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ABSTRACT The trend to reduce device dimensions demands increasing
attention to atomic-scale details of structure of thin films as well as to pathways

to control it. This is of special importance in the systems with multiple competing

interactions. We have used in situ scanning tunneling microscopy to image surfaces : R

of Las/gCaz/;sMnO0; films grown by pulsed laser deposition. The atomically resolved
imaging was combined with in situ angle-resolved X-ray photoelectron spectros-

copy. We find a strong effect of the background oxygen pressure during deposition

P, =20 mTorr
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on structural and chemical features of the film surface. Deposition at 50 mTorr of 0, leads to mixed-terminated film surfaces, with B-site (Mn0,)

termination being structurally imperfect at the atomic scale. A relatively small reduction of the oxygen pressure to 20 mTorr results in a dramatic change of

the surface structure leading to a nearly perfectly ordered B-site terminated surface with only a small fraction of A-site (La,Ca)0 termination. This is

accompanied, however, by surface roughening at a mesoscopic length scale. The results suggest that oxygen has a strong link to the adatom mobility

during growth. The effect of the oxygen pressure on dopant surface segregation is also pronounced: Ca surface segregation is decreased with oxygen

pressure reduction.
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surface structure

ecause of strong electron—electron

correlations and electron—Ilattice cou-

pling, electronic and magnetic prop-
erties of mixed valence manganites with
perovskite structure (with a general formula
A,_,A',BOs, where A is a rare-earth cation,
A’is an alkali or alkaline earth cation, and B is
occupied by Mn) are governed by the com-
plex interplay and competition between
interactions in lattice, charge, orbital, and
spin degrees of freedom.'? This leads to
complex phase diagrams and a strong de-
pendence of the transport and magnetic
behavior on various external and internal
factors including chemical and structural
disorder, doping, oxygen stoichiometry,
temperature, strain, electric and magnetic
fields."® In particular, manganites exhibit
metal—insulator transitions, colossal mag-
netoresistance, charge ordering and vary-
ing magnetic structures, as well as nano-
scale phase separation."? The multitude of
phenomena inherent to these compounds
lead to significant research efforts in the
past two decades in order to obtain a
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fundamental understanding and further
harness this complexity to obtain novel
functionalities for applications such as in
electronics and spintronics, especially in
the form of thin films and thin film hetero-
structures.*”~'* More recently, Manganite
thin films were shown to be amenable to
electroforming and to have application in
resistive switching devices."® Finally, due to
a high electrical conductivity and a good
chemical and thermal match with solid
electrolytes, Sr-doped LaMnOs (LSMO) is
widely utilized for cathode materials in solid-
oxide fuel cells.'®

The functionality of thin-film and hetero-
structure electronic devices is strongly
dependent on electronic structure and
properties of surfaces and interfaces. This
becomes of increasing importance with re-
duction of the device dimensions and film
thickness. Behavior and interaction of mag-
netic, lattice, and charge order parameters
at the surface can be drastically changed in
comparison with the bulk due to symmetry
breaking, reduction in number of atomic
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bonds, and surface atomic reconstructions or extrinsic
mechanisms associated with cation nonstoichiometry
and structure defects.®#'7"2* In turn, catalytic and
electrochemical reactions are largely dependent on
atomic-scale structure and processes at oxide sur-
faces.?® It is apparent that knowledge-based control
of Manganite thin film and heterostructure growth
with understanding of the atomic-scale mechanism
of surface structure formation is necessary.

In this work, we grew films of a hole-doped Manga-
nite Las;gCasgMnO3z (LCMO) via pulsed laser deposi-
tion (PLD) and characterized them by in situ scanning
tunneling microscopy (STM) in combination with in situ
angular-resolved X-ray photoelectron spectroscopy
(AR-XPS). The combination of film growth followed
by in situ STM and XPS measurements allowed access
to real-space atomic structure of the film surface with
detailed information on the terminations and surface
chemical composition. PLD allows atomic-level control
of layer thicknesses and interfaces and is most com-
monly used for fabrication of perovskite oxide-based
structures for about two decades. However, because of
significant experimental difficulties associated with
STM imaging of PLD-grown films, atomically resolved
in situ STM has only recently been implemented to
study PLD film growth, resulting in important insights
into atomic-scale surface morphology and growth
kinetics.”® 3" On the other side, while highly beneficial
in general, atomically resolved STM studies of manga-
nites have been so far rare. With a few notable excep-
tions, when surfaces of perovskite single crystals were
imaged after simple cleaning with solvents>?** the
atomic resolution could be only achieved with single
crystals of bilayered manganites, which can be cleaved
in situ3**

LCMO is a prototypical colossal magnetoresistive
material.>® It exhibits growth behavior and thin film
features similar to the closely related Lanthanum
Strontium Manganese Oxide (LSMO) primarily used in
device structures (owing to its higher Curie tempera-
ture of about 370 K). Because of a smaller size mis-
match between Ca®" dopant ions and parent La>"
ions, LCMO is less prone to dopant surface segregation
than LSMO.3” Surfaces of PLD-grown LCMO films were
previously studied with atomically resolved STM, and
the studies revealed that surface electronic properties
can be changed from metallic to insulating by only one
monolayer of adsorbed oxygen3® LCMO was also
employed to uncover important atomic-scale aspects
of the substrate—film interaction in PLD growth.®'
Here, we focused on the role of the background
oxygen pressure on growth kinetics, atomic-scale sur-
face structure, and surface chemical composition of
LCMO films.

