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A simple expression for the effective two-body interaction in a Fermi liquid whose constituents in-
teract via a Coulomb force is derived on the basis of a diagrammatic analysis. The interaction,
which is spin dependent, is expressed in terms of the local-field factors and the Lindhard polariza-
bility. It includes the contribution of density fluctuations and spin fluctuations, both longitudinal
and transverse. A comparison with other interactions known in the literature is made. A generali-
zation to the two-component Coulomb Fermi liquid is also given. An interesting application con-
cerning the possibility of superconductivity in an electron-hole liquid is pointed out.

I. INTRODUCTION

In this paper we shall address ourselves to the following
question: what is the effective interaction between two
quasiparticles in a degenerate Fermi liquid? We shall be
particularly interested in the interaction between two elec-
trons in electron and electron-hole liquids. In the simplest
approximation this is given by the expression

4rre?

— > (1)
q°elq,w)

Ugiai(q,0)=
where €(q,0) is the frequency- and wave-number-
dependent dielectric function. Equation (1), although
correct for “external” test particles, is not correct for elec-
trons belonging to the system, since the electrons in ques-
tion can exchange themselves or have multiple scattering
with any other electron of the system. In the case of
spin-+ particles, new mechanisms of interaction appear
which follow from the possibility of exciting spin-density
fluctuations. As a consequence the effective interaction
becomes spin dependent even if the bare interaction is not.
None of these effects are contained in Eq. (1).

Any attempt to improve upon Eq. (1) by the methods of
formal many-body theory must face at the outset the for-
midable task of evaluating an infinite series of Feynman
diagrams contributing to the scattering amplitude. Even
if such a calculation were possible, the resulting interac-
tion would still be a complicated function of not only the
energy and momentum transfers but also of the total
momentum and energy of the interacting electrons. Such
an expression is not of much practical use. Our aim in
this paper is to derive a very simple approximate formula
for the effective interaction which, as we shall see, can be
expressed in terms of the same “local-field factors” that
are widely used in microscopic theories. of the polarizabili-
ty and spin susceptibility of an interacting Fermi liquid.

- Essentially, we arrive at our result by examining the for-
mal structure of the effective interaction diagrams and as-
suming that the irreducible particle-hole interactions de-
pend only on the momentum transfer along the particle-
hole channel. In this way the evaluation of an infinite
series of Feynman diagrams is reduced to the summation

32

of a geometric series. The final expression for the effec-
tive interaction is easy to use and to understand on physi-
cal grounds. In the limit of small momentum and energy
transfer its singular part (i.e., the one that depends on the
value of the ratio r =g /w) reduces to the singular part of
the Landau scattering amplitude with /=0. At large ¢
and o it reduces to the bare Coulomb interaction. We
shall discuss the relationship of this effective interaction
with other forms existing in the literature. We shall also
give its generalization to a two-component Fermi liquid,
such as an electron-hole liquid (EHL).

In another paper we make use of our expression for the
effective interaction between two electrons in an EHL to
discuss the interesting question of the possibility of super-
conductivity in an EHL.

II. DEFINITION OF THE TWO-BODY EFFECTIVE
INTERACTION

In this section we shall explain the meaning of the
“two-body effective interaction” and define the terminolo-
gy to be used in the rest of the paper. Let us introduce

the irreducible particle-particle interaction J, o, (P1,p2,9)

defined as the sum of all the interaction diagrams which
are irreducible in the particle-particle channel. These dia-
grams have two incoming lines with four-momenta! and
spins p,0;, and p,,0,, respectively, two outgoing lines
with four-momenta and spins p,—gq,0;, and p,+q,0,,
respectively, and cannot be decomposed into two parts
connected to each other by two particle lines. In a system
consisting of only two particles interacting via a potential
v(q), the irreducible particle-particle interaction would
coincide with the antisymmetrized potential:

Jo,0,P1:P2,0)=0(q)—v(p1—p2—q)y o, - 2

It is, therefore, natural to assume that in the many-body
system J, . gives the antisymmetrized effective interac-

tion that we are seeking. Here, however, one must also
account for the many-body renormalization of the exter-
nal lines. Assuming a quasiparticle form of the Green’s
function '
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where z, is the renormalization constant and
€ =p2/2m* —u the quasiparticle energy relative to the
chem1ca1 potential, we are led to define the quantity

Jo1,0,(P1:P2 D =2, 25,25, _42p,49)" T 50, (P1:P2,0) (4
as the antisymmetric two-body effective interaction.

We shall consider a paramagnetic state, in which J has
only two independent components, J,; and J,,. We shall
show by means of a diagrammatic analysis how these two

components can be approximately expressed as

T (p1:p2,@)=U4(q)— U, (p1 —pr—q) (5a)
and
.7N(p1,p2,q)§U”(q)——UTTl(pl——pz—q), (5b)

where U,;, U,,, and U7}, can be calculated from the
knowledge of the microscopic polarizability and spin sus-
ceptibility of the system. The name of effective interac-
tion is usually reserved in the literature to the local parts
of Eqgs. (5a) and (5b), namely, U,,(q) and U,,(g). The
complete effective interaction is then constructed by an-
tisymmetrizing U,;,(g) and leaving U,,(q9) unchanged.
Our treatment shows that a nonlocal term
U7, (py—p,—q) must also enter the 1| interaction on the
same footing as the nonlocal term in the t1 interaction.

This new term will be identified as the 1nteract10n via

transverse spin fluctuations.

