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First-principles study for low-spin LaCoOj3 with a structurally consistent Hubbard U
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In this paper, we use the local density approximation+Hubbard U method to calculate the structural and
electronic properties of low-spin LaCoO5. The Hubbard U is obtained by first principles and consistent with
each fully optimized atomic structure at different pressures. With structurally consistent U, the fully optimized
atomic structure agrees with experimental data better than the calculations with fixed or vanishing U.
A discussion on how the Hubbard U affects the electronic and atomic structures of LaCoOj is also given.
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I. INTRODUCTION

Interest toward perovskite cobaltites, especially LaCoOs,
can be dated back to decades ago because of their unique
properties, such as the occurrence of non-metal-to-metal
transition and spin-state transition.!” At low temperature,
LaCoOs; is nonmetal with vanishing magnetization, i.e., the
Co** cations are in the low-spin (LS) (S=0) state. As the
temperature is raised to about 100 K, LaCoO; undergoes a
crossover from the nonmagnetic to a magnetic state. Such a
crossover transition was first suggested to be from the low-
spin state to a high-spin (HS) (§=2) state, as reviewed in
Refs. 1-3. Later, several density functional theory (DFT)-
based calculations** indicated that intermediate-spin (IS)
(S=1) state of Co’* can stably exist and is involved in the
spin-state crossover transition around 100 K. Much effort has
been devoted to sharpen the evidences in support of or to
question the existence of IS state and its role in spin-state
transition ever since'®?? but there still remain controversy.
On the theoretical side, calculations based on CoOg¢ cluster
models showed that it is difficult to stabilize the IS state.?0->
Also, DFT-based calculations with the same method do not
entirely agree with each other on this issue. Both pure IS
state” and LS-HS mixture® have been attributed to cause the
spin-state transition at around 100 K.

In addition to temperature, pressure can also induce spin-
state transition and lattice distortions in LaCo0Oj5.24?” For
example, at room temperature, the anomalous change in
structural parameters at a pressure of about 4 GPa was attrib-
uted to the IS-to-LS transition, as proposed in Ref. 24.

As shown in the experimental works mentioned above,
accompanying with thermal- or pressure-induced spin-state
transition, anomalous variations in magnetic susceptibility,
thermal expansion, bulk modulus, and structural parameters
with temperature'®2* or pressure’*~?’ can occur. Although
these anomalies have been used as signatures of the occur-
rence of spin-state transition, the normal behavior of LS
LaCoOs structural parameters has not been clarified.

So far, in most DFT-based calculations for LaCoO5,*~ the
lattice structures are adopted from neutron or x-ray diffrac-
tion experiments (see Refs. 16 and 24 for example). The
electronic structures and spin states at different pressures and
temperatures are calculated using the experimental lattice
structures measured at the corresponding pressure and tem-
perature. To further understand the properties of LaCoO; at
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different conditions, an ab initio calculation starting with the
determination of LaCoOj; lattice structure is of interest. A
predictive study of LS LaCoO; would be a good starting
point.

It is known that the local density approximation (LDA)
and generalized-gradient approximation (GGA) could give
incorrect result for transition-metal oxide systems. For ex-
ample, LDA and GGA produce metallic ground state for LS
LaCo0s;, as shall be shown later, while LS LaCoOj is insu-
lating at low temperature.'=>1419.28-30 Corrections that ac-
count for the strong correlation among the electrons at the
Co sites can be made by using the so-called DFT+U ap-
proach. In this approach, the usual approximate DFT energy
functional (LDA or GGA) is corrected by an additional term
that depends on the effective on-site electron-electron inter-
action in a manner similar to the U term in the Hubbard
model. Such DFT+ U method has been successfully used in
the calculations of many transition-metal oxides.’!33 In
many previous DFT+ U calculations of LaCoOs;, the values
of Hubbard U are chosen to be constant*~ regardless of the
spin state of Co>* or the volume of unit cell. However, it has
been demonstrated that the Hubbard U value can vary with
those quantities in the same material.>>33 Therefore, to get
more accurate results for LS LaCoQO3, a structure-dependent
U is necessary.

