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Size-dependent properties of CeO2Ày nanoparticles as studied by Raman scattering

Jonathan E. Spanier, Richard D. Robinson, Feng Zhang, Siu-Wai Chan, and Irving P. Herman*
Department of Applied Physics and Applied Mathematics, and the Materials Research Science and Engineering Center,

Columbia University, New York, New York 10027
~Received 16 April 2001; published 29 November 2001!

The combined effects of strain and phonon confinement are seen to explain why the Raman peak near
464 cm21 in CeO22y nanoparticles shifts to progressively lower energies and the lineshape of this feature gets
progressively broader and asymmetric~on the low-energy side! as the particle size gets smaller. The increasing
lattice constant measured for decreasing particle size explains this Raman shift well. The linewidth change is
fairly well explained by the inhomogenous strain broadening associated with the small dispersion in particle
size and by phonon confinement. The spectra are also likely to be directly affected by the presence of oxygen
vacancies. Comparison of the temperature dependence of the Raman lineshape in the nanoparticles and the
bulk shows that phonon coupling is no faster in the nanoparticles, so size-dependent phonon coupling does not
contribute to the large nanoparticle peak red shifts and broadening at room temperature. Irreversible thermally
induced changes are observed in the Raman peak position of the nanoparticles.

DOI: 10.1103/PhysRevB.64.245407 PACS number~s!: 63.22.1m, 63.20.Kr, 63.20.Dj
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I. INTRODUCTION

CeO2 is of interest as a catalyst in vehicle emissio
systems,1 for cracking heavy oil in zeolites,2 as a potentially
useful solid oxide fuel cell electrolyte material,3 and for
gas sensors,4 optical coatings,5 high-Tc superconductor
structures,6 silicon-on-insulator structures, and high stora
capacitor devices.7,8 Some applications may benefit from u
ing monodisperse CeO2 nanoparticles, due to either possib
new properties in the nanodimension or the greater contro
uniform structures.

Li et al.9 have prepared and characterized monodispe
CeO2 nanoparticles. Wuet al.10 have used extended x-ray
absorption fine structure to study the local atomic struct
around Ce ions in CeO2 nanoparticles. Electron diffraction
has shown that a decrease in the size of CeO2 nanoparticles
is accompanied by a significant increase in the latt
parameter.11,12 Such changes in lattice constant with partic
size have also been confirmed by x-ray diffraction in Ref.
The authors in Ref. 12 explained this increase in terms o
associated reduction in the valence of the Ce41 ions to Ce31

ions caused by an increasing molar fraction of oxygen
cancies. In a nanoparticle system that naturally possesse
enormous surface area per unit volume, such vacancies
enhance the ability of a volume of this material to store a
release oxygen. When used as an additive to catalyst
automotive emissions systems, these nanoparticles can
ther enhance the range of fuel/air mixtures at which CO
be oxidized and NOx can be reduced.

Previous Raman studies of CeO2 nanoparticles~at room
temperature, RT! have demonstrated that the Raman pe
energy decreases and the linewidth increases with decrea
particle size. It has been suggested that these dependenc
used to measure particle size rapidly. However, Ref. 14 co
not explain these dependences using a phonon-confine
model, and suggested that phonon relaxation could be di
ent, i.e., faster, with smaller nanoparticle size and that
could account for the Raman-spectrum changes with s
Some features in the CeO2 nanoparticles Raman spectru
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have been attributed to significant concentrations of impu
atoms or vacancies.15

A detailed Raman analysis of CeO2 nanoparticles is pre-
sented here for a range of particle sizes and preparations.
increasing lattice constant~strain relative to the bulk! for
successively smaller particles is seen to explain much of
Raman-spectrum changes with particle size, when the dis
sion in the particle-size distribution and phonon confinem
are also included. If the rate of optical-phonon decay
acoustic phonons or coefficient of thermal expansion at ro
temperature were to vary with particle size, then the Ram
peak energy and linewidth would also vary differently wi
temperature for different particle sizes. Accordingly, the R
man spectrum is also studied as a function of temperature
different particle sizes.