The diagrammatic expansion of J is very similar to that
of J with the difference that to any internal line we must
associate the free-particle Green’s function G, (with effec-
tive mass m*), and any symbolic block entering the ex-
pansion must be consistently renormalized: an interaction
block by incorporating a factor (z,z,224)'/? and a vertex
block by incorporating a factor (z,z,)'/?

Generally speaking, the diagrammatic expansion of J

consists of three classes of diagrams: (i) diagrams that are
reducible in the direct particle-hole channel (i.e., the one
with particle-hole momentum g¢), (ii) diagrams that are
reducible in the exchange particle-hole channel (i.e., the
one with particle-hole momentum p, —p, —q), and (iii) di-
agrams that are totally irreducible. Reducibility in a
particle-hole channel means that the diagram can be
decomposed into two parts connected to each other by a
particle-hole pair of lines. It is easy to see that such a dia-
gram must be necessarily irreducible in the particle-
particle channel. “Totally irreducible” means irreducible
in both particle-hole channels as well as in the particle-
particle channel. There is one more definition that we
should introduce before proceeding with the diagrammat-
ic analysis of the next section. Following Nozieres,? we
shall call “proper” any diagram that cannot be decom-
posed into two parts connected by a single interaction line
carrying momentum gq.

III. DIAGRAMMATIC ANALYSIS
OF THE IRREDUCIBLE
PARTICLE-PARTICLE INTERACTION

Let us consider the class of diagrams which are reduci-
ble in the direct particle-hole channel. These are some-
times referred to as the “dangerous” diagrams because in
the small-q limit they give rise to the singular part of the
Landau scattering amplitude. The “dangerous” diagrams
can be either proper or improper. The improper ones are
shown in Fig. 1(a). Here A represents the proper,
renormalized vertex part and the wwv is the screened
interaction v(q)/e(q,). The diagram containing the bare
interaction line has been subtracted out because it does not
belong to the class of diagrams under consideration. The
expansion of A in terms of I, the proper particle-hole in-
teraction irreducible in the particle-hole channel, is shown
in Fig. 1(b) (see, for example, Ref. 2). The expansion of
v/€ in terms of A is shown in Fig. 1(c). From these ex-
pansions it immediately appears that Fig. 1(a) contains
only and all improper “dangerous” diagrams. The “prop-
er” dangerous diagrams are shown in Fig. 2(a). Notice
that, due to spin conservation, the intermediate particle-
hole pairs can have either 11 or || spins in all diagrams of
Figs. 1(a) and 2(a). These are the kinds of excitations that
contribute to the polarizability and to the longitudinal
spin susceptibility.

Let us now consider the diagrams reducible in the other
particle-hole channel. In the case of the 11’ interaction
they can be obtained from the previous ones simply by in-
terchanging the momenta of the final states and are
shown in Figs. 2(b) and 2(c). In the case of the t| interac-
tion, on the other hand, the only diagrams of this class are
those shown in Fig. 2(c), and they correspond to an essen-
tially new physical process. The clue is that the inter-
mediate particle-hole pairs now have opposite spins (they
are in a triplet state with S,=1). These are the kinds of
excitations that contribute to the transverse spin suscepti-
bility.

In Fig. 3 we show some of the diagrams that are totally
irreducible. Obviously they include the direct and ex-
change scattering with bare interaction v(g). Besides
these elementary processes there are also some higher-
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FIG. 1. (a) Improper diagrams reducible in the direct

particle-hole channel. A is the proper renormalized vertex and
v /€ is the screened interaction. (b) Diagrammatic expansion of
A in terms of the renormalized irreducible particle-hole interac-
tion 7. (c) Diagrammatic equation for the screened interaction.
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FIG. 2. (a) Proper diagrams reducible in the direct particle- local functions of the particle-hole momentum. (a) The incom-

hole channel. (b) and (c) Diagrams reducible in the exchange
particle-hole channel.

order processes that can be viewed as a consequence of
nonlinear coupling between density fluctuations. At
present we have no grasp whatsoever on such processes
and we shall disregard them in the following work.

IV. EVALUATION OF DIAGRAMS

In order to evaluate the diagrams introduced in the pre-
vious section, we resort to a drastic approximation in that
we assume that the particle-hole interaction I depends
only on the momentum transfer along the particle-hole
channel (“local” approximation). There are three cases of
interest:

(i) The incoming particle-hole pair has S,=0 and the
spins are not changed by the scattering event. In this case
we set [=—v(q)G,(q), where g is the momentum of the
pair [see Fig. 4(a)].

(ii) The incoming particle-hole pair has S, =0 and the
spins are reversed by the scattering event. In this case we
set I=—v(q)G,,(q), where ¢ is the momentum of the
pair [see Fig. 4(b)].

(iii) The incoming particle-hole pair has S,=1. In this
case isotropy in spin space demands that the scattering
amplitude be equal to that of the triplet state with S, =0.
This state is (| 11)— | 11))/V2 where the first spin is for
the electron and the second one for the hole. Thus, we

“must set I=—v(q)G4(q)+v(g)G,,(q), where g is the
momentum of the pair.

