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2. Affected annealing time treatment on preferred
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3. La/Sm/Er cation doping induced thermal properties
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Abstract

The La/Sm/Er cations with different radius
doping SrTiO3 (STO) as model Srp9R01TiO3 (R = La,
Sm, Er) were designed to investigate structural
characteristics and thermal properties by the molecular
dynamics simulation with Green—Kubo relation at 300 —



2000 K. The structural characteristics composted of
lattice constant, atoms excursion and pair correlation
function (PCF). The thermal properties consisted of heat
capacity and thermal conductivity. The lattice constant
of R—doped exhibited less than the STO at 300 — 1100 K
and more than STO at 1500 — 2000 K, which encourage
by atom excursion and PCF. The thermal properties was
compared with literature data at 300 — 1100 K. In
addition, the thermal properties at 1100 — 2000 K were
predicted. It high light that thermal conductivity is tend
decrease at high temperature, due to perturbation of La,
Sm, and Er, respectively.

Keywords: molecular dynamics simulation, structural
characteristics, heat capacity, thermal conductivity,
SrTiOs, rare earth doping
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Introduction

Thermoelectricity involves the conversion of
thermal energy directly into electrical energy, the
development of thermoelectric (TE) materials has
become very important and much needed. The
performance of TE materials can be evaluated by a
dimensionless figure of merit in the equation;
ZT =S°cT / «. ldeally, good TE materials exhibit a
large Seebeck coefficient (S), high electrical
conductivity (o), and low thermal conductivity («)
when both such conductivites are measured at absolute
temperature (T ).!

STO is a material of considerable interest a n-
type and strong candidate of oxide TE materials.’™
Recently, the rare earth (R) doping in STO enhance TE
properties were report.> > ° In case STO doped La, Nd,
and Sm exhibit large power factors, while those doped
Gd, Dy, Er, and Y exhibit low thermal.

We propose calculation the newly thermal

properties such as lattice constant, atomic exclusion,



PCF, thermal conductivity with time correlation, and
thermal conductivity at various temperatures. Thermal
properties of STO doped rare earth, which propose to
reduce thermal conductivity. La as similar radius rare
earth, Sm as large radius rare earth and Er as small
radius rare earth were chosen to investigate and descript
on thermal properties of rare earth doping STO at high
temperature. In addition, the doping of lanthanum small
changes in thermal conductivity.”® The formation of the
Ruddlesden—Popper phase does lead to the desired
decrease in thermal conductivity, but also leads to a
decrease in electrical conductivity, which limits the

impact on the figure or merit.*
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Computational Details
The molecular dynamics method with Verlet’s
algorithm'*  and Ewald’s summation’ based on
MXDORTO™ provide a means of the structural and
thermal properties. The cluster atoms model of
Srp9R01TiO3 were designed by the crystal data of STO
Perovskite structure™® with 320 atoms (O = 192, Ti = 64,
Sr = 58, R = 6) based on MXDTRICL," as shown in

Fig. 1.
La, Sm and Er

Fig. 1 The cluster atoms model for SrsgRgTigsO192
(R = La, Sm, Er) designed by MXDTRICL

The atomics interaction was determined by
combination the Morse—type'® with Busing—Ida potential
function,'® as shown in equation (1)."” The potential

parameters of cluster atoms model are present in Table 1.
z.2.€? a+a. —r.
U, (r) =——+f,(b +b.)exp{'—‘”J
]\ rij J b +b-

i j




_%+ D, {exp[ -2, (r, ;) |- 2exp[ 4, (1, 1) ]}
(1)

where f, is repulsion between atom in vacuum equal

4.186, z; is the effective partial electronic charges on the
i" ions, z; is the effective partial electronic charges on
the j" ions, ry is inter—atomic distance, r; is bond
length of the cation—anion pair in vacuum. a, b and ¢
describes the characteristic parameters which dependent

on the ion species. Dy and f; describes the depth and

shape of this potential, respectively.

The calculation of lattice constant, heat capacity
and thermal conductivity were controlled pressure and
temperature by Nose'® and Andersen method™ as same
previous work.® To confirm the accuracy, the lattice
constant, heat capacity, and thermal conductivity were
calculated 10° steps for equilibrium state of system.



