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Orbital elasticity control of phase diagram for La0.67Sr0.33MnO3 films
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ABSTRACT Transition metal oxides display rich function-
alities, but intricate internal degrees of freedom pose a chal-
lenge to understanding phase diagrams as a road map for
material exploration. Here, the order of orbital energy level
(ELO) as a physical principle of phase diagrams is introduced
and demonstrated to be effective by employing La0.67Sr0.33-
MnO3 (LSMO) oxides. A phase diagram of LSMO associated
with the oxygen content and strain is built combining DFT
calculations and experiments, in which the structural stability
is closely related to ELO. We thereby find a new phase with
four-fold oxygen ordering as a result of ELO evolution. More
important, orbital elasticity law, describing the degree of or-
bital splitting, is proposed to clarify the origin of ELO evo-
lution, with the objective of design of functional oxides with
specific functionality. This work broadens the means of per-
formance modulation in the field of materials science and
opens up an opportunity for phase diagram prediction from
an orbital perspective.

Keywords: phase diagram, orbital energy level, orbital elasticity
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INTRODUCTION
Phase diagram, a graphical representation that describes the
equilibrium relationship between phases, serves as a road map
for material design and process optimization since it is the
starting point for manipulating processing variables to achieve
the desired microstructures [1–3]. Transition metal (TM) oxides
have become pervasive and important functional materials due
to their desirable properties, such as optical, electrical, magnetic,
piezoelectric, ferroelectric, and thermoelectric properties [4–6].
The active d or f orbital degrees of freedom in TM oxides
generate a rich phase diagram including a wide variety of
structural or functional phases [7]. However, there are numer-
ous types of structural transitions in the above oxides, and the
true microscopic origin of these behaviors is rarely reported. It is
challenging to predict a phase transition of TM oxides when

subjected to changes in the external environment, or drawing
phase diagrams. Modern ab initio calculations can provide this
information [8], but the simple physics of these transitions often
remains obscure. Orbital-related physics has attracted growing
interest in functional materials research [9], trying to explain the
origin of complex phase diagrams. The essential point is to seek
a simple principle at the orbital level clarifying complicated
phenomena in the structure-function relationship, which opens
the door to a new stage in orbital physics.

The electron orbitals are believed to have important impli-
cations for the macroscopic functional properties of function
materials [10,11]. The energy level of electrons, an important
parameter of the orbital, is closely related to the interaction
between atoms, influencing the orbital distribution and relative
electronic occupation and hence the materials’ properties. In
VO2 thin films, the metal-insulator transition temperature and
the structural distortion depend on the orbital occupancy in the
metallic state controlled by the strain-induced energy level
change [12]. In FePc–SnTe system, ferroelectric order is coupled
with the evolution of energy levels and electron transfer between
d orbitals of the Fe atom [13]. The study [14] on carbon-based
molecular junctions suggests that the properties of photocurrent
depend directly on the relative positions of the frontier orbitals
and the Fermi energy (EF) of the electrode, revealing how
molecular structure and orbital energies control electronic
behavior. Bernhard’s group [15] reported long-ranged Cu-based
order with dz2 orbital character at a YBa2Cu3O7/manganite
interface, providing new insight on the relation between
superconductivity and charge order in the cuprates. In LaSr-
CrO3/LaSrMnO3 heterostructures, the strains distort the octa-
hedron and trigger the eg orbital splitting, which leads to the
preferential occupation of the Mn x2-y2 (in-plane) d orbitals for
tensile strain and z2 (out-of-plane) orbitals under compressive
strain, further leading to competition between ferromagnetic
(FM) and antiferromagnetic (AFM) exchange interactions [16].
In conclusion, orbital energy levels (ELOs) are ubiquitously
present in various aspects of material functionalities, including
FM [17], ferroelectricity [18,19], superconductivity [15,20], and
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energy storage and conversion [21]. Thus, a crucial step toward
controlling material properties is exploring a general law of ELO
distribution, which can be regarded as a promising starting point
for insight into phase diagrams in materials science.

Here, we focus on the evolution of order of ELO in different
crystal fields and strains to hunt for the nature of ELOs,
achieving the purpose of structural prediction and phase dia-
gram drawing on this basis. The perovskite (PV) manganite
La0.67Sr0.33MnO3 (LSMO) exhibits fascinating orbital character-
istics and has been intensively studied [22–24], which provides
us with a good platform to understand ELO. The crystal field
and strain are used as effective tools to manipulate ELO in the
LSMO system. A phase diagram of LSMO oxides regarding the
oxygen content and strain is built through theoretical calcula-
tion, in which the phase transition is closely related to ELO
evolution. We thereby find a new phase with four-fold oxygen
ordering in the compressive regime. The phase diagram is
confirmed by in situ scanning transmission electron microscopy
(STEM). Based on this, we discover the orbital elasticity law that
describes the degree of orbital splitting to guide the design of
LSMO-like oxides with specific functionality.