The critical role of background oxygen pressure
during PLD deposition in properties of Manganite thin
films and heterostructures is well-established in many
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experiments, where film properties were followed as a
function of oxygen pressure.3*~*' A common thought
supported by analytical work is that a higher oxygen
pressure is needed to compensate for oxygen defi-
ciency, improve cationic stoichiometry, and reduce
structural damage due to resputtering of the deposited
film by highly energetic plasma species.*' ~** While an
optimal pressure close to 200—300 mTorr is usually
cited for Manganite films, counterintuitively, Song
et al*® and confirmed by Kourkoutis et al'” have
discovered that significantly lower pressure levels—
1 mTorr and down to 10~° Torr—can be highly bene-
ficial for structural and physical properties of Manga-
nite films and interfaces in heterostructures, provided
that the laser fluence is reduced to decrease the kinetic
energy of particles in the deposition flux.

In this study, we found the existence of a borderline
oxygen pressure in the range between 20 mTorr
and 50 mTorr during the growth of LCMO films on
TiO,-terminated SrTiO5 (001) substrates. We observed
dramatic changes in the surface structure at meso-
scopic and atomic levels, and hence, in growth dy-
namics with relatively small change of the oxygen
pressure. The observed modification of the growth
behavior is proposed to occur due to dependence
of the effective mobility of Mn adatoms on oxygen
pressure.

RESULTS

LCMO Film Growth. Las/sCassMnOs films of ~50 unit
cells (u.c.) thickness (~20 nm) were grown by PLD on
TiO,-terminated SrTiO; (001) (STO) substrates at a
temperature of 750 °C as described in the Methods
section. We present here results for two background
oxygen pressures: 20 mTorr and 50 mTorr. The results
for 20 mTorr were reproducible with a lower pressure,
10 mTorr, as well. The growth was monitored in situ
with use of high-pressure reflection high-energy elec-
tron diffraction (RHEED). Immediately after deposition,
samples were cooled down to 400 °C at a rate of
150 °C/min in the growth pressure. After that, the
deposition chamber was evacuated of oxygen to pre-
vent excessive oxygen adsorption, and samples were
quickly transferred in situ in UHV into an STM chamber
maintained at a pressure <3 x 10~ '° Torr for further
cooling before imaging. STM imaging was performed
at room temperature at an operating pressure <3 x 10710
Torr in constant current mode. All images presented in
the paper were taken with the tip negatively biased in
respect to a grounded sample.

Standard ex situ X-ray diffraction w-26 scans and
reciprocal space mapping confirmed epitaxial film
growth with pseudocubic (001) film surface and showed
that the films are fully strained to the substrate and of a
good structural quality. However, the films were not
optimized in respect to bulk physical properties. In
particular, measurements with a SQUID magnetometer
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showed a Curie temperature of about 200 K for films
deposited at 50 mTorr of O,, which is lower than about
260 K in bulk LCMO with the same composition.

The perovskite-like LCMO lattice structure along the
pseudocubic [001] direction can be viewed as alter-
nating A-site (La,Ca)O and B-site (MnO,) layers, and this
notation as well as the pseudocubic notation for
description of the lattice and surface structures are
adapted further in the paper.

The inset in Figure 1 shows an image of a RHEED
pattern from the film surface taken in vacuum imme-
diately after film deposition at 50 mTorr. The pattern
has strong spots of the zero Laue zone accompanied
by weak streaks, which evidence a certain degree
of disorder on the film surface. The intensity of the
specular spot versus time during deposition is shown in
the main panel of Figure 1, and exhibits clear oscilla-
tions for all 48 layers of the film, characteristic for layer-
by-layer growth, with intensity relaxation toward high-
er values after deposition stop. The RHEED oscillation
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Figure 1. RHEED oscillation of the specular spot for growth
at an oxygen background pressure of 50 mTorr. Inset shows
a RHEED pattern from the films surface taken shortly after
deposition was stopped.

period remains nearly constant during deposition
(Figure S1in Supporting Information) strongly pointing
to conservation of substrate termination during film
growth.

STM Imaging and Structural Surface Characterization.
Figure 2a displays a large-scale STM image of the
50 mTorr film obtained in situ at room temperature.
In the image, there is a clearly visible vicinal step
preserved from the pristine substrate surface. The
adjacent terraces are covered by multiple islands as
well as holes of similar size corresponding to just
started and almost complete layers of the growing
film. Figure 2b shows the height distribution in the
images of Figure 2a. There are four well-resolved peaks
separated by distances close to 200 pm, corresponding
to about a half-unit cell. The number of peak pairs
indicates the number of full-unit-cell layers simulta-
neously exposed to the surface, and is equal to three,
corresponding to nearly ideal layer-by-layer growth. At
the same time, it is apparent that the height distribu-
tion indicates a mixed termination of the surface and
each peak corresponds to terraces of the same termi-
nation, although the terminations take unequal frac-
tions on the surface.

An atomically resolved image of the film surface is
shown in Figure 2c. As seen, the surface at the atomic
scale consists of two distinctly different structures:
one with a disordered appearance in the image and
a highly ordered one with a clear (W2 x +/2)R45°
reconstruction. The structures are alternating in aver-
age height producing a step-like morphology. The line
profile, Figure 2d across the steps along the line in
Figure 2c reveals that the average change from one
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Figure 2. (a) A large-scale STM image of a film surface grown at 50 mTorr oxygen pressure (V= —1.8V, l;= 55 pA). (b) A plot of
height distribution in the image o\f/panel (a) indicating a mixed termination of the surface. (c) A high-resolution image of the
2

surface in panel (a) revealing a (

x +/2)R45° reconstruction patterns of islands and holes corresponding to one of the

