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We investigate dielectric properties of rutile TiO, using various exchange-correlation energy functionals
such as local-density approximation (LDA), LDA + U method, and hybrid functionals. It is found that the
computed dielectric constants significantly depend on the functional type, which originates from
hardening or softening of phonon modes. While LDA provides the best result among the tested func-
tionals, hybrid functionals and LDA + U methods significantly overestimate and underestimate dielectric

constants, respectively. The underestimation by LDA + U is most alarming as it is not alleviated by
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adjusting lattice parameters, which implies that interatomic interactions are fundamentally affected by
LDA + U. Furthermore, the LDA + U method also underestimates the dielectric constant of cubic SrTiOs.
The present results suggest that special cares are needed in applying the LDA + U method to a system
including TiO; and SrTiOs.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Rutile TiO, is a versatile functional oxide that comprises crucial
components in various devices used in information and energy
technologies. The catalytic effects of TiO, surfaces have attracted
a great deal of interest toward energy conversion and hydrogen
production. TiO; is also a strong candidate material to be used as
insulating parts in highly scaled electronic devices [1]. In every
application, the high static dielectric constant (¢°) of TiO,, 111 and
257 along a and c axes, respectively [2], is an essential material
property that underlies the outstanding device performance.

The unique dielectric properties of TiO, are related to its soft
phonon modes. In Ref. [3], the lattice-dynamical dielectric response
of rutile was investigated in detail with the density functional
perturbation theory based on the local-density approximation
(LDA), and excellent agreements with experiment were found.
When the generalized gradient approximation (GGA) is applied, the
ferroelectric instability was found [4]. However, the semilocal
functionals such as LDA or GGA have critical drawbacks, particularly
when applied to titanates. First, it is well known that the energy gap
computed with semilocal functionals is always underestimated by
30—40%. The band-gap problem is particularly acute in TiO, or
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SrTiO3 with an energy gap of ~3 eV since various defect and
interfacial properties can be qualitatively influenced by the gap
reduction. Second, due to the correlated nature of Ti 3d electrons,
the electronic structure of titanates with substantial Ti 3d occu-
pation is not properly described by semilocal functionals. A well-
known example is the semiconducting property of LaTiO3 [5]. To
overcome these fundamental limits in semilocal functionals, other
approaches such as LDA + U methods or hybrid functionals have
been actively employed with noteworthy successes [5—10].

In spite of recent trends in employing LDA + U or hybrid func-
tional methods to study complex properties of titanates, it has not
been carefully examined whether these advanced methods provide
correct dielectric properties. We address this basic issue in this
paper by calculating the dielectric property of rutile TiO, with
various energy functionals such as LDA, LDA + U, and hybrid
functionals. Our results demonstrate that interatomic interactions
significantly depend on the exchange-correlation functional and
special cares are called for in using methods beyond semilocal
functionals on TiO,.

2. Computational methods

We carry out first-principles calculations using the computa-
tional code of Vienna Ab initio Simulation Package (VASP) [11]. The
conventional density-functional calculations are carried out using
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LDA [12], GGA [13], and LDA + U methods [14]. Among various
hybrid functional schemes, PBEO [15] and HSEO6 [16] functionals
are employed as they are found to be suitable for solid-state
materials. The ionic potentials are described by the projector-
augmented wave (PAW) pseudopotential [17], and the valence
configurations of 3s*3p®4s23d® and 2s%2p* are used for Ti and
O atoms, respectively. The energy cutoff to describe electronic wave
functions is chosen to be 500 eV. The k points on a4 x 4 x 6 regular
mesh are sampled for the Brillouin-zone integration except for the
finite field calculations (see below) where the k points are sampled
on a finer mesh of 6 x 6 x 8. For LDA + U methods applied on Ti 3d
orbitals, we select two sets of Coulomb (U) and exchange (J)
parameters in the model Hamiltonian: (U = 3.2 eV, ] = 0.9 eV) or
(U=5.0eV,] = 0.64 eV) [8]. In Ref. [6], a self-consistent Coulomb
parameter was found to be 3.4 eV for rutile TiO; and therefore, the
first set would be a more sound choice. As we employ the rota-
tionally invariant form suggested in Ref. [14], the model Hamilto-
nian depends only on U — J (=Ueff). For each method, the atomic
positions and lattice parameters are relaxed independently until
the atomic forces and stress tensors are reduced below 0.01 eV/A
and 10 kbar, respectively.

