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Phonon-mediated electron-electron interaction in real space
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We have calculated the phonon-mediated interaction between two s-band electrons as a function of their relative
separation in real space. We consider the two cases of acoustic phonons in a nonpolar crystal and of optic phonons
in an ionic crystal, and present specific results for electrons at the bottom of the band, using parameters of
aluminum and lithium chloride, respectively. In the acoustic-phonon case, even when the Coulomb repulsion
between the two electrons is not included, the interaction has a wide repulsive core, which extends to a separation of
about 200 A and afterwards oscillates between attractive and repulsive regions as the distance between the electrons
increases. Classically, i.e., when the electrons are infinitely heavy, this potential is attractive when the electrons are
less than a few angstroms apart and oscillates at greater distances. For ionic crystals one anticipates that the
phonon-mediated interaction causes merely the optic-phonon screening of the Coulomb repulsion; i.e., e*/e ris.
converted to e?/e,r. However, we find that this mechanism produces a striking oscillation (versus r) about the
expected result. Consequently, in LiCl, for example, the total potential—the direct Coulomb repulsion plus the
phonon-mediated interaction—has deep, attractive potential wells, the first and largest of which has a depth of 28
meV, with its minimum occurring when the electrons are 33 A apart.
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I. INTRODUCTION

An electron in a lattice interacts with the ions
about it through the electron-phonon interaction
to produce a distortion of the lattice. This dis-
tortion, or virtual-phonon cloud, follows the elec-
tron during its motion in the lattice. In an ionic
crystal, this clothed electron is known as a polar-
on. When two clothed electrons are in the lattice,
an effective electron-electron interaction develops
through phonon mediation. Each electron experi-
ences the polarization field produced by the other
electron. This happens even in the classical limit,
i.e., when the electrons are considered to be in-
finitely heavy. Quantum mechanically, each elec-
tron develops a virtual recoil kinetic energy by
interacting with phonons, and this effect modi-
fies dramatically the electron-electron interac-
tion. The resulting interaction has been studied
extensively and provides a basis for the Bardeen-
Cooper-~Schrieffer (BCS) theory of superconduc-
tivity. The important feature of this interaction
for superconductivity is that it provides an attrac-
tive potential between two electrons, so that bound
states, or Cooper pairs, may form. Usually this
electron-electron potential is studied in recipro-
cal space, as a function of the wave vector q of
a phonon that is exchanged between the two elec-
trons. However, no investigation has been made
of this potential in real space, i.e., as a function
of the relative separation between the two elec-
trons. Such a study is the purpose of this paper.

We begin our discussion here by calculating

in Sec. II the distortion created in a lattice by
one electron as a function of distance from that
electron. This provides physical background for
following discussions and illustrates the method
to be used in Sec. III to derive the electron-elec-
tron potential. In Sec. IILA, we produce a general
derivation of the effective electron-electron po-
tential for s-band electrons in real space, and
apply it in Sec. III B to the case of acoustic pho-
nons in a nonpolar crystal, and in Sec. III C to
optic phonons in a polar crystal. We evaluate
resulting expressions explicitly for electrons at
the bottom of the s band, which yield spherically
symmetric potentials. Plots are shown of these
potentials for aluminum in Sec. OIB and for LiCl
in Sec. IIIC. Finally, in Sec. IV we present the
conclusions.

II. LATTICE DISTORTION PRODUCED BY ONE
ELECTRON INTERACTING WITH ACOUSTIC
PHONONS
Suppose we have one free s-band electron in a
harmonic lattice. The Hamiltonian of the system
can be written as

3 =13C,+3C,,, 1)
where
2
%o = 22J+Z;ﬁw3(”§“a+%)» @

is the Hamiltonian for the noninteracting system
and

:K:ep= ZA.E(aEeiq-rl_a:e-iq'rl), (3)
a
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is the electron-phonon interaction at some posi-
tion ¥,. For longitudinal acoustic phonons, within
the Debye model,
1/2

AE=%;’C(%\) . @)
Here, wz =uq is the acoustic-phonon frequency,
with # and q the phonon velocity and wave vector,
respectively. C=E is the electron-phonon cou-
pling constant, where E,, is the Fermi energy.
m and p are the mass and momentum of the elec-
tron, ¢* and a are the phonon creation and anni-
hilation operators, and p is the mass density of
the crystal.