terminations and a disordered structure of the other (V; = —2 V, I, = 55 pA). (d) A height profile along the green line in
(c) evidencing that the ordered and disordered structures belong to different terminations. (e) A LEED pattern from this
sample taken at an acceleration voltage of 33 V; the pattern indicates the (\/2 X \/2)R45° reconstruction.
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Figure 3. (a) A large-scale STM image of a film surface grown at 20 mTorr oxygen pressure (V= —1.7 V, I, =48 pA). (b) A plot of
height distribution in the image of panel (a) indicating single termination of the surface. (c) A high-resolution image of the
surface in panel (a) revealing (v/2 x v/2)R45° patterns along island edges, which provides evidence for the presence of small
areas of the second termination (V; = —2V, I, = 30 pA). (d) A height profile along the green line in (c). (e) A high-resolution
image of a portion of the smooth surface in (c) (V; = —0.7 V, I, = 130 pA). The image clearly shows a (1 x 1) surface. (f) A LEED
pattern from this sample taken at an acceleration voltage of 43 V; the pattern indicates an unreconstructed (1 x 1) surface.

structure to the other is close to 200 pm, i.e., one-half
unit cell. It can be concluded that the distinctly different
surface structures belong to different surface termina-
tions of the perovskite lattice. The termination dominat-
ing in the large-scale image (and corresponding to the
highest peak in Figure 2b) is disordered in appearance in
the high-resolution image. Since the STM is not sensitive
to the chemical composition of the surface, the termina-
tions cannot be identified based on STM alone, which
would be a key step for understanding the nature of the
disorder as well as the reconstruction in the images. To
confirm that STM observations are valid for large length
scales, we performed a low energy electron diffraction
(LEED) characterization of the film surfaces. In agree-
ment with the STM results, LEED showed a sharp (/2 x
+/2)R45° diffraction pattern evidenced by Figure 2e (with
the disordered parts of the surface contributing to the
diffuse background).
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To explore the connection between the observed
surface morphology and plume energetics, we have
deposited altogether eight films at 50 mTorr of oxygen
pressure varying the laser fluence on the target in the
range between 0.8 and 2.6 J/cm? and, notably, found
that, surface morphology seen in Figure 2 is present in
the whole range.

As the next step, we performed depositions at a
reduced oxygen pressure of Po, = 20 mTorr keeping all
other deposition conditions unchanged. Figure 3 dis-
plays images obtained from a film deposited at Po, =
20 mTorr. As seen, the film surface is dramatically
different. First, it is covered by terraced mounds of
multiple unit cells heights evidencing imperfect layer-
by-layer growth (Figure 3a). We note that the RHEED
oscillations ceased near the 20th maximum during
growth of this film, after which the growth was con-
tinued to nominally 50 u.c. thickness based on the time
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elapsed from the deposition start and the period of
RHEED oscillation at the initial stage of growth. The
final RHEED pattern was weak and streaky. The height
distribution of the large-scale image in Figure 3b dis-
plays only peaks separated by about 400 pm corre-
sponding to terrace steps of one full unit cell height.
However, atomically resolved images reveal mixed
termination of the surface: there are small portions
of a second termination evident from inspection of
Figure 3c and d. The minority termination is visible
along the island edges in Figure 3¢, and again, it shows
an ordered (+/2 x +/2)R45° structure similar to the case
of the higher deposition pressure. The dominating
termination, in contrast, looks smooth and featureless
except for a small number of adatoms predominantly
grouped at the island edges. It is possible to further
resolve the atomic lattice on the majority termination
by increasing the tunneling current and moving the tip
closer to the surface. As seenin Figure 3e, the surface of
the dominant termination is unreconstructed, with a
(1 x 1) structure and a small corrugation <15 pm. LEED
showed a clear (1 x 1) diffraction pattern (Figure 3f);
the relative fraction of the (+/2 x +/2)R45° surface was
too small to produce a significant spot intensity above
background in this case.

An important observation made with STM imaging
is that the (v/2 x +/2)R45° surface is common to films
deposited at 20 mTorr as well as 50 mTorr. In an earlier
work, similar (v/2 x +/2)R45° reconstructed surfaces
were observed by Fuchigami et al.®® on the surface of a
Las/gCaz;g MnOs film prepared by PLD following a
different recipe (with use of ozone during deposition)
and were associated with oxygen atoms adsorbed on a
B-site (MnO,) terminated surface. The connection be-
tween (v/2 x +/2)R45° structures and adsorbed oxygen
was established by Fuchigami et al. on the basis of
anneals in UHV and in atmosphere of ozone/oxygen
mixture, where it was found that the surface structure
changes in response to the annealing conditions and
sequence. In particular, the (v/2 x +/2)R45° structures
could be converted into (1 x 1) structure by anneals
in UHV at 400 °C for 40 min. We conducted similar
anneals in UHV with our films, and in contrast to ref 38,
the (v/2 x +/2)R45° structures were found to be stable
after anneals in UHV up to a temperature of 550 °C
for durations up to 90 min. Therefore, we conclude
that the (v/2 x +/2)R45° structures on the surface of
our films cannot be explained by surface oxygen
adsorption.

Before proceeding to the detailed analysis of the
surface chemical composition with the goal to identify
the film terminations, it should be noted that STM
imaging was performed nearly exclusively with a tip
negatively biased in respect to a sample, correspond-
ing to an empty-state image. Attempts to perform
imaging at positively biased tip were largely unsuc-
cessful. We repeatedly observed that application of a
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positive bias to the tip during scanning resulted in a
transfer of atoms from the sample surface to the tip
with loss of imaging stability. Stable imaging could be
recovered afterward only by applications of negative-
polarity pulses to the tip (up to —4 V amplitude and
30 ms duration). Such pulsing generally resulted in
deposition of material on the sample surface. This
effect was especially strong while imaging the
50 mTorr films; therefore, its cause should be probably
sought in the presence of weakly bound adsorbents,
such as oxygen ions and calcium oxide clusters, on the
film surface, which can be transferred to the tip by
an electric field. However, we repeatedly observed
that the (v/2 x +/2)R45° surface is far more accessible
for stable imaging both at negative and positive
biases without change in overall appearance indepen-
dently on the bias polarity (Figure S2 in Supporting
Information). These suggest that the (v/2 x +/2)R45°
surface has significantly less adsorbed species and is
more chemically stable.

