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Polarized Raman-scattering spectra are obtained from oriented single crystals of yttria-doped CeO,.
The temperature and dopant dependencies of Raman spectra strongly suggest that many structures in
the Raman spectra of yttria-doped CeOQ, are induced by the defect space including an O?>~ vacancy. The
contribution to the frequency distributions of Raman-active modes from the whole Brillouin zone are es-
timated from the imaginary part of the simple projection of the phonon displacement-displacement
Green’s functions of undoped CeO, crystals onto several defect spaces. The observed spectra are well
explained by the linear combination of the calculated frequency distributions from the defect space con-
sisting of the four metal ions and from that consisting of the six next-nearest-neighbor 0>~ ions sur-
rounding an O?~ vacancy. Brillouin-scattering spectra of CeO, are also measured in order to calculate
the phonon-dispersion curves of CeO,. The dependencies of type and concentration of defect space on
dopant concentration in doped CeO, are also discussed.

I. INTRODUCTION

Some of the oxide having a fluorite-type structure,
when doped with aliovalent cations, become good 0%~
ion conductors at elevated temperatures. Stabilized ZrO,
is one of the applicable materials among such fluorite-
type oxides and is used as a solid electrolyte for oxygen
sensors, fuel cells, etc.

Although the property of defect structures is extremely
important in stabilized ZrO, in order to realize its ionic
conduction mechanism, it is examined mainly at high de-
fect concentrations because ZrO, cannot be stabilized to
the fluorite structure at low dopant concentrations.
However, to understand the essential characteristics of
the defects in stabilized ZrO,, it is necessary to study the
structure and characteristics of the above basic defects
whose interaction with the others is extremely small.

Pure CeO, possesses the fluorite structure whereas
ZrO, has a tetragonal crystal structure at very low
dopant concentrations. Then, it is possible in doped
CeO, to study the defect properties in the fluorite struc-
ture systematically over wide range of dopant concentra-
tion including at very low dopant concentrations.

The crystal structure of doped CeO, is a fluorite type,
where Ce** ions are partly replaced by the dopant cat-
jons at random. O~ vacancies are introduced in the 0>~
ion sublattices to compensate the effective negative
charge of the dopant cations. Therefore, the doped CeO,
loses generally the translational symmetry of the crystal,
leading to the destruction of the wave vector k =0 selec-
tion rule for Raman scattering. Consequently, phonons
at all parts in the Brillouin zone will contribute to the op-
tical spectra. It is known that we can get the information
about the defect space such as the symmetry and the
volume analyzing the defect-induced Raman spectra.

The first-order Raman scattering of pure CeO, has
been reported by Keramidas and White.! The second-
order Raman scattering study in CeO, was firstly done by
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Kourouklis, Jayaraman, and Espinosa’ who tentatively
assigned the peaks using pressure-induced spectra from
unoriented crystals in a diamond-anvil cell. Recently,
Weber, Hass, and McBride’ measured the polarized
Raman-scattering spectra from oriented single crystals of
CeO, and the second-order Raman features are analyzed
on the basis of selection rule. But they did not measure
the temperature dependence of the Raman spectra and
the phonon-dispersion curves used by them do not com-
pletely coincide with the phonon-dispersion curves ob-
tained from the neutron inelastic-scattering measure-
ments.* Within the knowledge of the authors, there has
been no measurement of the defect-induced Raman spec-
tra of doped CeO,.

In this study, temperature- and dopant-type dependen-
cies of the Raman-scattering spectra for doped CeO, are
measured. The polarized Raman spectra are also mea-
sured. To understand the defect-induced Raman spectra,
it is necessary to know the information about the
phonon-dispersion curves over the whole Brillouin zone.

To our knowledge, there are three calculations of the
phonon-dispersion curves in CeO,. In 1982, Sato and Ta-
teyama’ calculated the phonon-dispersion curves employ-
ing a rigid-ion model using the value of w;5=750.3 cm ™!
which was quite different from the presently accepted ex-
perimental value of ®;o=595 cm~.%7 Furthermore,
they assumed the value of elastic constant components
being the same as those of ThO,, which are found to be
extremely different from those of CeO, determined from
our Brillouin-scattering measurements.

In 1993, Weber, Hass, and McBride® calculated the
phonon-dispersion curves in CeO, also employing a
rigid-ion model. In the calculation, they used the value
of elastic constant components determined from their
Raman data and the bulk modulus value.

On the other hand, Clausen et al.* have already mea-
sured the phonon-dispersion relations of CeO, using in-
elastic neutron-scattering measurements in 1987. Since
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the data have been measured only below 500 cm ™!, they
assumed in their phonon dispersion curves calculated em-
ploying a shell model the value of w; =657 cm ™!, which
is extremely different from the presently accepted w;g
value of 595 cm ™.

Therefore, we calculated the phonon-dispersion curves
in CeO, with more reliable parameters for rigid-ion mod-
el in this study. The experimental results are compared
with frequency distributions of Raman-active modes in
the Brillouin zone estimated from the imaginary part of
the projection of the phonon displacement-displacement
Green’s functions of CeO, crystal onto several defect
spaces. The Brillouin spectra of CeO, are measured to
calculate the precise phonon-dispersion curves. On the
basis of the results of these analyses, the dependencies of
type and concentration of the defect space on dopant
concentration in doped CeQ, are discussed.