EXPERIMENTAL SECTION

Calculation details
All first-principles calculations were performed with the Vienna
Ab Initio Simulation Package (VASP) [25–27] based on density
functional theory (DFT). Projector augmented wave [28]
potentials were used to deal with the electronic exchange–cor-
relation interaction along with the generalized gradient
approximation (GGA) functional in the parameterization of the
Perdew–Burke–Ernzerhof pseudopotential [29]. A plane wave
representation for the wave function with a cutoff energy of
500 eV was applied. Geometry optimizations were performed
using a conjugate gradient minimization until all the forces
acting on the ions were less than 0.01 eV Å−1 per atom. The K-
point mesh with a spacing of ca. 0.03 Å−1 was adopted. The
crystal structures were built using VESTA software [30]. The
LSMO structure with a 2 × 2 × 4 supercell containing 80 atoms
or a 2 × 2 × 8 supercell containing 160 atoms were adopted for
thermodynamic optimization.

Film preparation
The PV LSMO thin films with a thickness of ~20 nm were
epitaxially grown on (001) SrTiO3 (STO) and (001) LaAlO3
(LAO) substrates (MTI Ltd.) using pulsed laser deposition
(PLD) with a 308 nm XeCl excimer laser, an energy density of
~2 J cm−2, and a repletion rate of 2 Hz. LSMO films were
deposited at 680°C in a flowing oxygen atmosphere of oxygen
pressure 1 × 10−3 Pa and cooled down to room temperature at
30°C min−1. The deposition rate and the thickness of LSMO
films were further calibrated by X-ray reflection.

In-situ characterization
The TEM sample was prepared by using focused ion beam (FIB)
milling. Cross-sectional lamellas were thinned down to 100 nm
thick at an accelerating voltage of 30 kV with a decreasing
current from the maximum 2.5 nA, followed by fine polish at an
accelerating voltage of 2 kV with a small current of 40 pA. Next,
we fixed the thin cross-sectional TEM lamella on the heating
chip by Pt deposition in the FIB system. The in-situ heating

experiments were performed using a heating & bias DH30
holder produced by DENSsolutions. The atomic structures were
investigated using the STEM (JEOL ARM-200CF) equipped with
double spherical aberration (Cs) correctors, and electron energy
loss spectroscopy (EELS) measurements were carried out using a
Gatan spectrometer attached to the TEM in the STEM mode.
High-angle annular dark field (HAADF) images were acquired
at the acceptance angles of 68–260 mrad.

Physical properties measurement
The transport and magnetic properties of LSMO thin films were
measured using physical properties measurement system
(PPMS, Quantum Design Inc.). The temperature-dependent
magnetization (M-T) was measured using field cooling mode
with a magnetic field of 0.1 T, and the magnetic field was applied
along the in-plane direction of the film. The X-ray diffraction
(XRD) patterns of LSMO films were characterized by a high-
resolution four-circle X-ray diffractometer instrument (Rigaku,
Smartlab). X-ray absorption spectroscopy (XAS) of manganese
L-edges and oxygen K-edges was measured under high-vacuum
level 6 × 10−7 Torr (1 Torr = 133.3 Pa) in synchrotron radiation
facilities.

RESULTS

Order of ELO
Taking the 3d orbital as an example, an isolated TM atom or ion
with full spherical symmetry, and five d levels (dxy, dxz, dyz,
dx2-y2 and dz2) with l = 2 are degenerate. A particular orbital has
a very specific direction in space as illustrated in Fig. 1a. When a
TM ion is put in a solid, this degeneracy is lifted because of the
interactions with the surroundings (Fig. 1b), mainly with near-
est-neighbor ligands, e.g., oxygen, sulfur, and chlorine. The most
typical situation is six-fold coordination: a TM ion in a ligand
octahedron. In this case, the five-fold degenerate d levels are split
into a lower-lying t2g triplet (dxy, dxz, dyz) and a higher-lying eg
doublet (dx2-y2 and dz2). The contrary is the case in tetrahedral
coordination. A higher-lying t2g triplet and a lower-lying eg
doublet are found. In pentahedral coordination, the degenerate
t2g triplet and eg doublet further split, respectively, as shown in
Fig. 1b. Apparently, the degenerate 3d orbitals generate an
energy difference due to the effect of crystal field. This order,
ELO, is defined as the following number series,
ELO = arr{[1dm 2dm…ndm]}, (1)
where ndm represents the 3d orbital; n is the sequence number of
ions; m is the sequence number of the 3d orbital, which can be 1,
2, 3, 4, and 5; the operator of “arr” arranges the elements (ndm)
of the number series in order of the value (ELO) from the lowest
to the highest.

