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The results of Raman scattering and ionic conductivity measurements for SrCe, _,Yb,0, are presented. The observed Raman
spectrum was interpreted on the basis of factor-group analysis for the group DJ£. The effect of the influence of ytterbium ions on
the dynamical and electrical properties of SrCe; _ Yb,0, is discussed. A correlation between ionic transport and vibrational

properties will be presented.

1. Introduction

The perovskite oxides based on SrCeO, exhibit at
high temperatures proton conduction in hydrogen
containing atmospheres [1,2]. SrCeO, doped with
trivalent cations: Yb, Y, Sc, belongs to this type of
proton conductors and was first reported by Iwahara
et al. [2,3]. These materials can be used in many
solid state electrochemical devices such as fuel cells,
steam electrolyzers and gas sensors [4,5].

However, the proton migration mechanism has not
been determined in detail. Two models have been
proposed to describe the dynamics of the proton
transport,.

The first is the “free migration” mechanism: the
proton moves by jumping between stationary host
oxygen ions. In the other process, the “vehicle mech-
anism”, the proton moves as a passenger on a larger
ion, such as OH~ or H,O* [6]. This latter conduc-
tivity mechanism can be confirmed by IR-absorp-
tion measurements, in which it is possible to mon-
itor OH - stretching vibrations (5,7].

! Permanent address: Technical University of Radom, ul. Mal-
czewskiego 29, 26-600 Radom, Poland.

Our recent electrical conductivity measurements
of SrCe.95Ybg,0sO; in atmospheres with different
hydrogen concentrations [8] show that the sur-
rounding hydrogen atmosphere has no effect on the
bulk conductivity. This fact indicates that the con-
duction mechanism is more complex than a simple
free migration process or a vehicle mechanism.

Probably the dopant Yb ions in SrCeO, play an
essential role in the proton transport. Since pure
SrCeO; exhibits only low electronic conductivity,
oxygen ion vacancies or electron holes, which are
generated by partial substitution of Ce** by alio-
valent cations such as Yb**, seem to play an im-
portant role in the proton conduction mechanism in
this material.

In order to understand the relationship between
the conductivity, the structure and the composition
of SrCe,_,Yb,0; one needs to understand in some
detail the dynamical behavior of the ionic species.

Ionic transport and the vibrational properties of
crystals are determined by the interactions between
the crystal lattice ions. This interaction, as shown for
Cd,_,Pb,F, crystals, can be determined from in-
frared and Raman measurements [9]. These meth-
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ods are important for the study of ion disordering in
fast ion conductors.

The use of vibrational spectroscopy to study the
lattice dynamics of perovskite-type crystals has been
carried out by several authors [10~13]. These in-
vestigations were focused on the relation between
ferroelectricity and lattice dynamics [13]. Vibra-
tional spectroscopy is a powerful and sensitive ex-
perimental technique to study dynamical processes.
It can be important in advancing the understanding
of the proton conductivity mechanism in the present
material. For this reason, the authors have con-
ducted a Raman spectroscopic  study of
SrCe; _,Yb,0,. The Raman spectra of this material
have not been studied previously,

In this paper, the results of Raman scattering and
ionic conductivity measurements for SrCe, _,Yb,0,
are presented. The aim of this work is to study the
influence of Yb** jons and H,-annealing on the vi-
brational and electrical properties of SrCe, _, Yb,0,,
and to find a correlation between the concentration
of Yb’* ions and oxygen ion vacancies, which are
formed during the substitution of Ce*+ by Yb** in
this material,

2. Samples and experimental details

SrCe, _,Yb,0; ceramic samples were obtained us-
ing the procedure of Iwahara [4]. A well determined
mixture of SrCO; (99.4% supplied by Johnson Mat-
tey) CeO; (99.999% Janssen Chemica) and Yb.,0,
(99.9% Fluka Chemie) was carefully prepared and
calcined at 1673 K for 10 h in air. The calcined ox-
ides were subsequently milled, shaped into pellets via
cold isostatic pressing and finally sintered at 1823 K
for 10 h.

The SrCe, _,Yb,0; samples obtained in this way
were then investigated using Raman spectroscopy.
The Raman spectra were recorded at room temper-
ature in the frequency range (30-1000)cm~" using
a Jobin~Yvon “U1000” double monochromator
equipped with two holographic gratings. The light
scattering was detected with an ITT FW130 cooled
photo multiplier coupled with a computerized pho-
ton-counting system. The excitation source was the
5145 A line of an Ar* ion laser at a power level of
40 mW,

The observed Raman spectra were interpreted on
the basis of space-group analysis for the Pnma-Dj¢
group symmetry. The ionic conductivity was deter-
mined from impedance measurements which were
performed using a Solartron 1260 Frequency Re-
sponse Analyzer. The spectra were recorded in the
frequency range of 0.1 Hz to 10 MHz at tempera-
tures in the region from 450 to 1100 K in air.

