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® Resumen

® Abstract

La simulacién atémica ha sido empleada para estudiar mecanismos de incorporacién del Erbio en
la estructura cristalina del titanato de bario. Los resultados estaticos y dindmicos de las simulaciones
predicen la existencia de un nuevo mecanismo de incorporacion; el cual sugiere la existencia de este
mecanismo mixto de auto-compensacion de cargas, como una fuente adicional de vacancias de oxigeno
en la estructura cristalina, y otro posible origen de la anomalia dieléctrica presente en este material.
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Atomic simulation has been used to study mechanisms of incorporation of the Erbium in the
crystalline structure of Barium Titanate. The static and dynamic aftermath of simulations predict the
existence of a new mechanism of incorporation; which suggests the existence of this mixed mechanism
of car compensation of loads, like an additional source of vacancies of oxygen in the crystalline structure,
and another possible origin of dielectric anomaly present in this material.
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o Introdution

Barium Titanate (BT) is one of the most widely
used ceramic materials in the electronic industry.
Er¥*-doped Barium Titanate has received attention
forits IR-to-visible frequency conversionand potential
application in luminescent devices /1, 2/. BT has a
perovskite structure made upon a framework of
corner linked TiO, octahedral with centrally occupied
Ba?"ions. Theintrinsic facility to hostions of different
sizes is of fundamental importance in tailoring its
ultimate properties. The influence of the dopant ion
depends on the substitution site (Ba?* or Ti**) as well
ason the defect(s) required for charge compensation
in the lattice.

The ionic radius of the dopant ion is essential in
determining the substitution site /3, 4/. Large ions,

such as La** and Nd®*', give exclusive substitution at
the Ba?* site (1.35 A), as their size is far too large
respect to the Ti** sites (0.68 A) and would cause the
perovskite structure to become unstable /5, 6/. lons
with intermediate size such as Y* and Er** can
substitute on both crystallographic cation sites.

Atomistic simulations have shown the predominant
mechanism corresponding to cations with intermediate
ionic radiussize, suchas Er**, isthe self-compensation
mechanism /7/.

Lewis and Catlow /8/ used lattice statics methods
to study the defect chemistry of doped and undoped
barium titanate for multiple dopant types. Many
properties were satisfactorily reproduced including
the lattice (cohesive) energy, elastic constant, optical
and static dielectric constants and the formation and
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migration energies of the lattice defects /8-10/. A
similar study was later performed by Buscaglia et al.
/7/. In this work were considered four incorporation
mechanisms and the most experimentally commonly
reported dopants were featured. For larger

La** and Pr’") they reported Ba*' site substitution
with electron compensation, for intermediate sized
cations (e.g. Gd*', Tb* and Er®") the self-
compensation reaction occurs predominantly. Also
they were found that the Ti*" vacancy compensation
scheme (donor case) to be energetically unfavorable
for all the cations studied. Unexpectedly, they found
the binding energies of these generally highly charged
defects to have small negative or even positive
values. However the incorporation mechanism of
Er**-doping, in the BT lattice structure, at 1 mole %,
is not yet clear.

The aim of this work is to study a possible
incorporation mechanism for 1% mol Er**-doped
Barium Titanate, using lattice static and dynamic
techniques.

® Simulation procedure

The incorporation mechanism of the impurity in
BT lattice is an important factor that determines the
nature of atomic interactions, diffusion and conduction
behavior in this material.

Oxygen vacancies (V3 ) in perovskite structures
in general are the only point defect with significant
mobility. Experimental evidence of measurements of
electric conductivity for the doped and pure BT
showed that the formation of hole-electron defects
type, as a charge compensation mechanism,
is subversive in comparison to oxygen vacancies
/11,12/

One of the characteristics more common in BT
modified with Er*" is the presence of the diffuse
dielectric anomaly above the Curie temperature 700-
1000K, where the material undergoes in paraelectric
phase/13, 14/. The fundamental origin of this anomaly
isthe presence of certain amount of oxygen vacancies
in the material.

Buscaglia et al. /15/ were reported the evolution
of'the microstructure, unit cell parameters and room-

temperature resistivity of BT ceramics doped with
Er** as a function of dopant concentration, and the
Ba/Ti molar ratio. They proposed a compensation
mechanism when the Ba/Ti> 1 at2 mol % Er** doped
to adapt the excess negative and positive charges.