The degree of orbital splitting is affected by the strength of the
crystal field [31]. Meanwhile, strain also plays a key role in
manipulating ELOs [16]. Hooke’s law states that a spring
undergoes an elastic deformation where the spring force is
directly proportional to the elongation of the spring (Fig. 1c).
And the proportionality coefficient (k) is the elasticity coefficient
of a substance, which is determined only by the nature of the
material. Analogous to Hooke’s law, a specific crystal field is
assumed to have an elastic coefficient for orbital splitting, which
describes the degree of orbital splitting when subjected to strains
(Fig. 1c). ELO is modulated based on the mastery of orbital
splitting in crystal fields, with the objective of eventually
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designing functional oxides (Fig. 1d).

LSMO structure design
In the PV-LSMO structure, the oxygen ions and the larger La/Sr
ions form face-centered cubic packing, while the smaller Mn
ions occupy the octahedral void. Fig. 2a shows the optimized
structure with a unit cell (2 × 2 × 4) and an HAADF image of
PV-LSMO. The sites of the doped Sr ions in the LSMO structure
are filtered by supercell software [32], as illustrated by the pink
ball in Fig. S1. Brownmillerite La0.67Sr0.33MnO2.5 (BM-LSMO) is a
prototype oxygen-deficient material that can be obtained from
the PV-structured framework by removing half the oxygen ions
from alternating MnO2 layers (Fig. 2b). The BM-LSMO struc-
ture is characterized by layers of MnO6 octahedra and MnO4
tetrahedra stacked in an alternating fashion along the c axis. In
this work, the oxygen contents (x) in our calculated phase dia-
gram are distributed between those of the PV and BM phases,
i.e., 2.5 ≤ x ≤ 3.0.

Numerous studies have shown that Vo is mainly distributed
along the in-plane direction in PV-LSMO films with in-plane
strain [22,33,34]. Based on the PV-structural feature, Fig. 2c
illustrates the possible phases including oxygen ordering and
magnetic structure at different oxygen contents (x) of the
La0.67Sr0.33MnOx structure. For x = 3.0, Mn ions coordinate with
six oxygen ions to form MnO6 octahedra as denoted by the green
hexagon in Fig. 2c. The magnetic structure has FM order [35], as
illustrated by the white arrow. The structure with x = 3.0 is
denoted as Oct-FM. For x = 2.875, a quarter of the MnO6
octahedra transform to MnO5 pentahedra (blue pentagon)

accompanied by in-plane ordered Vo with 4c periodicity along
the c axis. Note that 4c periodicity refers to an in-plane Vo stripe
every four layers along the c axis. Two kinds of magnetic
structures, with FM and AFM orders, are considered for MnO5
pentahedron layer, denoted as 4c-Pen-FM and 4c-Pen-AFM. For
x = 2.75, one half of the MnO6 octahedra transform to MnO5
pentahedra, corresponding to ordered Vo with 2c periodicity.
Two kinds of magnetic structures are marked as 2c-Pen-FM and
2c-Pen-AFM. Another case is that a quarter of MnO6 octahedra
transform to MnO4 tetrahedra (brown rhombus) with 4c peri-
odicity, including 4c-Tet-FM and 4c-Tet-AFM. For x = 2.625, a
quarter of the MnO6 octahedra transform to MnO5 pentahedra,
and another quarter of MnO6 octahedra transform to MnO4
tetrahedra, corresponding to 2c-T/P-FM and 2c-T/P-AFM. For x
= 2.5, one half of the MnO6 octahedra transform to MnO4 tet-
rahedra, including 2c-Tet-FM and 2c-Tet-AFM order. The 2c-
Tet-AFM phase is the BM phase mentioned above.

ELO evolution in the phase diagram
The phase diagram of LSMO oxides is predicted via DFT cal-
culations (Fig. 3a, b). In the calculated LSMO system, the oxygen
content (x) ranges from 3.0 to 2.5, and the range of in-plane
strain is from −5.0% to +5.0%. The formation energy (Ef) of
each phase in the same strain state is defined by the following
formula:

( ) ( ) ( )

( ) ( )

E E x E

x E

= La Sr MnO 2 5 PV

6 2 BM ,

(2)xf 0.67 0.33

Figure 1 Scheme of controlling order of ELO. (a) Sketch of degenerate 3d orbitals (dxy, dxz, dyz, dx2-y2, and dz2) for an isolated TM atom. (b) 3d orbital
splitting states under different crystal fields, including regular octahedral, pentahedral, and tetrahedral crystal fields. Dark and light green spheres represent
TM and oxygen ions, respectively. (c) Orbital elasticity law that describes the degree of orbital splitting with strains, analogous to Hooke’s law that describes
the relationship between stress and strain in materials. (d) Schematic diagram of ELO.

