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Electron-phonon interactions in insulating nanoparticles: Ey0;
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The temperature and particle size dependencies of the linewidth of spectral holes burnedFg-tiD,
transition of E4" ions in EyO; are calculated and compared with experiment. The power-low temperature
behavior~T7, well-known experimentally and theoretically for the bulk, is observed to be strongly weakened
to ~ T2 for the nanoparticles. A calculation is performed that assumes a two-phonon Raman-scattering mecha-
nism involving the discrete phonon modes of a homogeneous nanoparticle with stress-free boundary condi-
tions. The experimental results are successfully described assuming that the phonon modes broaden with
frequency as- w?. A quantitative comparison of the calculations with experiment allows the determination of
the linewidth of the phonon resonances of the nanopatrticles. The calculations predict that the size dependence
of the hole linewidth is~D ™25, in close agreement with experiment.

[. INTRODUCTION model for the electron-phonon interaction in which the inter-
action involves localized vibrations as in glasses. The results
Nanoscale materials exhibit properties that are quite disef this simplified model successfully described the observed
tinct from those of bulk materials because of their size-size dependencé,,«1/d?, but yielded a temperature depen-
restricted nature. In semiconducting nanoparticles the cordence that depended much too strongly on temperature.
finement of the electrons leads to an increase in the band-gap In this paper we present a calculation for the size and
absorption energy and to the formation of discrete electrontemperature dependence of the electron-phonon interaction,
hole states. In addition, the size restriction leads to importanassuming the same two-phonon Raman-scattering mecha-
vibrational effects such as the appearance of a “gap” in thenism, but we consider the specific confined modes of the
acoustic-phonon spectrum and the formation of discrete vinanoparticle, including their resonance widths, and utilize a
brational states. Experimental studies of electron-phonon inmore exact treatment of the electron-phonon interaction. The
teractions in semiconducting nanocrystals indicate that thealculation provides a good description of these observations
homogenous dephasing ralffg is linear in temperaturd,  regarding the spectral hole linewidths. We first provide a
and depends inversely as the square of the particledize, review of the experimental results in f. The calculation
Theoretical calculations for semiconductor nanoparticles prebegins with a treatment of a spherical nanoparticle consider-
dict I',<T in the high-temperature limit where KT is larger ing its specific low-frequency normal modes and the effect of
than the minimum confined-phonon-mode energy ahd the size restriction on both the vibrational eigenstates and on
«1/d? for the deformation potential or d/in the piezoelec- the electron-phonon interactions. We find that a best fit to the
tric coupling model for the electron-phonon interactfdfor ~ data requires the assumption that the nanoparticle phonon
the calculations presented in this paper that describe expefiesonances broaden as the square of the phonon frequency.
ments on insulating nanoparticles it must be noted (hat We then consider the effect of a reduction in symmetry of
the electronic states are highly localize®) the nanopar- the nanoparticles.
ticles are nearly free and are not imbedded in a glass matrix,
which ad_ds add?tion.aI possible_mechanisms for the electron- Il. REVIEW OF EXPERIMENTS
phonon interaction in the semiconductor ca&®,the tem-
perature range of the experiments is in the low-temperature Nanoparticles of E3D; were studied in the size range of
regime where kT is less than the minimum phonon energy5—12 nm. Three nanoparticle samples were produced by gas-
and (4) the mechanism is two-phonon Raman scatteringphase condensation wittw-CO, laser vaporization as de-
Thus, while the results presented here cannot be directlgcribed previously.The average particle size was controlled
compared with those on semiconducting nanoparticles, thelpy the N, gas pressure in the synthesis chamber and was
may still be of considerable relevance to that system. characterized with transmission electron microscopy. The
We have previously described the observation of an unthree particle-size distributions are shown in Fig. 1. The
usual temperature dependence of the linewidth of spectrahean particles sizes of these three samples are
holes for EG" in both porous sol-ge}-Al ,0;,% a nanostruc- E1 (11.6nm),E2 (7.6 nm), andE3 (5.4nm) each with a
tured material, and in B®; and Y,O; nanoparticle. In  distribution spread of=2 nm.
these two cases, the experiments were interpreted with a Fluorescence and excitation spectroscopy on these nano-
simplified description of the electron-phonon interaction as{articles along with x-ray diffraction have shoWnhat the
suming there, as we also do in the present work, that theanoparticles crystallize in the monoclinic phase ob@u
dephasing is produced by two-phonon Raman scattering. Ifhis phase contains three crystallographically inequivalent
that calculation we considered a smoothed density of stateSu** sites, rather than the two sites present in the normal
for the confined phonon modes of the nanoparticle and aubic phase. In the monoclinic phase, the three Eu sites are
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FIG. 1. Particle-size distributions for the three,By samples, §
determined by transmission electron microscopy. ™ E1, site A
resolved in excitation and emission. The excitation spectra
for the 'Fy—°D, transition of two of the nanoparticle
I

