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The frequency-dependent conductivity and relaxation time of a correlated two-component plas-
ma is calculated. We take into account the short-range correlation effect of the electron-electron,
hole-hole, and electron-hole interactions by making use of the effective two-body interaction which
is related to the pair correlation function. Our result for the conductivity is given in terms of the
density fluctuation of the plasma. However, the present result depends on the dielectric response
beyond the random-phase approximation. We take into account the effects of short-range correla-
tions on the screening. Moreover, we consider the effect of the electron-hole short-range correla-
tion on the electron-hole scattering-matrix element. Here we take into account the electron-hole
attractive interaction during the scattering process, beyond the Born approximation, as it is com-

monly used.

I. INTRODUCTION

The problem of the absorption of electromagnetic
waves in plasmas was studied by many authors in the
1960s.!=% It has become since then a well-understood
problem. Here one solves the response of the electron-
ion (-hole) system taking into account correctly the effect
of the self-consistent field generated via the fluctuations
of the charges while considering the electron-ion (-hole)
correlation effects only within the Born approximation.
This leads to a correct result of the absorption in the
limit when the plasma parameter r, approaches zero.
This plasma parameter r, is, in principle, given by the
ratio of the average potential energy of, say the electron
to its average kinetic energy. This theory met with con-
siderable success in comparing it to experiments in wide
variety of problems, such as absorption in semiconduc-
tors, metals, and nondegenerate or classical plasmas.

Similarly, much effort was directed in understanding
the response of plasmas to longitudinal electric fields.
To lowest order in the plasma parameter, the dielectric
response depends solely on the self-consistent fields. The
calculations of the dielectric function are given by the
well-known random-phase approximation (RPA). How-
ever, RPA gives the correct result for the dielectric
response for finite values of r,, only when small wave
numbers (i.e., large distances) are considered. For large
wave numbers (i.e., short-range phenomena), one finds
the RPA results unacceptable. Here one must take into
account the short-range effects of the charged particles
due to exchange and correlations which deviate remark-
ably from the RPA calculations.

The problem of strongly correlated electron plasmas
has been considered by many authors.®~'® They were
mainly interested in the effect of short-range correlation
on the dielectric response function and the pair correla-
tion function. In this paper we will focus our attention
on the effects of short-range correlations on the conduc-
tivity and the relaxation time of plasmas. The purpose
of this paper is to develop an overall calculation scheme
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which adequately treats the correlation in dynamical
conductivity. We shall use an equation of motion
method to derive the general expression for the conduc-
tivity. In our equation of motion for the density matrix,
we approximate the three-particle correlation functions
by the products of one- and two-particle correlation
functions, respectively. We introduce an effective in-
teraction term instead of the Coulomb matrix element
into our equations. The short-range correlation effect
will be included in this effective interaction in a way
which was previously suggested in Ref. 7.

II. GENERAL FORMALISM OF TOTAL CURRENT

In the following we are concerned with a many-body
system described by the Hamiltonian

+
HO = 2 Ek,sak,sak,s
k,s

1 il T ss’
+7 E zak—fq,sak'fq,s’Vq Ay s ks >
k.k',qs,s’

2.1

in which aLX and a, ; are the usual creation and annihi-
lation operators for state of wave vector k and com-
ponent s, that satisfy the anticommutation relation

[az,s’ ak',x']ZSk,k'ss,s' . (22)

In Eq. (2.2) E\ ,=k?/2m,. For notational convenience,
we use the units in which Planck’s constant #, speed of
light ¢, and Boltzmann’s constant k are equal to unity
through our paper. Now let us imagine that the system
described by Eq. (2.1) is perturbed by an application of a
weak uniform time-varying field, then

2

E,,— AL (2.3)
’ 2my

where A is the vector potential of the applied field.

Now the Hamiltonian of the system becomes

7906 ©1987 The American Physical Society



36 EFFECT OF CORRELATION ON CONDUCTIVITY AND. ..

H=H0+Hl > (24)

where Hj is still given by Eq. (2.1
perturbation

) and H, is a small

—ier 2.5)

,sAk,s€

In writing Eq. (2.5), we have omitted the quadratic terms
in A. For the system we are considering, the current
operator is

_oH _ s t
J= SA = m, (k+e A)ak,sak,s
Jo and J, are expressed as the following:
Jo=0oE e? 5 1 2.7)
0=0ok, 0Op= o 2 m, .

where n; is the number density of s species of the sys-
tem,
e, ¥
J1= 2 k(ak‘sak,s) . (2.8)
k,s s

We see from Eq. (2.8) that the important correlation
correction to the conductivity is contained in J;. The
expectation value in Eq. (2.8) is taken with respect to the
perturbed density matrix. J; will have a different fre-
quency dependence from that of J, and is complex, rath-
er than pure imaginary. This indicates that the correla-

J

z—a—-al,s(z‘)ak,s(t)=[a;,s(t

.at Jay (1), Hy+H, ]

2 V;s'eses'[ai,:(t)
k',q,s’

alt'vq,s'(t)ak',s’(t)ak—q,s(t)
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tion correction will affect the absorption. We now turn
to this aspect of the calculation.

