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Abstract

We have investigated the structural, dynamical, and dielectric properties of A-La2O3, within density-functional

theory. The relaxed structural parameters are found to be in very good agreement with experimental data. Density-

functional perturbation theory was used to calculate the zone-center phonon frequencies, Born effective charge tensors,

and the dielectric permittivity tensors. The static permittivity constant is decomposed to its electronic component and

the individual contribution of IR-active modes. It is found, for both the direction parallel to the trigonal axis and the

direction perpendicular to it, that the ionic contribution to the static dielectric permittivity is mostly due to a single IR-

active mode.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The reduction of gate-dielectric thickness in

metal–oxide-semiconductor (MOS) devices

prompts the search for higher dielectric constant

materials such as Al2O3 [1,2], HfO2 [2], ZrO2 [2,3],

Y2O3 [2,4], Gd2O3 [4], La2O3 [5–9], aluminates,

and silicates [10] to replace SiO2. Higher value of

dielectric constant allows the use of physically

thicker films to obtain the same effective capaci-
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tance as in SiO2 devices, and thus provides po-

tential for significantly reduced leakage current.
La2O3 is an attractive candidate [8] since it has a

high dielectric constant [5], large band-gap [11],

and thermodynamical stability when placed in

contact with silicon [9,12]. In order to gain insight

into the dielectric properties of this material we

have performed a first-principles study of A-

La2O3, the more stable low temperature crystalline

modification of La2O3. Due to the computational
cost of density-functional theory, it is standard

practice to use periodic crystals to model oxides

[13], even though in gate-dielectric technology a

gate-dielectric with amorphous structure is pref-

erable.
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Using density-functional theory, first we study

the atomic structure of A-La2O3. The relaxed

atomic structure is found in excellent agreement

with the experimental one [14]. We use density-

functional perturbation theory to compute the
Born effective charge tensors, the phonon fre-

quencies at the center of the Brillouin zone, and

the dielectric permittivity tensors of A-La2O3. The

absolute values of the Born effective charges are

greater than those of the nominal ionic charges,

indicating a mixed covalent–ionic character of

La–O bonding. The static permittivity constant

decomposed into its electronic component and the
individual contributions of the IR-active modes.

Two IR-active Eu modes contribute to the static

dielectric constant in the plane perpendicular to

the trigonal axis, while two IR-active A2u modes
contribute to it along the trigonal axis. In both

cases, the lower frequency mode has dominant

contribution to static dielectric constant.

This paper is organized as follows. In Section 2
we briefly describe the technicality of our first-

principles calculations. Section 3 presents the

results, including the structural parameters and

linear response functions: the Born effective charge

tensors, the phonon frequencies at the center of the

Brillouin zone, and the dielectric permittivity ten-

sors. Section 4 concludes the paper.
2. Calculation method

The present calculation have been performed

thanks to the ABINIT code [15] that is based on

first-principles pseudopotentials and plane waves

in the framework of the density-functional theory

[16]. It relies on an efficient fast Fourier transform
algorithm [17] for the conversion of wave func-

tions between real and reciprocal spaces, on an

adaptation to a fixed potential of the band-by-

band conjugate-gradient method [18], and on a

potential based conjugate-gradient algorithm [19]

for the determination of the self consistent poten-

tial.

The exchange-correlation energy is evaluated
within the local-density approximation [20] by

using Ceperley–Alder homogeneous electron gas

data [21]. The all electron potentials are replaced
by norm conserving pseudopotentials [22,23] with

La(5s,5p,5d,6s), O(2s,2p) levels treated as valance

states. The wave functions are expanded in plane

wave up to a kinetic energy cutoff of 70 Ha.

