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Abstract. We present here an approximate scheme to obtain the complex frequency-
dependent local field correction, G (¢, w). Using the equation of motion approach we develop
here a methodology from which the results obtained by earlier workers, for density-density
response function of an electron gas, can be arrived at in a simple systematic manner. We study
in detail an approximation made along the similar lines as Singwi and coworkers, which leads
to a compact expression for a complex frequency-dependent local field correction. We give
results for damping coefficient of long wavelength plasmons which depends on ImG (g, ). The
real and imaginary parts of G (g, w)as functions of o for various values of g are also calculated.
The dynamic structure factor S (g, ) is evaluated for ¢ = 1:6q; and compared with earlier
theoretical and experimental results.
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1. Introduction

The dielectric function of a uniform electron gas at metallic densities has been a
quantity of interest for the past few decades mainly because of its central role in
explaining metallic properties. In the past, major efforts have been made in developing a
theory of the wave-vector and frequency-dependent dielectric function, with suitable
approximations amenable to numerical computations. However, the numerical aspect
has always set severe constraints on the nature of approximation, restricting most of the
available work to approximations accurate in the long wavelength or high frequency
limits. For example, the well-known time-dependent Hartree mean-field theory (also
known as random phase approximation or rRPA) takes proper account of only the long
range part of the Coulomb interaction via screening, explaining some of the metallic
properties (Singwi and Tosi 1981). However, Rrpa fails to describe correctly the short
range part of exchange and correlation effects, for example, giving negative values of the
pair correlation function g () at short distances. Several attempts have been made in
recent years to go beyond the rpa using different theoretical approaches. Most of these
theories try to consider the fact that due to the short range exchange and correlation
effects, there is a local depletion in the density around each electron, i.e., there exists an
exchange-correlation hole around each electron. This leads to the modification of the
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time-dependent Hartree mean field and one refers to the difference between the
effective field and the mean field as the local field correction.

Most theories (Singwi and Tosi 1981; Singwi et al 1968, 1970; Vashishta and Singwi
1972; Pathak and Vashishta 1973; Toigo and Woodruff 1970, 1971) assume that this
local field correction is a static and real quantity usually denoted by G(q). The
assumption of a static local field implies that each electron, under the influence of an
external perturbing field, moves with its exchange and correlation hole held rigidly
around it. This assumption can be true only if the perturbing force changes very slowly
with time. In such a case the electrons respond almost instantaneously and the exchange
correlation hole can adjust itself continuausly to the motion of the electron with
negligible deviation from its static value. In case the perturbing force is rapidly varying,
the behaviour of the exchange-correlation hole is much more complicated. It distorts
appreciably and also performs dynamic motion with respect to the electron (Holas et al
1979). To account for these effects; the local field correction has to be a complex,
frequency-dependent quantity, G (q, ). The complex nature of the local field is
necessary to include dissipative effects which lead to the damping of long wavelength
plasmons. Our aim in this paper is to develop such a complex, frequency-dependent
local field correction for a homogeneous electron gas.

The knowledge of a dynamic local field correction is imperative now if we are to
understand the results of recent inelastic electron (Zacharias 1975) and x-ray scattering
(Platzman and Eisenberger 1974) experiments, in simple metals. These experiments
study the energy loss spectra and hence measure the dynamic structure factor S (q, ),
over a wide range of momentum transfers. The latter, S (¢, ), in turn depends on the
local field correction G (g, ). Theories based on static local field correction G (q), such
as rrA (Where G (q) = 0) and other mean field theories, have failed to reproduce the
experimental results for S (q, ), especially for large momentum transfers. The failure of
these theories is due to the neglect of the dynamic and dissipative effects in the local field
correction.