III. THE EVALUATION OF THE TOTAL CURRENT

The quantity we wish to evaluate is

€
le 2

k,s myg

kal,ap,) , 3.1)

which contains the expectation value of the operator
al,s calculated with respect to the perturbed density ma-
trix of the many-body system. If one assumes the densi-
ty matrix expanded in powers of A, one may write

p=potpi1+ - (3.2)
and
<aI,sak,s > =t1'(P0‘1 r(,sak,s )+tr(P1a 1,sak,s )

=<a£,sak,s >0+<a£,sak,s>l . (3.3)

Only the second term in Eq. (3.3) contributes to the
current, so one obtains the following expression for J;:

es
le 2 _k<ai,sak,s )l .

k,s m

(3.4)

We use the equation of motion method first presented by
Suhl and Werthamer!” and by Wolff.'® We first find the
equation of motion in the Heisenberg representation of
the number operator aI,S(t)ak,s(t). Its time derivative is
determined in the usual way, by the commutator with
the Hamiltonian

—af qs(Daf_q o (D)ay o (Day, (1] . (3.5)

Now it is important to notice that the equation does not explicitly contain the perturbation A. Thus the occupation
numbers aﬂ_s(t)ak,s(t) are not directly altered by the field, but only in an indirect way through its effect on the opera-
tors aI’S(t)a L_qys'(t)akr,sr(t)ak_q_s(t) and aqu,S(t)a L_q,x:(t)akr,sr(t)ak,s(t) which describe pair correlation in the plas-
ma. By taking the trace of Eq. (3.5) with the first-order correction p; to the density matrix and substitute it into Eq.
(3.4), we may now obtain the expression for J; as

1 SS
=" 2 E V es€s k <aksa; qsak 50k q,s )l—<alt-}-q,_val'vq,s'ak’,s’ak,s )1) ’ (36)
o k,k',qs,s
[
where we have used the fact that all the first-order ex-  well as hole contribution. We write
pectation values vary as e’ since the perturbation is Jo_Jge gk (3.7b)
harmonic in time. In the first term of Eq. (3.6), let 1=J1+J )
k—k +q, we obtain with
1
Jl:— EEV eeq <ak+q:az qsaksaks>1- - 22 al qsaksake)l,
w k,k’,qs,s’ @ k,k',q s’
(3.7a) (3.7¢)

It is instructive to see that J; is composed of electron as

and
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2
h_ 1 hs' €” t t
JI—E 2 z Vq m, es,q<ak+q,hak._q‘s,ak,’s,akyh >1 )
k,k',q s’

(3.7d)

being the electron and hole current, respectively. Going
back to Eq. (3.7a), we make the transformations s<s’,
k<k’, and q— —q. We then use this new form for J,
together with the original one, Eq. (3.7a), to obtain an
equivalent expression for J; which demonstrates the full
symmetry between s and s’, i.e.,

e
JI=LEEV“eeq >
2w k.K,qs,s’ mg ms'
(al ! ) (3.8)
X ag,1qs59k—q59K,s' ks /1 - .
If we use

i t t t
<ak+q,Sak‘—q,s’ak',s’ak.s > = <ak+q,sak,sak’~q,s’ak',x' )

—(ns(k+q))8s‘s.5k7k;q ’

(3.9
where ny(k)=a Lab, Eq. (3.8) becomes
lz_l_szsseeq e-"]
20 k,k',qs,s’ ms
X (altJrq,sak,sa£’~q,s’ak‘,s' )1 (3.10)

Because of the & function 8, the second term of Eq.
(3.9) does not contribute to the current. In Eq. (3.10),
the summation over k,k’ can be easily completed and we
obtain

i%[alm,s(O)ak,s(O)a ltl-‘q,s'(t)ak',s/(t

ng(s)= 3 a} q.au; - (3.12)
k

We see that the induced current is uniquely determined
by correlation of induced density (nq(s)n_ (s")), Eq.
(3.10) is an exact expression for J;. Its form shows im-
mediately that there is no absorption if the system only
contains one species. To determine the current J; we
must evaluate the perturbed correlation function
(al+q’sak,sak'_q,s:ak"sr 1. We consider this question in
Sec. IV.

IV. CALCULATION OF PERTURBED
CORRELATION FUNCTION

To determine J,, we need to know (nq(s)n_q(s’)). If
one writes the equation of motion for nq(s,t)nvq(s',t)
(i.e., calculates the first time derivative of density fluc-
tuation), all terms which are proportional to the
Coulomb interaction cancel out. Therefore we shall
solve for the function (aLquaksak asdi,s )1, and
then sum over k and k' to obtain (ng(s)n_g(s')). We
consider the equation of motion of

(@} 4 qs(0)a (0af g, (D)ay (1),

which is the two-particle autocorrelation function, and
in the limit of r—O0 gives us the desired two-particle
correlation function. We shall demonstrate that the per-
turbed autocorrelation function obeys, in the random-
phase approximation, a solvable integral equation. On
the contrary, the equation of motion for

(aLq,s(t)ak,s(t)aL;q,s'(t)ak',s'(t))1

is very involved. A straightforward computation shows
that the equation of motion for

(af,qDay (Dal_g (Dayg (1)

is given by

=a{qs(0ay(0ak_qy(Day (1), H]

=(Ex,y —Ei_qs [k 1qs(0)ays(0)af_q o (Day, (1]

ieg:

my o

IE g, (0)ay, (0)a)_q(Dag (0]

+ 3 Vq]es:esl[aL_q,s(O)ak‘s(O)alt«_q’s:(t)all_ql,sl(t)akl,sl(t)ak:_q],sr(t)]

kp,qps,

- E Vqles’esl[alt+q,s(0)ak,s(0)alt’fqﬂ—ql,s'(t)akl——ql,sl(t)akl,sl(t)ak',s'(t)] .

kp,qp,sy

(4.1)

This is a set of equations which, through the Coulomb interaction, couples the two- and three-particle correlation
functions. Progress in solving this set of equations is usually made by replacing the three-particle correlations by a

suitable product of one- and two-particle correlations.

