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Abstract

Temperature dependences of the damping constalitwidth at half maximum), dielectric susceptilyilit
inverse relaxation time and the activation energyng the 110 cih and 125 cnd Raman modes are
calculated in the ferroelectric phase (TQTof BaCeQ. Raman frequencies of these modes are relatdtbto
order parameter (spontaneous polarization) to cdtel their damping constants using the pseudospin-
phonon coupled model and the energy fluctuation ehdor the orthorhombic-tetragonal transition in
BaCeQ (Tc= 427 K). Our calculated values of the damping stant from both models are in good
agreement with the observed data. The inverse atiax time of the studied Raman modes is predicsitg

the calculated values of the damping constant fomih models (PS and EF) and the values of the order
parameter (squared). Dielectric susceptibilityailso predicted through the observed frequenciethase
Raman modes by using the Landau phenomenologieaiythThe values of the activation energy are also
extracted from the damping constant as calculatethfboth models using the Raman modes studiectin th
ferroelectric phase of BaCeO

Keywords Damping constant, dielectric susceptibility, inse relaxation time, activation energy, BaGeO

BaCeO3'in rhombohedral-tetragonal faz geicin Raman frekansindan
sicaklgin bir islevi olarak hesaplanan sonim sabiti, dielektrikatuyik, ters
geweme zamani ve aktivasyon enerjisi

Ozet

BaCeQ kristalinin ferroelektrik fazinda (T<J), 110 cri ve 125 crit Raman kiplerini kullanarak séniim
katsayisi, dielektrik duyarlilik, ters geme zamani ve aktivasyon enerjgelderi sicaklga bagli olarak
hesaplanmtir. BaCeQ kristalinin ortorombik-tetragonal faz gegide (Tc= 427 K) s6nim katsayisi
degerlerini hesaplamak igin, sanki spin-fonon ciftienve enerji dalgalanma modellerini kullanarak Raman
frekans dgerleri dizen parametresi (kendiinden polarizasyon) ile ikilendirilmistir. Hesaplanan sénim
katsay! dgerlerimiz, gozlemlenen verilerle iyi bir uyum icedir. Calsilan Raman kiplerinirters geyeme
suresi, her iki modelden hesaplanan sonim sabitaggerleri ve kendilginden polarizasyon (karesi)
degerleri kullanilarak 6ngorilmitir. Dielektrik duyarlilikta, Landau fenomenolojileorisi kullanarak,
gozlemlenen Raman frekanslari arggayla ©6ngoriimgtir. BaCeQ kristalinin ferroelektrik fazinda,
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calisilan Raman kiplerini kullanarak her iki modeldenshplanan sénim sabitinden aktivasyon enerijisi
degerleride c¢ikariimgtir.

Anahtar sdzcukler S6nim katsayisi, dielektrik duyarlilik, ters ggwe siresi, aktivasyon enerji, BaGeO

1. Introduction using the damping constant calculated from both
models (PS and EF) and the observed frequency data

As a member of perovskite type ferroelectrics[3] below the transition temperaturecd 427 K) of

barium cerate (BaCefDis an attractive material due BaCeQ. Finally, the values of activation energjy

to its potential applications in solid state fuells using the Raman frequencies deduced through the

[1]. Acceptor-doped BaCeObecomes a high calculated damping constant values from the PS and

temperature protonic conductor and it can be used BF models in the ferroelectric phase of BageO

fuel elements also as hydrogen sensors [2]. Phase

transitions in BaCe® have not been understoodBelow, in section 2 we give our calculations and

totally yet. Very contradictory results have beemesults. Discussion and conclusions are given in

reported for the structural phase transitiorsections 3 and 4, respectively.

temperatures for BaCe(B-5].