The functions G,;(¢q) and G,,(q) are called “local-field
factors” for reasons that will become evident in the fol-

p+qf

P Qv +q. 1}
p-q.t p2+q,f(1) Rralth

Pt P, M)

@

-q,? pz, Pal(h)

FIG. 3. Some totally irreducible diagrames, e.g., irreducible in
the particle-particle and particle-hole channels. Only the first
two are included in our expression for the effective interaction.

ing particle-hole pair has S, =0 and the spins are not changed in
the scattering. (b) The incoming particle-hole pair has S, =0
and the spins are reversed in the scattering. (c) The incoming
particle-hole pair has S,=1.

lowing. In the Coulomb case they vanish as g? when
g—0 so that I has the character of a short-range interac-
tion. It is useful to introduce their spin-symmetric and
spin-antisymmetric combinations:

G.(q)+G,,(q)
Gs(q)zf;q# (6a)
and
G, (g)—Gy (q)
G“(q)=—i“q—’2——&~q—. . (6b)

Let us begin by evaluating the proper renormalized ver-
tex A according to the expansion of Fig. 1(b). Integration
over the internal momenta can be immediately carried out
and gives a factor Xy(g)/2 for each pair of particle-hole
lines. X, is the Lindhard polarizability corresponding to
the effective mass m*. We have already seen that the
spins of the intermediate particle-hole pairs can be either
11 or Li. Thus, the diagrams of Fig. 1(b) correspond to
the series

Ag=1+ 3 Xo(@)/21[—v(@)G

n=1

(@) —v(g)G,(g)]"

1
T 140(q)G(@Xolq)

which is our local approximation to the proper vertex. In
terms of A we can now evaluate the screened interaction
v /€, given by the diagrammatic equation of Fig. 1(c), and
hence the density-density response function

@)

X,=(1/e—1)/v(q) .
The latter turns out to be

. X()(Q)
X, (q)= . (8)
O (@1 =G (@)Xl

Let us now evaluate the ladder diagrams of Fig. 2(a),
whose sums we denote by JILiLY for the 11 (11) case.
Each interaction block can be regarded as the sum of two



blocks, one flipping the spins as in Fig. 4(b) and one leav-
ing them unchanged as in Fig. 4(a). The fact that the in-
- coming and outgoing spins are fixed puts constraints on

the number of spin flips that can take place in the inter-
: |

32 EFFECTIVE TWO-BODY INTERACTION IN COULOMB FERMI LIQUIDS

2159

mediate steps. Specifically, we must have an even number
of spin-flipping factors in the 11 case and an odd number
of them in the 1| case. The two restricted sums are easily
evaluated and we find

n—1
gt _ % Xo(q) [—vG " (g) —vG "M PI"F[ —vG " (q) +vG M(¢)]"
ladder — 2 2 2
n=2
X
=(_UGS)2_—S(q)—.¥(_ a ZH_X_EUL__ , (9)
1+vG*(g)Xo(q) 14+vG%g)Xo(q)

where the upper sign is the for 1| case and the lower sign

for the 11 case. Having thus evaluated the diagrams of
Fig. 2(a) we are in a position to calculate the longitudinal
spin susceptibility, whose diagrammatic expansion is
shown in Fig. 5(a). This is easily done noting that the
terms of the series, beginning with the third one, sum up
to (Xo/2)% {54er and that the Pauli matrices o, at the ver-
tices introduce a relative minus sign between terms with

o=0"' and terms with o= —o¢"' [see Fig. 5(a)]. Thus, we
find
Xolg) ‘
xg) = 04 : (10)
14+v(g)G%q)X(q)

Equations (8) and (10) are very important because they
show how the local-field factors are related to the polari-
zability and spin susceptibility of the system. Many
schemes have been proposed in the past to calculate these
two quantities in an interacting Fermi liquid. Most.of
them assume that they can be written in the form of Egs.
(8) and (10), respectively, where the local-field factors
describe the modification of the average Hartree field due
to exchange and correlation effects. In the small-g limit
the two response functions must satisfy the compressibili-
ty and susceptibility sum rules® which, applied to Egs. (8)
and (10), give
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FIG. 5. (a) Diagrammatic expansion of the longitudinal spin
susceptibility. (b) Diagrammatic expansion of the transverse
spin susceptibility.

I
Here, k,kr and X,X; are the compressibility and spin sus-
ceptibility in the interacting and noninteracting systems,
respectively. It is thus seen that in the small-g limit the
local-field factors are related to the Landau interaction
parameters, namely,

—-lirrz)v(q)G‘(q)=ff) , (12a)
q—}

— 1in})v(q)G"(q)=f8 . (12b)

q—

In *He and, recently, in the electron liquid, Pines* has
used Eq. (12) as the starting point for a phenomenological
theory of the local-field factor. In electron and electron-
hole liquids a fully microscopic scheme proposed by
Singwi et al.’ allows a first-principle calculation of the
local-field factors and has proven successful in predicting
many equilibrium properties. Once the local fields are
known the effective interaction can be calculated very
easily.

Let us finally evaluate the diagrams of Figs. 2(b) and
(c). In the case of the 11 interaction there is really noth-
ing new and the two classes of diagrams sum up to
(v —vA?/€)y _p,_q and —J luger(p1 —p2 —q), respective-
ly, the minus sign arising from the interchange of the fi-
nal states. In the case of the 1| interaction.only the dia-
grams of Fig. 2(c) are present and, using the expression
for the particle-hole interaction in the triplet state [Fig.
4(c)], they are found to sum up to

Xo

— - (13)
14+vG%, P1—Py—q

U’L(p1 —pP2 —q)=2 (vG")2

These diagrams are related to the transverse spin suscepti-

.bility whose expansion is shown in Fig. 5(b). For the
latter a simple calculation gives
Xolg)
xi=1 od . (14)
2 14+v(q)G%g)Xo(q)

This completes the evaluation of the diagrams needed to
construct the effective interaction.

