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Far-infrared absorption in small metal particles
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We analyze the effects of an enveloping electron cloud on the absorption by small metal particles. We
present the simplified quasiclassical kinetic model that allows us to treat the problem self-consistently and to
write down the explicit response functions. If the surrounding medium is vacuum or a dielectric continuum
thus obtained far-infrared absorption is orders of magnitude larger than in a classical treatment for a sharp
interface. It is shown, however, that the surface absorption is sensitive to the microscopic potential landscape
outside the particle and in some cases may be suppressed.@S0163-1829~99!03903-X#
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In 1975 Tanner, Sievers, and Buhrman observed
anomalously enhanced far-infrared~FIR! absorption in a di-
lute mixture of small metal particles.1 Since then, many ex
periments have shown that the magnitude of the FIR abs
tion for various metal nanoparticles is a few orders
magnitude larger than the predictions of classical Mie theo
which relies upon the bulk metal dielectric function. It
generally accepted now that the clustering of particles m
lead to enhanced absorption.2–6 However, it remains unclea
whether the clustering is the only mechanism leading
anomalous absorption. There are only few experiments, o
contradicting each other, to verify the existence of anom
lous absorption by nonclustered nanoparticles. Kim and T
ner studied aluminum small particles embedded in a K
host, finding a substantial increase in FIR absorption eve
samples that do not show long-range clustering in the e
tron microscope studies.6 Their data show the enhanceme
factor 103 with respect to the classically calculated electr
dipole absorption, and 102 if eddy currents~magnetic-dipole
absorption! is also taken into account. In this experiment t
particles with radius of approximately 100 Å have be
studied. As the size of the particle gets larger, the FIR
sorption will converge to the classical value, dominated
the magnetic dipole absorption, which increases quad
cally with particle radius. This has been demonstrated by
et al.7 for well-isolated Ag particles with the mean radiu
450 Å in a Teflon host. These authors found that the ratio
the measured absorption to the calculated one is only abo
factor of 3. However, even in this case quantitative agr
ment ~i.e., the explanation of the leaving factor of 3! could
be achieved only if electric-dipole absorption is enhanced
the factor 103 and becomes comparable~for 450-Å particles!
with magnetic-dipole absorption. Leeet al.attribute such en-
hancement to the effect of absorbing oxide coating. On
other hand, Devaty and Sievers found no evidence
anomalously enhanced absorption by well-dispersed si
particles in a gelatin matrix.2 Though their data do not ex
clude completely the possibility of enhanced absorption,
maximum measured enhancement has not been greater
about a factor of 10. To our knowledge, no experiments h
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been carried out to determine whether these results are
eral or unique to Ag-gelatin composites.

Despite the lack of convincing demonstration by expe
ment, the possibility of anomalous absorption by isola
particles has been intensively discussed by theorists. A n
ber of mechanisms intrinsic to isolated nanoparticles
been proposed. They include vibrations,8,9 quantum size
effects,10 electron-phonon coupling,11 and dielectric
surrounding.12 A more general model, based on a realis
treatment of the surface region of a metal particle has b
discussed by Apell.13 He has shown that allowing for a
smooth transition in the electronic properties of the surfa
i.e., taking into account the real electron density profile, c
greatly increase the absorption. Using the induced cha
density profile calculated by Persson and Lang within
local-density functional approach for the plane surface14

Apell found that absorption caused by a smooth transition
the dielectric properties at the interface is about one orde
magnitude larger, for the electric dipole term, than in a cl
sical treatment for a sharp interface. Note that Persson-L
results has been obtained under the assumption that elec
respond adiabatically to the external field and almost ad
to the instantaneous static configuration. It may be arg
that this assumption is unreasonable, because the l
plasma frequency in the region of electron density tail
enough from the boundary is less than the frequency of
ternal field. In this paper we consider the response prope
of a diffuse metal surface using a much simplified but se
consistent kinetic model that allows us to get the result w
out adiabatical response approximation. We shall show
this model may give much larger absorption than Ape
result.