Some efforts have been made to include the dynamic effects although the theories
have not been very successful. The exact high frequency behauiour of G (q,w) was
obtained by Niklasson (1974) who truncated the equation of motion for a two-particle
Wigner distribution function. Later Aravind et al (1982) used a truncation scheme
equivalent to making an Rpa-like approximation for the two-particie distribution
function. Earlier, the same authors had carried out a low order dynamic perturbation
calculation (Holas et al 1979) for the proper polarisability—leading todynamic G (q, @).
Along similar lines Dharmawardana (1976) wrote down a perturbation series for
G (g, w) but no attempt was made to evaluate it. Brosens et al (1976, 1977, 1980)
published a series of papers of their work, where they start with the Hartree-Fock
equation of motion for one-particle distribution function and solve it by a variational
method. Mukhopadhyay et al (1975) were able to reproduce the experimentally
observed structure of S (q,w) by including the life time effects of the single-particle
states (see also Niklasson et al 1983), but this theory violates the continuity equation.
The work carried out by Awa et al (1981, 1982a, b) is also along similar lines and stffers
from the same drawbacks. Green et af (1982) who included more sophisticated many-
body effects also found some of the observed structure in § (q, w) but it is not clear from
their treatment what the precise origin of this structure is. A few authors
(Mukhopadhyay and Sjolander 1978; Jindal et al 1977) re-examined the problem in the
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frame-work of Mori formalism but the results obtained are in disagreement with
experiments.

In an earlier paper (Shah and Mukhopadhyay 1984), we have given a brief outline of
our theory along with a few results for damping of long wavelength plasmons. Using
the equation of motion approach we report in this paper a methodology from which the
results obtained by earlier workers can be obtained in a simple, systematic manner.
Section 2 gives the basic approximation made for the two-particle Wigner distribution
function appearing in the equation of motion for the one-particle distribution function.
In this section we also illustrate how suitable approximations lead to some earlier mean
field results. In §3 we discuss in detail an approximation, made along the same lines as
suggested by Singwi et al (1970), which leads to a frequency and wave-vector dependent
local field correction. Calculations and results for damping of long wavelength
plasmons and for G (¢, w) at finite ¢ and w are discussed in §4.

2. Theoretical formulation

We have followed the equation of motion approach in our theory. We start with the
equation of motion for a one-particle Wigner distribution function. In the Fourier
space, the Hamiltonian for the electron system in the presence of an external potential is
given by,

ﬁ o Z kz ak,a, ak,a,+ Zd)ext q"t) Z alt,—%,a, ak,+—q-‘

L4

2m kg, ko, 2
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where ., (4, t) is the spatial Fourier transform of a time-dependent external potential;
ay, and a;, are the annihiliation and creation operators for the electrons and v (q)
represents the Coulomb potential in Fourier space (v (g = 0) = 0 to compensate for
positive background in the electron gas). Using the Hamiltonian in (1), the equation of
motion for the one-particle distribution function is given in Fourier space by,

[ho— 2 KT @0 = (h- 3y~ M8 B0 0. 0)+ 0@ (4 0]

+3 Z U(q) Z {7(kzilak,a, (q_q” q’vw)

k0,
_T&Zi%iaklo'l (q—q” q” w)}’ (2)

where 7 (g, w) is the induced electron density. Here, we have taken the temporal Fourier
transform and retained terms to linear order in the external potential. Barred quantities
in the above equation and in the remaining text denote deviation of these quantities
from their respective equilibrium value (i.e. their value in the absence of the external
field). f'® represents the irreducible two-particle distribution function, using which we
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define a function
C?(q,q,1) = § Svo (0.9,0). (3)

Ko

The irreducible density-density correlation function D'® defined as,

D®(q,q,t) = {B(Q.1)B (Y1), @
where,

ﬁ (q» t) = ﬁ(q:t)— (ﬁ (qa t)>1 (48)
is related to C? via the relation,

D?(q.q,t) =C?(q,q,t)+ {p(q+q,1)). (&)

We note that the equilibrium values of the functions C® and D'® are given by,

Ca(q,q) = 8, g0 N{S @1, (62)
and

D(Z)eq (q, q') = 5q+q‘,0N ) S ((I)’ (6b)

where N is the total number of electrons in the system.

