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By the ﬁrst-principles calculations, most studies indicated that the (11̄02)-CoO2 termination
of LaCoO3 cannot be stabilized, which disagrees with the experimental observation. Besides
the crystal structure, we found that the spin states of Co3+ ions could aﬀect surface stability,
which previously were not well considered. By examining the diﬀerent states of Co3+ ions
in hexagonal-phase LaCoO3 , including low spin, intermediate spin, and high spin states, the
surface grand potentials of these facets are calculated and compared. The results show that
the spin states of Co3+ ions have an important inﬂuence on stability of the LaCoO3 facets.
Diﬀerent from the previous results, the stability diagrams demonstrate that the (11̄02)CoO2 termination can stably exist under O-rich condition, which can get an agreement with
the experimental ones. Furthermore, the surface oxygen vacancy formation energies (EOv )
of stable facets are computed in diﬀerent spin states. The EOv of these possible exposed
terminations strongly depend on the spin state of Co3+ ions: in particular, the EOv of the HS
states is lower than that of other spin states. This indicates that one can tune the properties
of LaCoO3 by directly tuning the spin states of Co3+ ions.
Key words: DFT+U , Spin state, Surface, Perovskite

ing the cubic-phase structure of LaCoO3 in the calculations, Kahn et al. [15] predicted the Co-terminated
(111) surface and LaCoO-terminated (110) surface to
be the most stable; Chen et al. [16] reported that the
ground termination was the (001)-LaO surface, transitioning to the (111)-LaO3 facet in oxygen-rich condition; while Zhang et al. [17] found that the LaO- and
CoO2 -terminated (001) surfaces were stable.
It is noticed that LaCoO3 has a rhombohedral primitive cell with R3c symmetry [18−23], which belongs to
the hexagonal phase, but the cubic phase was used in
the previous calculations [15−17]. As well known, results from the ﬁrst-principles calculations are very sensitive to the geometric structure of materials. Therefore, the complexity of previous studies may come from
the diﬀerence on crystal structures of LaCoO3 . Recently, Liu et al. explored the stability of low-index
facets on the hexagonal-phase LaCoO3 by using the
ﬁrst-principles analysis [24], and they found that the
(11̄02)-LaO, (1̄104)-O2 and (0001)-LaO3 terminations
were thermodynamically stable with a non-spin (NS)
state. Though a more accurate crystal structure was
employed in their calculations, the results were still in
conﬂict with the common sense from the experimentalists that the (001)-CoO2 was stable and active in the
reactions [11−14]. There might be some key factors ig-