V. TWO-BODY EFFECTIVE INTERACTION

The results obtained in the preceding section can be
combined to give an expression for the two-body effective
interaction. The “direct” interactions U,,; and U,, in
Egs. (5) are simply the sums of the improper diagrams
shown in Fig. 1(a) plus the ladder diagrams shown in Fig.
2(a) plus the bare Coulomb interaction. Thus,
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U ( -ﬁ() JID o) : 15
1 (1l) q)" € q)+J jadder (@) - (15)

The exchangelike term in the 1! interaction arises from
the diagrams of Fig. 2(c) whose sum has already been cal-
culated and is given, for an isotropic system, by Eq. (13).
The vertex function, the dielectric function, and the sums
of the ladder diagrams are given in Egs. (7), (8), and (9),
respectively. Using the algebraic identity,

VA (oo
€ 14+vG*X,
X
=v+[v(1——Gs)]2—1-_—U(1—_0_éTXo
* and introducing the polarization fields
Ys(q)=v(g@)[1-G%(q)], (16a)
Yalg)=—v(9)G%q) , (16b)

the three functions U,,, U,,, and U}, in Egs. (5) can be
finally written as

U (@) =0(q)+[¥s(@ 12X (@) + e () 1PX 5 (q) (17a)

U (@) =0v(q) +[¥:(@)1Xs(@) —[¢a ()X 5(q) (17b)

UL, (p1—p2—@)=[2¥4(p1 —p2— ) 1Xa(p1 —p2—q) ,
(17¢)

where X,(q), X5(q), and xX(q) are given in Egs. (8), (10),
and (14).

The structure of these expressions is quite transparent.
Besides the bare interaction v(q), there is an interaction
via density fluctuations (¥2X,), an interaction via longitu-
dinal spin fluctuations ($2xL), and, in the 11 case, an in-
teraction via transverse spin-density fluctuations (4ixD.
In each case we can think of a particle as the source of a
pseudopotential i, (or ¥,) which linearly polarizes the
medium inducing a density (or spin density) X*'@y*@.
The induced perturbation acts back on the other particle
with the same pseudopotential ¢*'®. This is the origin of
the squares in Eqgs. (17). It should be noted that this
linear structure, with no interference between the various
mechanisms of interaction, arises diagrammatically from
neglecting the higher-order totally irreducible diagrams of
Fig. 3.

Let us now consider the momentum dependence of the
interaction. In the case of 11 spins a nonlocal term (i.e.,
one dependent on p;—p,—gq) is trivially introduced by
the antisymmetrization prescribed in Eq. (5a) but, in the
case of 1| spins the nonlocal term is associated with a spe-
cial physical process, namely, the exchange of transverse
spin fluctuations. These transverse spin fluctuations can
flip the spin of the electrons and thus allow an exchange
even in the 1| case.

A few comments on the earlier theories by Kukkonen
and Overhauser® (KO) and Kukkonen and Wilkins’ (KW)
are now in order. The KO approach was based on a self-
consistent perturbation theory that reduced the problem
of finding the effective interaction to the solution of cou-
pled algebraic equations. This approach gives the same
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results as ours for the local parts of the interactions U,
and U,, but is incapable of predicting the new nonlocal
term in the 1| interaction. In any case, the local-field fac-
tors appearing in their theory should be regarded as
phenomenological parameters, whereas in the present pa-
per, they are clearly shown to be connected to the micro-
scopic susceptibilities of the system. The KW theory,
which was developed to calculate the contribution of
electron-electron scattering to the thermal resistivity of a
simple metal, assumes the following effective interaction:

vA?
€

vA?

q

S50 - (18)
P1—Pr—4

(g =

The vertex function is determined by extrapolating to fin-
ite values of g a relation that follows from the Ward iden-
tities? and holds in the small-q limit:

lim Alg)=— = lim 29 |
q—0 Ky a—0 Xolq)

where X is the proper density-density response function.
The resulting expression for A coincides with that of Eq.
(7). From the analysis of Sec. III we see that Eq. (18) in-
cludes only the “improper” diagrams and their exchange
counterparts. Although KW recognized the existence of
ladder-diagram contributions to the interaction they did
not realize that they could be summed at essentially the
same level of approximation already involved in their
evaluation of A. The constraint in the small-g limit is
provided in the general case by the requirement that the
singular part of the interaction (the one depending on the
ratio q/w) reduce to the singular part of the Landau
scattering amplitude with /=0 (higher-order components
not being too important in a simple Coulomb system). It
is necessary to include all the dangerous diagrams (and
not only the improper ones) to satisfy this constraint.
Furthermore, it is necessary to introduce fwo independent
local fields G* and G°, which is another way of saying
that the effective interaction must be determined using the
information contained in the dielectric function and in the
spin susceptibility on equal footing. Our scheme satisfies
these requirements as detailed in Appendix A. The local
approximation provides a definite way of extending the
Landau scattering amplitude to finite wave vectors.

VI. COMPARISON AND DISCUSSION

In this section we shall consider the effective interac-
tion between two electrons in an electron liquid in the
presence of a rigid charge-neutralizing background. In
this case, the mass renormalization is negligible and we
can put m*=m. We shall compare various forms of the
effective interaction and discuss the physical origin of the
differences between them. The effect of lattice polariza-
bility will be examined in the following section.