As the electron moves through the crystal, it
produces a distortion of the lattice by polarizing
the ions around it, and this virtual-phonon cloud
or phonon clothing accompanies the electron in
its travels. BX* is the operator that creates this

k
clothed electron, or polaron, where

b -ar bF »ai)
* = pk - K - k=974
* bi? + ZAq ( Ai%%) A:it) ’ (52)
q q q
which corresponds to first-order perturbation

theory. By is the corresponding annihilation
operator. Here,

L. B2 A2 +q)
+ _
AsS(k)= —( o ?h’wa), (5b)

q 2m

and b3 and by, are the creation and annihilation
operators for a bare (plane-wave) electron of
wave vector K. The second of the terms within
the summation over (f in Eq. (5a) creates the
electron’s clothing by emitting virtual phonons,
while the first term absorbs phonons that are al-
ready present. At zero temperature, the absorp-
tion term has no effect if only one electron is pre-
sent in the lattice.
We wish to ask now what the detailed nature
of the phonon cloud about the electron is. Suppose
the electron is located at T,, i.e., that the bare-
electron wave function is e¥*T1, Consider then the
lattice-displacement operator for longitudinal
acoustic phonons at some position Fzz
1l - -
()= ZE <2pﬁuq ) (a-ae iqeTy | a%e"i 1 Tz) q;
(6)
Since we want to know the nature of the lattice
distortion about the electron, we might ask what
the expectation value of this displacement is
between clothed electron states. But this yields
only zero because, when one averages'over all
the electron and phonon coordinates, all contri-
butions cancel. That is, on the average, for all
positions of the electron in the lattice, there is
no net lattice displacment. The mean-square dis-

placement, or the square root of the expectation
value of W?(¥,) taken between clothed-electron
states, gives one only a measure of the average
distortion caused by the electron.

In order to calculate the magnitude and shape
of this distortion in exact microscopic detail,
one must employ a somewhat different approach.
We ask what the instantaneous distortion of the
Iattice is at a position § relative to the electron’s
position T ,» Whatever that may be. Thus we may
write

U(F,)=u(r,,8)

1/2 - - -
(a-€? ar(ry+s) 4 g ¥ p-as(ry+ s))_‘_l_
qa q q

) - (Zpuq -

for the lattice displacement operator, where
§=F,-F,. ®)

This operator in Eq. (7) is now perfectly corre-
lated with the position of the electron, so that one
could imagine that if § is fixed, the distortion
would follow the electron around the lattice. For
this reason, we calculate a restricted expectation
value of this lattice-displacement operator, be-
tween clothed electron states, in which we keep the
vector § fixed, i.e., we integrate over all coor-
dinates except S.

For simplicity, we will assume here that the
system is at zero temperature. A similar analy-
sis follows at finite temperature, with slightly
more complicated results, for the restricted
expectation value of the lattice displacement, but
the identical result emerges at finite temperature
for the effective electron-electron interaction,
which will be derived in Sec. III. Thus we write
the restricted expectation value (U (5)) > as

(‘T(E))‘s' = (d’; Iﬁ’(i‘.p g)ld) ‘];>‘s’ ’ (9)
where

is the clothed-electron state, |0) is the vacuum
state, and B% is defined in Eq. (5). The notation
( ); indicates that all integrations except those
over § are to be carried out. Explicitly, we have

(TEN; =0|BL U, §)BEI0);

2 7 \”sin(@-8) 4
- 243 (g7 ) a® g’
(11)

where Aq:(E ) is defined in Eq. (5b) and A7 in Eq.
(4). We now assume that the electron is at the
bottom of the s band, or that its initial velocity
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before interacting with phonons is nearly zero,
so that 2~0. Converting the sum over q to an
integral and imposing the Debye cutoff g, yield