I. INTRODUCTION

In recent decades, perovskite oxides (ABO3 ) have
aroused considerable interests as the cathode materials
in solid oxide fuel cells for use in many energy storage and conversion technologies, such as the oxygen
evolution reaction (OER) and oxygen reduction reaction (ORR) [1−5]. These oxides are also catalyticallyactive and cost-eﬀective catalysts for many important
chemical reactions, such as NOx (including NO and
NO2 ) storage reduction [6, 7], CO oxidation [8], and
methane combustion [9]. Since those catalytic reactions
are surface processes, studies on the surface properties
of those materials play an important role in deeply understanding the catalytic reactions. Usually, the experimental observations believed that (001) facets, particularly (001) B-terminated surface, in perovskite oxides (ABO3 ) are stable and play a pivotal role in these
catalytic chemical reactions [10−14]. However, to the
best of our knowledge, the surface stabilities of perovskite oxides, especially for LaCoO3 , are still under
debate from theoretical calculations. For example, us-
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noredin previous calculations, which can reconcile the
disagreement between computational result and experimental observation.
Besides the crystal structure, the spin state of Co3+
ion is another important factor which can aﬀect the results of calculations, but was not well considered before.
As reported in Ref.[25−29], LaCoO3 exhibits nonmagnetic behavior at low temperature (below 90 K) where
the Co3+ ions are in the low spin (LS) states, and undergoes a transition from semiconductor to metal over
500 K, coincident to the spin state transition from intermediate spin (IS) to high spin (HS). It has also been
reported that the spin states of Co3+ ions in LaCoO3
can greatly aﬀect oxygen vacancy formation on the surface [30] and their migration in the bulk [31]. However,
there is a lack of report on surface stability of LaCoO3
with consideration of the eﬀects of spin states of Co3+
ions. To this point, the reason for the above disagreement may arise from the spin states of the Co3+ ions
in LaCoO3 . It is necessary to perform calculations with
appropriate Co3+ spin states to clarify the properties of
LaCoO3 surface systems for the in-depth researches.
In this work, we compared the surface grand potentials (Ω) of low-index facets of hexagonal-phase
LaCoO3 , where the Co3+ ions’ spin states are in LS, IS
(ferromagnetic (FM), and anti-ferromagnetic (AFM))
and HS (FM, and AFM) states, to get a comprehensive
understanding of LaCoO3 surface systems. We determined the stable surfaces of LaCoO3 in special chemical conditions by comparing the surface grand potentials (Ω). As the spin states of Co3+ ions change, the
region of stability diagram undergoes a signiﬁcant variation. In addition, the EOv of stable facets of LaCoO3
were computed in diﬀerent spin states. It indicates that
the energy of surface oxygen vacancy links strongly to
the spin moment of Co3+ ions. Our simulations indicate that the (11̄02)-CoO2 -terminated facet in hexagonal LaCoO3 can be stabilized in most spin states when
the Co3+ ions’ spin states are taken into consideration.
And this agrees well with the experimental observation.
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FIG. 1 (a) Rhombohedral primitive cell and (b) hexagonal
unit cells of LaCoO3 . Green, blue, and red balls represent
La, Co and O atoms, respectively.
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FIG. 2 The top and side views of optimized (a) (11̄02)LaO, (b) (11̄02)-CoO2 , (c) (0001)-LaO3 , (d) (0001)-Co, (e)
(1̄104)-LaCoO, and (f) (1̄104)-O2 . Green, blue, and red balls
represent La, Co, and O atoms, respectively.

II. COMPUTATIONAL DETAILS
A. Models of bulk and slab

The space group of crystalline LaCoO3 is R3c
(No.167), which can be constructed with either a rhombohedral or a hexagonal model (FIG. 1). The JahnTeller eﬀect causes a slight distortion of CoO6 octahedron in LaCoO3 , resulting in a primitive cell of
rhombohedral structure [18] with lattice parameters
of a=b=c=5.344 Å, α=β=γ=61.01◦ (FIG. 1(a)). As
shown in FIG. 1(b), the experimental lattice parameters
of hexagonal model [18] are a=b=5.426 Å, c=12.991 Å,
α=β=90◦ , and γ=120◦ .
In order to discuss the thermodynamic stability of
the low-index surfaces, we constructed six slab modDOI:10.1063/1674-0068/30/cjcp1703035

els. Adapted from the models in Ref.[24], a sevenlayer nonstoichiometric slab of LaO (FIG. 2(a)) or CoO2
(FIG. 2(b)) termination was used to simulate the facet
along the (11̄02) direction, a thirteen-layer nonstoichiometric slab of LaO3 (FIG. 2(c)) or Co (FIG. 2(d)) termination was used to simulate the facet along the (0001)
direction; and an eleven-layer nonstoichiometric slab of
LaCoO (FIG. 2(e)) or O2 (FIG. 2(f)) termination was
used to simulate the facet along the (1̄104) direction.
The (11̄02), (0001) and (1̄104) directions in the hexagonal phase correspond to the (001), (111) and (110)
directions in a pseudo cubic phase. The black frames in
FIG. 2 represent the periodic boundaries.
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B. General setup for computation

