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Quantum size effect in two-photon excited luminescence from silver nanoparticles
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A direct manifestation of electron energy quantization in metal nanoparticles is observed in two-photon
excited luminescence. Experiments reveal the discrete spectra in broadband anti-Stokes photoluminescence
from aggregates of silver colloid particles. A theory based on a spherical quantum-well model for metal
nanoparticles is in good agreement with experimental observations.
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Recent progress in the fabrication of plasmonic nanom
terials and their high potential for various applications
photonics and surface-enhanced spectroscopy resulted
growing interest in the fundamental physical properties
metal nanoparticles. Among such properties is the ene
discretization of conduction electrons in metal quantum d
The quantum-size effect in metal particles has been stu
since the 1960s.1–3 Kawabata and Kubo1 and Gor’kov and
Eliashberg2 considered the specific heat and magnetic a
electronic properties caused by the discrete electron en
states in small particles. The energy quantization effec
nonlinear optical phenomena in metal nanoparticles w
studied by Hacheet al.4 and further developed by Rautian5

Since the first theory for metal nanoparticles by Kawab
and Kubo1 considerable efforts have been made to obse
directly the discrete states in optical spectra of metal p
ticles. However, to our best knowledge these discrete en
states so far have not been seen in optical experiments.
is in sharp contrast with semiconductor particles, where
quantum size effect is readily observed and has alre
found numerous applications, e.g., in quantum-well las
Such a striking difference results from the fact that metals
opposed to semiconductors, do not have a finite energy
between occupied and unoccupied electron states. As a
sult, the electron-hole interaction in metals is screened
and electrons behave as nearly free particles. So far ex
mental studies of various quantum-size effects in the opt
properties were limited mainly to the size-dependence of
dielectric permittivity,e5e11 i e2 , in small metal particles3

~also see Refs. 6 and 7!. The observed spectral width of th
plasmon peak in absorption and its temperature depend
varies in accord with the~1/R!-law predicted fore2(R)1 and
for de2(R)/dT.8

To observe the discrete character of closely spaced en
states in metal nanoparticle we employed resonant t
photon excited photoluminescence~PL!. Note that in con-
trast to bulk metal, where luminescence is forbidden by
translation invariance, here it can occur in sm
nanoparticles.9–11 Two-photon excited PL provides the spe
tral selectivity by ‘‘choosing’’ among many energy leve
only those which are simultaneously in one- and two-pho
resonances with the exciting light. These resonant levels
a much greater contribution to the nonlinear PL. Since th
0163-1829/2004/69~3!/035318~5!/$22.50 69 0353
-

a
f
y

s.
ed

d
gy
in
s

a
e
r-
gy
his
e
y

s.
s

ap
re-
ff
ri-
al
e

ce

gy
o-

e
l

n
ve
re

is a relatively small number of such ‘‘double-resonant’’ e
ergy triplets they can be clearly revealed in PL spectra. O
estimate12 gives about two resonant triplets for a spheric
particle of radius 10 nm. The anti-Stokes side of the sp
trum is preferable for the observation of the energy qua
zation because it has a lesser density of the spectral li
Finally, the giant enhancement provided by fractal agg
gates of metal nanoparticles and, especially, by frac
microcavity composites,13,14 allowed us to perform our stud
ies of nonlinear PL at low light intensities.

This paper describes a theory and experiments for an
expected phenomenon in the physics of metal nanopartic
discrete spectra in the two-photon excited luminesce
~TPEL!. We interpret this phenomenon as a result of el
tronic transitions between quantized electronic states i
metal quantum dot. Our preliminary observations of the d
crete spectrum for particles of 11 nm in size was reported
Ref. 12. In this paper, experimental results are presented
particles with different mean sizes of 6.5, 11, and 22 nm
theory of the TPEL from metal quantum dots is develop
that successfully interprets a variety of different experime
we performed. Numerical simulations are conducted for m
tilevel systems representing a single particle and an
semble of particles with distribution over different sizes as
our experiments.

