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Cerium dioxide particles excited in air with sub-band-gap radiation emit very broad radiation in the
visible spectrum above a threshold intensity that decreases with increasing ambient temperature.
Concomitant with this emission is the near disappearance of the Stokes and anti-Stokes Raman
scattering peaks. Both phenomena are reversible in air up to just above threshold, and are seen for
nanoparticles and several-micron-diameter particles with particle diameter comparable to or smaller
than the laser focus. Temperature estimates using the Stokes/anti-Stokes scattering intensity ratio
suggest there is laser heating due to small intragap absorption and possible nonlinear processes,
given the very slow thermal conduction. The broad emission in this loose powder may well be due
to thermal emission, on the basis of spectral fitting of the high-energy part of the spectrum to a
blackbody radiator at-1200—1400 °C, although luminescence from a new phase is a possibility.
The sudden decrease in Raman scattering and increase in emission in air are consistent with a
transition to a new, possibly luminescent, phase, as is the continued disappearance of the Raman
peaks in forming gas when the laser power is reduced below the upstroke threshold. Oxygen point
defects and their complexes may play an important role in many of these process@9020©
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I. INTRODUCTION from a cw argon ion laser; irradiation with the 514.5 nm

The optical properties of small particles have becomé™ 920N 10N laser line and the 3.37'5_356'4 nm UV “.(mbd
. . . . . , ~350 nm) from a cw krypton ion laser was also briefly stud-
increasingly important with the realization that linear and.

. . . . ied. Unpolarized Raman scattering and emission were col-
nonlinear optical properties of nanoparticles can be tuned b . . . ;
. . ; ected in backscattering configuration and analyzed by a 0.1
varying the quantum confinement of carrieasid the recent . . .
. . : : m monochrometefOcean Optics USB200@vith a Si charge
demonstrations of electrical and optical pumping of lasers . Lo
. : . : . coupled devicCCD) array detectofusual acquisition time
with powders as the lasing medid.Cerium oxide particles . " :
: . S . .is ~1 9. Emission was also analyzed as a function of sub-
are of interest because of possible applications in Catélys'sstrate temperatur€ using a heating staginkham THMS
and fuel cell technologiesOxygen defects in these particles b 9 9

make them complex to understand, yet useful. During ar?oo) (~190-550°C; survey measurements were also made

examination of strain, phonon confinement, and phonon d Up to 1150°C with a different heating staginkham
. : s ; Lo . TS1500. Transmission through and elastic scattering from a
cay in cerium dioxide nanoparticles using Raman scatterln%

with laser radiation below the band g&phe authors first O-um-thick powder of 10-nm-diam particles on a transmis-
sion electron microscope gritholey carboi atop a glass

observed(but did not repoit unexpected broadband visible . . . .
. . . .__slide were also monitored as a function of laser power using
emission at higher laser power accompanied by near disap- . . . .
earance of the Raman peaks. In this paper we attribute this Power meter. Absorption of the nanoparticles in solution
P ) c?uring synthesis was measured from 300 to 1100 nm using a

very un | optical emission to heating and thermal emis; . .
ery unusual optical emission to heating and thermal e SXe lamp at room temperature. X-ray diffractiodRD) mea-

sion. surements were made on bulk cerium dioxi@eum-diam)
up to 1300 °C using a Scintag X2 diffractometer equipped

Cerium dioxide particles were synthesized by using the
room tempgrature react@on qf cerium nitrate and hexamethy; resuLTs
ylenetetramine, as detailed in Ref. 7. These loose powders
are placed on a glass slide and irradiated by several mW of Broad visible emission from 6—-25 nm andusn diam-
cw ion laser radiation focused to a spot radius~¢? um.  eter cerium dioxide particles is seen above a threshold power
Most experiments were conducted with radiation at 488 nnifixed 2 um focug with 488 nm excitation in ai(Fig. 1).