In Fig. 6 we plot the static effective interactions
U,;(g,0), U,,(q,0) [Egs. (17)] together with the Thomas-
Fermi (TF) interaction

Ure(g)=4me/(g*+47r) ,
the dielectric interaction U g (q,0) of Eq. (1), and the KW



interaction of Eq. (18). All the interactions are in units of
47re2/q§. For the local-field factors we have taken, for
simplicity, the parametrized form recently proposed by
Iwamoto and Pines:*

2

GMg)=—1— , (192)
q2+q%T
q2
G g)=—1—, (19b)

q’+q3,
where g;, and g;, are r;-dependent parameters given in
Ref. 3 and are such that the compressibility and suscepti-
bility sum rules are satisfied. At large g all the above-
mentioned interactions reduce to the bare interaction v(q)
but in the small-g region, which is important for practical
applications; large differences exist, as is evident in Fig. 6.
Let us take the Thomas-Fermi interaction for reference,
since it describes the simplest situation, namely, that of
two test particles in an electron liquid with no exchange
and correlation between the electrons. In the small-g lim-
it this tends to

Urp(0)=1/2y , (20)

where y =2ar, /7 and a=(4/97)'/3. Note that this limit
is always positive.

Let us now include exchange and correlation within the
medium. This leads immediately to the interaction
U 4ia1(q,0) of Eq. (1) which can also be written as

X()(q’O)
1—v(g)[1—G%(q)Xo(g,0)
The effect of exchange and correlation as incorporated in
the local-field factor G*(q) is to decrease the value of the

denominator in Eq. (21) [recall that X((g,0) <0]. In terms
of the spectrum of density fluctuation excitations this im-

Ugia(g,0)=v(q)+v*(q) 21

16 "

14
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Ulq, 0)(4Te?/q2)
@]
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FIG. 6. Static effective interactions U,, and U,, from Egs.

(17), Ugea from Eq. (1), Ugw from Eq. (18), and Uy for

Thomas-Fermi versus g at r,=4. ¢ is in units of Fermi

momentum and U(g) in units of 4me®/q%. Local-field factors
are taken from Egs. (19).
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plies that the density of low-energy pair excitations is in-
creased by the local-field factor and the strength of the
plasmon peak is correspondingly decreased. Thus, the
static screening becomes more effective in reducing the
bare interaction as is clearly seen in Fig. 6. The small-g
limit of U (g,0) is

U4a(0,0)=1/2y—g*, (22)
where
g @= lim G*'“(q)/q* .
g—0

It becomes negative when 2yg°> 1. The compressibility
sum rule [Eq. (11a)] gives ky/k=1—2yg®. Thus, the in-
teraction becomes negative at small wave vectors for 7,
greater than the critical value r,, ~5.2 at which the
compressibility of an electron gas in the deformable jelli-
um model would diverge. In spite of this, the interaction
remains regular in g space. This is because the back-
ground is rigid in our case; therefore, no singularity is ex-
pected at rg~r.

Let us now come to our form of the effective interac-
tion equations (17). Here, as explained in the Introduc-
tion, we include exchange and correlation not only within
the medium but also between the two interacting particles
and the medium. Comparing Eq. (17) with Eq. (21) we
note that (i) the coupling to density fluctuations is not
given by the bare potential v (g) but by the weaker pseudo-
potential ¢¥*(g), and (ii) a new term associated with
exchange-induced spin-density fluctuations appears. Be-
cause of the first fact, density fluctuations are now less ef-
fective in reducing the bare potential v(g) so that both
U'(g,0) and U'(q,0) turn out to be considerably larger
than Uy (q,0) and Urg(q). And because of the second
fact a difference arises between U, and U,,, the former
being weaker than the latter. One can say that longitudi-
nal spin-density fluctuations mediate an attraction be-
tween electrons with parallel spins and a repulsion be-
tween electrons with antiparallel spins, as is evident from
Egs. (17). The small-q limits of these interactions are

U't (u)(q’o):_l_._'_gsjr 2y(g%)? , 23)

2y 1—2yg°
where the lower sign is for 1| and the upper sign for 11
spins. The quantity 1—2yg® is related to the magnetic
susceptibility and vanishes at very large », (~70—80)
where one expects an instability towards the ferromagnet-
ic state. This instability exists both in the rigid and in the
deformable jellium model. Correspondingly, the effective
interactions would have singularities in g space at such
large values of 7.

Finally, let us consider the KW interaction, Eq. (18). In
the previous section, we have seen that it differs from ours
because it does not include the class of proper
“dangerous” diagrams. It is interesting to carry this com-
parison further in a more quantitative way. The quanti-
ties to be compared are Ugxw and U,, and the difference
between them is large, as shown in Fig. 6. The reason for
this large difference is easy to understand if we rewrite the
direct term of Eq. (18) as
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Xolg,®) Xolg,®)

Ukw(g,0)=v(g)+ {v(g@)[1—G%(¢)]}? —[v(g)G(q)T? . 24

Kwid P+l Dl — G e @0 @] 140(9)G* (@)X o(g,0) @4

Comparing now Egs. (24) and (17b), we see that the form-
er can be obtained from the latter if one puts
G%q)=G*(q). It appear as though the electrons were
coupled to spin-density fluctuation via the strong potential
— vG*® rather than —vG*° Also, these spin-density fluc-
tuations should have higher spectral density at low energy
because G° replaces G? in the denominator of the last
term of Eq. (24). Hence, a large repulsive contribution is
present, which makes the KW interaction stronger than
all the others. Equation (24) is not satisfactory from a
physical point of view. There is no reason why the pseu-
dopotential vG“® appearing in the spin-density-fluctuation
terms should be set equal to vG* appearing in the density-
fluctuation term. It is true, instead, that g% < G° whenev-
er 1| correlations exist. The situation becomes particular-
ly serious when r; is near to r,, where the compressibility

of the deformable jellium model diverges. The small-g
limit of UKW is
1 1
Uxw(0,0)= E—— (25)
o 27 1-2yg°

and diverges at the critical »;. This is, in fact, the diver-
gence associated with the ferromagnetic instability but,
because of the assumption g®~g? it is brought down to
rsc, well within the metallic density range. Physically, the
purely electronic part of the interaction should remain

rs=4
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FIG. 7. Static effective interactions in real space. r is in
units of Bohr radius and U (r) in units of Fermi energy Labels
have the same meaning as in Fig. 6.

regular in this range. The effect of the softening of the
electron-lattice system should appear only when the term
of interaction via the lattice is added. Our form of the in-
teraction does not suffer from this difficulty.