In this paper, we compare the atomic and electronic struc-
tures of LS LaCoO; obtained from several methods: LDA,
GGA, and LDA+U with different choices of U, including
fixed and structure-dependent U. In Sec. II, a discussion for
the determination of structurally consistent U is given. Com-
parison for the results obtained from different methods is
made in Sec. III. Concluding remarks are offered in Sec. IV.

II. STRUCTURALLY CONSISTENT HUBBARD U AND
COMPUTATION

For a given structure, the functional of total energy E in
LDA+U method is written as

U
E=FEipa+ 52 Tr[n'7(1 - n'7)], (1)
Lo

where Ejp, is the LDA ground-state energy of the structure
and n’? is the occupation matrix of the atomic site I with spin
o. The Hubbard U of this given structure can be calculated
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based on linear response theory, as detailed in Ref. 33.
Briefly speaking, this procedure starts with computing the
LDA ground state of this given structure. With the LDA
ground state, the occupation n’” at each Hubbard site I can
be determined accordingly. The next step is to apply pertur-
bations to the potential localized at Hubbard site 1. The per-
turbed states lead to different occupations with respect to the
unperturbed one. The linear response of occupation n’” to the
local potential shift is used to determine the Hubbard U.
Within this scheme, a supercell approach is usually adopted
to simulate a single Hubbard site being perturbed in an infi-
nite crystal.>* For LS LaCoOj;, we have tested the Hubbard
U’s obtained using rhombohedral unit cell containing 10 at-
oms (2 Co atoms), hexagonal cell containing 30 atoms (6 Co
atoms), and 2 X2 X2 supercell containing 80 atoms (16 Co
atoms). The results given by hexagonal cell and 2 X2 X2
supercell are within about 0.05 eV. In this paper, all the Hub-
bard U’s are computed using hexagonal cells.

The calculation of structurally consistent Hubbard U is
based on an iterative procedure that starts with a structure
optimization within LDA (U=0). The U computed for this
LDA equilibrium structure is referred to as U,. Then, an
LDA+U structural optimization is performed with U=U,,
and this generally leads to a configuration different from the
LDA-optimized structure. A different calculation for the U
parameter is performed with the present structure, and this
present U is used in the next structure optimization. This
cyclic procedure is stopped when the convergence of U and
structural parameters is achieved. Typically, after three to
four iterations, the presently obtained U can be within 0.03
eV from the previous U, and the atomic structure essentially
remains the same. This structurally consistent U is referred
to as Uy in this paper.

The pressure P is determined by the negative derivative of
total energy with respect to volume,

P=——77"7--—- Tr[n'?(1 —n'”
av 2av% L )]

- g% %Tr[n"’(l -n'%)]. (2)

Based on this equation, pressure depends on the volume/
structure dependence of U. If U is chosen to be a constant,
then the effect from the second term (proportional to JU/ V)
is missed. A discussion on how the choice of U affects P will
be given in Sec. III.

The computations are carried out using the QUANTUM-
ESPRESSO package.’* The pseudopotentials are generated by
the method of Vanderbilt.?> The valence electronic configu-
rations used are 5s25p°5d'6s'6p'4£°, 3523p°3d0345%4p°, and
25%2p* for La, Co, and O, respectively. Core radii are r,
=r,=r,=2.2 au. and r/=17 au. for La, r;=r,=ry
=1.8 a.u. for Co, and ry;=r,=1.4 a.u. for O. The energy cut-
off is 64 Ry for the wave function and 640 Ry for the charge
density. For Brillouin-zone sampling, 8 X 8 X 8 k-point mesh
is used. Structural optimization is performed using variable
cell shape molecular dynamics.?® When the interatomic
forces are smaller than 10~* Ry/a.u., the relaxation is termi-
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FIG. 1. Hubbard U as a function of LS LaCoO3 rhombohedral
unit-cell volume V. The Hubbard U of the LDA-relaxed structure is
referred to as U, (dashed line), and the structurally consistent U
(see text) is referred to as Uy, (solid line). While U, decreases with
V, U, has a minimum of 8.20 eV at V=814 a.u.’. The different
volume dependence affects the estimate of pressure, as later shown
in Fig. 3.

nated. The compression curves are fitted to the third-order
Birch-Murnaghan equation.