To compute Born effective charges, zone-center phonon
frequencies, and dielectric constants (optical and static), a linear-
response theory [18] implemented in VASP is used. For the hybrid
functionals, however, the present version of VASP does not support
the linear-response approach and therefore, we calculate the
phonon frequency by diagonalizing the Hessian matrix obtained by
the finite-difference method. In addition, Born effective charges
and optical dielectric constants are calculated by applying finite
electric fields. We confirm the consistency of the two approaches
(that is to say, full linear-response approach versus finite difference
plus finite field methods) by carrying out calculations within LDA. It
is found that Born effective charges and optical dielectric constants
differ by less than 0.5% between the two methods. The phonon
frequencies agree within 2% (maximum errors for Ay, and E,
modes) which results in 6% discrepancy in static dielectric
constants. This level of agreement is enough for the following
discussions.

3. Results and discussions

First, we calculate the equilibrium lattice parameters of rutile
TiO, as summarized in Table 1. Overall, every method reproduces
the experimental values within 2% but the results based on the
hybrid functional method are in best agreement with experiment.
In general, the overestimated lattice parameters in GGA calcula-
tions are reduced by addition of exact exchange interactions [19].
We also calculate the energy gap of TiO, in Table 1. (TiO; has a direct
band gap at the I" point.) It is found that the HSEO6 result of 3.39 eV
is closest to the experimental value of 3.00 eV [20]. In Ref. [7], the
band gap of TiO, was fitted to the experimental value by reducing
the relative weight of the Hartree-Fock exchange energy in HSEO6
from 0.25 to 0.2.
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The computed optical dielectric constants (¢;” and ¢ along a and
c axis, respectively) are presented in fourth and fifth rows in Table 1.
It is seen that ¢* decreases monotonically with the energy gap but
the gap dependence is much weaker in hybrid functionals. Even
though the HSEOG6 predicts an energy gap closest to experiment, ¢
is significantly reduced. On the other hand, ¢* from the LDA + U
method with smaller Uefr agrees well with experimental values. It is
noted that ¢ from the LDA method is in good agreement with
a previous calculation (e5° = 6.37 and ¢ = 7.29) [3]. The last two
rows in Table 1 display the static dielectric constants of TiO, (¢; and
&c). As GGA functionals give rise to an imaginary component in the
phonon spectrum [4], the method is not considered in evaluating ¢°.
Since the present theoretical calculation is based on the zero-
temperature formalism, we compare computational results to the
experimental data at low temperature (1.6 K) [2]. It is found that the
LDA results match best with experimental data among the tested
functionals. The present LDA values are larger than previous results
in Ref. [3] by 20% (¢; = 117.5 and ¢. = 165.4). This is caused by the
difference in soft phonon modes which are highly sensitive to
lattice parameters (see below). In Table 1, results from other func-
tionals are not satisfactory. For instance, the hybrid functional
methods overestimate the dielectric constant by ~150%. In
contrast, the LDA + U approach yields dielectric constants far
smaller than the reference values, particularly for & which is
reduced by a factor of 4—5. It is also noted that a larger Uesr exac-
erbates the underestimation. Therefore, if one increases Uef to
expand the energy gap, the error in the dielectric constant becomes
more serious. For comparison, we also tested GGA + U functionals
but the computed dielectric constants are similar to the LDA + U
results. (The lattice parameters by GGA + U are smaller than the
GGA values, which results in the stable rutile structure.)

Since the electronic contribution to static dielectric constants is
less than 10, the large variations among different energy func-
tionals should originate from the lattice component of the static
dielectric constant. This in turn depends on the Born effective
charges and zone-center phonon frequencies. In order to identify
the microscopic origin, we first examine the Born effective charges
in Table 2. The Born effective charges calculated with LDA, GGA, and
PBEO methods in Ref. [21] agree with the present results within 2%.
It is found that the effective charges do not vary much between
different energy functionals (less than 10%) and therefore cannot
account for the large variations in ¢°.

