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In experiments, strontium cobaltite (SrCoO3) has been confirmed to be a ferromagnetic metal (Curie
temperature TC ≈ 305 K) at ambient conditions and remains in cubic perovskite structure up to ∼60 GPa. Using
local density approximation + self-consistent Hubbard U (LDA+Usc) calculations, we show that ferromagnetic
metallic SrCoO3 at low pressure is in an intermediate-spin (IS) state with d6L character: nearly trivalent (Co3+)
instead of tetravalent cobalt (Co4+) accompanied by spin-down O-2p electron holes (ligand holes L). Our
calculations further predict that upon compression (�7 GPa), SrCoO3 undergoes a transition to a low-spin (LS)
ferromagnetic half-metal with an energy gap opened in the spin-up channel. Compared to the metallic IS state,
the half-metallic LS state exhibits even more prominent d6L character, including nearly nonmagnetic Co3+ and
exceptionally large oxygen magnetic moments, which contribute most of the magnetization. By analyzing x-ray
diffraction data of compressed single-crystal SrCoO3, we point out an anomalous volume reduction of ∼1%.
This previously unnoticed volume anomaly is in great agreement with our predictive calculations, providing
quantitative evidence for the simultaneous metal–half-metal and spin transition in SrCoO3.

DOI: 10.1103/PhysRevMaterials.2.111401

Since de Groot et al. predicted half-metals in 1983 [1],
this class of materials has attracted great attention due to
their unique electronic structures: nonzero density of states
(DOS) at the Fermi level (EF ) in one spin channel and an
energy gap opened in the other [2]. Behaving as a metal and
an insulator simultaneously in one single material’s different
spin channels, half-metals have been considered as prominent
spintronic materials. While the number of intrinsic half-metals
are unknown, half-metallicity has been observed in materials
of diverse types, including Heusler alloys [2–4], transition-
metal oxides with spinel [5] or double perovskite structure
[6–10], and heavy alkali-metal oxides [11]. Half-metallicity
can also be induced by pressure; a few examples include dou-
ble perovskites La2CoMnO6, La2VMnO6, and Sr2NiReO6

[12–14], and layered cobaltite Sr2CoO3F [15]. In this Rapid
Communication, we report our predictive calculations of the
simultaneous metal–half-metal and spin transition in cubic
perovskite strontium cobaltite (SrCoO3) under compression,
and report our analysis of previous experiments to support this
theoretical prediction. In a broader sense, a comprehensive
study of compressed SrCoO3 can also expand our knowledge
of perovskite cobaltites (La1−xSrx )CoO3 (0 � x � 1), a fam-
ily of materials being intensively studied for their complicated
magnetic properties [16].

The complexity of (La1−xSrx )CoO3 largely arises from
cobalt’s multiple oxidation (Co3+ and Co4+) and spin states.
Despite decades of effort, spin transitions in the end members
LaCoO3 and SrCoO3 still remain controversial. At low tem-
peratures (T � 30 K), LaCoO3 is a nonmagnetic (NM) insu-
lator with Co3+ in the low-spin (LS) state (total electron spin
S = 0). Starting at ∼30 K, LaCoO3 undergoes a thermally in-
duced spin transition into a paramagnetic insulator at ∼90 K.
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Both intermediate-spin (IS) and high-spin (HS) Co3+ have
been suggested to explain the spin transition and the following
paramagnetic phase, but a consensus has not been reached
[17–44]. In addition to temperature, epitaxial strain can also
induce spin transition in LaCoO3. In contrast to the NM bulk
at low T , tensile-strained LaCoO3 thin film is a ferromagnetic
insulator. Various scenarios have been suggested, including IS
Co3+ or a mixture of HS/LS Co3+ stabilized via expanded
CoO6 octahedra, oxygen vacancies, or superstructures in the
thin film. The source of this ferromagnetism, however, still
remains unclear [45–69].