We approximate the two-particle distribution function appearing in (2), by
decoupling it into one-particle functions via the function C® (q, ¢, t) (defined in (3)) as
given by the expression (in real space) below,

1
f(kza)k'a’ (l', l", t) gf%(la) (l', t)fgil'c);’ (l", t) - F C(Z) (l’, l‘,, t)' (7)

Here n is the constant density of electrons in the metal. This decoupling means that the
electron correlation contained in f®) is approximated by an average momentum and
spin-independent correlation function described by C), In Fourier space, we can then
write, ' ’

1
fBve @O0 =57 ¥ M0@- 0.0k @ - 0007 @,9.0) @)
9:.92

This approximation preserves the continuity equation, which in the Fourier space
reads,

N U
lhgiéfu(q’t) = ;;‘, (k q)fisla)(q’ t)'

This can be easily verified by substituting (8) in (2) and then summing over ko. Thisis an
important aspect since this cannot always be checked once an approximation is made in
a theory (see Mukhopadhyay and Sjélander 1978 for discussion). On substituting (8)
for f@ in the equation of motion for /¢!’ and again retaining terms to linear order in
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@ext» We have

A (q ) = {Pex (9, )+ v (9) (q, )} 2™ (4, W)

1
+R(Q0) -3 0@ {S@-9)-1}1° @9, 0)
-
1
v Yv(@)C?(q-q,q, 0)x° (9.9, ) o)

7
In the above equation,

n_Y,—n ¢
26 +20

1
0 st
and ¥ (¢, ) = 1" (q,q’, ) is the usual retarded density-density response function for
the free particle (or the non-interacting electron gas) system. We have here then an
expression for the induced density fi(q, w) which is related to the density-density
response function y’ (g, ) of the fully interacting electron gas, as,

(9 0) = 1’ (§ ©)Pex (9, ). (y

Thus by making suitable approximations for C? (q, ¢, w) in (9), we can get " (g, w). We
now show how we can arrive at the results obtained by some of the earlier mean field
theories from (9) by making suitable approximations for C¥ (q, ¢, ).

If in (9), we neglect both the second and third terms in the right side of the equation
ie., neglect C'2’ and hence the two-particle function /' altogether, we obtain,

(9, 0) = { Pext (9, 0) + v (97 (4, 0)} 2" (9, w).
Using (11), which defines ¥" (g, w), we obtain,

r0
2" (9, ;u) , 12)
1-v(9)y” (g 0)
which is the well-known time-dependent Hartree approximation (Singwi and Tosi
1981) (commonly known as the random phase approximation).
As the next approximation we neglect only the third term on the right side i.e.
approximate C® by its equilibrium value. In this case then we have,

1 (q )
1-v(Q) {1-G(g )}y (g )’

where G (q, w) is the so-called local field correction that is given by,

1 (q0)=

1 (Q )= (13)

1 1
v(Q)r° (qw) nV

This is the result obtained by Hasegawa and Shimizu (1975), who followed a fully
quantum mechanical approach starting with the equation of motion for a one-particle

G(qw)= Yo@) {S@-9)-1}x°(0.q,w). (14
.
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Wigner distribution function and made an approximation for f{&,..(r,r,t) as
suggested by Singwi et al (1968). Singwi et al (1968) (referred to hereafter as stLs)
decoupled the two-particle function via the equilibrium pair correlation function as
follows:

S 0. =R @O, 0 {g(r—r)-1). (5)

Here we note that if we replace C*® (r,r’, 1) by its equilibrium value in (7) the present
approximation for f® reduces to the one used by stLs in their calculations.
In the classical limit ie., for i —0,y'° (q,q, w) is given by,

h—0
Qg 0) —— %liym(q,w). (16)

Using this limiting value, we find that in the classical limit, (13) reduces to

Y ()

, ) = , 17
YOO Rl -6 G “n

where G (q) which is the static local field factor is given by,
Glg= ——Z {S(q q)-1}. (18)

This is the result obtained by sTLs whose approximation for decoupling of f‘¥ in the
equation of motion for f') was rather intuitive than systematic.

Hence, we see that in the present formalism, we can obtain the earlier results
(obtained using different approaches), in a more simple and methodical manner.