III. RESULTS AND DISCUSSION

We first show the dependence of U, the Hubbard U of the
LDA-relaxed LS LaCoOs, and U, the structurally consistent
Hubbard U of LS LaCoO;, on the unit-cell volume (V) in
Fig. 1. The difference between U, and U, is not very large.
The maximum of U,-U, is 0.16 eV occurring at V
=731 a.u.’. Their derivatives with respect to V, however, are
very different. For the volume range considered in this paper,
U, monotonically decreases with V, while U, decreases to a
minimum of 8.20 eV at V=814 a.u.? and then increases. For
larger volumes, U, seems to approach U,,. Such difference in
volume dependence affects the calculation of pressure, as
can be seen from Eq. (2).

In Fig. 2, the total energies E as functions of unit-cell
volume V obtained from different choices of the Hubbard U
are plotted, including volume-dependent U, and Uy, and
fixed U=8.33 eV (average of U,,) and U=8.46 eV (average
of U,). For the cases of two fixed U’s, the two corresponding
E(V) curves have very similar shape, and their minima occur
at almost the same volume. We can thus expect these two
fixed values of U to give almost identical volume-pressure
relations. On the other hand, the shapes of the E(V) curves
given by the volume-dependent U, and U, are different from
the fixed U results and also from each other. At smaller vol-
umes (V<675 a.u.’) where dU,/dV=dU/dV, the corre-
sponding E(V) curves have almost the same slope. Around
V=731 au.’ where U,—U, has a maximum, the corre-
sponding E(V) curves also differ the most. At large Vs where
U, approaches U, the corresponding E(V) curves also ap-
proach each other.

Next, we demonstrate how the structural properties of
LaCoO; and their response to pressure are affected by dif-

125124-2



FIRST-PRINCIPLES STUDY FOR LOW-SPIN LaCoOQs...

-979.4

U=8.33¢eV

— — —U=846eV
- - -Uo

-979.45

-979.51

Energy (Ry)

-979.55

-979.6 1

-979.65 - - - - -
600 650 700 750 800 850 900

\Y (a.u.a)

FIG. 2. (Color online) Total energies E as functions of LS
LaCoOj unit-cell volume V obtained from different choices of Hub-
bard U: volume-dependent U, Uy, and fixed U=8.46 eV (average
of U,) and U=8.33 eV (average of U,.). The E(V) curves obtained
from the two fixed U’s have very similar shape, and the E(V) curves
obtained from the volume-dependent U, and U, have different
shapes.

ferent choices of the Hubbard U. The zero-temperature vol-
umes and structural parameters of LS LaCoO; for pressures
ranging from —28 to 34 GPa determined by LDA, GGA, and
LDA+ U with different choices of U are shown in Figs. 3-5.
Two sets of experimental data are presented along with our
calculation for comparison. The orange squares are the data
taken under ambient pressure (10~ GPa) at temperature T
=5 K,'0 and the green triangles are the data taken at room
temperature (7=298 K) with pressures ranging from 107 to
8 GPa.>* Due to the spin excitation caused by temperature
and the pressure-induced spin-state transition, it can be ex-
pected that the calculated structural parameters and the ones
measured at 7=298 K can vary with pressure in different
manners.
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FIG. 3. (Color online) Calculated zero-temperature volume at
different pressures. At P=0 GPa, the volume given by LDA+U
with U, agrees with the experimental data taken at 7=5 K, P
=10"* GPa (orange square) (Ref. 16) better than other calculated
results. Experimental data taken at room temperature (green tri-
angles) (Ref. 24) are shown as a reference.
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FIG. 4. (Color online) Lattice constant a (top) and rhombohe-
dral angle « (bottom) of LS LaCoO; at different pressures. At P
=0 GPa, the results of LDA+U with U agree best with the ex-
perimental data taken at 7=5 K (Ref. 16). The discrepancy with
respect to the 7=298 K (Ref. 24) data is a signature of spin
excitations.

