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Ab initio calculations of CaCu;TijO, under high pressure: Structural and electronic properties
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We calculate structural and electronic properties of CaCu;3TiyOq, from ambient pressure up to 10.0 GPa
using total-energy first-principles methods. Analysis of the simulated high-pressure structure suggests a
pressure-induced structural phase transition between 3 and 4 GPa with the crystalline structure changing from

Im3 (cubic) to R3 (thombohedral). By analyzing the electronic band structure, we have observed a pressure-
induced semiconductor-metallic transition between 6 and 7 GPa.
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I. INTRODUCTION

The complex perovskite CaCu;Ti,O;, (CCTO) has been
the subject of intense investigations owing to its remarkable
dielectric properties. It has been reported as having the larg-
est dielectric constant (g’=~10°) ever measured in the
laboratory.l‘3 In addition, &’ is nearly constant over a wide
temperature range (from 100 K to 600 K). Many models
have been proposed aiming to explain the physical basis of
the anomalous dielectric constant. Some authors have attrib-
uted the high value to extrinsic factors such as defects and
grain boundaries.* This is supported by theoretical studies
which report that the contribution of lattice effects to the
dielectric response is only about 60.%7

The crystalline structure of CCTO is body-centered cubic
with eight ATiO5 perovskite-type formula units per unit cell
(where A is either Ca or Cu). The crystalline structure at
room temperature and ambient pressure belongs to the cen-

trosymmetric space group Im3. No evidence of structural
phase transformation under temperature variation has been
observed.® However, a neutron scattering study has indicated
a transition from paramagnetic to antiferromagnetic phase at
a Néel temperature of Ty=24 K.>!° The ground state prop-
erties of CCTO were studied®’ using density functional
theory within the local spin-density approximation (LSDA)
and considering a plane-wave basis set. These studies con-

firm the stability of the Im3 structure and exclude the possi-
bility of classifying this material as a ferroelectric. Further-
more, they also show that CCTO has a semiconductor
behavior with a minimum direct band gap of 0.27 eV. No
instabilities of the zone-center phonon modes were observed,
confirming the absence of temperature-induced phase
transitions.”

Besides some reports on the effects of temperature on the
physical properties of CCTO there are very few studies about
CCTO under pressure.?* The knowledge of the CCTO prop-
erties at different pressures is of scientific interest since there
are not yet theoretical reports on this issue. The external high
pressure is not directly a relevant degree of freedom on the
devices. However, thin films experiment some stress due to
substrate and this certainly affects their physical properties
and prevents one from tuning the dielectric properties for a
rational use in a given device. Therefore, it is of great inter-
est to know how the CCTO properties change under pressure

1098-0121/2005/72(1)/014106(5)/$23.00

014106-1

PACS number(s): 61.50.—f, 71.15.—m, 71.20.—b, 75.75.+a

for better understanding of the behavior of CCTO thin films.
Due to its integrability to current technology, this CCTO-
based system is the most promising to be used in electronic
devices.

In order to shed further light on the structural and elec-
tronic properties of CCTO and to improve the knowledge of
its phase diagram, we have studied CCTO under pressure
variation using total-energy ab initio calculations. We have

observed a pressure-induced phase transition from cubic Im3

to rhombohedral R3 structure in the 3—4 GPa pressure range.
Furthermore, we have observed a pressure-induced
semiconductor-metallic transition between 6 and 7 GPa.

II. METHODOLOGY

In order to investigate electronic and structural properties
of CCTO under hydrostatic pressure we performed total-
energy ab initio calculations, based on spin-polarized
density-functional theory.!’"!> We used the SIESTA code,'>!4
which performs full self-consistent calculations solving the
Kohn-Sham (KS) equations. The KS orbitals are expanded
using linear combinations of pseudoatomic orbitals proposed
by Sankey and Niklewski.'> In all calculations we used a
double-zeta basis set with polarization functions.'®!416 For
the exchange and correlation terms, the LSDA!7 was used.
Core electrons were replaced by ab initio norm-conserving
fully separable Troullier-Martins pseudopotentials.'® Due to
the large overlap between the semicore and the valence
states, the 3s and 3p electrons of Ti were explicitly included
in the calculation.'” A cutoff of 150 Ry for the grid integra-
tion was used to represent the charge density. We used a 2
X 2 X 2 Monkhorst-Pack k-point mesh for the Brillouin zone
integration which has been shown to represent correctly the
properties with a good convergence. The atomic distances
are modified less than 1% and the electronic properties of the
system do not change when a 3 X 3 X 3 mesh was used.®’ All
calculations were performed using a 40-atom cubic cell, al-
though the atomic coordinates and total charge density have
the periodicity of a 20-atom primitive cell. The CCTO unit
cell and the atomic positions were relaxed, allowing the sys-
tem to reach the desired pressure value, using a conjugated
gradient algorithm, until the residual forces were smaller
than 0.05 eV A~ and the stress tensor was within 5%—10%
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FIG. 1. The Im3 crystalline structure of CaCu;Ti4O4,. The oc-
tahedra represent the TiOg groups with O at the corners and Ti at
the center. The blank and gray spheres represent Ca and Cu atoms,
respectively.

of the value required. It should be pointed out that the mini-
mization of the energy was carried out by using the constant
pressure as a constraint. In this case, the system naturally
evolves to the state of minimum enthalpy.

