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The сroSБ section ofthe inelastic Iight scattering Ьу electron-hole plasma in metals is studied. 
The Coulomb interaction of electcon excitations is taken into ассоип! selfconsistently. The system 
of Воltzпшпп's equation Сос electronic f1uctuations and Maxwell's equations foc the interaction 
field is solved. Rашап spectra consist of the electron-hole background, diffuson and plasmon 
resonances. The widths of this background and resonance are determined Ьу the electron collision 
rate as well as Ьу the decay ofthe incident and scattered radiation in metal. The Нпе shape depends 
оп tl1e screening оС the electron-light interaction, i.e., оп the incident mdiation Crequency. 

1. INТRODUCTION 

@1997 

In recent times the inelastic light scattering has attracted considerabIe attention because 
of а puzz1e of the high temperature superconductivity [1-5]. A1so synchrotron sources of 
radiation [6',7] with I1igh res01ution Ьауе 1ed to ап advance in experimenta1 investigations of 
e1ectronic excitations in solids and liquids. Light scattering experirnents permit to obtain the 
detai1ed information оп various e1ementary excitations: phonons [8], p1asmons [9,10] and 
magnons [11]. ТЬе influence of transition into superconducting state оп the Rarnan light 
scattering was firstly studied theoretically in Ref. [12] and recently for the synchrotron radiation 
frequency [13]. 

ТЬе Raman spectra present а very,comp1ex picture and attention to their subtle aspects was 
paid only recently. In particu1ar, 1ate1y it has Ьееп discovered that the interaction ofthe рЬопоп 
resonances with the e1ectron~h01e continuum 1eads to с1шrасtегistiс changes in the shape of the 
resonance liпе [14-16]. ТЬе resonance 1ine acquires the Fano resonance line shape also known 
as the Breit-Wigl1er resonal1ce in пис1еат physics. ТЬе second ехатр1е, where the resonance 
peak has а specific shape, is the two-magnon resonal1ce in which two magnons are involved 
in the electron transition through а gap [17]. 

Тhe ine1astic light scattering Ьу norma1 meta1s has not yet Ьееп studied experimentally in 
such а detai1ed таппет as that Ьу superconductors. We wou1d like to concentrate оп ап etfect 
which has a1ready Ьееп noticed [18], but not investigated in detai1s: the influence ofthe spatia1 
distribution of the iпсidепt апd scattered light in а meta1 оп the resonance line shape. Up to 
now in investigations of Raman scattering, the solid state is treated as а nonabsorbent substance, 
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Fig. 1. Реуптап diagrams depictil1g the two cOl1tributions to Raman scattering in metals. (а) The 
electron-hole contribution; (Ь) the contribution of electromagnetic excit.ation (plasmon, the dotted liпе) 
in electron-hole plasma. Here the solid Jine is the electron Green's function, the wavy liпе the incident 
and scattered light. ТЬе black dots are vertices describing the electrorl interaction with the incident 

and scattered \ight. The Coulomb interaction is represented Ьу ап empty vertex 

where the incident and scattered light possess well defined wave vectors. ТЬе existence of 
imaginary parts of the wave vector leads to changing of the line shape. This effect should 
ье considered as competitive to the Fal10 resonal1ce. 

In this paper we study tllе influence of the аЬоуе mentioned fieJd decay in а metal оп 
resonance with the plasmon excitation. The interaction between рlasтоп resonance and the 
electron-hole excitations i8 taken into account. In Fig. 1 the effect of the electron-hole 
excitations is represented Ьу а loop. The electron-hole excitations are shown in Fig. lа. Тhis 

diagram describes а continuum with а widtl1 depending оп the collisiol1 rate. In the «dirty» limit 
the diagram involves а diffuson pole. ТЬе diagram lb, where th(~ electromagnetic interaction 
is shown Ьу the dotted Iiпе, has а narrow plasmon pole at the electron plasma frequency ""'о. 