BaCeQ is orthorhombic at room temperature with &. Calculations and results

space group,, (Pbnm) with twenty atoms per unit

cell [6]. As the temperature increases, structurdihe temperature dependence of the order parameter
phase transition from orthorhombic to tetragonalspontaneous polarization) squareB?)( and the
with a space group;, (P 4/mbm) with ten atoms inverse dielectric susceptibilityy™ using the
per unit cell at 427 K interpreted by Scherbanlet afrequencies of the 110 ¢mand 125 cit Raman
[3]. At higher temperatures, another structuralggha modes in the ferroelectric phase (T ©f BaCeQ
transition was reported from tetragonal to cubithwi can be calculated by means of the Landau
a space group; (Pm3m) with 5 atoms per unit cell phenomenological theory for the second order
at 1112K [3]. Various experimental methodshombohedral-tetragonal phase transition in
including Raman spectroscopy [3,7], neutrorBaCeQ. The free energy for BaCeQ can be
diffraction [5,7], differential scanning calorimgtr expressed in terms of the order paramBter

[8,9], x-ray powder diffraction [9] and dilatometry

and electro-conductivity measurements [10] havé = a, + a,P? + a,P* + aP°® 1)
been reported to understand the phase transition

mechanism in BaCeQ Also, some theoretical wherea, = a(T — T,) with the constants o, a,,
works have been carried out. Namely, Hartree- Foak, and a,. T is the temperature whil&; is the
and density functional theory approaches [1l}ransition temperature. The free energyof the
quantum molecular dynamic study [12], calculatiorBaCeQ, which is thermodynamically stable,
of the various thermodynamic properties from théecomes minimum in the ferroelectric phase (T<
density of state (DOS) of phonon [13] and theT.). From the minimization conditiodF /dP = 0,
activation energy calculation [14] were reported irwe found that

the literature.

_ 2 = P[2a, + 4a,P? + 6a,P*] = 0 )
In this study, we calculated the values of thé”
dielectric susceptibilityy=* using the 110 cthand This gives
125 cni® Raman modes from the Landau 9
phenomenological theory through the observeg — 0 and2a, + 4a,P? + 6a,P* = 0 3)

frequencies [3] in the ferroelectric phase (Ex®f
BaCeQ (Tc= 427 K). We used the pseudospin-
phonon coupled (PS) model [15] and the energ
fluctuation (EF) model [16] to calculate the dangpin
constantl" (half width at half maximum) of those
Raman modes studied for the orthorhombic
tetragonal transition in the ferroelectric phase of 4y — 1

BaCeQ. This calculation was performed byP’ = sac T 3ac a; — 3aza (4)
associating the Raman [3] frequencies of the modes

studied with the order parameter (spontaneousnder the conditions thata, < 0 andas > 0, we
polarization) ~ of  polycrystaline  BaCeO found a positiveP solution of Eq. 4 that defines the

Additionally, we obtained the inverse relaxatiorferroelectric phase (T<d. The square root term in
time for the 110 ¢ and 125 crit Raman modes Eq. 4 can be approximated by using the binomial

s the solutions of Eq. 2P =0 (there is no
rdering) corresponds to the paraelectric phase
(T>T¢), and the solution for the second expression
of Eq. 3 gives
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expansion under the assumption that,/a? < 1, ' ' ' '
so that the Eq. 4 becomes 1,
2 3 164
2 (r-1,)-=2 negative root
2 _ )2aa 3ae 1
P* = a - ©) 110 cm™ i
——(T —-Tg) positive root 141
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085 Y g Figure 2. Temperature dependence of the inverse
1 dielectric susceptibility ~2.
0,80
1 . The observed [3] Raman frequencies of these modes
0751 decrease with increasing temperature as the order

' ' ' ' parameter which is predicted from the mean field

-2::30 -200 -150 -1:)0 -50 0 .
(1T theory. Since the order paramefercan take any
%( lue between 0 and 1, we associated the observed

Fi 1.7 ture d d f th li
gure emperature dependence of the normalz frequencies ¢) of the 110 cnt and 125 cri

