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Size-dependent properties of Ce@ , nanoparticles as studied by Raman scattering
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The combined effects of strain and phonon confinement are seen to explain why the Raman peak near
464 cmtin CeQ,_, nanoparticles shifts to progressively lower energies and the lineshape of this feature gets
progressively broader and asymmetioo the low-energy sideas 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 nanopatrticles, 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.
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[. INTRODUCTION have been attributed to significant concentrations of impurity
atoms or vacancie’s.

Ce(, is of interest as a catalyst in vehicle emissions A detailed Raman analysis of Ce@anoparticles is pre-
systems, for cracking heavy oil in zeolite$as a potentially  sented here for a range of particle sizes and preparations. The
useful solid oxide fuel cell electrolyte materfaland for increasing lattice constar(strain relative to the bu)kfor
gas sensord, optical coatings, high-T, superconductor successively smaller particles is seen to explain much of the
structureg, silicon-on-insulator structures, and high storageRaman-spectrum changes with particle size, when the disper-
capacitor device§® Some applications may benefit from us- sion in the particle-size distribution and phonon confinement
ing monodisperse Ceanoparticles, due to either possibly are also included. If the rate of optical-phonon decay to
new properties in the nanodimension or the greater control iacoustic phonons or coefficient of thermal expansion at room
uniform structures. temperature were to vary with particle size, then the Raman

Li etal® have prepared and characterized monodisperspeak energy and linewidth would also vary differently with
CeO, nanoparticles. Weet al'® have used extended x-ray- temperature for different particle sizes. Accordingly, the Ra-
absorption fine structure to study the local atomic structurénan spectrum is also studied as a function of temperature for
around Ce ions in CeQnanoparticles. Electron diffraction different particle sizes.
has shown that a decrease in the size of £e&hoparticles
is accompanied by a significant increase in the lattice Il EXPERIMENTAL PROCEDURE
parametet?!? Such changes in lattice constant with particle
size have also been confirmed by x-ray diffraction in Ref. 13. Solutions of 0.0 Ce(NG); and 0.3 HMT
The authors in Ref. 12 explained this increase in terms of aCgH,,N,, hexamethylenetetramipeesagents were mixed at
associated reduction in the valence of thé Cimns to Cé" room temperature with continuous stirring, producing nucle-
ions caused by an increasing molar fraction of oxygen vaation and growth of Ce© , particles. Solutions were al-
cancies. In a nanopatrticle system that naturally possesses kmwved to mix for different controlled lengths of tim@&-24
enormous surface area per unit volume, such vacancies cé and then placed in a centrifuge, yielding nanoparticles.
enhance the ability of a volume of this material to store andrhe resulting particle size, disperison, and shapes were de-
release oxygen. When used as an additive to catalysts i@rmined by transmission electron microsca@EM). The
automotive emissions systems, these nanoparticles can furanoparticle size was controlled by the length of the reaction
ther enhance the range of fuel/air mixtures at which CO canime. To obtain the largest particles the mixing reaction was
be oxidized and NQcan be reduced. carried out for 12—24 h prior to centrifugation and the par-