In Fig. 7 we have plotted the Fourier transforms of the
various static interactions as functions of r. At small r,
they all reduce, as they should, to the bare Coulomb in-
teraction 1/r; at large r they decay with Friedel oscilla-
tions (with the exception of TF). These oscillations are
too small to be seen on the scale of our graph. Notice,
however, the strong oscillation in Uy, (r) related to the
qualitatively different behavior of Ug(g) at small gq.
The relative strengths of the various interactions in real
space are the the same as in g space.

VII. GENERALIZATION TO MULTICOMPONENT
SYSTEMS

The results of the previous sections can be easily ex-
tended to multicomponent systems. Let ¢;; denote the
bare interaction between a particle of species “i” and a

particle of species “j”. Let us define the pseudopotentials:
Vi) =¢;(@)[1—-Gj(g)], (26a)
¥il@)=—¢;(@)Gjj(q) , (26b)

where G,-sj(“)(q) are the local-field factors. The density-
density response matrix is given in the generalized
random-phase approximation by

[Xhl q)]zj _XOI (q ij d’u
and the longltudmal and transverse spin susceptibilities by
Xoilq)

Xa(@ly=2[X3(q)];= —8' ’
[Xa(@];=2[Xa(g)]y 1—5(@)X0i(q) ’

where X; is the Lindhard function of the ith component.
The two-body effective interaction between two particles
of the ith species is then given in terms of the three func-
tions UT'T, U¥,, and U%T to be combined as in Egs. (5):

1@ =00+ X Ui (@Xu(¥i(q)
1

(27a)

(27b)

+ 2 UACD O ACIR (28a)
1@ =6u(g)+ Etfk D ACYYAC)

- 2 ¢ik(q)Xk'lL(q)¢'1’i(q) , (28a)
UM (@) =[2¢%()1X% () . (28¢)

The detailed derivation of these results is given in Appen-
dix B.

‘Although Egs. (26)—(28) represent a complete expres-
sion of the effective interaction in terms of local-field fac-
tors, they can be put in a different form which may be



useful in some applications. Suppose ‘we are interested/in
the behavior of one component and ask the following
question: What is the effect of the other components on
the effective interaction between two particles of this
species? It is then natural to try and separate from U}’
and U} of Egs. (28) the terms that would describe the ef-
fective interaction if the other species were not present.
As an example of this procedure let us consider a two-
component system with one species much lighter than the
other (m| <<m,). Such a situation can occur with s and
d electrons in transition metals, electrons and holes in
semiconductors and semimetals, and liquid-metallic hy-
drogen. From Egs. (28), after a certain amount of alge-
bra, we find that the effective interaction between two
light particles is given by

Ul "(q,0)=U""q,0)+ U(q,0), (29a)
where U]""Y(g,w) are given by Egs. (17) with ¢*'@ re-
placed by ¥5'* and X*® by x§{*’ and

Xo2(g,0)

Uy (o) = V12(q) ,
e 1—5(@Xoi(gw) | 1—fs(g,0)Xn(g0) ’
(29b)
where
Xo1(q,®)
£4(@,0)=P32(@) + [ Y12 U (29¢)

1—951(g)WXo1(g,0)

Due to the large mass difference we can take the static
limit for the Lindhard function of the light component,
Xo1- In that case Eqgs. (29) reduce to the well-known result
of the theory of the electron-ion system. The first term is
the purely electronic part of the interaction and the

second term corresponds to the phonon-mediated interac- -

tion, namely, the product of a squared electron-phonon
matrix element (screened and vertex renormalized) times
the full phonon propagator. Indeed, the poles of the last
term determine the dispersion of the acoustic branch of
the density-fluctuation spectrum. In addition to this, in-
coherent particle-hole excitations, characteristic of a de-
generate Fermi system, also contribute to the interaction.
They do not have an exact analog in the electron-ion sys-
tem.

‘A very interesting feature of the effective interaction in
a two-component system is the appearance of a large
difference between the 1-1 and the 2-2 interaction. Thus,
for example, in a system with two kinds of electrons the
effective interaction between two heavy electrons will be
very different from that between two light electrons. This
difference would exist even if spin fluctuations were not
included, but then the interaction between heavy electrons
would be more repulsive than the one between light elec-
trons. The most interesting effect, however, arises from
the presence of spin fluctuations. The latter are very sen-
sitive to the mass ratio and can lead to a strong attraction
between heavy electrons in the triplet states. The
relevance of this fact to the problem of superconductivity
in heavy-fermion materials has not yet been investigated.
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In an electron-hole liquid, with moderate value of the
mass ratio, the second term of Eq. (29) gives an attractive
interaction. Thus, superconductivity can occur. This
question will be examined in detail elsewhere.