_ (—‘%—s—){Si[qu(l +1/a)] -Si(qp s/a)}] },

1 d%q sing-§ q
u(shy= -2C f A A LA S
@EN;=-3C ou? e<ap 87° ¢q[(mg/2mu)+1] ¢
- _3C f % [sin (¢s) = (gs) cos (qS)]dq
3n%pu’s J, qlala/qp) + 1]
(12)
f
. Cq3 (
- = —dap
(@EN; =-3 3n%u® \qps
+ sin <‘lgi) {Cilgps
where
.
Si(z)Ef %n—tdt, (15a)
o
z —
Ci(z)5y+1nz+f ﬂ)—s—:-——l‘ dt, (15b)

and y is Euler’s constant.! (d(§ » is in the ra-
dial direction and varies as (- §) for small s and
as —3/s? for large s, with weak oscillations about
these dependences. In the classical limit, where
the electron is considered to be infinitely massive,
i.e., m—+ so that a -0, this expression simplifies
considerably and may be written as

"3"‘_—""57_5‘ [8i(gps) - sin(gps)].
(16)

When an electron deforms the lattice, one often
thinks of the analogy of an electron producing a

<11 chu(s »* ==

Ge) |

2 v gso (TN L = 14
Wl Repld )y =5 CAVAEN s = ~ =iy

- sin (_q_g_s_> {Ci[gps(1 + 1/a)] - Ci (q,,s/a)}] } ,

14 4pS
= e —l -— - R CoSs
s {[1 cos (gps)] 2 [ o
where
=(2C) _.._D_- 19
Vo= (3C) S (19)

This function is negative (attractive) for small s
and achieves its maximum magnitude as s~ 0,
and thus describes well the picture of two elec-
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where § is a unit vector in the direction of § and

(13)

is the “phonon” Compton wavelength in units of
47/q, that results when an electron scatters
from a phonon of velocity #. The integral in Eq.
(12) may be written in closed form in terms of
the sine and cosine integral functions Si(z) and
Ci(z) as

a=7%qy/2mu,

>2 {Si (qps) - cos (gfl—s—)[{Si [gps(1 + 1/a)] - Silgps/a)}

+ (QZ—S—) {Ci[gps(1+1/a)] - Ci(qDS/a)}]
(1 +1/a)] - Cilg,s/a)}

(14)

I
depression in a mattress. Extending this analogy,
one expects that if a second electron were in the
lattice, it would feel the strain field produced by
the first electron. As the two electrons would
approach one another, they would both fall into the
same depression in the mattress and would thus
attract one another at short distances. Indeed,
for acoustic phonons, the electron-phonon inter-
action at a position T, , may be written simply as
the strain field at that point,

3, =3 Ccdiva(f,), am
as can be seen from Eqgs. (3), (4), and (6). Then
the restricted expectation value of this operator
between the clothed electron states of an electron
at ¥, may be considered to be the magnitude of
the strain produced at T, » by an electron located
at r,. This can be expressed as

4p g sin(gs)dq
alg/qp) +1

(?){Sﬂqus(l +1/a)] - 8i(gps/a)}

(18)

T
trons falling into the same depression of a phonon
“mattress” as they approach one another. In the
classical limit, i.e., whenm - and g - 0, this be-
comes

@313, 97)s = FCAivE () —- Voiilaps)/aps,
(20)
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where j,(z) = (sinz —z cosz)/z? is the first-order
spherical Bessel function.

As we will see in Sec. III B, the electron-elec-
tron potential is given exactly by the expression
in Eq. (20) in the classical limit. However, in the
quantum case, the virtual recoil kinetic energies
of the two electrons play a major role in deter-
mining the interaction, which is qualitatively and
quantitatively different from that given by Eq. (18).
This will be discussed in detail in Sec. III B.