Previous Raman studies of Ce@anoparticlegat room ticles were then sintered in air at atmosphere at different
temperature, RThave demonstrated that the Raman peakemperature$400—800 °Q for 8—16 h'® The lattice param-
energy decreases and the linewidth increases with decreasietera was determined from fitting the x-ray diffraction peak
particle size. It has been suggested that these dependencesposition and the mean particle diameter from the peak width
used to measure particle size rapidly. However, Ref. 14 couldsing the Scherrer formulag=0.94\/B cosfg, where\ is
not explain these dependences using a phonon-confinemethie wavelength of the Cu 44 line, 65 is the angle between
model, and suggested that phonon relaxation could be diffetthe incident beam and the reflecting lattice planes, Birisl
ent, i.e., faster, with smaller nanoparticle size and that thishe width (in radian$ of the diffraction peak. The size dis-
could account for the Raman-spectrum changes with sizepersion is approximately Gaussian with a full width at the
Some features in the CeQhanoparticles Raman spectrum 1/e? points,Ax, which is 44% of the mean diameter. Further
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TABLE I. Preparation conditions, mean particle diametgr 0.20
lattice parametera, and estimated vacancy concentratignin
CeQ,_y. % 0.16
g
Preparation  Sintering £ 012
Time Temperature § 0.08
Sample (h) (°C) Xo a(nm y?7 I
€ 0.04f
Pellet 0.54087 27
A n/a ~5 um  0.54087 0.00 :
B 12 850 ~25nm  0.54087 400 600 800 _ 1000 1200
C 12 700 ~15nm 0.54131 0.008 Energy (cm™)
D 12 600 ~10 nm 0.54152 0.013 Dy — T y " : ]
E 8 not sintered ~7.4 nm 0.54285 0.038 Z{TCTem (b)
F 5 not sintered ~6.1 nm 0.54330 0.047 2 [—c:15nm
% —B:25nm
= |——A:5um
8 -~ - pellet, 5 um
details on the synthesis method, microscopy, and x-ray dif- % -
fraction results are being reported elsewher€ommer- g
cially purchasedAlfa Aesan 5 um CeQ, powders were also z
characterized by TEM and x-ray powder diffraction for ref- =
erence. A summary of the particle preparation and properties 380 400 420 440 460 480 500 520
is shown in Table I. Energy (cm™)
Unpolarized Raman scattering was collected in the back- . .
scattering configuration from 200 to 1200 that RT from FIG. 1. Normalized Raman spectra from the nanoparticles and

each powder and from a sintered pellet prepared from the #1€ bulk material foxa) the full range of energy studied, afio) an
um particles(“bulk” material). The 488 nm line of the Ar- €xpanded view of the 464 cm peak showing size-dependent
ion laser was used, focused to a spot size-8fum with an changes in the peak position, linewidth, and lineshape.

incident laser power of-3 mW. Laser heating was shown

not to be important, with the Raman intensity remaining lin-(21a) peak, a weak 2TA peak near 368 th an intense,
ear with incident power up to about 20 mW. The Ramanyiply degenerate, first-order peak near 464 ¢mand two
spectra were calibrated using plasma lines of the Ar-ion laseery weak peaks between 550 and 600" éniThere are also
and the resolution was better than 1 cmUnless reported \yeak second-ordef2LO) peaks near 670 and 1184 th
otherwise, all reported peak intensities, positions, and linexzng a peak near 1277 crh The spectra from the nanopar-
widths are the result of Lorentzian fitting. ticles are similar. The 261 cht peak still appears, but at
Raman scattering was also measured freni90 to  gjightly lower energy, particularly for the smaller particles.
600°C in air for the 5um (A), sintered 25 nmR), and  The peak near 560 cnt is stronger in the nanoparticles
unsintered 6.1'nn'(F) particles. Thg sample temperature Wasrelative to the 464 cm' peaK than in the bulk. There is
controlled to within=0.1 °C by a Linkam Model THMS600 giso a peak observed in the smaller nanoparticles near
heating/cooling stage. The effect of elevated temperature wWasgsg cni L not observed in the bulk. As seen in Figb}l, the

analyzed in two ways; in each case possible changes in 54 cn! peak shifts to lower energy and asymmetrically
particle due to high temperatures were checked by compaggadens with a low-energy shoulder with decreasing par-
ing the RT spectra before and after each run. The Ramaf|e size.

spectra were collected during the temperature upstroke for
each particle. Alternatively, Raman spectra of the 6.1 and 25
nm particles were acquired at RT after temperature cycling. B. Temperature dependence
During this cycling, the sample temperature was rapidly in- .
creased to a set temperature, maintained there for 5 min, was Thedtelmpergtﬁrf dipegdlence g;the 464 tipeak pc;sr
quickly cooled (~100 °C/min to RT, and a spectrum was ton and linewidth for the 6.1 nm, 25 nm, andusn particles

collected. In the next cycle, the sample was then heated to '3 show_n in F'Q- 2. _A decrease in the pez_ik position and in-
somewhat higher temperature for 5 min, and so on. crease in the linewidth were observed with increasing tem-

perature in all of these particles. Below RT the temperature
dependences of the Raman parameters of these particles are
lll. EXPERIMENTAL RESULTS roughly similar except for an offset. Above RT the tempera-
ture dependences of the Raman parameters of the 6.1 nm
particles appear to be different from those of the larger par-
The room-temperature Raman spectra from the 6.1, 7.4jcles, and the Raman shifts and widths become closer to
10, 15, 25 nm and um particles, and the “bulk” sintered those for the 25 nm particles. The variation of the Raman
pellet are shown in Fig.(&). The spectrum from the bulk has peak with temperature for the 7.4 nm particlest shown is
a weak peak near 261 ¢ that is likely a second-order similar to those for the 6.1 nm particles.