2
(squared) frequen%) : Raman modes with the order parameteaccording
to,
Table 1.Values of thew,,,, of EQ. 9, the ©
parameter& anda, according to the negative root P o« P 9)
of Eq. (5).
= 5 o STREV) where w,,,, IS the maximum value of the Raman
aman modes Wpay (CTT a(10” —a i
110 ot max - To50 To16 frequency. We ar21alyzed the normalized observed
125 127.9 2.111 1.168 frequencies(ww ) of the 110 cnt and 125 cnt

Raman modes as a functioh— T,, which are

plotted in Fig. 1 with the fitting parameters and

a, were extracted through the negative root of Eq. 5.
1 _ (a2 2 Those fitting parameters are given in Table 1 & th

X = (°F/9P%) (©) temperature interval indicated. The coefficiant

was taken unityd, = 1). This is due to the fact that

our solution of the spontaneous polarizatPi{Eqg.

U | )
-1 = 2a. + 12a,P? + 30a.P* 7 5) was baseq on the approx]mat|m1¢(6/a4 « 1)
X 2 * 6 (i1 order to simplify the solution by regarding very

By substitution of Eq. 5 into the Eq. 7, we fouhdtt small values ofr and almost -1 value ofi, for the
Raman modes (Table 1). We were unable to

. 1s (T=Te)\ 2 16 a2 determine the fitting parametexsanda, separately

Xt=a (—a " c) - 12a(T-Tg) +—=  (8) by using the positive root of Eq. 5 since it just

3 ag

From the definition of the inverse dielectric
susceptibilityy —*

its temperature dependence can be obtained as
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allowed us to find the ratio of;i. With these temperature & of BaCeQ, a broadening of the

. ) : . h
parameters (Table 1), we predicted the invers“eneWIOIth occurs. For the 110 chand 125 c

dielectric susceptibilityy~* using the 110 cihand vibration modes with lower energies that we study

125 cm® Raman modes in the ferroelectric phase Q?ere, a variation of the damping constant with
BaCeQ by Eq. 8 which are plotted in Fig. 2. emperature is relatively small when compared with

vibrations in the vicinity of the transition

The PS model [15] and the EF model [16] can bteemperature d. So, the activation energy can be

used to calculate the damping constant (half wadth expressed as

half maximum) of the Raman modes studied fo -

BaCeQ. The temperature dependence of thénrSp =InC—U/kgT (14)
damping constant is considered according to the PS9

mOdeI { ®m PS moldel I I '
g © EFmodel A
, B Te A Observed [3] |
Igp =17 +A(1 — P3)In [m (10) =
and using the EF model [16] as °] |
[_&. 5
_ T(1-p2) 1'/2 1 ]
Tsp=To +A [T—Tc(l—Pz) (1) "
34 P m
In Egs. 10 and 11 /and I, are the background 1 r——»//—————!/ /
damping constants ani] A are the amplitudes. We ]

used Eq. 9 to calculate the temperature dependence @ <0 20 200 s a0 s 0
of the damping constant of the Raman modes from TTe
PS and EF models in Egs. 10 and 11, respectively.:2 - - - -

®  PS model

We fitted Eqgs. 10 and 11 to the observed damping o EF model 1
constant data [3] to get the fitting parameté}s £, 104 4 Obseved[3] -
A and A), as given in Table 2 for the indicated
temperature ranges. Our calculated values of the &
damping constant from both models (PS and EF) for 125 em* 2
various temperatures of the 110 tmnd 125 cil % o
Raman modes in the ferroelectric phase of BaCeO
were given in Fig. 3. Observed data [3] were also .- o

given in this figure. | .

24

We also predicted values of the inverse relaxation

time t~! of the Raman modes according to 90 G0 250 20 450 w0 50 0
TT,
2
= P? (12)  Figure 3. Damping constafi, (half width at half
maximum) as a function df — T,. Experimental
Our predicted values of the inverse relaxation time data [3] are also given.