II. EXPERIMENTAL PROCEDURE

Solutions of 0.04M Ce(NO3)3 and 0.5M HMT
(C6H12N4, hexamethylenetetramine! reagents were mixed a
room temperature with continuous stirring, producing nuc
ation and growth of CeO22y particles. Solutions were al
lowed to mix for different controlled lengths of time~5–24
h! and then placed in a centrifuge, yielding nanoparticl
The resulting particle size, disperison, and shapes were
termined by transmission electron microscopy~TEM!. The
nanoparticle size was controlled by the length of the reac
time. To obtain the largest particles the mixing reaction w
carried out for 12–24 h prior to centrifugation and the p
ticles were then sintered in air at atmosphere at differ
temperatures~400–800 °C! for 8–16 h.16 The lattice param-
etera was determined from fitting the x-ray diffraction pea
position and the mean particle diameter from the peak wi
using the Scherrer formula,x050.94l/B cosuB , wherel is
the wavelength of the Cu Ka1 line, uB is the angle between
the incident beam and the reflecting lattice planes, andB is
the width ~in radians! of the diffraction peak. The size dis
persion is approximately Gaussian with a full width at t
1/e2 points,Dx, which is 44% of the mean diameter. Furth
©2001 The American Physical Society07-1
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details on the synthesis method, microscopy, and x-ray
fraction results are being reported elsewhere.13 Commer-
cially purchased~Alfa Aesar! 5 mm CeO2 powders were also
characterized by TEM and x-ray powder diffraction for re
erence. A summary of the particle preparation and proper
is shown in Table I.

Unpolarized Raman scattering was collected in the ba
scattering configuration from 200 to 1200 cm21 at RT from
each powder and from a sintered pellet prepared from th
mm particles~‘‘bulk’’ material !. The 488 nm line of the Ar-
ion laser was used, focused to a spot size of;2 mm with an
incident laser power of;3 mW. Laser heating was show
not to be important, with the Raman intensity remaining l
ear with incident power up to about 20 mW. The Ram
spectra were calibrated using plasma lines of the Ar-ion la
and the resolution was better than 1 cm21. Unless reported
otherwise, all reported peak intensities, positions, and li
widths are the result of Lorentzian fitting.

Raman scattering was also measured from2190 to
600 °C in air for the 5mm (A), sintered 25 nm (B), and
unsintered 6.1 nm~F! particles. The sample temperature w
controlled to within60.1 °C by a Linkam Model THMS600
heating/cooling stage. The effect of elevated temperature
analyzed in two ways; in each case possible changes in
particle due to high temperatures were checked by com
ing the RT spectra before and after each run. The Ram
spectra were collected during the temperature upstroke
each particle. Alternatively, Raman spectra of the 6.1 and
nm particles were acquired at RT after temperature cycl
During this cycling, the sample temperature was rapidly
creased to a set temperature, maintained there for 5 min,
quickly cooled ~;100 °C/min! to RT, and a spectrum wa
collected. In the next cycle, the sample was then heated
somewhat higher temperature for 5 min, and so on.

III. EXPERIMENTAL RESULTS

A. Room temperature

The room-temperature Raman spectra from the 6.1,
10, 15, 25 nm and 5mm particles, and the ‘‘bulk’’ sintered
pellet are shown in Fig. 1~a!. The spectrum from the bulk ha
a weak peak near 261 cm21 that is likely a second-orde

TABLE I. Preparation conditions, mean particle diameterx0,
lattice parametera, and estimated vacancy concentrationy in
CeO22y .

Sample

Preparation
Time
~h!

Sintering
Temperature

(°C) x0 a ~nm! y15,27

Pellet 0.54087
A n/a ;5 mm 0.54087
B 12 850 ;25 nm 0.54087
C 12 700 ;15 nm 0.54131 0.008
D 12 600 ;10 nm 0.54152 0.013
E 8 not sintered ;7.4 nm 0.54285 0.038
F 5 not sintered ;6.1 nm 0.54330 0.047
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~2TA! peak, a weak 2TA peak near 368 cm21, an intense,
triply degenerate, first-order peak near 464 cm21, and two
very weak peaks between 550 and 600 cm21. There are also
weak second-order~2LO! peaks near 670 and 1184 cm21,
and a peak near 1277 cm21. The spectra from the nanopa
ticles are similar. The 261 cm21 peak still appears, but a
slightly lower energy, particularly for the smaller particle
The peak near 560 cm21 is stronger in the nanoparticle
~relative to the 464 cm21 peak! than in the bulk. There is
also a peak observed in the smaller nanoparticles n
830 cm21 not observed in the bulk. As seen in Fig. 1~b!, the
464 cm21 peak shifts to lower energy and asymmetrica
broadens with a low-energy shoulder with decreasing p
ticle size.