We shall treat electrons as quasiclassical particles mov
in the field of a uniformly and positively charged ion bac
ground and an external ac field. We are interested in
absorption within a thin surface layer where electron den
falls rapidly. The thickness of this layer is assumed to
much smaller than the particle size. Therefore we can c
sider a plane geometry with thex axis perpendicular to the
surface of the particle. Let us assume for simplicity that
external field direction coincides with thex axis and that the
1685 ©1999 The American Physical Society
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1686 PRB 59BRIEF REPORTS
electron distribution is uniform in all other directions. W
use the simplest kinetic model treating the velocity space
electrons as one-dimensional and assuming that the velo
at given pointx can take only two valueV(x) and 2V(x)
and its direction coincides with thex axis. Then the dynam
ics of electrons is determined by the following equations
local numbers of electrons moving in positive and negat
direction along thex axis:

]N1

]t
52

]

]x
~VN1!1

eEN

2mV
2

N12N2

2t
, ~1!

]N2

]t
5

]

]x
~VN2!2

eEN

2mV
1

N12N2

2t
. ~2!

HereN1 andN2 are the local densities of electrons havi
velocity V and 2V, respectively;N5N11N2 is the total
electron density;E is the local electric field, which satisfie
the Poisson equation

]E

]x
54pe~N2Ni !, ~3!

whereNi is the positive ion density. The second terms in t
right-hand sides of Eqs.~1! and~2! represent the time rate o
change of electron distribution due to the field acti
(dN6/dt) f . Indeed, the local momentum density for th
two-velocity model has the formP5mV(N12N2) and its
variation under the field action is equal to (dP/dt) f
5mV@(dN1/dt) f2(dN2/dt) f)] 5eEN. It follows from the
charge conservation law that (dN1/dt) f52(dN2/dt) f ;
therefore (dN6/dt) f56eEN/(2mV). The last terms in the
right-hand sides of Eqs.~1! and ~2! describe the relaxation
transitions of electrons betweenV and 2V states with the
rate 1/2t.

When an external ac field with frequencyv is applied we
express the electron density and field appearing in Eqs.~1!–
~3! in terms of an equilibrium value plus perturbation due
external field: N65N0(x)/21N1

6(x)exp(2 ivt), E
5E0(x)1E1(x)exp(2 ivt). Then we have the following
equations for the equilibrium electron densityN0 and intrin-
sic electric fieldE0 :

d

dx
~VN0!5

eE0N0

mV
,

dE0

dx
54pe~N02Ni !. ~4!

For a bulk metal these equations have trivial solutionN0
5Ni5const, E050. The equations for the perturbation
due to the external field are

2 ivN1
11

d

dx
~VN1

1!2
eE0N1

2mV
2

eE1N0

2mV
1

N1
12N1

2

2t
50,

~5!

2 ivN1
22

d

dx
~VN1

2!1
eE0N1

2mV
1

eE1N0

2mV
2

N1
12N1

2

2t
50,

~6!

dE1

dx
54peN1 , ~7!
f
ity

r
e

e

whereN15N1
11N1

2 . For a bulk metal all quantities in Eqs
~5!–~7! remain independent ofx even in the presence of a
external field. Then we obtain from these equations that
current densityj 5eV(N1

12N1
2) is given by usual Ohm’s

law j 5s(v)E1 with Drude conductivity s(v)5s0 /
(12 ivt), s05e2Nit/m. In the limit t→` Eqs. ~5!–~7!
give the plasma oscillations with the well-known quadra
dispersion lawv2(k)5vp

21V2k2, wherevp
254pe2Ni /m.

We consider now the role of spatial variation of electr
density near a particle edge. We assume that the spatial s
RD of the electron density variation is much smaller than
particle sizea. Then we can use the plane boundary appro
mation when ion background fills the half-spacex,0, i.e.,
the ion background density is equal toNi at x,0 and is zero
otherwise. The electron density tail decays exponentially
x.0. To reproduce this quantum-mechanical result with
our quasiclassical model we assume, rather arbitrarily,
the electron velocity varies asV(x)5VF@N0(x)/Ni #

1/2,
whereVF has the meaning of the Fermi velocity in the bu
metal. Then Eqs. ~4! gives the equilibrium density
N0(x)/Ni5u(2x)6(1/2)exp(7x/RD) and intrinsic field
E0(x)522peRDNiexp(7x/RD), where RD5(3mVF

2/
8pe2Ni)

1/2, u(x) is the unit step function. The upper an
lower signs correspond to the regionsx.0 andx,0, respec-
tively. The intrinsic field E0(x) corresponds to the usua
double-layer field at the metal boundary. The spatial sc
RD for the field and density variation coincides with the D
bye length~up to some numerical factor of the order of one!.
It is not surprising since the Debye length is a single spa
scale in the model other than particle sizea.

