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Two-dimensional surface phase diagram of a multicomponent perovskite oxide:
La0.8Sr0.2MnO3(110)
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The many surface reconstructions of (110)-oriented lanthanum strontium manganite (La0.8Sr0.2MnO3, LSMO)
were followed as a function of the oxygen chemical potential (μO) and the surface cation composition.
Decreasing μO causes Mn to migrate across the surface, enforcing phase separation into A-site-rich areas
and a variety of composition-related, structurally diverse B-site-rich reconstructions. The composition of these
phase-separated structures was quantified with scanning tunneling microscopy, and these results were used to
build a two-dimensional phase diagram of the LSMO(110) equilibrium surface structures.
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The surfaces of oxide materials, both in their bulk form
and as (ultra)thin films, are rarely bulk terminated. Instead,
they form a multitude of diverse and complex structural con-
figurations as a function of their oxygen content [1–6], their
cation composition (for multielement materials) [7,8], and,
in the case of metal-supported ultrathin films, the support
itself [3,5]. This manifold of phases is determined by a del-
icate interplay between polarity compensation [9], variability
of the oxidation state of the metal atoms as a function of
the oxygen chemical potential (½μO2 [10,11], henceforth μO

for simplicity), strain and defect-formation energies [12], and,
depending on the preparation conditions, kinetic effects [5].

Mapping out the parameter space of the equilibrium
surface phases of metal oxides is important from both, fun-
damental, and application standpoints: The many available
studies on binary oxides and the few pioneering works on per-
ovskite oxides (ABO3) prove that each surface reconstruction
has unique properties and a potential for applications, ow-
ing to the specific arrangement, coordination, and electronic
structure of its topmost atoms [13–20]. Building quantitative
phase diagrams for the surface phases of metal oxides is
thus essential to determine their stability limits and potential
areas of application. In other words, with an established phase
diagram one can pick the appropriate experimental conditions
to obtain specific surface phases.

The surfaces of perovskite oxides are particularly relevant
for many emerging and established technologies [21–24],
and yet they are scarcely explored. One prominent exam-
ple is lanthanum strontium manganite (LSMO). Owing to
its many and diverse physical properties (among others, half
metallicity, colossal magnetoresistance, metal-insulator tran-
sition, anti/ferromagnetic to paramagnetic transitions, high
electronic conductivity at elevated temperatures), LSMO is
used in widely different fields, e.g., spintronics [25–27], catal-
ysis [28,29], energy conversion [30,31], and various thin-film
technologies [32–34]. In all cases, the role of LSMO surfaces
and interfaces is key, which calls for a comprehensive under-
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standing of the equilibrium surface phases of LSMO at the
local (i.e., atomic) level. This must be performed as a function
of both the cation and the oxygen concentrations (the latter
depends on the value of μO at which the surface is treated):
Both parameters induce structural phase transitions [35–37],
influence the physical properties named above [36], affect
the performance of LSMO-based devices [38–41], and cause
emergent phenomena in LSMO thin films [42]. To date,
however, there exists no experimental investigation that simul-
taneously maps out the equilibrium surface phases of LSMO
(nor of any other multielement oxide) as a function of the
cation composition and μO. The few studies available have
unveiled that perovskite oxide surfaces typically consist of
B-site-rich structures made of one or two atomic layers of
differently linked polyhedra [43,44], and have focused on
their relation to the A : B cation ratio at the surface. In some
cases, quantitative compositional relations between the differ-
ent structures have been established [7,8,45,46]. On the other
hand, some theoretical works have explored the phase diagram
of LaMnO3 surfaces as a function of both the cation com-
position and μO [47–49]. However, these studies most often
assume bulk-truncated terminations, which, as demonstrated
here, are an oversimplification of reality.

This Letter pushes the experimental characterization of
perovskite oxide surfaces, by investigating the effect of
the cation composition and μO on the local surface prop-
erties of (110)-oriented LSMO. Single-crystalline films of
La0.8Sr0.2MnO3 were grown on Nb-doped SrTiO3(110) sub-
strates by pulsed laser deposition (PLD) (≈100 nm, 700 ◦C,
1 Hz, 2.2 J/cm2, 4 × 10−2 mbar O2) [8]. Their surfaces were
investigated in an ultrahigh vacuum (UHV) surface-science
setup attached to the PLD chamber, equipped with scanning
tunneling microscopy (STM), low-energy electron diffrac-
tion (LEED), x-ray photoelectron spectroscopy (XPS), and
low-energy He+-ion scattering (LEIS) (for details about the
experimental methods, see Refs. [8,50], and Sec. S1 in the
Supplemental Material [51]). Previous studies have shown
that these films exhibit composition-related surface recon-
structions at 700 ◦C and 0.2 mbar O2, and have established
the differences in cation coverages between them [8]. These
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FIG. 1. Equilibrium surface structures of LSMO(110). Top: 12 × 12 nm2 STM images; bottom: LEED. O2 pressure ranges (millibar)
where each reconstruction is stable at 700 ◦C are reported at the top. (a)–(c) High-pressure (HP) structures, obtained by depositing Mn or La
in PLD plus O2 annealing [8]. (d)–(f) Low-pressure (LP) structures, formed by annealing the HP structures at low pressure. The (1 × 1)HP/LP