. . . N 1 N " 1 "

sgmples are shown in Flg. 2. Note that for.the largest particle 400 200 0 200 200
size three absorption lines are seen despite the fact that both
the ground and excited states are nondegenerate. Thus, these Frequency (MHz)
an_ be identified as k_)(:}lOﬂglﬂg .to the three.s.ltes in the mono- FIG. 3. Examples of the hole spectra for the three samples and
clinic structure. Identification with the specific sites has beer} : _

; 7 or the three sites af=1.5K.
tentatively made by Dexpert-Ghyet al.” Note that as the

particle size is reduced, the lines broaden andBHe sites . .
become unresolved. The linewidth of tiesite is always a?gf; diar?goex'\c/litHezd ;)Iatge lgzlrll ch)ée's \ﬁtri]:hs r(.)iﬂti(;tstwtgeEu
significantly broader than those of tiBeor C sites. In addi- i%oto es. Hole lifetimes ati 5K f§" i th% rar? o between 0.1
tion, there is a background absorption that includes the ret_o 10ps With the shorter Iifétimes occurrin giJn the smallér
gion between thé\ and theB/C sites and extends beyond : . . 9 o
these site absorptions as well. 22{};?;?5 IT?TgeaBls;)n;ocr: t;?ezlte, which behaves quite differ-
. 5 .

trar?ggggacl)fhglllethbrz:anIsni?e;Ni]? ggrﬁ;’éggg gp;glgo:nrzé The hole burning is performed with a single-frequency
site), 582.2 nm(B site), and 578.5 nmA site) in.E o (2-MHz bandwidth tunable dye laser. The holes are detected

P S X s in a repetitive burn/scan sequence in which the holes are
Transient hole burning is observed on all three sites. Th urned for 30 ms followed by a 10-ms delay and a 20-ms
mechanism is assigned to population redistribution_ amont can. The burn and scan power densities are about 200 and
the hyperfms% Igvels of Eu as hé\s been seéegn previously i 0 mWi/crd, respectively. TheSDo—'F, fluorescence at
?hu;k oCbrg(SaSIat’i Odr:sg;dgﬁi?] ;Lyséﬁ d as?g eﬁgzs Stl’lf) 33?3 \(/)vri]thi 610 nm is monitored, through wavelength selective filters, as

r%he laser is scanned through the hole. Spectra are obtained by

averaging 300—3000 burn/scan sequences. Figure 3 presents
some representative hole spectra at 1.5 K for the three
samples. The holes have a typical depth of 20%.