C. The surface grand potential

Density functional theory (DFT) calculations were
performed with the Vienna ab initio Simulation Package (VASP) [32, 33]. The nuclei and core electrons were
treated with the projector augmented wave (PAW) [34]
method. Generalized gradient approximation (GGA)
with the Perdew-Burke-Ernzerhof (PBE) [35] form was
employed to describe the electron exchange and correlation. For relaxation of bulk LaCoO3 (hexagonal
phase), a plane wave basis set with cut-oﬀ of 400 eV
and a 7×7×3 Monkhorst-Pack [36] k-point mesh were
used to get the optimal lattice parameters. The optimal parameters of hexagonal phase are a=b=5.485 Å
and c=13.031 Å. For the slab calculations, the plane
wave energy cutoﬀ of 400 eV and a 3×3×1 of k-point
mesh were used to get the properties of diﬀerent surfaces. All the atoms in the bulk and slab were allowed
to relax until the maximum force on each atom was
smaller than 0.05 eV/Å. In each slab model, a separation over 15 Å in vacuum was introduced to minimize
interactions between periodic images.
The oxygen vacancy formation energy (EOv ) is calculated using the following equation:

To compare the stability of diﬀerent terminations, the
surface grand potential (Ω) is implemented in the calculations, as deﬁned in Ref.[42]

1
EOv = E(defect) − E(perfect) + E(O2 )
2

(1)

where E(defect) is the total energy of the slab with one
surface oxygen vacancy, E(perfect) is the energy of the
ideal slab and E(O2 ) is the energy of the O2 molecule
in the gas phase, respectively.
The diﬀerent Co-3d occupations result in three spin
states of Co3+ ions in LaCoO3 , including LS of t2g 6 eg 0
(S=0), IS of t2g 5 eg 1 (S=1) and HS of t2g 4 eg 2 (S=2).
Each spin state was constructed by changing the initial
magnetic moment of Co3+ ion, i.e. LS=0, IS=±2 and
HS=±4, where the quantity is the diﬀerence between alpha and beta electrons in a certain Co3+ ion. The initial
conﬁgurations of all Co3+ ions were set by MAGMOM,
and then NUPDOWN was chosen to control the total
spin of the slab. The selection rule of spin was also applied to get a reasonable energy when oxygen vacancy
was generated. For example, two total spin numbers
of the defect slab (+2 or −2 from the total spin number of initial slab) were calculated and the lower energy
was accepted. The spin state of calculated O2 molecule
is always triplet. The partially ﬁlled d states in the
Co3+ ions are not well described by the standard DFT
calculations, where the normal GGA methods give a
zero band gap of LaCoO3 on the contrast to the experimental value of about 0.6 eV [37]. We thus performed
the DFT+U approach, where the on-site U and J were
treated as a single eﬀective parameter among the d electrons on the Co3+ ions, Ueff =U −J [38−40]. We ﬁxed
J=0.49 eV [41] in all our GGA+U calculations, and varied the value of U in determining an optimal parameter
U (3.4 eV), which will be discussed later.
DOI:10.1063/1674-0068/30/cjcp1703035

Ω=

1
(Eslab − NLa µLa − NCo µCo − NO µO )
2S
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(2)

where NLa , NCo , and NO are the numbers of La, Co,
and O atoms in the slab, respectively, and µ represents
the chemical potential of La, Co, and O atoms species.
Since the surface is in thermodynamic equilibrium with
the bulk LaCoO3 (µLaCoO3 =E bulk
LaCoO3 ) and the chemical
potentials of each species are related to the chemical
potential of the bulk crystal, we thus have the following
constraint:
bulk
ELaCoO
= µLaCoO3 = µLa + µCo + 3µO
3

(3)

When µLa is eliminated by Eq.(2) and (3), we introduce:
bulk
∆µCo = µCo − ECo
1 mol
∆µO = µO − EO
2 2

(4)
(5)

Subsequently, the surface grand potential can be determined as:
1
[∆µO (NO −3NLa )+∆µCo (NCo −NLa )] (6)
2S
[
E mol
1
bulk
ϕ=
Eslab − NLa ELaCoO
− O2 (NO−3NLa )−
3
2S
2
]
bulk
ECo
(NCo − NLa )
(7)

