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We present the crystal structures and electronic properties of Co3O4 spinel under high pressure. Co3O4 undergoes a first-order

transition from a cubic (CB) Fd3̄m to a lower-symmetry monoclinic (MC) P21/c phase at 35 GPa, occurring after the local high-

spin to low-spin phase transition. The high-pressure phase exhibits the octahedral coordination of Co(II) and Co(III), whereas

the CB phase contains fourfold coordination of Co(II) and sixfold coordination of Co(III). The CB-to-MC transition is attributed

to the charge-transfer between the di- and trivalent cations via the enhanced 3d-3d interactions.

1 Introduction

Co3O4 spinel has intrigued extensive research owing to its im-

portances for a variety of emerging applications such as low-

temperature oxidation of CO and Li-ion batteries1,2. The crys-

talline structure of Co3O4 is classified as a cubic (space group

Fd3̄m) where the transition metal Co exists in two distinct ox-

idation states according to the typical spinel formula AB2O4

(A-site = Co2+, B-site = Co3+). These divalent and trivalent

cations exhibit the tetrahedral AO4 and octahedral BO6 coor-

dination, respectively. Due to the crystal field theory, they are

consequently in different local magnetic states. The divalent

ions opt to be in a high-spin (HS) state coupling with four

neighbors of the same kind by the anti-ferromagnetic (AFM)

ordering. On the contrary, the trivalent ions adopt a low-spin

(LS) state caused by the immense crystal-field splitting of 3d
orbitals3. The presence of different magnetic states of cations

in Co3O4 leads to the strong spin-lattice correlation, e.g., the

AFM-to-FM transition below Néel temperature in nanostruc-

tured Co3O4, which is originated by the normal-to-inverse

transformation4,5. As more examples, the underlying inter-

play between lattice and magnetism has been also reported in

Cr-based spinels due to spin-phonon coupling6,7. In this con-

text, one can expect sensitive magnetic properties upon struc-

tural changes induced by an external incentive, i. e., pressure.

An application of external pressure to solids consequently

reduces interatomic distances to initiate profound changes in

outer electron shells due to more overlapping, which directly

influences chemical and physical properties8. Therefore, nu-

merous novel phenomena are potentially emerged upon struc-
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tural compression. In particular, pressurizing spinel com-

pounds is able to alter their magnetic exchange interactions for

the switching between AFM and FM configurations9,10. Mag-

netic transitions from the high-spin to low-spin upon com-

pression have been reported for Fe3O4 spinel11,12. Pressure

can also induce phase transition in spinels where the novel

high-pressure phases usually exhibit the enhanced coordina-

tion number of cations and the differences in physical prop-

erties with respect to the initial spinel structures13. Thus, the

physical properties of spinel compounds are effectively tun-

able by applying external pressure. In particular, if quench-

able, high-pressure phases of Co3O4 may imply its improved

catalytic properties.

The fundamental aims of this study are to elucidate the crys-

tal structure and the electronic property of compressed Co3O4.

A Previous study has shown a charge-transfer type transition

from a normal-spinel to a partial inverse-spinel at 17.7 GPa14.

Later, S. Hirai et. al. have argued that Co3O4 structurally gets

transformed from a cubic (CB) to a lower-symmetry mono-

clinic (MC) phase (space group P21/c no. 14) whose the onset

is at 30 GPa and the complete phase transition occurs above 46

GPa15. In addition, there is an evidence that this high pressure

phase can be quenchable to another monoclinic phase (space

group C2/m no. 12) at around 0.5 GPa. Being motivated by

this debate, we have carried out first-prinicples theoretical in-

vestigation in order to acquire more descriptions of the phase

transition and the underlying electronic property of the high-

pressure phase. We have found the first-order phase transition

in Co3O4 from Fd3̄m to P21/c at 35 GPa, where the detailed

crystal structure of high-pressure phase differs from the re-

ported study15. The monoclinic phase C2/m is not energet-

ically favorable for the entire range of considered pressure.

