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Optical properties of nonequilibrium low-dimensional systems
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The optical properties of low-dimensional carrier systdtitgiantum wire” type) driven away from equi-
librium are studied. The frequency and wave-vector-dependent dielectric function of a quasi-one-dimensional
electron system under the action of an exciting external pumping source is derived. The optical responses of
the system are obtained in terms of its nonequilibrium thermodynamic state, the latter characterized resorting
to a nonequilibrium statistical ensemble formalism.
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[. INTRODUCTION are traveling in the ionic background. LBtbe the radius of
the wire andL its length; moreover, these carriers are excited
The question of transport and other physical properties iy the action of an external source pumping energy on them.
spatially constrained systems is having a strong and healthyhis exciting pump may be a source of electromagnetic ra-
development. This applies to two kinds of areas of researchfiation e.g., provided by a laser, in the case of the semicon-
such as the physics of semiconductors and biological sysductor(e.g., sed4]), or nonelectromagnetic radiation in the
tems. The case of semiconductor systems with low dimenease of biopolymerg¢e.g., se¢5]). Let n,, be the linear den-
sionality is presently the object of extensive theoretical andsity of holes(number of holes per unit length along the axis
experimental studye.g., se€[1]); the case of biosystems of the wire), and in this cylindrical constrained geometry the
involves among others, biopolymers, in particular, peptideiole energy levels are given by
and proteins, composed of long chains of amino acid units, )
and DNA molecule$2]. Both, semiconductors in electronic E :ﬁ_( 2 1 k2) 1)
devices and living biological systems, work under nonequi- knl 2mp “ni '
librium conditions(usually far from equilibriuny and then
involve situations where strong dissipative effects are unwheremy is the hole effective maskiis the crystalline wave
folding in the medium. Thus this question belongs to thenumber for free movement along tlzelirection of the axis
realm of the thermodynamics of irreversible processespf the cylinder, andk, =8, /R where 8, are the zeros of
which is a field theory at a macroscopic level dealing withthe Bessel function of ordem, J,(B,r/R), with n
states and processes in systems lying beyond equilibriums0,1,2 ... andl=1,2,..., andr is the radial coordinate
either by a large amount or close to equilibrium correspond{the problem is axially symmetric The wave functions are
ing to the nonlinear and linear, respectively, divisions of thisin cylindrical coordinates
area of research. Hence, nonequilibrium thermodynamics ] )
deals basically with transport phenomena involving changes ~ ni(r,0,2)=AJn(Bnr/R)exp(ind)expikz),  (2)
in time and space of macroscopic observables and their
. X . . . where
fluxes in continuum media, as well as with the important

case of steady states. A 1= JL(#R?)Y2) 3
We consider here the case of a quasi-one-dimensional \/—(W ) na(B)- @

system(Q1DS as a quantum wire semiconductor sample or  We recall that the knowledge of the frequency and wave-
a biopolymer containing charge carrigvge take the case of number-dependent dielectric functief{Q,w) provides in-
a p-doped material—where the carriers are holes—as it isformation on all the optical properties of the system; here,
for example, the case in proteifi8]). We concentrate our e are interested in the particular one consisting of the Ra-
analysis on the optical properties of these carriers, to eviman scattering spectrum when considering different condi-
dence their electronic excitatiofsingle particles and plasma tions of excitation, that is, changing values of the intensity of
waves through the analysis of Raman scattering experimentghe pumping source.
under varying excitation conditions. As already noticed, for nonequilibrium systems we are
required to analyze their macroscopic properties using a ther-
momechanical statistical formalism, and we resort to the use
of the nonequilibrium statistical operator methddESOM)

Let us consider a quasi-one-dimensional cylindricaland Zubarev's approach is usgl7]. According to NESOM,
sample, where mobile carriers are present—and we considéne first step—in this nonequilibrium statistical ensemble
in particular the case of holes mdoped materials—which formalism—is the choice of a set of basic dynamical vari-

II. IRREVERSIBLE THERMODYNAMICS OF THE Q1DS

1063-651X/2000/6(1)/71(6)/$15.00 PRE 61 71 ©2000 The American Physical Society



72 HASSAN, VASCONCELLOS, MESQUITA, AND LUZZ| PRE 61

ables (mechanical observableshat can provide a macro- No(t) = Tr{Ayoe. (1)}, (11)
scopic description of the system appropriate for the experi-

mental situation to be considered. The average values ofhereg, is the nonequilibrium statistical operator. The latter
these dynamical variables over the nonequilibrium ensemblis given in MaxEnt-NESOM6,7,12,13 by the expression
provides the basic set of macrovariables that define the non- t q

equilibrium thermodynamic space of stafés9]. We con- _ - J' r st —t)_ atr o+ _

sider a model where only the lowest subbard0, | = 1 [cf. 2.(1) EXP‘ SO+ %dt © dt’ SU=0,