II. EXPERIMENTAL PROCEDURES

The following transparent samples were grown by
xenon-arc image furnace in our laboratory and used for
Raman-scattering measurements:

(1) a polycrystalline sample of CeO,, which was made
from CeO, powders with 99.999% purity;

(2) oriented single crystals of (1—x)CeO,-
xYO, s (x=0.02, 0.09, 0.18), whose dopant concentra-
tions were calibrated by using an x-ray fluorescence
analysis;

(3)  polycrystalline samples of (1—x)CeO,-
xYO, s (x=0.04) and (1—x)CeO,-xLaO, s (x =0.04)
and (1—x)Ce0,-xZrO, (x =0.04). The dopant concen-
trations of these samples are nominal.

By using these transparent samples, grain-boundary
effects of samples on the Raman spectra can be excluded
and the intensity of stray light scattered by the samples is
drastically reduced compared with ceramic samples.

The crystals were cut into a rectangular shape. The
single crystals were cut into a shape with (100) faces and
one (110) face.

In Brillouin-scattering measurements, we use an orient-
ed single crystal of CeO, grown by using a flux of
PbO+PbF,+B,0,.}

All samples are polished to give optical surface. The
orientation of the single crystals was determined by Laue
back-reflection x-ray analysis. .

The Raman spectra were excited by 4880-A line of 2W
NEC Ar™t-ion laser and were analyzed with a double-
grating monochromator (Nihon Bunkou CT-1000D)
equipped with a photon counting system. The wave
number is accurate within 2 cm~!. All Raman spectra
were taken in a right-angle scattering geometry.

The Brillouin spectra in the right-angle scattering
geometry were measured using a tandem Fabry-Perot in-
terferometer with a grating monochromator served as a
band-pass filter which gives a single frequency avoiding
the stray light from interference of different orders.” The
resolution is 0.04 cm™!. In the backscattering geometry,
the spectra were obtained using a piezoelectrically
scanned five-pass Fabry-Perot interferometer. The free
spectral range is 3.2 cm ™! and the spectral resolution is
0.05 cm™".
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III. RESULTS

Figure 1 shows the polarization spectra of Brillouin
scattering of CeQ, for a right-angle geometry. As seen in
the figure, there are two Brillouin-scattering lines, trans-
verse acoustic (TA) and longitudinal acoustic (LA). The
frequency shift of these scattering lines is 0.67 cm™! (TA)
and 1.53 cm™! (LA), respectively. The direction of in-
cident light was taken to be along [100] and that of scat-
tered light to be along [010]. In this geometry, the pho-
nons responsible for the scattering have the propagation
direction along [110]. Along this direction, one pure lon-
gitudinal phonon and two pure transverse phonons can
propagate for cubic crystals. The directions of the atom-
ic motion for the two pure transverse phonons are [110]
and [001].

According to the Brillouin-scattering selection rule for
a cubic crystal of the point group O,,!° the Brillouin-
scattering lines due to the transverse phonon with the
direction of atomic motion along [001] can be observed in
the HV, i.e., horizontal (H) incident polarization and
vertical (V) scattered polarization with respect to the
scattering plane, and VH (vertical incident, horizontal
scattered) polarizations. The Brillouin-scattering lines
disappear in the HH and VV polarizations. The
Brillouin-scattering lines due to the transverse phonon
with the direction of atomic motion along [110] cannot
be observed in any polarization for this scattering
geometry. Moreover, the Brillouin-scattering lines due to
the longitudinal phonon can be observed in the HH and
VYV polarizations while they disappear in the HV and VH
polarizations according to the selection rule.

Comparing the observed polarization features with the
selection rule mentioned above, the Brillouin-scattering
line with frequency shift 0.67 cm ™! is identified to that
due to the transverse-acoustic phonon (TA) and the one
with frequency shift 1.53 cm™! to that due to the
longitudinal-acoustic phonon (LA).
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FIG. 1. Polarization dependence of Brillouin-scattering spec-
tra taken in the right-angle geometry.
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In a cubic crystal of CeO,, we can estimate the sound
velocity V, for each phonon mode from the frequency
shift f of the Brillouin-scattering lines through following
equation:'°

V =—&9__
S 2nsin(6/2) ’

where A, is the wavelength of the incident light, n is the
refractive index of CeO,, and 0 is the scattering angle.

For the [110] propagating transverse phonon mode, the
sound velocity V,, is calculated as 2.89 X 10° (cm/s) using
Eq. (1). Then, the component of elastic constant C,4 can
be calculated as 6.0X 10! (dyn/cm?) using the following
equation:

pVi=Ca )

(1)

where p is the crystal density of CeO,.