In contrast to LaCoO3, SrCoO3 is a ferromagnetic (FM)
metal with cubic perovskite structure (Pm3̄m symmetry) at
ambient conditions [70,71]. SrCoO3 was first suggested to
have LS Co4+ (t5

2ge
0
g , S = 1/2) [72,73], but later theoret-

ical and experimental works inclined to higher spin states
[74–77]. Since the successful synthesis of single-crystal
SrCoO3, this material has attracted increasing attention due
to its high Curie temperature (TC ≈ 305 K) and high magne-
tization (M ≈ 2.50μB /f.u.) [70,71]. Strain-induced magnetic
and metal-insulator transitions in SrCoO3 thin films have
been reported [78–80], and properties and potential applica-
tions of SrCoO3−δ (0 � δ � 0.5) have also been investigated
[81–85]. With magnetic cations in the octahedral site, SrCoO3

is subject to spin or magnetic transitions upon compression.
Relevant studies, however, have been scarce. To our knowl-
edge, there are still no published spectroscopic studies of com-
pressed SrCoO3. So far, magnetic and transport measurements
up to 1.28 GPa and neutron powder diffraction (NPD) up to
5.4 GPa have shown no signs of spin transition; single-crystal
x-ray diffraction (XRD) at room temperature has shown
SrCoO3 remaining in Pm3̄m symmetry up to 60 GPa; further-
more, no signatures of CoO6 octahedral tilt or distortion have
been observed in low-T experiments down to 2 K, including
NPD at 200 K [71]. It should be pointed out, however, that
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since both polycrystalline and single-crystal SrCoO3 are syn-
thesized at high-(P, T ) conditions (T > 1000 K, P ≈ 6 GPa)
[70,82], the Pm3̄m phase may be a metastable phase at T �
300 K, despite its stability and robustness over a wide (P, T )
range (0–60 GPa, from �200 to ∼1000 K). Theoretical in-
vestigations for other possible structural phases (e.g., distorted
perovskite [80]) and their stability with respect to brownmil-
lerite SrCoO2.5 (a more favorable strontium cobaltite [70])
would be of interest, but not within the scope of our current
goal to reveal potential novel properties of the robust Pm3̄m

phase under compression.
In addition to materials research, spin transition is also

of great importance in geoscience [86,87]. Major constituent
minerals of the Earth’s lower mantle (660–2390 km in depth,
pressure range 23–135 GPa) contain 10–20 mol % of iron
[86], which adopts various valence (Fe2+ or Fe3+) and spin
states. As the pressure increases, iron in lower-mantle min-
erals undergoes a spin transition/crossover starting at P �
40 GPa, drastically changing the host minerals’ properties
[88–118]. To investigate iron spin transition and its geo-
physical effects, tremendous efforts have been made. A ma-
jor advance in theory is the development of the local den-
sity approximation + self-consistent Hubbard U (LDA+Usc)
method, with the Hubbard U parameters computed from
first principles self-consistently [119–122]. So far, LDA+Usc

has successfully determined the HS-LS transition pressure
and accompanying volume/elastic anomalies in several lower-
mantle minerals, including bridgmanite (Fe-bearing MgSiO3
perovskite) [114,115], ferropericlase (Mg,Fe)O [116], fer-
romagnesite (Mg, Fe)CO3 [117], and Fe-bearing new

hexagonal aluminous phase NaMg2(Si, Al)6O12 [118]. Given
its efficiency and accuracy, we adopt LDA+Usc in this
work. For comparison, generalized-gradient approximation
+ Hubbard U (GGA+U ) calculations are also presented.
Calculations in this work are performed using the QUANTUM

ESPRESSO codes [123] with projected augmented wave pseu-
dopotentials available at the Pslibrary website [124,125].

As mentioned above, the Pm3̄m phase of SrCoO3 is the
main focus of this work. In this phase, two distinct FM and
one antiferromagnetic (AFM, G-type) states can be obtained
in our calculation without applying any constraints; the NM
state can be obtained by performing non-spin-polarized cal-
culations. We compute self-consistent Usc for SrCoO3 in its
ambient state (FM metal with lattice parameter a = 3.8289 Å
[70]) and apply this U value to other magnetic states in the
relevant pressure range. Within LDA, Usc = 7.5 eV, which
is in between a commonly chosen U = 4.5 and a computed
U = 10.8 eV in the literature [76,81,85]. While the treatment
of Usc in this work is simpler than in Refs. [114–118], where
the spin and/or volume dependences of Usc were considered,
the present simple treatment of Usc still gives satisfactory
results, as shall be shown below, and further discussed in
the Supplemental Material [126]. Briefly speaking, LDA + U

is derived from LDA + U + J by neglecting the J term
(which accounts for the exchange interactions), and the U

parameters in LDA + U is the effective Ueff ≡ U − J . Within
LDA+Usc, it is Ueff being computed self-consistently, not U

or J alone [121–123]. Since J often increases with the total
electron spin S, the self-consistent Ueff often decreases with
S [114–118]. When adopting spin-dependent Ueff in LDA+U