A. Room temperature
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FIG. 2. Measured temperature dependence of the (®alosi- ol s . . . . .
tion, and(b) linewidth from —190 °C to 600 °C. 0 100 200 300 400 500 600
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Figure 3 shows the peak-position and linewidth for the 6.1 .

. . . FIG. 3. Changes in the measured, room-temperature f@ak
and 25 'nm particles measured at RT after 5 min Cyp!lng al sition, and(b) linewidth following brief temperature cycling
t_he d_eplcted elevated temperature. The RT p_eak pos'“of‘ arfﬁ)eating in air to the depicted elevated temperature.
linewidth do not change for the 25 nm particles following
intermittent heating. In contrast, the RT peak position of the
6.1 nm particles increases to progressively higher values fol=464.4 cml. w;(q) is the phonon dispersion for the se-
lowing heating to progressively higher temperatures, but théected mode, represented by parabolic fits to the Celt-

RT linewidth does not change. non dispersion curves by Weber al.l* or Nakajimaet al.'8
The angular integral in wave vector space in the Brillouin
IV. MODELS zone is performed by integrating along the>,, andA sym-

metry directions, weighting each by the number of equiva-
Several factors can contribute to the changes in the Rgent symmetry directions. In the Richter phonon-confinement
man peak position and linewidth of the 464 thpeak with  model 8=1. The alternative Campbell modglin which the
nanopartcle size seen in Fig. 1. These include phonon corphonons are spatially confined even more strongly, can be
finement, strain, broadening associated with the size distrigsed by settingg=272.
bution, defeCtS, and variations in phonon relaxation with par- Changes in the lattice parameter with partide size can

ticle size. _ _ affect the Raman peak position. The measured variation of
In bulk, defect-free crystalline materials, onlg=0 |attice parameter on particle sizex is fitted by a=a,

phonons can be Raman active and observed. As the dimen-k/x2 where k=0.0939 nmM, where the bulk valuea,

sion and size of a material is reduced, an increasing volume: 9 54087 nni2 Within each particle the strain is taken to be

of the reciprocal space is sampled in Raman scattering. Richmjform. The change in lattice parametia under a hydro-

ter et al'” used a Gaussian weighting function to model Ra-static pressureéP is Aa/a,=— P/3B where B is the bulk

man scattering at wave vectors away from zone center iodulus. Therefore, the peak position of the Raman mode

low-dimensional materials. For a spherical particle of diam-centered at w; changes by Aw;(q,x)=—37:(q);(q)

eterx, the Raman intensity profile can be approximated by x| Aa/a,], where the mode Gneisen parameter ig;

=—dIn w;/dInV=(B/w;)(dw;/dP). The value ofy, for the

2,,2
exp( —ax ) 464 cm' ! mode of 1.24, based on Ref. 14, is used here for
2 8B 3 all modes and). Using this shifted frequency gives the effect
H(w,x)o (0 [o(q) + Aoy (90 [12+ (T/2)2 4 of this average strain alone. To first order, the combined in-

(1) fluence of average strain and confinement for particles of
sizex is obtained by using thid w;(q,x) in Eq. (1).
wherel is the natural Raman full width at half maximum  The dispersion in particle size leads to a dispersion in
(FWHM), q is the wave vector and, for the time being, lattice constants, and, therefore, inhomogeneous strain and
Awi(q,x)=0. The sum is over the three allow¢and here broadening. This size distribution foris approximately a
equally weightel Raman modes with w;(q=0) Gaussian centered at the average sigevith a Gaussian
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width of Ax=0.44x,. For eachx, the shifted frequency is wp(T)=wo+ AD(T)+AG(T). (2)
given above. The effect of this inhomogeneous strain alone i
obtained by integrating such shifted spectra over the Gaus
ian distribution forx. It leads to asymmetric broadenifgjs-
torted Gaussian lineshapand to very little additional peak AD(T)= wo[exp( —3ay,T)—1], (3)
shift. To first order, the combined effects of inhomogenous

strain and confinement are obtained by integrating @y. Wherea is the linear coefficient of thermal expansion, which
over this Gaussian. is assumed to be independentToflt leads to a decrease in

Figure 4 shows the model Raman spectra for selected
nanoparticle sizes and the bulk with confinement doking L ==y =0047 (6.1 nm) |
the Campbell model and the Nakajima phonon dispersion
curvesg, average strain only, and combinations of confine-
ment with either average or inhomogeneous strain.