Ω = ϕ−

The surface La, Co, and O atoms are assumed to
form no condensate on the surface, and the chemical
potential of each species must be lower than the energy
of an atom in the stable phase. We thus obtain the
following upper limits of the chemical potentials:
1 mol
∆µO = µO − EO
<0
2 2
bulk
∆µLa = µLa − ELa
<0
bulk
∆µCo = µCo − ECo < 0

(8)
(9)
(10)

By combining Eq.(3) and (9), the lower limits can be
determined as follows,
f
∆µCo + 3∆µO > −ELaCoO
3
f
bulk
−ELaCoO
= ELaCoO
3
3

(11)
3
bulk
bulk
mol
− ELa
− ECo
− EO
(12)
2 2

f
where ELaCoO
is the formation energy of LaCoO3 bulk
3
crystal with respect to the La and Co atoms in their
bulk phases, and the O atom in the gas phase. Once
∆µCo and ∆µO are determined in the eﬀective ranges,
the accessible values of Ω are thus obtained.
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III. RESULTS AND DISCUSSION
A. Determining the optimized U parameter

It is well known that U parameter plays an important
role in the determination of the valence structure and
the crystal structure. Since the band gap is generally
related to the electronic structure of the bulk LaCoO3 ,
it is essential to determine an appropriate U value for
Co element to correct the mistake. Previous studies indicate that the ground state LaCoO3 is a nonmagnetic
semiconductor with Co3+ ions in the LS state [28, 29].
Therefore, band gap scan calculations were performed
with the parameter U varying from 2.9 eV to 3.9 eV
with an interval of 0.1 eV on the LS ground state. The
band gap as a function of the exchange parameter U
is shown in FIG. 3. With the increase of parameter
U , the value of the band gap linearly increases. When
U =3.4 eV is employed, a band gap of 0.61 eV is obtained, which well agrees with the experimental value
[37]. The U parameter of 3.4 eV was thus used for the
GGA+U calculations to investigate surface stability of
LaCoO3 perovskite.

FIG. 3 Band gap of hexagonal phase LaCoO3 as a function
of exchange parameter U .

B. Thermodynamic stability in different spin states with
GGA+U

To examine the inﬂuence of spin states of Co3+ ions
on surface stability, the surface grand potentials (Ω) of
low-index facets have been calculated (Table S1−S3 in
supplementary materials), where the Co3+ ions’ spin
states are in LS, IS (FM, AFM) and HS (FM, AFM)
states, respectively. The FM and AFM conﬁgurations
can be considered as two limits in energy with respect to the spin state of LaCoO3 . To determine the
accessible values of Ω, we should calculate the eﬀective intervals of ∆µCo and ∆µO according to the formation energy of LaCoO3 bulk crystal, as deﬁned in
Ref.[42]. The obtained formation energy of hexagonal LaCoO3 is −9.31 eV. On the basis of Eq.(11),
∆µCo and ∆µO are thus restricted within the ranges
of (−9.31 eV<∆µCo <0.00 eV) and (−3.10 eV<∆µO <
0.00 eV), respectively.
The stability diagram of the surface grand potential
Ω of diﬀerent terminations within the allowed area is
displayed in FIG. 4(a) when the Co3+ ions are in LS
state. Only three terminations out of six low-index
facets are found to be stable: (11̄02)-LaO, (0001)-LaO3
and (11̄02)-CoO2 . The calculated results indicate that
the (11̄02)-LaO termination is stable in low O chemical potential and low Co chemical potential, while
its complementary, the (11̄02)-CoO2 termination is in
rich O chemical potential and rich Co chemical potential. Additionally, the (0001)-LaO3 facet shows a stability domain in moderate Co and rich O environment.
FIG. 4(b) reveals the Ω of diﬀerent facets of the low
spin Co3+ ions as a function of ∆µCo with ∆µO =0 eV.
DOI:10.1063/1674-0068/30/cjcp1703035

FIG. 4 (a) Stability diagram of the low-index surfaces of
hexagonal LaCoO3 in LS state. The surface grand potential
(Ω) is represented as functions of ∆µCo and ∆µO . (b) The
surface grand potentials of diﬀerent terminations in condition of ∆µO =0 eV.

