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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 supprdS@rH63-18209)03903-X]

In 1975 Tanner, Sievers, and Buhrman observed théeen carried out to determine whether these results are gen-
anomalously enhanced far-infrar@elR) absorption in a di- eral or unique to Ag-gelatin composites.
lute mixture of small metal particlésSince then, many ex- Despite the lack of convincing demonstration by experi-
periments have shown that the magnitude of the FIR absorpgnent, the possibility of anomalous absorption by isolated
tion for various metal nanoparticles is a few orders ofparticles has been intensively discussed by theorists. A num-
magnitude larger than the predictions of classical Mie theoryber of mechanisms intrinsic to isolated nanoparticles has
which relies upon the bulk metal dielectric function. It is been proposed. They include vibratidtts,quantum size
generally accepted now that the clustering of particles magffects’® ~electron-phonon couplin, and dielectric
lead to enhanced absorptiéif However, it remains unclear surrounding> A more general model, based on a realistic
whether the clustering is the only mechanism leading tdreatment of the surface region of a metal particle has been
anomalous absorption. There are only few experiments, oftefliscussed by Apel? He has shown that allowing for a
contradicting each other, to verify the existence of anomasmooth transition in the electronic properties (_)f the s_urface,
lous absorption by nonclustered nanoparticles. Kim and Tan-€-, taking into account the real electron density profile, can
ner studied aluminum small particles embedded in a kcpreatly increase the absorption. Using the induced charge-

host, finding a substantial increase in FIR absorption even iff€nsity profile calculated by Persson and Lang within the

samples that do not show long-range clustering in the ele ocal-density functional approach for the plane surfdce,

tron microscope studiésTheir data show the enhancement Apell_found_ that absc_)rptlon CaL_Jsed by a_smooth transition of
) . . the dielectric properties at the interface is about one order of
factor 1¢ with respect to the classically calculated electric-

. . S magnitude larger, for the electric dipole term, than in a clas-
dipole a_bsqrpﬂon, and i.Of eddy currents(magnetlcidlpole sical treatment for a sharp interface. Note that Persson-Lang
absorption is also taken into account. In this experiment the

X , ) ) results has been obtained under the assumption that electrons
particles with radius of approximately 100 A have beenrespond adiabatically to the external field and almost adjust
studied. As the size of the particle gets larger, the FIR aby, the instantaneous static configuration. It may be argued
sorption will converge to the classical value, dominated byinat this assumption is unreasonable, because the local
the magnetic dipole absorption, which increases quadratpjasma frequency in the region of electron density tail far
cally with particle radius. This has been demonstrated by Legnough from the boundary is less than the frequency of ex-
etal’ for well-isolated Ag particles with the mean radius ternal field. In this paper we consider the response properties
450 A in a Teflon host. These authors found that the ratio obf a diffuse metal surface using a much simplified but self-
the measured absorption to the calculated one is only aboutansistent kinetic model that allows us to get the result with-
factor of 3. However, even in this case quantitative agreeeut adiabatical response approximation. We shall show that
ment(i.e., the explanation of the leaving factor of @uld  this model may give much larger absorption than Apell's
be achieved only if electric-dipole absorption is enhanced byesult.
the factor 18 and becomes comparalffer 450-A particle$ We shall treat electrons as quasiclassical particles moving
with magnetic-dipole absorption. Leg al. attribute such en- in the field of a uniformly and positively charged ion back-
hancement to the effect of absorbing oxide coating. On thground and an external ac field. We are interested in the
other hand, Devaty and Sievers found no evidence fombsorption within a thin surface layer where electron density
anomalously enhanced absorption by well-dispersed silvefalls rapidly. The thickness of this layer is assumed to be
particles in a gelatin matrix.Though their data do not ex- much smaller than the particle size. Therefore we can con-
clude completely the possibility of enhanced absorption, theider a plane geometry with theaxis perpendicular to the
maximum measured enhancement has not been greater thaurface of the particle. Let us assume for simplicity that the
about a factor of 10. To our knowledge, no experiments havexternal field direction coincides with theaxis and that the
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electron distribution is uniform in all other directions. We whereN,;=N; +N; . For a bulk metal all quantities in Egs.
use the simplest kinetic model treating the velocity space of5)—(7) remain independent of even in the presence of an
electrons as one-dimensional and assuming that the velocigxternal field. Then we obtain from these equations that the
at given pointx can take only two valu&/(x) and —V(x)  current densityj=eV(N; —N;) is given by usual Ohm’s
and its direction coincides with theaxis. Then the dynam- |aw j=o(w)E; with Drude conductivity o(w)=0q/