3. Time-dependent local field
We describe here in detail the approximation that we have used to obtain a dynamic

local field correction.
First of all we note the following identity,

Y o (@) (q- ¢, q, o)y (9.9, ©)
L

=1Y0(q) {C?(q-0q.9,0)7°(9.q,0)
7
+ C(Z) (q + q,’ - q,s w)xro (q9 - ql) (1))},

=1Y0(q){C?@-1q,q,0)-C? (q+¢, - q,0)}x° (4.9, 0),
q,

=Y v(@)D?((q—q.9,0)x° q.q, 0) (19)
q

where we have made use of the fact that ™ (q, q', @) is an odd function of q' and the
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relation between C?) and D'?. Thus an approximation for D', the irreducible density-
density correlation function can be used instead of C*® in (9) to get x" (q, w).

The equal time correlation function D (r,r,t) is related to the time ordered
function = (r,t; ', t), as,

D@ (r,v,t) = lim ihn (r,t; ¥, ) (20a)

= lim [(T{B 0P (.0} = B> GE.LD] (20b)

We obtain an expression for D® (in the presence of an external field ¢,,,) using an
approximate solution of an integral equation for n following the method suggested by
Singwi et al (1970) (referred to hereafter as ssTL). We start with an integral equation for
the non-equilibrium function =,

2 (L,1) =m, (1,1)+ {7, (1,2)02,3)n(3,1)d(2)dE), @1)

where, 7 is the screened correlation function; 1 = (ry,¢;), 2 = (r3,¢t;) etc,, and v as
before is the Coulomb interaction. Again writing = as a sum of its equilibrium value and
its deviation from equilibrium i.e., as,

n(1,1)==2(1,1"+7(,1), (22)

we can rewrite (21). Suppressing all coordinates for brevity and using the matrix
notation we have,

T+ T = @+ T+ n @V T+ R 0™+ ni3on™, (23)

Here again since the external potential ¢.,, is weak, we have retained terms only to
linear order in deviations from equilibrium. 7% satisfies a similar integral equation as n
in (21). Making use of this we have,

=" (%) 1%, (24)
where we have used the definition for the causal dielectric function &, i.e.,

€=1-nd-v (25)
Now defining a vertex function F(l,l’) as,

h(L1) = [d@) 7 (1,972 2, 1), (26)
the integral equation for n (1,1’) can be written as,

n(1,1) =71, 1)+ [d (2d 3" (1, 2)h(2,3)n%(3,1'). 27N

We now make the ad hoc approximation for this vertex function h as suggested by ssTL.
Assuming that the correlation functions are short-ranged in space and time and hence
depend on the local density alone, we write,

ni(r,t)

n

hir,t; ¥ )= o(r—r)d(t—1) (28)
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This form ensures a static limit, for the resultant response function, equal to the static
results obtained earlier by sTis. Substituting this expression for k (r, £; ¥', t') in (27), the
integral equation for n within this approximation is given by,

n(r, v, t)y=n%(rtr,t)
1 -
+;Id3r1 dee™ (08 1y, )n ey, 0y 1, 0)R(r,, ).

The equilibrium time-ordered correlation function is nothing but the causal density-
density response function ¥ (r,t; r,t'). Thus we have, from (20a),

D2 (r,r,t) = % Idr"dt”e‘" k=t t—t" ) (-0, t"=t)a@,t),
1 *® dw
=—5 ) exp(iq, r+iq, r) —exp(—iwt)
Vz 99 - 2n

[1.]‘@ Mf(qhwl_w)

n © 27‘[ 8‘ (ql!wl) ﬂ(ql + q2’w)]' (29)

Using this, the Fourier transform used in (27) is given by,

ij"’ do, ¥ (¢, 0, — w)

PP a-d.q.0) = n £ @-1.@,) (@) G0
- (s |

Within the random phase approximation (to maintain consistency), we can write,

& (g0)=1+0v(Q) (g ) (31)

Substituting in (30) we find that the expression for D (q— q', ¢', ®) splits into two
parts as given below,

i (d
D?@q-q,q,w)="(q, w) [i 3‘% 1 (@, 0, —w)

i d
+iv(q—q’)‘[£ix‘(q’,wx—w)x‘(q—q’,wl)],

i (d
=ﬂ(q,w)[s(q')+ v(q—q’)'—: J —25;—‘ 1 (q, 0, ~w)x‘(q—q’,w1)]- (32)

Substituting this form for D'¥ (¢ — ¢, ¢, @) in the third term on the right side of (9) we
have,

Yr(@)C?q-q,q,0)x° (4.9, 0)
q.