For weakly coupled plasmas, i.e., when the average potential
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energy of a pair of charged particles is small compared to their kinetic energy, we use the RPA approximation. Here
we retain only those terms which arise from the direct Coulomb interaction —that is, these terms in Eq. (4.1) in which
q is equal to q'. These introduce a factor of 1/¢? into the Coulomb terms of Eq. (4.1) which are highly divergent in
the limit ¢ —0. Other terms which are not singular and thus do not affect the long-range behavior arising from the
Coulomb potential are omitted. Thus the basic approximation of RPA (Ref. 18) is to replace the average of the
three-particle operator by the following expression:

(afyqs(0)ay;(0)af_qo(Daf _q . (D)ay, s (ay_q ()

~{afqs(0)ag (0af _q . (Day s (O {al_qoDag_g o(1))g. 42
We now multiply Eq. (4.1) by the density matrix, take its trace, and collect terms of first order in A, and make use of
the approximation outlined in Eq. (4.2). We thus obtain a relatively tractable equation for the perturbation of the
two-particle correlation function. Let us define

FUAkK',5,5",1)=(a} 4 (0)a,(0)al g (Day (1)), 4.3)
and
Flk,K',s,5,0)=Ca] 4 (0)ay (0)al_q (Day (1)), . (4.4)
The equation of motion for the correlation function F' now reads
ieg q- .
ii+Esr(k'—q)—ES:(k’) F}(k,K',s,5",1)= —qée“"'Fg(k,k',s,s',t)
ot my
(4.5)

—[n(k'—q)—n (k)] 3 Vi e F)(k,k",s,s",1) .
k"”,s"

In this RPA approximation we have taken into account the long-range effect of the Coulomb interaction. We now
proceed to improve the RPA result as given by Eq. (4.5), to include the local field correction due to short-range corre-
lation. In order to determine how to include short-range correlation we first consider the second time derivative of
the operator ng,s(0)n (1), we find that

—q,S'
2
0’ k- 2 %
?nq,s(om_q,s.m:_nq,s(O)g 7n—:}_ 515, aj_qy(Day (1)
2
s nslq s',sy gg'
—ng (0) 3V, n_q(t)—ng (0) 3 ¥ V. n_qs(thng g5 (1)
5 ms, sy q9'#q Ms,
e’ it kq_ ¢ ’ ¥
- 0)q- Ae’” — (¢ (1 (4.6a)
. ng(0)q- Ae % m. " mo ay_g5(thay (1) a
f

We shall first consider Eq. (4.6a) in the absence of the 9> (5,00n _(s".1)
external field.” The first term of the right-hand side at2nq $UM—qlS
(rhs) of the equation represents the single-particle recoil s
and the Doppler shift. The second term on the rhs is =—ng, (O k.qg ¢ al (H)ay (1)
due to the long-range part of the Coulomb potential and s ~ |mg  my k=g, P’
is proportional to the plasma frequency. The third term
on the rhs involves the product of two density _ﬂuctga- (0) e, (s:) 0
tion operators. Since ng_g(s), given by Eiel(q_q ’rl —nqs(0) 3 @p(s)ng(s,0n_g(sy,1), (4.6b)

s s
(where r; represents the electronic coordinate of the ith v

electrons), is a sum of complex exponential terms with where w?(s)=4me?n; /m, is the plasma frequency for the
p s/mg p q

4

differing phases for q=q’, and since the ensemble aver-
age of ng_gq(s) vanishes for (gs4q’) if the system is
homogeneous, we expect destructive interference to
occur in this term and therefore we drop it from the
equation. This is the original random-phase approxima-
tion as proposed by Bohm and Pines.!® Therefore
within the RPA and without external potential, we ob-
tain

s component. It is obvious that for the limit of ¢ —0,
the first term on the rhs of Eq. (4.6b) vanishes. By tak-
ing the ensemble average over the density operators we
are left with four homogeneous coupled equations for
(ng(s,0)n _q(s’,t)) with one finite frequency root at
w2=a),2,(e)+w;(h). To include the short-range correla-
tion, the nonlinear term in Eq. (4.6a) (i.e., the third term
on the rhs) must be retained. If we use the expression
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for ng m terms of the electronic coordinates r;, i.e., We now follow the approximation used in Ref. 7 and re-

=3,e ', we may rewrite this nonlinear term as place the operators ngy_ o (1)ng g (2) in Eq. (4.7) by
their ensemble average (n (t)n (t)). Since

q'—q.s, q—q’s;

SS‘ SI'S]
Mq.s 22 | P —q,s'(t)"‘q’-q,s,(t) both density operators depend on the same time ¢, the
519 average value of nq:_qyxl(t)anqr_sl(t) is time indepen-
q dent and is given by the static structure factor'®?°
=g, D3V, An g g (Ong_g (0. (5 T SR Y e
T mg 1 ! S '(q—q’). Using this approximation we can now com-
bine the second and the third terms of Eq. (4.6a) [using
(4.7)  Eq. (4.7)] to give
J
ng q° n.q*
s',s s',s -q’ s',s
2 v, " N _qu(=ng O3 3 v Lhn ong o (1=—ng, 2 Uy "' ——n_q. (1),
ms, sy 9" (#q) 51 ms

where Uq” is the effective interaction including short-range correlations and is given by