With the substrate at room temperat(2& °C), the threshold

dCurrently with the Department of Chemistry and Chemical Biology, Har- ppwer Is~20-25 mW for a".Of these part.ICIeé?(.)W.erS are
vard University. cited because of uncertainties and spatial variations in the
YContact by e-mail at iph1@columbia.edu intensity) There are run-to-run variations in the threshold
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. i . i . . . i FIG. 2. Threshold power vs substrate temperature fanbparticles in air
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<
; ——0.3sec % . .
S5 2 inset3. These correlated changes occur with the substrate
© ----06sec £ 1 temperature varied from190 to 550 °C. Figure (£) shows
21 |- 0.9sec ¥~ el the broad emission peaks near 700 nm and390 nm wide
@ | “Wavelongth, nm . full width at half maximum, without correction for the grat-
9 Mﬂ»‘k ing and CCD detector spectral responses. After spectral cali-
£ bration, the emission is seen to peak at longer wavelengths
>900 nm, and likely deeper in the infrared. Above threshold
the spectral shape of the emission profile is roughly the
same, independent of substrate temperature, but the emission

600 700 800 900 intensity increases with power. No broadband emission is
Wavelength, nm seen from pellets prepared from sintering thesen® pow-
ders. Emission is seen with a much higher threshold from
T ' T T T pellets made from the nanopatrticles.
- (c) corrected i1 When the laser power is near threshold, emission occurs
! in ~1 min; with power much higher than threshold it occurs
within <1 s[Fig. 1(b)]. When the laser power is decreased
below threshold, the emission disappears withia ths ob-
servation time scale. For variable incident power approach-
ing and just above threshold, there is reversibility in the Ra-
man intensity, peak position, and linewidth in air without
hysteresis. The threshold for broadband emission using 488
nm excitation of the particles in air decreases with increasing
substrate temperature from48 mW at—190 °C to 6 mW at
550 °C(Fig. 2. Examination at higher substrate temperatures
I L L L L (to 1150 °Q, shows a narrow power range below emission
500 600 700 800 900 threshold within which Raman scattering intensities are de-
Wavelength, nm creased greatly with no broadband emission. Large back-
ground thermal emission prevented detailed Raman analysis

FIG. 1. Emission(a,b,0 and Raman scatterin(a,b) from 5 um cerium . :
dioxide particles excited using 488 nm in air. The insetgad) show the at these higher substrate temperatures. All these above ex

Stokes peak499 nm), elastically scattered light488 nm, and the anti- Periments were performed in air ambient.
Stokes peak477 nm; (a) below and above threshold powers fora490 °C When argon is flowed through the cell, eliminating most

substrate temperaturég) emission spectra are integrated for 0.3 s up to 0.3, 5f the oxygen, water vapor, nitrogen, etc., the emission oc-

0.6, and 0.9 s using 26 mW with a room temperature substi@temission r ith the same spectral profile and the effective loss of
spectra using 36 mW with a room temperature substrate, uncorrected arﬂJ S Wi S Sp prot v SS

corrected for grating and CCD array spectral responses. The emission spddle Raman signal. When forming gé&5% N,, 5% H,) is
tra in (a,b are uncorrected. flowed through the cell, with the substrate at room tempera-

ture, the Raman signal disappears and emission appears
above a threshold; the Raman signal then reappears when the
power, but all trends reported here and below are consistemower is lowered below this upstroke threshold, as with air
within a series of runs. Above this threshold poviat 488 and argon. However, with the substrate at 550 °C, when the
nm), the first-order Raman signal at the triply-degenerate 464aser power is lowered below the upstroke threshl®
cm ! mode decreases by a factor of 10—16@. 1(a), 1(b) mW), say to~2 mW, the emission disappears and, for form-