Next, we compare the phonon frequencies at the zone center.
Among the various phonon modes, the lowest IR-active A, and
E, modes contribute most to ¢, and ¢, respectively, each making up
27.9 and 13.7% of dielectric constants. These two modes are picto-
rially described in Fig. 1(a) and their frequencies are presented in
Fig. 1(b). The vibrational frequencies of Ay, and E, modes by the LDA
method agree with previous calculations within 20% [3,4], which
leads to the disagreement in static dielectric constants (see above).
This is a result of slightly different lattice parameters which in turn
are caused by different types of pseudopotentials. In Fig. 1(b), the
solid line indicates the experimental frequency of the E, mode at
300 K [22] and the dashed lines show those for the Ay, mode at 4 K

Table 1
Lattice parameters (a and c), band gap (Eg), and optical (¢5° and ¢¢”) and static (e, and &) dielectric constants of TiO.
LDA GGA LDA + U (Uegr = 2.3 eV) LDA + U (Uegr = 4.36 eV) PBEO HSE06 Exp.

a(A) 4.558 4.650 4.575 4.585 4.587 4.588 4.587 [27]
c(A) 2.926 2972 2.953 2.980 2951 2951 2.954 [27]
Eg (eV) 1.81 1.80 2.06 230 414 339 3.0 [20]
e 7.69 7.55 6.99 6.44 5.70 5.74 6.84 [22]
e 8.91 9.02 8.09 7.44 6.74 6.77 8.43 [22]
€a 149.6 — 58.9 37.7 2413 277.5 111 [2]
éc 230.6 — 73.3 44.6 363.7 401.7 257 [2]
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Table 2
Born effective charge tensors of TiO, calculated with various functionals. The sign of
off-diagonal components vary over atom sites.

Ti 0

Zowy) Lo Lz Zogy) Lo Lz
DA 637 102 764 320 +1.83 383
GGA 630 104 776 —3.15 +181 —389
LDA + U(Uer=23€V) 605 4095 720 -303 +169 —3.61
LDA + U (Usr— 436 eV) 577  +089 685 -2.89 +157 —343
PBEO 598 089 733 -299 +166 —3.62
HSE06 588  +089 726 -298 +165 -361

Table 3

The dielectric constant of TiO, calculated with various lattice parameters. lp indi-
cates the equilibrium lattice parameters determined within each functional. ; p and
lexp are lattice parameters from the LDA calculation and experiment, respectively.
Uegr of 2.3 eV is used for the LDA + U method.

€a &

lO ILDA lepr lO lLDA lexp,
LDA 149.6 149.6 292.7 230.6 230.6 813.7
LDA + U 58.9 52.7 61.8 733 61.0 75.5
PBEO 216.40 111.20 224.24 322.48 170.58 345.66
HSE06 24498 119.38 294.53 350.62 182.41 346.87

[23] and 300 K [22]. It can be seen that the functional dependence
of the phonon mode is well correlated with ¢® in Table 1. For
example, the hardening of phonon mode in the LDA + U methods
explains the large reduction of dielectric constants. Furthermore,
the hardening of the Ay, mode is more pronounced than for the E,
mode, which is consistent with the above result that ¢ is sup-
pressed more severely than ¢,. In contrast, slight softening is
noticed for PBEO or HSE06. Other phonon modes also behave in
similar ways, i.e., they are hardened in LDA + U calculations and
softened in the hybrid functional calculations.

It is well known that the dielectric response of TiO; is sensitive
to the strain. This poses a question whether the underestimation or
overestimation of ¢ in LDA + U or hybrid functional methods is
related to the different equilibrium lattice parameters. To this end,
we compute in Table 3 the dielectric constants of TiO, with the
lattice parameters adjusted to LDA values or experimental data. It is
noticeable that ¢; and ¢, change monotonically with respect to the
lattice parameters, i.e., compressive (tensile) stress reduces
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Fig. 1. (a) Lowest phonon modes in rutile TiO,. (b) Frequencies of phonon modes in (a)
computed with different energy functionals.

(increases) the dielectric constants. In particular, the dielectric
constants calculated with the hybrid functionals are in good
agreement with experiment (and LDA results) when the lattice
parameters are reduced to LDA values. In the case of LDA calcula-
tions, increasing the lattice parameters to the experimental values
significantly increases ¢°. These results indicate that the lattice
parameter, rather than the exchange-correlation functional, is
a decisive factor in the dielectric response within LDA and hybrid
methods. A similar observation was noted for SrTiO3 and BaTiO3
[24]. However, ¢; and ¢c in the LDA + U method are much less
sensitive to the strain and they do not approach the experimental
value unless the lattice constants are expanded unrealistically. This
means that interatomic interactions are significantly altered when
the LDA + U method is applied.