Us=vy |1+ qu’—q(%[s”'(q—q’)—-l]} . 4.8)
Thus Eq. (4.6a) is approximated by
32 kq g¢° ! ey ml
—ng(s,00n_(s',t)=—n, ;(0) A_ 4|l (Day () —ng (0)S ——wl(s,)—5—n (5,00n_(s,,1) .
FYER q 9s % lms, m, k—q, k,s 9s ?%1 Pl V;'S‘ q q1
(4.9)

Therefore we see that the equation of motion for ng ()n_ .(¢) has the same structure as in the RPA case except
that V,, the Coulomb interaction, has been rep]aced by 40 the effective interaction. We now argue that in order to
obtain short-range correlation effects in Eq. (4.5), the interaction V;‘ should be similarly replaced by U, the effective
interaction, while all other terms remain unchanged. The derivation of the effective interaction and its use for the
one-particle kinetic equation, in calculations of the dielectric response, was first proposed by Singwi et al.” with con-
siderable success. It was generalized for multicomponent plasmas in Refs. 19 and 20. Here we use the same idea for
the two-particle autocorrelation function. We point out that Refs. 7 and 19 deal with the response of time-dependent
longitudinal fields having wave number q. We, on the other hand, calculate the response of plasmas to time-
dependent homogeneous field (photons). The absorption rate in Refs. 7 and 19 is due to Landau damping. We go
beyond this to obtain the collisional absorption which is a higher order in the plasma parameter r,. Physically it im-
plies that the longitudinal field supplies both the energy and momentum to the excited plasma while the photon sup-
plies only the energy. The momentum is obtained by the electrons, say, interacting with the density fluctuation of the
holes. We now write

ieg q- :
i L EAK —q)—E,(K) |FkK,s,5", 1) = ﬂfe"U'F;’(k,k',s,s',z)

a 4 mg
—[no(k'—q)—na(k)] 3 U enFl(kk",s,;s",1) . (4.10)
eyl
In order to solve F! in terms of F° we use the Fourier transformations
Fj(t)=e "'T,(1), (4.11)
1 ix
T,x)=5— [die™T (), (4.12)
0 1 ixt 170
Fx)=5— [ dte™F)0), (4.13)
we obtain

[0+x +E.(k'—q)—E(k")]T,(k,k',s,s",x)=

e q-
: %Fg(k,k',s,s',x)

myg

—[ng(k’'—q)—ny ]Z,U“ s Ta(k,k",s,5",x) . (4.14)
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Now we define

%Tq(k,k',s,s’,x)zTq(k,s,s’,x) , (4.15)

and write explicitly the two coupled equations for
T,(k,k",e,e,x) and T,(k,k",e,h,x),

T(e-e)=eQ[U“eT(e-e)+e'U"T(e-h)]+ A(e-e),

(4.16)
T(e-h)=e'Q[U"*eT(e-e)+e'U""T(e-h)]1+ A (e-h) ,
@.17)
where
s(k)—n (k—q)
L X o xmd (4.18)

Q0= T O _E.(k—q)

For simplicity we will use Q,(w) for Q,(¢,0) and B, (w)
for Q,(q,w). U* is an effective interaction tensor. In
Egs. (4.16) and (4.17) the dependences on k and ¢ are
suppressed. e is the charge for electron while e’ is the
charge of the hole. The quantity 4 (ss') in Eq. (4.16) is
given as

. 0 ’ ’
Aq(k,s,s’)zﬁq.E Follo k5.5 ’X), )

mg o ¥ x+o—E(k)+E(k'—q)

(4.19)

From Eqgs. (4.16) and (4.17) we obtain the solutions for
T (e-e) and T(e-i)

e a- FO(k, k' e-e)
Tq(k,k',e-e)z—li—qj' 9 . ¢ :
m o x+4+o—E/(kK')+E,(k'—q)

n.(k')—n,(k'—q)

~ A(e-e)(1—e2U""B)tee’'QU™" A (e-h)

T(e-e)= z,(@+x) )
(4.20)
and
Tle-h)— Ale-h)(1—e’U°“Q)+ee’'BU" 4 (e-e) ’
€, (0+x)
(4.21)
where
g, (x)=[1—e2Us*Q,(x)][1—e’U}"B,(x)]
—e*Us U *Q,(x)B,(x) . 4.22)

We point out that this € is not the dielectric response
function. However the modes of the collective excita-
tion are given by zeros of this €. Similarly,

A (h-h)(1—e?U°*Q)4ee'BU"“ A (h-e)

T(h-h)= ,
€ (o+x)

(4.23)

and

A(h-e)(1—e®U""B)tee'QU¢" A (h-h)
€ (o+x) '

T(h-e)=

(4.24)
Substituting Egs. (4.20)-(4.24) into Eq. (4.10), we obtain

e To—E. ()1 Bk —q) V¢ Tolkeel+e U T (ke-h)] (4.25)
and
e’ aq- FJ(k,k',e-e)
Tq(k,k',E'h)=£‘,‘qE q : e-e :
m' o x+4+o—E(k')+E,(k'—q)
, n,(k')—n,(k'—q) . o
 Fo—E, &)1 E k—q [eUs T, (k,e-e)+e'Ur'T, (k,e-h)], (4.26)
and similar expressions for T,(h-h) and T,(h-e) can be obtained as
e’ q- Fo(k,k',h-h)
T, (kK h-h)=-2 9E i ,
m' o x+4+o—E,(X)+E,(k'—q)
’ nh(k’)_nh(k,—q) ’ -he -e ’
+e'~ +w_Eh(k,)+Eh(k,_q)[e Ul T, (k,h-h)+eU} T, (k,h-e)] , 4.25)
and
. FO(k,k',h-h) n,(k')—n,(k'—q) ~ _
T, (kK h-e)= ¢ 4E 4 e o' UEhT, (k,h -h) 4 eUg T, (k h-e)] .