The CB-to-MC transition is attributed to the charge-transfer

between the di- and trivalent cations via the enhanced 3d-3d
interactions. The MC phase is a semiconductor with the re-

duced band gap compared with the starting CB.
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2 Computational methods

In the present study, we have employed VASP code16 to

carry out a systematic study of the crystal structures, lattice

dynamics, magnetic and electronic properties of Co3O4 un-

der compression. The core-valence interactions were treated

by projector-augmented wave (PAW) approach17 with Co

(3p63d84p1) and O (2s22p4) being the valence states. The

exchange-correlation functional was approximated accord-

ing to generalized gradient approximation of Perder-Wang-

Ernzerhof (PBE)18, which is demonstrated to reliably deal

with transition oxides at high pressure region due to the in-

crease of bandwidth and screening19,20. The energy cut-off

representing a plan-wave basis was chosen to be 1000 eV. For

Brillouin zone integration, the k-point mesh of 8× 8× 8 and

8×4×6 was chosen for CB and MC respectively. Structural

optimization was terminated when the Hellmann-Feynman

forces exerting on each atom became less than 0.5 meV/Å

with the electronic self-consistence energy less than 1×10−6

eV. Furthermore, phonon dispersions were calculated from a

supercell of 2× 2× 2 for CB and 3× 1× 2 for MC by using

PHONOPY program21.

3 Results and discussion

The CB phase is characterized as a direct spinel struc-

ture, where the divalent cations occupy the A site 8a(0,0,0)

and the trivalent ones completely reside in the B site

16d(0.625,0.625,0.625). If the B site is accommodated by

both types of cations, the CB phase is called an inverse spinel.

The O anions are located at (u,u,u), u = 0.38813. The crystal

structure of CB, depicted in figure 1(a), constitutes two types

of polyhedral units, i. e., undistorted tetrahedra AO4 and oc-

tahedra BO6. The tetrahedra are connected with neighboring

octahedra by linking the vertices, while the octahedra share the

edges among themselves. Each oxygen belongs to three octa-

hedra and one tetrahedra. The bond distances of A-A, A-B and

B-B are found to be 3.52 Å, 3.37 Å and 2.88 Å, respectively.

The A-O (B-O) bond distance is calculated to be 1.95 (1.93)

Å, which displays less than 3 % deviation from the measured

value of 1.935 (1.920) Å15. Our calculated crystallographic

data of CB is assembled in table 1. The manifested consis-

tency between our findings and previously reported studies

validates the further investigations.

The CB phase is subsequently pressurized from 0 to 100

GPa. According to the spinel-type structures, the volumes of

polyhedra and the cation-anion bond lengths can be empiri-

cally expressed in terms of the oxygen position u because the

edges of polyhedra are made up of oxygen22. Thus, the vari-

ation of the parameter u with respect to pressure is able to

explain the cation ordering under pressure23. Normal and in-

verse spinels respond differently to pressure because of the

Fig. 1 Crystal structures of (a) cubic (CB) Fd3̄m and (b)

monoclinic (MC) P21/c. The blue (yellow) polyhedra in CB

represent AO4 (BO6), while those in MC denote AO6 (BO6).

different occupancies of cations at A and B sites. The for-

mer shows a gradual decrease in u with pressure, while the

later behaves the reverse23. Figure 2(a) reveals that there is a

monotonic reduction in u from 0 to around 23 GPa, which in-

dicates that pressure does not result in the transition from nor-

mal to inverse spinel. Interestingly, a sudden drop is observed

at around 27 GPa and it accounts for the significant change

in the structure originated from the collapse of local magnetic

moments of Co(II). Note that the magnetic moment of Co(III)

is calculated to be 0.00 μB at 0 GPa and it remains zero upon

increasing pressure. The disappearance of magnetic moments

is attributed to the shortening of Co-O bond distances at high

pressure due to the bandwidth broadening19. Therefore, the

CB phase becomes nonmagnetic at the onset pressure of 27

GPa.

In the CB lattice, Co(III) cations are diamagnetic owing

to the strong crystal field splitting3. On the contrary, Co(II)

cations at the 8a position form two face-centered cubic (fcc)

sub-lattices having the origins at (0,0,0) and (0.25,0.25,0.25).

Each spin of Co(II) ion at (0,0,0) is oppositely aligned with the

spins from four neighbors at (0.25,0.25,0.25). The CB phase

is regarded as the anti-ferromagnetic (AFM) ordering with the

super-exchange interactions through the favorable path Co(II)-

O-Co(III)-O-Co(II)3. The direct exchange interactions be-

tween Co(II) are negligible because of the large bond length.

Our total-energy calculation shows that the AFM ordering is

more favorable than the FM state, agreeing with an experi-

mental finding3. During the compression, we find the AFM

state is energetically retained (as shown in figure 3) until the

vanishing of magnetic moment at 27 GPa. It has been re-

ported that the AFM ordering is closely associated with the

empty eg states of Co(III) as evidenced by the variation in Néel

temperature with respect to different B-site cations such as

CoAl2O4 (4 K), CoRh2O4 (27 K) and CoGa2O4 (10 K)24–26.