Angle-Resolved XPS Measurements. |n order to clarify the
chemical composition of the film surfaces and to
identify surface layers exhibiting different structures
in the STM images, we employed in situ angle-resolved
X-ray photoemission spectroscopy (AR-XPS). This sur-
face-sensitive spectroscopic technique was applied
in the past with the same purpose to high-temperature
superconductors* and later to perovskite manga-
nites.**~* We collected XPS spectra for a set of
different emission angles in respect to the surface
normal (polar angles) to probe the film surface com-
position up to varying depths. Namely, spectra ob-
tained at more gliding angles are more sensitive to the
surface composition, and therefore, analysis of spectra
as a function of emission angle allows differentiating
surface composition from composition of the bulk. For
these measurements, samples were rotated along a
[100] axis with detection of electrons photoemitted in
the (100) plane. The AR-XPS measurements were car-
ried out at room temperature in situ soon after com-
pletion of the STM work (i.e.,, within 24—36 h. after
sample deposition) following sample transfer in UHV
from the STMinto an analysis chamber, so that possible
surface contamination with carbon and hydrocarbons
was minimized. Figure 4 shows the polar angle depen-
dence of the ratios [Mn 2p]/([Ca 2p]-+[La 3d]), [O 1s]/
([Ca 2p]+I[La 3d]), and [Ca 2p]/([Ca 2p]-+[La 3d]), where
square brackets denote integrated intensities of the
corresponding core level peaks normalized as de-
scribed in the Methods section. The effective attenua-
tion lengths (EAL) for the electron kinetic energies
corresponding to these peaks are in the range from
about 1.1 to 1.7 nm, which means that the spectra are
primarily sensitive to composition within the top
3—4 u. c. of the film for emission along the surface
normal, and to somewhat more than 1 u.c. at the polar
angle equal to 70 degrees.
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Figure 4. (a) Solid curves are normalized core-level intensity ratios of Mn to (La,Ca), [Mn 2p]/([Ca 2p] + [La 3d]), as functions of
the emission polar angle for films deposited at 20 and 50 mTorr of oxygen background pressure. Dashed lines are data
obtained with Monte Carlo simulations for the cases of A- and B-site terminations. (b) Same as panel (a) for normalized core-
level intensity ratio of O to (La,Ca), [O 1s]/([Ca 2p] + [La 3d]). (c) Solid curves are normalized core-level intensity ratio of Ca to
(LaCa), [Ca 2p]/([Ca 2p] + [La 3d]), as functions of the emission polar angle for films deposited at 20 mTorr and 50 mTorr.
Dashed lines are data obtained with Monte Carlo simulations for Ca content x = 0.75 and x = 0.55 in the terminating layer, and
for an even distribution of Ca in a film with x = 3/8. Square brackets denote normalized intensities of corresponding core-level

peaks.

We start the analysis of the AR-XPS data from the
angular dependence of the [Mn 2p]/([Ca 2p] + [La 3d])
ratios, because this ratio is most sensitive to the type
of the surface termination. Notably, the curves in
Figure 4a indicate that the films deposited at 20 mTorr
and 50 mTorr exhibit opposite trends for this ratio with
increasing polar angle as would be expected from films
with different—A- or B-site—terminations.***’ Speci-
fically, the ratio [Mn 2p]/([Ca 2p] + [La 3d]) is larger for
the film deposited at 20 mTorr and increases at larger
polar angles as expected for a predominantly B-site
terminated film due to scattering of electrons emitted
from Ca and La atoms in the A-site layer under the top
B-site layer. In turn, this ratio is smaller in the 50 mTorr
film, and it decreases with increasing angle, as would
be expected for an A-site terminated film.

Since the oxygen content is different in (La,Ca)O
and MnO, layers, the ratio [O 1s]/([Ca 2p]+[La 3d]) is
also indicative of the surface termination. As seen in
Figure 4b, this ratio is increasing with the polar angle in
the films deposited at 20 mTorr and smaller with an
opposite trend in the 50 mTorr film, the behavior that is
expected from B-site and A-site terminated surfaces,
respectively.

Angular dependences predicted by the Monte
Carlo simulations for fully A-site and B-site terminated
films using model structures (described in the Methods
section) are also shown in Figure 4a and b. Before
discussing the model results in comparison with the
experimental data, we should note that the simplified
model used does not reproduce all aspects of electron
emission in the single-crystalline epitaxial film. In par-
ticular, the model takes into account discreteness of
the film lattice only along the surface normal, repre-
senting atomic layers as amorphous and structureless.
Therefore, diffraction effects associated with anisotro-
pic forward scattering as well as atomic-scale details of
the surface structure could not be captured in simula-
tions. Diffraction effects,*® which lead to peak intensity
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oscillations vs emission angle, may contribute up to
30% discrepancy between simulated and experimental
intensity ratios at a given emission angle for elements
located at unequivalent sites in the crystal lattice.
Consequently, the model does not allow distinguish-
ing between fully A- or B-site terminated surfaces and
predominantly A- or B-site terminated surfaces. In the
latter case, the XPS will show a weighted average of
signals from single-terminated surface areas with
statistical weights equal to areal fractions of the
terminations.