Eqg. (1)] is occupied, which then restricts the values of the (12
doping concentratiom, we can use. ) . . )
For the basic dynamical variables we take where in this case, for the basic set of variables of @g.
{HoNy i {Piol}, @) S(t.0)= (0 +AOHo~ (O] + 2 Frg(O)ig
consisting of the Hamiltoniahl, and the operatoX,, for the (13

number of the free holes is the so-called informational entropy operafa#] and

Ho=2 ehlhi, Np=20hlhoy, 5 é(t’,t’—t)zexp[—%(t’—t)ﬂ]AS(t’,O)exp{%(t’—t)Fl].
. . . . . (14)
and the Dirac-Landau-Wigner single-particle dynamical op-
erators for holes The quantity ¢(t) (playing in the theory the role of the
logarithm of a nonequilibrium partition function and being a
ﬁkQ=h,k,(1,2)thk_(1,2)Q, (6)  nonequilibrium Massieu-Planck thermodynamic poteptial

o _ . o _ together withg(t), — B(t)u(t), andF(t) are the corre-
whereQ# 0, which is associated with the description of in- sponding Lagrange multipliers that the variational derivation
homogeneous quantities, while the diagonal tefpopula-  jn MaxEnt-NESOM introduces.
tions) are present i, andNy, of Eq. (5). Moreover,h (h") The relevance of the choice of the $efq(t)} resides in
are the usual annihilatiofcreation) operators in the quantum that we are looking for an expression #(Q, w) of Eq. (7),
state labeled by the subinddéo{we recall that we are only wheren(Q,w) is the Fourier transform in time of
considering the subbanmt=0, | =1, indexes which we have
omitted in Eqs(4)—(6)].

Two points need to be stressed: the first is that in con- n(Q,t)=Zk M) (15
densed matter physics, however the strong Coulomb interac-
tion is present, a single-particle description in the random- LeavingE(t) for a later analysis, taking into account that
phase approximatiofll] can be used and it is extremely n,(t) is the constant doping concentratiof, using the non-
successful; the second is that the quantity of interest for unear quantum kinetic theory that MaxEnt-NESOM provides
here is, as noticed;(Q,w), which can be derived from the [6,7,15 in the Markovian approximatiofiL6], and consider-
knowledge of the polarization charge units of the electron ing that under the action of a constant-in-time source pump-
charge. In fact, from electrodynamic theoffy0] ing energy in a uniform way, the system achieves a homo-
geneous steady statafter a transient regime has elapsed
1 1o n(Q,w) @ The equations of evolution for Dirac-Landau-Wigner density
e(Q,w) ro ' matrices resulting from the perturbation of @ and
w-dependent probe charge are
wheren(Q, ) is the Fourier transform of the charge density
generated by a probe charge oscillating with frequeacy

ih — — fot £x _ %
propagating with wave numbed, and having amplitude,, 175 Mo(D) =o€ (Tich (1120~ Tk- (112 Y(Q)
which we calculate in the random-phase approximation. . .
The basic thermodynamic variables are then the averages +AEkqnko(t) = Q) (Fis (1120 fk=(120)

over the nonequilibrium ensemble of the quantities of @y. .
at timet, which we designate as XN(Q.Y) +ih[Acgt BrolNkal)

{Eo(D);ni(1);{Nko(t)1}, (8) +it(fE o= T8> CroNio(l)

k/

which is the free holes energy and density and Dirac-
Landau-Wigner single-particle density matrix in nonequilib- +ikY, Dk oNic+krg(t), (16)
rium conditions, namely, K’

) whereQ together withk andk’ run over the Brillouin zone
of the periodic array of molecules being considered. In this
Eqg. (16)

Eo(t)=Tr{Hoe.(1)},

1 N
Np(t)==Tr{No.(t)}, 10
()= THNn@. (D) (10 AExQ= €+ (12Q ™ €-(12Q> 17)
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and like distribution for particles with density,, and temperature
’ T%, and, we recalll is the length of the sample. The qua-
V(Q)=2e"Ko(QR)/ ol (18) sitemperature is determined by the relation
is the matrix element of Coulomb interaction for this Q1DS, 1 1 1
with K being the Bessel function of order zero ands the EEoztzk: efy zinthT’g , (25

background static dielectric constant. Moreover, the terms
with B, C, andD involve contributions arising out of carrier-
phonon interaction, and\ the coupling with the external
source, which we discuss below. The quantity

which follows after Eq.(23) is used, and wherg&, is the
energy of the holegcf. Eqg. (9)] in the steady state attained
when under the action of the constant external pump.