III. PHONON-MEDIATED ELECTRON-ELECTRON
INTERACTION

A. General derivation in real space

In this section, we consider two electrons in the
lattice together. We will assume that the first
electron, located at T |, has its spin up and that
its momentum and wave vector are p, andK,.
Similarly, we assume that the second electron,
located at ¥,, has spin down and that its momen-
tum and wave vector are 5‘ and E,. We treat the
case of opposite spins in order to avoid antisym-
metrizing the wave functions and separating the
effects of exchange from the pure phonon-mediated
electron-electron interaction. With these restric-
tions we write the Hamiltonian

H=3,+3,,, e3))
where
0B Ya. +1
5(30 m+2m +E_aﬁw-a(a-aaa +2)’ (22)

is the Hamiltonian for the system with no inter-
actions and

e e

= 2 Alaget s oy
—a - -~

(T (23)

is the electron-phonon interaction. We note that
the only difference in the Hamiltonian between the
case of acoustic phonons in a nonpolar crystal and
of optic phonons in a polar crystal is in the defini~
tion of A-», the coefficient in the electron-phonon
interaction, Eq. (23). Therefore, in this section,
we will derive a general form for the electron-
electron interaction in terms of Aa’and later, in
Secs. III B and III C, apply the appropriate speci-
fic forms for the cases of interest.

The derivation that we will present here of the
electron-electron interaction follows the same
philosophy as the calculation of the shape of the
lattice distortion about the electron calculated
in Sec. II. Suppose that =7, -7, as in Eq. (8),
with the two electrons at ¥, and ¥,. If we keep
the relative positions § of the two electrons fixed,
then we can determine an expression for the ef-

fective electron-electron potential V(§ ). We ac-
complish this by first taking the restricted expec-
tation value of the Hamiltonian [Eqgs. (21)-(23)],
keeping § fixed, between states of a pair of clothed
electrons. That is, in the expectation value, we
integrate over all coordinates except §. Then we
subtract all terms that would be present if the two
electrons had been in the lattice one at a time
and not together. The remainder is the effective
electron-electron interaction V(§) in real space.
As we will see, it is also the only term in the
restricted expectation value of the Hamiltonian
that depends on s.

The creation operator (B; +%,; for the pair of
electrons with wave vectors k, and k, is given by

N -
mf,.i; = ? (BaBﬁm Bg’B]’g;), (24)

with the annihilation operator for the pair given
by 7, %,- Here B is defined in Eq. (5) and N

is the normalization defined below. We take the
(anti) symmetrized product of the two single-
electron operators, since there is no preference
as to which electron is created first. This opera-
tor creates the state for a pair of electrons, which
we will denote as

v % _m> = (B%(hﬁ! [0), (25)
where |0) is the vacuum state. These states are
orthogonal in the restricted inner product where
we integrate over all variables except s , and the
normalization is determined with the same type

of product. Thus,
> V> = ¥ > ->
<‘I’§‘ X lvg,.%,) 3 =<0l m—ﬁ"ﬁ:mk',k‘l 0)3

k, (26)

The integrations that are performed here are the
integrations over the center-of-mass coordinate
R=14(F,+7,), while the relative coordinate § re-
mains fixed. Equation (26) now determines N,
which is a function of §, because N appears in
Eq. (24). N is of the form N =1-0(|43/%). Since
we retain only terms of order |A;[® or lower, we
need not write an explicit expression for N since,
in the calculation of the restricted expectation
value of ¥, it either cancels exactly in some terms
or multiplies terms already proportional to | A7 [*.
We can see from Eqgs. (5) and (24) that each
electron is clothed to first order (in perturbation
theory) in the electron-phonon interaction and, in
addition, each electron has a first-order term
that permits it to strip clothing from the other
electron. In the product in Eq. (24), some terms
appear that are second order in the electron-
phonon coupling Ay, but these are precisely the
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terms that are needed to assure the proper ortho-
normalization in Eq. (26).