SCIENCE CHINA Materials ARTICLES

February 2024 | Vol. 67 No. 2 621© Science China Press 2024



where x is the stoichiometric ratio of oxygen in La0.67Sr0.33MnOx
with the range of 2.5 ≤ x ≤ 3.0. The designed structures of
LSMOx with x = 3.0, 2.875, 2.75, 2.625 and 2.5 are illustrated in
Fig. 2c, and the corresponding atomic structures are displayed in
Fig. S2. Meanwhile, we also optimize the model with random Vo
(denoted as Ran-FM and only FM order is considered) for dif-
ferent x states, in which the initial structures are filtered by
supercell software [32].

First, for the LSMO phases with 0% in-plane strain (Fig. 3a,
blue symbols), the Oct-FM (PV) phase will transform to the 4c-
Pen-FM phase when x decreases to 2.875 according to the for-
mation energy, corresponding to the emergence of 4c periodic
Vo stripes. In the region of 2.875 > x > 2.75, 4c-Pen-FM and 2c-
Pen-FM phases coexist, corresponding to the transformation
from 4c to 2c periodicity. 2c-Pen-FM and 2c-Tet-AFM (BM)
phases coexist in the region of 2.75 > x > 2.5. The phase region is
illustrated in Fig. 3b. At 2.5% tensile strain, the phase evolution
trend presents an obvious difference based on the formation
energy. The most stable phases are Oct-FM(PV) at x = 3.0, Ran-
FM at x = 2.9375, and 2c-Tet-AFM at x = 2.5 (Fig. 3a, red
symbols). The case of 5.0% tensile strain is similar (Fig. 3a,
purple symbols). At −2.5% compressive strain (Fig. 3a, green
symbols), the most stable phases are Oct-FM (PV) at x = 3.0, 4c-

Pen-AFM at x = 2.875, 2c-Pen-FM at x = 2.75, and 2c-Tet-AFM
at x = 2.5. At −5.0% compressive strain (Fig. 3a, beige symbols),
the most stable phases are Oct-FM(PV) at x = 3.0, Pen-AFM at x
= 2.875, T/P-AFM at x = 2.625, and Tet-AFM at x = 2.5.
According to the formation energy of each phase at different
strains as linked by black solid lines (Fig. 3a), strain plays an
important role in the thermodynamically stable phase. The main
conclusions based on the phase diagram (Fig. 3b) are as follows:
(1) new phases with four-fold oxygen ordering are predicted,
corresponding to the 4c-Pen-FM or 4c-Pen-AFM phase. (2) The
oxygen ordered phase has priority over the disordered phase
except for the initial Vo generation phase at x = 2.9375 (Fig. 3a).
(3) Tensile strain favors the formation of MnO4 tetrahedra, and
compressive strain favors the formation of MnO5 pentahedra
(Fig. 3a). (4) Compressive strain favors AFM order (Fig. 3a).
(5) Most stable AFM ordered phases are accompanied by MnO4
tetrahedra, and most stable FM ordered phases are accompanied
by MnO5 pentahedra (Fig. 3a).

Fig. 3c shows that the ELO of the Oct-FM (PV) phase is {[8]d1,
[8]d2, [8]d3, [8]d4, [8]d5} at different strains. Note that the five 3d
orbitals are divided into [g]d1, [g]d2, [g]d3, [g]d4, and [g]d5 in
order of energy from the lowest to the highest, where [g]
represents the type of crystal field ([8], [5] or [4]) in Figs S3–S6

Figure 2 La0.67Sr0.33MnOx structures. (a, b) Structural models and HAADF images of (a) PV-LSMO and (b) BM-LSMO. (c) Schematic of phases involving
oxygen ordering and Mn 3d orbital electron spin. The green hexagon denotes a MnO6 octahedron; the blue pentagon a MnO5 pentahedron, and the brown
rhombus a MnO4 tetrahedron. The white arrow denotes spin up and the black arrow spin down.
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and Supplementary Note 1 of Supplementary information. From
tensile strain to compressive strain, the splitting between orbitals
obviously increases, indicating the effect of strain in orbital
splitting. For x = 2.875, a quarter of the MnO6 octahedra
transform to MnO5 pentahedra, implying changes in some of the
Mn coordination environments. The ELO is {[5]d1, [8]d1, [5]d2,
[8]d2, [5]d3, [8]d3, [5]d4, [8]d4, [5]d5, [8]d5} under tensile strain
for the 4c-Pen-FM phase, corresponding to FM order (Fig. 3d).
When compressive stress is applied, the degree of orbital split-
ting increases, and the increase for the octahedral crystal field is
more severe than that for the pentahedral crystal field. This leads
to a reversal of the orbitals [5]d1 and [8]d1, and the ELO is
{[8]d1, [5]d1, [5]d2, [8]d2, [5]d3, [8]d3, [5]d4, [8]d4, [5]d5, [8]d5},
corresponding to AFM order. The change in ELO also gives rise