B. Temperature dependence

The temperature dependence of the 464 cm21 peak posi-
tion and linewidth for the 6.1 nm, 25 nm, and 5mm particles
is shown in Fig. 2. A decrease in the peak position and
crease in the linewidth were observed with increasing te
perature in all of these particles. Below RT the temperat
dependences of the Raman parameters of these particle
roughly similar except for an offset. Above RT the tempe
ture dependences of the Raman parameters of the 6.1
particles appear to be different from those of the larger p
ticles, and the Raman shifts and widths become close
those for the 25 nm particles. The variation of the Ram
peak with temperature for the 7.4 nm particles~not shown! is
similar to those for the 6.1 nm particles.

FIG. 1. Normalized Raman spectra from the nanoparticles
the bulk material for~a! the full range of energy studied, and~b! an
expanded view of the 464 cm21 peak showing size-dependen
changes in the peak position, linewidth, and lineshape.
7-2
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SIZE-DEPENDENT PROPERTIES OF CeO22y . . . PHYSICAL REVIEW B 64 245407
Figure 3 shows the peak-position and linewidth for the
and 25 nm particles measured at RT after 5 min cycling
the depicted elevated temperature. The RT peak position
linewidth do not change for the 25 nm particles followin
intermittent heating. In contrast, the RT peak position of
6.1 nm particles increases to progressively higher values
lowing heating to progressively higher temperatures, but
RT linewidth does not change.

IV. MODELS

Several factors can contribute to the changes in the
man peak position and linewidth of the 464 cm21 peak with
nanopartcle size seen in Fig. 1. These include phonon
finement, strain, broadening associated with the size di
bution, defects, and variations in phonon relaxation with p
ticle size.

In bulk, defect-free crystalline materials, onlyq50
phonons can be Raman active and observed. As the dim
sion and size of a material is reduced, an increasing volu
of the reciprocal space is sampled in Raman scattering. R
ter et al.17 used a Gaussian weighting function to model R
man scattering at wave vectors away from zone cente
low-dimensional materials. For a spherical particle of dia
eterx, the Raman intensity profile can be approximated b

I ~v,x!}( E expS 2q2x2

8b D
$v2@v i~q!1Dv i~q,x!#%21~G/2!2

d3q,

~1!

whereG is the natural Raman full width at half maximum
~FWHM!, q is the wave vector and, for the time bein
Dv i(q,x)50. The sum is over the three allowed~and here
equally weighted! Raman modes with v i(q50)

FIG. 2. Measured temperature dependence of the peak~a! posi-
tion, and~b! linewidth from 2190 °C to 600 °C.
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5464.4 cm21. v i(q) is the phonon dispersion for the se
lected mode, represented by parabolic fits to the CeO2 pho-
non dispersion curves by Weberet al.14 or Nakajimaet al.18

The angular integral in wave vector space in the Brillou
zone is performed by integrating along theD, S, andL sym-
metry directions, weighting each by the number of equiv
lent symmetry directions. In the Richter phonon-confinem
modelb51. The alternative Campbell model,19 in which the
phonons are spatially confined even more strongly, can
used by settingb52p2.

Changes in the lattice parameter with particle size c
affect the Raman peak position. The measured variation
lattice parametera on particle sizex is fitted by a5a0
1k/x2 where k50.0939 nm3, where the bulk valuea0
50.54087 nm.13 Within each particle the strain is taken to b
uniform. The change in lattice parameterDa under a hydro-
static pressureP is Da/a052P/3B where B is the bulk
modulus. Therefore, the peak position of the Raman m
centered at v i changes by Dv i(q,x)523g i(q)v i(q)
3@Da/a0#, where the mode Gru¨neisen parameter isg i
52d ln vi /d ln V5(B/vi)(dvi /dP). The value ofg i for the
464 cm21 mode of 1.24, based on Ref. 14, is used here
all modes andq. Using this shifted frequency gives the effe
of this average strain alone. To first order, the combined
fluence of average strain and confinement for particles
sizex is obtained by using thisDv i(q,x) in Eq. ~1!.