surfaces have the same cation composition. Each structure is identified at the top by its superstructure periodicity and/or by a descriptive,
shorthand label used in the text. Relative compositions are given in the bottom axes [1 ML is the number of Mn atoms in an (AMnO)2 plane of
LSMO(110), 4.64 × 1014 cm−2].

phases, here referred to as “high pressure” (HP), are shown
for reference at the left-hand side of Fig. 1, and are de-
scribed in detail in Sec. S2 [51]. The current work is based
on the behavior of the HP phases over a wide range of μO

values (between ≈ − 2.1 eV and ≈ − 1.4 eV, corresponding
to annealing between UHV and 0.2 mbar O2 at 700 ◦C):
When decreasing μO (i.e., at more reducing conditions), the
surface phase-separates, exposing new “low-pressure” (LP)
structures. These are collected at the right-hand side of Fig. 1,
and are described in detail in Sec. S3 [51]. Their relative
compositions, as derived in this Letter, are reported in the
bottom axis in terms of monolayers (ML) of Mn.

After exploring the behavior of the HP structures with
decreasing μO and the process of phase separation, this Letter
provides a strategy, based on STM, to organize the equilibrium
surface phases of LSMO(110) (both HP and LP) in a quanti-
tative two-dimensional (2D) phase diagram as a function of
cation composition and μO. The phase diagram outlines the
stability regions for the single-, two-, and three-phase equi-
libria observed at given combinations of cation compositions
and μO.

First, it is useful to consider the behavior of the A-site-rich
(1 × 1)HP of Fig. 1(a) with decreasing μO. This structure stays
unaltered upon annealing at 700 ◦C and 2 × 10−3 mbar �
pO2 � 0.2 mbar, but transforms into the (1 × 1)LP of Fig. 1(d)
at lower pressures (down to UHV). The (1 × 1)LP is charac-
terized by the same periodicity as its HP counterpart, and the
same cation composition [see LEIS data in Fig. S1(b) [51]].
However, it displays a glide plane that is not present
in the (1 × 1)HP, and possesses a smaller oxygen content
[see Fig. S1(b) [51]]. The (1 × 1)HP undergoes this transition
with μO regardless of whether it is the only phase or if it co-
exists with other phases at the surface (see also Sec. S2 [51]).

The other HP phases of LSMO(110) behave differently
than the (1 × 1)HP with decreasing μO, as shown below. These
monophase structures are more Mn rich and belong to a differ-
ent family with respect to the (1 × 1)HP: Small changes in the

Mn content induce a continuous evolution between the fish-
bone reconstruction and the (2 × 1) of Figs. 1(b) and 1(c) [8].
They are henceforth referred to as HP, “Mn-rich” phases, or
as reconstructions belonging to the fishbone (F) family. The
qualitative behavior of the F family with decreasing μO is ex-
emplified by Fig. 2, showing the evolution of the monophase
fishbone phase of Fig. 1(b), initially prepared at 0.2 mbar and
700 ◦C. When decreasing pO2 to 2 × 10−3 mbar at 700 ◦C,
small (1 × 1)HP areas appear (orange in Fig. 2). These patches
become larger as μO decreases, and change their atomic
structure to (1 × 1)LP. Meanwhile, the remaining fishbone-
reconstructed surface undergoes a minor structural change:
The small features highlighted by the short yellow lines in
Figs. 2(a2) and 2(b2) orient closer to the [11̄0] direction, an
indication of a slight Mn enrichment [8]. Between 1 × 10−4

and 5 × 10−6 mbar [Fig. 2(c)], larger (1 × 1)LP patches form,
while the remaining surface exposes the oblique structure of
Fig. 1(e). Below 5 × 10−6 mbar and down to UHV [Fig. 2(d)],
even larger (1 × 1)LP patches are observed, while the remain-
ing areas exhibit the stripes of Fig. 1(f). Importantly, the
process is reversible: STM confirms that the initial surface is
regained when annealing back at high pO2 .