FIG. 1. DOS and electron spin density of SrCoO3 in the (a)–(c) FMM (IS), (d)–(f) FMHM (LS), (g)–(i) AFM (HS), and (j),(k) NM states
at their equilibrium volumes (see Table I). For each state, the total DOS (gray shade) and its projections onto each atomic species and Co-3d

orbitals are plotted. The isosurface values of the electron spin density in panels (c), (f), and (i) are ±0.03 a.u.−3 (yellow/cyan).
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TABLE I. Equilibrium lattice parameter a0, relative energy �E with respect to the FMM (IS) state, total magnetization M , local magnetic
moments μCo and μO, and Co-3d orbital occupancy of various magnetic states at zero pressure within LDA+Usc.

�E (eV/f.u.) a0 (Å) M (μB/f.u.) μCo (μB) μO (μB) t
(↑)
2g e(↑)

g t
(↓)
2g e(↓)

g

FMM (IS) 0 3.7521 2.36 1.823 0.162 2.994 1.564 2.193 0.550
FMHM (LS) 0.0283 3.7349 1.00 0.017 0.333 2.991 0.696 2.838 0.810
AFM (HS) 0.2451 3.8258 0.00 2.882 0.000 2.991 1.896 0.630 1.378
NM 0.0717 3.7349 0.00 0.000 0.000 2.925 0.742 2.925 0.742

without including the spin-dependent J term, a smaller Ueff

for larger S sometimes leads to a significant underestimate of
total energy for higher spin states. At the moment, however,
computing J for each spin state is still highly challenging.
To circumvent the energy underestimate for SrCoO3 in higher
spin states within LDA+U , we only compute Ueff for ambient
SrCoO3 without considering its spin dependence [126].

Within LDA+Usc, the DOS and electron spin density of
SrCoO3 in all magnetic states at zero pressure are plotted in
Fig. 1 (EF aligned with 0 eV). Relevant parameters are listed
in Table I, including the equilibrium lattice parameter (a0), to-
tal magnetization (M), cobalt and oxygen magnetic moments
(μCo and μO), and Co-3d orbital occupancy. For convenience,
the total energy is expressed in terms of the relative energy
(�E) with respect to the ferromagnetic metallic (FMM) state
[Figs. 1(a)–1(c)]. As indicated in Table I, the FMM state
is the ground state (lowest �E) with M = 2.36μB/f.u., in
agreement with experiments [70,71]. Given its cobalt mag-
netic moment (μCo = 1.823μB) and orbital occupancy (t (↑)

2g =
2.994, t

(↓)
2g = 2.193), the oxidation and spin state of Co in

the FMM state is closer to IS Co3+ (t5
2ge

1
g , S = 1) rather

than IS Co4+ (t4
2ge

1
g , S = 3/2) or HS Co3+ (t4

2ge
2
g , S = 2).

The significant oxygen magnetic moment [μO = 0.162μB;
see also Fig. 1(c)] is an indication of spin-down O-2p electron
holes (ligand holes L). A ferromagnetic ground state with
d6L character is consistent with x-ray absorption spectra [77]
and previous theoretical studies [74–76], including dynamical
mean-field theory (DMFT). Remarkable similarities between
the LDA+Usc and DMFT results [76] include the shape of
the DOS [Fig. 1(a)], orbital polarization at EF (eg in the
spin-up and t2g in the spin-down channel) [Fig. 1(b)], and
negative spin polarization of the O-2pσ orbital [cyan lobes
in Fig. 1(c)].