We now calculate the restricted expectation
value of the Hamiltonian with the electrons fixed
at some separation §. As in Sec. II, we will
consider the system to be at zero temperature.
We have also calculated the phonon-mediated elec-
tron-electron interaction for finite temperature

J

and have obtained the same result. Since at finite
temperature the intermediate steps are much
more complicated, with many cancellations, one
can understand better the origin of various con-
tributions to the potential if we display only the
zero-temperature calculation.

The restricted expectation value of the elec-
trons’ kinetic energies 3¢, is given by

2
$5) ot 5] 0)
(Zm 2m (Bkvﬁ;o T

2 5 > >
=_2ﬁ7n_(kf+k%)_z|AEIZ[AQ(IEO):"{_(9_9_+ a
q

> = |5 > - =
<\I’k’,k‘| KE[‘I‘k’,'E)s (‘

=

_eiE's< (k¥)+hwq q
Az AR AT ()

L3 (&) + A% a?f)])
TE)az®,)

el (Aq(k1)+ﬁ“’* 3[
E(k )Aq(k‘)

The terms multiplying both %% and e~9° ¥ that contain A% (ky) and A% (K,) in their denominators are the
only terms in the entire restricted expectation value of the Hamiltonian that result from having the strip-
ping operator, i.e., the term in Eq. (5a) with a%, included in the clothed- electron operator. This means
that these are also the only terms that contain the type of denominator A* (K). It is these terms that pro-
duce a dramatic modification from what one would expect from the “mattress” picture discussed in Sec.

II.
The restricted expectation value of the harmonic oscillator part of the Hamiltonian 3¢, is

*
BT, %, Z hwg@fay + %),(Bﬂ'j;" 0> -
q

. 1 1 2cos(q - S)
- Dot lack ([Ag(ﬁmz Paz®OF P ATEALE,) ) 8

>

q

Combining Eqs. (27) and (28), we obtain the restricted expectation value for ¥¢, [Eq. (22)]:

5 (&) + AT ()]
PECAPETA ). en

(‘I"i’-,i‘wcno |‘I’F',§‘>? = <0

B2 a2 E 1
W Y 1,5 7 =55 (R + 1))+ 2 30wy
q

. 1 1 iqes 1 1 1 1
- Zq |AQIZ{A_E(k’) + m +erd [A AN Z(A%@,) A (:)):‘

rent @l [A 1(k) 1(A*1(k‘) A 1(1'{,))]}' (29)

Finally, the restricted expectation value of the electron-phonon interaction, 3, [Eq (23)] is

- -2 2 iqes 1 1 ~qs 1 1
(‘I’k’k"ﬂeep[‘l’k,'ﬁ> ZlA ‘ [ (k) + m#‘G q <A%(k‘,) + x (»'))+e a (W+Z%_(_l?‘_))] .

3
(30)

Note that the contributions to the restricted expectation value of ¥,, do not contain any terms resulting
from the stripping operator in Eq. (5a), i.e., the term containing a7y . Only denominators of the type
A-»(k) from Eq. (5b) appear here.

By combining Eqs. (29) and (30), we can now write the restricted expectation value of the total Hamil-
tonian % [Eq. (21)]:
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- ﬁ2 2 2 1 -
(‘I’E,'ﬁ":’cl‘pk‘,'ﬁ‘)? = 'ﬁ% (kq + k;) + Z_a zhw q

1 1

1 1 - > 1 1 > >
-2 - - 1 ,iqes — Llpo-iaes — e g -
+ z;: lazl [A-H(k’) * ATE®) tae (A &, A%(E,))”e (A'E(k,) A%(k;)\)]

The first two terms in Eq. (31) represent the kine-
tic energies of the two electrons and the energy of
the phonons in the absence of the electron-phonon
interaction. The third and fourth terms (the first
two terms in the summation over §) are the self-
energies of the first and second electrons, respec-
tively. These are the energies that would result

if the two electrons were present in the crystal
one at a time and not together. In fact, these
terms appear if one takes the restricted expecta-
tion value of the Hamiltonian with one electron
present between the states of each clothed electron
separately. The remaining terms are then the
electron-electron interaction. These are also the
only terms that depend on §, the relative separa-
tion between the two electrons. Thus, the electron-
electron potential is