m o x+w—E,(k)+E,(k'—q)

T To—E,(K)+E.(k—q)

(4.26")
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The function Fq1 is given by Eq. (4.11). Substitute it into Eq. (3.10) and sum over s and s’, we obtain the conductivity
as

el
’

£
m m

3 [ dx[T,(kK\e-h) =T, (kK h-e)] . 4.27)

1
Ji=——3 V,ee'q
20 €1 o

Now our task is to evaluate the zeroth-order two-particle correlation function FO(k,k’,s,s’,x). For this purpose it is
convenient to consider the retarded Green’s function defined by

G, ()= —iO(1)([a} _q s ()ay o (1),a] ¢ (0)ay (0)]) . (4.28)

The advanced Green’s function can be obtained by replacing i©(¢) by —i©(—t) in Eq. (4.28). We see immediately
that there is simple relation between G,(t) and FOk,k’,s,s’,x), i.e.,

G,.(k,k',s,s',x)—G,(k,k',s,5",x)
ePx_1 )

FOk,k',s,s",x)=i (4.29)

The equation of motion for G, (k,k’,s,s’,x) is
iE“Ek’,s"FEk’—q,s’ G,(k,k',s,s',t)
=(nyp g —Ny_qs )8(k+q—k')d o

—i0(1) 3V, epe (lak_qu(tal _q . (Dag s (Day_q o(t)aliq(0)ag,(0)])
k1,qp58,

+i0(1) 3V, ee ([ay_qiq.(Dal _q s (Dags (Dage(t),ak,qs0)ag(0)]) . (4.30)
kp;,qp,5y

This set of equations are exact. We solve it within the same approximation as was used in deriving Eq. (4.10). The re-
sult is a simplified integral equation for G,(k,k’,s,s’,x),

[x +i8+EAk' —q)—E,(k")]G,(k,k',s,5",X)

[k —q)—n (k)]
- 2

850k ks ql (K —q)—nu (k)] 3 Us* e.G,(k,k",s,s",x) . (431
k",s"

This equation is similar to Eq. (4.14). If we compare it with Eq. (4.14), we see that the inhomogeneous term
(ies,/ms,)(q'E/e)Fq0 in Eq. (4.14) is corresponding to the inhomogeneous term [n.(k}—n.(k—q)]6(k+q—k’)§; ;. in
Eq. (4.31). Using a similar method as we used in the solution of Eq. (4.14), and after some algebra, we obtain the solu-
tion for retarded Green’s function. Similarly, the solution for advanced Green’s function can be obtained. We define
x+t=x+i8 where 501, we then write our solution for G,=G _ and G, =G _ where

(k',x*)
G.(kk' e-e,x)=0Q, (k,x*) 6(k+q—k')+Qq——— U [1—e?UM "B (x H)]+e*Uc"U"B(x*)} |, (4.32a)
- q g (xT)
q
and
Q,(k,x*)B, (K',x ™) h 2prhehg (o £ 2 hhyrh +
Gi(k,k',e-h,x)= b fee' U [1—e*U""B(x~)]+e’ee’U""U"*B(x~)} , (4.32b)
Eq X
and
B, (k',x¥)
G:(k,k',h-h,x)=B,(k,x) 5<k+q—k')+—;(—+)—{ezuh-h[1—ezve-eg(xi)]+e4Uh-fo-hQ(xi)} , (4.32¢)
g\ X"
and
(k,x F)B,(k’,x*)
G+ (kK h-e,x)= ] - i) {ee’'Uh[1—e2U*Q (x )] +e?ee’ ECCUIQ(x %)) . (4.32d)
ot
q
Here
(k)—n,(k—q)
0, (k,x )= —e— e 271

x*+E,(k)+E,(k—q) ’
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and
nh(k)—nh(k—q)
x T+ E,(K)+E,(k—q)

In our expression for conductivity, the quantity that needs to be determined is

B,(k,x*)=

Fg(k,k’,e,e,x) 1 GOk, k' e,e,x)—Gk,k’,e,e,x)

3:', X to—E (K)+E(K—q) eF—1 2 x+to—E(K)+E(kK—q)
Q,(xT+w)—Q,(x*)

—— L [1_e2uhB,(x )]

TP w€y(x ™)
(xt4+w)—Q,(x7)
_ Bxl [l—eZU"'th(x’)]Qq % , (4.33)
e —1 W&, (x ™)
and
Fok,k',e,h,x) Gok,k',e,h,x)—G2k,k',e,h,x)
q l r

k’zk, x +o—E,(k')+E,(k'—q) TP 1(21:' x+o—E,(k')+E,(k'—q)
ee'U"“Q,(x %) B(x " +w)—B,(x*) ee’'U"*Q,(x ") B,(x*+w)—B,(x"7)

efr—1 we, (x ) e W& (x ) ’
(4.34)

and
s F)(k,k',h,e,x) 1 GOk, k', h,e,x)—GO(k,k', h,e,x)
e X to—E (K')+E, (k'—q) TPy v X to—E(K)+E/(k'—q)
ee’'UsB,(x*) Q,(x T +w)—Q,(x ™) ee’U""th(x‘) Qu(xT+w0)—Qy(x7)