=Y v(¢)D? (q—q.¢,0) 1" (4.9, »),
q,

=A(qw) ) v(q) [S @) x°@Q.q,0)
=
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’ i dwl ) < ’ ro 1
+0(@-90)- |51 @ 0 -0 @- 1,000 @40,

—ﬂ(q,w)Zv(q)v(q q)- I LY (g, 0, - 0)

x x (q—q,wl)x ¢, 9,w)

The first term in the third line of the above equations vanishes because of the fact that
S(q)x° (4,94, ) is an odd function of q'. Substituting in (9), we have,

A (Q,0) = {@e (4, @)+ v (9 (g @)} x° (4. )

i

+1(g0)— Y v(q) [{S(Q—Q')— 1}

nV v

d c ’ 0 ’
+v(g—q ) e —— X (@, 0, - o) (@-q,0,) [¥° (4.9, 0).

(33)

Then from (11) we have,

2 (g0)
1-v (q) {l -G (q:w)}xro (q’w) ’
where, the local field correction G (q, w) is given by,
1

G(q ) = —W-WZ (q)[{S(q q)-1}

¥ Qo) = (34)

+v(q- q’)i J—j ¥, 0, -0y (q-4q, wl)];cro (9.4, w).

Since x° (q, w) is an even function of q and w, we can rewrite the above equation to
obtain,

1
G(q ) = —W-WZ (q)[{S(q q)—-1}
+v(q—q) - '[dz X, o)(q—q,o— wl)]x (9. 9, w).

(35)

When we use Hasegawa and Shimizu’s approach and use this approximation suggested
by ssTL for decoupling of £, we get a similar expression for G (g, w). In this case,

1

G(q,w)—*w"ﬂ,z ((I)I:{S(q q)-1}

+o@)s J S ot (q—q',w-wl)]x” @dw) (6

We are not able to reproduce the result exactly mainly because of the ad hoc
approximation used for h. By definition, the function D® (q, ¢/, w) is symmetric with
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respect to exchange of variables qand q'. In this approximation we see that this does not
hold (see (32)). A better and more realistic approximation should give a symmetric D@

In the classical, i.e.  — 0 limit, using (16) and neglecting the frequency dependence of
£(q, w) in the denominator we have,

1 ~qq 1 ,
6=~ T Sa-0-1 (37)
This is the result obtained by sstL. As they neglected the frequency dependence of the
dielectric function in the denominator of G (g, w), they obtained a static local field G (q)
in their approximation.

From (35) we see that the first term, a real quantity, has the same form as the local
field obtained by Hasegawa and Shimizu (1975) which satisfies most of the static
properties of the system. The second term is the complex, frequency-dependent part
which will be of interest in our present calculations.

We consider only the classical limit of (36) for our calculations. In this limit the local
field can be written as,

Gqo= Gl 9+ G, (g w), (38)

where the first term G, (q) is the result obtained by Singwi et al (1968) and is given by
expression (18). The second term G, (q, w) can be further simplified using the spectral
representations for the causal functions according to which,

L[ 1 1
‘o) =~ | do' m g Qo - SN
@) nJ'o @ xc(qw){w—w’+16 w+w’—lé} 9)
Using this form for the causal functions in (36) we can perform the w, integral by
contour integration. Then using the relation between the imaginary parts of the
retarded and causal functions for positive w (Hedin and Lundqvist 1969) the imaginary
part of G, (¢, w) can be written as,

1 dS ql q_ q/ )
Im GZ (q, (1)) = 41[2 ezn (21':)3 q/z Iq —q |2
XI dw, 0" (¢, 01) Q" (94— q|, 0~ y), (40)
1]

where Q" (¢, w) = —v(q) x" (g, w), is the polarisability of the system. Using reduced
units where g and ¢’ are in units of g, the Fermi momentum and Aw and A’ in units of
&5, the Fermi energy, we can rewrite (40) as,