It wШ ье shown, that the influence of the electron 'оор leads to asymmetry of the plasmon 
resonance (Рапо effect). Two contributions shown in Fig. 1 should ье integrated with the factor 
IU(r, t)!2 = IA(i} A(s)12 11avil1g the width determined Ьу the spatial damping of incident (i) and 
scattered (s) ligl1t. 

Тhe Rзтап cross section is expressed in terms of а Iinear response of the electron system 
with the Coulomb interaction to the extemal field U(r, t). We solve selfconsistently Boltzmann's 
equation [ог electronic fluctuations and Maxwell's equations [ог the interaction field. 

For applicability of Boltzmanh's equation the following conditions should ье fulfilled: 

Ikl = Ik(i} - k(8)j «kF , 1""'1 = I"",(i) - "",(8)1 «€F, 

where k F and с; F are the Fermi momentum and energyl). The first condition allows ап 
analytical expression to ье found for tlle distribution [ипсНоп of charge carriers. We are 
interested in sma\l values of 1""'1 and 1""'1 ~ ""'о. In the latter сзsе the condition е2 jhv « 1 should 
ье fulfilled, where v is the Fermi velocity. А justified method is not known for ап evaluation 
of the response function for ап arbitrary е2 jhv, Ьи! permittivity calculated Ьу Boltzmann's 
equation coincides witll Lindhard's expression obtained in the Iimit Ikl « kF and [ог arbitrary 
values of 1""'1. Therefore we use the kinetic equation and write it in the r-approximation. Тhe 
r-approximation сап ье well founded [ос elastic scattering processes [19,20]. An attempt 
10 include the inelastic scattering Ьу phonons has Ьееп made in [21], where the response 
function was obtained Ьу Green functions method. Strictly speaking, the collision rate r 
for large frequency transfer <1""'1 :::: ""о) depends 011 "'" and is determined Ьу the electron
elec1ron collisions. ТЬе long wave part of the Coulomb iriteractiol1 is taken into account in а 

1) We put h and Boltzman's cOl1stant equal to 1 except the final expressions. 
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self-consistent way (Vlasov-Landau аррroхimаtiол; for {Ье scattering problem,see Ref. [18]). 
Contributions of the local field will Ье disregarded. 

2. INELASТlC LIGHT SСЛТfЕRING AND SUSCEPТIBILIТY 

We consider light scattering Ьу а metal, which lies in the half-space z > О. ТЬе Raman 
cross section has the form 

(1) 

where {Ье density-density correlation function ~(kx, w) contains the bulk алd surface 
cOlltributions [1&1. Неге we аге interested in {Ье bulk part only. Тлел we сап use {Ье еуеп 
cOlltinuatioll of аН the fields in tl1e semi-space z < О and take {Ье Fourier transform with respect 
to coordinates. Тле correlator ~(kx, w) is expressed in terms of the generalized sus<:eptibility 
X(k,w): 

(2) 

ТЬе generalized susceptibility X(k, w) in {Ье field U(k, w) is defined as folJows 

(3) 

where /p(r, t) is the electron distribution function with а specular boundary condition at z = О. 
ТЬе field И (r, t) еопsidегеd below as the extemal Согее is {Ье product ofthe vector potentials 

of tl1e incident A<i)(r, t) апd scattered A(s)(r, t) light 

A(i)(r, t)A(s)(r, t) ~ U(r, t) = U(k,w)exp[i(kss - wt)J, 

where ks = k~i) _k~S). Неге the subscript s denotes the vector соmропепts parallel {о {Ье surface. 
For {Ье uпЬоuпdеd space еЫ, e(s) асе the роlаrizаtiоп vectors of {Ье iпсidепt апd scattered 
fields, respectively, апд t11eyare iпсludеd in {Ье vertex fuпctiоп ")'(р). For а balf space the 
poJarization vectors еЫ, е(В) аге determined ьу {Ье solution оЕ the e]ectrodynamic рсоЫет 
(Гог detaiJs see, Refs. (18,20J). ТЬе vertex fuпctiол ")'(р) сопtаiпs resoпапсе denоmiпаtоrs 
арреагiпg in the second order ofthe perturbation theory with respect to АЮ, А'Л). ТЬе Fourier 
transform of the field U(r, t) is given ьу 

2i( 
U(k,.w) = (2 _ k;' (4) 

where complex (, = (1 + i(2 is the sum of {Ье normaJ соmропепts оЕ the wave vector of the 
incident апд scattered light in the metal. 