- ePx—1 w€,(x ) e 1 w&(x ™) ’
(4.34")
and
F2(k,X',h,h,x) 1 G(k,K',h,h,x)—G(k,K', h,h,X)
k,Ek, x +o—E K)+E,(k'—q) P15 x+0—E,K)+E,k' —q)
1 ) B,(x"+w)—B,(x™")
— 1— 2Uee ( +)
eﬁ"—l[ ¢ Q(x )] W€y (x 1)
1 B, (xt+w®)—B, (x7)
— 1—e?UcQ, (x ~)]— ‘7 : (4.35)
eP* 1 [1—e Qy(x )] w€,(x7)
Substituting Eqgs. (4.33)-(4.35) in Eq. (4.21), we obtain
T,(e-h)=3 T,le-h)
k
ee'U"*q-E 1 e’ 2rre-
= —[1—e?U®*Q,(x " +0)]Q,(x ")[B,(xt +w)—B,(x )
0% w+xT) E(xT) mh[ % 12, LB, ! ]
X =S [1—eU" "B, (x +)1Q,(x T )[Qy(x " +w)—Qy(x )]
me
1 _etuee, (x t +@)]Q, (x B, (x t +©)—B,y(x )]
E(x7) | My
(4.36)

x =< [1—erh"'Bq(x_)]Qq(x')[Qq(x++a))—Qq(x_)]’,

e

and T,(h-e) can be obtained by interchanging i<e and B«<>Q. Using the expression (4.30) we have
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U'T,(e-h)—U"*T,(h-e)

. ee’Uh"'g-E

N wZ?q(a)+x+)

me  my | g, (x")

1

—ﬁ[Qq(x T 4o)—Q,(x T)][B,(x T +w)—By(x )]

€, (x
Our final complete expression for current {(J,) is

e e’

4 2

e d e-h P
1)=="= 49y yehqqE——
o 20 | M, my f 27y 971 a 2i

Bx
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L_e_] [—1-—[Qq(x++a))—Qq(x+)][Bq(x++a)——Bq(x+)]

(4.37)

X f dx coth

[Q,(x T +0)—Q,(x T)][B,(x " +@)—B,(x )]

This is a rather complicated result but in principle can
be evaluated numerically for specific problems. Besides
the three-dimensional integration in Eq. (4.38), we need
the numerical solution for U*. Our result is tempera-
ture dependent and thus is applicable for quantum plas-
mas as well as for nondegenerate classical plasmas pro-
vided the plasma parameter 7, is of order of unity. Be-
fore presenting numerical computation, we would like to
consider our result in two limiting cases.

a. High-temperature limit. In order to obtain the

5 [Q,(x " +w)—Q,(x )][B,(x T +o)—B,(x7)]

(4.38)
I
use has been made of the following transformations:
« mv
==
Sndi 8fg(ves) (4.40)
27H Ry (A
k —n (k)= |—| —q—71—7,
ny(k+q)—n;(k) m, msq v

where fo(v,s) is the Maxwell distribution for the s
species, and

nondegenerate or classical case, we must take the high- FEu)= f du’ fslu') 4.41)
temperature limit of Eq. (4.38). We first make the trans- s w' —uFia’ ’
formation x =hug and obtain with f,(u) being the one-dimensional Maxwell-
9fo(v,s) Boltzmann distribution function. In the high-
q temperature limit
ng peratu
qu(u,s)-: f dv-——a—v_,—:—nsﬁ[l—i»ufsi(u)] ,
my qQv—qu +ia Bx 1 4.42)
coth |—/— |= , .
4.39) 2 Bq#iu
where Q,(u,s) stands for Q,(u) or B,(u). In Eq. (4.39) and thus
J
4 2 R A
(J )zenﬁ £ < " a— LV Uthqq-E—E—
VT 20 |m, my fo Vg Velamaa By
« f du | [(u +w)fHu +w)—uf () ][(w +w)f (u +w)—ufi(u)]
u € (u +wlE,(u)
[(u+w)f (u +w)—uf, (W][(u +w)f (u +w)—ufy (u)]
€, (u +w)e 7 (u) ’
(4.43)

where w =w/q and g, is the cutoff due to large angle
collision (in the quantum case g, is given by the
recoil). One should note here that for the nondegenerate
case U;S' (and thus ) must be obtained in the high-
frequency limit. Thus Eq. (4.43) is our generalization of

—
the result of Ref. 3 which includes the effect of short-
range correlations between the charged particles.

b. Heavy-hole limit. In order to carry out the limit of
fixed-ion scatterers we treat the ion (hole) classically,
namely, we replace the Q’s by their classical representa-
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tion Eq. (4.40), and prescribe for the ions

f;.i(u)=—P:1‘—ii178(u). (4.44)
One should notice that in this limit

“e‘(q,x)—»l-{—U;'qu(x) , (4.45)
while

coth Bz [B(x +w)xB(x)]—>xind(x) .

Thus we obtain

2e*n e* d Q,(w)—0,(0)
(J))= Ly, vstqqB—t— "t
VT 208 m? J (2m)* 7 a9 Z,(w)e,(0)
2e n e f dq V,us”
T 200 m2 Y mP U
1
X qq-E — (4.46)
Z, () ,(0)
(yy_ine’E | e e | Ee’| e e i
= e m, m, 303 |m, my

7915

For the one-component plasma € can be related to the
dielectric function through
VeQq
€

where €,(w) is the dielectric function for correlated plas-
ma first introduced by Singwi-Tosi-Land-Sjolander (Ref.
7, i.e.,

€

V,0,(w)

( 1 4.47)
¢ N 1—-WeeV,0,(w) (

The quantity W€ is the local field correction defined as
U;“/V,=1+W* Thus Eq. (4 46) is our generaliza-
tlon of the electron-ion system'~> which includes the
short-range correlations.