The other FM state of SrCoO3 [Figs. 1(d)–1(f)] has M =
1.00μB/f.u. and an energy gap (Eg = 0.845 eV) opened in the
spin-up channel. This ferromagnetic half-metallic (FMHM)
state exhibits even more prominent d6L character. Co in this
FMHM state is nearly nonmagnetic LS Co3+ (t6

2ge
0
g , S = 0),

as indicated by its nearly vanishing Co magnetic moment
(μCo = 0.017μB) and nearly completely filled Co-t2g orbitals
(t (↑)

2g = 2.991, t
(↓)
2g = 2.838). The exceptionally large oxygen

magnetic moment [μO = 0.333μB; see also Fig. 1(f)] indi-
cates more ligand holes in this FMHM (LS) state than in the
FMM (IS) state; it also indicates that oxygen contributes most
of the magnetization in the FMHM (LS) state. Remarkably,
the coexistence of a majority-spin gap and large oxygen
magnetic moments is rare in transition-metal oxides but more
common in heavy alkali-metal oxides [11]. To better view

the majority-spin gap, we also plot the band structures of the
FMM (IS) and FMHM (LS) states in Fig. 2.

In contrast to the FMM (IS) and FMHM (LS) states,
the AFM state of SrCoO3 [Figs. 1(g)–1(i)] does not exhibit
much d6L character. Its large Co magnetic moment (μCo =
2.882μB) and nearly half-filled Co-t2g orbitals (t (↑)

2g = 2.991,

t
(↓)
2g = 0.630) suggest HS Co4+ (t3

2ge
2
g , S = 5/2) with strong

hybridization with O-2p electrons. Within LDA+Usc, the
AFM (HS) state is not the ground state and has the largest
equilibrium volume. This result suggests that AFM order
can be observed in expanded or tensile-strained SrCoO3,
consistent with other calculations and experiments [78,79].
The DOS of the NM state is shown in Figs. 1(j) and 1(k).

The equations of state E(V ) and compression curves V (P )
of SrCoO3 in all magnetic states within LDA+Usc (Usc =
7.5 eV), GGA+Usc (Usc = 7.4 eV), and GGA+U (with a
chosen U = 5.4 eV) are plotted in Fig. 3, where the computa-

FIG. 2. Band structure of SrCoO3 in the (a),(b) FMM (IS) and
(c),(d) FMHM (LS) states at zero pressure within LDA+Usc. An
energy gap of 0.845 eV is opened in the spin-up channel of the
FMHM (LS) state, as shown in panel (c).
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FIG. 3. The equations of state E(V ) and compression curves V (P ) of SrCoO3 in the FMM (IS), FMHM (LS), AFM (HS), and NM states
within (a),(b) LDA+Usc, (c),(d) GGA+Usc, and (e),(f) GGA+U . Notice that LDA+Usc correctly predicts the FMM (IS) state as the ground
state at P = 0.

tion results are fitted with the third-order Birch-Murnaghan
equation of state (3rd BM EoS). In each case, the energy
reference is set at the equilibrium of the FMM (IS) state.
Relevant parameters (�E, a0, and M) are listed in Table II,
along with experimental results [70,71]. As shown in Fig. 3
and Table II, LDA+Usc correctly finds the FMM (IS) state
as the ground state at P = 0, while GGA+Usc overly favors
the AFM (HS) state. A possible reason is that the electron

delocalization in LDA is already corrected to some extent
in GGA and may be overcompensated in GGA+U with a
large U , making GGA+Usc favor the AFM (HS) state (with
more prominent electron localization and insulating charac-
ters) over the FMM (IS) state (with itinerant characters) at
low pressure. By lowering the U parameter by 2 eV, GGA+U

with U = 5.4 eV no longer favors the AFM (HS) state. As
to the structural parameters, both GGA+Usc and GGA+U

FIG. 4. Relative enthalpies (�H ) of the FMHM (LS), AFM (HS), and NM states with respect to the FMM (IS) state within (a) LDA+Usc,
(b) GGA+Usc, and (c) GGA+U . The IS-LS transition pressure (PT ) is indicated by the vertical purple lines.
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TABLE II. �E, a0, and M (see definition in Table I) at zero
pressure within LDA+Usc, GGA+Usc, and GGA+U . Experimental
data are also presented.

�E a0 M

(eV/f.u.) (Å) (μB/f.u.)