ics of electrons is determined by the following equations for(1—jw7), ou=e?N;7/m. In the limit 7—= Egs. (5)—(7)

local numbers of electrons moving in positive and negativeyive the plasma oscillations with the well-known quadratic

direction along thex axis: dispersion laww?(k) = w3+V2k?, wherew3=4me?N; /m.
+ o We consider now the role of spatial variation of electron
N __ i( N*) +£\I _ N"—-N (1) density near a particle edge. We assume that the spatial scale
at X 2mv 27 Rp of the electron density variation is much smaller than the
particle sizea. Then we can use the plane boundary approxi-
N~ 9 ~ eEN N'—-N~ mation when ion background fills the half-space€0, i.e.,
T Q(VN )_m+ T o @ theion background density is equalip atx<<0 and is zero

otherwise. The electron density tail decays exponentially for
HereN* andN~ are the local densities of electrons havingx>0. To reproduce this quantum-mechanical result within
velocity V and —V, respectively;N=N*+N~ is the total  our quasiclassical model we assume, rather arbitrarily, that
electron densityE is the local electric field, which satisfies the electron velocity varies a®/(x)=Vg[No(x)/N;]*?,
the Poisson equation whereVg has the meaning of the Fermi velocity in the bulk
metal. Then Eqgs.(4) gives the equilibrium density
No(X)/N;j=0(—x) £ (1/2)expFx/Rp) and intrinsic field
Eo(x)=—2meRyN;exp(¥x/Rp), where Rp=(3mV2/
_ o _ . 8we?N)M2 4(x) is the unit step function. The upper and
whereN; is the positive ion density. The second terms in thejg\yer signs correspond to the regiorrs 0 andx<0, respec-
right-hand sides of Eqgl) and(2) represent the time rate of tyely. The intrinsic field Eq(x) corresponds to the usual
change of electron distribution due to the field actiongoyple-layer field at the metal boundary. The spatial scale
(dN/db);. Indeed, the local momentum density for the g for the field and density variation coincides with the De-
two-velocity model has the forP=mV(N"—N") and its  pye |ength(up to some numerical factor of the order of pne
variation under the field action is equal tadR/dt); t'js not surprising since the Debye length is a single spatial
=mV[(dN"/dt);—(dN"/dt))]=eEN It follows from the  gcale in the model other than particle size
charge conservation law thatdK™/dt)¢=—(dN"/dt)y; Let the external ac field,, is applied in thex direction
therefore N~/dt)¢=+*eEN(2mV). The last terms in the (perpendicular to the surfaceThen the current density for
right-hand sides of Eqg1) and (2) describe the relaxation X—o, i.e., in the region with no charge, can be written as
transitions of electrons betweénand —V states with the | = — i wEq,/(47). Summing Eqs(5) and(6) and using Eq.

rate 1/2. (7) we obtain the conservation law for the full current
When an external ac field with frequenayis applied we

express the electron density and field appearing in Hgs. i w

(3) in terms of an equilibrium value plus perturbation due to I=j(x)— 2,510 =~

external  field: N*=Ngy(x)/2+ N (x)exp(—iwt), E

=Ey(x) + E;(x)exp(—iwt). Then we have the following wherej(x)=eV(N; —N7) is the electron drift current. Sub-

equations for the equilibrium electron density and intrin-  tracting Eqg.(6) from (5) and using Eq(8) we obtain the

JE
5—47're(N—Ni), (3

iw

E Eexv (8)

sic electric fieldE,: following equation for the dimensionless electric fidlgdy)
=E;(y)/Eex as a function of dimensionless variabie
d eEoNO dEO :X/RD :
axYNo)=—= g =4me(No—Nj). (4)

. . Ni{1d N, eER
For a bulk metal these equations have trivial soluthp  f"(y)+ N- —
0

=N;=const, Ey=0. The equations for the perturbations
due to the external field are

. d . eEN; eENg Nj—Nj )
N+ i VND =5 ™ 2mv T2y 0
(5) We consider first the case whenr0 and losses in the
bulk metal are negligible. Then using the found above ex-
eEN; eEjNg Ny —Nj pressions for the equilibrium intrinsic fiely(y) and elec-
omv T 2mv 2~ =0, tron densityNy(y) we can rewrite Eq(9) as