Bearing this in mind, while simulations correctly
reproduce the overall behavior (Figure 4a and b), the
simulated data can be used only with this stipulation
for estimates and for conclusions based on general
trends in the case of [Mn 2p]/([Ca 2p] + [La 3d]) and
[O 1s]/([Ca 2p]+I[La 3d]) ratios. There is a good agree-
ment between experimental data and calculations for
both A- and B-site terminated model structures and
both the ratios considered above; the agreement is
especially good for the higher-pressure film. Note that
the data clearly shows that the films have different
terminations, and the higher-pressure film has A-site
surface termination. The AR-XPS measurements were
performed with several films deposited at 50 mTorr
with similar results. However, this is an unexpected
result: in all experiments with 50 mTorr depositions,
analysis of the RHEED intensity oscillations do not
indicate termination conversion during film growth,
and consequently, suggest preservation of the sub-
strate B-site termination. This contradiction is further
discussed and interpreted in the Discussion section
below.

Combining the results of STM and AR-XPS, we
unambiguously conclude that the (1 x 1) surface of
the 20 mTorr film is MnO,, and is thus B-site terminated
in agreement with the identifications made for STM
images of similar LCMO films by Fuchigami et al.® and
Shimizu et al®' Consequently, the (v2 x +/2)R45°
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structure in our films is a signature of an A-site termi-
nated, (La,Ca)O, surface. The nature of the disordered
structure in the images of the 50 mTorr films is still to
be clarified. On the basis of STM images, the highly
ordered (v/2 x /2)R45° structure is not the dominat-
ing termination in the 50 mTorr film, and by exclusion,
the disordered structure should be ascribed to B-site
termination unless it consists of adsorbed atoms
and atomic clusters. Therefore, below we performed
further steps in analysis of the AR-XPS data.

We turn to the [Ca 2p]/([Ca 2p]+[La 3d]) ratio, which
can be employed to deduce the depth profile of Ca/La
ratio in the A-site layers near the surface. (Note that
that the measured [Ca 2p]/([Ca 2p]+I[La 3d]) ratios are
almost insensitive to the surface termination as was
verified by Monte Carlo simulations. Also, since La and
Ca occupy the same A-type sites in the perovskite
lattice, diffraction effects do not affect these ratios.)
As seen from the curves in Figure 4c, the [Ca 2p]/
(ICa 2p]+I[La 3d]) ratios in both films are clearly in-
creasing toward larger polar angles. Since this does not
reflect a change in terminations, it evidence instead
that Ca is segregated toward the surface in both the
cases. Note that the segregation is distinctly stronger
in the film deposited at the higher oxygen pres-
sure. Comparison with corresponding curves obtained
using the Monte Carlo-simulated spectra allows an
estimation of the Ca concentration in the top layer
and the degree of segregation. Using the general
formula La;_,Ca,MnOs3, we conclude that x ~ 0.75 at
the surface of the 50 mTorr film. To independently
determine the degree of Ca surface segregation,
we have also measured splitting of the Mn 3s peak
at normal emission for this sample using monochro-
matic Al K, X-ray source (Figure S3 in Supporting
Information). Splitting of the Mn 3s can be used as an
indicator of average Mn valence in Mn compounds.*
On the basis of the data of ref 50, the measured
splitting of AEs, = 4.8 eV would correspond to a Mn
formal valence of ca. 3.6, and assuming oxygen stoi-
chiometry, to Ca content of x ~ 0.55. For the used
model of Ca concentration profile, this number is close
to an average x &~ 0.52 in the top three unit cell layers
with x & 0.75 in the terminating unit cell layer. In turn,
the estimated surface Ca content in the 20 mTorr film is
close to 0.5. These conclusions were verified with use of
La 4d core-level peaks with similar results.

To further elucidate the chemical composition of
the film surface, we inspected the shapes of individual
core level peaks. No differences in peak shapes and
positions were found for all peaks regardless of sample
and emission angle, with an exception of the O 1s peak.
As shown in Figure 5a, the O 1s peaks of the 20 mTorr
sample can be deconvoluted in two Gaussian—
Lorentzian component peaks independently on the
emission angle; addition of a third peak does not
improve the fit. However, use of only one peak is
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Figure 5. (a) Photoemission spectra of the O 1s state after
background correction for films deposited at 20 mTorr (left)
and 50 mTorr (right); the spectra were acquired at emission
polar angles of 0°, 50°, and 70° (from top to bottom). The
peaks were deconvoluted using three Gaussian—Lorentzian
components denoted “a”, “b”, and “c” in the lower right
subpanel. (b) O 1s component intensity ratios as functions
of emission polar angle. The curve identifications are shown
inside the panel. Component lettering is in panel (a).

insufficient to reproduce the peak shape. The two
component peaks are a narrower peak at a lower
binding energy and a broad peak approximately
0.5 eV higher in binding energy. While the component
peak intensity ratio is distinctly dependent on the polar
angle as well as the predominant surface termination
(Figure 5b), it is apparent that both component peaks
should be ascribed to bulk oxygen in the LCMO lattice.
On the basis of the larger contribution of the broader
peak at greater gliding emission angles, it can be
assumed that lattice defect sites contribute to the
larger width of higher binding energy component
peak as well as inhomogeneities in the Ca distribution
along the surface (possibly reflected in the uneven
contrast in the image in Figure 3e). The same two
component peaks were sufficient to fit the O 1s peaks
of the film deposited at 50 mTorr in the spectra
obtained at polar angles below 30 degrees. In contrast,
at larger angles, a third component peak should be
added at a binding energy approximately 1.1 eV higher
than the narrow peak for a satisfactory fit. The presence
of the third component is especially clear from the high
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binding energy shoulder of the O 1s peak at
70 degrees. The spectral weight of the third compo-
nent greatly increases with increasing emission
angle, from <10% at angles below 50° to about 20%
at 70°, indicating that this component peak originates
from some form of surface oxygen, similarly to the
conclusion made for a close XPS peak structure in
a work with fractured single crystals of LSMO by
Mannella et al.”’