It can be noted that the (11̄02)-LaO termination is favored in a large interval (−9.31 eV<∆µCo <−3.29 eV)
and the (11̄02)-CoO2 termination becomes stable in a
small interval (−0.57 eV<∆µCo <0 eV). When ∆µCo
is restricted to (−3.29 eV<∆µCo <−0.57 eV), only the
(0001)-LaO3 termination can be observed.
FIG. 5(a) shows the Ω of diﬀerent terminations as
functions of ∆µCo and ∆µO in IS state with a FM conﬁguration. Our calculations suggest that (11̄02)-CoO2 ,
(0001)-Co and (1̄104)-LaCoO are unstable because their
surface grand potentials are always larger than that of
at least one stable facet within the allowed region. According to FIG. 5(a), the (11̄02)-LaO termination is the
most stable one in O- and Co-poor conditions. The
c
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FIG. 5 (a) and (c) Stability diagram of the low-index surfaces of hexagonal LaCoO3 in IS state with a FM and an AFM
conﬁgurations. The surface grand potential (Ω) is represented as functions of ∆µCo and ∆µO . (b) and (d) The surface
grand potentials of diﬀerent terminations in condition of ∆µO =0 eV in IS state with a FM and an AFM conﬁgurations.

(0001)-LaO3 and (1̄104)-O2 terminations are favored in
a small region corresponding to O- and Co-rich environments, respectively. FIG. 5(b) shows the Ω of different facets as a function of ∆µCo in O-rich condition
(∆µO =0 eV) in IS state with a FM conﬁguration. It
appears that the (0001)-LaO3 and (1̄104)-O2 terminations can be stabilized in a very limited area (−2.15 eV
<∆µCo <−0.93 eV and −0.93 eV<∆µCo <0 eV), respectively. When ∆µCo is lower than −2.15 eV, only the
(11̄02)-LaO termination can be observed.
As displayed in FIG. 5(c), the (11̄02)-LaO, (0001)LaO3 , (1̄104)-O2 and (11̄02)-CoO2 are thermodynamically most favorable when the IS state is in an AFM
conﬁguration. Compared to the stability diagram of the
IS state with a FM conﬁguration, the area of the (11̄02)LaO and (0001)-LaO3 facets hardly change, while the
region of (1̄104)-O2 termination only exists in a very
small domain. The (11̄02)-CoO2 termination emerges
and becomes most stable in rich O and Co environment.
FIG. 5(d) plots the surface grand potential Ω of diﬀerent facets as a function of ∆µCo with ∆µO =0 eV in
IS state with an AFM conﬁguration. The (11̄02)-LaO
termination is favorable in a large interval (−9.31 eV
<∆µCo <−2.36 eV). For the complementary termination, the (11̄02)-CoO2 can be stabilized in a small interval (−0.46 eV<∆µCo < 0 eV). When ∆µCo is restricted
to (−2.36 eV<∆µCo <−0.46 eV), two stable terminaDOI:10.1063/1674-0068/30/cjcp1703035