IIl. RESULTS

A summary of the temperature dependence of the hole
linewidths is presented in the form of a log-log plot in Fig. 4.
The instrumental contribution of about 4 MHz has not been
subtracted from the data. The upper temperature limits on the
measurement of the hole linewidths are determined by two
factors, the hole lifetime and the magnitude of the hyperfine
splittings. When the lifetime becomes shorter than about 100
ms, the holes are refilled before the scan of the spectrum and

E1 (d=11.6 nm)

Fluorescence intensity (arb. units)

0 me R m) hole remains. Thi d 12 K for B sit
' ' ' T ' ' - ' no hole remains. This occurs aroun or sites
576 578 580 582 584 and 6 K for theA sites. In addition, when the holes broaden
Excitation wavelength (nm) beyond the maximum hyperfine splittings in the the ground

or excited states, about 200 MHz, transient hyperfine hole
FIG. 2. 'Fo—°D, EW* excitation spectra aff=1.5K for  burning becomes impossible since the laser cannot selec-

samplesE1 (5.4 nm) andE3 (11.6 nn) showing the three sites for tively pump a particular hyperfine transition.
each of these monoclinic samples. While hole burning occurs on all three resonant transi-
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FIG. 4. Observed temperature dependence of the spectral hole
linewidth for the three samples and for the different sites. The solid Temperature (K)
lines are fits to the low-temperature behavior as described in the
text. FIG. 5. Comparison of the temperature and particle-size depen-

dence of the calculated spectral hole linewidth to that of the experi-

tions, hole burning is also observed at all wavelengths ber_nent. The calculation is performeq for each particl_e size assuming
tween these resonances and even outside this Wavelen%woi t2he phonon modes broaden with frequencyasiith q=0, 1,
range indicating the presence of a continuum of sites. Th na e
presence of sites that absorb at other wavelengths has alread o )
been noted above based on the excitation spectra shown Triwlese fits yield reduceglz of 0.18, 1.54, and 0.61, respec-
Fig. 2. The narrowest holes occur in the region of Bi€  tively. ' o
site absorption. At other wavelengths the holewidths are For theA site the hole linewidths are much larger than
much broader and are similar to those of thsite. those of theB/C sites at all corresponding temperatures. As
The smaller nanoparticles have larger linewidths at anyor the B/C sites, the temperature dependence follovis*a
given temperature than those of the larger particle sample§€havior witha~4 and the linewidth increases monotoni-
Note that they all have a linewidth which, at low tempera-cally as the inverse of the particle size. Because the tempera-
tures, is nearly independent of temperature but which idure range for the\ sites is so limited, the calculations that
much larger than the laser bandwidth lirtit MHz). Above — are described in the following will be compared only with
abol 4 K the linewidths grow rapidly, approximately @  the data from thé/C sites.
where 3<a<3.5 for the B/C sites, as described below.  The sources of the low-temperature nonzero value of the
Genera”y Speaking, the magnitude of the temperatureunEWidth and the linewidth contribution that is linear in tem-
dependent increase of linewidth grows monotonically as th@erature are not fully understood. Spectral diffusion, which
particle diameter decreases. It is the rapid rise in linewidtiPccurs over a large range of time scales, can account for the
with temperature ab@v4 K that is of central interest in this nonzero limiting value at low temperature. Since the time
paper. It is assumed that the very weak temperature depef€lay between burning and measurement is of the order of
dence belw 4 K resuits from a different mechanism than mi”iseconds, Significant Spectl’a| difoSion can occur, broad'
that of the rapid increase above 4 K. We therefore first fit theening the hole, prior to measurement. For example, such ef-
slow increase belw 4 K with a constant low-temperature fects associated with glass rearrangements that occur with
linewidth plus a small linear temperature-dependent contrithe energy release in downhill energy transfer have recently
bution for each sample. These fits are shown by the soli®een reported in organic glasséghe linear contribution is
curves in Fig. 4. In Fig5 a log-log plot of the temperature probably associated with residual disorder in the nanopar-
dependence of the linewidths for tB#C sites is shown. In ticles due to the presence of two-level systems. It is well
Fig. 5, the contribution to the linewidth of the characteristicknown in glasses and disordered crystals that this adds a
low-temperature behaviofsolid curves shown in Fig. )4 nearly linear temperature dependence to the homogeneous
have been subtracted from the experimental results. In ordé'l”eW'cm‘-&12
that the values of the experimental points used to compare
with the calculations have adequate statistical significance,
only those points whose linewidti{after the subtraction of
the low-temperature behavjoexceed 20 MHz are shown. A
best fit to the data is obtained for a power law in temperature A comparison of the temperature behavior of the spectral
with «=3.5, 3, and 3 forEl, E2, and E3, respectively. hole linewidths for the three samples reveals a strong depen-