III. RESULTS AND DISCUSSION
A. Structural properties

From the theoretical analysis, at P=0.0 GPa, the CCTO

crystalline structure belongs to the Im3 cubic body-centered
space group (see Fig. 1) and the atomic species Ca, Cu, Ti,
and O are placed at 2a,6b,8c, and 24g Wyckoff sites, re-
spectively. Ti cations are sixfold coordinated by equidistant
oxygens (Ti-O bond length of 1.964 A) arranged in slightly
distorted TiOg octahedra. These octahedra are tilted (Ti-O-Ti
bond angle of 140.64°) with respect to the crystallographic
axes but their faces are aligned along the [111] diagonal of
the cubic lattice. Ca atoms are surrounded by 12 equidistant
oxygens (Ca-O bond length of 2.607 A) whereas all the Cu
ions are bounded by a planar arrangement of four oxygen
atoms (Cu-O bond length of 1.963 A). These bond lengths
and bond angles values come from theory.

The equilibrium lattice parameter is determined by mini-
mization of the total energy as a function of the supercell
volume. In the CCTO structure without pressure (P
=0.0 GPa) a lattice parameter of 7.398 A was obtained,
which is very close to the experimental value of 7.384 A
measured at low temperatures.® The discrepancy (less than
1%) between theoretical and experimental values for the lat-
tice parameter is associated to the used basis set. In recent
LSDA ab initio calculations using plane waves as basis set,
He et al.” obtained a lattice parameter of 7.320 A 202!

The structural and electronic properties of CCTO under
high pressure were calculated by imposing the constant pres-
sure as a constraint. Specifically, we have calculated the sys-
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FIG. 2. The lattice parameter A versus pressure for the CCTO
under hydrostatic pressure.

tem at pressures of 0.0, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, and
10.0 GPa. The optimized structure is reached through the
minimization of the enthalpy of the system. The calculated
lattice parameter versus pressure plot is shown in Fig. 2. It is
clear the abrupt change in the lattice parameter between 3
and 4 GPa, thereby indicating that pressure induces a struc-
tural phase transition in CCTO. We now discuss this struc-
tural transformation from a crystallographic point of view.
The main effect of pressure is to further distort the coor-
dination sphere of the atoms. However, the lattice parameter
of the relaxed structure does not exhibit evident departure
from a cubic system. The appearing or loss of the symmetry
elements is hard to detect by direct inspections of the atomic
positions. In order to monitor the CCTO crystalline struc-
tures under pressure variation we calculated the structure fac-
tor F(h,k,[) for the relaxed supercells obtained from the ab
initio simulations. The structure factor F(h,k,[) is defined as
F(h,k,[)=2 f(j)exp[2mi(hx;+ky;+Iz;)], where f(j) is the
atomic scattering factor, and %,k, and / stand for Miller in-
dices. The index j runs over all the atoms in the unit cell. The
atomic positions Xjs Vs and z; are obtained from the ab initio
simulation after the system reaches its equilibrium for a
given pressure. The atomic scattering factors are available
for each element in crystallographic databases. In an x-ray or
neutron diffraction experiment, the intensity of the diffracted
radiation is determined by the structure factor, which con-
tains all the information related to the crystalline structure.
We can use the structure factor values for simulating the
expected neutron powder diffraction pattern of CCTO. The
predicted results (\=1A) at selected pressures are shown in
Fig. 3. In this figure, one can notice that for 0 and 3 GPa the
h+k+1=2n (n is an integer number) reflection condition is
fulfilled, thus confirming that in this pressure range the
CCTO structure is described by a cubic body-centered lat-
tice. Conversely, for pressures higher than 3.0 GPa, this con-
dition is not fulfilled (we can observe the peaks 100 and 210
in Fig. 3) and the structure factor distribution of a primitive
lattice is obtained. In order to find the structure of the CCTO
phase for P>3.0 GPa, a search for the symmetry operations
present in the supercell was carried out using the PLATON
package.?> As a result we obtain as the more probable struc-
ture a rhombohedral centrosymmetric lattice belonging to the

R3 space group. It should be pointed out that recent high-
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FIG. 3. Calculated neutron powder diffraction patterns (A
=1 A) of CCTO at selected pressures. The /,k,l Miller indices are
displayed in the bottom part of the figure.

pressure x-ray studies performed at 300 K have suggested
that at room temperature the cubic structure remains stable
up to 46 GPa.?? However, this result does not invalidate our
theoretical predictions since our calculations were performed
at 0 K. The experiments to be appropriately compared with
our predictions should be performed at low temperatures.
This result suggest that the rhombohedral structure should be
stable only at low temperatures and high pressures.