In the above, the LDA + U method severely underestimated
dielectric constants of rutile TiO,. A remaining question is whether
the method causes a similar problem in other materials. To inves-
tigate this, we calculate ¢ of cubic StTiOs, anatase TiO,, and ZnO
using LDA and LDA + U methods. The Uesr values are set to 2.3 eV for
SrTiOs and anatase TiO,, and 4.7 eV for ZnO [25]. The results are
summarized in Table 4. For comparison, HSEO6 results are also
presented. Since SrTiO3 shows ferroelectric instability within
HSEO6 scheme [24], the lattice parameter is adjusted to the LDA
value. It is found that ¢ of StTiOs is significantly underestimated
within the LDA + U method, similarly to rutile TiO,. Consistently,
the analysis on the phonon spectrum of SrTiO3 indicates that the
frequency of the TO; mode in LDA + U results increases to 120 cm ™
from the LDA value of 60 cm~'. Experimentally, the mode is
assigned at 40—90 cm~! [24]. The dielectric constants of anatase
TiO, is also underestimated but to a much lesser degree. On the
other hand, the computed dielectric constants of ZnO agree well
with experiment regardless of the employed functional. This may
hint that only high-dielectric constant materials are affected
significantly by the LDA + U method.

The LDA + U method has been popular in the first-principles
study of SrTiOs and its heterostructures. This is mainly because the
correlation effects in Ti atoms with finite d-occupancy are properly
addressed within the LDA + U framework, as demonstrated in the
example of LaTiO3 [5]. In Refs. [5] and [9], the heterostructures of

Table 4
Static dielectric constants of SrTiOs; (cubic), TiO, (anatase), and ZnO (wurzite),
calculated with LDA and LDA + U methods. In calculating dielectric constants of
SrTiO3 with the HSEO6 functional, the lattice parameter is fixed to those of LDA
values.

SrTiO3 (cubic) TiO, (anatase) ZnO (wurzite)

E €a &c €a &
LDA 662.9 53.0 27.2 8.8 9.5
LDA+U 93.0 349 221 7.8 8.6
HSE06 181.8 56.2 26.3 7.7 [29] 8.4 [29]
Expt. 301 [24] 45.1 [28] 22.7 [28] 7.8 [29] 8.9 [29]
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Table 5

The effect of semicore states in TiO-. In SC, 3523p® levels are treated as valence while
NC indicates that these levels are frozen as core levels. Ueg of 2.3 eV is used for the
LDA + U method.

LDA LDA + U HSE06

Ne NC e NC sC NC
a(A) 4558 4571 4575 4589 4588 4612
c(A) 2.926 2927 2953 2964 2.951 2953
Eq (eV) 1.81 167 2.06 1.92 3.39 3.13
e 1496 107.0 58.9 46.0 277.5 1413
e 2306 146.4 733 559 401.7 1825

LaTiO3/SrTiO3 were studied within LDA + U methods, and it was
found that the ferroelectric-like lattice relaxation in SrTiO3 screens
the electrostatic potential of the charged layer and significantly
affects the carrier distribution in SrTiOs. According to the present
analysis, the hardening of SrTiO3 phonon modes may suppress the
dielectric screening of the charged layer and result in a narrow
carrier distribution in SrTiOs. Indeed, the charge profiles in Refs. [5]
and [9] were sharper than the experimental observation [26].
Similarly, the charge distribution in LaAlO3/SrTiO3 heterostructures
could be influenced by the same problem[10].

Lastly, we study on the effect of semicore electrons in Ti atoms. It
is known that the inclusion of semicore 3s23p® levels of Ti into
the valence improves transferability and can achieve accuracy at
the level of all-electron calculations. However, it also increases the
computational cost significantly and often the semicore levels
are frozen as core states in large-scale calculations. In Table 5, we
compare the effect of valence configurations in the Ti atom on the
computed ¢°. We recall that all calculations up to this point have
been carried out with semicore electrons treated as valence states.
From the table, it is found that freezing the semicore states has an
effect of lowering dielectric constants throughout all methods. This
is contrasted to the increased lattice parameters. It is seen that
HSEO6 results are in the best agreement with experiment when the
semicore states are frozen.

4. Summary

In summary, we investigated the dielectric properties of rutile
TiO, using various energy functional such as LDA, LDA + U, and
hybrid functional methods (PBEO and HSEO06). The computed
dielectric constants significantly vary over the employed method,
which was attributed to different frequencies in soft phonon
modes. The LDA methods resulted in the best agreement with
experiment, while the hybrid functional and LDA + U method
overestimated and underestimated the dielectric constants,
respectively. In particular, the underestimation by the LDA + U

method was most serious. While the overestimation in the hybrid
method can be corrected by using LDA lattice parameters, the
problem persists with the LDA + U method. Furthermore, the
LDA + U method also underestimates ¢ of cubic SrTiOs. The present
results suggest that one needs to be careful in studying high-
dielectric constant materials using the LDA + U method.
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