IV. CALCULATION OF THE ELECTRON-PHONON
INTERACTIONS FOR NANOPARTICLES
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dence of the dynamics of the system on particle size. This In the discussion that follows, the calculation of the two-
occurs despite the nearly identical excitation and fluoresphonon Raman scattering is first presented for the bulk,
cence spectra that indicate a well-ordered material with simithereby illustrating the procedure and the origin of the well-
lar local site environments. While the particle-size-dependerknown T behavior. Next, the eigenvalues and eigenvectors
dynamics might result from disorder near the surface tha®f the normal modes of a spherical homogeneous particle are
could lead to enhanced dynamics such as, for example, twélescribed, showing the discreteness of the phonon spectrum
level systems, we believe that it can be understood in term8nd the appearance of the low-frequency “gap.” The calcu-
of the enhanced electron-phonoe-p) interaction that oc- lation of the two-phonon Raman scattering is then obtained
curs with a reduction in particle size. Such a calculation ex Or the case of a spherical nanoparticle. The result leads to a

plains the unusual power-law behavior of the temperatur(?rediCtiO” for both. the temperature and size dependence of
dependence of the hole linewidths as is shown below. It als!® Nomogenous linewidth. Finally, the consequences of re-

describes quantitatively the particle-size dependence of th&0Ving some of the simplifying assumptions, such as the
hole linewidths. assumption of sphericity, are considered. As will be shown, a

In this calculation of thee-p interaction for the nanopar- satisfactory description of the observed dependence of line-

ticles we consider the dynamics to be dominated by the twoVidth on temperature and particle size can be obtained with
phonon Raman process. This is justified by the fact that bothgasonable assum.pt|ons. ,It IS aI;o demonstr{ated that the
the ground and metastable excited states of the optical trarsi'€ngth of thee-p interaction required to describe the ex-
sition studied are isolated from their nearest higher—lyingpe”memal nanoparticle results is consistent with the known

electronic states by more than 170 chrand 1600 crit strength of the two-phonon Ramanp interaction in the

respectively, so that below 20 K the direct process whereb;'?U”‘ crystal case using reasonable parameters. This provides

phonons directly couple these optically coupled states t&ons_iderable confidence in th_e mc_>de|. The quantitative ex-
nearby electronic states, can be neglected. Dynamics relatd@nSion of the homogeneous linewidths from the bulk to the

to disorder associated with defects either on the surface dranoparticle also allows one to estimate the homogeneous
internal in the nanoparticle, which might give rise to two- widths of the nanoparticle vibrational resonances, yielding

level systems, may also be non-negligible, but for the mo@" estimate of their dephasing times and their dependence on
ment these will be ignored. In support of this, it is noted thatPhonon frequency. o
a nearly linear temperature dependence of the linewidth, 1h€ mechanism of two-phonon Raman scattering involves
characteristic of the two-level systeffiLS), is also not ob- the scattering from either the ground or excited electronic
served except for a very weak linear behavior befoK that ~ State of the optical probe ion of a phonon of statito a
perhaps can be assigned to the presence of TLS. The rathidponon staté’. This scattering involves a virtual state of the
sharp experimental inhomogeneous linewidths suggest a lofgn-Phonon system and because no real states are involved,
level of internal defects. phonons of all frequencies can participate.