In Fig. 3, the volume dependence on pressure is plotted.
The zero-temperature equilibrium volumes (at P=0 GPa)
given by different methods are listed in Table I. Compared
with the experimental volume V=745.1577 au’at7=5 K,
LDA underestimates the equilibrium volume by 4.79% and
GGA overestimates the volume by 2.39%. By applying U,
the results get closer to the experimental value. Different
choices of U improve over LDA differently. The structurally
consistent Uy, improves the most and gives
V=727.2558 a.u.’ at P=0 GPa, underestimating the volume
by 2.40%. The results with U, are expected to be further
improved with the inclusion of zero-point motion.

When P # 0, different choices of U give different volume-
pressure relations. In most of the pressure range
(-25.6 to 34 GPa), LDA gives the smallest volume, and ap-
plying U increases the volume. This suggests that GGA+U
may not be appropriate for LaCoOj5 structural optimization.
It could overestimate volume more than GGA already does.
The results obtained from the two fixed U’s (U=8.33 and
8.46 eV) are very similar because the value difference in U is
not large enough to cause significant difference in atomic and
electronic structures, and the same volume dependence of
fixed U gives very similar pressure. This can also be seen
from Fig. 2, where the E(V) with U=8.33 eV is essentially
the same as that with U=8.46 eV but just shifted vertically
by 0.096 Ry. As to the cases of U, and U, they give similar
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FIG. 5. (Color online) Structural parameters of LaCoO3, Co-O
distance (top), Co-O-Co bond angle (middle), and O-Co-O bond
angle (bottom), at different pressures. At P=0 GPa, the results of
LDA+U with U, agree best with the experimental data taken at
T=5 K (Ref. 16). The discrepancy with respect to the 7=298 K
data (Ref. 24) is a signature of spin excitations.

volume-pressure relations for greater P’s (smaller V’s).
When the lattice is expanded (at negative P), U, gives a
flatter V vs P curve. This is because with Uy, expanding the
lattice would be more difficult, which can be seen from the
steeper E(V) curve of U, for larger volumes in Fig. 2.
Most experimental works show LaCoO; having rhombo-

hedral unit cell (R3¢ symmetry) with ten atoms. Three pa-
rameters can be used to describe such type of structure: lat-
tice constant a, rhombohedral angle o between lattice
vectors, and the atomic coordinate x of oxygen at the Ge
Wyckoff position. Another set of parameters can be used for
structure description as well: Co-O distance, Co-O-Co bond
angle, and O-Co-O bond angle. Instead of plotting a, «, and
x, we plot a, «, and the parameters of CoOg octahedra for
better understanding how the atomic structure responds to
external pressure and Hubbard U. If LaCoO; were undis-
torted cubic perovskite, its a, Co-O-Co, and O-Co-O bond
angles would be 60°, 180°, and 90°, respectively.
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TABLE 1. Calculated 0 K volume (at P=0) and experimental 5
K volume (at P=10"* GPa) of LS LaCoO rhombohedral unit cell.
The result obtained by using LDA+ U method with Uy, structurally
consistent Hubbard U, agrees with experimental data better than
other methods.