to a decrease in the formation energy of the 4c-Pen-AFM phase
(Fig. 3a), which becomes the dominant phase (new phase
mentioned above) in the compressive strain region of the phase
diagram (Fig. 3b). More importantly, the ELO in the 4c-Pen-
AFM phase is consistent with that in the 4c-Pen-FM phase
(Fig. S7), implying ELO is independent of the magnetic structure
and corresponds one-to-one to the magnetic ground state. For
the 4c-Tet phase (x = 2.75), the AFM order is more stable than
the FM order, as shown in Fig. 3a. The ELO of 4c-Tet-AFM is
{[8]d1, [8]d2, [4]d1, [8]d3, [4]d2, [4]d3, [8]d4, [4]d4, [4]d5, [8]d5},
as shown in Fig. 3e, which is generally consistent with that of 4c-
Tet-FM (Fig. S8a). According to the formation energy (Fig. 3a),
the 4c-Tet-AFM phase transforms into 2c-Pen-FM when the
tensile strain becomes a compressive strain. The ELO at −5%

Figure 3 ELO evolution in the phase diagram. (a) Formation energies of LSMO phases with different oxygen contents (x) illustrated in Fig. 2c under
different strains. Purple, red, blue, green, and beige symbols denote 5.0%, 2.5%, 0%, −2.5%, and −5% strains, respectively. (b) Phase diagram associated with
the oxygen content (x) and strain. (c–g) ELO and phase transition in La0.67Sr0.33MnOx. (c) Oct-FM (PV) phase (x = 3.0). (d) Transition from 4c-Pen-FM to 4c-
Pen-AFM at x = 2.875. (e) Transition from 4c-Tet-AFM to 2c-Pen-FM at x = 2.75. (f) Transition from 2c-T/P-FM to 2c-T/P-AFM at x = 2.625. (g) 2c-Tet-AFM
(BM) phase (x = 2.5). Light green and beige areas denote FM and AFM phase regions, respectively.

SCIENCE CHINA Materials ARTICLES

February 2024 | Vol. 67 No. 2 623© Science China Press 2024



compressive strain changes to {[8]d1, [5]d1, [8]d2, [5]d2, [8]d3,
[5]d3, [5]d4, [8]d4, [5]d5, [8]d5}, as shown in Fig. 3e. For x = 2.625
(Fig. 3f), the stable structure is the 2c-T/P-FM phase under 5%,
2.5%, 0% and −2.5% strains, the ELO of which is {[8]d1, [5]d1,
[4]d1, [8]d2, [5]d2, [4]d2|[8]d3|[5]d3, [4]d3, [5]d4, [4]d4, [8]d4,
[4]d5, [5]d5, [8]d5}. Under −5% compressive strain, the ELO
changes to {[8]d1, [5]d1|[8]d2, [4]d1, [5]d2, [4]d2|[8]d3, [5]d3,
[4]d3, [4]d4, [8]d4, [5]d4, [4]d5, [5]d5, [8]d5}, accompanied by the
transformation from FM to AFM order (Fig. 3f). For x = 2.5
(Fig. 3g), the stable structure is the 2c-Tet-AFM phase regardless
of the strain, corresponding to the ELO of {[8]d1, [8]d2, [4]d1,
[4]d2, [8]d3, [4]d3, [8]d4, [4]d4, [4]d5, [8]d5}. Note that the order
of orbitals near the Fermi energy is slightly different under
different strains.

Based on the above analysis, the ELO is closely related to the
stability of structural (MnOx polyhedron) and magnetic (FM/
AFM) phases, controlling the phase transition in the phase
diagram of Fig. 3b. The Mn 3di orbital degenerate states in
different crystal fields result in FM order, corresponding to an
interlaced ELO. For example, the ELO of 2c-Pen-FM is {[8]d1,
[5]d1, [8]d2, [5]d2, [8]d3, [5]d3, [5]d4, [8]d4, [5]d5, [8]d5}, in which
[5]di and [8]di are close to each other. The Mn 3di orbital
splitting states result in AFM order, corresponding to a dis-
sociated ELO. For example, the ELO of 4c-Tet-AFM is {[8]d1,
[8]d2, [4]d1, [8]d3, [4]d2, [4]d3, [8]d4, [4]d4, [4]d5, [8]d5}, in which
[4]di orbitals are lifted much higher than [8]di orbitals. As a
parameter describing the phase diagram, ELO is not only closely
related to phase stability but also invariant in terms of the
magnetic structure. That is, the magnetic ground state and
excited state have similar ELO, which ensures the accuracy of
predicting the phase diagram via ELO (Fig. 3c–g and
Figs S7–S10).