(6)

d
—iwN; = o (VNp)+

2

| e

N W

f(y) +1'(y)+| 3exdy)

w

w2
)f(y)=3e><|o(y)—2
Wp
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portant that the local fielfi(y) has well developed imaginary
part Im(f) comparable with Rd(). What this means is an
absorption outside the classical metal boundary. Moreover,
in the FIR spectral region this absorption is much larger than
in the metal itself since the field in the metal much depressed
. f(y<0)~E,,/Ecx<1. The dominant contribution to the ab-
sorption gives the region near the plasma resonance point
where the local plasma frequenay,(x) =[No(X)/N;]"w,
is equal to the frequency of the external fiedd We specu-
late that the effective absorption results from the oscillations
J excited by the longitudinal external field in the nonuniform
electron cloud outside the metal. The energy of the external
field goes to the local charge oscillation modes that have a
s 10 1z 14 16 = continuous spectrunw,(x) and interfere destructively. Fi-
nally the energy is dissipated, in the metal.

Since the field is very small in the metal far<w, we

FIG. 1. Imaginary(solid line) and real(dashed lingparts of the ~ can use the approximate boundary conditf@g=0)=0 in
dimensionless electric fiell=E; /E., in the electron density tail Eq. (12) to find the constant Cl:[37TiH(\/2/7)(ZO)/

region x>0 plotted as a function of=x/Rp, for the casew/w, 2H(V}5)(ZO)]I§OH(V}5)(Z)dZ_ Zo/H(\,lE)(Zo) explicitly and, there-

f(y)

=103
0 fore, the explicit form for the field in the electron cloud
for y>0 and outside the metal. Note that the fieldy) appears to be a
universal function of the variable=2\/§(wlwp)exp(y/2)
expy) 3 w?> 3 for frequencies much lower than, . We use the thus deter-
f(y)+ Txp(y)f/ ) 2—exdy) o2 2 f(y) mined local field to find the absorptid® in a metal particle.
“p Since the total current is constant in the considered plane
5 geometry[see Eq.(8)] the absorption per unit area can be
_ 3 o (11) estimated as
2—expy) w,ZJ .
for y<0. The solution of Eq(10) that does not diverge at Qz(llZ)Re{(inw)Ef;xf ale(X)dX :

infinity after the replacemend — w+is, s—+0 (which
corresponds to external field turned on adiabati¢aln be  Neglecting the field in the metal we obtain
written in the following form:

C 37 o) cwRDEgx (14)
i z ~ ,
f(2=1+ —HF (@)~ E( H{}%(z)f H'2(z')dz’ 4m
Z,
) ° where Cz—ffozfllmf(z)dz, and f(z), z, are deter-
+H(\?(Z)J Hﬂ%)(z’)dz’), (120  mined in Eq.(12). For o<w, (z9<1) the factorC=1.57
z does not depend for all practical purposes, on frequency.

1/2

1) Then Eq.(14) predicts the linear frequency dependence for
where z=2\/§(w/wp)exp(y/2), 20:2\/5‘”/“’9' H7(2),  the absorption. Some experiments do agree with this predic-
and H(\?(z) are the Hankel functions. We can find the ana-tion,»""**other ones do not, indicating stronger, roughly qua-
lytical solution of Eq.(11) for the regiony<<—1 only: dratic dependence® A wider frequency range is required to
make the distinction.
3 w2 In the common approach, a metal particle is described by
fly)=fm+ Czexp{ E( 1- —2) Y] : (13 aconductivitys, which does not take into account the spill-
“p out of the electrons. It might be Drude type conductivity

where f,=E,/Ee,= — 0%/ (02— »?) is the dimensionless =crO/(l—i_wr). Then the electric fieI.tEi inside the pa}rticle
field in the bulk region. Taking Eq13) as an approximate ¢an be estimated & =3E,,/(2+4mio/w). Respectively,
solution of Eq.(11) in the whole regiory<0, we can esti- the classical electric-dipole absorption per unit volu@eis
mate the integration constar® in Eq. (12) andC, in Eq.  Qe=90?|Ee,*/(32 m2ay) for 0p> w,1/r. Therefore, we
(13) matching the functiong(y) from these equations and can estimate the enhancement of the FIR absorption due to
their derivatives ay=0. We found that this is a reasonable Surface diffuseness as
approximation at least fab<w, ; numerical solution of Eq.