The two-phonon Raman process is calculated in a manner 1he Hamiltonian for thes-p interaction is written
analogous to the procedure in bulk crystalline materials that _ 5
leads, for the bulk material at low temperatures, td ‘a H=Ho+Vie+V,e?, @

?&fg?:ﬁ:?;cetggse?ﬁaet lfr?alizethzorr:;)lﬂtesn?(;)rur?arl:ggi?:géTéWhere the strain is writteq in terms of the phonon creation
very different. In the first place, the acoustic-phonon modes){ind destruction operatoray anday, respectively,
become discrete in energy with a low-frequency “gap.” This
simply follows from the solution of the vibrational modes of e=duldX|y_o= >, (iIkIVY)(hl2pw) YA al—ay). (2)
a homogeneous solid with boundary conditiéhg his re- k

sults in a very different temperature dependence for the dy-

. ; P For a continuum of phonon states, we use Fermi's Golden
namics than is the case for the infinite crystal. Secondly, th??ule that allows one to express the two-phonon Raman-

confinement of the vibrational excitations results in a . ; . )

. ) . . scattering rate for electronic staiten terms of a coupling
particle-size-dependent amplitude of the motion of the atom%natrix elemenM,, and the phonon density of statet,)
thereby producing a greatly enhanced interaction between kk P y teboi).,

the electronic states of the impurity ion and the vibrational

modes of the nanoparticle as the particle size is reduced. WRaman:(ZW/ﬁz)f f IM e |2p( @) p( @) 8wy
An important feature of the eigenstates of the vibrational
modes is the spatial dependence of the amplitude of the in- — wp)dwdwy 3

dividual atomic motions, which is a natural consequence of

the fact that these modes are standing waves determined lyhere w, is the phonon frequency and

the boundary conditions. This means that the interaction of a

particular vibrational mode with a Bt ion will be a func- Mo = (i1 pVV3) 02w (ng + VIV i) (4)

tion of the ion’s location in the nanoparticle. However, this

spatial dependence will be different for each vibrationalHereV is the volume of the nanoparticleq is the speed of
mode and will tend to be averaged out at higher temperaturesound, |i) is either the ground or metastable-excited state
when a large number of the vibrational modes become actieonnected to the ground state by the hole-burning transition
vated. In addition, we assume that the®Euons are ran- and

domly distributed within the nanoparticles. This spatial de-

pendence is ignored here. n=(€"“’kT—1)~1=phonon occupation number.(5)



3400 R. S. MELTZER AND K. S. HONG PRB 61

TABLE |. Parameters for obtaining the eigenfrequencies of the In order to perform the integration of E(B) for the case

nanoparticle normal vibrational modes of £y. of nanoparticles, it is necessary to explicitly utilize the den-
sity of states for the vibrational modes of the nanoparticle.
a B Y Since the modes are discrete and may be well separated from
- one another in frequency, the integral is broken up into a
Spheroidal . .
. sum of integrals, each term accounting for one of the reso-
Transversej =1 1.3-0.014) 0 0 . . . .
. nant vibrational frequencies. Each resonance is treated as
Transversej>1 1.3 3.14 —-3.14 .
I having a degeneracy ofl 2 1. For the lower-frequency pho-
Longitudinal 2.53 6.12 0 . .
Torsional non modes, which are of main concern at low temperatures,
orsnone_u_l 125000 0 0 scattering takes place among the degenerate phonon states
1= -25-0.007) within each resonance. Thigsandk’ in Eq. (3) are identified
j>1 1.3 3.14 —-1.57

with modesjim andjIim’, wherem andm’ span the 2+1
degenerate states. At higher frequencies, modes of different
jl may overlap so that scattering among differgninodes

V'in Eq.(4) qontalns contriputions from both strain terms in can occur. The density of states of each resonance is treated
Eqg. (1), the linear term to second order, summed over all