500

uncorrected

Intensity, a.u.
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FIG. 3. Stokes Raman peak at 499 nm with irradiation @fs particles in 800 E
forming gas with the substrate at 550 (488 nm). Spectra are shown for a oo
time sequence, with the laser first below thresH@® mWw, pre-emission S 500 | .
then above threshol@l4.2 mW, emission and later below the upstroke 5 V/
threshold(2.0 mW, post-emissign o 400 v T
S
O L J
g_ 300
ing gas only, the Raman signal is still abséhig. 3). Just lg 200 1
above threshold, thauncorrected emission peaks near 800 i B— ]
. . o Nt 100 — (b)
nm in forming gas, which is to the red of that in air and ./I/'
argon(~700 nm), but the emission profiles are more similar ok . L . - - L N
much above threshold. When a water drop is added to the dry 0 5 10 15 20
powder, in an air ambient at room temperature, the threshold Input Power, mW
power doubles and the delay in seeing emission is longetiG. 4. (a) Stokes/anti-Stokes intensity ratios as a function of laser p@ver
(~1 min) than the otherwise typicatl s. um particles, 488 nm, gir for different substrate temperature, afil the

gocal averaged temperature from these ratthe data points at the emission

Concomitant with the appearance of visible emission i ihresholds are circlod

the near disappearance of the normally strong 462 'cRe-
man peaks in every case. The inset to Fig) Ehows the
Stokes(S) (499 nm) and anti-Stoke$AS) (477 nm) Raman  ~350 nm excitation(not shown, with a concomitant de-
peaks below and above threshold in air, along with the samerease in the Raman signal. The short wavelength onset of
elastic scatter in all regimes; in Fig(k the increase in emission from~350 nm excitationabout 550—600 njnis
emission in time(<1 s) is accompanied by a decrease in Slonger than for 488 nm excitatiof@bout 500 nm while the

and AS Raman peaks, but no significant change in elastic

scatter. The ratio of the peak intensities of these S and AS

peaks is monitored as a function of power for various sub- = 1.0 a 'u s"(rokel T V'

strate temperature in Fig(&. These intensities are corrected f 08l ¢ dgwnstroke oV v

for spectral sensitivity and the limited number of pixels in 2 R O

each profile (discretenegs additional corrections are dis- & 06r A v V‘ at

cussed later. There is a power range above threshold for 3 A; v o4

which this process is reversible in air, with the reappearance ’g 047 v T

of the Raman signals when the laser power is decreased be- g 02 . & 9 (a)

low threshold. Above a certain limit, it is irreversible, with = o v

the Raman signal in some cases stronger or weaker than 0.0 —— ——t——t—

before the process began. Also, as the laser power is in- =90l r _

creased towards the threshold value, there is a reversible de- g 10 L

crease in Raman shift. g dl vVar ]
Transmission of the focused laser through2@-thick S 08 R 7

samples of unpacked powdéiO-nm-diam in air (with D 0.6} s VA i

losses due to absorption and scatteriig. 5a)] and back- b é

ward elastically scattered lighFig. 5(b)] are also monitored § 0.4r ) ¢ T i

as a function of laser power. Small changes in each are seen 0.2 8¢ ¢ (b)

at the emission threshold as the power is increasgs 0.0 ab e

stroke. In Fig. 5b) no sudden change is seen in the down- 0 5 10 15 20 25 30 35 40

stroke, but such a change is sometimes seen in other runs. No Input Power (mW)

changes are seen in the UPSFrOke with an unfo'cused peamFlG. 5. (a) Transmission an¢b) backward elastically scattered focused 488
At room t_empe_ratl_”_& similar broad_band visible €MISSIOMhm fight as a function of incident powdfl0-nm-diam particles in air at
from the particles in air is also seen using 514.5 nm and withoom temperatude The arrows show the threshold for emission.
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sl ' ' ' ] ductivity of air for the unpacked particles. There is greater
T T T thermal conductivity with water present or within the large
particle pellets(with only a small laser heated regiorOne
exception to the first point is that emission is seen for a pellet
made from nanopatrticles, although at much higher threshold
- power.