Taking into account the larger Ca segregation
revealed by AR-XPS in this sample, oxygen can be
bound with Ca in loose CaO clusters on the surface.
Such clusters may be of extrinsic origin, forming in the
laser plasma plume at the larger background oxygen
pressure, which seems to be suggested by the STM
images of the 20 mTorr and 50 mTorr films. Hence, we
have additionally inspected the corresponding Ca 2p
peaks to examine this possibility. In the literature,>*>3
higher binding energy satellite shoulders were ob-
served at the Ca 2p core-level peak in samples with a
large density of defects and with a strong Ca segrega-
tion on the surface. In particular, Choi et al.>® observed
Ca 2p peaks with higher-binding energy satellites in
LagoCap1MnOs films, which were attributed to sur-
face Ca segregation and associated defects. No such
higher-binding-energy satellites were found at the
Ca 2p peaks of all our measured samples, independent
of the sample and emission angle (see Figure S4 in
Supporting Information). The lack of such peaks
strongly points to absence of any significant amount
CaO clusters on films surfaces, and therefore, we
conclude that amount of Ca not incorporated in the
lattice is negligible in our films. In addition, the analysis
above indicates that the amount of adsorbed atomic
oxygen on the (1 x 1) surface (of the 20 mTorr film) is
also negligible, correlating well with results of high-
resolution STM imaging by Fuchigami et al.®

DISCUSSION

We turn here to possible interpretations of the
combined RHEED, STM and AR-XPS results. It can be
concluded that that the disordered areas seen in the
STM image of the 50 mTorr film largely consist of
small—few unit cells in lateral dimensions—islands
of incomplete MnO, layer. The layer can viewed as
having multiple cation and/or anion vacancies
and, therefore, a significant degree of structural and
electronic disorder, details of which are difficult to
resolve in STM (this is more evident from rare filled
state images such as in Figure S2b in Supporting
Information). On the basis of the analysis of the corru-
gation height over the disordered termination in a
large number of STM images, we exclude a scenario,
when the atoms of the top B-site termination tend to
“pile” into three-dimensional island after the deposi-
tion stops. Apparently, the structural imperfection of
the top B-site layers does not prevent the lateral
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growth of (La,Ca)O islands on top so that the growth
occurs in the effectively layer-by-layer mode. It can be
assumed that the MnO, layer structure develops to a
nearly perfect one as it becomes buried in the course of
the further growth. (However, the defects may become
incorporated in the bulk of the films during growth as
well.) This agrees both with RHEED behavior and with
the AR-XPS results. Indeed, the small two-dimensional
islands on top attenuate the flux of electrons photo-
emitted by the underlying A-site layer less as com-
pared to a continuous layer. Additionally, STM images
show that the fraction of the large-area exposed A-site
termination is much larger than that for the film
deposited at a lower pressure. Overall, this leads a
predominantly A-site surface termination seen in the
AR-XPS measurements of the 50 mTorr films. The
defect-rich MnO, surface may readily adsorb oxygen
after deposition stop, which is in part responsible for
the disordered appearance of the B-site termination in
the STM images and the instability of the STM imaging
at positive tip biases mentioned above.

On the basis of these conclusions, we speculate that
the film growth process can be described as formation
of continuous A-site islands on top of a B-site layer
due to a higher mobility of Ca and La on the B-site
terminated surface. MnO, islands nucleate on top of
(La,Ca)O islands; however, the number and size of
B-site islands depend on the mobility of Mn adatoms,
which is a strong function of oxygen pressure, with
higher mobility at a lower pressure. The layer-by-layer
growth occurs in a way that it is “led” by (La,Ca)O half
unit-cell planes with B-site (MnO5) half unit-cell islands
being formed on top. Generally, this growth mode
should result in mixed termination of the films. At a
higher pressure, lower mobility of Mn adatoms causes
a relatively higher degree of atomic scale disorder in
MnO, planes, even though the growth proceeds in a
nearly ideal layer-by-layer fashion. Giving a higher
mobility of Mn adatoms, a lower oxygen pressure leads
to a significantly smoother film surface at the atomic
scale. The finding of the varying degree of a mixed
termination may also explain contradictory conclu-
sions about the type of the termination in similar
LSMO films in literature.*'*8>*3> We note here that
our analysis reveals that care must be taken in ascribing
terminations based on RHEED data alone; the fact of a
B-site terminated substrate and the appearance of a
layer-by-layer growth cannot be taken as indicative of a
B-site terminated film. Further, though well-known in
theoretical works on RHEED,?® the oscillation maxima
themselves do not correspond to complete layer
growth, and the possibility of mixed terminations
exists, even when the film deposition is stopped at
the RHEED intensity maximum.

The exact coupling mechanism between Mn adatom
mobility and oxygen pressure cannot be resolved based
on the results reported here and requires further work.
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The higher mobility can be a consequence of a higher
average kinetic energy of the species in the plasma
plume at a lower background pressure. A sharp transi-
tion in the growth mode and film surface morphology
over background oxygen pressure was previously re-
ported for PLD of related complex oxides, e.g., SrRuO3
in ref 57 and Lag ;Srp3MnOs in ref 58. In the latter case,
the transition was attributed to pressure dependence
of the so-called “plume range” (i.e., the distance from
the target, at which species in the laser plume start to
be thermalized due to interaction with a background
gas®®%%) and interpreted in the framework of the
structure-zone model of Thornton,®' which provides
a simple phenomenological link between film mor-
phology and energy of incoming particles. However,
our results, especially independence of the surface
structure at Po, = 50 mTorr on the laser fluence in a
broad range from 0.8 to 2.6 J/cm?, suggest that the
picture is more complicated, and other effects not
captured by this interpretation should be considered.
In particular, an additional possibility is that a lower
oxygen content of the A-site layer at a lower back-
ground pressure, modifies the surface lattice constant
and, consequently, modifies the energy barriers for
adatom motion on the surface.