. ! i S .. as a normalized Lorentziag;, (w) of width Aw;, weighted
intermediate statesand the quadratic term in first order. It is by the degeneracy. This results in a density of states,

given by
(VD =Vl + 2 VAl Vali/a, - () p(w>=j2I (21+1)gj(w)
whereA, is the energy difference between the stateand 4 )
(t|. For the bulk crystap(wy) = 3Vw?/272v3, which leads to = ; 2+ DAw;(2m) (0= )
the result
+(Awjl2)?] 7L, (10

—ol/ilvrliN2o-3.2,100 | P 6
Wiamad Utk = (9I(i| V'[1) 2127 p?v) J; @’n(n+1)do. The contribution of each term in the sum of E@) is ob-

(7)  tained by integrating over the rangelOA w;, .
The result of integrating Eq.3) using the phonon spec-
trum of the nanoparticle depends strongly on the magnitude
WRama,(bqu)=9~6!(k/ﬁ)7|(i|V’|i)|2(27r3p2v(1)°)‘1T7, of the phonon resonance \_Nidtb,w“ . and how this width
(8) depends on frequency. While one might expect that the reso-
. nances broaden with frequency, the nature of the phonon
which produces the standard result théamafbulk)aT’ @t gynamics in nanoparticles is not presently known. We have
low temperatures. A comparison to the observed temperatuiigierefore performed the integration assuming various fre-
dependence of the homogeneous linewidth in the k- quency dependencies of the fornw;; = Awgew whereq

termines thati|V'[i)=0.375eV. =0, 1, 2 and wheré wy is a parameter chosen to yield the

For the nanocrystal, the normal modes are standingqrect magnitude of the observed temperature dependence
waves. The frequencies were first obtained by Linib of the hole linewidth.

1882. The eigenvalues and eigenvectors were described in The calculated densities of states for particles of diameter
second quantized form by Takagatfamaho obtained the 5 4 ang11.6 nm for the case@f 2 are shown in Fig. 6. For
modes of a homogeneous sphere under stress-free boundlyse of visualization, the value dfw,, is taken as 1000
conditions by introducing a scalar and vector potential. Th§imes the value required to fit the experimental temperature
modes are classified into two types, spheroidal and tors'onatljependence of the hole width. Thus, in actuality, the reso-
They are characterized by a set of three quantum numbers; . ces are narrower than shown by a factor of 1000. Note
m are the angular momentum indices, ane the radial ¢ 4t higher frequencies, the energy density of resonances
quantum number. The approximate eigenvalues described Bycreases and the resonances broaden to form a continuum
Tamura, whose density of states increases? (as in the bulk The
o_ : lower-energy modes for the 5.4-nm particles are labeddd;

0ji=(VolR) el + Boi +7,), © | for spherical transverse ariq, | for torsional, wherg and
are used in the following calculation, wheRes the particle | are the radial and angular-momentum quantum numbers,
radius,o labels the type of modé.e., spheroidal, torsional, respectively. Since the resonance energies scaleRasfdr
longitudinal, etc. and «, B, and y are constants of order the smaller particles the corresponding resonance energies
unity that are determined by a fit of the eigenvalues calcuand widths for a given value gf | become larger, inversely
lated from the calculations described by Takagahasing as the particle size. Note the larger “gap” and reduced den-
materials constants appropriate to ,8g (density=7.42  sity of states for the smaller particles.
x10®kgm 3 and sound velocity3.5x10°ms™Y). For The temperature dependencies of the calculated hole line-
Eu,0; they take on the values given in Table I. However, forwidths, for the average size of the three particle-size distri-
the lowest-frequency modes, the approximate formula givemutions, are shown in Fig. &curves as a function of the
in Eq. (9) is not sufficiently accurate so the actual eigenfre-exponentq that describes the frequency dependence of the
quencies are utilized. phonon resonance width.