The parameters of the new crystalline structure are shown
in Table I and the arrangement of the TiO4 oxygen octahedra

is drawn in Fig. 4. As can be observed in the [111] projection
of the new structure [Fig. 4(a)], the TiOg network exhibits a
similar arrangement to that of uncompressed CCTO (Fig. 1).
However, the oxygen octahedra are no longer aligned along
the trigonal axis and a small tilting between consecutive

TABLE 1. The calculated atomic positions of CaCu3Ti4,0;, at
P=10.0 GPa obtained through ab initio calculations, where a is the
lattice parameter. The calculated a value at this pressure was found
to be 7.20 A.

Atom Site x/la vla zla
Ca(1) 3 0 0
Ca(2) 3 0 0.5
Cu(1) 1 0.5 0 0
Cu(2) 1 0.5 0 0.5
Ti(1) 3 0 0 0.248
Ti(2) 1 0 0.5 0.747
o(1) 1 0.141 0.154 0.161
0(2) 1 0.690 0.196 0.001
0(3) 1 0.4096 0.296 0.291
0o4) 1 0.109 0.403 0.209
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FIG. 4. The (a) [111] projection and (b) [111] projection of the
TiOg octahedra arrangement for the CaCu3Ti4O4, structure at P
=10.0 GPa. The oxygens are in the vertices of the octahedra.

TiOg groups is induced by pressure [see Fig. 4(b)]. As a
consequence, a doubling of the unit cell is necessary to de-
scribe the periodicity of the new structure, where two non-
equivalent sites of each cationic species (Ca, Cu, and Ti) and
two of each anionic species (O) give rise to six molecules per
unit cell. Note that there are two sets of TiO4 octahedra,
namely (i) Ti(1) linked to O(1) and O(2) and (ii) Ti(2) en-
closed by O belonging to all nonequivalent sites at different
distances. This atomic distribution induces an extra tilting in
the octahedra linked by O(2) [Ti(1)-O(2)-Ti(2) bond angle of
144.3°] while the tilting of the remaining groups is close to
the uncompressed value (~140°). In the high-pressure
phase, each Ca and Cu crystalline site is surrounded by two
kinds of oxygen anion. Thus, in the case of Cu cations,
which have an important contribution to the electronic band
structure and long-range magnetic order, two nonequivalent
CuQy planar polyhedra are present in the structure. However,
the anions of each group are no longer equidistant and they
are distributed in two sets of Cu-O bond lengths and angles.

B. Electronic properties

Figure 5 shows the electronic band structure of CCTO at
0.0 GPa. In the absence of applied pressure the CCTO be-
haves as a semiconductor as can be inferred from its band
diagram. We calculate a minimum direct band gap of 0.24
eV at the X high-symmetry point and an indirect band gap of
0.18 eV for the electronic band structure shown in Fig. 5.
The indirect band gap is taken as the difference between the
valence band maximum at the R high-symmetry point and
the conduction band minimum at the X point of the Brillouin
zone. Our calculated direct band gap considerably underesti-
mates the experimental value of 1.5 eV.° This electronic band
structure discrepancy can be associated with the DFT ap-
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FIG. 5. The electronic band structure of CCTO at P=0.0 GPa.
The dashed horizontal line corresponds to the Fermi level.

proach. The underestimation of values for the gap has been
identified as coming mainly from the 3d orbitals localized on
the Cu’* ions which result in strong Coulomb interactions
that are not adequately treated within LSDA. He et al.,® us-
ing density-functional theory and LSDA approximation with
plane waves as basis set, obtained the values of 0.27 and
0.19 eV for the minimum direct and indirect band gap, re-
spectively. Our results using a different basis set are there-
fore in good agreement with previous ab initio calculations.”

The occupied states just below the Fermi energy are found
to consist mainly of Cu-3d and O-2p orbitals, being domi-
nated by the Cu-3d orbitals especially in the energy range
from —2.0 to —0.5 eV. In the unoccupied conduction band,
from Fermi energy (0.0 eV) up to 1.0 eV, the three bands
(degenerate at the I' point) consisting mainly of Cu and O
antibonding levels, are observed. Ti-3d orbitals degenerate
into by, and e, levels and are located, respectively, at about
2.5 and 4.5 eV in the conduction band (not shown in Fig. 5).