Quantifying the (1 × 1)HP/LP areal coverages at each step
of the phase separation with STM [Fig. 3(a)] allows one
to determine the composition of the LP Mn-rich structures,
as shown below. Since the following discussion focuses on
relative cation compositions, which is the same on (1 × 1)HP

and (1 × 1)LP, these will be henceforth referred to simply
as (1 × 1), disregarding their different atomic structure and
oxygen content. In Fig. 3(a), orange symbols represent the
evolution of a monophase (1 × 1). As this surface does not
phase separate, the plot with μO shows a constant (1 × 1)
area fraction of 100%. Solid, black symbols correspond to the
experiment of Fig. 2: Decreasing μO produces increasingly
larger (1 × 1) areas. Mn-richer starting surface compositions
(gray) exhibit the same trend, albeit with a smaller slope:
Mn-richer surfaces form less of the Mn-poorer (1 × 1) areas.
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FIG. 2. Evolution of the monophase fishbone surface upon annealing at increasingly reducing conditions. (a1)–(d1), (a2)–(d2) STM images
(100 × 70 nm2, and 26 × 26 nm2, respectively). (a) Monophase fishbone surface. (b) After annealing at 2 × 10−3 mbar, small (1 × 1)HP

patches appear (orange), and small structural changes occur in the fishbone. (c) Annealing at 2 × 10−5 mbar produces (1 × 1)LP areas, and
transforms the remaining surface into the oblique structure of Fig. 1(e). (d) UHV annealing enlarges the (1 × 1)LP areas, and transforms the
remaining surface into the stripes of Fig. 1(f). The process is reversible.

(The only difference for Mn-richer F surfaces is that a mixture
of fishbone and oblique phases appears in the 10−3–10−4 mbar
pressure range.)

Importantly, for a given initial Mn concentration, the same
phases with the same quantitative coverages are observed
under the same value of μO, obtained from different combina-
tions of temperature and pO2 [dashed oval in Fig. 3(a)]. This
indicates that the observed surface structures are equilibrium
phases, and that the phase separation is not kinetically limited.

What drives the phase separation? One can rule out
evaporation of cations (due to the reversibility), as well as
cation diffusion to or from the bulk (at the employed condi-
tions, cations can travel in bulk LSMO at most one atomic
layer [52]): The phase separation thus occurs by mass trans-
port across the surface. The proposed mechanism, sketched
in Fig. 3(c), is that Mn travels across the surface and exposes
the very stable, Mn-poor (1 × 1) phase, while enriching the
remaining areas. Several facts support this scenario: (i) The
average surface cation composition stays constant, as indi-
cated by the reversibility of the process, and from the XPS
data of Fig. 3(b): These show that the intensity ratios of
selected core level peaks have no trend with μO. Given the
sensitivity of XPS to the cation composition of monophase
LSMO(110) structures [8], the absence of a trend indicates
that the average surface composition is conserved; (ii) the
LEIS data of Fig. 3(d), showing that the monophase oblique
phase is Mn-richer than the monophase fishbone; (iii) the
decreasing trend of the O 1s–Mn 2p3/2 peak separation with
decreasing μO (see Sec. S5 [51]), consistent with a decreasing
oxidation state of Mn in the LP, Mn-rich areas [8].

It is too early to tell whether the μO-dependent phase
separation witnessed for LSMO(110) can be generalized to
the class of perovskite oxides, mostly due to the current lack of
knowledge on their surfaces. The only other perovskite oxide
whose surfaces have been investigated in significant depth,
SrTiO3, shows a phase separation among stable surface struc-
tures with different A : B ratio [53], but not as a function of
μO [12]. This is presumably because SrTiO3 does not possess
the same flexibility in the oxidation state of the B cation as
LSMO [54–56], and because of the small tendency to form
oxygen vacancies in the common Nb-doped specimens [18].
Materials with easily reducible cations are expected to behave
similarly to LSMO(110): After all, structurally complex B-
site-rich surface reconstructions that depend on both cation
and anion compositions seem to be a general trait of per-
ovskite oxides [6,43,44,57]. Moreover, an AO termination
was preferentially exposed at reducing conditions also in an-
other manganite [58], and a similar effect was predicted for
LSMO(001) [49].

The remarkable diversity of the surface phases of per-
ovskite oxides calls for methods capable of accessing and
controlling their local surface properties as a function of dif-
ferent cation and anion compositions. Here, such a method
is showcased for LSMO(110). Through an application of the
lever and Gibbs’ phase rules, its surface phases can be orga-
nized in a 2D phase diagram as a function of μO and the excess
of Mn at the surface, �χMn [Figs. 4(b) and S5(a) [51]].