*_ + — Hence, after the terms containifdy C, andD in Eq. (16)
fe=Trthh-0sd (19 are neglected, we are left, after Fourier transformation in

plays the role of a population in state of the holes in the time is performed, with the integral equation

uniform steady state characterized by the statistical operator
Y Y P —fiwng()=—To(fii (120~ k- (120 V(Q)

Oss=exp— ¢* — B Ho+ " u* N}, (20) +AEQNko(@) = V(Q)
In this Eq.(20) we recall ¢* is the Lagrange multiplier X (F* —fr NQ,w)
which in NESOM ensures the normalization of the statistical H{12Q Tk-(12Q
operator,3* =1/kgT* is the one associated with the energy +ifiAghyg(w), (26)

that has been written in the usual form introducing the carrier _ ) _

quasitemperaturd® and the quasichemical potential* whereAg is Fhe .quantlty of Eq(21) taken ask independent

[17,18, which are time independent. Moreover, under con-andn(Q'w) is given by

stant uniform excitation, the Lagrange multipliefg, are

null in the steady state. N(Q, )= Nko(w), (27)
Furthermore, of the four coefficients, B, C, andD, at k

intermediate to high excitations levels produced by the ex

ternal pumping source, those associated with carrier-phon

interaction, namelyB, C, andD, are much smaller than the

one due toA (responsible for the pumping effectand are

the quantity of Eq(15) after taking Fourier transform in the
ime coordinate.
Equation(26) can be rewritten as

disregardedand then we omit writing their cumbersome ex- Nko(@) =T oV(Q) Fro( @) + V(Q) Fro( 0)N(Q, w),
pressions Hence, we take only the term witk, o which can (29
be written in the form
where we have introduced
Aro=0kaolos (21 - -
wherel is the intensity of the source argio a coupling Frolw) = hk;fZQEini(ft/;zz' (29

coefficient indicating the efficiency with which the pumped

energy is absorbed. This coefficient depends on the type of Summing Eq.(28) overk and after rearranging terms we
external excitation that is used, and in what follows, withoutgphtain that

loss of generality, we take it to be independenkaind it is

left as an open parameter in the theory. Finally, after some _ IVQ)FQ,w)

calculation we obtain that n(Q,w)= 1-WQ)AQ.0)’ (30)
f =[1+exp{B* (ex—p*)}] " (22 where
Furthermore, this distribution, in the usual experimental
conditions, can be approximated by ]—"(Q,w)=2k Frolw). (39
2 \12 . . .

fﬁznh<mi7|:h-r*) eXp( B ke;*). 29 Using Eq.(30) in Eq. (7) it follows that

e o €(Q.0)=1-UQFAQ.v), (32

This follows from the condition that the exponential in Eq.

(22) is much larger than 1, and for the given fixed numberan expression which foAo=0 resembles the well-known
(densityn,) of holes, the relatioficf. Eq. (10)] Lindhart dielectric function; here, however, through this con-

tribution, it depends on the level of excitation created by the
1 . pumping source, whose intensity is present in determining
”h:[; fi (24) Ts andAq. As we have seer\q is proportional to such an
intensity, andT? is determined by Eq25), and therefore by
determines the coefficient in front of the exponential in Eq.Ey. The energy of the holes is composed of two terms,
(23); it is worth noticing that the population as given by Eq. namely, the thermal kinetic energy and the constant energy
(23) has an expression resembling a Maxwell-Boltzmann{rovided by the source which is storaged in steady-state con-
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ditions. The latter is proportional to the intensity of the o P
source, the proportionality coefficient being an absorption ] 1 I
i ; ; ; B Q =10* cm™
coefficient we callG corresponding to the particular kind of 100+ 100
excitation to be usedsee below. Thus, in general we can . . o
write ] 3 A =10 I
804 A,=306x10" [0
LnkaT* = inkgTo+ Gl (33 A= 10"
2 c 2 ! 70 A4=2x10” 70

60 A;=316x10" L4

where T, is the temperature of equilibrium with a thermal
reservoir in the initial condition of preparation of the sample,
and |y is, we recall, the uniform intensity of the pumping
source.