We conclude this section by showing how the result of
Egs. (29) can be used to include the contribution of lattice
polarization to the effective interaction in a simple metal.
In the limit of large-ion-to-electron-mass ratio we can re-
place the response function Xg,(q,) by its large-w limit:

Xoa(g,0)—n;q*/m;o?* , (30)

where »n; is the ionic density. This is just the classical
response function of a continuous deformable background
of charge. Next we can eliminate the interaction function
fs(q) in favor of the phonon dispersion w,(g), which is
given by

wy(q)=n;q%f(q)/m; . (31

And finally we replace the function ¥,(q) by the
electron-ion pseudopotential v,_;(¢). This correspondence
is strongly suggested by the form of the phonon-mediated
interaction which we obtain as follows:

U ( ) ve-i(q) n,~q2
attice \d, @) =
e 1— $(@Xo(g,0) | 2ma,(@)
2w,(q)
260 Z . (32)
0" —wi(q)
Now recall that
e~i( ) e-i K ,0
SU q v (g)A(q,0) (33)
1_‘/’11(‘1))(01(%0) 6(%0)

Thus, Eq. (32) coincides with the standard form® of the
phonon-mediated interaction with a “dressed” pseudopo-
tential which includes screening and vertex corrections.’
It is expressed in terms of the local-field factor G{;(q) of
the electron gas, of the phonon dispersion w,(g), and of
the electron-ion pseudopotential v,_;(gq). All these quanti-
ties can be calculated in principle. The polarizability of
the ion core can be included by rescaling r, to 7;/ep
where €5 is the dielectric constant of the ion core (€3 ~ 1).
Notice that the static limit of Eq. (32) diverges when the
sound velocity tends to zero.

VIII. CONCLUSION

In this paper we have developed a simple theory of the
two-body effective interaction in a degenerate Fermi
liquid of one or more components interacting via a
Coulomb force. ‘ .

The main weakness of this theory is that it assumes the
irreducible particle-hole interaction to depend only on the
momentum transfer in the particle-hole channel. This as-
sumption is needed to reduce the evaluation of the Feyn-
man diagrams to the simple summation of geometric
series. We also have assumed the validity of a quasiparti-
cle picture by associating a free-particle propagator with
effective mass m™ to each internal line and by neglecting
finite lifetime effects. Thus, the interaction that we have
derived is expected to be valid in the vicinity of the Fermi
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surface. Furthermore, we have excluded from our
analysis certain diagrams corresponding to nonlinear po-
larization processes, whose importance is, at present, diffi-
cult to estimate. On the other hand, the main virtue qQf
this theory is that it follows in a logical way from first
principles and, in the end, makes contact with some of the
most successful theories of interacting Fermi liquids: the
kinetic equation approach® and the (phenomenological)
polarization-field approach,* both of which are built upon
the concept of “local-field factor.” The final form of the
effective interaction is simple, calculable, and easy to
understand on physical grounds. In the small-g limit its
singular part reduces to the singular part of the /=0 Lan-
dau scattering amplitude. A new, nonlocal term, due to
the excitation of transverse spin waves appears quite
naturally in the 1| interaction. This term was missing in
previous theories of the effective interaction and its effect
should be investigated.

We wish to comment on the possible applications of the
effective interaction. One possibility is to calculate the ef-
fect of electron-electron interactions on the transport
properties of simple metals. The contribution of
electron-electron scattering to the thermal resistivity has
been measured'® in various metals and can thus provide a
test of the theory. Kukkonen and Wllkms and Mac-
Donald and Geldart!! have done such a calculatlon the
first using the form of Eq. (18) and the second using the
s-p approximation of Dy and Pethick. Their results are in
reasonable agreement with the experimental data which
still, have, however, rather large error bars. A more
stringent test is definitely needed. .

Recently, Penn!? has used several forms of the effective
interaction to calculate the mean free path of low-energy
electrons in a simple metal. The various forms give very
similar results with the exception of the KO form, which
gives a much shorter mean free path. Remarkably
enough, the KO form seems to be in reasonable agreement
with the still uncertain experimental data.

The effective electron-electron interaction that we have
derived here enables one to calculate the Coulomb param-
eter u occurring in the expression for the superconducting
transition temperature and particularly the effect of spin
fluctuations on the latter. This may be helpful in under-
standing the superconducting properties of heavy-fermion
materials. An exciting possibility concerns the question
of superconductivity in an electron-hole liquid in which
the mass of the holes is greater than the mass of the elec-
trons. We have investigated this problem with interesting
results.

APPENDIX A: CONNECTION WITH THE LANDAU
THEORY OF FERMI LIQUIDS

In this appendix we discuss the relation between the
small-g limit of the effective interaction and the scatter-
ing amplitude of the Landau theory of Fermi liquids, gen-
eralized to include Coulomb forces. The Landau scatter-
ing amplitude is defined as

Apy =2mizpzyTpp (Al)

where the superscript 7 indicates that the small-g and -
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limit of the full scattering function I'(p,p’,q), with argu-
ments p and p’ on the Fermi surface, is taken for
q/w=r=const. The Landau interaction function in a
Coulomb system is defined as

Sop =2mizpzy(To)pp » (A2)

where Iy is the proper part of I'. The above formulas ap-
ply both to the spin-symmetric and spin-antisymmetric
components of the f>s and A4’s. The connection between
the Landau scattering amplitude and the Landau interac-
tion function is given by

Alr’p’ =fpp + Eflc)p”XGp”A 1r>“p’ ’ (A3)
o
where the symmetric part of f€ is
pp =Spp +0(q
and the antisymmetric one is
H=rhy (a9
and
r I"Vp
Xop=7—""""> (AS)
l—rv,+in

where v, is the quasiparticle velocity. The density-
density response function can be expressed in terms of the
spin-symmetric scattering amplitude, either by using the
formal definition of X of the Ward identities? or by solv-
ing the transport equation for quasiparticles, using Eqs.
(A3) to connect the A’s to the f’s. The result is

X, l1+ > ARGy
P

(A6)

Expanding 4, in Legendre polynomials of the angle be-
tween p and p and retaining only the component with
1=0, we find

X"=Xo(1+AGX0) .