For the [110] propagating longitudinal phonon mode,
the sound velocity V,, is calculated as 6.60X 10° (cm/s).
There is a relation between the components of elastic
constant and the sound velocity for this phonon mode as
follows:

pVL=(Cyy+C, +2Cu)/2 . (3)

Figure 2 shows the Brillouin-scattering spectra for a
backscattering geometry. Two Brillouin-scattering lines,
TA and LA are seen in this figure. The direction of the
incident light was taken to be along [100] and that of the
scattered light to be along [100]. In this scattering
geometry, the phonons responsible for the scattering have
the propagation direction along [100]. Along this direc-
tion, the degenerate pure transverse phonon mode and
the pure longitudinal phonon mode can propagate for cu-
bic crystals. The directions of the atomic motion are
[010] and [001] for the degenerate pure transverse pho-
non mode.

For the [100] propagating transverse phonon mode, we
can estimate the component of elastic constant C,, from
the following equation:

P VS23 = C44 N (4)

where V; is the sound velocity of this phonon mode in
the backscattering geometry. Using the sound velocity
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FIG. 2. Brillouin-scattering spectra taken in the backscatter-
ing geometry.
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V.4 of the [100] propagating longitudinal phonon mode,
on the other hand, we can estimate the component of
elastic constant C,; from the following equation:

st24=C11 . (5)

Since the spectra in Fig. 2 are not polarized, it is
difficult to assign the Brillouin-scattering lines to the
above two phonon modes using the polarization selection
rule. Then, we assigned the Brillouin-scattering lines in
Fig. 2 to the phonon modes as follows:

First, we assume the frequency shift of the TA line to
be 0.95 cm ! as shown in Fig. 2 and the phonon mode re-
sponsible for this Brillouin line to be the [100] propaga-
ting transverse phonon. Then, the value of elastic com-
ponent C,, can be evaluated to be 6.0X 10! (dyn/cm?)
from the frequency shift using Egs. (1) and (4). Since this
value coincides with that of the C,, value evaluated from
the frequency shift of [110] propagating transverse pho-
non mode shown in Fig. 1 using Egs. (1) and (2), the TA
line in Fig. 2 is concluded to be attributed to the [100]
propagating transverse phonon mode. Then, the LA line
in Fig. 2 is concluded to be attributed to the [100] propa-
gating longitudinal phonon mode.

For the [100] propagating longitudinal phonon mode,
the calculated value of elastic component C;; best coin-
cides with that obtained from the neutron-scattering mea-
surements* when we take the frequency shift of the Bril-
louin lines as 2.45 cm™!. Therefore, we decided that the
frequency shift of the LA line is 2.45 cm ™! for the [100]
propagating longitudinal phonon mode in Fig. 2. The
value of elastic component C,; is evaluated to be
4.03X10'? (dyn/cm?) from the frequency shift of 2.45
cm ™! using Eq. (5). Then, the value of elastic component
C,, is calculated as 1.05X10'? (dyn/cm?) from Eq. (3)
using the values of C;;, C,4, and ¥V, determined before.
The values of elastic components thus obtained are tabu-
lated in Table I.

Figure 3 shows the Raman spectra of pure CeO, ob-
tained at 15 K. Only the sharp line at 465 cm ™! is ob-
served. On the other hand, the Raman spectra for the
sample of (1—x)Ce0,-xYO,; 5 (x =0.18) obtained at 15
K exhibit several continuously spread bands, as seen in
Fig. 4(b). For such broad Raman bands, two origins are
possible. One is the defect-induced first-order Raman
effect and the other is the second-order Raman effect by
two-phonon process. It is well known that the intensity
of Raman band varies with temperatures as (n+1) for
first-order Raman effect and as (n+1)(n'+1) or
n(n'+1) for second-order Raman effect, where
n=[exp(hv/kT)—1]"!, hv is the phonon energy and k
the Boltzmann constant. Thus, the temperature depen-
dence of Raman spectra are measured in order to confirm
whether the broad spectra are first order or second order.

Figure 4(a) shows the Raman spectra for the sample of
(1—x)Ce0,-xYO, 5 (x =0.18) reduced by using the tem-
perature factor (n+1) from 300 to 15 K. In Figs. 4(a)
and 4(b), it is seen that the frequency dependence of the
reduced spectra shows a good agreement with the one ob-
served at low temperature. When the temperature factor
for second-order Raman effect is used, the considerable
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FIG. 3. Raman-scattering spectra in pure CeO,.

discrepancy between the spectra at low temperature and
the reduced ones exists. Therefore, it is concluded that
the observed Raman spectra for the sample of
(1—x)Ce0,-xYO, 5 (x =0.18) are caused by first-order
Raman effect which may be attributed to defect spaces
involved in the sample.

To see what types of defect space contribute to the Ra-
man bands, we varied the dopant kind in doped CeO, and
investigated the change of Raman spectra by dopant
kind. Figures 5(a), 5(b), and 5(c) show the Raman spectra
of doped CeO, whose dopant cation is Y>*, La’*, and
Zr*t, respectively. In these figures, the spectra of Y37-
doped CeO, and that of La**-doped CeO, are almost the
same in structure but the spectra of Zr**-doped CeO, are
not similar to those of the former two. The most striking
characteristic is that the Raman bands at the frequency
region below 400 cm ™! and the Raman peak around 540
cm ™! have almost disappeared for Zr**-doped CeO,.