9 a 2 +1
dq' ¢ dt qq't
3ar, J‘o q4q J:l q4q

* j"" do, @7 (¢, 0,) Q" (@' 0 —w,), 41
0

Im GZ (q! w) =

where ¢"% = q¢*>+q'*—2qq't.
In (41), the w-dependence of Im G, (¢, w) is seen to be controlied by a product of the
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type Q" Q" i.e. by coupling between the various excitation modes of the system. A
similar feature had been observed earlier by Sharma et al (1980) who used an entirely
different approach called the Mori formalism to develop a theory mainly for
investigating the damping of plasmons. In the Mori approach, a disadvantage is that
the static quantities are required as inputs to the theory and cannot be extracted from
the theory itself, whereas in the present case we are able to reproduce the well-accepted
static results (stLs). Further, this mode coupling feature present in our approach is
noteworthy because to our knowledge this is the first time, starting from an equation of
motion or a generalized mean field approach, one has been able to incorporate the
coupling between the excitation modes in the system.

In principle, (41) has to be solved self-consistently with (34) to obtain Im G (¢, w). The
amount of computation being formidable we have replaced the Q" in the equation for
Im G, (g, ) by its rRPa form which can be obtained from (12). By using the rpaA form, we
ensure the coupling between the excitation modes of the interacting system.

4. Numerical calculations and results

4.1 Damping coefficient of long wavelength plasmons

In the small q limit, the imaginary part of G(g, ) is found to vary as g2 (as expected).
This Im G(q, w) gives the plasmon damping coefficient y which is defined (in reduced
units) as,

Y= 5—-— Im G (g, w,), 42)

where w,, is the bulk plasmon frequency. In table 1, we have tabulated the contributions
to damping coefficient from this coupling of excitation modes for r, = 2, 3, 4 and 5.
The contributions to ImG (g, w) from interactions between particle-hole and
plasmons and between plasmons themselves arise only for frequencies greater than the
plasmon frequency w,. At » < w,, the only contribution is from the Q% Q% i, the
particle hole part alone. When Qnm is replaced by the free electron polansablllty Q’°
there is a considerable increase in the value of y. For this particular case of using non-
interacting Q"°, we have carried out analytical calculations also for r, = 2. As ¢ is small,
we make a Taylor expansion of Q" (¢’ — q,w — w, ) about q to linear order in q as,

0 (¢ —qw-w)=0°(q,0-0,)-q V00 (¢,0—w,). (43)

To evaluate the integrals we have followed the method suggested by Dubois (1959). In
table 1 we have also listed for r, = 2, the result obtained by Sharma et al (1980), who
used Mori formalism and replaced Q" by Q"°". The difference in the value obtained by
us and that obtained by them is rather large. This is somewhat misleading because the
expression obtained by Sharma et al (1980) viz.,

y =—3——w 3[63(1-In2)] > 0:285 w3, (44)

is really valid only in the r, -0 limit. The value of y reported in table 1 has been
calculated for r; = 2 using the above r, — 0 result. This small r, result compares quite
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Table 1. Contributions to damping coefficient y calculated using
equation (41) for ImG (¢, w,).

Contributions to y from r,=2 r,=3 r,=4 r,=5

Qrra QRPA 00015 00023 00031 0-0037

%' @¢° Computed 00967 01858 02293 03215
Analytical 0-0966

Result of Sharma et al (1980)  0-6797

well with the weak coupling result (r; —» 0) obtained earlier by Dubois and Kivelson
(1969) following perturbation theory, i.e.,

3n
?= %w; [34-22In2] ~ 0276 }. 45)
We have therefore investigated the r, — 0 limit in our approximation. We use the same
approximations as those used by Sharma et al (1980) i.c., replace Q" by the free particle
function Q" and neglect the second term in (43), (i.e. the derivative of Q" (¢, @ — w,)).
In this case we obtain,

i

= g5 o [90 (-] = 01810}, (46)