We notice, for example, that if the pumping source con-
sists of the presence of a constant electric field of intergsity
then in the Ohmic regime we must expect a law of the type ]
Te=To+ DE?, whereD is a constant proportional to the 10
conductivity and, according to electrodynami€$js propor- ]
tional to the energy of the applied field. It can be noticed that , ,
in this case the hole’s linear momentum must be incorpo- o0 0 10
rated in the set of basic variables of Ef), since a current is FREQUENCY SHIFT (10'* Hz)
then present. The situation is similar in the case of incidence . .
of elee:tromagnetic radiatiofe.g., from a lasgrwhere we do FIG'.l.' Raman Specrf" for d'ffelrem values of the amplit

: . . the exciting source an@=0.1cn1 ~.
also have a proportionality with the square modulus of the
electric field of the radiation and then—through the Poynting
theorem—on the power-flux intensity of the laser bgao. Wi(Q,0)=[ho+AEI[fi (1m0~ kom0l (37
In the case of biopolymers under dark excitation it would
depend on the metabolic energy-transfer pro¢ggs

We proceed next to an analysis of an optical property, the
Raman scattering spectrum, of this system of charged par-

ticles in Q1DS out of equilibrium, looking for its dependence e proceed next to perform numerical calculations of the
on the intensity of the pumping source, that is, on its “dis-Raman spectrum for different levels of excitation in these

50 - 50

40 - a0

30 30

RAMAN CROSS SECTION (arb. units)

20

T
1.5 2.0

tance” from equilibrium. Q1DS. We use, just for illustratioR=250 A, T* =300K,
N,=8x10°cm %, Aq is left as an open variable parameter,
ll. RAMAN SCATTERING SPECTRA and we useQ=0.1cm L. In Fig. 1 are displayed spectra

r§:orresponding to several different values &§. We can

The Raman scattering differential cross section is givernr . . -
g 9 notice that two bands can be identified: they correspond—as

by in the case of bulk matter—to the one of single-hole excita-
d2 . tions (at low-frequency transfgrand to plasma excitations
m"(Q*‘”): —AQ)[1-e A "1 I me Y(Q,w), (at higher frequenci@¢sTwo relevant results can be pointed

out.
(1) With increasing values of the pumping source the

where Im stands as usual for the imaginary part 44@) is band corresponding to scattering by plasma excitations shifts
its peak towards lower frequencies. But, more important, it

an amplitudg 19], and(} is the solid angle, in stereoradians, . o :
P 419] g roadens and disappears within the band corresponding to

presented by the optical window in the detector when looke i _ ) : .
from the center of the active volume of the sample. In thethe scattering by the continuum of single-particles excita-

figures below the amplitude of proportionaliey constant for tion_s. This is a consequence that _thg co_ntribution_conta_ining
givenQ in the experiment; we recall thatw and%Q are the Aq in Eq. (16) has the role of a dissipative term, involving
energy and momentum transferred in the scattering gient (e decay of plasma waves in a process mediated by the
ignored, and then the intensity of the Raman signal is givefOtential interaction with the external medium, the pumping
in arbitrary units. source in this case, after the collisions with the lattice vibra-
We obtain for the real and imaginary parts of the complext'ons have been dlsregardeq. The_soqrce then has a 'twofold
dielectric function of Eq(32) that _role_, on the_ one han(_j it provides kinetic energy to excite the
individual single particlegcf. Egs.(25) and(33)] and on the
other it produces the intense decay of the charge-density
Ree(Q,w)=1-VQ) >, Wi(Q,0)D X(Q,w), (35  wave(the hole plasmons
K (2) The position of the peak of the band corresponding to
scattering by plasmons corresponds—as we know from the
_ -1 theory of the Fermi liquid20]—to the vibrational frequency
me(Q.e) V(Q); AP (Quw), (36 of the plasma wave. This frequency, in the case of the near
one-dimensional system like the one we are considering, can
where be very approximately derived from a zero of the real part of

(34
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FIG. 2. The real part of the wave number and frequency-

dependent dielectric function. for a given value of the amplitude of FIG. 3. The absorption coefficient, related to the imaginary part
pende u ' 9 u € amphitude Olot the dielectric function, for a given value of the amplitude of the
the exciting source and wave number.