Phase transition validation
High-quality PV-LSMO epitaxial films with a thickness of
~20 nm were deposited onto tensile (STO) and compressive
(LAO) substrates using the PLD technique (see the EXPERI-
MENTAL SECTION for details). PV-LSMO has a rhombohedral
unit cell with a pseudocubic lattice constant of 3.87 Å [36]. Thus,
STO (a = 3.905 Å) and LAO (a = 3.79 Å) substrates induce
tensile (0.9%) and compressive (−2.1%) epitaxial strains in the
LSMO films, respectively. The structural details of the film
samples are displayed in Fig. S3, Fig. S11, and Supplementary
Note 2.

To verify the calculated phase diagram, we conducted STEM
imaging after the specimens were annealed in the vacuum of
TEM. At annealing temperatures less than 600°C, no Vo layer is
observed in the film (Fig. S12). For the LSMO/STO sample,
Fig. 4a–d show a set of HAADF images and the corresponding
lattice spacing maps collected during the annealing process at
600°C. In the initial state (Fig. 4a), LSMO exhibits the standard
PV structure. After the specimen was annealed for ~3 min at
600°C, dark stripes with 2c periodicity preferentially nucleated at
the LSMO/STO interface (Fig. 4b). Note that 2c periodicity
refers to an in-plane dark stripe every 2 layers. These stripes
represent the oxygen-deficient MnO4 layers and are referred to
as Vo stripes [37], corresponding to the BM-LSMO phase. After
~5 min of annealing, another BM-LSMO randomly nucleated in
the film (Fig. 4c) and laterally grew until the entire film was
covered after ~10 min (Fig. 4d). No further change was observed
in the Vo stripes at longer annealing times. This structural

evolution is consistent with the results of the calculated phase
diagram in Fig. 3b. The BM phase is stable under both vacuum
(Fig. S13) and atmospheric conditions (Fig. S11b). A previous
report [34] showed that the pristine PV-LSMO and BM-LSMO
manifest FM and AFM behaviors, respectively, which is con-
sistent with the results of the calculated phase diagram in Fig. 3b.

The dynamic behavior of Vo stripes during PV–BM trans-
formation dramatically changed in the compressive strain (LAO)
situation. Unlike the LSMO/STO case, after the LSMO/LAO
heterojunction was annealed for ~3 min at 600°C, Vo stripes
randomly nucleated in the whole LSMO film (Fig. 4e) and lat-
erally grew after ~6 min (Fig. 4f). The nucleation position of Vo
layers was further interpreted in Supplementary Note 3 and
Fig. S14. Prior to the transformation to the BM phase, ordered
Vo stripes with 4c periodicity emerged, as indicated by the small
brown arrows in Fig. 4f, which correspond to an intermediate
structure comprising three MnO6 octahedral layers and one Vo
layer. The coexistence of 4c and 2c periodicity (Fig. 4g) confirms
the speculation of the calculated phase diagram (Fig. 3b). Fig. 4i
shows enlarged HAADF image of the intermediate structure
(dashed box of Fig. 4g), clearly indicating quadruple periodicity
of Vo stripes. The dense diffraction points corresponding to the
(00l) planes also prove the 4c periodicity (Fig. 4k and Fig. S15c),
which is quasi-continuous due to the poor image quality. And
this is different from the discrete diffraction points of the PV-
LSMO and BM-LSMO phases (Fig. S15d, e). Finally, the BM
phase continued to grow via splitting of the 4c periodicity into 2c
periodicity and covered the entire film after ~15 min (Fig. 4h).
These changes are also clearly visible in the evolution of the out-
of-plane La–La distances (Fig. 4e–h), where the Vo stripes with
4c periodicity randomly nucleated, as indicated by small brown
arrows, and grew toward the BM phase with 2c periodicity.