The electron distriЬutiоп fuпсtiоп jp(r, t) is эеассЬед in the form 

d/o 
/р(Т, t) = /0 (e(p,r, t) - м) + -d bjp(r, t), 

ео 
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where !о(с;(р, r, t) - м) is the Fermi-Dirac distribution function depending оп the local electron 
spectrum 

c;(p,r, t) = С;о(Р) + /,(p)U(r, t). 

ТЬе nonequilibrium part oftlle electron distribution function is ruled Ьу Boltzmann's equation: 

- i(w - kv) 8!p(k,w) = [iw/,(p)U(k,w) - evE(k,w)] - 1I(8!p(k,w) - (8!p(k,w»)), (5) 

where 11 is the collision rate and angle tlle brackets del10te averaging over the Fermi surface 

1 J 2dS J 2dS 
( ... ») = по (2Jr)3 V (" .), ПО = (2Jr)3 V ' 

по is the density of electron states; we assume Т ~ Ер. 
ТЬе electric field E(k, w) describes the electron--electron Coulomb interaction and is 

determined Ьу the Maxwell equation 

w2 4Jriw. 
rotrot E(r, w) - zD(r,w) = -2-J(r,w) 

с с 
(6) 

Witll 

(7) 

where E~,в is tlle dielectric сопstапt of the filled bands. 
SuЬstitutiпg the sоlutiоп of Bo!tzmal1's еql1аtiоп (5) iпtо Еч. (7) we obtain: 

(8) 

where 

.-.I1')(k ) _ / Va'Y(P») 
I ;, ,w - ewno \ W _ kv ' 

_ ill(v/(w - kv») 
v = v + ..,......-';-'-':--:-::---::-'-'-:-:-

1- (ill/(w - kv»)' 
_( ) = () + ill(~I(p)/(w - kv») 
/' р /' Р 1 - (ill/(w - kv»)' 

w=w+iv. 
ТЬе soll1tions о[ Maxwell's equation (6), (7) has tlle [огт 

(9) 

with the matrix 
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where f",,в(k, w) is related to the conductivity tensor 

(10) 

Using the solution of Boltzmann's equation (5) and Maxwell's equation (9) we obtain the 
generalized susceptibility (3) 

_ / ,*(P)"i(P») 41Г ;:..[7')( lfiA (7) 
X(k,w)-u.!no \ w-kv -C2 1 ;' k,w).:v",,в(k,w)Г,в (kw), (11) 

where 

For normal propagation of the incident and scattered waves (k = kz = k) the expressi
оп (11) reads 

_ \1'*(P)"i(P») 41Г ;:..[7') )...17) x(k, w) - wno - _ k + 2 (k ) 1 ~ (k, w 1 ~ (k, w). 
w V z w f zz ,w 

(12) 

Substituting (12) into (2) we obtain 

where 1:1 (О, w) is the contribution of the first term in (12) related to the excitation of electron
hole pairs and 1:2(0, w) exhibits the plasmon resonance connected to fzAk, w). These two 
contributiol1s асе shown in Fig. 1; the loops correspond to rz(k, w) and the dotted Нпе to 
fzAk,w). 

3. LARGE AND LOW SPATIAL DISPERSION 

Let us consider two important limiting cases. 
(l) Large k-limit: kv» Iwl. 