Integrals over the Brillouin zone are replaced by
a sum on a Monkhorst–Pack [24] grid of 4 · 4 · 2
special k points. Both kinetic energy cutoff and
k-point sampling are found to provide sufficient
precision in present calculations. The linear re-

sponse functions such as the Born effective charge

tensors, the phonon frequencies, and dielectric

permittivity tensors have been computed within a

variational formulation of the density-functional
perturbation theory [25–28].
3. Results

3.1. Atomic structure

The more stable low temperature modification
of crystalline lanthanum oxide, A-La2O3, has tri-

gonal symmetry with space group p�3m1. There is
one formula unit per unit cell [14]. Atom positions

in A-La2O3 using lattice vector units are

�ð1=3; 2=3; uÞ for two La atoms, (0,0,0) for O(1)
atom, and �ð1=3; 2=3; vÞ for two O(2) atoms. The
O(1) atom is coordinated octahedrally by six lan-

thanum atoms, while four lanthanum atoms tet-
rahedrally coordinate around one O(2) atom. The

presence of two nonequivalent oxygen atoms

suggests that their contributions to the dielectric

properties of the material may be different. We

shall see how this is manifest as a difference of the

Born effective charge tensors for O(1) and O(2) in

the next subsection.

With the experimental parameters given in
Table 1 as the starting point, we performed

structural relaxation using a modified Broyden–

Fletcher–Goldfarb–Shanno (BFGS) algorithm [29]

to optimize the lattice constants and atomic posi-

tions. We checked that the residual forces on each

atom after relaxation to be less than 10�2 eV/�A.
Table 1 summarizes the results obtained after

structural and atomic relaxation. The calculated
lattice constants a, and c, as well as the internal
parameters u, and v are found to be in very good
agreement with their corresponding experimental



Table 1

Calculated structural parameters of A-La2O3 compared to

experimental values [14]

Parameter This work Experiment

a 3.8750 3.9373

c 6.0312 6.1299

c=a 1.5564 1.5569

u 0.2448 0.245

v 0.3549 0.355

Lattice constants a, c are in �A and internal parameters u and v
are dimensionless.

R. Vali, S.M. Hosseini / Computational Materials Science 31 (2004) 125–130 127
values [14]. Our calculation thus seems to be
plausible and this is sufficient to allow further

study of the linear response functions.

3.2. Linear response functions

The static dielectric permittivity tensor ð�0Þ of a
nonpolar material contains electronic and ionic

contribution. The electronic dielectric permittivity
tensor ð�1Þ is due to purely electronic screening
and is related to the second derivative of the en-

ergy of the electronic system ðEelÞ with respect to
the electric field ðeÞ according to

�1ab ¼ dab �
4p
X0
2E

eaeb
el ð1Þ

where a and b indices label the Cartesian direc-
tions, and X0 is the volume of the primitive unit
cell. Using the variational formulation of density-

functional perturbation theory [26,27], we find

4:924 0 0

0 4:924 0

0 0 4:791

24 35 ð2Þ

This tensor has correct form expected from

the crystal point group, it is diagonal with
Table 2

Calculated Born effective charge tensors for La, O(1), and O(2) atom

La O(1)

x y z x y

x 4.24 0 0 )2.71
y 0 4.24 0 0 )
z 0 0 3.87 0
�xx ¼ �yy 6¼ �zz and exhibits a small anisotropy with
�zz=�xx � 1:03.
The calculation of the ionic contribution to the

static dielectric permittivity tensor entails the
computation of the Born effective charge tensors

and the zone-center phonon frequencies. The Born

effective charge tensors Z	
j;ab are defined as the

force in the direction a on the atom j due to an
homogeneous unitary electric field along the

direction b, or equivalently, as the induced polar-
ization of the solid along the direction a by a unit
displacement in the direction b of the atomic
sublattice. Within variational formulation of den-

sity-functional perturbation theory they can be

obtained as second derivative of total energy with

respect to atomic displacement or to an external

electric field.

Our results for the Born effective charge tensors

are presented in Table 2. The fulfilment of the

charge neutrality
P

j Z
	
j;ab ¼ 0 is very good, sug-

gesting well converged calculations.