Figure 6 shows the total (majority+minority spin states)
electronic densities of states (DOS) of CCTO for the uncom-
pressed system [Fig. 6(a)] and with applied pressure of 6.0,
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FIG. 6. The electronic densities of states (majority+minority
spin states) plots of CCTO for different pressures. (a) P=0.0 GPa,
(b) P=6.0 GPa, (¢) P=7.0 GPa, and (d) P=10.0 GPa. The dotted
vertical lines correspond to the Fermi level.
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FIG. 7. The projected densities of states (majority+minority
spin states) plots of CCTO for Cu-3d (solid lines) and O-2p (dashed
lines) orbitals at different pressures. (a) P=0.0 GPa, (b) P
=6.0 GPa, (c) P=7.0 GPa, and (d) P=10.0 GPa. The dotted verti-
cal lines correspond to the Fermi level.

7.0, and 10.0 GPa [Figs. 6(b)-6(d), respectively]. We can
observe from the DOS profiles that up to the pressure of 6.0
GPa [Fig. 6(b)] the Fermi level is empty and the system still
has a gap of 0.19 eV. However, at P=7.0 GPa, we can ob-
serve in the DOS plot that the Fermi level is populated and
the system is now metallic. Therefore, we can state that pres-
sure induced a semiconductor-metallic transition between 6.0
and 7.0 GPa. Since the LDA calculations underestimate the
gap, the real pressure where the semiconductor-metallic tran-
sition occurs should be somewhat larger than the value we
have determined here. The states responsible for this metallic
behavior [Figs. 6(c) and 6(d)] are two levels originally in the
valence band (majority and minority spin) and one in the
conduction band that cross each other in the Fermi energy
along the R-X high-symmetry line. These levels near the
Fermi energy primarily consist of Cu-3d and O-2p orbitals.
The 1,, and e, Ti-3d levels are degenerate and upshifted by
0.5 eV compared with the uncompressed system. Thus, the
pressure-induced electronic transition from semiconductor to
metallic behavior in CCTO can be associated to the displace-
ment of the Cu-3d and O-2p orbitals across the Fermi level.
The electronic semiconductor-metallic transition is related to
the relaxation of the atoms under applied pressure. The rear-
rangement of the system moves especially the O atoms from
their original configuration, thereby generating different hy-
bridizations with the other atoms. This is confirmed by ana-
lyzing the projected density of states (PDOS) of Cu-3d and
O-2p orbitals shown in Fig. 7. The PDOS was calculated
using the sum of majority and minority spin states. We can
observe that for P> 6.0 GPa the Cu and O levels give a large
contribution to the DOS at the Fermi level.

For uncompressed CCTO we estimate the magnetic mo-
ment of the CuO, complex to be 0.84up. This cluster forms
a spin-polarized unit with antiferromagnetic alignment of the
magnetic moments on the Cu and O atoms. The Cu atom
contributes 0.44up and each O atom contributes 0.10up. For
the system under pressure and also in the AF spin configu-
ration, the magnetization of the CuQ, is estimated as 0.35u,
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being 0.19up from the Cu atom and 0.04up from each O
atom. These results show a decrease of the localized mag-
netic moment with increased pressure.

By using Mulliken population we estimate the ionic con-
figuration for CCTO in the fundamental state to be
Ca*!1>1Cu*0-0~080Ti*+1-61 The (+) and (-) stand for loss and
gain of charge. A large charge transfer between the atoms is
observed. The Ca, Cu, and Ti atoms lose charge, transferring
it to the O atoms. The ionic configuration for CCTO at 10.0
GPa is estimated to be Ca*!¢*Cu*0-360=073Ti*!5!, These re-
sults show that the Ca(Ti) atom decreases (increases) its total
electronic charge when the applied pressure increases, while
only small changes occur for the Cu and O atoms. This im-
plies that the charge densities of Ca and Ti atoms are more
sensitive to pressure variation than those of Cu and O atoms.
We should point out that the numbers provide in the Mul-
liken analysis are strongly dependent on the basis set but the
trends observed in the charge transfer process are reliable.

IV. CONCLUSIONS

We have studied the effects of pressure on the structural
and electronic properties of antiferromagnetic CaCu3Ti,0,
using ab initio total-energy calculations. Our results indicate
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that at high pressures (P >3.0 GPa) the more stable structure
is rhombohedral, belonging to the R3 space group rather than

cubic (Im3). Small tilting and deformation of the TiO4 octa-
hedra are the mechanisms responsible by the cubic-
rhombohedral phase transition. The high-pressure electronic
behavior is metallic rather than semiconductor with the tran-
sition occurring, according to our model, between 6.0 and
7.0 GPa. Therefore, we have predicted new physical phe-
nomena to be observed in CCTO and this would stimulate
experimentalists aiming to test the validity of the theoretical
results. Furthermore, our results should be of interest in un-
derstanding the properties of CCTO thin films where stress
plays a fundamental role.
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