Another source of shifting and broadening is the presence
of oxygen vacancies, corresponding to a stoichiometry
CeQ,_,. McBride et al. have calculated the Raman spectra
for CeO, due to vacancies from phonon density of states ] ) : .
calculations based on a rigid-ion model and a model includ- e ST oy e
ing mass disordér, Using their approach, Fig.(& shows a ' ' :

; : ) 460 465 470
simulated Raman spectra for selected values of impurity con- Energy (cm’)
centrationsy corresponding to those in Table I; Fig(bb
shows the region near 560 crhwith an expanded vertical
scale. As constructed, this vacancy model provides a shifted
peak position but does not provide a concomitant change in
linewidth.

Figure 6 shows the Raman peak position and linewidth
for the 464 cm* line as a function of experimental particle
sizes for the measured data and models for various combina-
tions of confinement models, average or inhomogeneous
strain, and defects. Reference 15 was used to provide the
estimates of the vacancy concentratidable |). This esti-
mate assumes that the strain comes from the presence of
Cée" ions and oxygen vacancies. No other effects, including
the effect of surface stress, have been taken into acddunt.  FIG. 5. Simulated Raman spectra for selected impurity concen-

The temperature dependence of the Raman peak positiarationsy (a) near 464 cm? and(b) with an expanded vertical scale
is and also including the feature near 560 ¢m

The first correction term in Eq2) accounts for the effect of
thermal expansion; it is

Normalized intensity

T T T
—-=-y=0.047 (6.1 nM) 7
——y=0.038 (7.4 nm) 1
------ y=0.0125 (10 nm)
-==-y=0.008 (15 nm) -

Normalized intensity

LI L NI P B |

Lt a s e

440 480 520 , 560 600
Energy (cm )
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466 — , , , TABLE |l. Fit parameters for peak shift, in cnt, alternately
T 4s4f ——— q§<§ ] using bulk values ofr and y;, or ay;=0.
S 42l (@ x X
S 4gol X v Sample o A wo, @¥=0 A;, ay;=0
-‘a‘ —0— conf?nemenl (N)
8 458 o o) A (5um) 469.8-0.5 0.03-0.17 471.20.3 -3.7+0.1
g 456 -:;:::::::z::::&mt ™ B (25 nm 468.1+0.4 —0.14+0.13 469.4-0.2 -3.8+0.1
T 454[Hcekcs 1 F (6.1 nm 459.3+0.3 1.910.52 462.6:0.5 —25+0.3
452 il:lflnhomng,sllraln,conf‘ (N)I&defects ,
0.00 0.05 0.10 0.15
1/x (nm™) 2
AT(T)=B [1+2 o }

—_ L XI ata I I I 4 =b1 P ;

'TE 35 70720:11' N x/ j=1 (eXJ— 1)

L 30 @ cont (W)

= —V— inhom. strain & conf. (N) A 3 1 1

5 25 |—w—inhom. strain & conf. (W) g

E —8—B =40 (N) v +B,y 1+ E + . (6)

2 20t X /o . k=1 (e¥k—1) (e¥%k— 1)2

< 15| (b) ] o |

& 4/'1, Again, at higher temperatures the first and second terms for

107 == 1 this phonon damping term, respectively, varyTaand T2 at
5000 005 040 015 020 higher temperatures. The first tefify is due to other types
1% (m’) of broadening that do not depend on the thermal population

of phonons. This could be instrumentalich as that due to

FIG. 6. (a) Peak position anb) linewidth, respectively, for the the spectrometer and the charge-coupled de\@¢&D) array
464 cm ' Raman line as a function of particle size for the mea- pixel size—here about 1.2 ¢cm) and/or intrinsic(such as
sured data(denoted by x) and models for confinement only that due to inhomogeneous strain here, which should depend
(circles, average strain onlydiamond$, inhomogeneous strain |jttle on T). In studies of bulk materiald; is usually zero if
only (+), the combination of inhomogeneous strain and confineinstrumental broadening can be neglected. The linewidths
ment(inverted trianglel vacancy defectgasterisky and the com-  rigorously add as in Eq5) only if the lineshape character-
bination of vacancies with inhomogeneous strain and confinement, oy by T, is Lorentzian, since the contribution of phonon
(squares The open circles and triangles denote results Obtaine%ecay,AF(T), is Lorentzian(LL model). Otherwise, the