A theory is developed in the spherical quantum-w
model, with an optical response described as a sum of sin
particle excitations induced by a plasmon-enhanced lo
field. The same approach was used, for example, in Ref
and 5 to address the problem of nonlinear susceptibility. T
model of degenerated electron gas in an infinite poten
well, which we employ in this paper, has proven to be a
propriate for many physical problems.7,15

The energyEnl for states with quantum numbersnl in a
spherical particle of radiusR is given byEnl5E0anl

2 , where
E05\2/2mR2 andanl are the (n11) zeros of the first-kind
Bessel functions of the half-integer,l 11/2, order.5 In a par-
ticle of radius 10 nm, a characteristic separation between
excited levels,dF52(EFE0)1/2, is about 740 cm21 near the
Fermi energyEF ; note that this energy spacing is great
than the relaxation widthG ~, 100 cm21!.

The intensity spectral density for spontaneous emissio
frequencyve we find as a sum over all possible transitio
m2 l :
©2004 The American Physical Society18-1
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I sp5( \vmlAmlgmrmm~12r l l !J~ve ,vml ,G2!, ~1!

where Aml54vml
3 udmlu2/(3\c3gm) is the Einstein coeffi-

cient, vml is the m2 l transition frequency, anddml is
the dipole reduced matrix element.16 Factor gm52(2l m
11) in Eq. ~1! is the statistical weight for levelm and
gmrmm is the level population; (12r l l ) represents the prob
ability to find the lower level unoccupied. Finally
J(ve ,vml ,G2) is the spectral profile governed by coheren
relaxation rateG2 , which is assumed to have a Lorentzia
form. Solutions to the density matrix equations can be
pressed in the Fourier series form asr i j

5(s52`
` r i j

(s) exp(ivst), with r i j
(s)5(r j i

(2s))* . A system of
equations for amplitudesr i j

(s) in the relaxation constan
model has the following form:5,17

r i j
~s!5ds0d i j L i j

~s!G iNi1 iL i j
~s!(

p
@Gip~rp j

~s21!1rp j
~s11!!

2~r ip
~s21!1r ip

~s11!!Gp j#, ~2!

whereLi j
(s)5@G i j 1 i (v i j 1sv)#21, G i i 5G i is the i state re-

laxation rate,G i j is the coherence relaxation rate for th
i 2 j transition,v is the field frequency, andNi is the popu-
lation of state i 5(ni ,l i ,Mi) in the absence of the field
Following Ref. 5 here we use notations:Gi j 5di j E/(2\),
and di j 54eRa ia jAl max

ij dlil j61 /(ai
22aj

2)2 where l max
ij

5max@li ,l j# ~Ref. 16!; d̂ and E are the dipole moment an
electric field vectors, respectively.

In this paper, we do not consider polarization effects a
focus on the emission spectra and their discreteness. In
case, one can use the averaged over M matrix elementGi j
that can be defined asuGi j u25(2l i11)21(M j Mi Mi8

Gi j Gj i . It

gives uGi j u25(12\ l i)
21udi j u2uEu2, where l i@1 and linear

polarization is assumed.5 The strongest effect of the fiel
occurs for transitions with the maximal ReLij

(2s)udij u2. Thus,
the resonant transitions and transitions with minimal energ
provide the largest contributions and must be taken into c
sideration. We also take into account thatG i j !v i j , v, and
v i j 2sv!v, for resonant frequencies, whereasv i j !v, for
low frequencies. These two regions do not overlap si
\v@dF .

In calculating the electron distribution over energy stat
we consider a set of three-level systems providing the lar

FIG. 1. Sketch of electron transitions in two-photon excitatio
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resonant contributions to two-photon excited PL~the prob-
ability to also have three-photon resonance simultaneo
with one- and two-photon resonances is negligible!. A sketch
of the levels involved is shown in Fig. 1, where levelsm, k,
andn (Em.Ek.En) are the resonant levels, whereas oth
describe the off-resonant neighbor states. The density ma
equations for such system of levels are derived from Eq.~2!
and they are as follows:

Gmrmm
~0! 52 Im~rmk

~21!Gkm!2 f mm61 ,

Gkrkk
~0!5GkNk12 Im~rkn

~21!Gnk2Gkmrmk
~21!!2 f kk61 ,

Gnrnn
~0!5GnNn22 Im~Gnkrkn

~21!!2 f nn61 ,

rmk
~21!5 iL mk

~21!@Gmk~rkk
~0!2rmm

~0! !2rmn
~22!Gnk#,

rkn
~21!5 iL kn

~21!@Gkn~rnn
~0!2rkk

~0!!1Gkmrmn
~22!#,

rmn
~22!5 iL mn

~22!@Gmkrkn
~21!2rmk

~21!Gkn#,

f j j 615~4Gp j /v
2!@ uGj j 21u2~r j j

~0!2r j 21 j 21
~0! !