Experiment at − 3.8289 2.50
300 K [70]
Experiment at − 3.8227 1.76
200 K [71]
LDA+Usc FMM (IS) 0 3.7521 2.36
(Usc = 7.5 eV) FMHM (LS) 0.0283 3.7349 1.00

AFM (HS) 0.2451 3.8258 0.00
NM 0.0717 3.7349 0.00

GGA+Usc FMM (IS) 0 3.8824 2.46
(Usc = 7.4 eV) FMHM (LS) 0.0854 3.8722 1.00

AFM (HS) −0.2801 3.9687 0.00
NM 0.1720 3.8539 0.00

GGA+U FMM (IS) 0 3.8591 2.70
(U = 5.4 eV) FMHM (LS) 0.2366 3.8397 1.00

AFM (HS) 0.0552 3.9198 0.00
NM 0.3060 3.8373 0.00

overestimate the equilibrium lattice parameter a0 of the FMM
(IS) state, while LDA+Usc underestimates a0 by ∼2%. Re-
gardless of the computation methods, the AFM (HS) state has
significantly larger volume than the other three states, and the
FMM (IS) is slightly larger than the FMHM (LS) and NM
states by ∼1%, as can be observed in Figs. 3(b), 3(d), and
3(f).

To find out the most energetically favorable magnetic state
of SrCoO3 under compression, we plot the relative enthalpies
(�H ≡ �E + P�V ) of all magnetic states with respect to
the FMM (IS) state in Fig. 4. The results given by LDA+Usc,
GGA+Usc, and GGA+U are qualitatively similar: In the
lowermost pressure range, the AFM (HS) state is the most
favorable; as the pressure increases, the FMM (IS) state
becomes the most favorable, followed by the FMHM (LS)
state at P > PT (PT is the IS-LS transition pressure, indicated
by the vertical lines in Fig. 4). Within LDA+Usc [Fig. 4(a)],
the FMM (IS) state is the most favorable in the region of
−11.2 < P < 6.8 GPa. When expanded to P < −11.2 GPa,
the AFM (HS) state is the most favorable; when compressed
to P > 6.8 GPa, the FMHM (LS) state is the most favorable
(PT = 6.8 GPa). Within GGA+Usc [Fig. 4(b)] and GGA+U

[Fig. 4(c)], the FMM (IS) state is the most favorable in
the region of 13.4 < P < 21.8 and −3.0 < P < 59.2 GPa,
with PT = 21.8 and 59.2 GPa, respectively. Evidently, the
GGA+U results are highly sensitive to the choice of the
Hubbard U . Likewise, varying U by 1–2 eV can drasti-
cally change the LDA+U results (see Supplemental Material
[126]). Comparing GGA+Usc and LDA+Usc, the main reason
why GGA+Usc predicts a PT much higher than LDA+Usc is
that GGA tends to overestimate pressure and volume while
LDA tends to underestimate these quantities, as shown in
Figs. 3(b) and 3(d). Among all these methods, LDA+Usc

predicts not only the correct FMM (IS) ground state at zero

FIG. 5. Volume anomaly accompanying the simultaneous metal–
half-metal and spin transition in SrCoO3. (a) Fraction of the FMHM
(LS) state, nFMHM, in the mixed phase at T = 300 and 77 K within
LDA+Usc; (b) compression curves of the FMM (IS) and FMHM
(LS) states and the mixed phase determined by theory and ex-
periments [71]; (c) relative volume difference with respect to the
FMM (IS) state determined by theory and experiments. See text and
Supplemental Material [126] for further details about panels (b) and
(c).

pressure but also the IS-LS transition pressure in great agree-
ment with experiments, as discussed below.

While probing half-metallicity is challenging, signatures of
pressure-induced spin transition are more easily detectable.
A few examples include changes of x-ray emission and
optical absorption spectra [88,89,92,93,113], and anoma-
lous volume reduction upon compression, which arises from
the significantly smaller cation size in the lower spin state
[89,91,110,112,114,117,118]. Here we compare the computed
volume anomaly with room-temperature XRD results. At
T �= 0, spin transition goes through a mixed phase consist-
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ing of all possible states. Without the inclusion of vibra-
tional free energy, the fraction ni of state i (i = FMM,
FMHM, or AFM) in the mixed phase can be determined using
Eq. (1) with the constraint

∑
i ni = 1, based on a thermo-

dynamic model [91,104,106] detailed in the Supplemental
Material [126],

ni (P, T )

nFMM(P, T )
= 2Si + 1

2SFMM + 1
exp

(
−�Hi

kBT

)
, (1)

where Si is the total electron spin of the state i. The compres-
sion curve of the mixed phase (Vmix) is computed based on
the assumption Vmix = ∑

i niVi , where Vi is the compression
curve of state i.