=1 which were calculated through th@ values
from both models (Egs. 10 and 11) aPf through Table 2. Values of the fitted parameters for the
Eq. 9 are plotted in Fig. 4 as a function ofthe T, damping constarf, of the Raman modes (110 ¢m

in the ferroelectric phase of BaCgO and 125 crif) using the experimental data [3]
according to the PS model (Eq. 10) and the EF
The values of the activation enerdly can also be model (Eq. 11).
evaluated using the total linewidth (damping = _ - _ y - .
H H : _ aman I; A emperature
constant) which was given previously [17-19], modes 0 0 Interval (K)
110cm! 236 222 228 356 -337.4<(T-)<-
I' =T, + Cexp(—U/kgT) (13) 173.2
207.10 - 2050 -173.2<(T-T)<-

3.31 2.44 6.1

where I;, is the vibrational relaxatiorky is the 125cm 248 4382 240 657  -337.6<(T-E)<-

Boltzmann constant and’ is a constant. The 173.4
orientational motion of the CegOoctahedra in 0.69 14053 - 20.78 -76.1<(T-T)<-6.7
BaCeQ causes decrease in the linewidth of ti 0.99

highly energetic vibrational modes (vibrons) at
temperatures T<d. Above the transition
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Table 3. Values of the activation enerdyextracted the linewidths or the increasing in the damping
from Eq. (14) for the Raman modes indicated by constant in BaCe$ Particularly, for the 110 cm
using the PS and EF modelgs T, value of BaCe@ Raman mode in the temperature interval of

is 37 meV. 89.6<T(K)<253.8 and for the 125 ¢nRaman mode
in the temperature interval of 89.4<T(K)<253.6 the

Raman  U(meV) C U(meV) C Temperature damping constant increased almost linearly while

nges,l ;’75 i’? gg i’: Tég;"?lg)o between  the  temperature  interval  of
cm -
0 0 17 s oeacTeany  352.2<T(K)<420.9 of the 110 chRama}n mode and
86 76 91 09 352<T<420 between the temperature interval of
125cm* 35 24 34 24 188<T<420  350.3<T(K)<420.3 of the 125cifRaman mode, the
50 40 51 41  253<T<420  damping constant increased very rapidly (Fig. 3).
84 111 83 106 350<T<420

There was no anomalous behavior for the damping

constant calculated from both models (PS and EF)
near the transition temperature which indicates a
Y¥second order phase transition as pointed out
. Ipreviously [3]. As an extension of this work, we
(Egs. 10 and 11) below the transition temperaturg jicted the temperature dependence of the inverse

(T|c= |422 K)I of Bf’aﬁe@ _Table 3 givez ﬁ“r relaxation timez™! of the Raman modes studied
calculated values of the activation enetgand the .o ,gh Eq. (12) in the ferroelectric phase of
constantC in the temperature intervals indicated. BaCeQ.

We extracted the activation energly of the 110
cmt and 125 cm Raman modes through Eq. 13 b
using our calculated values &ffrom both models

= PS model
® EF model |

3. Discussion 0,45

We predicted the temperature dependence of the”*]

inverse dielectric susceptibility™ of the 110 cnt 0,35
and 125 cnt Raman modes of BaCgQising the

Landau theory for the orthorhombic-tetragonal
transition below the transition temperaturg (Tc= ™ o025
427 K). For this prediction of thg™! (Eqg. 8), we
associated the observed Raman frequeneiel8] ]
with the order parametd? according to Eq. 9 and o015+
from a fitting procedure of the normalized observed ]

0,30

0,20

0,10

2
w . T T T T T T T T T T T T T T
frequency (wmax) with the reduced temperature L S U
T — T, (Fig. 1), we deduced the values of thend T,
a, (Table 1). 048 T T T T T T pS model
M ® EF model