In both of Y3*-doped CeO, and La’*-doped CeO,, the
0% vacancies are introduced as defects as well as dopant
cations to keep charge neutrality. In the case of Zr*"-
doped CeO,, on the other hand, only the dopant cations
are introduced as defects without O?~ vacancies. Since
the Raman peak around 600 cm ™! is observed in all Ra-
man spectra in Figs. 5(a), 5(b), and 5(c), the defect spaces

(1-x)Ce02-xYO1.5 (a)

(x=0.18) reduced

Z(YZ)x to 15K

> from 300K
z
=
=z
w
-
=z

Z(YZ)X

zZz
<
=
<<
[0

0 200 400 600 800
SHIFT (cm™T)

FIG. 4. Raman-scattering spectra for doped CeO,. (a) The
spectra reduced from 300 to 15 K. (b) The spectra taken at 15
K.
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FIG. 5. Dopant-type dependence of Raman-scattering spec-
tra for doped CeO,. (a) The spectra for Y3*-doped CeO,. (b)
The spectra for La’*-doped CeO,. (c) The spectra for Zr*"
doped CeO,.

including a dopant cation without any 02~ vacancy are
considered to contribute to the Raman peak. On the oth-
er hand, the broad Raman bands below 400 cm ™! and the
Raman peak around 540 cm™ ! are attributed to the de-
fect space which includes an O?” vacancy because they
are only observed in Figs. 5(a) and 5(b).

As the crystal structure of doped CeO, used in this
study is fluorite-type which belongs to the space group
0;, the Raman tensor transforms as irreducible represen-
tation Alg+E +T,,. Then, the Raman spectra can be
decomposed into the spectra belonging to each Raman-
active irreducible component by the polarization mea-
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FIG. 6. Polarized Raman-scattering spectra for doped
CeO, (x=0.02) taken at 15 K.
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FIG. 7. Polarized Raman-scattering spectra for doped
CeO, (x=0.09) taken at 15 K.

surements. Using the orthogonal Cartesian coordinates
system X-Y-Z defined as X =[100], Y =[010], Z =[001],
the spectra belonging to T,, symmetry will be measured
by using the polarization Z(YZ)X and the spectra be-
longing to 4, +E, by the polarization Z (YY)X.

Figure 6 shows the polarized defect-induced Raman
spectra of (1—x)CeO,-xYO, 5 (x =0.02) obtained at 15
K. As shown in this figure, the spectra show a clear po-
larization dependence. Figures 7 and 8 also show the po-
larized defect-induced Raman spectra of (1—x)CeO,-
xYO, s (x=0.09) and (1—x)CeO,-YO, 5 (x =0.18), re-
spectively.
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FIG. 8. Polarized Raman-scattering spectra for doped

CeO, (x =0.18) taken at 15 K.
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IV. DISCUSSION
A. Lattice dynamics of CeO,

We calculated the phonon-dispersion curves in CeO,
employing a rigid-ion model using the values of the elas-
tic constant components determined using our Brillouin-
scattering measurements and w; o value which agree with
the experimentally accepted one. The detail descriptions
of the rigid-ion model are given in other papers.'!:12

After the application of symmetries for CeO,, the
short-range force-constant matrix ® for the nearest-
neighbor cation-anion interaction is given as follows:

ay B] »31
P(Ca—0)= B, a; By - (6)
B B

For the second-neighbor cation-cation interaction, the
force-constant matrix is

a 0 O
®(Ca—Ca)= [0 B, 7,|, @)
0 7, B,

and for the second-neighbor anion-anion interaction, the
force-constant matrix is

B, 0 0
®0—-0)=|0 B, 0]. @®)
0 0 a;

Assuming the force constant a, and B; to be zero ac-
cording to Ganesan and Srinivasan,'? the number of the
unknown parameter for the rigid-ion model is six, name-
ly, @y, By Y2, By, @3, and Z which is the effective charge.
To evaluate these six parameters, the data given in Table
I are used. In this table, the values of elastic constants
Cy15 Cy3, and Cyy are those obtained from our Brillouin-
scattering measurements described before. The values of
o1o and oy, are obtained from the infrared reflectivity
measurements reported by Ohura.!* These values are al-
most the same as the presently accepted experimental
values: 595 cm ™! for @ and 272 cm ™! for wyq.

Using these values, the six unknown rigid ion model
parameters are determined. Values of the parameters are
given in Table II. Using the values of the parameters in
Table II, the phonon-dispersion curves are calculated
along three symmetry directions [100], [110], and [111]

TABLE 1. Experimental results on CeO,. C;, C)y, Cy are
the components of elastic constant. wg, wyo, and wyo are Ra-
man, infrared resonance, and longitudinal optic frequencies, re-
spectively.

Cl 1 C]Z C44
(10" (1012 (1012 og ®10 ©10
dyn/cm?) dyn/cm?) dyn/cm?) (cm™!) (cm~!) (cm~!)
4.03 1.05 0.60 465 273 597
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TABLE II. Force-constant parameters for the rigid-ion mod-
el.

a, B: B, Y2 as
(10* (10* (10* (10* (10*
dyn/cm) dyn/cm) dyn/cm) dyn/cm) dyn/cm) Z
3.23 1.18 1.61 —5.04 1.87 0.61

and are presented in Fig. 9.