In Fig. 5(a), we plot the FMHM (LS) fraction nFMHM

within LDA+Usc for T = 300 and 77 K. In this (P, T ) range,
the AFM (HS) fraction is negligible (nAFM < 10−5); effec-
tively, nFMM = 1 − nFMHM. At T = 300 K, the increase of
nFMHM is smoother than at 77 K. This temperature effect is a
direct consequence of the exp(−�Hi/kBT ) term in Eq. (1).
In Fig. 5(b), we plot the mixed-phase compression curves
Vmix for T = 300 (orange dashed line) and 77 K (purple thin
line). Both curves undergo an anomalous volume reduction,
deviating from VFMM and merging into VFMHM. At T = 300
and 77 K, the volume anomalies occur in the regions of 6 �
P � 22 and 6 � P � 12 GPa, respectively, consistent with
the increase of nFMHM shown in Fig. 5(a). In experiments, the
room-temperature XRD data in the pressure range 0–33 GPa
[symbols in Fig. 5(b)] are of a mixed-phase compression
curve; therefore, a single BM EoS would poorly fit these data
points [71] (see also Supplemental Material [126]). We find
that XRD data at P < 7 and P > 20 GPa can be fitted with
two different 3rd BM EoS, indicated by the pink dotted (V0 =
56.159 Å

3
, K0 = 148.69 GPa, K ′

0 = 5.34) and brown dashed-

dotted lines (V0 = 55.397 Å
3
, K0 = 151.31 GPa, K ′

0 = 6.74),
which should be considered as the experimentally deter-
mined VFMM and VFMHM curves, respectively. In agreement
with theory, the experimental Vmix (XRD data) undergoes an
anomalous reduction, deviating from the experimental VFMM

and merging into VFMHM. To better compare experiments and
theory, we plot the relative volume difference with respect to
the FMM (IS) state in Fig. 5(c), where the theoretical and

experimental VFMM are used as the reference for the theoret-
ical and experimental results, respectively (see also Supple-
mental Material [126]). Remarkably, the theoretically (blue
solid) and experimentally (brown dashed-dotted) determined
(VFMHM − VFMM)/VFMM lines are in excellent agreement. On
the other hand, the experimental (Vmix − VFMM)/VFMM (sym-
bols) is in between the theoretical T = 300 (orange dashed)
and 77 K (purple thin) lines, indicating that spin transition
predicted by theory is smoother than observed in experiments.
This slight difference, which also occurs in (Mg, Fe)CO3

[111,116], suggests that |�H | may be underestimated [see
Eq. (1)]. We thus estimate that experiments performed at ∼
200 K would see a volume anomaly similar to the theoretical
77 K result; experiments performed at ∼77 K would see an
abrupt volume anomaly in the region of 6.5 � P � 8.5 GPa
(as long as SrCoO3 remains in Pm3̄m symmetry at low T ).

In summary, we have investigated cubic perovskite SrCoO3

under compression using LDA+Usc calculations. Based on
our calculations, SrCoO3 at ambient pressure is a ferromag-
netic metal in an intermediate-spin state with d6L character,
namely, nearly IS Co3+ (t5

2ge
1
g , S = 1) accompanied by spin-

down O-2p electron holes. Upon compression (�7 GPa),
SrCoO3 undergoes a transition to a low-spin ferromagnetic
half-metal with an energy gap opened in the spin-up channel.
Compared to the metallic IS state, the half-metallic LS state
exhibits even more prominent d6L character, including nearly
nonmagnetic LS Co3+ (μCo = 0.017μB), and exceptionally
large oxygen magnetic moments (μO = 0.333μB), which con-
tribute most of the magnetization. We have also analyzed
room-temperature XRD data of compressed single-crystal
SrCoO3 and found an anomalous volume reduction (∼1%)
occurring in the pressure range 6–18 GPa. This previously
unnoticed volume anomaly is in great agreement with our
LDA+Usc calculations, providing quantitative evidence for
the predicted metal–half-metal and spin transition. In short,
our theoretical prediction points out potentially novel proper-
ties of SrCoO3 for further investigation.
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