Since \ w ~zkvz ) = - ~ +i1Г ~ (б(р,)fv), with р, = cos(k, У), we obtain the susceptibility (12) 

in the [ост 

1ГnоW ( 2) X(k,w) = -;;- I,(p) - (,(р»)1 б(р,)/v , (13) 

Eq. (13) describes the screening of light scattering Ьу the Coulomb electron-electron 
interaction [22]. This means that in the frequency range w ~ vl(1 < Wo uр to the plasrna 
frequency Wo the density t1uctuatiol1s are screened due to the Coulomb electron-electron 
il1teractiol1. 

(ii) Low k-limit: kv «: Iwl. 
АН il1tegral1ds in Х (12) we expal1d in power series with respect to kv/lwl. The second term 
in (12) is proportional to k2• 111 the leadil1g approximation the first term gives 
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(14) 

We retail1 in the del1ominator (the diffuson pole) the term proportional to k 2, since it is essential 
at low v.; '" k2(v;)jv «: У. 

If we left out of considerations tl1e fгequепсу range near the diffuson pole, we obtain 

X(k, v.;) = X(k = О, v.;) + бх(k, v.;), 

where the first term results only [rom t11e electron-hole excitations 

У:"; 

- ImX(k = O,v.;) = 11{J(I,(p) - {,(р»!2}-2---2' (.(" +у 
(15) 

ТЬШ frequency dependence of the cross section has Ьееп obtained in [19,23]. The first term 
in Eq. (12) gives also а contribution proportiona\ to k1 : 

The second term in Eq. (12) has tlle resonal1ce form: 

where 

the electron plasma frequel1cy v.;~ = 47re2no (v;) j E~z, and the dispersion parameter и 2= 

= {v~)j(v;}. 
The equation EzAk, v.;) = о gives frequency and damping (including its dispersion) of 

plasmon v.; = v.;pl(k) - ir(k), wllere 

v.;~l(k) = v.;{~ + u2k 2, r(k) = v [l + (u2 - (v;») e/v.;J] /2. 

Below we will omit the small dispersion of damping. 
ТЬе terms proportional to k2 (16) апd (17) сап ье written as follows 

Now we are in а position to caIculate tJle cross section. 
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Fig. 2. Ditfuson сеsoпапсе and relaxation 
maximum at ditferent values of parameters 
given in the text. In the curve (d) {Ье 

relaxation maximum is absent for the cOll1plete 
screening. (Ь), (с) ТЬе screening is partiaI, the 
mean free length for (о) is larger than for (с). 
Тhe curve (а) represents the Raman spectrum 
without the ditfuson resonance (see, Eq. (23» 

4. LIGНТ SСА1ТЕRING CROSS SECfION 

111 the «сlеап~ Iimit 11.1) + ivl <t:: vl<! опе obtains the cross section Ьу substituting Eq. (13) 
into (2). For а more interesting case, (1 ~ (2. we get 

In this case ~(O,UJ) has а maximum at V.J ~ V(I' 

111 the «dirty. limit v ~ vl<I, there are two regions: the low and laIge frequency transfers. 
For the case oflow frequency transfer 11.1)1 ~ 11, we obtain the сross section Ьу substituting (14) 
into (2). Jf (1 ~ (2, we сап integrate only IUl2, taking the smooth function ImX(k,l.I) at 
k=(! : 

(20) 

This expression has two maxima (see Fig. 2). Опе at 1v.J1 ~ <l(v~)/v <t:: v describes tlle 
diffuson excitations. Another а! 11.1)1 = 11 is resulted from relaxation processes in the electron 
system. The relaxation maximum is absent (curve (d», if (11'(p)1 2) = 1(,.(p»)12• We define this 
case as the complete screening limit. For 1v.J1 ~ (1 (v;}1/2 Eq. (20) transforms (see, curve (о» 
to Eq. (23) obtained first Ьу Zawadowski and Cardona [23]. ТЬе following sets of parameters 
(ш = 1(1'(p»)1 2/(!,.(p)12),vo = (v;)(f/v2) is used in Fig. 2: (о) w= 0.5, Vo = О; (Ь) w = 

= 0.5, Vo = 0.04; (с) w = 0.5, Vo = 0.02; (d) 111 = 1.0. vo = 0.02. ТЬе units of ~(O, v.J) are 
no(I.,(p)1 2) / (2. 