Let the external ac fieldEex is applied in thex direction
~perpendicular to the surface!. Then the current density fo
x→`, i.e., in the region with no charge, can be written
I 52 ivEex /(4p). Summing Eqs.~5! and~6! and using Eq.
~7! we obtain the conservation law for the full currentI:

I 5 j ~x!2
iv

4p
E1~x!52

iv

4p
Eex , ~8!

wherej (x)5eV(N1
12N1

2) is the electron drift current. Sub
tracting Eq.~6! from ~5! and using Eq.~8! we obtain the
following equation for the dimensionless electric fieldf (y)
5E1(y)/Eex as a function of dimensionless variabley
5x/RD :

f 9~y!1
Ni

N0
S 1

2

d

dy

N0

Ni
2

eE0R

mVF
2 D f 8~y!

1
3

2F S v2

vp
2

1
iv

tvp
2D Ni

N0
21G f ~y!5

3

2S v2

vp
2

1
iv

tvp
2D Ni

N0
. ~9!

We consider first the case when 1/t→0 and losses in the
bulk metal are negligible. Then using the found above
pressions for the equilibrium intrinsic fieldE0(y) and elec-
tron densityN0(y) we can rewrite Eq.~9! as

f 9~y!1 f 8~y!1S 3exp~y!
v2

vp
2

2
3

2D f ~y!53exp~y!
v2

vp
2

~10!
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for y.0 and

f 9~y!1
exp~y!

22exp~y!
f 8~y!1S 3

22exp~y!

v2

vp
2

2
3

2D f ~y!

5
3

22exp~y!

v2

vp
2

~11!

for y,0. The solution of Eq.~10! that does not diverge a
infinity after the replacementv→v1 is, s→10 ~which
corresponds to external field turned on adiabatically! can be
written in the following form:

f ~z!511
C1

z
HA7

~1!~z!2
3p i

2z S HA7
~1!~z!E

z0

z

HA7
~2!~z8!dz8

1HA7
~2!~z!E

z

`

HA7
~1!~z8!dz8D , ~12!

where z52A3(v/vp)exp(y/2), z052A3v/vp , HA7
(1)

(z),

andHA7
(2)

(z) are the Hankel functions. We can find the an
lytical solution of Eq.~11! for the regiony!21 only:

f ~y!5 f m1C2expH F3

2S 12
v2

vp
2D G 1/2

yJ , ~13!

where f m5Em /Eex52v2/(vp
22v2) is the dimensionless

field in the bulk region. Taking Eq.~13! as an approximate
solution of Eq.~11! in the whole regiony,0, we can esti-
mate the integration constantsC1 in Eq. ~12! andC2 in Eq.
~13! matching the functionsf (y) from these equations an
their derivatives aty50. We found that this is a reasonab
approximation at least forv!vp ; numerical solution of Eq.
~11! in this case gives only unimportant corrections. T
result for the local field outside the metal is shown in Fig.
The real part of the dimensionless field Re@ f (y)#
5Re@E1(y)/Eex# oscillates withy about one. The oscillation
amplitude decreases with increasingy and Re(f ) approaches
unity at large distances from the metaly@1. It is more im-

FIG. 1. Imaginary~solid line! and real~dashed line! parts of the
dimensionless electric fieldf 5E1 /Eex in the electron density tai
region x.0 plotted as a function ofy5x/RD for the casev/vp

51023.
-

.

portant that the local fieldf (y) has well developed imaginar
part Im(f ) comparable with Re(f ). What this means is an
absorption outside the classical metal boundary. Moreo
in the FIR spectral region this absorption is much larger th
in the metal itself since the field in the metal much depres
f (y,0);Em /Eex!1. The dominant contribution to the ab
sorption gives the region near the plasma resonance p
where the local plasma frequencyvp(x)5@N0(x)/Ni #

1/2vp
is equal to the frequency of the external fieldv. We specu-
late that the effective absorption results from the oscillatio
excited by the longitudinal external field in the nonunifor
electron cloud outside the metal. The energy of the exte
field goes to the local charge oscillation modes that hav
continuous spectrumvp(x) and interfere destructively. Fi
nally the energy is dissipated, in the metal.