Atomic-scale observations reveal the different phase trans-
formation responses to the in-plane strain in LSMO films.
Under tensile strain (STO substrate), the PV-LSMO phase
directly transforms into BM-LSMO with 2c periodicity. Based on
the calculated phase diagram (Fig. 3b), the tensile strain facil-
itates the formation of 2c-Tet-AFM (BM) to form a two-phase
coexistence between the Ran-FM and 2c-Tet-AFM (BM) phases,
corresponding to the 2c periodicity observed in the STEM
images (Fig. 4a–d). Under compressive strain (LAO substrate),
ordered Vo stripes with 4c periodicity emerge, before the
transformation to the BM phase. Then, the 4c periodicity
transforms into 2c periodicity. According to the phase diagram
(Fig. 3b), the 4c periodic structure contains the 4c-Pen-AFM
phase with x = 2.875. Fig. 4j shows the simulated HAADF STEM
image based on the calculated 4c-Pen-AFM structure, which is
similar to the experimental result in Fig. 4i. The 2c periodic
structures on the LAO substrate (−2.1%) likely contain the 2c-
Pen-FM phase with x = 2.75, which finally transforms into the
2c-Tet-AFM (BM) phase with x = 2.5. The magnetization-tem-
perature (M-T) curves of the LSMO film on LAO substrate
(Fig. S15f) support the evolution of magnetic structures. Pristine
PV-LSMO on LAO substrate characterizes with FM feature and
BM-LSMO exhibits AFM behavior. The M-T curves of the 4c
periodic phase are between the above two phases, corresponding
to the spin reversal of partial Mn ions in the calculated 4c-Pen-
AFM phase. Note that we only measured the magnetic structures
of the above phases due to the difficulty of sample preparation.
In general, the theoretical and experimental results agree well
with each other in terms of the phase evolution trend, ensuring
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the validity of the analysis for ELO evolution based on the phase
diagram (Fig. 3).

Orbital elasticity law
The evolution of ELO originates from the different responses of
orbital splitting to strain in different crystal fields. Qualitatively,
the degree of orbital splitting is the largest and the most sensitive
to strain in the octahedral crystal field (Fig. 3c–g). The orbital
splitting degree and sensitivity in the pentahedral crystal field are
the next largest, and those in the tetrahedral crystal field are the
smallest. Thus, the combination of octahedral and tetrahedral
crystal fields easily forms dissociated ELO and an AFM phase,
e.g., 4c-Tet-AFM and 2c-Tet-AFM. The similar splitting energies

between octahedral and pentahedral crystal fields favor inter-
laced ELO and an FM phase, e.g., 4c-Pen-FM and 2c-Pen-FM.
Under compressive strain, the gap in the splitting energy
between octahedral and pentahedral crystal fields is enlarged,
leading to a change in ELO accompanied by a transformation
from 4c-Pen-FM to 4c-Pen-AFM order. That is, compressive
strain favors AFM order. The effect of crystal field and strain on
orbital splitting can be expressed by the following equation,

( )E K L= , (3)
where σ(E) is the standard deviation of energy levels of five
splitting d orbitals in a crystal field; K is the elastic coefficient of
TM-d orbital splitting in a specific crystal field; ∆L is the strain
that is applied in the crystal lattice.

Figure 4 Structural phase evolution for tensile (STO) and compressive (LAO) substrates. Sequential STEM images of LSMO films and the corresponding
out-of-plane La–La distance maps, where the Vo stripes are presented as red stripes because of the large La–La distances. (a–d) STO substrates. Brown arrows
indicate the BM-LSMO phase. (e–h) LAO substrates. Small brown arrows indicate an intermediate structure with 4c periodicity. (i) Enlarged HAADF image of
the 4c periodic phase in the dashed box of (g). (j) Simulated HAADF STEM image based on the calculated 4c-Pen-AFM structure. (k) Fast Fourier transform
(FFT) pattern of (g).
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Fig. 5a shows the linear relation between standard deviation
σ(E) and strain ∆L in octahedral crystal field in 4c-Pen-FM. And
the elastic coefficient K is −0.92 eV Å−1, implying the degree of
orbital splitting decreases with the increase of strain. Similarly,
the elastic coefficient K is −0.56 eV Å−1 in the pentahedral
crystal field in 4c-Pen-FM, indicating the rate of decrease is less
than that of the octahedron (Fig. 5b). On the contrary, the elastic
coefficient K is the positive value of 0.14 eV Å−1 in tetrahedral
crystal field in 4c-Tet-FM, suggesting the degree of orbital
splitting rises slightly with the increase of strain (Fig. 5c). Fig. 5d
shows the elastic coefficients (K) of orbital splitting in polyhedral
crystal fields in these phases of Fig. 3d–g. And the graphs of
linear relation between standard deviation σ(E) and strain ∆L
are displayed in Figs S16–S20. The elastic coefficient in each

polyhedron is essentially the same as the results of Fig. 5a–c. An
exception is that the elastic coefficient in the tetrahedron is
negative in some structures. And this fluctuation may be caused
by the insensitivity of the orbital splitting to stress in the tetra-
hedron, which is supported by the small value of elastic coeffi-
cient in the tetrahedron. The average elastic coefficients (K) of
orbital splitting in octahedral, pentahedral, and tetrahedral
crystal fields are −1.02, −0.37, and 0.03 eV Å−1 as shown in
Fig. 5e. The discovery of orbital elasticity law opens up the
possibility of modulating orbital splitting to control ELO.