For the large frequellcy traпsfег 1v.J1 > 1/ , we find the cross section using (15), (18). Опе 
сап obtain а simple form in the limit u2(~ <t:: I/Wo, wllere the spatial dispersioI1 of plasmon сап 
ье disregarded. Маkiпg use of tlle integrals 

we оЬtаiп 

~(O,W) = l:,(O,w) + бl:(О,w), 
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ДО,ш) Fig. 3. Theoretica1 prediction of Raman 
spectra for поrшаllу incident and scattered 
light. The background is the electron
hole continuum with large collision rate. 
The rcsonance corresponds to the excitation 
of plasmon with low spatial dispersion. 
The Coulomb screening of electron density 
f1uctuations is comp]ete for the cUlve (а), 

and partial for (с). The curves (Ь) and (с) are 
shifted along the abscissa. The parameters 

0.5 

а 

О 0.2 0.4 0.6 0.8 J .0 J.2 1.4 
ш!шо are defined in the text 

The frequency dependel1ce of the cross sectiol1 (22) is shown in Fig. 3 for various values of 
parameters: С, = СЗ = 1, 1t2a /w6 = 0.04, v /wo = 0.08, and (а) С2 = 1, х = О, (Ь) С2 = 2, 
х = 0.2, (с) С2 = 2, х = 0.4, where х == u2{1'Y(p) - {'Y(p»)12){1J;)/I{'Y(p)v;)12. The units of 
I:(O,w) are nol{'Y(p)v;)12/(2{V;)U2• 

Tllere is а wide backgroul1d il1 the ral1ge v < Iwl < wo evel1 tor а weak p-dependence 'У(Р) 
whel1 

The resonal1ce line slшре is asymmetric if tlle coefficient С2 difIers markedly fют unity: the 
resonance curve dюрs more rapidly at the side Iwl > wo. Let us note that the parameters 'У(Р), 
(, апd (2 depend оп frequencies of the iпсidепt апd scattered light, and v is а function of w. 
АН these dерепdепсiеs сап Ье disregarded пеаг tlle plasmon resonance, but they modify the 
form of the Ьасkgюuпd. 

То take into account the spatial dispersion of plasmons we calculate the integra1 

j. dkz 1 т k 12 k; _ (, ( (, - kp signw" ) 
ъ;:- [ ( ,w) k; _ k~ - 2(2 (f _ k~ + 2i('(2 + (kp , (2 --+ - kp , - (2) , 

where tlle terms of tlle order (и а are omitted апd k; = (а + ilI) / и 2w6 , 

а = (w2 - v2)(w2 - wa) - 2v2w2, Ь = vw [2(w2 - wa) + w2 - v2] . 

Using (2) and (18) we obtain il1stead of (24) the СОl1tгiЬutiоп 

БI:(О ) = nol{'Y(p)v;)12(, [2wv(Зw2 _v2)(lС,+ (( w2w5 _ 2С ) fZ (k ") + 
,w 2{V;)(2 (w2+v2)3 W 2+V2 V 3 2 р,.,,2 

+ vw (w2~ v2 - 2С2) fZ1 (kp, (2) + (kp, (2 --+ - kp, - (2») ] , (25) 
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Fig. 4. Plasmon resonance in Iight scattering 
for crossover of damping (curve (Ь) v /wo = 
= 0.0115); (а) plasmon damping is larger 
than the field damping (v /wo = 0.02); 
(е) v /wo = 0.006; v is the electron collision 

rate, Wo - the plasma frequency 

( ) 
l!2 

k2 = Va2 + Ь2 - а signw/!2uwQ. 

For u2(1 « vw Eq. (25) coincides witll (24). Expression (25) is valid if Iw + ivl » V(l. 