In this work only two incorporation mechanisms
were considered: the acceptor mechanism and our
new mechanism labeled the mixed self-compensation
mechanism (or simply mixed), where the Er** is
placed into Basites, compensating the excess positive
charge with titanium vacancies (Vi )and also as an
acceptor with oxygen vacancies.

This scheme is a potential source of oxygen
vacancies that is not present in previous self-
compensation mechanisms.

For Er*-dopant incorporation, charge
compensation can occur either by anion vacancies
(acceptor) according to reaction equations:

EnO; + 2Tij + Oy — 2EF; +V§ +2Ti0, (1)

Consequently one oxygen vacancy is created
when two Er**ions substitute at two Ti** sites. For the
mixed case the reaction-equation is:

3Er203 +3Ti'|'i +4BaBa +OO —> 2Er'|"i +V(.).

. _ . 2
+4Erg, +V1i +2TiO, +3Ba0 + BaTiO; @

Also one oxygen vacancy is created when two
Er* ions substitute at two Ti** sites and one titanium
vacancy is created after four Er*" ions substitute at
two Ba*" sites. The simulated cell for the acceptor
case consists of 198 Ti*, 200 Ba*', 2 Er**, 599 O*
(one VC.). ), and for the mixed 597 Ti* (one VTi ),
596 Ba*", 6 Er’" (four in the Ba®' site and two in the
Ti* site), 1799 O% (one V) ).

Interatomic potentials have long been used with
considerable success to describe ionic materials and
perovskite ferroelectrics /7, 8, 10, 17-19/. One of the
most types of potential used to define short-range
interactions for ionic materials is the Buckingham
potential, which takes the form:

— T i C

Vij (rij )= A'J exp| p—” ij

e (3)
H i

where Aij , Pij ,and Cij are potential parameters for

a pair of ions i and j, and [jj is the distance between
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them. The exponential term of the short-ranged
Buckingham potential takes account of Pauli repulsion,
whereas the r® term takes account of the attractive
dispersionor VVan Der Waals interaction. The potential
parameter derived by Buscaglia et al./7/ were used
tomodeling all pair interaction. All calculations were
performed in GULP3.4 code /20/.

® Results and discussions

The minimum lattice energy procedure was used
to calculate the most accurate system according to
the lattice properties. In order to examine the effect
of concentration of point defects in the material, is
necessary to find out the configuration of minimal
energy regarding the atomic coordinates under
constant external pressure equal to 0 GPa. For this
method it is possible to know the lattice (cohesive)
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energy and other structural properties for each
simulation box constructed fromthe equations (1) and
(2), respectively. Cohesive energy and the lattice
parameters of both resulting solids were calculated to
ensure that the mixed mechanism can be (or not)
replicate the solid structure of BT.

Figure 1 shows the lattice energy and their
respectively cell parameters from each incorporation
mechanism. The mixed case is the best closed respect
to the lattice energy value for the perfect BT
(-148,02 8. When the energy difference between
two incorporations mechanism is small, such as
happened in this case, them is possibly that one of
both can be occur with the same occurrence
probability. But while more negative is the cohesive
energy them the solid structure is more stable, so the
mixed is a structure more stable than acceptor.
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Fig.1Cohesiveenergy a)and unit cell parameter b) for simulation box of the
acceptor and mixed Er¥-incorporation mechanisms, respectively.
Themixed case ismore stable than acceptor
incorporation mechanism.

The cohesive energy of both systems is higher
respect to the BT pure, indicating a structural
expansion respect to the undoped BT as shown in the
Figure 1 b) and Table 1.

TABLE 1. STRUCTURALPROPERTIES OF 1%
ER-DOPED BT OBTAINED BY THE ENERGY
MINIMIZATION CRITERION

1% ErBT | EpeVy | V¥ (mm) Ref 11
Loeeptor -l4a 568 | 04001
0,40005 - 0,400 20
Tulixed J14724 | 04000
Undoped BT | 148,025 | 0,395 1

In order to clarify how the structural properties
are affected by these foreign ions, including their
incorporation mechanism, and the possible disorder,
the radial distribution functions, recurrently used to
investigate thiseffect/18, 19/, of each simulated solid
were calculated by the equation:

1 Nij (r)

Azr2dr Pj

gij (r)= )

where Njj (r) is the number of particles of type j
located at a distance between r and r +dr from a

m Vol. XXI1V, N° 3, septiembre-diciembre, 2012



Revista Cubana de Quimica, pags. 266-271

particle of type i and P j is the number density of
particles of types j.