The Born effective charge tensors of all atoms

are diagonal with Z	
xx ¼ Z	

yy 6¼ Z	
zz. The presence of

two nonequivalent oxygen atoms is reflected in the

differences between their Born effective charge

tensors. We notice that the absolute values of

the effective charges are greater than those of the

nominal ionic charges (La: +3, O: )2). The
anomalously large Z	 values indicate that there is a

strong dynamic charge transfer along the La–O

bond as the bond length varies, indicating a mixed

ionic–covalent nature of the La–O bond. This

behavior is similar to that in other weakly ionic

oxides such as perovskites [30].

The squares of phonon frequencies at zone

center are obtained as eigenvalues of the dynami-
cal matrix

~Dja;j0b ¼ eCja;j0b=ðMjMj0 Þ1=2 ð3Þ
s in A-La2O3

O(2)

z x y z

0 0 )2.88 0 0

2.71 0 0 )2.88 0

0 )2.65 0 0 )2.55



128 R. Vali, S.M. Hosseini / Computational Materials Science 31 (2004) 125–130
where j and j0 run over all the atoms in the unit

cell with ionic masses of Mj and Mj0 , respectively;

and eC is Fourier transform of interatomic force

constant and can be obtained as second derivative
of total energy with respect to collective atomic

displacements.

The calculated phonon frequencies are listed in

Table 3 (For IR-active modes there are LO–TO

splittings due to the coupling of the atomic dis-

placement with the long-range electric field by

means of the Born effective charge tensor). Since

there are five atoms in the unit cell, there are 12
optical modes and three acoustic modes. A stan-

dard group theoretical analysis indicates that the

the optical modes at the C point can be decom-
posed as

Copt ¼ 2A1g þ 2Eg þ 2A2u þ 2Eu ð4Þ
of which the A1g and A2u modes are the atomic
motion parallel to the c axis of the trigonal crystal,
while the Eg and Eu modes are those perpendicular
to it. The A1g and Eg modes are Raman active,

while the A2u and Eu modes are infrared (IR) ac-

tive. Also the Eg and Eu modes are twofold

degenerate. A comparison between calculated

phonon frequencies with experiment is not feasible

since, as far as we know, there are no corre-

sponding experimental data. However, our results

can play an important role in mode assignment of
A-La2O3.

The static dielectric permittivity tensor �0ab can

be obtained by adding �1ab, the ionic contribution

according to [27]

�0ab ¼ �1ab þ
X
m

D�m;ab ¼ �1ab þ
4p
X0

X
m

Sm;ab

x2m
ð5Þ

where xm is the frequency of the mth IR-active
phonon mode and S is the mode-oscillator

strength given by
Table 3

Calculated phonon frequencies (in cm�1) of A-La2O3

Raman Infrared

Eg(1) 106.4 Eu(TO1) 19

Eg(2) 411.4 Eu(TO2) 37

A1g(1) 196.0 A2u(TO1) 20

A1g(2) 397.4 A2u(TO2) 44

The symbol TO (LO) denotes transverse (longitudinal) optical mode.
Sm;ab ¼
X
ja0

Z	
j;aa0U

	
mðja0Þ

 ! X
j0b0

Z	
j0 ;bb0Umðjb0Þ

0@ 1A
ð6Þ

The eigen displacement UmðjaÞ of atom j with
ionic mass Mj in phonon mode m, is normalized
according toX
jb

Mj½UmðjbÞ	UnðjbÞ ¼ dmn ð7Þ

Using the variational formulation of the density-

functional perturbation theory, we find

23:96 0 0

0 23:96 0

0 0 25:44

24 35 ð8Þ

The calculated static dielectric permittivity

tensor has the correct form expected from the

crystal point group, it is diagonal with �xx ¼
�yy 6¼ �zz and exhibits a small anisotropy with

�zz=�xx ¼ 1:06. A direct comparison of this dielec-
tric tensor with experiment is not feasible since, to
our knowledge, there are no experimental data for

A-La2O3. However, a comparison of our result can

be made with amorphous La2O3. Our orienta-

tionally averaged static dielectric constant of 24.44

agrees reasonably well with the result of Ref. [31]

which reports the dielectric constant of La2O3 in

amorphous phase to be 21. The difference is about

16.4%, as often found in the local-density
approximation to the density-functional theory.