The dispersion in particle size leads to a dispersion
lattice constants, and, therefore, inhomogeneous strain
broadening. This size distribution forx is approximately a
Gaussian centered at the average sizex0 with a Gaussian

FIG. 3. Changes in the measured, room-temperature peak~a!
position, and~b! linewidth following brief temperature cycling
~heating! in air to the depicted elevated temperature.
7-3
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FIG. 4. Model Raman spectra for selecte
nanoparticle sizes along with the bulk for refe
ence, for~a! confinement only,~b! average strain
only, ~c! inhomogeneous strain only, and~d! the
combination of inhomogeneous strain and co
finement.~a! and~d! are shown for the Campbel
phonon confinement model (b52p2) using the
Nakajima phonon dispersion.
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width of Dx50.44x0. For eachx, the shifted frequency is
given above. The effect of this inhomogeneous strain alon
obtained by integrating such shifted spectra over the Ga
ian distribution forx. It leads to asymmetric broadening~dis-
torted Gaussian lineshape! and to very little additional peak
shift. To first order, the combined effects of inhomogeno
strain and confinement are obtained by integrating Eq.~1!
over this Gaussian.

Figure 4 shows the model Raman spectra for selec
nanoparticle sizes and the bulk with confinement only~using
the Campbell model and the Nakajima phonon dispers
curves!, average strain only, and combinations of confin
ment with either average or inhomogeneous strain.

Another source of shifting and broadening is the prese
of oxygen vacancies, corresponding to a stoichiome
CeO22y . McBride et al. have calculated the Raman spec
for CeO2 due to vacancies from phonon density of sta
calculations based on a rigid-ion model and a model incl
ing mass disorder.15 Using their approach, Fig. 5~a! shows a
simulated Raman spectra for selected values of impurity c
centrationsy corresponding to those in Table I; Fig. 5~b!
shows the region near 560 cm21 with an expanded vertica
scale. As constructed, this vacancy model provides a sh
peak position but does not provide a concomitant chang
linewidth.

Figure 6 shows the Raman peak position and linewi
for the 464 cm21 line as a function of experimental partic
sizes for the measured data and models for various comb
tions of confinement models, average or inhomogene
strain, and defects. Reference 15 was used to provide
estimates of the vacancy concentration~Table I!. This esti-
mate assumes that the strain comes from the presenc
Ce31 ions and oxygen vacancies. No other effects, includ
the effect of surface stress, have been taken into accoun13

The temperature dependence of the Raman peak pos
is
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vp~T!5v01D (1)~T!1D (2)~T!. ~2!

The first correction term in Eq.~2! accounts for the effect o
thermal expansion; it is

D (1)~T!5v0@exp~23ag iT!21#, ~3!

wherea is the linear coefficient of thermal expansion, whic
is assumed to be independent ofT. It leads to a decrease i

FIG. 5. Simulated Raman spectra for selected impurity conc
trationsy ~a! near 464 cm21 and~b! with an expanded vertical scal
and also including the feature near 560 cm21.
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SIZE-DEPENDENT PROPERTIES OF CeO22y . . . PHYSICAL REVIEW B 64 245407
peak energy}T at higher temperature. The second corre
tion is the phonon-phonon coupling termD (2)(T), which de-
scribes the anharmonic coupling between phonons, and
be approximated as20

D (2)~T!5A1H 11(
j 51

2
1

~exj21!
J

1A2H 11 (
k51

3
1

~eyk21!
1

1

~eyk21!2J . ~4!

The first term describes the coupling of the optical phonon
two lower-energy phonons~three-phonon coupling, withx1
5x25\v0/2kT) which is }T at higher temperatures, an
the second term describes the coupling to three phon
~four-phonon coupling, withy15y25y35\v0/3kT) which
is }T2 at higher temperatures.