Y

Now the agreement with r, — 0 result of Dubois and Kivelson (1969) s fairly good and
that with the result of Sharma et al (1980) in the same limit is far more improved. We
note here that the inclusion of the derivative term in (43) reduces the value of y by about
75%. For example, in the r, — 0 limit if we take the full expansion of Q" (q— ¢, w
— @, ), given in (43), we obtain,

y= % w3 [10(1-n2)] ~ 0-045 w3 (47)
These results for r, - 0 however are not very useful since for metallic densities the
value of r, lies in the range between 1-8 and 5-6. Thus we feel that the y values calculated
by us and presented in table 1 are more relevant for metailic densities and none of the
results (equations (44) to (47)) is meaningful in this range of r,. However, we note that
the Q" Q™" approximation gives considerably large value of y as compared with that
for the more accurate fully interacting case, represented in the table by Q5p, Q5pa- The
significant decrease in the magnitude of y results from the screening effect which is
absent in the Q"°" Q™" approximation.

4.2 Higher g-region

We have calculated explicitly the Im G, (q,w) for various g and o values for r, = 2. In
(41), Q" is replaced by its rra value both for particle-hole as well as plasmon part, i.c.,

Q" = (Qea)pn+ (Qiea) -
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Now,
Qro ”
(Qrea)pn = (T;_“Q-;a) ) )
and
(Qienly = 50()5 (- (@) 8(a.~ 9) (@9)
where,

w(q) = 0,(1+Tq¢).

Here, I' = 91/(40ar,) in reduced units and g, is the critical wave vector. Thus now in
3 (¢, w) we have contributions from Qpy, Qpy, Qpn @y and Q7 Q7.

To obtain the particle hole contribution, we have evaluated the triple integral in (41)
using numerical methods. The o’ and ¢ integrals were evaluated together using two-
dimensional Simpson’s method and the value of 4’ integral was then calculated using
trapezoidal rule. In the particle-hole plasmon part, the ' integral could be solved

q W) —
1
e o
g S

2 (

-0-08

Re G

-0-12

-0-t6—

Figure 1. (a) Imaginary part of G, (g,w) as a function of w for ¢ = 1'6 and r, = 2. Curve 1:
particle-hole plasmon part; Curve 2: particie-hole part; Curve 3: total Im G, (g, w). (b) Real
part of G,(q,w) for g = 1:6 and r, = 2 as a function of w.



454 Chayanika Shah and G Mukhopadhyay

analytically and then the t and ¢’ integrals evaluated using numerical methods, e.g.,
Simpson’s method for the t-integral and the trapezoidal rule method for the ¢’ integral.
The plasmon-plasmon contribution could be obtained analytically but it was found to
give a non-zero value only for small ¢ (q < 1 in reduced units).

In figures 1a—3a, we have plotted the different contributions to Im G, (¢, w) and total
Im G, (g, w), against o for g = 1-6, 2-5 and 5-0 respectively. In all these figures curve 1
gives the particle-hole plasmon part, curve 2 the particle-hole part and curve 3 the total
Im G, (g, ®). As can be seen from the curves, in the high frequency region the plasmon
contribution vanishes completely and the particle-hole contribution is the only
contribution. At very high w, this Gy, _ oy, decreases to zero as 1/(4 + Bw).

To obtain the real part of G, (¢, w) from this imaginary part we have made use of the
Kramer-Kronig dispersion relations according to which,
1 J *ImG,(qw) |

——dw,

ReG, (q0) =~ P , (50)
n v O-w

where P denotes the principal value of the integral. Figures 1b-3b show the Re G, (¢, w)

0-32

Im Gz (q ,w) —
o =3 o
2 3 B

o
=)

(b)

0 4 8 12 16 20

— ) ——

Figure 2. (a) Imaginary part of G,(q,w) as a function of w for ¢ = 2:5and r, = 2. Curve 1
particle-hole plasmon part; Curve 2: particle-hole part; Curve 3: total Im G, (g, w). (b) Real
part of G, (g, w) for ¢ = 2'5 and r, = 2 as a function of w.
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Figure 3. (a) Imaginary part of G, (g,w) as a function of w for ¢ = 5:0 and r, = 2. Curve 1:
particle-hole plasmon part; Curve 2; particie-hole part; Curve 3: total Im G, (g, w). (b) Real
part of G, (g, ) for ¢ = 5-0 and r, = 2 as a function of w.

as a function of o, for q¢ = 1-6, 2-5 and 5-0 respectively, again for r, = 2.