DISCUSSION
Phase diagrams are a fundamental science, involving metallurgy,
materials science, physics, chemistry, geology, and many

Figure 5 Orbital elasticity law and structural design of functional oxides. (a–c) Linear relation between standard deviation σ(E) and strain ∆L in octahedral
(a) and pentahedral (b) crystal fields in 4c-Pen-FM corresponding to La0.67Sr0.33MnOx with x = 2.875, and tetrahedral (c) crystal field in 4c-Tet-FM
corresponding to La0.67Sr0.33MnOx with x = 2.75. (d) Elastic coefficients (K) of orbital splitting in polyhedral crystal fields in these phases of Fig. 3d–g. Light
green and beige areas denote FM and AFM phase regions, respectively. (e) Average elastic coefficients (K) of orbital splitting in octahedral, pentahedral, and
tetrahedral crystal fields. (f) Orbital elasticity law guides structural design of functional oxides. The first step is to determine the energy band structure of the
functional material. The second is to speculate on the strain (∆L) and elasticity coefficients (K1, K2, K3,…) to assemble special band structure according to
orbital elasticity law. The strain corresponds to the pressure (P). And the elastic coefficients correspond to different crystal fields and TM types, indicating the
composition (xB) and framework of the system, e.g., oxygen contents and polyhedral configurations in La0.67Sr0.33MnOx. Finally, based on the above analysis,
one can predict a phase diagram for the design and discover of functional oxides with specific functionality.
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industrial processes [38–40], especially which is important for
the compositional design and preparation process of new
materials. The structural and functional phases of phase diagram
contain various kinds of ordered states, involving lattice, charge,
orbital, and spin. The orbital state is a direct result of the
interaction between atoms and is related to the phase stability
[31]. Combining DFT calculations and experiments, the phase
diagram for LSMO oxides involving the oxygen content and
strain was drawn. According to the analysis and results above,
the ELO plays a decisive role in the formation of phase diagram.
And orbital elasticity law clarifies the origin of ELO evolution.
On this basis, one can design and predict functional oxides with
desirable magnetic properties. In a broader context, orbital
elasticity law can enable the design and discover of functional
oxides with more widely functionalities (Fig. 5f), such as struc-
tural, optical, electronic, magnetic, and thermal activities. The
first step is to determine the energy band structure of the
functional material. The second is to speculate on the strain (∆L)
and elasticity coefficients (K1, K2, K3,…) to assemble special
band structure according to orbital elasticity law. The strain
corresponds to the pressure (P). And the elastic coefficients
correspond to different crystal fields and TM types, indicating
the composition (xB) and framework of the system, e.g., oxygen
contents and polyhedral configurations in LSMO. Finally, based
on the above analysis, one can predict a phase diagram for the
design and discover of functional oxides with specific func-
tionality. Orbital elasticity law broadens the means of perfor-
mance modulation in the field of materials science related to
ELOs.

CONCLUSIONS
In summary, combining DFT calculations and experiments, a
phase diagram of LSMO oxides regarding the oxygen content
and strain is built, in which the phase transition is closely related
to ELO evolution. Interlaced and dissociated ELO lead to FM
and AFM phases, respectively. We thereby find a new phase with
four-fold oxygen ordering as a result of ELO action. Finally, the
orbital elasticity law that describes the degree of orbital splitting
is discovered to explain the origin of ELO evolution, with the
purpose of guiding design and discover of functional oxides with
specific functionality. This work defines a direction for exploring
phase diagrams involving LSMO-like oxides. In a broader con-
text, our findings open an avenue toward the development of
thermodynamics and phase diagrams, laying the foundation for
materials science.
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La0.67Sr0.33MnO3薄膜相图的轨道弹性调控
高昂1, 张庆华2*, 刘倬卉2, 孟繁琦3, 尚彤彤3, 尼浩4, 黄河意2,
杜剑宇2, 李欣岩2, 于搏涛1, 苏东2, 金奎娟2, 葛琛2, 吉彦舟5, 王博5,
余倩6*, 张泽6, 陈龙庆5*, 谷林1*, 南策文3

摘要 过渡金属氧化物具有丰富的功能性, 但其错综复杂的内部自由
度对相图绘制和结构设计提出了挑战. 本文中, 我们引入了描述相图物
理起源的轨道能级序(ELO), 并通过对La0.67Sr0.33MnO3 (LSMO)氧化物
的研究证明了其在相图预测中的有效性. 结合DFT计算和实验, 我们构
建了氧含量和应变关联的LSMO相图, 结果表明LSMO结构稳定性与
ELO密切相关. 据此发现了一种由ELO演化而产生的四倍氧有序相. 最
后, 我们提出了描述轨道分裂程度的轨道弹性定律, 阐明了ELO演化的
起源, 助力功能氧化物的设计. 这项研究拓宽了材料科学领域的性能调
控手段, 并为从轨道角度预测相图提供了思路.
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