Table 1 Interatomic  potential parameter  of
Sr58R6Ti640192 (R = La, Sm and Er)

c (W7 A

Atom z a (A) b (A)
mol ™)
1.9232 (La)
0] -1.2 1.926 (Sm) 0.16 20
1.9256 (Er)
Ti 1.2 1.055 0.18 25
Sr 1.2 1.198 0.16 10
La, Sm, Er 1.2 0.6 0.16 0
Atom pair  D(10°J)) 8(A™) r'(A)
Ti—O 4.3 3.82 2.1923
Sr—0 241 1.18 2.7615
La—-0 2.60 1.18 2.7615
Sm-0 2.60 1.18 2.7615

Er-O 2.60 1.18 2.7615
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Results and Discussion
Structural Characteristics

The SI’o.gLa()_lTiO3, Sro_gsmo.lTiO3 and
Srg9Erg 1 TiO; were obtained cubic structure and show
the value of a = b = ¢ = 3.8959+0.0023 A,
3.8996+0.0022 A and 3.8990+0.0021 A at room
temperature, respectively. Figure 2 shows the lattice
constant of La—, Sm—, and Er—doped STO with
calculation and experimental data. The potential
parameter is cause of the lattice constant agree with
experimental data.>?* The lattice constant as versus
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temperature were compared with MD calculation of STO
as previous work.? It was found that, the calculated
lattice constants after substitution to compare with STO
show decreased at 300 — 1100 K and increased at 1500 —
2000 K.

3898 Seetmvan et (2010)(Cal) ] ; sm iFe = 1
A ELMallan 8 A2iz (2007) (Exp F o ) Liuelal‘ (2m3)(‘[xp} At </I Livet zll CZU‘-!]I(HD—I )
388 500 1000 1500 2000 500 1000 1500 2000 500 1000 1500 2000

Temperature (K)

Fig. 2 Calculated of lattice constant for
Sro9R01TiO3 (R = La, Sm, Er) various temperature

The structural expansion was descripted by atoms
excursion as shown in Fig. 3. These calculated suggest
that the Sr-site shows atomic excursion large while O-
site and Ti-site shows small atomic exclusion (Fig. 3)
which contribute to increase or decrease the lattice
constants by Sr-site (A-site). These findings help to
understand of the lattice constant increase at high
temperature, while the error value has been also increase.
Because the atomic excursion in unit cell has small
vibration at low temperature and large vibration at high
temperature together with high error value.



1

Fig. 3 Calculated of atoms excursion in unit cell of
Srp9R01TiO3 (R = La, Sm, Er) at temperature 300 K.

The PCF of La—, Sm—, and Er—doped STO were
highlighted as shown in Fig. 4. The bonding of Ti-O,
O-O and Sr-Ti indicated explicitly crystal, because
clearly total peak of distance bond which denote the
orderly atomic arrangement. The bonding of Sr-O,
La—O, Sm-0O and Er-O show the atoms are neighbor
about 2 A — 3 A, bonding of Er-Ti about 1.5 A-2.5 A,
La, Sm and Er affect to decrease total peak of bonding
Sr—-O also indicated that these substitute affect to

decrease crystallography. The bonding of Er-O was
clearly increase distance from about 1.5 A.
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Fig. 4 Pair correlation function (PCF) of (a) O-O, Ti-O
and Ti-Ti, (b) Sr—Ti, La—Ti, Sm-Ti and Er-Ti, (c) Sr—
Sr, La-Sr, Sm-Sr and Er-Sr, and (d) Sr-O, La-0O, Sm-O
and Er-O various distance at temperature 300 K.

Thermal properties

The heat capacity was determined by lattice
constant and internal energy as equation (2) and (3);

C, =C, +C, (2)

c 7(6E(T)j +(3a"n)zvm(T)T7(aE(T)j L 3RV, (MT [aa(P))’1 aM)-a() \
PUar ) B “Lar ) a(Ty)? P ) T-T, Jo

0

(3)
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where Cp, Cy and Cy are heat capacity at constant
pressure, constant volume, and heat capacity of lattice
dilatational term, respectively, E(T) is total internal
energy, ain IS linear thermal expansion coefficient, g is
compressibility, Vn,, is molar volume, a(P) is lattice
parameter at pressure P(Pa), Py is atmosphere pressure
(1 MPa), a(T) is lattice parameter at temperature T(K)
and Ty is room temperature.