In contrast with the calculation of Weber, Hass, and
McBride,® the phonon-dispersion curves we calculated
shows that the Aj branch disperses strongly enough to
cross the As branch which connects to the TO mode at I
as the data of neutron-scattering measurements.* More-
over, also contrary to those of Weber, Hass, and
McBride, all the frequencies below 260 cm ™! correspond
with those of the neutron data fairly well. The
correspondence of frequency is excellent especially for
the As branch which connects to the TA mode at T, the
A, branch which connects to the LA mode at T', the A,
branch which connects to LA at I" and the X, branch
which connects to LA at I". So, our calculated curves
below 500 cm ™! fairly agree with the neutron data. We
consider that the discrepancies in the phonon-dispersion
curves of Weber, Hass, and McBride are mainly due to
the uncertainty of the values of elastic constant com-

3
T T T T T T L T T
r X r L| ®

400 600
PHONON ENERGY (cm™)
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Asg

N3
mil-»

(100l —»

1 e A

0 020406 08 1 08 06 04 02 0 02 0405

REDUCED WAVE VECTOR

« [110]

o

FIG. 9. Phonon-dispersion curves in CeO, calculated using
the rigid-ion model along the high-symmetry directions for the
fluorite structure. Squares and triangles are the neutron
inelastic-scattering data obtained by Clausen er al. (Ref. 4).
Closed (open) squares are predominantly transverse (longitudi-
nal) modes.
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ponents used by them in their calculation. Our calculat-
ed phonon-dispersion curves above 500 cm ! are also re-
garded as reasonable.

B. Defect-induced Raman spectra

As seen in Fig. 5, the defect-induced Raman peak
around 540 cm ™! and below 400 cm ™! are attributed to
the defect spaces including an O?>~ vacancy. Then, we
will analyze the data assuming that the defect-induced
Raman spectra in (1—x)CeO,-xYO, 5 (x =0.02) are
mainly attributed to the defect space including an O®~
vacancy.

Figure 10 shows the atomic configuration around the
0%~ vacancy. As seen in this figure, there are four metal
ions in the nearest-neighbor position from an O?~ vacan-
cy. In the next-nearest-neighbor positions from the 02~
vacancy, there are six 0%~ ions.

As a first step, we assume that the defect space consists
of an O?” vacancy and surrounding four nearest-
neighbor metal ions as shown in Fig. 10(a). Hereafter, we
will refer to this defect space as an M,0,-type complex
where O, is an 0%~ vacancy. Since this M 40, -type com-

(a)

Z(001]

K (111]

X{100]

Y(o10]
O o%Fion
O o0*vacancy
® Ce**ion constituting
MisOv-type complex
(b) Zloo 0]

x(100]

Y(0io) 3

0%ion constituting
OsOv-type complex
0% ion

0%vacancy

o000 @

Ce**ion

FIG. 10. The defect spaces including an O®~ vacancy. (a)
M ,O,-type defect space. (b) O¢O,-type defect space.
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plex has 12 degrees of freedom and possesses T; symme-
try, vibrational normal modes of this M,0,-type complex
are given by the group operation of point group T, as fol-
lows: '=A4,+E+T,;+2T,. The unnormalized mode
vectors for an M,O,-type complex are shown in Table
III. In these modes, Raman-active modes are A4,, E, and
Tz-

By using phonon displacement-displacement Green’s
functions G (w+ic) and taking the imaginary part of the
simple projections of G (w+i€) onto this defect space, we
can estimate the defect-induced Raman spectra. Accord-
ing to the theoretical treatment by Lacina and Pershan,'*
the defect-induced Raman spectra are represented by the
distribution of frequencies for Raman-active modes given
by the following equations:

I(w,4;)<Im( 4,|G(o+ic)|4,) , 9)
Io,E)<Im(E|G(o+ic)|E) , (10)
Io,T,)<Im(T,|G(o+ie)|T,) . (1

Here, ( 4,|, (E|, and (T,| are the normalized Raman-
active mode vectors in an M,O,-type complex.

In the calculation, the G(w+ie) for the perturbed
crystal by the introduction of defects is assumed to be the
phonon Green’s functions G,(w+i€) for the perfect crys-
tal as the first approximation.. The calculated frequency
distributions for each symmetry are shown by histograms
in Fig. 11.

According to the Raman-scattering tensor for T; sym-
metry, the Raman spectra belonging to T, symmetry will
be measured using the polarization Z(XY)X, and the
spectra belonging to A4,+E using the polarization
Z(YY)X. When a new coordinate system X'=X —Y,
Y'=X+Y,and Z'=2Z is used, the Z'(Y'X')Y' measure-
ment gives the spectra belonging only to E symmetry.
Therefore, these three independent measurements suffice
to separate irreducible components of Raman spectra.
Broken curves in Fig. 11 are thus obtained irreducible
components from the observed polarization Raman spec-
tra for (1—x)CeO0,-xYO, 5 (x =0.02).

