in vacuum
using the same SRO target as for deposition of the films. The
middle part of the substrate was covered by a shadow mask
during contact pad deposition.

SrRuOs films were deposited with PLD using a KrF laser with
a 248 nm radiation wavelength and a stoichiometric SrRuO;
ceramic target. The background pressure in the deposition
chamber was less than 2 x 1072 Torr. The depositions were
performed in an oxygen atmosphere at Po, = 100 mTorr. The
laser repetition rate was 10 Hz, and resulting growth rate was
about 2.9 u.c./min. The film surface morphology during growth
was monitored with in situ high-pressure RHEED. After growth,
cooling was performed in 30 mTorr O, down to a temperature
of ~200 °C. After that, the growth chamber was evacuated and
the films were quickly transferred without exposure to air into
an SPM chamber with a base pressure less than 2 x 10~'° Torr.
The STM images were taken in the constant current mode at
room temperature with an Omicron VT SPM using commercial
Pt—Ir tips (Agilent Technologies). The bias was applied to the tip
and the sample was grounded. After STM imaging, XPS and UPS
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on formation of the layers deposited on top of SRO.
Experimentally and analytically, the oxygen adatom
layers on SRO were found metallic. DFT calculations
indicate half-metallicity of the topmost SrO layer on an
SrO-terminated surface free from oxygen adatoms,
suggesting a way for realization of a half-metallic sur-
face by an artificial increase of the number of SrO layers
at the surface. Additionally, spin-resolved DFT calcula-
tions show a randomly oriented local spin-magnetiza-
tion of adsorbed oxygen atoms suggesting spin-glass
behavior of the surface covered by an oxygen layer,
which may further affect properties of the functional
layers deposited on SRO.

In conclusion, we have experimentally shown oxygen
control of atomic structures on the surface of SRO
through the growth conditions and, as indicated by ab
initio modeling, thereby changing the surface electro-
statics and magnetic properties. These are important for
a complete understanding of emergent interfacial phy-
sics related to growth of other oxide thin films on SRO
surfaces and for realization of novel device structures.

analyses were performed without breaking vacuum at a
pressure of ~2 x 10~ '° Torr. Topographic AFM imaging and
magnetic and transport measurements were made ex situ after
taking samples to air.

DFT Calculations. A PBE-GGA functional was used both with
and without spin-polarization within the PAW formalism im-
plemented in the Vienna ab-Initio Simulation Package (VASP).
The bulk SRO calculations were performed for the Pbnm
structure with experimental lattice parameters, but with relaxed
ionic positions. Density of states calculations in this case used
a12 x 12 x 10 k-point mesh and a 500 eV energy cutoff. Density
of states obtained from the PBE-GGA functional (see Supporting
Information, Figure S4) shows that the bulk SRO is almost a half-
metal, with a magnetic moment of 1.97 ug/u.c. Since the films
were 16 or 23 unit-cells thick, the effect of the SRO/STO interface
is only the epitaxial strain imposed on the film by the underlying
STO substrate. As such, we studied strained SRO thin films
with their ¢ axis of the Pbnm structure being in-plane and
constrained to the cubic STO lattice parameter of 0.3905 nm,
while the film (110) direction is out-of-plane. To freeze surface
defects running at ~45° in respect to the pseudocubic (100)
direction, we modeled 4 x 4 x 4 slabs. The bottom two unit-
cells were kept fixed while the remaining layers were relaxed.
For the 4 x 4 x L slabs, where L = 4 for nondefect calculations,
ionic relaxations were performed using a single k-point, the
T-point. The slabs were separated by at least 1 nm of vacuum to
minimize their interactions. Density of states and magnetization
and work function calculations for the slabs were performed
using a2 x 2 x 1 k-point mesh and 500 eV plane-wave cut off
for the kinetic energy.
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