At this point, the question about the nature of
the (v/2 x +/2)R45° reconstruction on the A-site-
terminated surface remains open and requires a
further work as well to be clarified. The reconstruction
can be driven by the electrostatic energy associated
with the (partially) polar LCMO (001) surface. We note
also that the A-site planes have a rock salt structure,
which should be under a large, 8—10%, tensile strain
in respect to the bulk three-dimensional rock salt
lattice. The observed reconstruction can be a pathway
to accommodate this strain. Further, we cannot rule out
the possibility that the observed reconstruction can be
associated with the regular pattern of Jahn—Teller
distortions, similar to the pattern produced by the
charge-ordered state as observed by STM on the surface
of a Bi;_,Ca,MnOj; single crystal 32

One more important fact revealed by our AR-XPS
measurements is a smaller degree of surface Ca seg-
regation at the reduced oxygen pressure during de-
position. This result indicates a trend which is opposite
to that found for Sr surface segregation in Lag;Sro3sMnOs
in response to changes in oxygen pressure during
anneals.®® Cation segregation at the surface is common
in perovskite oxides, and in particular in LaA’MnO;
(A = Ca, Sr, Ba) thin films.374>636% The exact nature of
the segregation is currently under debate; however,
multiple driving forces can be of a different degree
of importance depending on concrete internal and
external factors. They may include reduction of sur-
face energy due to reconfiguration of chemical
bonds, reduction of lattice strain caused by cation size
difference, as well as electrostatic interactions between
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charged cations, vacancies, and the space charge near
polar surfaces or interfaces of polar perovskite oxides.
Reduction of lattice elastic energy by redistribution of
cations with different ionic radii across the film thick-
ness is most frequently invoked as a driving mecha-
nism of the segregation in thin films. In the case of LCMO
films on STO, the tensile epitaxial strain drives large
La** ions toward the film/substrate interface, facilitat-
ing segregation of smaller Ca®* at the film surface. The
oxygen deficiency results in increase of the film lattice
constant, which also provides a driving force for
Ca segregation at the film surface. Experimentally,
Ca segregation was reported on surfaces of LCMO
films deposited by PLD as well as by magnetron
sputtering.**® Taking into account a short time of film
exposure to high temperatures after deposition stop,
Ca segregation found in our films should be viewed as
a highly dynamic process occurring during films
growth. Among the factors mentioned above, we
consider dynamic reduction of the electrostatic com-
ponent of the surface energy as the most probable
reason for Ca segregation in our films. Transport of
Ca®" ions toward surface can evolve trough reshuffling
with atoms of the layer on top, similar to the processes
uncovered by Lee et al.?® in growth of layered oxide
films. This may explain the discrepancy in the trend
of dopant segregation vs oxygen pressure as com-
pared to the annealed films, mentioned earlier in this
paragraph.

CONCLUSION

To summarize, we have implemented in situ atom-
ically resolved STM imaging in combination with
in situ angle-resolved XPS measurement to get access
to atomic structure and chemical composition of
Las,gCas;gMnOs films grown by PLD. On the basis of
our results, we conclude that the growth process pro-
ceeds through formation of islands of A-site termina-
tion with subsequent nucleation and growth of B-site
termination layer on top. This growth mode generally
leads to double-termination of the film surface, with
B-site termination being predominant with a varying
fraction, even when growth is formally close to the
ideal layer-by-layer. The results reveal a strong effect of
the background oxygen pressure during deposition on
the features of the film surface and chemical composi-
tion. The reduction of the oxygen pressure from 50 to
20 mTorr results in a transition of the surface structure
from disordered with a relatively large fraction of A-site
termination to nearly perfectly ordered at the atomic
scale with only a small fraction of A-site termination.
This reveals the oxygen pressure is an important factor
for an accurate control of the surface termination. We
speculate that the observations can be explained by
influence of the oxygen background on mobility of Mn
adatoms. AR-XPS measurements showed as well that
Ca surface segregation is decreased with reduction of
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oxygen pressure. Additionally, our analysis reveals that
the fact of a B-site terminated substrate and the
appearance of a layer-by-layer growth in the RHEED