3. Group-theoretical analysis

The structure of SeCeQ, and SrCeg.95Ybg 0505 has
been studied by X-ray diffraction techniques. The
structure of these materials is orthorhombic with a
tilted octahedron system with four formula units in
the primitive cell. Fig. 1 presents the structure of
SrCeO; with ion distances which were determined
by the Rietveld method [14]. The factor group of
orthorhombic perovskite SrCeO, was assumed to be
Pnma-Dj§, similar to the space group determined by
Kay and Bailey [11,13] for CaTiO,.

There are 20 atoms in the unit cell implying a total
57 (3n-3) optical vibrational modes. The site sym-
metry of all atoms is available from X-ray scattering
data [14]. This allows us to make a detailed group-
theoretical analysis of the long-wavelength zone cen-
ter optical phonons [15]. Factor group analysis for
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Fig. 1. Crystal structure of the perovskite SrCeQ;. The ion dis-
tancesarein A [14].
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Table 1
'IheannnmodesymmetryinSxCeO,asdetcrminedfmmgmup—
theoretical analysis.

Atom Raman mode symmetry
Sr(4c) 2A;+B,;+2B;5+B,,
Oy(4c) 2A4+2B;,+B,,+B,,
Oy (8d) 3A;+ 3By +3B,,+3B,,
Ce(4a) not Raman active

the SrCeO; orthorhombic structure gives the follow-
ing optical modes:

7Ag(R)+5B,,(R) + 7By (R) + 5B, (R) +8A,
+9B,,(IR) +7B,, (IR) +9B,, (IR ) .

Infrared-active phonons (IR ) have B, symmetries,
while the Raman-active phonons (R) have A, and
B,, symmetries.

The site symmetry of all atoms [14] and Raman
mode symmetry in SrCeO, determined from group-
theoretical analysis are given in table 1. The Wyskoff
site notation has been used to describe the mode
symmetries [15]). The vibrations related with Oxy-
gen ions (18) and strontium ions (8)addup to a
total of 24 Raman active modes. Among fully sym-
metric A, vibrations 2 modes are due to Sr ion con-
tribution, 2 modes to O; ion contribution and 3
modes to Oy, ion contribution. Sr, Oy, Oy; ions con-
tribute also to By, B,, and B, vibrations. The Ce*+
ions have C; site symmetry and vibrations involving
these ions are not active in Raman scattering.

The introduction of Yb ions into SrCeO; will not
change the crystal symmetry [14]. Therefore our
discussion of Raman modes symmetry for SrCeO,
can be also applied for SrCe,_ Yb,0;. Conse-
quently, the introduction of Yb will not change dra-
matically the Raman spectrum because the intro-
duction of Yb ions into SrCeO, can only influence
Raman lines which are connected with oxygen ion
contributions to Raman modes. Any influence on
Raman lines connected with strontium is considered
to be unlikely.

4. Experimental results and discussion

Fig. 2 presents the Raman spectra of
SrCe, ., Yb,0;. Based on the above presented group-
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Fig. 2. Raman spectra of SrCe, ., Yb,0, at T=300 K.
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theoretical analysis results the Raman vibrations in
SrCe, _.Yb,0; were analyzed.

The lines at frequencies 110, 124, 146, 240, and
281 cm~! are probably vibrations involving stron-
tium ions. This hypothesis is confirmed by the in-
dependence of intensity and frequency behavior with
Yb** concentration.

Since Yb** and Ce** ions are screened by oxygen
ions, the influence of the substitution of Ce** by
Yb** ions on vibrations involving strontium can be
neglected in first approximation.
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The Raman lines at 320, 348 and 378 cm-! are
probably connected with vibrations involving oxy-
gen ions. These vibrations constitute a vibration of
Oy ions around the oxygen octahedron axis, Since
the oxygen octahedron has three unique C; axes these
vibrations are triply degenerate in the perovskite
structure [12]. Only one of them is stabilized by vi-
brations about a single axis. The other two possible
vibrations are assumed to have only secondary
effects,

In the case of SrCe,_,Yb,0, (fig. 2) this effect is
manifested in a low intensity of the lines at 320 and
378 ecm~! with respect to the 348 cm~" line. The 348
cm~' Raman line is connected with vibration of AQq
octahedra (A=Yb or Ce). The frequency and shape
is changed with Yb concentration. The effect of sub-
stitution of Ce** by Yb* ions in SrCe, _ Yb,0, is
manifested in the Raman spectra of these materials
(fig. 2). The influence of Yb doping is observed in
broadening of the 348 cm-! Raman line. This
broadening is probably induced by local distortions
around the Yb** ions. There exists a correlation be-
tween the half-width of the 348 cm~! line and the Yb
concentration as is shown in fig, 3.