It is interesting to note a special feature of G, (g, w), viz the negative peak in its value.
Niklasson (1974) had reported from his exact treatment of G (g, w) for very large g, the
existence of a strong peak at the free particle energy ¢° (in reduced units). As is seen
from the curves for G’ (¢, w), the peak does appear to be shifting towards the free
particle energy as q increases. This is illustrated in figure 4. It should be noted that

% (¢, ) vanishes for both w — 0 and w — co. This means that G, contains the pure
dynamic effects while G, contains the pure static effects. This is a defect in the present
theory in that G (g, w) has the same static and high frequency limits (Mukhopadhyay
and Sj6lander 1978, give a comparison of G at these two limits).
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Figured4. Solid curve isa plot for free particle energy ¢* vs q. The crosses indicate position of
the negative peak in Re G, (¢, w) for different g values. As seen from the figure, peak appears to
be shifting towards free particle energy for high g.

For g = 1-6, we have also calculated the dynamic structure factor S(q,w). This
quantity is related to the imaginary part of the inverse dielectric function as given by

1 4n2ne?

and so in turn is proportional to the Q" (g, w). To calculate the latter, we have used
G, (q) in place of G,, to obtain a better result in the static limit. In figure 5, we present
our results (curve 1) for Q" (g, w) as a function of w for ¢ = 1-6. Curve 2 in the figureisa
plot of Qg (¢, w) and curve 3 is the experimental result (Platzman and Eisenberger
1974). All the curves have been normalized to the same peak value for comparison. As
can be seen, S (¢, w) in our case has a broader peak structure than the rpra case but the
peak in S (g, w) has been shifted to a lower frequency, a trend tending towards the
experimental result. The double peak structure obtained in experiments, however, is
not reproduced. The calculations of Aravind et al (1982) also fail to show the double
peak structure in S (¢, ). They have also reported a broadening in the peak as also a
shift in the peak value towards lower frequency. Although Green et al (1982) do find
some shoulder appearing in their calculations for S({q,w), the agreement with
experiment is far from good. In the present calculations for S (¢, w), a high frequency
tail is also observed.
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Figure 5. Plot of Q" (¢, w) vs. w for g = 1-6and r, = 2. Curve 1: Present calculations; Curve
2: rPA; Curve 3: experimental results.

5. Discussion

We have been able to develop in a systematic methodical manner, a theory that gives a
complex, frequency-dependent local field correction. Also we have been able to show
how suitable approximations in our theory can lead to results obtained by earlier
workers in a simple, systematic manner. Further the frequency dependence in
Im G (q, ) is seen to be controlled by a term of the type Q" Q" ", i.e. by coupling between
excitation modes of the system. This feature had been observed earlier in an entirely
different approach called the Mori formalism used for developing a mode coupling
theory. To our knowledge this is the first time that such a mode coupling type term has
been observed starting from an equation of motion approach. The results for damping
coefficient of long wavelength plasmons at metallic densities and the fair agreement
with the perturbative calculations in the weak coupling limit (Dubois and Kivelson
1969) are other positive aspects of the present theory.

A major disadvantage of the present approximation is that G (q, ) gives the same
static and high frequency limits. Also we are not able to reproduce the experimentally
observed double peak structure for S (g, w), a feature not yet explained by any of the
earlier theories either. Attributing these drawbacks to the ad hoc nature of the
approximation for the vertex functition h, elsewhere we have developed the vertex
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function in a more systematic manner, using the linear response theory (Shah 1985).
The mode coupling feature is observed in that case too. Using different approaches to
determine G (g, w), we have also been able to show there, that the mode coupling feature
arises due to inclusion of higher order correlations in our theory. However, from a
computational point of view, the present formulation is much simpler, and gives the
plasmon damping coefficient in reasonably good agreement with perturbative calcu-

lations in the weak coupling limit (Dubois and Kivelson 1969).
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