Therefore, the negligible change in the magnetic moment of

Co(III) with pressure can be relevant to the maintenance of
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Table 1 The calculated crystallographic parameters and atomic coordinates of CB at ambient pressure and MC phase at 38 GPa. The

experimental values of CB are from ref. 3,14.

Space group Lattice parameters (Å) B0 (GPa) B′
0 Atom Fractional coordinates

Fd3̄m (227) 8.104 207 4.6 Co1(8a) 0.0000

Z = 8 8.06514 199 14 Co2(16d) 0.6250

O(32e) 0.3874

0.3881 3

P21/c (14) 2.725, 8.893, 4.674 202 4.3 Co1(2a) 0.000

Z = 2 β = 108.85 Co2(4e) 0.7604, 0.3529, 0.9736

O1(4e) 0.3678, 0.4527, 0.2145

O2(4e) 0.0705, 0.1854, 0.1911

AFM state. Another explanation is that pressure strengthens

the AFM ordering owing to the reduction in Co(II)-Co(II) dis-

tance that Néel temperature has been shown to be enhanced

with increasing pressure27. In addition, Jahn-Tellor distor-

tion of the tetrahedra and octahedra is not observed during

the compression, indicating that the compression of CB still

preserves the crystal field symmetry. Figure 2(b) shows that

tetrahedral AO4 is more compressible than octahedral BO6,

which reflects the stiffer bonds of higher oxidation state23 and

signifies that the higher coordination number of C(II) cations

in the high-pressure phase of Co3O4 is expected.

By considering enthalpy, further compressing the CB phase

leads to the first-order phase transition to the MC phase with

space group P21/c (No. 14) at 35 GPa as indicated in figure

2(c). The calculated transition pressure lies within the experi-

mental value (i. e., 30 - 46 GPa)15, but it is less than the pres-

sure (41.2 GPa) at which the CB phase has been experimen-

tally proposed to retain14. However, it is generally known that

the transition pressure is functional dependent. In particular,

PBE has been reported to underestimate the transition pressure

in some cases28–30. The CB-to-MC transformation apparently

occurs after the local high-spin to low-spin phase transition

and it is accompanied by the relative contraction of volume by

around -6.1 %. The MC phase, shown in figure 1(b), contains

two types of polyhedra namely Co(II)O6 and Co(III)O6 and

it is open and layered along the [001] direction. The octahe-

dra are interconnected to each other by sharing edges, which

displays a direct consequence of the increased coordination

number of Co(II) from 4 in CB to 6 in MC. As a result, the

cation-cation bond distances become nearly the same; A-A

= 2.73 Å, A-B = 2.68 Å and 2.73 AA. These notably dif-

fer from those in CB where A-A >A-B >B-B. Furthermore,

these shortened bonds compared with those in the CB phase

yield the enhanced interactions between the cations. The AO6

and BO6 polyhedra are highly distorted with the average A-O

and B-O bond distances of 1.89 Å and 1.92 Å, respectively.

The bulk modulus (B0) and its first derivative (B′
0) of MC are

estimated to be 202 GPa and 4.3, which are respectively com-

parable to 207 GPa and 4.6 of CB.

It is noted that the crystal structures of Co3O4 at high pres-

sure have been questionable owing to anisotropic crystal struc-

ture that the atomic positions are assigned to the those of

isostructural compounds15. In spite of the CB-to-MC transi-

tion, our calculated crystal parameters of MC phase presented

in table 1 differ from those of previous study where a = 4.1928

Å, b = 3.0462 Å, c = 8.685 Å, β = 95.0515. In addition,

the emergence of another monoclinic phase (MC-I) of space

group C2/m (no. 12) in the pressure range 28.0 to 0.5 GPa

during pressure release has been proposed by the experimental

study15. However, this phase, where Co(II) and Co(III) have

octahedral coordination by O atoms, is not energetically found

in our calculation, because its formation enthalpy is relatively

greater than the CB and MC phases.
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Fig. 2 (a) variation of oxygen position and the local magnetic

moment of Co(II) of CB as a function of pressure (b) the pressure

dependence of Co-O bond lengths of CB and (c) the relative

enthalpy as a function of pressure, referenced to CB.