For all irreducible components, as seen in the figure,
the calculated results only appear in the low-frequency
region compared with the observed spectra. This is con-

TABLE III. Unnormalized mode vectors for an M,O,-type
complex given by the decomposition using group analysis.

A, E T, T,(1) T,(2)
1 -2 0 O 1 10 0 -2 0 O
1 1 1 1 1 0 -101 0 -1 3 0
1 1 -1 -1 —1 00 0 1 -1 1 —1
-1 2 0 O 1 -110 O 0 —2 -1
2 -1 —1 -1 1 0] 101 0 1 1 —1
1 1 -1 1 1 00 0 1 1 —1 1
1 -2 0 0 -1 -110 O 2 0 O
3 -1 -1 -1 —1 0O —-101 0 —-1 —1 1
-1 -1 1 1 —1 000 1 -1 -3 0
-1 2 0 0 —1 11 0 O o 2 1
4 1 1 1 —1 0 101 0 1 -3 0
-1 -1 1 —1 1 00 0 1 1 3 0
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FIG. 11. The frequency distributions of the defect-induced
Raman spectra which are the imaginary part of the 4,, E, T,
symmetry Green’s functions calculated using mode vectors of
the M,O,-type defect space. Broken curves are the irreducible
components obtained using the observed polarized Raman spec-
tra.

sidered that the projection of high-frequency components
of G(w+ie) in Egs. (9)—(11) due to the vibration of 0%~
ion in the Brillouin zomne are lost because the used defect
space (M,O,-type complex) consists of only metal ions
with heavy mass neglecting O?~ ions with light mass.
Consequently, it is insufficient to consider the M,O, -type
complex in order to elucidate the observed Raman spec-
tra for (1—x)CeO,-xYO, s (x=0.02). Thus, we will
consider the effect of O~ ions in the defect space on the
displacement-displacement phonon Green’s functions
G (o+i€) in the following discussion.

Then, we will assume that the defect space consists of
an O vacancy and surrounding six-next-nearest-
neighbor 0%~ ions, ignoring surrounding four metal ions
as shown in Fig. 10(b). Hereafter, we will refer to this de-
fect space as an O40,-type complex. Since the O40,-type
complex has 18 degrees of freedom and possesses O;, sym-
metry, vibrational normal modes of this OO, -type com-
plex are given by the group operation of point group O,
as follows: I'=A4,,+E,+T,,+T,,+2T,,+T,,. The
unnormalized mode vectors for an O4O,-type complex
are shown in Table IV. In these modes, Raman-active
modes are A 1g° Eg, and ng.

As described before, the Raman spectra induced by
this defect space are represented by the distribution of
frequencies for Raman-active modes given by the follow-
ing equations:

Iw,4,,)=Im( 4,,|G(o+ic)|4,,), (12)
I(@,E,) < Im(E,|G(o+ie)|E,) , (13)
(@, Tyy) < Im{ T, | G(@+ie)| Ty ) - (14)
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TABLE IV. Unnormalized mode vectors for an O40O,-type complex given by the decomposition us-

ing group analysis.

Alg Eg Tlg TZg Tlu(l) Tlu(z) TZu
1 -2 0 0O 0 0 0 0 01 0 0 -—1 0O o 0O 0 0
1 0 O 0 0 o 1 0O o 1 01 0 0 1 0 0 1 0
0 0 0O 0 —1 0 0 1 00 0 1 0 0 1 0 0 —1
0 0 0 0 0 -1 0 o0 11 0 0 1 0 0 -1 0 0
2 1 1 -1 0O 0 o0 0 o 00 1 O 0 —1 0 0 o0 0
0 0 o 1 0 o 1 0 00 0 1 0 o0 1 0 0 1
0 0 0 o0 1 0 0 1 01 0 o0 1 0 o 1 0 o0
3 0 0 0 —1 0 0 1 0O 00 1 O 0 1 o 0 -1 0
1 1 1 0O 0 o0 0 o 00 0 1 0o 0 -1 0O 0 ©
—1 2 0 0 0 o0 0 o 01 0 0o -1 O 0 0 o0 ©
1 0 0 0 0 0 —1 0 0 -1 0 1 © 0 1 0 0 1 0
0 0 0O o0 1 0 0 —1 00 0 1 0 o0 1 0 0 —1
0 0 0O 0 o0 1 0 0 -1 1 0 O 1 0 0 —1 0O o
2 -1 -1 1 0 0 0 0 0 00 1 0 0 —1 0 0 0 0
0 0o 0 -1 0o 0 —1 0O 00 0 1 0 o0 1 0 0 1
0 0 0 0 —1 0 0 —1 01 0 0 1 0 0 1 0 0
3 0 0 0 1 0o 0 —1 0O 00 1 0 0 1 0 0 —1 0
-1 -1 =1 0 0O 0 0O o0 00 0 1 0o 0 -1 0O 0 0

Here, (A,|, (E,|, and (T,| are the normalized
Raman-active mode vectors in an O4O,-type complex. In
the calculation, we also use the phonon Green’s functions
Golw+ie) for the perfect crystal. The calculated fre-
quency distribution for each symmetry is shown by the
histograms in Fig. 12.