0,40
Using the relation betweew and P (Eqg. 9), we g
calculated the damping constant (half width at half
maximum) of the 110 cthand 125 cm Raman 0201
modes in the ferroelectric phase of Bagé@ough 025
the PS and the EF models. As the temperature
increases toward the transition temperature, the **]
damping constant values calculated from the PS ando.s-
EF models increase also. The pseudospin-phononm_
coupling, that is considered for both PS and EF
models studied here, leads to the pseudospin waves.0s-
[20]. This is interacted with all phonons in the 250 300 250 200  -50 100 <%0 o
crystal that causes to shortened their lifetimed an T-T,
broadened the damping constant (damping constay e 4 |nverse relaxation time® of the Raman

is inversely proportional with the spin lattice modes (110 cihand 125 ci) as a function of the
relaxation time). In the ferroelectric phase (Ex®f T—T,

BaCeQ due to the reorientation of the CgO
octahedra coupled with the phonons (pseudospi Ve checked several references in the literature to

phonon - coupling) a(.:cord'ng to the PS. and Ecompare our predictions of the inverse suscepibili
models, the Raman intensities become intensed 0_1) and inverse relaxation timer{l) in the

that the damping constant (linewidth) decreases. Q rroelectric phase close to cTfor BaCeQ

thhe temperatllj_re mcressed dab?]\_éehfﬁe pseuﬂ?sgn- Unfortunately, due to the lack of experimental and
pnonon coupling weakened which causes the RaMgh, , oticq| data related with™* andt™!, we could

intensities broaden. This leads to the broademing |

0,35
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not make any comparison. Since our calculatebh our earlier works, we used the PS and EF models

values of y™! and 77! were based on the to explain the phase transition mechanism of BgTiO

experimental data for the Raman frequencies of tHa1], PbZr,Ti,O; [22], SrZrQ [23] and LiNbQ

110 and 125 cthmodes [3], we expect that* vs. [24] in the vicinity of the phase transition

T-Tc (Fig. 2) andr~? vs. T-T¢ (Fig. 4) should not be temperatures. These two models provide an

away from the experimental measurements. advantage to analyze the experimental data for the
ferroelectric materials due to their simplicity.

Finally, we extracted the values of the activation

energyU using the damping constants of the Raman

modes of BaCe@from both PS and EF models for4. Conclusions

various temperatures (Table 3). This calculation of

the activation energy/ was performed in terms of The damping constant calculated from the PS and

the Arrhenius plotlqI'vs. 1/T) according to Eq. 14. the EF models was fitted to the observed data using

The slope of this plot gave us the activation epergghe Raman frequencies of the lattice modes (110 and

U and the intercept valué (Table 3). We compared 125 cni') in the ferroelectric phase of BaCgThe

our calculated values of the activation energy witamping constant calculated from the EF model

the kT, value (37 meV). The extracted values ofigreed better than that calculated from the PS mode

the activation energy increased as the temperatufdien it was compared with the experimental data.

intervals were closer to the transition temperature

Tc= 427 K. In particular, for the temperature intdrvaThe inverse dielectric susceptibility and the irseer

of 352 K-420 K due to the 110 &mmode and for relaxation time were predicted as a function of

the temperature interval of 350 K-420 K using théemperature using the observed Raman frequencies

125 cm* mode, our calculated values of the(110 cni' and 125 cit) by the Landau theory in the

activation energy were almost three times larganth ferroelectric phase of BaCgO Both quantities

the kT, value (Table 3). This shows that theQecreased almost Iinearly as the temperature

reasonablel/ values extracted from the dampingincreased toward the transition temperatuse T

constants of the 110 and 125 ‘trRaman modes, o )

can be attained within a wider temperature range dfhe Values of the activation energy using the

186<T(K)<420 using both models (PS and EF) ifRaman modes of BaCe@ere also extracted, which

BaCeQ. are much greater than thgT, value of this system.
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