tions, the (0001)-LaO3 and (1̄104)-O2 terminations, can
be obtained.
FIG. 6(a) plots the surface grand potential Ω of different terminations as functions of ∆µCo and ∆µO in
HS state with a FM conﬁguration. The calculated results indicate that only four terminations are thermodynamically stable: (11̄02)-LaO, (0001)-LaO3 , (1̄104)-O2
and (11̄02)-CoO2 as shown in FIG. 6(a). The (11̄02)LaO termination is stable at low O chemical potential (O-poor limit) and low Co chemical potential (Copoor limit), as the (0001)-LaO3 facet shows a stability domain in moderate Co and rich O environment.
In general, the (1̄104)-O2 and (11̄02)-CoO2 terminations become the stable facets in a small domain corresponding to Co- and O-rich conditions. FIG. 6(b)
plots the Ω of diﬀerent facets of the high spin Co3+
ions with a FM conﬁguration as a function of ∆µCo
with ∆µO =0 eV (O-rich condition). The results indicate that when ∆µCo ranges from −9.31 eV to −4.60
eV, the (11̄02)-LaO termination is favored. When ∆µCo
is restricted to (−4.60 eV <∆µCo <−0.98 eV), only the
(0001)-LaO3 surface can be observed. When ∆µCo increases to −0.45 eV, the (11̄02)-O2 termination disappears and the (11̄02)-CoO2 surface emerges. Notably,
these (0001)-Co and (1̄104)-LaCoO terminations cannot
be stabilized because they are outside of the accessible
region.
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FIG. 6 (a) and (c) Stability diagram of the low-index surfaces of hexagonal LaCoO3 in HS state with a FM and an AFM
conﬁgurations. The surface grand potential (Ω) is represented as functions of ∆µCo and ∆µO . (b) and (d) The surface
grand potentials of diﬀerent terminations in condition of ∆µO =0 eV in HS state with a FM and an AFM conﬁgurations.

As shown in FIG. 6(c), when the HS state is in
the AFM conﬁguration, the (11̄02)-LaO, (0001)-LaO3
and (11̄02)-CoO2 terminations are the most favorable
facets. The stable region of (11̄02)-LaO termination
of the AFM conﬁguration is larger than that of the
FM conﬁguration. However, the area of (0001)-LaO3
becomes smaller. And the (11̄02)-CoO2 facet almost
does not change. FIG. 6(d) reveals the Ω of the
lowest-energy facets of the high spin Co3+ ions with
an AFM conﬁguration as a function of ∆µCo in Orich condition (∆µO =0 eV). According to FIG. 6(d),
the (1̄104)-LaCoO, (0001)-Co and (1̄104)-O2 facets cannot be obtained; however, the (11̄02)-LaO, (0001)-LaO3
and (11̄02)-CoO2 terminations can be stabilized in some
special Co environment, as −9.31 eV<∆µCo <−2.36 eV,
−2.36 eV<∆µCo <−0.58 eV, and −0.58 eV<∆µCo
<0 eV, respectively.
According to the above calculations, as the Co3+
ions’ spin states change, the stability diagram of lowindex facets in hexagonal-phase LaCoO3 undergoes a
signiﬁcant variation. Considering diﬀerent spin states
of Co3+ ions and diﬀerent magnetic conﬁgurations, one
can ﬁnd that (11̄02)-LaO termination is stable in a
large region with oxygen poor condition. Moreover, the
(0001)-LaO3 and (11̄02)-CoO2 terminations can be stabilized in an oxygen rich condition, which is a typical
DOI:10.1063/1674-0068/30/cjcp1703035

experimental environment for LaCoO3 . And tuning the
chemical potential of Co can tune the ﬁnal surface exposition of LaCoO3 nanoparticle. The (11̄02)-CoO2 termination is favorable under suitable chemical potential
regions, which can reach an agreement on theoretical
results and experimental observation. This corresponds
to the spin states of Co3+ ions in perovskite LaCoO3 .
The Co3+ ions occupying octahedral sites surrounded
by oxygen ions can introduce complex magnetic property in LaCoO3 , which has inﬂuence on the Co−O and
O−O bond strength on the surface.