One model of the temperature dependence of the Ra
linewidth is

Gp~T!5G01DG~T!, ~5!

where the contribution due to phonon coupling decay is,20

FIG. 6. ~a! Peak position and~b! linewidth, respectively, for the
464 cm21 Raman line as a function of particle size for the me
sured data~denoted by3! and models for confinement onl
~circles!, average strain only~diamonds!, inhomogeneous strain
only ~1!, the combination of inhomogeneous strain and confi
ment~inverted triangles!, vacancy defects~asterisks!, and the com-
bination of vacancies with inhomogeneous strain and confinem
~squares!. The open circles and triangles denote results obtai
using the Nakajima dispersion with the Campbell model; the s
ones denote results obtained using the Weber dispersion with
Campbell model. In~b! the predictions of the model with combine
inhomogeneous strain and confinement are also shown for N
jima dispersion with theb540 confinement model~open inverted
triangles!.
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Again, at higher temperatures the first and second terms
this phonon damping term, respectively, vary asT andT2 at
higher temperatures. The first termG0 is due to other types
of broadening that do not depend on the thermal popula
of phonons. This could be instrumental~such as that due to
the spectrometer and the charge-coupled device~CCD! array
pixel size—here about 1.2 cm21) and/or intrinsic~such as
that due to inhomogeneous strain here, which should dep
little on T). In studies of bulk materials,G0 is usually zero if
instrumental broadening can be neglected. The linewid
rigorously add as in Eq.~5! only if the lineshape character
ized by G0 is Lorentzian, since the contribution of phono
decay, DG(T), is Lorentzian ~LL model!. Otherwise, the
convolution of the two lineshapes gives a different result. F
Gausssian broadening by theG0 term, the resulting lineshap
is a Voigt profile with a FWHM linewidth,21

Gp~T!5DG~T!/21A@DG~T!#2/41~G0!2. ~7!

Below 100 °C the Raman shift and width curves a
roughly similar for the 6.1 nm, 25 nm, and 5mm particles
~except for an offset!. Data at all temperatures were used
fit the spectra of the 25 nm and 5mm particles, while only
data at and below RT were used to fit the 6.1 nm parti
spectra because of the changes seen at higherT. ~The RT
measurements in Fig. 3 show that there are irreversible st
tural changes only in these very small particles.! These peak
shift parameters were fit first. Initiallya, v0 , A1, and A2
were varied in the fitting, but the observed variation w
temperature was found to be capable of fitting only two p
rameters; consequently,a was set equal to the bulk valu
a51.1631025K21 ~Ref. 22! andA2, which should change
the curve shape only at very high temperature, was set e
to zero ~Table II!. This led to very small and sometime
positive values ofA1 even for the bulk samples. This is un
expected and may mean that the value used forg i ~1.24, Ref.
14! is too large, or at least that the productag i is too large—
even for the bulk. To help characterize the peak shift da
fits to Eq.~2! were then obtained in the other extreme usi
ag i50—with v0 andA1 as free parameters. The linewidth
were then fit using Eq.~4! and~5! with G0 andB1 as the free
parameters, usingv0 from the shift fit and settingB2 equal
to zero ~as wasA2). It was assumed that the nonphono

TABLE II. Fit parameters for peak shift, in cm21, alternately
using bulk values ofa andg i , or ag i50.

Sample v0 A1 v0 , ag i50 A1 , ag i50

A ~5 mm! 469.860.5 0.0360.17 471.260.3 23.760.1
B ~25 nm! 468.160.4 20.1460.13 469.460.2 23.860.1
F ~6.1 nm! 459.360.3 1.9160.52 462.060.5 22.560.3
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TABLE III. Fit parameters for the FWHM peak linewidth, in cm21, usingv0 from ag i50 fits from Table
II, assuming the temperature-independent (G0) and temperature-dependent (B1) terms are both Lorentzian
~LL ! or that the former is a Gaussian and latter is a Lorentzian~voigt profile!. For reference, the fits assumin
both terms are Gaussian~GG! are also given.

Sample G0, LL B1, LL G0, Voigt B1, Voigt G0, GG B1, GG

A ~5 mm! 0.560.7 4.760.3 2.261.0 4.760.2 3.161.3 4.760.2
B ~25 nm! 1.560.4 4.660.1 3.260.4 4.960.1 4.460.4 4.960.1
F ~6.1 nm! 26.260.6 2.560.4 26.460.5 4.460.6 27.960.3 7.160.5
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fit.
broadening~‘‘ G0’’ term! was either Lorentzian@Eq. ~5! valid,
LL # or Gaussian@Voigt profle convolution instead of Eq.~5!#
~Table III!. These fits are plotted in Fig. 2 using the para
eters from theag i50, LL fits in Tables II and III.