Volume Deviation

(a.u?) (%)
T=5 K (Ref. 16) 745.1577 0
LDA 709.4681 -4.79
GGA 762.9661 2.39
U=8.33 eV 715.5514 -3.97
U=8.46 eV 715.6860 -3.96
U, 725.5865 -2.63
U, 727.2558 -2.40

In Fig. 4, lattice constant @ and rhombohedral angle « are
plotted versus pressure. Similar to the compression curves in
Fig. 3, LDA underestimates the lattice constant a the most,
GGA overestimates, and U, gives the best result at P=0. For
the rhombohedral angle «, applying the Hubbard U makes
the LS LoCoO; less distorted from cubic perovskite
(a=60°). This also makes the LDA+ U results closer to the
T=5 K data.

In Fig. 5, the Co-O distance, Co-O-Co, and O-Co-O bond
angles are plotted versus pressure. The 7=298 K structural
parameters have a qualitatively different behavior from the
calculated LS LaCoOj results. The main reason is that at
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FIG. 6. (Color online) Total and partial densities of states of LS
LaCoO; at V=744.65 a.u.® obtained using LDA (experimental
equilibrium V=745.16 a.u.?). (a) Total density of states; (b) partial
density of states of different atoms; and (c) partial density of states
of e, and 1,, states. LDA gives metallic LaCoOj3 at low temperature.
The occupation of 1,, state is 5.66/Co.
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FIG. 7. (Color online) Total and partial densities of states of LS
LaCoO; at V=744.13 a.u.’® obtained using LDA+U (experimental
equilibrium V=745.16 a.u.%). (a) Total density of states; (b) partial
density of states of different atoms; and (c) partial density of states
of e, and 1,, states. Applying U opens an indirect gap of 1.43 eV.
The occupation of 7,, state is 5.91/Co.

room temperature, LaCoOj is no longer in the LS state. We
can also notice that when LS LaCoO; is compressed, the
Co-O-Co and O-Co-O angles are closer to the cubic perov-
skite values (180° and 90°).

To further understand how LDA+ U (especially with U,,)
improves over LDA, we compare the density of states
(DOS), maximally localized Wannier functions (MLWFs),
charge density, and structural parameters of LS LaCoO; ob-
tained from LDA and LDA+ U, at around the experimental
equilibrium volume (745.16 a.u.?). In the calculations, the
unit-cell volumes are 744.64 and 744.13 a.u.? for LDA and
LDA+ Uy, respectively.

Figures 6 and 7 show the density of states and partial
density of states (PDOS) obtained from LDA and LDA+U
(with Ug), respectively. In PDOS, the projections of the
wave function on the localized states at each atomic site are
shown, including the projection on the five 3d states at the
Co site—two e, states (d3.2_,2,d2_,2) and three t,, states

(dxy,dyz,dzx), where the x, y, and z axes are closely aligned

PHYSICAL REVIEW B 79, 125124 (2009)

FIG. 8. (Color online) Charge density of LS LaCoO5 around Co
given by (a) LDA at V=744.65 au.’® and (b) LDA+U at V
=744.13 a.u.?® Co is placed at the center and surrounded by six O
sites. The charge density on the Co site given by LDA+U has
deeper dimples and a more cubiclike shape. This shows a more
confined and 7,,-like charge density. The isosurface value is 0.09.

with the Co-O axes in CoOg octahedra. Similar to other
calculations,*® LDA gives metallic LaCoO;, and LDA+U
opens a gap. In our calculation, the gap is 1.43 eV, and it is
an indirect gap. The top of the valence band occurs at the
I'(000) point, and the bottom of the conduction band occurs
at the F (%%0) point. The calculated gap is greater than the
results of optical conductivity measurements, from which an
indirect gap between 0.1 and 1 eV was estimated,?®*37 and
also greater than the results of ultraviolet photoemission
spectroscopy (UPS) spectrum, from which a gap of 0.6 eV
was estimated.?® In addition to opening a gap, the Hubbard U
also causes the valence band separating into three subgroups,
as can be seen in Fig. 7(a). The subgroup right below Ej is
mainly formed by O 2p states, and most of the 1,, states are
shifted to the bottom of the band. The grouping feature of the
valence band and the corresponding DOS peaks agree with
the x-ray photoemission spectroscopy (XPS) spectra taken at
T=80 K.3%0 At this temperature, most Co atoms are in the
LS state. The peaks of the XPS spectrum shown in Ref. 39
occur at —1.3, =3.4, and —-5.5 eV, and the energy resolution
was approximately 0.9 eV. Our calculated LDA+U DOS
peaks occur at —0.7, =3.6, and —-5.5 eV. The full width at
half maximum (FWHM) of these peaks are 1.4, 0.4, and 0.5
eV, respectively. On the contrary, the valence band in LDA
does not show evident grouping feature. In this sense,
LDA+U gives a more accurate description for the electronic
structure than LDA does.