METHODS

Film Growth. LCMO films of 50 u.c. (~20 nm) thickness were
grown by PLD on TiO,-terminated SrTiO5 (001) substrates using
a commercial stoichiometric Las/;gCas/;gMnOs ceramic target. To
obtain single termination, STO substrates were etched in buf-
fered oxide etch solution (pH = 4.5) for 30 s and annealed in air
for 4 h at 900 °C. Prior to film deposition, each substrate was
inspected with AFM in tapping mode using the AFM tip oscilla-
tion phase signal for detection of second (SrO) termination on
the substrate surface. Only substrates with a low surface rough-
ness and a negligible fraction of the minor—SrO—termination
were selected for film depositions with following STM experi-
ments. Terrace width on the substrates was in the range from
about 200 to 400 nm. Substrate temperature during deposition
was kept at 750 °C. Background oxygen pressures used were 10,
20, and 50 mTorr. Laser fluence (KrF laser, A = 248 nm) was kept
at about 1 J/cm? at pressures 10 and 20 mTorr, and was varied
between 0.8 and 2.6 J/cm? at an oxygen pressure of 50 mTorr.
Pulsed repetition frequencies were of 5 or 10 Hz (without
noticeable difference in results). The target-substrate distance
was 70 mm. The growth was monitored in situ with use of high-
pressure reflection high-energy electron diffraction (RHEED)
with the incident beam along the [100] azimuth of the substrate.
The substrates were attached to stainless steel plates with a very
small amount of silver paint and were heated during deposition
by an infrared laser from the plate side. The amount of the silver
paint was sufficiently small to avoid contamination of the film
surface with silver.’” Immediately after deposition, samples
were cooled down without changing oxygen pressure at a rate
of 150 °C/min down to a temperature of 400 °C. After that,
the deposition chamber was evacuated of oxygen to prevent
excessive surface oxygen adsorption, and samples were quickly
transferred in situ in UHV into an STM chamber maintained at a
pressure <3 x 10~ '° Torr for further cooling to room tempera-
ture before imaging. In order to verify the bulk composition of
the films, we deposited 100 nm thick films on STO substrates
and used energy dispersive X-ray spectroscopy (EDX) to deter-
mine the film bulk composition. The EDX showed that cation
composition in the films matches that of the target within the
uncertainty of the measurements of about +5 at. %.

STM Imaging. STM imaging was performed in situ at room
temperature with an Omicron VT system at an operating
pressure <3 x 107'° Torr using mechanically cut Pt/Ir tips in
constant current mode. All images presented in the paper were
taken with the tip negatively biased in respect to a grounded
sample. Imaging with negative bias with this setup probes the
empty electronic states. We have STM-imaged altogether more
than 20 films with highly reproducible results.

XPS Measurements. The angular resolved XPS measurements
were carried out at room temperature in situ right after comple-
tion of the STM work (ie., within 24—36 h. after sample
deposition) following sample transfer in UHV into an analysis
chamber, so that possible surface contamination with carbon
and hydrocarbons was minimized. The measurements were
performed with the nonmonochromatic Al Ka radiation (hv =
1486.6 eV) from a SPECS XR50 Mg/Al double-anode X-ray source
operated at 280 W using a SPECS PHOIBOS 150 hemispherical
electron energy analyzer at room temperature in UHV at a
base pressure <8 x 10" Torr. To take the spectra, samples
were rotated along a [100] axis to vary the emission polar angle
(the angle in respect to the surface normal) along the [010]
azimuth. The spot size of the natural X-ray source in our
XPS system is some 3 mm in diameter, while the sample width
is 5 mm. This combination may result in a significant flux of
electrons emitted from the sample holder and substrate sides,
with a larger relative contribution at larger polar angles. To
avoid this parasitic effect, the analyzer lens was set to medium
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cannot be taken per se as indicative of a B-site termi-
nated film. Further work is needed to clarify the
mechanisms underlying the observed effects.

magnification mode with an appropriately chosen entrance slit
(0.5 mm x 20 mm), so that the sample view size projected on
the analyzer aperture (and visible to the detector) was restricted
to about 0.1 mm in the direction normal to the sample rotation
axis. The analyzer entrance diaphragm was set to limit the
collection angle to £2° (as follows from analyzer specifications
provided by the manufacturer). Under these settings, spurious
signals were minimized to a negligibly low level, as was verified
with a control sample made of a sputter-cleaned Cu foil cut in
the shape of a substrate and fixed on an identical sample holder.
In the control experiments, an edge of the Cu foil was moved
across the view field of the spectrometer at different polar
angles, and a Cu emission peak was recorded. The analyzer work
function was calibrated using a sputter-cleaned polycrystalline
silver foil. For high-resolution scans over selected peaks, the
pass energy was set to 60 eV.

XPS Data Processing. AR-XPS data were processed using
CasaXPS v.2.3.16 software. Peak intensities were determined
as areas under the peaks after subtraction of the Shirley back-
ground and normalization to respective core level photoioniza-
tion cross sections (relative sensitivity factors) and analyzer
transmission factors. We used the analyzer transmission func-
tion provided by the analyzer manufacturer in the analysis
of the spectra. The parameter “MFP Exponent” in CasaXPS (taking
into account the energy dependence of the electron mean free
path) was set to zero for calculations of the peak intensity ratios,
so that the values were uncorrected for the electron mean free
path for proper comparison with the numerically simulated
data. The model spectra in Figure 4 were calculated using a NIST
Standard Reference Database 100 (SESSA),°® which contains
a Monte Carlo simulation module along with a computer
expert system for quantitative interpretations of XPS spectra.
The simulated spectra were processed in CasaXPS in the same
way as experimental ones. The films were modeled as stacks of
alternating 193 pm-thick layers with chemical compositions
and densities corresponding to (La,Ca)O and MnO, planes of
the LCMO structure, as shown by an example model in Figure S5
in Supporting Information. This model mimics the analytical
model used in ref 45 with exponential decay of the Ca con-
centration x from surface to the bulk value. Primary to the
Monte Carlo simulations, we used the analytical model for
estimations of Ca surface concentration and of concentration
decay length to approximate the experimental data. The Monte
Carlo-simulated curves shown in Figure 4 were obtained with a
Ca content x = 3/8 in the A-site layers located more than 3 u.c.
away from the surface. To calculate concentrations in the top
second and third A-site layers of the Monte Carlo model, the
decay lengths in the analytical model were set to 0.5 u.c. and
0.15 u.c. for x = 3/4 and x = 0.55 at the surface, respectively. The
effective attenuations lengths (EAL) for the electron kinetic
energies corresponding to analyzed peaks were determined
from the NIST Standard Reference Database 82.%°
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