V. RESISTIVITY AND COLLISION FREQUENCY

Let us consider a system consisting of equal number of
electrons and holes. The total current can be written as

1

dqq e-h_2 P B + + + +
X v, U; dx coth xT+w)—Q,(x")][B,(x " +w)—B,(x*)
I ] 2, (x T g, (x (o, ©)=Q,(x LB, ©) =B, (x 7]
1
(xt+w)—Q,(x7)
g, x T o, (x~ [Q, ©) =0 ]
X[By(x*+w)—By(x7)] |, (5.1)
and the conductivity can be written as
2
olw)=2 1—+—L(—(—U—) =0olw) 1+1(_wl’ , (5.2)
@ 1)
where
1 1 1
_—— + —
u m,  my
and
4
— q9 e-hi
() _3n ” [ dq VU S
Bx 1 + _ + + _ +
X [ dx coth > _e_q(x++w)?q(x+)[Qq(x +0)—Q,(x (B, (x " +0)—B,(x *)]

‘e'q(x++w)€q

) [Q,(x +w)—Q,(x _)][Bq(xf—ka))—Bq(x ]

(x~
(5.3)
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Compare Eqgs. (5.2) and (5.3) with the Drude formula for conductivity:

ine?
olw)=—"-"7-.
weo+iv)

We obtain for high frequency (@ >>v)

v=Im[I (®)]=vo+v,,

(5.4)

(5.5)

where v is the collision frequency. v is the collision frequency calculated from RPA and v, is the correction on col-
lision frequency due to the short-range correlation. Taking the imaginary part of / (w) and using the analytical prop-

erties of Q, B, and “dielectric function,” respectively, we can write
3@}1# f —q—V U2 5 [ dx |coth ﬁ —coth | BEXE) | I p(x x40, (5.6)
where
Flx,x +0)= ‘g(j"jféji})iz , (5.7)
with
Fi=[By(x +0)+B,(x)]{[€(x +0)&(x)+&(x +0)E)x)][Q2(x +@)+Q,(x)]
—[€(x)E)(x +0)—&(x +w)&(x)][Q(x +0)—0,(x)]} , (5.8)
and
Fy,=[B,(x)—B)(x +»)]{[€;(x +w)&|(x)—&)(x +w)&E(x)][Q2(x +0)—Q,(x)]
—[&(x)E(x +©)+8(x +0)&(x)][Q(x +0)—01(x)]} , (5.9)
and
=2[B(x +©)—B(x)]{€|(x +0)&,(x)0>(x +0)—&|(x)&;(x +©)Q7(x)—[Q;(x +©)—Q(x)]&;(x)E(x +w)]} ,
(5.10)

where €, and €, represent, respectively, the real and
imaginary parts of the dielectric function. Similarly, Q,
and Q, (B, and B,) represent, respectively, the real and

the imaginary parts of Q(B). At T=0, the factor
{coth(Bx /2)—coth[B(x —w)/2]} reduces to 2 within
the region —w <x <0 and vanishes outside. Therefore

Eq. (5.6) can be written as

[ ans

We shall evaluate this equation for some typical parame-
ters and discuss the effect of correlation in Sec. VI.

TV U [dx Flx,o—x) . (5.1D)

3a)np

VI. DISCUSSION

We have derived an expression for the conductivity
and collision frequency for a two-component plasma in-
cluding short-range correlation. We found that the
short-range correlation will affect the dynamical conduc-
tivity in two ways. First, we found that the Coulomb
matrix element V, is replaced by the effective interaction
U;'h in Eq. (5.6). Note that only one of the matrix ele-
ments ¥V, is replaced by the effective interaction (due to
the short-range correlations). The other Coulomb ma-
trix element as it appears in Eq. (3.10) is part of the ex-
pression for (J;) and is not part of the density-density

correlation function. This replacement indicating the
change of the scattering matrix of the electrons by the
holes which in our theory are taken to be correlated
rather than described by plane waves. This in turn
enhances the collision frequency. Second, the correla-
tion affects the dielectric function. Here U¢, U™, and
U¢" all contribute to the change of screening effect.
Here the replacement of ¥V, by appropriate effective po-
tential in the dielectric function tends to reduce the
screening effect. We point out that the short-range
correlation breaks the symmetry between the magnitude
of the electron-electron interaction versus electron-hole
interaction (U “£U¢™). Therefore, the dielectric func-
tion includes an extra term which is proportional to the
product of density fluctuations of electron and hole (QB)
as can be seen in Eq. (4.22). This extra term will further
reduce the effect of screening. The combined effect of
enhanced scattering and reduced screening will increase
collision frequency or the absorption constant.

We have performed some numerical calculations of
the collision frequency at zero temperature. We use the
numerical values for the local field correction W€,
W"* and We™* given by Vashishta er al.'® The results
for collision frequency are shown in Figs. 1-3.

In Fig. 1 we consider electron-hole plasma with equal
densities of electrons and holes, for a plasma parameter
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ro=1. The two dashed curves represent the collision fre-
quency for mass ratio a=1 and 4, without including
short-range correlations. The solid curves represent our
solution for the collision frequency including short-range
correlations for the same system. Similarly, in Fig. 2, we
plot the collision frequency for electron-hole plasma for
r;=2. Here the results for three values of mass ratio are
presented, i.e., a=1,4,6. As before, the dashed curve
represents the collision frequency when short-range
correlations are omitted and the solid curve gives the
collision frequency when short-range correlations are
taken into account.