2uGj 11 j u2~r j 11 j 11
~0! 2r j j

~0!!#. ~3!

We set populationNj50 for Ej.EF , and Nj51 for Ej
,EF . Them61 notation implies the upper and lower leve
nearest tom involved in the allowed transitions; the same
used fork andn. The termsf j j 61 reflect spreading of leve
population over neighbor levels. System~3! should be added
by recurrent series of equations forr j 11 j 11

(0) expressed in
terms of r j 12 j 12

(0) and r j j
(0) , and so on:Gprpp

(0)5GpNp

2 f pp61 . The number of such levels involved depends on
field E. In our simulations we setrm65

(0) to be equal toNm65

to ‘‘close’’ system~3!. It provides a good approximation fo
the intensity range used in our experiments. System~3! is
solved numerically for each levelk from the regionEF
2\v,Ek,EF1\v, with n and m chosen from the reso
nant triplet states. Note that such a procedure covers a w
set of one-photon, two-photon, and double~one-photon plus

.

FIG. 2. ~a! Calculated spectra for two-photon excited lumine
cence:G155 cm21, G2520 cm21, lp5632 nm, particle radius
R510 nm. ~b! Emission intensity vs dimensionless pump intens
I p5uEu2(eR/\v)2.
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QUANTUM SIZE EFFECT IN TWO-PHOTON EXCITED . . . PHYSICAL REVIEW B69, 035318 ~2004!
two-photon! resonances. The relaxation constants are
sumed the same for all levels and transitionsG i5G1 and
G i j 5G2 .

The population relaxation constantG1 is related to the
kinetic rate for linear optical response18,19 and multiphoton
electron photoemission20 under femtosecond excitation
It is measured to be in the range 0.5–2 ps so thatG1
;2.5– 10 cm21. SometimesG2 is associated with the con
ductivity relaxation rate, i.e., 2G2;g`5vF / l `5140 cm21,
where l ` is the bulk mean free path.6 Strictly speaking,G2
describes the spectral lines’ half-width for transitions b
tween discrete electron states, and it has not been meas
directly. We considerG2 as a fitting parameter for exper
mental spectra; it is found that the minimal spectral li
width is 20–40 cm21. It gives an upper limit for 2G2 since
the lines can be broadened due to the particle size distr
tion.

Our numerical simulations based on the described the
show the discrete spectra for particles with the radius up
30 nm. The density of spectral lines increases with the p
ticle size, light intensity, and the degree of dispersion in
size distribution. Figure 2~a! shows calculated spectra fo
monodisperse 10-nm particles. It is interesting to note t
despite the enormous number of possible transitions~exceed-
ing 104) the discreteness of electron energy states cle
manifests itself, because of the discussed resonant selec
in multiphoton PL. Moreover, the spectrum remains discr
even when particles have different sizes, as shown in F
3~b! and 4~b! where distributions in ranges 4–8 and 8–
nm were assumed. The spectral peaks are somewhat b
ened with respect to the case of monodisperse 10-nm
ticles. The density of spectral lines becomes less for part

FIG. 3. ~a! Experimental emission spectrum obtained w
Ag~PVP! colloid at 632 nm, 4-ns pulse excitation. For detection
1800-gr/mm grating with 8-cm21 resolution at 2.53104 cm21 was
used.~The dip around 23000 cm21 is caused by backside peak o
the notch filter.! Inset: particle size distribution.~b! Calculated spec-
tra: lp5632 nm, I p50.03, ‘‘square’’ size-distribution for particles
radii, R5428 nm; upper spectrum,G150.5 cm21, G251 cm21;
lower spectrum,G155 cm21, G2510 cm21.
03531
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sizes of 4–8 nm@Fig. 3~b!#. The calculated intensity depen
dence@Fig. 2~b!# shows the expected quadratic dependen
for relatively low intensities, and then it saturates. Note t
the local-field frequency dependence can influence the s
tral envelope; this effect will be discussed elsewhere. T
emission intensity per electron in a particle can be estima
from Eq. ~1! as\vmlAml'3.6310213EF