The S/AS intensity ratio of Raman scattering at 464
S doo cm1in Fig. 4a) is used to semiquantitatively determine the
400 500 600 700 800 900 temperature of the irradiated regig488 nm). This ratio is

Wavelength, nm A expE/KT),° whereE is the phonon energy andl is a pa-

o~ p , phon gy ¢ p
0 400 500 300 10'00 = rameter currently taken to be unity. The estimated tempera-
Wavelength, nm ture rise is showp in Fig.(®) assuming a unifornT profile,
as a function of incident power for the three substrate tem-
FIG. 6. Absorption of~5-nm-diam cerium dioxide nanoparticles, showing peratures; the circled data points denote the first measured
the weak linear absorption at 488 nm in the inset. power at which photoluminescen¢®L) appears for each
substrate temperature. Below threshold this ratio decreases

threshold power is about the same for both with the substrat¥ith increasing laser intensity, suggestifign the irradiated

at room temperaturé~25 mw). No sharper emission fea- region increases roughly linearly with power_at low power
tures usually attributable to exciton recombination, band—ar?d faster than linearly near threshold.AnaIyS|s of the data in
band emission, or near-band defects are seen at room tef{iS manner, bs?ggeits ﬁnldmcrease finfrom 25°C to
perature or at-190 °C for any of the excitation wavelengths, ~#+40 °C Just below threshold.

The relative absorption of the nanoparticles of diameter . HOWever, this is clearly an underestimate of the pgak
~5 nm collected aftea 1 hour synthesis is shown in Fig. 6. since the S and AS scattered light are collected over the

(The effect of absorption of the solvent has been remc)ved.Spati"""y'V‘"lrying temperature profile of the heated spot. If

The spectrum shows strong band edge absorption near 3glae temperature rise linearly followed the Gaussian spatial
nm and weak absorption peaked near 750 (imset, ex- profile of the laser intensity, the temperature rise at the center

panded vertical scalavhich is ~200 times weaker than the would be about twice that predicted from ratio of the total S

peak band edge absorption near 300 nm. This figure and th"end AS signals. This su_ggests the increase _in T at the center
absorption spectra of Ref. 7 during particle growth show thatS @Pout 830°C. Including thermal conduction, the p&ak

irradiation at 488 and 514.5 nm is sub-band-gap, while thafise would be less than this if the thermal conductivity were
350 nm excitation is ne.ar the band ed@ifpen(’:iing on Independent of or increased witfT (as for bulk insulators

particle size. [In Ref. 7, the absorption band in6-nm-diam ~ ©" €Ven larger than this if thermal conductivity decreased

particles began at360 nm(3.4 eV) and peaked at-335 nm with T (as for semicondupto}s If superli_near absorption
(3.7 eV), representing blue shifts from the 393 rigl5 e\ were important, the peak rse would again be even larger
band attributed to absorption from the valence band gf O relative to the averaged obtained from the S/AS measure-
character to the Ge narrow band?® ments.

No evidence of a phase change is supported by the x—raE T6heﬁsma:: changes in Ra”_‘a” shift Iw!th Itelmrera'r[]ure,
diffraction of bulk cerium dioxide up to the maximum tem- =(T) ;}i ect t”%temperatu(;e estimates refatively it ﬁ_‘ T ;are
perature studied1300 °Q in room ambient. are other well-documented uncertainties in using this S/AS

ratio as a monitor of temperature, which arise from the tem-
perature dependences of the ratios of the optical parameters
in A® The assumption tha is unity here seems reasonable
A. Particle heating since the excitation wavelength is below the band gap and