using the Nakajima dispersion with the Campbell model; the solid, .\ o,,tion of the two lineshapes gives a different result. For

ones denote results obtained using the Weber dispersion with t . . S
Campbell model. Irib) the predictions of the model with combined héaussgan brqademng by thg tefm' the r?sultlng lineshape
s a \Voigt profile with a FWHM linewidttt:

inhomogeneous strain and confinement are also shown for Naka>
jima dispersion with thg3=40 confinement modglopen inverted
triangles.

L o(T)=AT(T)/2+[AL(T)]%4+(Ty)?. (7)

Below 100°C the Raman shift and width curves are
roughly similar for the 6.1 nm, 25 nm, and/&m particles
E%ﬁ*xcept for an offset Data at all temperatures were used to
It the spectra of the 25 nm and@m particles, while only
data at and below RT were used to fit the 6.1 nm particle
] spectra because of the changes seen at hihéfhe RT

peak energyxT at higher temperature. The second correc-
tion is the phonon-phonon coupling tef?)(T), which de-
scribes the anharmonic coupling between phonons, and ¢
be approximated &%

measurements in Fig. 3 show that there are irreversible struc-
tural changes only in these very small partidl@hese peak
5 shift parameters were fit first. Initially, wg, A;, and A,
1 1 were varied in the fitting, but the observed variation with
+A2[ 1+k21 (e¥—1) +(eyk_1)2] G temperature was found to be capable of fitting only two pa-
rameters; consequently was set equal to the bulk value
The first term describes the coupling of the optical phonon ter=1.16< 107 °K™* (Ref. 22 andA,, which should change
two lower-energy phonong&hree-phonon coupling, witk,  the curve shape only at very high temperature, was set equal
=X,=hwo/2kT) which is «T at higher temperatures, and to zero (Table Il). This led to very small and sometimes
the second term describes the coupling to three phonorositive values ofA; even for the bulk samples. This is un-
(four-phonon coupling, witly;=y,=ys=%w/3kT) which  expected and may mean that the value used/fdt.24, Ref.

2
1
AOM=A{1+S ———
™ 1[ +i§=:1(exj—1)

is o« T2 at higher temperatures. 14) is too large, or at least that the producy; is too large—
One model of the temperature dependence of the Rama@ven for the bulk. To help characterize the peak shift data,
linewidth is fits to Eq.(2) were then obtained in the other extreme using
ay;=0—with wy andA; as free parameters. The linewidths
Iy (T)=To+AL(T), (5)  Wwere then fit using Eq4) and(5) with I'y andB, as the free

parameters, using, from the shift fit and settind3, equal
where the contribution due to phonon coupling decais, to zero (as wasA,). It was assumed that the nonphonon
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TABLE Ill. Fit parameters for the FWHM peak linewidth, in ¢rh, usingw, from a ;=0 fits from Table
II, assuming the temperature-independdng)(and temperature-depende;§ terms are both Lorentzians
(LL) or that the former is a Gaussian and latter is a Lorent@iaigt profile). For reference, the fits assuming
both terms are Gaussid@G) are also given.

Sample Iy, LL B, LL I'y, Voigt B,, Voigt Iy, GG B;, GG
A (5 um) 0.5+0.7 4.70.3 2.2:1.0 4.70.2 3.1+1.3 4.7+0.2
B (25 nm 1.5+0.4 4.6-0.1 3.2:04 4.9-0.1 4.4:0.4 4.9:0.1
F (6.1 nm 26.2+0.6 2.5t0.4 26.4-0.5 4.4-0.6 27.9:0.3 7.1+0.5

broadening“ I'y” term) was either LorentziafEqg. (5) valid,  ered. Agreement is still good, but less perfect, when the ef-
LL] or GaussiafVoigt profle convolution instead of E@5)] fects of confinement and defects are included. Overall, it is
(Table Ill). These fits are plotted in Fig. 2 using the param-seen that strain plays the most significant role.