V. DISCUSSION

The more recent Nakajima phonon-dispersion cur
show v i varying with q much faster than do the Webe
curves for all phonon branches. Both the Richter and Ca
bell phonon-confinement models predict very little Ram
shift with particle size for each phonon dispersion. Using
Campbell confinement model, the increase in Raman l
width for the 6.1 nm particles is 10.3 cm21 ~to a total line-
width of 19.3 cm21) for the Nakajima dispersion. Includin
the effect of inhomogeneous strain increases the total w
to 23.0 cm21, compared to the 32.5 cm21 linewidth seen
experimentally. For these 6.1-nm-diameter particles, the
crease in linewidth due to confinement is only 2.0 cm21 for
the Campbell confinement model with Weber dispersion,
!1 cm21 for the Richter confinement model with either N
kajima or Weber phonon dispersion. The best agreemen
the linewidth with particle size, using confinement and inh
mogeneous strain is obtained usingb;40 with the Nakajima
dispersion. The Richter~b51! and Campbell (b52p2

;20) models of phonon confinement are based on fa
arbitrary~and different! assumptions about the spatial exte
of phonons in confined structures. If the Nakajima phon
dispersions are correct, models withb;40 represent an eve
higher degree of phonon confinement than that in the Ca
bell model, which may be more appropriate for CeO2. While
using phonon dispersion only along the symmetry directi
in Eq. ~1! may seem to be a limitation, the main features
the predictions do not seem to be very sensitive to this
proximation, and are much more sensitive to the choice
phonon dispersion and the degree of phonon confineme

It is clear from Fig. 6 that the change in the measu
464 cm21 peak position to lower energy with decreasi
particle size is more than that expected from any of the c
finement models alone, but a bit less than that due to st
alone.@As seen in Fig. 6~a!, there is very little difference in
the model peak position between the average and inhom
neous strain alone#. Vacancies increase the peak frequenc
bit, progressively more so for smaller particle sizes with co
comitant increasing vacancy concentration. The ove
change in Raman shift with particle size due to all of the
effects is shown in Fig. 6. There is very good agreement w
the experimental peak position when strain alone is con
24540
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ered. Agreement is still good, but less perfect, when the
fects of confinement and defects are included. Overall, i
seen that strain plays the most significant role.

Together, inhomogeneous strain and confinement can
count for much of the broad and asymmetric character of
observed asymmetric lineshapes, and more than that
counted for in earlier work.14 Inhomogeneous strain i
clearly important to the linewidth. Model agreement is go
when the more restricted Campbell spatial confinemen
phonons is assumed with Nakajima phonon dispers
When either the less restrictive Richter phonon-confinem
model is used and/or the less dispersive Weber phonon
persion is used, very little broadening due to phonon c
finement is seen. Linewidth changes due to vacancies
also be significant. This variation of lattice parameter w
particle size may well be due to the changing density
vacancies. It and the actual vacancy density are likely dep
dent on the details of sample preparation, and as such the
of Raman shifts and linewidths as a diagnostic of parti
size should be limited to a given preparation method.23

The variations of the phonon frequency and linewidth
to RT definitively show that phonon coupling is not the re
son for the increasing peak red shift and broadening w
decreasing particle size. If enhanced phonon coupling in
nanoparticles were the reason for these lineshape chan
then the nanoparticle shift and width at low temperatu
would be relatively much closer to those for the larger p
ticles.

The magnitude ofA1 is smaller for the 6.1 nm particle
(2.5 cm21) than for the 25 nm particles and the bu
(;3.7 cm21) for the ag i50 fits. This would suggest tha
either phonon coupling or theag i product is smaller~or both
are smaller! in the nanoparticle than in larger particles. Th
fits in Table II show that there is some doubt even about
bulk values ofag i , since the value forA1 in the bulk is
suspect. Either the Gru¨neisen parameter is wrong, ora and
g i depend on the vacancy concentration. The contribution
thermal expansion used in Eq.~3! assumes that the expan
sion coefficient does not depend on temperature; this se
to be a good approximation.3 In any case, it is hard to un
tangle any potential size-related effects in the peak shift
to thermal expanision and phonon coupling.