The introduction of Yb ions into the SrCeO, lat-
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Fig. 3. The compositional dependence of the half-width of the
348 cm~! Raman line for SrCe, _,Yb,0,.
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tice generates oxygen ion vacancies. When Yb** re-
places Ce** negative point defects are generated.
These defects are believed to be compensated by ox-
ygen ion vacancies with one vacancy for every two
Yb** ions. The presence of oxygen ion vacancies in
SrCe, ., Yb,0, is confirmed by the Raman scattering
measurements. An additional line at 640 cm~' which
is not present in the spectrum of pure SrCeQ; has
been observed (fig. 2). The intensity of this line is
a linear function of the Yb concentration (fig. 4).
This line is probably connected with an oXygen ion
vacancy of which the concentration is determined by
the Yb concentration.

The introduction of Yb** ions into SrCeQ, will be
accompanied with the introduction of oxygen ion
vacancies, which shall change the local symmetry and
hence induce the Yb-O symmetric stretching vibra-
tion at frequency 640 cm~', In orthorhombic sym-
metry this vibration is not Raman active (table 1).
Similar lines were observed for CaTiO; at 639 cm~!
[11] and for CaHfO, at 590 cm~* [16]. These bands
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Fig. 4. The compositional dependence of the intensity of the 640
cm~! Raman line for SrCe, _,Yb,0,. :
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are related to Ti-O and Hf-O symmetric stretching
vibrations.

Additional confirmation of the present hypothesis
is found in the results of annealing SrCe, _,Yb,0, in
a reducing hydrogen atmosphere. Fig. 5 presents the
Raman spectrum of SrCe; 95Yby 0sO; after annealing
in H, at a temperature of 500°C during four hours.
The result of this annealing procedure is similar to
YDb doping. A broadening of the line at 348 cm-!js
observed from a line width I'=14.4 cm~-! to =21
cm~! both after annealing and after doping. An in-
crease of the 640 cm—! line intensity is observed too.
The measure for it may be the ratio of the intensity
of this line and the intensity of the line at 348 cm-!
ie. 1640/1348- For Srceongbo.osO; before anneahng
in hydrogen this ratio equals 0.043. After annealing
the ratio attains a higher value and equals 0.210 and
is similar to the value for not annealed
SrCey sYbo ,05, which equals 0.166.

The results presented above confirm the relation
of the Raman line at 640 cm ! in SrCe, _ Yb,0; and
the defect structure. The introduction of ytterbium
ions into SrCeO, induces oxygen ion vacancies which
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Fig. 5. Raman spectrum of SrCe 45 YD 0sO; annealed in hydro-
8¢n atmosphere.

are compensating the substitution of Ce*+ ions by
Yb**. These vacancies induce the new Raman band
at a frequency of 640 cm~" which is connected with
an Yb-O symmetric stretching vibration.

The presence of oxygen ion vacancies must influ-
ence the electrical properties of SrCe;_,Yb,0;. The
introduction of Yb** ions is manifested by a rise in
the ionic conductivity and a drop in the activation
energy, as shown in fig. 6. For pure SrCeQ,, the con-
ductivity activation energy has a value of 1.02 eVv.

In the case of SrCe, _,Yb,0,, the activation energy
is rapidly decreasing between 0<x<0.02 and is
practically constant for the concentration
0.02<x<0.2. The conductivity activation energy for
SrCe, _,Yb,0;, determined from the Arrhenius plots
(fig. 6) attains values of 0.67 eV, 0.65 eV and 0.63
eV for x=0.02, 0.20 and 0.05, respectively. These
values are in very good accordance with reported re-
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Fig. 6. Temperature dependence of the ionic conductivity for
SrCe, _,Yb,0,. Compositions and the activation energy of con-
ductivity are in the figure,
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sults of 0.63 eV [3] and 0.67 eV [3,17].

It should be mentioned that these latter values were
determined for SrCeo.95Ybo,0s0; in hydrogen or air
atmospheres.