Comparing this with the small-g and - limit of the
density-density response function in Eq. (8), we find

(A7)

Xolg,»)
P(@) + [ P— LD (AS8)

1—9Y*(g)Xo(gq,w)

AGS= lim
q—0

q/o=r

This gives the spin-symmetric component of the /=0
scattering amplitude. Similarly, expressing the spin sus-
ceptibility in terms of the spin-antisymmetric amplitudes
and retaining only the /=0 component, we find

Xo(Qy )

— (A9)
¢a XO( q,0 )

AL = lim
g—0

¢"(q)+[¢“(q)]2

q/o=r

The singular part of the Landau scattering amplitude [i.e.,
the part proportional to Xy(g,®)] has precisely the same
form and value as the singular part of the effective in-
teraction [see Eq. (17)]. This result is rigorous in the
small-g limit as long as the local fields satisfy the sum
rules and the />0 components are negligible. The local
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approximation introduced in this paper is equivalent to
extrapolating the validity of this relationship to finite
wave vectors and frequencies.

The nonsingular parts of the scattering amplitudes,
namely, ¢¥* and ¢¥* do not coincide with the nonsingular
parts of the effective interaction. This is expected, since
the full Landau scattering amplitude must also include di-
agrams reducible in the particle-particle channel, whereas
our interaction must not. This difference between the
nonsingular parts accounts precisely for the particle-
particle ladders.

APPENDIX B: EFFECTIVE INTERACTION
IN A TWO-COMPONENT
COULOMB LIQUID

In this appendix we derive the two-component generali-
zation of the effective interaction, i.e., Egs. (27) of the
main text. Rather than separating the proper and im-
proper parts of the interaction we shall treat them on
equal footing using, in the ladder diagrams of Fig. 2(a),
the full particle-hole irreducible interaction I instead of
its proper part 1. In this way the diagrams of Fig. 1(a) be-
come formally part of the ladder-diagram contribution.
The relation between I and I is

Ii,a,-;j,aj(pl:PZ:q) =¢ij(q)+7i,ai;j,aj(pbplyq) , (B1)

where i,0; and J,0; denote the species and spins of the in-
coming particles. Using the local approximation and the
expression of I in terms of the local fields this can be
written as

Ii,ai;j,aj(q) =¢ij(q) "‘¢ij(q)Gi,ai;j,aj(q)
E¢i,ai;j,aj(q) . 7 (B2)

Now we evaluate the sum of the diagrams reducible in the
direct particle-hole channel and denote it by J,{igi; j,,,j(q).
The quantities I, J% and 1 are 4X4 matrices in a two-
component system and we denote them by I, J¢, and Y.

We also introduce X ( such that
(X O)i,ai;j,aj = (Xo,' /2 )Si’jsai"’j .

The summation of the series shown in Fig. 2(a) is then
equivalent to the matrix equation

ld(q)=z£(q)l ol@Y(q)+(g)X @)% q) , (B3)
whose solution is
Jd(q)=1_b(q)X(q)1_ﬁ(q) s (B4)

where X(q) is defined via the relation

XN =X5"(@—¢lq) . (BS)

2165

Any matrix entering Eq. (B4) can be regarded as a set of
four 2X2 matrices in spin space: (¢;; )0,-’0,=‘£i,0i; hoj
From isotropy in spin space it follows that any of the
;s has the form ‘

ot
iy Yij
ot
i Wij

vi= (B6)

with only two independent components ¥/ and ¥]/. Such
a matrix can be diagonalized with eigenvalues

=i+ 4l =24
and (B7)
W=l ¥l =24
In a similar way we can diagonalize X;; and, comparing
Egs. (BS) with Egs. (27a) and (27b), we find the eigen-
values
X=X+ =
(B8)
Xij =X —X}}=5X} .

Returning to Eq. (B3) we see that it can be rewritten as

2
L= 3 dal@Xu@¥;(@ . (B9)
kl=1
Diagonalizing both sides of this equation, we find

2

I =3 viaXia(@i(@) ,
k=1

(B10)

from which, using Egs. (B7) and (B8), we find at once

T g = [IF (@ xTf ()]
2

= > [¥k(@Xulgi(q)

k, =1

YR QX (@Y (@] (B11)

where the plus sign is for the 11 case and the minus sign
is for the 1l case. Adding the direct term ¢;(q) and
specializing to the case i=j we immediately find U'" and
U™ in the form of Eqgs. (28a) and (28b). Finally, we must
evaluate the term of interaction via transverse spin fluc-
tuations. The corresponding diagrams are shown in Fig.
2(c). The intermediate particle-hole pairs must necessarily
be of the same kind as the incoming and outgoing ones
(say, of species 1). The identification of the transverse I
block with 2¢%(q) still follows from isotropy. - Thus, the
summation performed in the one-component case is still
valid in the two-component case and Uj(q) is given by
Eq. (13) with G° replaced by G§. This is Eq. (28c).
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