For the assessments of dynamical stability, figure 4 shows

the phonon dispersion and corresponding phonon density of

state (PDOS) of CB at 0 and 46 GPa and MC at 46 GPa.
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Fig. 3 The comparison of total energy of CB phase in AFM and FM

state. Here, V0 represents the equilibrium volume at 0 GPa.

For CB at 0 GPa, the low-frequency regime is predominantly

originated from Co(II) vibration, whereas the high-frequency

range is mainly derived from the Co(III)-O vibration due to

stiffer Co(III)-O bonds. At 46 GPa, there are soft phonon

modes coming from the mixture of Co(II) and Co(III) vibra-

tion. Note that imaginary modes are expected to be originated

from Co(II) because of its major change in coordination num-

ber at increasing pressure. However, the structural instability

contributed by both types of cations is due to charge transfer

between Co(II) and Co(III) cations at high pressure14. For the

MC phase, the phonon dispersion at 46 GPa shows the ab-

sence of imaginary modes, confirming its dynamical stability.

The vibrational frequency is apparently divided into two parts

where the low to medium range is contributed almost equally

by vibration of Co(II) and Co(III). This reveals the enhanced

interactions between neighboring Co cations at high pressure,

which are responsible for the volume discontinuity in the first-

order phase transition of this material. Furthermore, the dras-

tic increase in vibration at high frequency is observed due to

the shorter Co-O bond lengths with high oxygen bonding en-

ergies.

For the analysis of electronic structures, the orbitally pro-

jected density of states (DOS), calculated by the hybrid func-

tional HSE06, is depicted in figure 5. From figure 5(a), one

can see that Co(II) ions in the CB phase at 0 GPa adopt a high-

spin (HS) e4
gt32g (S = 3/2) state due to the strong exchange split-

ting. On the other hand, Co(III) ions experience the smaller

exchange splitting than the crystal-field splitting, resulting in

a low-spin (LS) t62ge0
g (S = 0) configuration. The significant

hybridization between Co(III)-3d and O-2p near the Fermi

level yields a shorter Co(III)-O bonds than Co(II)-O bonds.

The calculated band gap at Γ is 3.1 eV, comparable with 3.25

eV by PBE + U 31. On the other hand, the DOS of MC at
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Fig. 4 Phonon dispersion and corresponding density of states

(PDOS) of (a) CB at ambient pressure (b) CB at 46 GPa and (c) MC

at 46 GPa. The unit of PDOS is states per ion.

46 GPa, shown in figure 5(b), reveals that the MC phase is a

non-magnetic semiconductor with the reduced band gap of 1.8

eV. It is seen that the MC phase shows a covalent character be-

cause of the increasing hybridization between Co cations, i. e.,

the charge transfer between Co(II) and Co(III)14. In addition,

the narrow bands highlighted by the dotted ellipse emerge

right below the valence band edge and they are derived from

Co-3d and O-2p states. This is because the shrunk Co(II)-

Co(III) bond distances and the edge sharing of Co(II)O6 and

Co(III)O6 octahedra in the MC phase. In other words, the

strong localization states arise from the enhanced interactions

between the Co cations passed by the sharing of O atoms. It is

therefore possible to establish that the pressure-induced phase

transition is governed by the charge transfer between di- and

trivalent cations via the 3d −3d interactions.
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Fig. 5 Orbital-projected density of states (DOS) of 3d-orbitals of

Co2+, Co3+ and O: (a) CB at ambient pressure and (b) MC-I at 38

GPa. The Fermi energy is shifted to zero.

4 Conclusions

To summarize, we have explored the pressure-driven phase

transitions in Co3O4 spinel by theoretical approaches based

on first-principles DFT. We calculate the transition pressure

from cubic (CB) Fd3̄m to monoclinic (MC) P21/c to be at

35 GPa, occurring after the local high-spin to low-spin phase

transition. The high-pressure phase exhibits the octahedral co-

ordination of Co(II) and Co(III), whereas the CB phase con-

tains fourfold coordination of Co(II) and sixfold coordination

of Co(III). The phonon dispersion reveals the dynamical insta-

bility of the CB phase above the transition pressure where the

MC phase correspondingly becomes stable. The high-pressure

phase is a non-magnetic semiconductor with the band gap of

1.8 eV. The phase transition is attributed to charge transfer be-

tween cations via the enhanced 3d-3d interactions. The mon-

oclinic phase C2/m is found energetically unfavorable for the

entire range of considered pressure. Our work can stimulate

further investigations on this phase because it has been pro-

posed to exist at low pressure and may benefit catalytic activ-

ity of this material.
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