The contribution of each IR-active mode D�m to
the static dielectric constant is presented in Table 4

and depicted graphically in Fig. 1. The phonon

mode contributions to dielectric constant parallel

to trigonal axis ð�zzÞ come from the two IR-active
A2u modes, while the contributions to dielectric
9.4 Eu(LO1) 204.2

6.9 Eu(LO2) 397.4

4.2 A2u(LO1) 376.9

5.7 A2u(LO2) 517.6



Table 4

Components of mode-effective charge vectors Z	
m (in atomic

unit, that is minus the electronic charge) and oscillator strength

tensor Sm (in 10�4 atomic unit; 1 a.u.¼ 0.342036 m3/s2) for each
of the IR-active modes

Mode Z	
m Sm D�m

199.4ðEuÞ 4.15 5.45 15.66

204.2ðA2uÞ 4.95 7.40 20.27

376.9ðEuÞ 3.59 4.18 3.37

445.7ðA2uÞ 1.37 0.64 0.37

The description of the vectors and the tensors structure corre-

sponding to the A2u and Eu IR-active modes are given in the

text. The contribution of the IR-active modes D�m to the static
dielectric tensor are also presented.

500 400 300 200
0

5

10

15

20

∆ε
m

ω (cm-1)

Fig. 1. Graphical presentation of the contribution of different

IR-active modes D�m to the dielectric constant. Solid and da-
shed lines indicate A2u and Eu IR-active modes, respectively.
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constant perpendicular to trigonal axis ð�xx ¼ �yyÞ
come from the two IR-active Eu modes.
From Table 4 or Fig. 1, we find that for each

symmetry representation, the lower frequency

mode has larger contribution to the static dielectric

constant. Especially for A2u symmetry, the ionic
contribution to the static dielectric constant sub-

stantially, comes from the lower frequency mode.

Another quantity that can be defined in relation to

the static dielectric decomposition is mode-effec-
tive charge vector:

Z	
ma ¼

P
jb Z

	
j;abUmðjbÞP

jb U
	
mðjbÞUmðjbÞ

h i1=2 ð9Þ
In Table 4, we present for each IR-active mode,

the magnitude of its mode-effective charge vector

(this vector is parallel and perpendicular to the

trigonal axis for A2u and Eu modes, respectively),
and the relevant component of the oscillator

strength tensor (the parallel–parallel component

for A2u modes, and the perpendicular–perpendic-
ular component for Eu modes). For each symme-

try representation, the lower frequency mode

exhibits larger effective charge and larger oscillator

strength.

As can be seen from Eq. (4), the contribution of
a given mode to dielectric response scales as

Sm=x2m, so that small frequency and large IR-
activity are features of a mode with large contri-

bution to static dielectric constant. It is obvious

from Table 4 that for each symmetry representa-

tion the lower frequency mode has these features,

so that these modes are responsible for relatively

large dielectric constant of this material.
4. Conclusion

We have investigated the structural, dynamical,

and dielectric properties of A-La2O3 within den-

sity-functional theory. The parameters of relaxed

atomic structure are found to be in very good
agreement with experimental data. The Born

effective charge tensors, the phonon frequencies at

the center of the Brillouin zone, and the electronic

and static dielectric permittivity tensors have been

obtained using density-functional perturbation

theory. The absolute values of the calculated Born

effective charges are greater than those of the

nominal ionic charges, reflecting a dynamic charge
transfer along the La–O bond as the bond length

varies and indicating a mixed covalent-ionic

bonding between La and O. The computed pho-

non frequencies can be used in mode assignment of

A-La2O3. The mode-effective charges, oscillator

strengths, and contribution of different vibrational

modes to the static dielectric permittivity have

been computed. It is observed, for both the
directions parallel and perpendicular to the trigo-

nal axis, the ionic contribution to the static

dielectric permittivity, mostly is due to a single IR-

active mode. Although a direct comparison of
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calculated static dielectric permittivity tensor with

experiment is not feasible, but its orientationally

averaged value agrees reasonably well with the

available experimental �0 of amorphous La2O3.
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