For kT<fAwp integration of Eq.(7) yields
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Phonon Density of States Calculated hole width vs diameter
i I | I
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FIG. 6. Calculated phonon density of states for 5.4- and 11.6-nm d=11.6 nm ole
particles assuming the phonon resonances broadsef (i.e., q ] A expt (9K)
=2). The modes for the 5.4-nm particles are label®d:j,1 for A
spherical transverse afid,1 for torsional, wherg,1 are the radial 1 ' '
and angular-momentum gquantum numbers, respectively. 0'1 09
The results of the calculations for the 11.6-nm particles 1/Diameter (nm)-1
are shown by the dashed curvesdpr 2, 1, and 0. They can
be compared with the experimental hole widilopen tri- FIG. 7. Comparison of calculated and experimental spectral hole

angles, obtained by subtracting from the observed holejinewidths as a function of particle size =10 K.
widths the low-temperature contributions indicated by the
solid curve in Fig. 4. It is seen that the caseqef2 best for the decrease of the temperature expomreasq increases
describes the data for the 11.6-nm particles. Similarly, thds the dependence of E¢3) on the square of the phonon
solid curves present the calculated results for the 7.6-nm padensity of states. The larger the valuegptthe more rapidly
ticles. Comparison to the experimental results for this sizehe phonon resonances broaden. While the total number of
particle suggests that tleg=2 results also best describe the phonon modes remains constant, the magnitude of the spec-
temperature dependence. Finally, the dotted lines present titieal density for each mode decreases inversely as its width.
results for the 5.4-nm particles with a comparison to experiAs a result, since the integrand of E§) contains the den-
ment (open circles For the smaller nanoparticles at low sity of states squared, when the integration is performed, the
temperatures, the calculated temperature dependence of thiggher-frequency modes, which are increasingly populated as
homogeneous linewidth goes from a power-law behavior tahe temperature increases, make a reduced contribution to the
one that is exponential whedl <7 w,;i,, Wherew,,, is the integral; the effect being more pronounced the more rapidly
frequency of the lowest-energy phonon mode. Here thehe modes broadefie., asq increases Thus, the larger the
agreement is not very good, although at the higher temperasalue ofq, the smaller the value af.
tures, the experimental data is converging to the calculations. The calculations also correctly describe the size depen-
We suspect that for these smallest particles, disorder and tlience of the hole widths, for all the examined valuesj.of
role of the surface make a contribution to the dephasingThis is shown in Fig. 7, where the experimental linewidths at
likely from two-level systems associated with the disorder.9 K for the three particle sizes is compared with the calcu-
This idea is supported by the excitation and emission spectiated linewidths for the corresponding sizes at nearly the
of the 5.4-nm particles that yield much larger inhomoge-same temperature. The calculations indicate that
neous linewidths for all three sites than similar spectra of~D 2% This is similar to the result that has been deter-
larger-sized particles. Because dephasing due to TLS imnined for semiconducting quantum dots, where it was found
creases only linearly with temperature, in the higher-(albeit at higher temperatures where the optic-phonon modes
temperature region the role of the nanoparticle vibrationaominate¢ that the homogeneous linewidth varies as
modes acting through two-phonon Raman processds)  ~D 2,12
become dominant. One must also examine the consequence of relaxing some
The calculations predict a much weaker power-law be-of the simplifying assumptions about the nanoparticles since
havior for the hole linewidth with temperature than for the the particles are not perfectly round but are faceted and often
bulk, which isT’. Rather, for the nanoparticles, the behavioroblong in overall shape. The removal of spherical symmetry
is T* with «=5.5-q; i.e., 5.5,4.5, and 3.5 fay=0, 1, and 2, breaks up the 2+ 1 degeneracy of each mode of quantum
respectively. Comparison with the experiments suggests thatumberijl. If the splitting is greater than the phonon reso-
«a lies between 3 and 4 implying thgtfalls between 1 and 2. nance width, the higher-frequency modes, which have the
As a result, it is concluded that the nanoparticle vibrationalarger degeneracy, will not contribute as effectively to the
modes broaden either linearly or quadratically with fre-integral of Eq.(3). Although each term in the sum corre-
quency(at least for the lower-frequency mode$he reason sponding to a given value of 1 will yieldl2-1 terms under
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— ] width obtained by fitting the calculations for the case of a spherical
5 10 20 nanopatrticle to the experimental results of the spectral hole width as