One can notice that in both LDA and LDA+ U cases, the
projection on e, states are nonvanishing. In LDA+U, the
PDOS peak of e, states occurs at —=3.6 eV—same as the
PDOS peak of O 2p. In LDA, however, no peak of e, and
O 2p occurs at the same energy. This suggests that in LDA
+ U, bonding states between Co and O are formed. More
detailed discussions on the bonding states will be given later.

TABLE 1I. Structural parameters of LS LaCoOs at V~745 a.u.?. The result obtained from U, is closer

to the experimental data.

Volume a a Co-O Co-0O-Co 0-Co-0

(a.u) (a.u.) (deg) (a.u.) (deg) (deg)
T=5 K (Ref. 16) 745.1577 10.1001 61.01 3.6383 162.93 91.48
LDA 744.6498 10.0691 61.40 3.6507 160.41 91.99
Uy 744.1255 10.0863 61.14 3.6445 161.36 91.70
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FIG. 9. (Color online) MLWFs of LS LaCoO; at
V=744.65 a.u.? given by LDA. Green, light blue, and red spheres
represent La, Co, and O sites, respectively. The isosurface values
are +0.60. [(a)—(e)] MLWFs associated with the Co 3d band;
[(f)—~(h)] MLWFs associated with the O 2p band. In order to see
how the O 2p electrons bond with the atoms in the adjacent unit
cell, each O 2p MLWF in panels (f)—(h) is duplicated and plotted at
the equivalent atomic site in the adjacent cell.

Applying the Hubbard U also makes the occupied states
more f,-like. By integrating PDOS over energy, the occupa-
tion of #,, state is 5.66/Co in the LDA case and 5.91/Co in
the LDA+U case. The charge density shown in Fig. 8 is
consistent with this. The LDA and LDA+ U charge densities
are plotted in panels (a) and (b), respectively. In both panels,
Co site is placed at the center of the picture surrounded by
six O sites. The deeper dimples and the more cubic shape of
LDA+U charge density indicate that the occupied states
have a more pronounced 1,, character. The Co-O distance
also becomes smaller in the presence of the Hubbard U, as
shown in Table II. Smaller Co-O distance in LDA+ U makes
LaCoOj; less distorted. A quantity, Goldschmidt tolerance
factor 1= (La-0)/2(Co-0), where (La-O) and (Co-O) are
the average La-O and Co-O distances, can be used to analyze
the distortion of perovskite structures. For cubic perovskite,
t=1; for rhombohedrally compressed perovskite such as
LaCoOs;, t<1. As mentioned above, LDA+U gives smaller
(Co-0), and the tolerance factor increases toward t=1, the
value in cubic perovskite. Indeed, the Co-O-Co and O-Co-O

FIG. 10. (Color online) MLWFs of LS LaCoO; at
V=744.13 au.? given by LDA+U,. Green, light blue, and red
spheres represent La, Co, and O sites, respectively. The isosurface
values are *+0.60. [(a)-(e)] MLWFs associated with the Co 3d
band; [(f)—(h)] MLWFs associated with the O 2p band. In order to
see how the O 2p electrons bond with the atoms in the adjacent unit
cell, each O 2p MLWF in panels (f)—(h) is duplicated and plotted at
the equivalent atomic site in the adjacent cell.

bond angles are closer to 180° and 90° in the LDA+ U case.