eters from thewy;=0, LL fits in Tables Il and IlI. Together, inhomogeneous strain and confinement can ac-
count for much of the broad and asymmetric character of the
V. DISCUSSION observed asymmetric lineshapes, and more than that ac-

. ) ) counted for in earlier work? Inhomogeneous strain is
The more recent Nakajima phonon-dispersion Curvegeary important to the linewidth. Model agreement is good
show w; varying with g much faster than.do the Weber \hon"the more restricted Campbell spatial confinement of
curves for all phonon branches. Both the Richter and Campf)honons is assumed with Nakajima phonon dispersion,

be.II phonon-qonflnement models predlqt Very little Rama hen either the less restrictive Richter phonon-confinement
shift with particle size for each phonon dispersion. Using themOOIeI is used and/or the less dispersive Weber phonon dis-
Campbell confinement model, the increase in Raman line- P P

width for the 6.1 nm particles is 10.3 ¢ (to a total line- persion 1s used, very I|tt_Ie broadening due to phonqn con-
width of 19.3 cm'!) for the Nakajima dispersion. Including finement IS seen. Lme_vwdth_changes du_e to vacancies may
the effect of inhomogeneous strain increases the total widtA'SC De significant. This variation of lattice parameter with
to 23.0 cm'!, compared to the 32.5 ¢ linewidth seen partlcle_ size may well be due to the ch.anglng.densny of
experimentally. For these 6.1-nm-diameter particles, the in¥acancies. It and the actual vacancy density are likely depen-
crease in linewidth due to confinement is only 2.0 ¢nfior dent on the details of sample preparation, and as such the use
the Campbell confinement model with Weber dispersion, an@f Raman shifts and linewidths as a diagnostic of particle
<1 cm L for the Richter confinement model with either Na- Size should be limited to a given preparation metfibd.
kajima or Weber phonon dispersion. The best agreement of The variations of the phonon frequency and linewidth up
the linewidth with particle size, using confinement and inho-to RT definitively show that phonon coupling is not the rea-
mogeneous strain is obtained usi@g40 with the Nakajima son for the increasing peak red shift and broadening with
dispersion. The Richte(f=1) and Campbell g=2? decreasing particle size. If enhanced phonon coupling in the
~20) models of phonon confinement are based on fairlynanoparticles were the reason for these lineshape changes,
arbitrary (and different assumptions about the spatial extentthen the nanoparticle shift and width at low temperature
of phonons in confined structures. If the Nakajima phonorwould be relatively much closer to those for the larger par-
dispersions are correct, models wigh-40 represent an even ticles.
higher degree of phonon confinement than that in the Camp- The magnitude of\; is smaller for the 6.1 nm particles
bell model, which may be more appropriate for Ge@hile (2.5 cni’?) than for the 25 nm particles and the bulk
using phonon dispersion only along the symmetry direction§~3.7 cm'*) for the ay;=0 fits. This would suggest that
in Eqg. (1) may seem to be a limitation, the main features ofeither phonon coupling or thevy; product is smallefor both
the predictions do not seem to be very sensitive to this apare smallerin the nanoparticle than in larger particles. The
proximation, and are much more sensitive to the choice ofits in Table Il show that there is some doubt even about the
phonon dispersion and the degree of phonon confinement.bulk values ofavy;, since the value foA, in the bulk is