exciting source and wave number.

the dielectric function. If we disregamlg in the expression
for the latter, the plasma-wave dispersion relation is given b
[4,21]

waves is strongly dampe@mbedded in the continuum of
)ﬁuasiparticle)sand not observable.
We also naotice that the frequency and wave-number con-
wé: £Q%Ko(QR)=£Q?IN(QR)|, (39 ductivity U(Q,w) can be derived from the dielectric function
through the relatio10]
the approximate value valid f@ R<1 (the long-wavelength

limit), and wheréf is the square of a velocity given b iw
) s the sq Y gven by o(Q)+ 7= [(Quw)~1]. (42
_2¢% n,
T g M (40 Summarizing, from the Raman scattering spectra the

spectrum of excitations of the system in nonequilibrium con-
The frequency of Eq. (39 is approximately wqg= ditions has been obtained. It consists of the continuum of
7.5x10?s7! for the numerical values we are using. This single-particle excitationgtransitions between states in the
value is in a reasonably good agreement for the lowest valueand of energy levels of holes or the valence harthe
of A in curve 1, while with increasingd there is a shift other band corresponds to scattering by the collective exci-
towards smaller values due to the renormalization that théation consisting of the plasma waves. As shown, the energy
term in A introduces. To better illustrate the point we con- dispersion relation for these plasmons can be characterized
sider the case of small and also smalQ (the limit of very  from the optical properties. This is approximately given by
long wavelengths choosing againQ=0.1cm* and A Eg.(39), which has a logarithmlike singularity for very small
=10°. The real part of the dielectric function is shown in values of wave numbers times the radius of the cylinder-type
Fig. 2: We can see that it has two zeros; the first one at lowesample. The group velocity of propagation, at sn@ai, is
frequencies is associated with single-particle excitations,
while the second at higher frequencies is the plasma fre- _
qguency. The value of the latter agrees very well with the ve(Q)= E
value calculated from Eq39). Moreover, the first zero oc-
curs at a frequency given very approximately fy,Q,  which also has a logarithmlike singularity at the limit of
wherevy, is the thermal velocitynv,=kgT* , as itis also  infinite wavelength(of course, such limit is not accessible in

209 e3n(QRI2 (43

the case for bulk systems. real situations with finite samples when the lowest wave-
Finally, in Fig. 3 we show the corresponding optical ab-number mode that can be excited is of the orderQof
sorption coefficient defined byl 0] =/L).
2(Q,0)=wImeQ,w), (42) IV. CONCLUSIONS

in the conditions of Fig. 2, which shows an absorption band We have considered a plasma, composed of holes in geo-
at low frequencies corresponding to transitions between inmetrically constrained material®f the “quantum wire”
dividual single-particle states, and the one due to plasmg&pe) as, for examplep doped near one-dimensional semi-
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conductors, polymers, or biopolymers—we recall that in bio-sets in. After the steady state is achieved the nonequilibrium
logical systems proteins apedoped[3]. This plasma is un- macrostate of the system is described by the statistical op-
der the action of an external pumping source which drives ierator of Eq.(20). On the other hand, the interaction of the
away (near or fay from equilibrium, through, say, interaction charge-density wavéhe plasmonswith the pumping source
with electric fields—for example, in semiconductors or bio- gives way to a dissipative procelsharacterized by the con-
Iogical membranes—with e_Iectromagnetic radiation such agibution i A, in Eq. (16); we recall that compared with it
microwaves, or by the action of the so-called dark excitathe other contributions arising out of interaction with the
tions (biochemical processg# biosystems. lattice vibrations can be disregardehis relaxation process
The macroscopic state of this out-of-equilibrium systemis clearly evidenced by the diminution in amplitude and
has been described by the thermodynamics of irreversiblgroadening of the band due to scattering by plasma waves.
processes based on a nonequilibrium ensemble formalisthis pand dissappears with the increasing intensity of the
namely, MaxEnt-NESOM. We have concentrated the attengqrce (for Ao~6x 10" in Fig. 1), and the band due to
tion on the optical properties of the electronic system in thescattering by single particles is reduced in amplitude.
plasma, and particularly the influence of the intensity of the  These are the physical consequences to be expected in
source driving the system to a "distance” from equilibrium. near_one-dimensional systems such as semiconductors quan-
The frequency and wave-number-dependent dielectric fungym wires, polymers, and biopolymers, which are driven out

tion in such nonequilibrium conditions was derived, sinceot equilibrium by the action of an external source of excita-
from it one can obtain all the optical properties of the system;jgy.

as well as information on transport properties.