Information about the orbitals and the formation of bond-
ing or antibonding states can be obtained by plotting
MLWFs 442 The MLWFs of LS LaCoO; with
V=745 a.u.? are plotted in Figs. 9 and 10 for LDA and
LDA+U,, respectively. All these MLWFs are constructed
from the energy band formed by Co 3d and O 2p electrons.
In both figures, panels (a)—(e) show the MLWFs associated
with the Co 3d band, and panels (f)—(h) show the MLWFs
associated with the O 2p band. In order to see how the O 2p
electrons bond with atoms in the adjacent unit cell, each
O 2p MLWEF is duplicated and plotted at the equivalent O
site in one of the adjacent cells. The calculation of MLWFs is
performed using WANNIER90.** The convergence of the total
spread of MLWFs is up to 107 A2, and the spread of each
MLWEF is smaller than 1.5 A2

In the LDA case (Fig. 9), its Co 3d MLWFs are not ex-
actly e, and 1,, states. However, similar to the e, and 7,,
states in cubic perovskite, these five Co 3d MLWFs can still
be divided into two subgroups: the ones mostly pointing to-
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FIG. 11. (Color online) Lattice constant a (top) and rhombohe-
dral angle a (bottom) of LS LaCoOj5 unit cell as functions of unit-
cell volume V. At V=745 a.u.?, the results of LDA+U agree with
the experimental data taken at T=5 K, P=10"* GPa (Ref. 16) bet-
ter than LDA. The discrepancy with respect to experimental data
(Refs. 16 and 24) is a signature of spin excitations.

ward the O sites (of e, character), as shown in panels (a) and
(b), and the ones mostly pointing away from the O sites (of
t,, character), as shown in panels (c)—(e). Based on the
crystal-field splitting, it can be realized that the two MLWFs
pointing toward the O sites are associated with the empty
Co 3d states (above Ep), and the three MLWFs pointing
away from the O sites are associated with the occupied
Co 3d states (below Ep). As to the O 2p MLWFs, two of
them overlap with La sites, as shown in panels (f) and (g).
The remaining one shown in panel (h) points toward Co site,
but it avoids forming Co-O bonding state, as can be observed
from the concave on its lobe.

In the LDA+U case (Fig. 10), since an energy gap is
opened, the empty Co 3d MLWFs are directly constructed
from the conduction band, and the occupied MLWFs are
directly constructed from the valence band. The two empty
Co 3d MLWFs plotted in panels (a) and (b) point toward the
O sites, as can be expected, and they show Co-O antibonding
character. The corresponding Co-O bonding states can be
observed in the two O 2p MLWFs that point toward Co sites
in panels (g) and (h). These are not observed in LDA. The
formation of bonding and antibonding states between Co and
O sites is consistent with the fact that a gap is opened be-
tween the O 2p band (on the top of the valence band) and e,
band (at the bottom of the conduction band), as shown in
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FIG. 12. (Color online) Structural parameters of LaCoO3, Co-O
distance (top), Co-O-Co bond angle (middle), and O-Co-O bond
angle (bottom), as a function of unit-cell volume V. At V
=745 a.u.’, the results of LDA+U agree with the experimental data
taken at 7=5 K, P=10"* GPa (Ref. 16) better than LDA. The
discrepancy with respect to the experimental data (Refs. 16 and 24)
is a signature of spin excitations.