The heat capacity of R—doped STO and STO
were highlighted as shown in Fig. 5. The C4 of R—doped
STO was exhibited large than literature data of STO at
temperature range 300 — 1800 K.? Because the atom of
La, Sm, and Er were obtained larger excursion than Sr
(Fig. 3). In addition, the Vy, of Sm—doped STO shows
35.75 cm® mol™, La—, and Er—doped STO show 35.6
and 35.7 cm® mol™ at 300 K, respectively, which they
are similar at low temperature and different at high
temperature. See that, the heat capacity of R—doped STO
were independent on temperature range 1300 — 2000 K.
These findings help to understand of experimental at
1100 K has wrong and hard to control of parameters.
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Fig. 5 The heat capacity for SrogR01TiO3 (R = La, Sm,
Er) various temperature are calculated.

The total thermal conductivity st could be
determined by sum of other term viz., lattice thermal
conductivity (xija), electron thermal conductivity (),
and bipolar electronic thermal conductivity (xp). The
oxide TE material exhibits x. and other term are
dependent on electrical transport which exhibit low
electrical conductivity, thus, the main term of thermal
conductivity can be assume as Kiptal ® Kiat. 1he Kjat Was
obtained by using the Green—Kubo relation as equation
(4).20

vV 1
Klat :?,kBTTJ‘ VS(t)dT

(4)

=0
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where V is volume of unit cell. kg is Boltzmann
constant. S(t) is heat flux autocorrelation function. t is
time correlation. The thermal conductivity was averaged
over ten simulations with different the heat flux
autocorrelation function, as shown results in Fig. 6. The
thermal conductivity of La—doped STO shows value of
5.9 W m™ K™ at time correlation of 1.4 ps. The thermal
conductivity of Sm— and Er—doped STO show 5.49 W
m* K'and 41 W m™ K at time correlation of 1 ps,
respectively.

- o

h oo oo

P I s e i s o e e | A 1

Sryglag Ti0; ] s

Sry¢SmMy ¢TI0 ] s

Thermal conductivity (W m ™' K )

Sr, Er,

Je
09ET0.4 1105 |

. a o
o @ o o o wn

DJ.Z 014 Djﬁ 018 1j0 1t2 11.4 1j6 118 2.0
Time correlation (ps)

Fig. 6 The thermal conductivity for SrpgRo1TiO3
(R = La, Sm, Er) are calculated at 300 K various.

The calculated thermal conductivity for
SrooRo1TiO3 (R = La, Sm, Er) various temperature
together with literature data as shown in Fig. 7. The
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results present thermal conductivity at 300 — 2000 K
while literature data also reported at 300 — 1200 K. We
compare the results of all samples with previous work
which shows that value less than STO.?* It should be
that, La, Sm, and Er disturb a structure STO at A-site
which support by PCF and time correlation of thermal
conductivity (Fig. 6). The thermal conductivity of
La—doped STO value is 599 W m™* K at room
temperature agree with literature data.> % % The thermal
conductivity of Sm—, and Er—doped STO show value are
549 W m* K? and 1.14 W m™* K" at room
temperature, respectively, which agree with literature
data.’ At various temperature, La—doped STO exhibits
cross of literature at 520 K, good agreement data of Liu®
with 580 — 1100 K, while Sm-, and Er—doped STO
exhibit lower than data of Liu® at least 400 K. The doped
sample shows significant value of 1.75 W m™ K™ for
La—doped, 1.30 W m™ K™ for Sm—doped, and 1.10 W
m* K™ for Er—doped at 2000 K, respectively.
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Fig. 7 thermal conductivity for SrogR01TiO3 (R = La,
Sm, Er) various temperature are calculated.
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Conclusion

The newly thermal properties of SrpgR1TiO3 (R
= La, Sm, Er) viz., lattice constant, atomic exclusion,
pair correlation function, heat capacity and thermal
conductivity were obtained by molecular dynamics
calculation. The calculated lattice constant of R—doped
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STO compare with STO show lattice constant decreased
at 300 — 1100 K due to the distance of R—O, R-Ti, and
R-Sr are decreased, while it’s increased at 1500 — 2000
K due to atom of Er, Sm and Er has large than excursion
of Sr. It’s contribute to increase of heat capacity. The
thermal conductivity has been reduced with literature
data at temperature range 300 — 1100 K. Moreover, we
predicted the thermal conductivity of SrogRo1TiO3 (R =
La, Sm, Er) at temperature 1100 — 2000 K which
decrease to about 1 W m™* K™,
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