Since the field is very small in the metal forv!vp we
can use the approximate boundary conditionf (y50)50 in
Eq. ~12! to find the constant C15@3p iH A7

(2)
(z0)/

2HA7
(1)

(z0)#*z0

` HA7
(1)

(z)dz2z0 /HA7
(1)

(z0) explicitly and, there-

fore, the explicit form for the field in the electron clou
outside the metal. Note that the fieldf (y) appears to be a
universal function of the variablez52A3(v/vp)exp(y/2)
for frequencies much lower thanvp . We use the thus deter
mined local field to find the absorptionQ in a metal particle.
Since the total current is constant in the considered pl
geometry@see Eq.~8!# the absorption per unit area can b
estimated as

Q.~1/2!ReF ~ iv/4p!Eex* E
2a/2

`

E~x!dxG .
Neglecting the field in the metal we obtain

Q.C
vRDEex

2

4p
, ~14!

where C52*z0

` z21Im f (z)dz, and f (z), z0 are deter-

mined in Eq.~12!. For v!vp (z0!1) the factorC.1.57
does not depend for all practical purposes, on frequen
Then Eq.~14! predicts the linear frequency dependence
the absorption. Some experiments do agree with this pre
tion,1,7,15other ones do not, indicating stronger, roughly qu
dratic dependence.2,6 A wider frequency range is required t
make the distinction.

In the common approach, a metal particle is described
a conductivitys, which does not take into account the spi
out of the electrons. It might be Drude type conductivitys
5s0 /(12 ivt). Then the electric fieldEi inside the particle
can be estimated asEi53Eex /(214p is/v). Respectively,
the classical electric-dipole absorption per unit volumeQc is
Qc.9v2uEexu2/(32 p2s0) for s0@ v,1/t. Therefore, we
can estimate the enhancement of the FIR absorption du
surface diffuseness as

G.
4pa2Q

4

3
pa3Qc

5
8pC

3

RD

a

s0

v
. ~15!

For the small particles the relaxation time might
estimated ast;a/VF and, respectively,s05vp

2t/(4p)
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.vp
2a/(4pVF). Taking into account that RD /VF

5(3/2)1/2vp
21 we can see from Eq.~15! that the enhance

mentG first increases with a decrease in particle sizea; then
it saturates at valueG.Avp /v, where A5(2/3)1/2C
.1.28. For a typical metal the plasma frequen
vp;1016 sec21, therefore for the frequency v
;1013 sec21 we have the enhancement factorG;103. This
value is in an agreement with experimental results of K
and Tanner6 and Leeet al.7

Up to now we have been considering the unsuppor
particle in vacuum. The results remain without change,
course, if the surrounding medium is a structureless die
tric continuum. However, it is clear from the previous co
sideration that the absorption can be very sensitive to
microscopic potential landscape outside of the particle. If
the effects due to the dielectric host surrounding may
important and cannot be described by the continuous die
tric model. Let us assume, for example, that there is
strongly repulsive potential barrier at the pointx5b(b
.0), so we can use the boundary conditionj (x5b)50 or,
equivalently,E1(x5b)5Eex @see Eq.~8!#. It is easy to show
that in this case the field can be expressed in terms of the
Bessel functions instead of the complex Hankel functio
appearing in Eq.~12!. Respectively, the absorption disa
pears in the limit 1/t→0. This may give the possible expla
nation as to why the anomalous absorption by a silver p
ticle in a gelatin matrix has not been found in Devaty-Siev
experiments.2

Let us recall that our results have been obtained for
case when the local velocity has the formV(x)
5VF@N0(x)/Ni #

1/2, which leads to the exponential decay
the equilibrium electron density tail. Alternatively, on
could choose, for example, Thomas-Fermi formV(x)
5VF@N0(x)/Ni #