We point out that for a one-component plasma, RPA
overestimates the screening effect at large wave numbers.
Here the short-range correlation tends to decrease the
screening at short distances (large q) due to the particles’
repulsion. For two-component plasma the situation is
more complicated. For example, at short distances, an
electron will experience less screening by other electrons
but an enhanced screening by the holes. No physical ar-
guments can determine the effect of short-range correla-
tions on the screening without detailed calculations. We
found that for the values of r; used in our paper the
screening was less effective than what is predicted in
RPA. In this paper we calculate the collision rate for
long-wavelength radiation fields due to electron-hole
scattering. In our case, less screening results in more
efficient scattering and the increase of v. Moreover, our
theory takes into account the attractive electron-hole
correlations during the scattering process. We calculate
the electron-hole scattering matrix including correla-
tions. We take into account the increase of the electron
density around the hole during the collision process. It
is worthwhile to mention that the electron-hole correla-
tions will eventually, at large enough values of r;, result
in the formation of an exciton gas. Our results show an
increase in the collision frequency due to short-range
correlations for the values of r, and mass ratio con-
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FIG. 1. Plot of normalized collision frequency v=207v/
Er(e) as a function of normalized frequency w/Ep. r,=1.0;
C1, present theory with a=1; C4, present theory with a=4.0.
rl, RPA theory with a=1; r4, RPA theory with a=4.0.
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FIG. 2. Plot of normalized collision frequency v=20mv/
Er(e) as a function of normalized frequency w/Er. r,=2.0;
C1, present theory with a=1; C4, present theory with a=4.0;
C6, present theory with a=6.0. r1, RPA theory with a=1; r4,
RPA theory with a=4.0.

sidered in this paper. However, to better understand the
behavior of the collision frequency as a function of r
and a, more numerical work is needed. We at present
are limited by the numerical solutions of the effective in-
teractions for the parameters presented in Ref. 19.

From Fig. 3, we find that the effect of short-range
correlations at low frequency is much more important
than that at high frequency. The large correction at low
frequency is due to the change of the screening. At low
frequency, €(q,w) can be approximated by its static value
€(g). The collision frequency v can be given as

fw/ E.

FIG. 3. Plot of the ratio of the collision frequencies between
present theory and RPA for r,=2.0 and a=1,4,6.



7918 NARKIS TZOAR AND CHAO ZHANG 36

1 1 1+we™
v= A w? dg———— , (6.1)
Joda s [&(q)T?

where A4 is a constant given by A =(7/24)r,(1+a).
The quantitative enhancement factor for the collision
frequency due to the reduction of screening and the
enhancement of the scattering matrix element (14 W¢™*)
at low frequencies can be 10 to 15 times larger compared
to that calculated from RPA. We also found, as expect-

ed, that the effect of correlation on the scattering matrix
is larger for large r,. However, the effect of correlation
due to screening is more important at small r,, i.e., for
high densities, and when r, increases the effect of the
screening is reduced.

In conclusion, we have calculated the dynamical con-
ductivity and the collision frequency in a two-component
plasma. The short-range correlation is taken into ac-
count. Numerical results showing quantitative effect of
correlation are presented.

IA. Ron and N. Tzoar, Phys. Rev. 131, 12 (1963); Phys. Rev.
Lett. 10, 45 (1963).

2P. I. Perel and G. M. Eliashberg, Zh. Eksp. Teor. Fiz. 41, 886
(1961) [Sov. Phys.—JETP 14, 633 (1962)].

3C. Oberman, A. Ron, and J. Dawson, Phys. Fluid. 5, 1514
(1962).

4]. Dawson and C. Oberman, Phys. Fluid. 5, 577 (1962).

5D. F. Dubois, V. Gilinsky, and M. G. Kivelson, Phys. Rev.
129, 2376 (1963).

6J. Hubbard, Phys. Lett. 24A, 709 (1967); Proc. R. Soc. Lon-
don, Ser. A 243, 336 (1957).

K. S. Singwi, M. P. Tosi, R. H. Land, and A. Sjolander, Phys.
Rev. 176, 589 (1968).

8K. S. Singwi, A. Sjolander, M. P. Tosi, and R. H. Land, Solid
State Commun. 1, 1503 (1969).

9K. S. Singwi, M. P. Tosi, and R. H. Land, Phys. Rev. B 1,

R 1044 (1970).

108, Ichimaru, Phys. Rev. A 2, 494 (1970).

"H. Totsuji and S. Ichimaru, Prog. Theor. Phys. 50, 735
(1973); 52, 42 (1974).

12K, 1. Golden, G. Kalman, and M. B. Silevitch, Phys. Rev.
Lett. 33, 1544 (1974).

13G. Kalman, T. Datta, and K. I. Golden, Phys. Rev. A 12,
1125 (1975).

14K . I. Golden and G. Kalman, Phys. Rev. A 14, 1802 (1976).

15p. Nozieres and D. Pines, Phys. Rev. 111, 1481 (1957).

16D, Bohm and D. Pines, Phys. Rev. 92, 609 (1953).

17H. Suhl and N. R. Werthamer, Phys. Rev. 122, 359 (1961).

18P, A. Wolff, Phys. Rev. 132, 2017 (1963).

19P. Vashishta, P. Bhattacharyya, and K. S. Singwi, Phys. Rev.
B 10, 5108 (1974).

20A. Sjolander and M. J. Scott, Phys. Rev. B 5, 2109 (1972).