Most of these observations point to the importance of @ from the band edge.
laser absorption and heating of the particles as the source of
the emission(1) Emission is seen for particles smaller or
comparable to the severaim focus of the laser, but not for
the pellets made from Sum particles.(2) When a water These observations point to the importance of laser heat-
droplet is placed on top of the pile, the threshold powering, but not to the source of the emission. Figure 7 shows the
increases(The water increases thermal conduction, but alsashort-wavelength part of the emissierirO0 nm (which is
affects laser focusing and particle dengitd) The emission relatively insensitive to the spectral calibration correction
threshold decreases as the substrate temperature is increasedtches blackbody emission wiffi~1200— 1400 ° C(with
(4) A particle temperature rise is seen with increasing laseno emissivity correctionsor 488 nm excitation in air, which
power, as determined from the S/AS intensity rdiee be- would peak at~2 um; this T is much less than the 2450 °C
low). (5) The Raman shift decreases with increasing lasemelting point for bulk cerium dioxide. These temperature
power up to threshold, which suggests an increase iestimates are consistent with the S/AS measurements, given
temperatur&.The first two observations are consistent with atheir uncertainties. Emission curves with three excitation
large temperature rise in the particles even with weak abpowers above threshold and the blackbody curves are each
sorption, because of the importance of the small thermal comormalized to unity at 700 nm. In forming gas, the short-

ol

Relative Absorption, oL
~

IV. DISCUSSION

B. Origin of the emission
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1.0 ——30.1

T T v T T T

—R)(1-Ry)|x|#(an+ ),® whereR is the reflection coeffi-

mw

g | — — 343mW cient, x is the Raman susceptibilityy is the attenuation co-

< 08| ----356mW 4 efficient (including loss due to absorption and elastic scatter-

G L —A=—1000 °C ing), 1 refers to the input light, and 2 to the scattered light

& 06} —o—1400°C . wavelengths. Therefore, the Raman signals can decrease at

< t —O—1700 °C threshold power because there {§) more reflection,(2)

B 04r . more absorption, so there is less penetration of light {oto

N r out of) the sample, and/ai3) a decrease in the Raman sus-

g 02} T ceptibility. All of these usually change gradually with tem-

) I perature.

z 00r . . . . . i A very large change in the last two factors could be due
500 550 600 650 700 750 to a change in the type of material: new composition or a

change in phase. Since the Raman profile is already broad for
the nanoparticlegsbut not the larger particlés-due to con-

FIG. 7. Comparison of short-wavelength edge of emission at various powerinement and strain — and already samples much of the Bril-

(5 um particles in air, 488 _nDnand thermal emission specttamissivity louin zone, a change to an amorphous material would de-
=1), each normalized to unity at 700 nm. crease the peak intensity of the Raman peak for nanoparticles
relatively little. After a structural phase change the Raman

wavelength part of the emission matches a blackbody radiaQeak energy of.the mode. can shift or the mode may becqme
tor at a lower temperature; 1000 °C. Thermal emission has weaker or forbidden. This could account for a sudden in-

been observed many times in above-band-gap laser-excit&d€2Se in heating with power leading to thermal emission or

particles. This is commonly known as laser-induced incani® & luminescing phase. However, XRD up to 1300 °C sug-

descence, and has been used in many studies of soot an@&3ts o phase changes in bulk cerium dioxide. This mea-

study of metal nanoparticles to determine particle concentras/€ment is sensitive to the relative positions of the Ce at-

tion, sizes, and temperatuf®' The small dip in the emis- oms; structural transitions involving the oxygen atoms
sion' curve’s at 595 nm in Figs. 1 and 7 is apparently nofannot be ruled out. However, the continued absence of the

instrumental in nature and is unexplained. At these temperzﬁa"n"’“:j pe:;ks wher(; Cﬁr"ljm dioxide is hdeated n ;otr)mlmg %as
tures, thermal radiation losses are estimated to be orders gieated substratend the laser power is decreased below the

magnitude smaller than thermal conduction losses. upstroke threshold power suggests that a reduced, @gO

It is possible that this emission is not thermal radiation,<2) pha;g IS f?]rmed ‘.”‘t higher power. ith d
but luminescence from a high-temperature phase of , CeO A sudden change in temperature with power due to non-