It is clear from Fig. 6 that the change in the measuredsuspect. Either the Gneisen parameter is wrong, erand
464 cm ! peak position to lower energy with decreasing y; depend on the vacancy concentration. The contribution of
particle size is more than that expected from any of the conthermal expansion used in E) assumes that the expan-
finement models alone, but a bit less than that due to straision coefficient does not depend on temperature; this seems
alone.[As seen in Fig. &), there is very little difference in to be a good approximatiohin any case, it is hard to un-
the model peak position between the average and inhomogéangle any potential size-related effects in the peak shift due
neous strain alorjeVacancies increase the peak frequency ao thermal expanision and phonon coupling.
bit, progressively more so for smaller particle sizes with con- The effect of phonon coupling alone is seen in the line-
comitant increasing vacancy concentration. The overalividth. The phonon coupling term, is about 4.7 cm? for
change in Raman shift with particle size due to all of theseboth the 25 nm particles and the bulk, independent of the fit.
effects is shown in Fig. 6. There is very good agreement witfReference 24 observed a similar dependencd an bulk
the experimental peak position when strain alone is consid€eQ,. For the 6.1 nm nanoparticleB; is 2.5 cm ! for the
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LL fit and 4.4 cm ! for the Voigt fit, respectively, assuming due to confinement in the 280 cm ! line is expected to be
Lorentzian and Gaussian profiles for the nonphonon broadspposite to that of the 464 c¢m line, while the direction of
ening term; the latter value is close to the bulk value. Thethe shift due to strain would be the same. The valug;dbr
Raman lineshapes of the nanoparticles are seen to be matee ~280 cni ! line has not been reported. The Raman sig-
Lorentzian than Gaussian at each temperature, so the formeal is too weak in three of the particle sizes to determine the
value may be more meaningful, but this is not certdifhe  peak position and linewidth well enough.
nonphonon coupling contribution would be expected to have The peak observed near 560 thhas been attributed to
a skewed Gaussian lineshape resulting from inhomogeneotise presence of defectsnpurities and/or vacancig$® This
broadening, if this strain broadening accounted for all of thepeak is observed in all of the nanoparticles, but is several
low-temperature linewidth Overall, the parameters in orders of magnitude weaker in the bulk. The peak near
Tables Il and IIl suggest that phonon coupling is no strongeB830 cm ! appears in Ce©nanoparticles of all sizes, but
in the CeQ_, nanoparticle than in larger-dimension mate- never in either the um particles or the sintered pellet. It has
rial, and only possibly that it is somewhat weaker. not been reported in previous Raman investigations of nano-
This is contrary to the conclusions of Raman studies ofarticle CeQ. It could be due to a second-order phonon, a
nanocrystalline Si film¥?* and CdSe nanocrystals in local mode centered on vacancies, or the presence of another
glass?® which suggest more coupling in the nanodomainselemental species.
than in larger domains. In fitting their lineshapes, Ref. 25
used a LL fit, while Refs. 17 and 26 useH,(T) VI. CONCLUDING REMARKS
=(Tx)?+[AT(T)]? which assumes that both broadening
terms are GaussiaicG mode). Table IIl also gives the fits
for Raman scattering in CgO, for a GG fit. This leads to
B,;=7.1 cm ! for the 6.1 nm particles, which would suggest

The peak position of the strong, triply degenerate, first-
order Raman line in CeQ at 464 cm ! is shifted to pro-
gressively lower energies as the particle size gets smaller,

that phonon decay broadening is faster in the nanoparticl hndlthe peak ge_tg pr_(r)ﬁre.sswely_brolactjtc_ar and afyl”i]mgattglg on
Since the phonon lifetime broadening is definitely Lorentz- € low-energy side. The increasing fattice constant with de-

ian, this is not an acceptable possibility. It is emphasized th ‘f;ei\il;'(;'t% pﬁrnncle i5|z$ iﬁXp\lls'Tls EE"IS ilia(rjnabn tshhlﬁirmdrlﬁ Trle
it is critical to use the proper lineshapes to obtain broadeninaé € change IS Tairly Well expianed by the inhomog

fits, especially when the low-temperature width is larger thar} nous strain broadening associated with dispersion in particle

the phonon damping width at most temperatures size and by phonon confinement. The spectra are also likely

Figure 3 shows a change in the ambient temperature pea{E be .dire_ctly affected by thg presence of V?‘C""“C‘es- Phonon
position of the 464 cm® peak after brief heating for the 6.1 coupling is not enhanced in the nanoparticle compared to

nm particles, but not for the 25 nm particles; no change inIarger particles, so it is not the source of the Raman peak red

shift and broadening with smaller particle size. Irreversible

ambient temperature linewidth is seen for either. These ob—han es in the room temperature Raman peak position in the
servations are consistent with strain relaxation in the 6.1 nnf 1219 P P P

particles, since strain is the major contributor to the Ramar?maller hanoparticles are seen aft<_er hea“?‘g them for. short
times above room temperature. This may involve strain re-

shift. Since the heating times were too short for partidelaxation and/or oxvaenation. A more detailed study of an-
growth from sintering, heating should change the linewidth . Y9 ) ) ) y
nealing and processing these particles will be presented else-

relatively little, as is seen here, since phonon confinement i\?Vhere
a very important contribution to the linewidth for nanopar- :

ticles here.
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