According to the Raman-scattering tensors for O,
symmetry, the Raman spectra belonging to 7, symme-
try will be measured using the polarization Z (XY)X, the
spectra belonging to A,,+E, using the polarization
Z(YY)X, and the spectra belonging to E, using the po-
larization Z'(Y'X')Y’. Therefore, we can separate irre-
ducible components of Raman spectra using these three
polarization measurements as the same manner described
before.

Broken curves in Fig. 12 are irreducible components
obtained from the observed polarization Raman spectra
for (1—x)CeO,-xYO, 5 (x=0.02). Except for the E,
component of the Raman spectra, the calculated results
appear in all the frequency region where the experimental
Raman spectra are observed. In the calculated frequency
distribution with 4, symmetry, two distinct peaks ap-
pear at around 200 and 600 cm ™! in addition to a broad
band extended from 100 to 650 cm™!. In this figure, the
calculated frequency distribution seems to reproduce the
observed Raman spectra for 4, symmetry though there
is a discrepancy in peak frequency between 600 cm ™! in
the calculated distribution and 540 cm ™! in the observed
spectra. For T,, symmetry, it is seen that the calculated
frequency distribution is considerably similar to the ob-
served Raman spectra except for the relative intensity of
the peak around 600 cm ™.

On the contrary, the calculated frequency distribution
does not sufficiently reproduce the observed Raman spec-
tra for E, symmetry. Especially, the height of the calcu-
lated histograms below 250 cm ! is extremely small com-
pared with that of observed spectra. Then, we took the

linear combination of the calculated frequency distribu-
tions from the M,O,-type complex and from the 040, -
type complex in order to approximate the frequency dis-
tributions obtained from the observed Raman spectra
more precisely.

The calculated frequency distributions obtained from
the linear combination are shown by the histograms in
Fig. 13. In this figure, broken curves are the spectra ob-
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FIG. 12. The frequency distributions of the defect-induced
Raman spectra which are the imaginary part of the 4,,, E,,
T,, symmetry Green’s functions calculated using mode vectors
of the O40,-type defect space. Broken curves are the irreduc-
ible components obtained using the observed polarized Raman
spectra.
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FIG. 13. The frequency distributions of the defect-induced

Raman spectra which result from the linear combination of

those from the M,O,-type and O¢O,-type defect spaces. Bro-

ken curves are the irreducible components obtained using the
observed polarized Raman spectra.

tained from the observed polarization Raman spectra.
This time, not only for the symmetries of 4,+ 4,, and
of T, + T, but also for the symmetry of E +E,, the cal-
culated frequency distributions well reproduce the ob-
served Raman spectra.

In this analysis, we found that the frequency distribu-
tions from the M,O,-type complex only appear in the
low-frequency region (below 250 cm '), while those from
the O40,-type complex appear in almost the whole fre-
quency region except for E, components. We consider
this difference of the frequency distribution is due to the
large difference of mass between Ce** ion and O~ ion.

We also consider that this large mass difference be-
tween Ce*' ion and O? ion explains the good
correspondence between the observed Raman spectra and
the linear combination results of the calculated frequency
distributions from the M O, -type complex and the
O04O,-type complex. In other words, large mass
difference between Ce** jon and O?~ ion may assure that
the vibration modes of M,O,-type complex and those of
040, -type complex are independent of each other.

Certainly, taking account of the defect space consisting
of the four metal ions and of the six O ions surround-
ing an 0%~ vacancy will result in a better correspondence
to the observed Raman spectra. In a future publication,
we will show the improved calculation results in this
manner.

C. Dependencies of type and concentration
of defect space on dopant concentration

As shown in Figs. 6-8 with (YY) polarization, the
peak intensity around 600 cm ™! decreases with increas-
ing x relative to the maximum intensity in the region
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from 200 to 260 cm™'. Two possibilities are considered
as the reason for this decrease. One is that the phonon-
dispersion curves of (1—x)Ce0,-xYO, 5 change with in-
creasing x. The other is that the type and concentration
of the defect space vary with increasing x.

Since the peak frequency around 260 cm ™! with (YZ)
polarization and those around 120 and 600 cm™! with
(YY) polarization do not change with increasing x in
Figs. 6, 7, and 8, the phonon-dispersion curves of
(1—x)Ce0,-xYO, 5 are considered to be unchanged with
increasing x in the region below x =0.18. Therefore, the
decrease of the peak intensity around 600 cm ™! with in-
creasing x is considered to be attributed to the change of
the type and concentration of the defect space.