The above presented variations of the conductiv-
ity activation energy with the ytterbium indicate that
the predominant mechanism of ionic conductivity in
SrCeO; is the migration of oxygen ions. This hy-
pothesis is confirmed by the rapid decrease of the
conductivity activation energy with increasing Yb ion
concentration.

While the introduction of Yb*+ ions increases the
ionic conductivity, the compositional dependence is
not monotonic and attains a maximum for x=0.05
(fig. 6). This is probably connected with a change in
carrier mobility, which drops down when a certain
level of Yb concentration in SrCe, _,Yb,0; is
exceeded.

Additional information about the transport mech-
anism in SrCe, _,Yb,0; can be obtained from die-
lectric relaxation measurements. This technique is
complementary to electrical conductivity and pro-
vides information relating to the local motion of
bound defect pairs constituting an electric dipole. For
example dielectric relaxation was used to study the
substitution of Ba by La ions in Ba, _,La,F, ., fluor-
ite crystals [18]. The electrical properties of these

1. Kosacki et al. / Raman scattering and ionic transport in SrCe;_ . Yb,0;

concentrated solid solutions are dominated by the
formation of defects clusters, formed by aggregation
of two or more substitutional cations and a number
of charge compensating anion defects. We have con-
ducted dielectric relaxation measurements of
SrCey.95Ybp,0503, which is characterized by the high-
est conductivity (fig. 6).

Fig. 7 presents the dependence of the dielectric loss
function - tand on the angular frequency for
SrCep95Yby 0sO; measured at different tempera-
tures. For temperatures below 300°C, two dielectric
relaxation peaks are observed. At higher tempera-
tures only one relaxation peak is present. With in-
creasing temperature the maxima shift towards higher
frequencies. From the temperature dependence of the
frequency at which the loss function attains a max-
imum, wy,,, the activation energy of the relaxation
phenomena has been determined by using the Ar-
rhenius equation In(wgk)=In 7o+E(kT)-". The
lower frequency peak was used for this calculation.
For SrCepo5Ybg 050, the activation energy attains a
value of 0.70 eV, which is similar to the conductivity
activation energy obtained from the impedance
spectra (fig. 6).

This result strongly suggests that the dipolar re-
laxation is due to a complex defect in which the ox-
ygen ion vacancy can exhibit localized motion. The
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most simple defect complex is the associate
(Ybe.' Vo)'; in which the dopant ion is immobile.
The reorientation of the vacancy proceeds via a sim-
ilar mechanism as the conduction mechanism. For
large concentration of dopant ions a percolation-type
of ionic conductivity can occur, in which the vacan-
cies hop from one dopant ion to the other without
changing the number of dipoles. Both dielectric re-
laxation peaks observed in the SrCeg,95Yby 0505 sam-
ples may be due to dipoles involving to Yb dopant,
as is evidenced by the absence of such peaks in un-
dOpCd SrCeO;.

Similar results have been obtained for dielectric
relaxation measurements of KTaO, doped with Fe
[19]. This author has observed also two relaxation
peaks which were interpreted to be due to
(Fer,- Vo)™ and possibly (Fera' Vo)* defect pairs
[19]. However, in our case the second peak may also
be related to grain boundary polarization phenom-
ena. This is presently under study.

4. Conclusions

On the basis of the presented results of the
SrCe,_,Yb, 0, Raman scattering it is concluded that
the substitution of Ce** ions by Yb3+ changes the
shape of the 348 cm~! line, This vibration involves
the oxygen octahedron (A; symmetry). A linear de-
pendence between the ytterbium concentration and
the 348 cm~' Raman line half-width has been found.

Introduction of Yb ions induces the formation of
oxygen ion vacancies. The presence of oxygen ion
vacancies in SrCe, -xYb;0; is confirmed by the Ra-
man scattering measurements. In this material an
additional line at 640 cm~! is observed with an in-
tensity linearly dependent on the Yb concentration.
This line may be connected with Yb-O stretching vi-
brations, which become Raman-active because of the
loss of Iocal symmetry by the presence of oxygen ion
vacancies in SrCe,_,Yb,0;. These vacancies may
occupy positions between two Yb** ions and are
compensating the substitution of Ce*+ by Yb3+ ions.
The oxygen ion vacancies play an essential role in
the ionic conductivity mechanism in this material.

The introduction of Yb ions into SrCeOQ; is man-
Jdfested by a rise in the ionic conductivity and drop
in the. conductivity activation energy. The dielectric

relaxation measurements, indicate that the ionic
conductivity in SrCe,_,Yb,0; is connected with
reorientation of oxygen ion vacancies with respect to
YD ions in a percolation-type of mechanism,
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