Moreover, the presence of the pumping soufekectric
field, electromagnetic radiation, dark excitation, or biochemi-
cal pumping, drives the holes out of equilibrium, to a ther-
modynamic state which is characterized by, besides the con- Two of the authorgR.L. and A.R.V) acknowledge finan-
centration fixed in the doping process, an excess of kineticial support of their research group provided by theo Sa
energy out of the equilibrium value characterized by the quaPaulo State Foundatio(FAPESB, the National Research
sitemperaturel? : Its dependence on time reflects the factCouncil (CNPqg, the Ministry of Planning(Finep, IBM-
that the nonequilibrium state of the system is evolving inBrasil, the U.S. National Science Foundatidd.S.—Latin
time as a result of the irreversible processes that develop iAmerica Cooperation Project; NSF, Washington, D,.@nd
the medium, but, as noticed, when under a continuous anthe John Simon Guggenheim Memorial Foundatidfew
constant source of excitation a time-independent steady statork).

ACKNOWLEDGMENTS

[1] M. J. Kelly, Low-Dimensional Semiconductors: Materials, [11] N. W. Aschroft and N. D. MerminSolid State Physic&Holt,

Physics, Technology, Devicé®xford University Press, Ox- Reinhart, and Winston, New York, 19)/6

ford, 1995. [12] R. Luzzi and A. R. Vasconcellos, Fortschr. Phy8 887
[2] A. S. Davydov,Biology and Quantum Mechani¢®ergamon, (1990.

Oxford, 1982; M. Ratner, Scienc&97, 480 (1999. [13] R. Luzzi, A. R. Vasconcellos, and J. G. RamBsundations of
[3] R. Pethig, Int. J. Quantum Chem. Biol. Syn%.159 (1978. a Nonequilibrium Ensemble Formalisradited by A. van der
[4] S. A. Hassan, A. R. Vasconcellos, and R. Luzzi, Solid State Merwe, in Fundamental Theories of Physics Sefi€kiwer

Commun.66, 177 (1998. Academic, Dordrecht, in press
[5] Chemical and Biological Generation of Excited Statedited  [14] S. Hassan, A. R. Vasconcellos, and R. Luzzi, Physic268

by W. Adam and G. Cilent¢Academic, New York, 1982 359(1999.

[6] D. N. Zubarev,Nonequilibrium Statistical Thermodynamics [15] L. Lauck, A. R. Vasconcellos, and R. Luzzi, PhysicalB8,

(Consultants Bureau, New York, 1974Neravnovesnaia 789(1990.

Statisticheskaia Termodinamikhlauka, Moscow, 1971 [16] J. R. Madureira, A. R. Vasconcellos, R. Luzzi, and L. Lauck,
[7] D. N. Zubarev, V. N. Morozov, and G. R&e, Statistical Me- Phys. Rev. 557, 3637(1998.

chanics of Nonequilibrium Processes. Vol. 1: Basic Concepts[17] A. C. Algarte, A. R. Vasconcellos, and R. Luzzi, Phys. Status

Kinetic Theory; Vol. 2: Relaxation and Hydrodynamic Pro- Solidi B 173 487(1992.

cessegAkademie Verlag, Berlin, 1996, 1997 [18] R. Luzzi, A. R. Vasconcellos, R. Luzzi, and D. Jou, J. Chem.
[8] R. Luzzi, A. R. Vasconcellos, and J. G. Ram@&tatistical Phys.107, 7383(1997.

Foundations of Irreversible Thermodynamiedited by W. [19] P. A. Wolff, in Light Scattering Spectra of Solidsdited by G.

Ebeling, in Texte zur Physik Seri¢seubner, Berlin, in press B. Wright (Springer, New York, 1969
[9] M. A. Tenan, A. R. Vasconcellos, and R. Luzzi, Fortschr.[20] D. Pines and P. Nozes, The Theory of Quantum Liquids

Phys.45, 1 (1997). (Benjamin, New York, 196

[10] L. D. Landau and E. M. LifshitzElectrodynamics of Continu- [21] S. Hassan, A. R. Vasconcellos, and R. Luzzi, Eur. Phys. J. B
ous Media(Pergamon, Oxford, 1960 (to be published