The effect of phonon coupling alone is seen in the lin
width. The phonon coupling termB1 is about 4.7 cm21 for
both the 25 nm particles and the bulk, independent of the
Reference 24 observed a similar dependence onT in bulk
CeO2. For the 6.1 nm nanoparticles,B1 is 2.5 cm21 for the
7-6
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LL fit and 4.4 cm21 for the Voigt fit, respectively, assumin
Lorentzian and Gaussian profiles for the nonphonon bro
ening term; the latter value is close to the bulk value. T
Raman lineshapes of the nanoparticles are seen to be
Lorentzian than Gaussian at each temperature, so the fo
value may be more meaningful, but this is not certain.~The
nonphonon coupling contribution would be expected to ha
a skewed Gaussian lineshape resulting from inhomogene
broadening, if this strain broadening accounted for all of
low-temperature linewidth!. Overall, the parameters in
Tables II and III suggest that phonon coupling is no stron
in the CeO22y nanoparticle than in larger-dimension mat
rial, and only possibly that it is somewhat weaker.

This is contrary to the conclusions of Raman studies
nanocrystalline Si films17,25 and CdSe nanocrystals i
glass,26 which suggest more coupling in the nanodoma
than in larger domains. In fitting their lineshapes, Ref.
used a LL fit, while Refs. 17 and 26 usedGp(T)
5A(G0)21@DG(T)#2, which assumes that both broadenin
terms are Gaussian~GG model!. Table III also gives the fits
for Raman scattering in CeO22y for a GG fit. This leads to
B157.1 cm21 for the 6.1 nm particles, which would sugge
that phonon decay broadening is faster in the nanopart
Since the phonon lifetime broadening is definitely Loren
ian, this is not an acceptable possibility. It is emphasized
it is critical to use the proper lineshapes to obtain broaden
fits, especially when the low-temperature width is larger th
the phonon damping width at most temperatures.

Figure 3 shows a change in the ambient temperature p
position of the 464 cm21 peak after brief heating for the 6.
nm particles, but not for the 25 nm particles; no change
ambient temperature linewidth is seen for either. These
servations are consistent with strain relaxation in the 6.1
particles, since strain is the major contributor to the Ram
shift. Since the heating times were too short for parti
growth from sintering, heating should change the linewid
relatively little, as is seen here, since phonon confinemen
a very important contribution to the linewidth for nanopa
ticles here.

We considered applying the above analysis to other
man peaks. In contrast to the changes of the 464 cm21 pho-
non line, the;280 cm21 peak increases in energy ver
slightly for decreasing particle size. Based on the phon
dispersion in Ref. 14, the shift and asymmetric broaden
t
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due to confinement in the;280 cm21 line is expected to be
opposite to that of the 464 cm21 line, while the direction of
the shift due to strain would be the same. The value ofg i for
the ;280 cm21 line has not been reported. The Raman s
nal is too weak in three of the particle sizes to determine
peak position and linewidth well enough.

The peak observed near 560 cm21 has been attributed to
the presence of defects~impurities and/or vacancies!.15 This
peak is observed in all of the nanoparticles, but is sev
orders of magnitude weaker in the bulk. The peak n
830 cm21 appears in CeO2 nanoparticles of all sizes, bu
never in either the 5mm particles or the sintered pellet. It ha
not been reported in previous Raman investigations of na
particle CeO2. It could be due to a second-order phonon
local mode centered on vacancies, or the presence of an
elemental species.

VI. CONCLUDING REMARKS

The peak position of the strong, triply degenerate, fir
order Raman line in CeO22y at 464 cm21 is shifted to pro-
gressively lower energies as the particle size gets sma
and the peak gets progressively broader and asymmetri
the low-energy side. The increasing lattice constant with
creasing particle size explains this Raman shift well. T
linewidth change is fairly well explained by the inhomo
enous strain broadening associated with dispersion in par
size and by phonon confinement. The spectra are also li
to be directly affected by the presence of vacancies. Pho
coupling is not enhanced in the nanoparticle compared
larger particles, so it is not the source of the Raman peak
shift and broadening with smaller particle size. Irreversi
changes in the room temperature Raman peak position in
smaller nanoparticles are seen after heating them for s
times above room temperature. This may involve strain
laxation and/or oxygenation. A more detailed study of a
nealing and processing these particles will be presented
where.
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