1/3. Then Eqs.~4! yield N0;x26, i.e., the
well-known Thomas-Fermi result for a plane boundary.
this case our model gives the the field distributi
E1(y)/Eex , similar to that shown in Fig. 1 with the differ
ence that the point of plasma resonance is shifted farthe
the right of the boundary. It can be shown that the absorp
in this case is given by Eq.~14! again with almost frequency
independent parameterC of the order of 1.
at

e

d
f
c-

e
,

e
c-
a

al
s

r-
s

e

to
n

For macroscopic planar surface the described mechan
should give the additional contribution to the total absorpt
if the electric field component perpendicular to the surface
nonzero. This requirement is fulfilled, e.g., for surface ele
tromagnetic waves and free-spacep-polarized incident radia-
tion. In this case, however, the normal electric field on t
metal side is small comparing with the parallel fiel
uE' /Eiu;1/Aueu!1, where e5114p is(v)/v is the di-
electric function of the metal. Respectively, the absorption
dominated by electric current parallel to the surface within
skin depthd, making it unlikely that the proposed mech
nism could give any measurable effects. The ratio of
absorption given by Eq.~14! to the classical losses due to th
Joule heating in this case appears to be of the orde
RD /d!1. Surface-electromagnetic-wave spectroscopy d
not show any anomaly in the absorption indeed.16

In summary, we argue that enhanced FIR absorption
a general feature of the isolated metal particles arising
to the interaction of the electron cloud around it with t
external field. The simplest possible kinetic model has b
constructed to describe this interaction self-consisten
The main result is that the FIR absorption may be anom
lously large even for the loss-free particles. The mechan
of the energy absorption in the inhomogeneous loss-
electron gas seems to be close in spirit to Landau damp
~phase mixing!, and does not put constraints to the partic
size, and a character of the electronic scattering. Howe
the absorption due to this mechanism can be sensitive
the microscopic properties of the dielectric surroundi
and in some cases may be completely suppressed.
simple quasiclassical model certainly cannot reproduce
details of the energy absorption by electron cloud aroun
small metal particle. Nevertheless, we believe that propo
theory captures qualitatively the main features of this p
cess.

We would like to acknowledge useful discussions w
A. N. Lagarkov. This work was supported by the Russi
Fund for Fundamental Research under Grant No. 98-
17628.
m-
1D. B. Tanner, A. J. Sievers, and R. A. Buhrman, Phys. Rev. B11,
1330 ~1975!.

2R. P. Devaty and A. J. Sievers, Phys. Rev. Lett.52, 1344~1984!;
Phys. Rev. B41, 7421~1990!.

3W. A. Curtin and N. W. Aschcroft, Phys. Rev. B31, 3287~1985!.
4G. A. Niklasson, S. Yatsuya, and C. G. Granqvist, Solid St

Commun.59, 579 ~1986!.
5I. H. H. Zabel and D. Stroud, Phys. Rev. B46, 8132~1992!.
6Y. H. Kim and D. B. Tanner, Phys. Rev. B39, 3585~1989!.
7S.-I. Lee, T. W. Noh, K. Cummings, and J. R. Gaines, Phys. R

Lett. 55, 1626~1985!.
8A. J. Glick and E. D. Yorke, Phys. Rev. B18, 2490~1978!.
e

v.

9R. Monreal, J. Giraldo, F. Flores, and P. Apell, Solid State Co
mun.54, 661 ~1985!.

10R. Monreal, P. de Andres, and F. Flores, J. Phys. C18, 4951
~1985!.

11X. M. Hua and J. I. Gersten, Phys. Rev. B31, 855 ~1985!.
12L. I. Kurkina and O. V. Farberovich, Phys. Rev. B54, 14 791

~1996!.
13P. Apell, Phys. Scr.29, 146 ~1984!.
14B. N. J. Persson and N. D. Lang, Phys. Rev. B26, 5409~1982!.
15P. Marquardt and G. Nimtz, Phys. Rev. B40, 7996~1989!.
16D. M. Riffe, L. M. Hanssen, and A. J. Sievers, Phys. Rev. B34,

692 ~1986!.