This would explain why the shape of the emission proﬁleIinear absorption in a given phase could also account for
does not change much with laser power. However, the difsome of these changes, but the S/AS intensities ratios sug-

ferent short-wavelength limits of the emission in air for thegesta relgtively gradual c_hange Wit_h power to threshold. The
three different excitation wavelengths suggest this is not thf@nSmission and scattering data in Fig. 5 suggest only a

correct scenario. The experiments in forming gas with eI_small increase in reflection, elastic scattering and/or absorp-
' igé] at threshold, too small to account for the change of

evated substrate temperature suggest a new reduced phé e h K
could be created since the Raman signal remains absent ddfaman scatteringfirst two causes No other Raman peaks

ing a laser power downstroke below the upstroke thresholdfPPear above threshold. The weak residual Raman scattering

Since the visible emission then disappears, this suggests th tPove thlreshold is likely scattering from the wings of the
the emission is not due to luminescence that is linear with th ocusEd aser. hat th o
laser power. It is likely, but not definite, that the same phasv%) The S/AS measurements suggest that the absorption is

Wavelength, nm

is created at higher laser powers in air, argon, and formin near at lower pOWers and possibly sup_erlmmwnh tW(?'
gas. Also, one would expect different thresholds to a newP0ton or thermal-induced absorptjat higher powers. Fig-

phase for different particle sizes. Emission could also arisé® 6 shows there is weak linear sub-band-gap absorption,
from defect states in the band gap: this could cause a nonVNich seems too weak to lead to this large heating.

linear dependence of emission intensity on laser intensity

related to the saturation of these states. However, this is iny_ other points

consistent with the short-wavelength emission limit being )
shorter for 488 nm excitation in air than witk350 nm In an unpublished study, Weber observed an abrupt

excitation. Finally, the emission spectral widths are veryl0Ss of the 464 cnt Raman line and the appearance of vis-

large, and are much larger than expected from most band Jple emission in cerium dioxide particles under reducing con-
defect emissions even at high ditions around 600 °C. This was done with a weakly focused

632.8 nm He-Ne line, so laser heating was likely insignifi-
cant. These observations are fairly consistent with those here
in that they suggest a phase transition at elevated tempera-
Above threshold the Raman peak intensities decrease hyre; they also suggest luminescence from that new phase.
a factor of 10—100. The Raman scattered intensity from a  Many of the useful properties of cerium dioxide particles
semi-infinite medium is approximately proportional ¢ originate from the oxygen vacancies. For example, an ability

C. Decrease in Raman signals
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to form and annihilate oxygen vacancies can help control CQRaman scattering peaks. These phenomena are reversible in
oxidation to CQ, and NQ reduction to N. The fractional air just above threshold, and are caused by laser heating due
population of these defects increases with smaller particléo small intragap absorption and possible nonlinear pro-
size! which is very significant for applications of nanopar- cesses. The broad emission may well be due to thermal emis-
ticles. Since the observations here for nm- gmu-sized sion, on the basis of spectral fitting of the high-energy part of
particles were very similar, it would not seem that defectsthe spectrum in air to a blackbody radiator atl200-
play a big role unless they are generated by the laser irradid400 °C. The sudden decrease in Raman scattering with laser
tion. Laser irradiation may generate further substantial powpower suggests a possible phase transition, especially given
der heating by the generation of point defects and electronithe continued disappearance of the Raman peaks in forming
carriers. This effect is assisted with higher sample temperagas when laser power is decreased below the upstroke
tures. The buildup timgFig. 1(b)] could suggest a buildup of threshold; luminescence from such a phase remains a possi-
defects. If these defects were important, it could help explairbility. Oxygen point defects and their complexes are often
a possible phase transition at elevated temperatures. Th@portant in cerium dioxide and they may play a role in
phase diagram for bulk CgQvith y=2 shows no transitions these observations. Future work includes studying the oxy-
to >1400°C and transitions from 400—700°C for 182  gen defect ordering with neutron scattering, since Ce ions are
<2.0531 the only dominating scattering centers in x-ray diffraction

It is possible that the laser irradiation induces Frankelused here.
defect pairs, i.e., oxygen interstitial and vacancy pairs of
CeG,. T_hese defect pz_iirs anql Cqmplexes are usually not ObACKNOWLEDGMENTS
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