C. Oxygen vacancy formation energy of the stable facets

Surface oxygen vacancy plays a key role in the catalytic oxidation reactions in perovskite LaCoO3 . We
therefore analyze how the spin states of Co3+ ions
change the fundamental properties of oxygen vacancy
formation. In order to explore the properties of these
possible exposed facets, the EOv of the surfaces have
been calculated. As shown in Table I, it can be found
that higher Co3+ magnetic moments lead to lower oxygen vacancy formation energies, in good agreement with
the previous work [30]. They attribute the tendencies in
the surface oxygen vacancy formation energies to variac
⃝2017
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TABLE I Oxygen vacancy formation energy (EOv ) for possible exposed surfaces with diﬀerent spin conﬁgurations.
Surface
LS
IS-FM
IS-AFM
HS-FM
HS-AFM
NS
NS [24]

(11̄02)-LaO
4.29
3.34
4.76
1.70
4.14
4.69
4.38

EOv /eV
(0001)-LaO3
1.14
1.00
0.74
0.20
0.69
0.68
0.09

(11̄02)-CoO2
1.51
0.85
1.22
0.08
1.05
1.24
−

tions in the O p-band center, which can be described as
the Co−O bond strength. This trend suggests that oxygen vacancy energetics link strongly to the spin moment
of Co3+ ions. Furthermore, whether the Co3+ ions are
in a LS, an IS-FM, an IS-AFM, a HS-FM or a HS-AFM
conﬁguration, the (11̄02)-LaO termination has the highest EOv among these surfaces. It indicates that the
(11̄02)-LaO facet may be not active, since O atoms are
strongly bound. In the HS-FM conﬁguration, the EOv
of (11̄02)-CoO2 termination is close to zero (0.08 eV),
which is lower than that of (0001)-LaO3 termination
(0.20 eV). When the spin state of Co3+ ions is in a
HS-AFM conﬁguration, the EOv of (11̄02)-CoO2 facet
is 1.05 eV, which is more than the (0001)-LaO3 termination (0.69 eV). As a result, it can be predicted that
the (11̄02)-CoO2 - and (0001)-LaO3 -terminated surfaces
might have good activity of O atoms, which can play a
critical role in the surface reaction processes.
For comparison, we also calculated surface oxygen
vacancy formation energies with NS polarized method
as used in Ref.[24]. The NS oxygen vacancy formation
energy of the (11̄02)-LaO termination is still the maximum. Moreover, the EOv of (11̄02)-CoO2 termination
is greater than that of the (0001)-LaO3 surface. Comparing the EOv in NS state of (11̄02)-LaO and (0001)LaO3 facets with previous work [24], it can be found
that there is a certain degree of error even if we use the
same method and model. It is because that there will be
a variety of uncertain spin conﬁgurations in the calculation process when we ignore the spin states, since there
are a lot of local minimums on the energy surface with
diﬀerent spin conﬁgurations. In fact, the above result
also represents that the spin states extremely aﬀect surface oxygen vacancies. Therefore, considering the spin
states of Co3+ ions is an essential role in exploring the
surface properties of LaCoO3 .

IV. CONCLUSION

We performed DFT+U calculations to study the effect of Co3+ spin states on surface stabilities of several
low-index terminations of the perovskite LaCoO3 . And
DOI:10.1063/1674-0068/30/cjcp1703035
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the EOv of possible exposed facets is calculated in diﬀerent spin states. The parameter U is employed to correct
the on-site Coulomb and the electron interactions for local d orbitals. It is found that the spin states of Co3+
ions in hexagonal-phase LaCoO3 have an important effect on the region of stability diagrams. For the most
cases with diﬀerent spin states and spin conﬁgurations
of Co3+ ions, the (11̄02)-CoO2 termination can be stabilized in oxygen rich environment, which agrees well
with the experimental observation. Moreover, the spin
states of Co3+ ions can aﬀect surface oxygen vacancy.
The higher Co3+ spin states give out the lower oxygen
vacancy formation energies. Our results reveal that the
spin states of Co3+ ions should be well considered for
studying the properties of LaCoO3 facets.
Supplementary materials: The surface grand potential (Ω) of diﬀerent terminations in LS, IS (FM, AFM)
and HS (FM, AFM) states are displayed, which is expressed as functions of the excess O and Co chemical
potentials (∆µCo and ∆µO ).
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