2R22 W, whereEF

is expressed in eV andR in nm.
We observed discrete spectra in two-photon PL in t

different sets of experiments, using~i! a high-power ns-pulse
excitation of colloid aggregates and~ii ! a cw low-power ex-
citation of aggregates in microcavities, where particula
strong enhancement of optical responses occurs.12,13 Experi-
ments were conducted with Ag colloid aggregates of t
types. The first of them, Ag~PVP!,21 was prepared using
EtOH solution of polyvinylpyrrolidone~PVP! and NaOH.
The second type@Ag~LM !# was prepared by using the Lee
Meisel method,22 involving the reduction of silver nitrate by
an aqueous solution of sodium citrate in concentratio
531024 M and followed by aggregation promoted wit
NaCl. Transmission electron microscopy indicates the m
particle radiusR0;6.5 nm in the first case and; 11 nm for
the second one. Radiation from samples in both cases is
lected at 90° to incident radiation and sent to Acton imag
spectrograph with a CCD detector. To avoid possible spec
contamination a laser bandpass and notch filters were u
Composite spectra were obtained by superimposing sev
overlapping spectral regions using long-or short-wavelen
pass filters placed after the sample to isolate each reg

FIG. 4. Experimental emission spectrum obtained with Ag~LM !
colloid aggregates in microcavity at 632 nm, cw He-Ne laser ex
tation; for detection, a 300 gr/mm grating was used. Inset: part
size distribution.~b! Calculated spectra:lp5632 nm, I p50.03,
‘‘square’’ size-distribution for particles radii,R58 – 12 nm; upper
spectrum, G155 cm21, G2510 cm21; lower spectrum, G1

55 cm21, G2520 cm21.
8-3
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This procedure eliminates possible spectral contamination
grating ghosts or overlapping diffraction orders.

The Ag~PVP! aggregated particles are irradiated by 4-
optical parametric oscillator~MOPO! pulses atlL5632 nm
with a beam focused into a square-cross-section 131-cm
cuvette. The intensity of the excitation at the cuvette is e
mated asI'300– 500 MW/cm2. The path length of the emit
ted light in the colloid is approximately 1–1.5 mm. We no
that the intensity used is close to the breakdown threshol
ethanol, which is about 1.5–2 GW/cm2.23 For light intensity
above 1.5 GW/cm2, we observed a continuouslike broa
spectrum in the range 500–800 nm centered at the p
wavelength from EtOH~PVP! solution. To eliminate the eth
anol breakdown, measurements are performed below
threshold, where no emission from the EtOH~PVP! solution
is observed. We detected discrete spectra for anti-Sto
emission from Ag ~PVP! aggregates in the 330–630-n
range, as shown in Fig. 3~a! ~the measured particle size di
tribution in our samples is shown in the inset!. Note that this
spectrum, which we attribute to colloidal Ag particles,
qualitatively different from the spectrum observed from t
solvent at higher intensities. A comparison of major lin
shows a good agreement with the calculated spectrum sh
in Fig. 3~b!. The average distanceDnav between major peak
~enumerated in Fig. 3! is about 640 cm21 for measured spec
trum and 650 cm21 for the calculated spectrum. The avera
spectral width of the major linesdn is about 40–60 cm21.
The close value of spectral width in the calculated spectr
is obtained at the fitting parameterG251 cm21 which indi-
cates a broadening of spectral lines due to an overlappin
high density of lines for each particle and for size distrib
tion.

A low-power cw He-Ne pump laser atlL5632 nm is
used for the second type of experiments. Instead of a si
path cuvette, Ag~LM ! aggregates are seeded into a microc
ity, consisting of a hollow quartz tube of outer diameter o
mm and inner diameter of 0.7 mm. A laser beam is focu
near the inner rim of the tube in a plane perpendicular to
axis with a beam diameter of about 50mm. The estimated
light intensity is about 200 W/cm2. The spectra obtained ar
extremely broad, spanning a range from at least 200 to
nm. The spectrum on the anti-Stokes side shown in Fig.~a!
consists of several groups of well-resolved lines. In thev to
2v region, the spectral resolution is from 5 to 20 cm21.