A shortdynamic simulation was performed at 300
K for the acceptor, mixed and BT perfect perovskite
structure, under constant temperature-pressure
ensemble with external pressure of 0 GPa. Newton’s
equation of motion was integrated until 1 ns with time
step of 1 fs were the means square displacement for
the oxygen atoms wasrecorded each 0,1 ps. Andersen
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thermostat /21/ was applied to rescale the velocity of
one oxygen ion, selected randomly, at time, with
collision ratio of 1. Berendsen barostat /22/ was
employed to controller the pressure with constant
decay of 0.1 ps. Ewald summation method* have
been used to calculate the electrostatic terms of
potential using the formal charges of barium, titanium,
erbium and oxygen ions of which values are +2, +4,
+3 and -2, respectively, short-range potential cut-off
is set to 0,12 nm.
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Fig.2Radial functiondistribution, Jj; (r) ,ofacceptor (up) and mixed (down)

incorporation mechanism. The results confirmthe stability of the
perovskite structure in both simulation boxes.

With the obtained trajectories the oxygen-oxygen
radial function distribution, Gjj\I' ), from each solid
are shown in the Figure 3. We were checked that the
perovskite structure is maintained by each pair-ion,

gij (r ) , proving so that the mixed self-compensation
mechanism is possible that occur as doping-process.

The disorder character of anion sublattice can be
studied from the oxygen-oxygen radial distribution
function, §o_q (r ) , taken from a room temperature
for each system (according to each incorporation
mechanism). They were compared with those
expected from a perfect BT perovskite structure with
the same lattice parameter. In the Figure 3 are shown
the results. Comparing (qualitatively) the position of
the first pick (or first coordination sphere) of
eachgp_o (r), and the dispersion observed after
the4 A, the mixed mechanism, induces less structural
disorder in comparison with the acceptor case. The
height of the first pick from the acceptor is smaller
than the corresponding to the perfect BT and mixed

cases, and it presents higher space dispersion (respect
to the inter-atomic distance). These results suggest
that the mobility of the oxygen ions for the acceptor
case is more substantial respect to the mixed one,
consequently isrequired smaller activation (migration)
energy to move the mobile anion-species in the
structure. This result confirms that the oxygen-
vacancies generated by the mixed mechanism can be
alternative source of the dielectric anomaly of 1 %
Er-BaTiO, up to ~120 °C.

Inresume, the acceptor incorporation mechanism
can creates weaker Er-O interactions compared to
the Ti-O. The binding energy of defect pairs
(82 Er‘i’i vV, ") results in the failure of Er-O interaction
rather than 4 Ti-O interaction which is inferior in
energy. Other authors have reported the binding
energy becomes more negative with increasing ionic
radii of the RE dopant as consequence of the size
difference between the RE ion and the Ti*" ion
/7, 10/. Its produces a strong interaction between
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oxygen vacancies and the Er** sites due to the close
binding arrangement formed by the TiO, octahedral,
and the volume of this octahedral is affected. The
mixed self-compensation mechanism consists of a

ultiple-complex ~defecty constituted by
IC;Eré a 2Br ), VAVS in gegeral for this
mechanism canbe some types ot alternatives formation
of pair defects. The interactions between these
defects will be strong, because the addition of possible
binding energies from other mechanisms that generates
a hard electrostatic interaction between them.
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Fig. 3Radial functiondistribution of O*-O?pair of
each system obtained by acceptor and mixed
incorporation mechanismcomparedwith BT perfect.
Theacceptor behavior creates more anionicdisorder
in the lattice structure.
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Conclusions

Atomistic simulations have been used to study
the lattice properties of 1% mol of Er®*-doped
barium titanate. The cohesive energy calculations
of the various incorporation mechanisms of Eré*
onto BT structure shows that mixed mechanism is
the predominant mechanism.

The radial function distribution analysis
corroborates the fact of the structural properties
are correctly reproduced by the mixed self-
compensation mechanism than acceptor case. It
has been shown that the mixed self-compensation
mechanism is definitely a possible incorporation
mechanism for this rare-earth ion.
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