Fig. 7, and the fact that PDOS peaks of ¢, and O 2p state
occur at the same energy. On the contrary, the MLWFs in
LDA do not show evident Co-O bonding or antibonding
character. This is consistent with the PDOS of e, and O 2p in
LDA, having no peak at the same energy (see Fig. 6). Also,
the distinction between the empty and occupied Co 3d ML-
WFs in LDA + U is more evident than in LDA. In LDA, the
occupied MLWFs still somewhat lie in between Co and O
sites, as can be seen in Figs. 9(d) and 9(e). This part of the
MLWEF has finite projection on the d3.2_,2 and d,2_,» states
that are used for PDOS calculation. This is the reason why
LDA has finite PDOS for e, states, even though Co-O bond-
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ing is not observed. Another difference is that in LDA+U,
only one of the O 2p MLWFs overlap with La, as shown in
Fig. 10(f), while in LDA there are two, as mentioned previ-
ously.

The different Co-O bonding states and La-O overlapping
between LDA and LDA + U are consistent with their different
structural parameters. In the LDA case, the greater La-O
overlapping shortens not only the La-O distance but also the
distance between La and Co. In other words, the rhombohe-
dral unit cell shrinks along the [111] direction, which causes
smaller lattice constant a and greater rhombohedral angle «,
as can be seen in Table II. In LDA + U, Co-O bonding states
are formed, consistent with its shorter Co-O distance. With
longer La-O distance and shorter Co-O distance, LDA+U
gives a greater tolerance factor (closer to 1), consistent with
its Co-O-Co and O-Co-O angles being closer to cubic perov-
skite than the LDA results. As a consequence, the structural
parameters obtained by using LDA+ U agree better with the
experimental result, which is less distorted with respect to
cubic perovskite.

It is worthy to mention that for a specified unit-cell vol-
ume V, the atomic structures of the LS LaCoO; given by the
several choices of Hubbard U in this paper are nearly the
same, as can be seen in Figs. 11 and 12, where lattice con-
stant @, rhombohedral angle «, and Co-O distance and bond
angles are plotted as functions of V. The curves given by
fixed U and volume-dependent U, and U, coincide. This
means that as long as a Hubbard U is applied, even if the
structurally consistent Uy, is not, a less distorted perovskite
structure can be obtained, and thus agree with experiment
better than LDA results. Also, the improvement of electronic
structure at a given volume can be made by applying any one
of the Hubbard U being considered. These U values give
almost identical PDOS (not shown). The advantage of using
structurally consistent Uy, is a more accurate estimate of
pressure. This is the reason why when the structural proper-
ties are plotted with pressure, Uy, gives the most accurate
results.

Two sets of experimental data are also plotted as a refer-
ence. The green triangles are the data taken at 7=298 K and
10*<P<8 GPa.** They are plotted versus the volumes
corresponding to the pressure at which the measurement is
made. The orange squares are taken under P=10"* GPa and
5<T<1000 K.'® They are plotted versus the volumes cor-
responding to the temperature at which the measurement is
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made. Again, we can see that the structure of LS LaCoO;
behaves differently from the spin-excited LaCoO;. The small
differences between the calculation and the 7=5 K measure-
ments are expected to be reduced with the inclusion of zero-
point motion.

IV. CONCLUSION

In this paper, zero-temperature atomic and electronic
structures of low-spin LaCoOj; at different pressures are pre-
sented. Several methods are used, including LDA, GGA, and
LDA+U with different choices of Hubbard U. The results
given by LDA+U with structurally consistent Hubbard U,
U, agree with experimental results better than other meth-
ods.

In the LDA case, La-O overlapping is greater, and the 2p
electrons of oxygen are less bonded with cobalt. By applying
the Hubbard U, the occupied 3d states of cobalt become
more 1,,-like, evident bonding and antibonding states of Co
e, and O 2p characters are formed, and the LaCoOj lattice is
less distorted with respect to cubic perovskite structure.
Therefore, the structural parameters obtained from LDA+U
at a given volume are closer to experimental results. When
the structurally consistent Uy, is employed, pressures are es-
timated more accurately, and a better equation of states
(volume-pressure relation) can be obtained.

It is also observed that the structural parameters of LS
LaCoOs; behave differently from the experimental data when
the lattice is expanded or compressed. This is mainly because
LaCoOs is no longer in pure low-spin state under these con-
ditions.
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