FIG. 5. Experimental emission spectrum obtained with Ag~LM !
colloid aggregates at 831 nm, 3 ps TiSph laser excitation
250-MW/cm2 intensity. Inset: particle size distribution for partic
mean radii of about 22 nm.
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Spectral intervals between lines are much greater than s
tral features of the microcavity modes which have equid
tant spacing of about 2 and 13 cm21.12 The intensity depen-
dence of the anti-Stokes emission shows an initia
nonlinear behavior and then saturation, in accordance w
our simulations. The average intervalDnav'360 cm21 is
close to 370 cm21 for calculated spectra@Fig. 4~b!#. The
width dn is about 150 cm21 for the experiment, which is
close to the calculated 130 cm21 at G2510 cm21 and to 170
cm21 at G2520 cm21.

Now we compare our results for particle mean sizes of
and 11 nm. The measured ratio of the average interval
Dnav(6.5 nm)/Dnav(11 nm)'1.8. Since the characteristi
interval is;E0

1/2;1/R the estimated ratio is about 1.7. Th
measured ratio for the spectral widths is abo
dn(11 nm)/dn(6.5 nm)'3. Since the spectral lines ar
broadened the spectral width should be proportional to
number of states in a characteristic interval, which is;R2. It
gives the estimate for the widths ratio as 2.8. Thus we c
clude that the experimental discrete spectra shown in F
3~a! and 4~a! are both in accord with theoretical calculation
shown in Fig. 3~b! and 4~b!, and demonstrate the expecte
size dependence. The observed spectral lines are narrow
indicate that there is no diffuse scattering from the parti
surface. Our experiments with larger particles, specifica
with Ag~LM ! colloids of mean sizeR522 nm, show that the
spectra become continuous-like in this case. In these exp
ments, we used 750–850 nm, 3 ps pulses of a TiSph la
and photomultiplier tube~PMT! detection with photon
counting. A representative spectrum at a pump wavelengt
831 nm is shown in Fig. 5 along with the particle size d
tribution ~inset!. The spectrum contains a broad lumine
cence band and a peak of hyper-Rayleigh scattering at
second harmonic. The particle shape is more complica
here as compared to the case of small particles. That coul
a reason why the second harmonic~SH! becomes allowed.24

The spectra for large particles and their aggregates are s
lar to those reported in Ref. 10 for metal rough surfaces. T
resolution for the shown spectrum is about 4 nm~130 cm21

at 550 nm!. A gradual decrease of the resolution to 0.14 n
results in a corresponding decrease of the broad band in
sity, while the narrow SH peak intensity does not chan
The spectral width of the SH peak~full width at the half
height! is determined by the resolution until it approaches
low limit of about 0.3 nm at a resolution about 0.14 nm. T

f

FIG. 6. Intensity dependences for two-photon luminescence~tri-
angles:lp5831 nm; circles:lp5748 nm) and hyper-Rayleigh
scattering~squares:lp5831 nm).
8-4
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low limit in our case can be estimated as half of the la
spectral width, which is about 0.4 nm measured at 0.07-
resolution. The nonquadratic intensity dependences show
Fig. 6 illustrate the saturation effect for both two-photon
minescence and the second harmonic. The slope of
curves in the log-log scale becomes approximately 1.3 at
pump intensity above 30 Mw/cm2.

We also performed time-resolved measurements w
PMT detection. A pulse duration of anti-Stokes emiss
from Ag~PVP! colloid excited with Nd:YAG~yttrium alumi-
num garnet! laser ~14 ns, 1064 nm! was about 10ms. This
indicates that the observed emission is PL, rather than s
tering. The model of relaxation constants assumes the p
lation relaxation time;G1

21 which is taken to be the sam
et

.
pt

s
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for all states. The upper limit for the emission time can
estimated from Eq.~1! asAml

2154 ms for R57 nm. The mea-
sured emission time is close toAml

21 but much greater than
G1

21. This suggests a need for a more detailed study of po
lation relaxation kinetics, which may have specific featu
in the discrete multilevel system obeying Pauli’s exclusi
principle. This problem will be discussed elsewhere. In co
clusion, a detailed analysis of the observed discrete spe
and a qualitative agreement with the developed theory al
us to attribute the observed spectra to transitions between
quantized energy states of electrons in metal nanopartic

This work was supported in part by NSF Grant No. DMR
0071901, NASA Grant No. NCC-1-01049, and RFBR-0
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