(11) in this case gives only unimportant corrections. The - 47a’Q 8wC Rp a0 (15
result for the local field outside the metal is shown in Fig. 1. 4 3 3 a o
The real part of the dimensionless field [Rgy)] §7Ta Qc

=Rq E;(Yy)/E¢y] oscillates withy about one. The oscillation
amplitude decreases with increasingnd Ref) approaches For the small particles the relaxation time might be
unity at large distances from the metab1. It is more im-  estimated asr~al/Vg and, respectively,ao=w§r/(477)



1688 BRIEF REPORTS PRB 59

=w§a/(47rVF). Taking into account that Rp/Vg For macroscopic planar surface the described mechanism
:(3/2)1/2w;1 we can see from Eq.15) that the enhance- should give the additional contribution to the total absorption
mentG first increases with a decrease in particle sizthen  if the electric field component perpendicular to the surface is
it saturates at valueG=Aw,/w, where A=(2/3)Y’C nonzero. This requirement is fulfilled, e.g., for surface elec-
=1.28. For a typical metal the plasma frequencytromagnetic waves and free-spgepolarized incident radia-
wp~1016 sec!, therefore for the frequency w tion. In this case, however, the normal electric field on the
~10" sec ! we have the enhancement fac®r 10°. This  metal side is small comparing with the parallel field,
value is in an agreement with experimental results of Kim|g, /E”|~1/\/E< 1, where e=1+4mio(w)/w is the di-
and Tannetand Leeet al’ electric function of the metal. Respectively, the absorption is
Up to now we have been considering the unsupporte@ominated by electric current parallel to the surface within a
particle in vacuum. The results remain without change, ofyin depths, making it unlikely that the proposed mecha-
course, if the surrounding medium is a structureless dieleGyigm could give any measurable effects. The ratio of the
tric continuum. However, it is clear from the previous con- pqqntion given by Eq14) to the classical losses due to the
sideration that the absorption can be very sensitive to thgOule heating in this case appears to be of the order of

microscopic potential IanqscapeT outside of the pgrticle. If SOR /s<1. Surfac e-electromagnetic-wave spectroscopy does
the effects due to the dielectric host surrounding may be ° ) : T
t show any anomaly in the absorption indé&d.

. . . : 0
important and cannot be described by the continuous dieled® L
P y In summary, we argue that enhanced FIR absorption is

tric model. Let us assume, for example, that there is a | feat f the isolated tal ticl ising d
strongly repulsive potential barrier at the poirt=b(b a general feature of the isolated metal particles ansing due

>0), 5o we can use the boundary conditigx=b)=0 or, to the intgraction of_ the eIectron cloqd qround it with the
equivalently,E,(x=b)=E,, [see Eq(8)]. It is easy to show external field. The S|m_plest pos§|ble klnetlc model hgs been
that in this case the field can be expressed in terms of the re§Pnstructed to describe this interaction self-consistently.
Bessel functions instead of the complex Hankel functionsth® main result is that the FIR absorption may be anoma-
appearing in Eq(12). Respectively, the absorption disap- lously large even for the loss-free particles. The mechanism
pears in the limit 17— 0. This may give the possible expla- Of the energy absorption in the inhomogeneous loss-free
nation as to why the anomalous absorption by a silver parelectron gas seems to be close in spirit to Landau damping
ticle in a gelatin matrix has not been found in Devaty-Sieverdphase mixing and does not put constraints to the particle
experimentg. size, and a character of the electronic scattering. However,
Let us recall that our results have been obtained for théhe absorption due to this mechanism can be sensitive to
case when the local velocity has the fori(x) the microscopic properties of the dielectric surrounding
= Ve[ No(x)/N;]1"2, which leads to the exponential decay of and in some cases may be completely suppressed. Our
the equilibrium electron density tail. Alternatively, one simple quasiclassical model certainly cannot reproduce all
could choose, for example, Thomas-Fermi for(x)  details of the energy absorption by electron cloud around a
=Vi[No(X)/N;]*3. Then Eqgs.(4) yield No~x"®, i.e,, the  small metal particle. Nevertheless, we believe that proposed

well-known Thomas-Fermi result for a plane boundary. Intheory captures qualitatively the main features of this pro-
this case our model gives the the field distributiongegss.

E;(y)/Eex, Similar to that shown in Fig. 1 with the differ-

ence that the point of plasma resonance is shifted farther to We would like to acknowledge useful discussions with

the right of the boundary. It can be shown that the absorptio. N. Lagarkov. This work was supported by the Russian

in this case is given by E@14) again with almost frequency- Fund for Fundamental Research under Grant No. 98-02-
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