Section S4 [51] details the assumptions underlying the
construction of the phase diagram. It shows that the most
natural axes are μO, �χMn, and temperature, and argues that
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FIG. 3. (a) STM quantification of (1 × 1) area fractions dur-
ing the phase separation of LSMO(110) surfaces, starting from
different high-pressure phases. Each point averages over 10–12 im-
ages acquired on 300 × 300 nm2 on different sample spots. Orange:
Initially (1 × 1)HP. Solid black circles: Initially monophase fish-
bone (Fig. 2). Other symbols: Initial surfaces between fishbone and
(2 × 1). Dashed oval: Different (T , pO2 ) combinations, equivalent to
the same μO. The table indicates the annealing parameters for each
data point. Lines are a guide for the eye. (b) XPS intensity ratios
have no trend with μO within the error bars (the data correspond
to the experiment of Fig. 2, and are representative of all experi-
ments). (c) Proposed mechanism: Mn travels across the surface to
expose (1 × 1) and form new Mn-richer structures, preserving the
overall cation composition. (d) LEIS spectra of different monophase
surfaces. Differences in the relative Sr-to-La signals are related to
different sample histories, and do not affect the overall appearance
of the corresponding reconstructions [8] (see also Secs. S2 and
S4A [51]).

the latter has a negligible influence. This is why the surface
phase diagram of LSMO(110) can be fully represented in
two dimensions as in Fig. 4(b), as a function of μO and
�χMn. General considerations about the Gibbs’ phase rule
(Sec. S4 [51]) then let one predict that, at equilibrium, the
LSMO(110) surface can host one, two, three, or four distinct,
coexisting phases. This is consistent with the experimental ev-
idence, as exemplified by the monophase fishbone in Fig. 2(a),
the simultaneous presence of (1 × 1) and LP Mn-rich struc-
tures in Figs. 2(b)–2(d), and the three-phase equilibria in
Fig. S5 [51]. Four distinct phases were never observed, as
expected from the rarity of parameter combinations at which
they should appear.

To construct the phase diagram, one has to account for
the evolution of phase-separated surfaces with μO: Mn-rich

FIG. 4. Experimental 2D surface phase diagram of LSMO(110).
(a) Evolution of the composition of different phases of LSMO(110)
with decreasing μO, as derived from the data in Fig. 3(a). (b) Corre-
sponding model. Reconstructions are identified by labels, indicating
single and multiphase regions (selected STM images are shown in
Sec. S4 [51]). H, L: (1 × 1)HP,LP. F: Fishbone family. O: Oblique.
S: Stripes.

areas undergo changes in their composition and areal coverage
(Figs. 2 and 3). As discussed in Sec. S4 [51], the composition
of these evolving Mn-rich areas can be obtained from the
(1 × 1) coverages in Fig. 3(a) by applying the lever rule,
and considering that the total number of surface cations is
conserved. Figure 4(a) shows the outcome. The leftmost curve
represents the evolution of the initially monophase (1 × 1)
surface, whose cation composition is constant. The solid
black circles follow the composition of the Mn-rich areas of
an initially monophase fishbone surface (Fig. 2) that phase-
separates with decreasing μO. The other curves correspond
to initially monophase Mn-richer F structures: They remain
vertical until phase separation sets in.

The results in Fig. 4(a) are the basis to construct the surface
phase diagram in Figs. 4(b) and S5(a) [51]. The position of
the left-hand-side boundary of the stability region of the LP,
Mn-rich phases [solid line in Fig. 4(b)] is obtained by taking
the leftmost points, at given μO, among all the curves in
Fig. 4(a); it is further refined using as constraints the exper-
imentally determined phase assemblages (i.e., which phases
appear at all combinations of surface compositions and μO).
Plausible domain boundaries of additional two-phase regions
[dotted lines in Fig. 4(b)] were drawn using the same phase
assemblages, as shown in more detail in Sec. S4 [51].

Summarizing, this study demonstrates that the surface of
LSMO(110) is sensitive to both cation composition and μO,
which determine the appearance and/or coexistence of com-
plex surface reconstructions. The behavior witnessed is rich,
and agrees with the Gibbs’ phase rule, as showcased here
for the surface of a multielement oxide. The surfaces of
other multielement oxides with easily reducible cations are
expected to behave similarly.

This work advances the knowledge needed to control
complex-oxide surfaces: It demonstrates how to quantify sur-
face cation concentrations using phase separations, and how
to experimentally establish quantitative phase diagrams that
organize the multitude of structures intrinsic to complex-oxide
surfaces. Importantly, it directs one towards the conditions
needed to prepare desired surface phases.
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