a function of temperature and particle size.
Temperature (K) P P

FIG. 8. Comparison of temperature dependence of spectral hole

width for a spherical and distorted nanoparti¢lé.6 nm with each ~ nanoparticle vibrational eigenstates. Energy relaxation

other and with experiment for the cage= 2. among the modes of the nanoparticle are strongly hindered,
especially at low temperature, due to the discreteness and
low density of states of the vibrational modes. This greatly

the reduced symmetry, the contribution of each of thesdimits the number of processes that can conserve energy in

terms will drop by a factor (P+1)~ 2 since this prefactor the relaxation. However, since the particles are not truly iso-

will no longer multiply each of the normalized Lorentzians lated, as is evident from TEM pictures, relaxation processes

in the density of states that appear twice in the integrand ofhvolving the interaction among nanoparticles may provide

Eq. (3). As a result, the magnitude of the hole width is de-other pathways.

creased and the temperature dependence is weakened. To

provide a best fit to the experiments, the phonon resonance

widths used in the calculation must be reduced relative to V. CONCLUSIONS

their values for spherical particles to bring the magnitude of . : .

the calculated results into agreement with experiment. AR A calculation of thee-pinteraction due to the two-phonon

comparison of the calculations for the spherical and non: aman process for nanoparticles as a function of particle size
is shown to successfully describe the temperature and

_particle-size dependencies of the spectral hole linewidth of
propriate decrease in the phonon width&; for the non- the EJ™ ion i_n Ew,0;. The effects of the (_Jliscrete hature Qf
spherical case. It is seen thats approximajtely reduced by the nanopa_rt|cle phonon states and the increased a_mplltude
about 0.5, from about 3.5 to 3.0. In general, it is found thaof the atomic motions combine to enhance the magnitude of
- X e y tthee—plnteracuon and to alter the temperature dependence of

a=5-q (nonsphericalinstead of 5.59 (spherical. . . 7 . 3
Assuming the correctness of the model presented abovg,]e of the linewidth fromT" to approximatelyT* and to

which is successful at describing the experimental tempere%enerate a part|cle-3|;e erendenceRon-? The calcula- .
ture and particle-size dependencies of the hole linewidths, i ons lead oa determlnatlor_1 of the zgonqn ”?Ode dephasing
is possible to use the resulting parameters that best descrily es_that increase approximately as, y|eId|rJ% for the

the experiments to obtain information on the dynamics of thespherlcal nanoparticles, a value at=25cm " of T,

vibrational modes of the nanoparticle. The phonon resonanc340n5‘ Removal of the assumption of spherical particle

. : i symmetry reduces the exponent in the power-law behavior of
widths, Awj; yield the values off, (T2=2/Aw) for the the temperature dependence of the hole linewidth by 0.5.
phonon modes. The resulting frequency dependencé,of
for spherical §=0,1,2) particles, based on the fits to experi-
ment shown in Fig. 5, are shown in Fig. B, contains con-
tributions from both energy relaxation and pure dephasing.
Pure dephasing can occur by scattering of the phonons We gratefully acknowledge the National Science Founda-
among the 2+1 degenerate phonon states. This results irtion, Grant No. DMR-9871864, for support of this research,
dephasing of both the Bu electronic states and of the Dr. Brian Tissue for the ExD; nanoparticle samples, and M.
phonons. In addition, defects at the surface of the nanopaR. Geller, W. M. Dennis, and S. P. Feofilov for helpful dis-
ticle may provide additional sources of dephasing of thecussions.

spherical particles fog=2 with each other and with the
experimental hole linewidths is shown in Fig. 8 after an ap
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