As described before, the Raman peak around 600 cm ™!
with (YY) polarization is attributed to the defect space
including a dopant cation. This defect space is shown in
Fig. 14(a) and has O, symmetry without having any O?~
vacancy. Hereafter, we will refer to this defect space as
MOgq-type complex. Then, the decrease of the Raman
peak intensity around 600 cm ™! with (YY) polarization
with increasing x suggests that the concentration of
MOg-type complex relative to those of the other type of
defect space decreases with increasing x. Anderson and
Nowick!® suggested the existence of the defect space
shown in Fig. 14(b) for (1—x)CeO,-xYO, s (x =0.04)
from anelastic relaxation. The existence of the defect
space shown in Fig. 14(d) is also suggested in
(1—x)Ce0,-xYO, 5 (x=0.12) from neutron inelastic-
scattering measurement.!® The defect space shown in
Fig. 14(c) is also considered to exist below x =0.18 by
analogy.

In the defect spaces (b)—(d) shown in Fig. 14, (b) and (c)
can be decomposed to the space which does not include
any O~ vacancy (the region in the circle drawn) and the
space which includes an O?~ vacancy (the region out of
the circle drawn). Since the former space consists of a
dopant cation and of the eight nearest-neighbor O®~ ions,
it resembles the MOjg-type complex. Strictly speaking,
however, the space differs from the MOg-type complex
since the space no longer has O, symmetry due to the
effect of the neighboring O?~ vacancy. The lack of O*~
ions at an 0%~ ion site changes the interatomic forces be-
tween the ions near the site. This changes the equilibri-
um positions of the ions near the O?~ vacancy, leading to
the symmetry change of the above space from O, symme-
try. For this reason, the vibrational state of the spaces in
the circle shown in (b) and (c) is thought to be different
from that of the MOg-type complex.

For the defect space (d) shown in Fig. 14, it cannot
even be decomposed to the space which consists of a
dopant cation and of the eight nearest-neighbor O®~ ions
and the space which includes an O?~ vacancy as the
former two defect spaces can be done. Then, the vibra-
tional state of this defect space (d) is also different from
that of the MOg-type complex (a). Therefore, the de-
crease of the Raman peak intensity around 600 cm ™! for
(YY) polarization with increasing x can be explained by
the fact that the concentrations of the defect spaces
(b)-(d) shown in Fig. 14, relative to that of the MOg-type
complex (a), increase with increasing x.
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FIG. 14. Four kinds of defect spaces expected to exist in
( 1 —x)CeOz-xYol_s.

It is noteworthy that there are some characteristics of
spectral change with increasing x in addition to the
change of Raman spectra described before. As seen in
Figs. 6, 7, and 8, there is a clear Raman peak around 260
cm™! in the Raman spectra with (YY) polarization of
(1—x)CeO,-xYO, 5 (x =0.18), while there is not a clear
peak around 260 cm ™! in the Raman spectra with (YY)
polarization of x =0.02 and x =0.09. Moreover, a peak
appears around 540 cm™! in the Raman spectra with
(YY) polarization of x =0.02 and x=0.09, while this
peak shifts to around 560 cm ! in the spectra of x =0.18.
These characteristics of spectral change suggest that
comparatively large change of the vibrational state of de-
fect space takes place between x =0.09 and x =0.18.

A relatively large change of the vibrational state from
that of MOg-type complex is expected for the defect space
(d) shown in Fig. 14 rather than for the defect spaces (b)
and (c) shown in Fig. 14. As described before, the defect
spaces (b) and (c) shown in Fig. 14 have the space which
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includes a dopant cation and eight nearest-neighbor O~
ions. Although an O?~ vacancy is sited near the spaces,
the symmetry of the spaces is considered to be not so
much different from O, symmetry. On the other hand,
the defect space (d) shown in Fig. 14 no longer has such
space. So, the symmetry of the defect space is far from
O, symmetry. Then, the extent of the difference of the
vibrational state of the former two defect spaces from
that of the MOjg-type complex are considered to be less
than that of the latter defect space. Therefore, the com-
paratively large change in the Raman spectra of x =0.18
suggests that the large concentration increase of the de-
fect space (d) shown in Fig. 14 relative to those of the de-
fect spaces (b) and (c) shown in Fig. 14 occurs between
x =0.09 and x =0.18.

V. CONCLUSION

In summary, we have obtained polarized defect-
induced Raman spectra from oriented single crystals of
yttria-doped CeO,. In order to assign the spectra due to
the defect space, we examined the dopant-type depen-
dence of the defect-induced Raman spectra of doped
CeO, and calculated the defect-induced Raman-active
modes in the whole Brillouin zone which are estimated
from the imaginary part of the simple projection of the
phonon displacement-displacement Green’s functions
onto several defect spaces.

From this analysis, the polarization characteristics and
the frequency dependence of Raman spectra in yttria-
doped CeO, are well explained by the linear combination
of the frequency distribution from the defect space con-
sisting of the four nearest-neighbor metal ions and from
that consisting of the six next-nearest-neighbor 0%~ ions
surrounding an O?~ vacancy.

In order to calculate the phonon-dispersion curves,
Brillouin-scattering spectra are also measured. The
dependencies of type and concentration of defect space
on dopant concentration in doped CeO, suggest that the
concentration of the MOj;-type complex decreases in
(1—x)Ce0,-xYO, 5 with increasing x and that the com-
paratively large increase of the concentration of the de-
fect space which includes an O?~ vacancy and the
nearest-neighbor two dopant cations takes place between
x=0.09 and x =0.18.
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