(26) 

The position of а resonance is given Ьу tlle condition а = u2w5Cl. It rneans that а plasrnon 
is excited with the wave vector equal to tlle double wave vector of the incident light (we consider 
the back scattering geornetry). The width oftlle resonance is deterrnined Ьу cornpetition between 
intrinsic plasrnon darnpil1g Ь and decay ofligllt (2. Usually the condition 2u2w5(, (2 « 'ы� holds, 
where tlle widtll of plasmol1 resonallce is cOl1l1ected witl1 the electron colIision rate Оl11у (curve 
(а) il1 Fig. 4). 

Tl1e-resonal1ce line has а critical behaviour «Ь) in Fig. 4) whel1 Ь == 2u2w5(1(2 (see (26». 
In the case (е) the resol1ance width is conditiol1ed Ьу decay of the light (2. The parameter х 
and the units of L(O, w) are defined as for Fig. 3 (see text after (24», С 1 = СЗ = 1, С2 = 2, 
u2a/w~ = 0.04, х = 0.2,2(2/(1 = 0.3. 

5. CONCLUSIONS 

In tllis paper we considered the effect of the electron colIision rate and incident field decay 
оп illelastic light scatterillg il1 rnetals. Оис method is based оп the straightforward solutiol1 
of Bolztmann's equation for electronic fluctuatiolls alld Maxwel1's equation for the electron
electron illteraction field. If tlle incident radiation frequel1cy is not so large, the momelltum 
dependence of tlle electron-light interactioll ')'(р) 11as to Ье taken into consideration. For the 
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scattering geometry A 1g (incident апd scattered light аге polarized along x-axis and propagate 
along z-axis) 

where t11е subscript f denotes the index of the Ьапd in which the carriers exist, the transitions 
take place into апу band n, pj·n is t11e electron momentum matrix element, m is the electron 

mass, and [ог the semi-infinite metal [18} c~) = (1 + Vfxx(W(i>:i) -1. 

ТЬе electron-light il1tегасtiоп is sсгеепеd Ьу the Coulomb interaction as wel1 as Ьу electron
electrol1 collisiol1s. Tlle smooth рап of the Raman spectra (background) is determined Ьу 
tlle screened electron-light interaction. This рап exists due to p-dependent second term in 
bracket (27). The sсгеепiпg is not effective [ог the diffuson and plasmon resonances. For 
complete screening there аге only the plasmon resonance with symmetric liпе shape and the 
asymmetric diffuson maximum. In ап il1termediate case, the wi(le electron-hole background 
appears and the plasmon resonal1ce has the asymmetric Нпе shape. Foг low collision rate, 
the width of the геsoпаl1се depends оп the decay of incident radiation. If the collision rate is 
сотрагаЫе with the decay of incident radiation, the plasmol1 resonal1ce curve 11as поп trivial 
form. Let us emphasize, that the diffusol1 maxima апd the рlаSПlОl1 resonal1ce аге located il1 
very differel1t parts of spectf1lm. The collisiol1 rate v ~ 103 ст- I , according to the estimation 
given in Ref. [16] [ог УВаСиО il1 tlle погтаl state and [ог the optic range of the il1cident 
radiatiol1. Then the ditfusion maximum has to Ье observed at w ~ 10 cm- I . 

In а layered system having а cyIindrical Fermi surface with its axis perpendicular to the 
surface ofthe sample, the plasmon peak геsoпаl1се does not appear [ог incident light normal to 
the surface, since 'и~ = О. н oweveг, if tlle incident light falls at the surface an angle different 
[гот zero, the plasmon геsoпапсе peak should ье observed. 

In order 10 observe the peculiarity of plasmon resonance one needs а soшсе of radiation 
with frequency comparabIe to the interbal1d electron епещу апd а good resolution. 

The au1hors thank to А. R. Ferchmin for critical reading of the manuscript. One of us 
(L. А. Р.) is supported in tlle framewoгk of INTAS contract OlOl-СТ93-0023. 
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