- - 1 1
vV =1 A=Zeiar 5[<.__.,__ - .._-..._,-)
(8)=2 %l ilte azK)  atlk)

L1 ]
(A: zky) ALz (kT)) ’
(82)
where we have replaced d by -4 in the third and
fourth terms in the sum over g, and where A% (K)
are defined in Eq. (5b). [Although V() in Eq. (32)
is complex for finite values of Ky and k,, it can be
shown that the actual phonon-mediated electron-

(31)

electron interaction is just the real part of this
expression. |

We note that, although this calculation was done
for the case of zero temperature, the same re-
sult, Eq. (32), obtains for V(s) at finite tempera-
ture. Indeed, it is well known that the phonon-
mediated electron-electron potential can be thought
to result from the exchange of virtual phonons be-
tween two electrons and is therefore independent
of the number of phonons present initially in the
system. In fact, this result, Eq. (32), with A3 de-
fined by Eq. (4), is just the Fourier transform of
the usual phonon-mediated inteaction that is de-
rived by other techniques en route to the BCS
theory of superconductivity.?**> One could have
derived the electron-electron potential in d space
7(q) and then Fourier-transformed it to obtain
Eq. (32). For example, one can derive V(q) by
calculating the off-diagonal or scattering matrix
elements of the Hamiltonian, i.e.,

V@)= @iy 1% g 5

where one integrates over all coordinates. Then
V(8) is the Fourier transform of V(q). In other
words, the scattering matrix element of two
clothed electrons of the potential V(%) is just
¥(d), the Fourier transform of that potential.
We feel, however, that one gains more insight
with the method presented in this section.

B. Acoustic phonons in a nonpolar crystal

For the case of two electrons that interact with one another in a nonpolar crystal via acoustic phonons,
the phonon-mediated electron-electron interaction becomes

- Hig o 72 - - %g?
vE)=ECr 2 2p0 e Y- ke,

q

At this point, for simplicity, and in the spirit of
Sec. II, we assume that the initial velocities of the
two electrons are very small, i.e., that &y,%,~0.
In this way, the potential only depends on the mag-
nitude of § and not its direction and is thus spher-
ically symmetric. In general, V(S) will depend on
the direction of 5 relative to Ky and k,. As in Sec.
II, we convert the summation over g to an integral
and perform the angular integrations to obtain

_ Vo (1\? [°p_gsin(gs)dq
V(S)_g;gs._(qz,)-[ 2g/a)*-1 ’ (39

where ¢ is defined in Eq. (13) and V, in Eq. (19).

)2_ (ﬁ“’a)g] +1/[(—}ZT:— Ky Qg+ ﬁ;‘ij)z— (iiwa)z]} . (33)

i
Consider first the classical limit of Eq. (34),

i.e., m -~ and gq—0. This constitutes neglecting
the virtual recoil kinetic energies of the two elec-
trons. The potential thus becomes

V(s)=_Voj1(qu)/qus (@~0), (35)

which is identical to Eq. (20). That is, in the
classical limit, the picture of two electrons on a
“mattress” attracting one another at short dis-
tances works quite well. This can be seen explic-
itly from the plot of Eq. (35) in Fig. 1. The para-
meters used here, except for g, are those appro-
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priate to aluminum. With a lattice constant q,
=4.04 A, the Debye wave vector is g,=1.53

x10° cm™. With the elastic constant C,, =1.14

% 102 dyn/cm? and the mass density of Al, p=2.73
g/cm?, the longitudinal acoustic velocity is « :
=6.47 x 10° cm/sec. Thus, the coefficient in front
of the interaction in Eq. (35), and defined in Eq.
(19), is V,=15.4 eV. The inset of Fig. 1 shows
the depth of the attractive potential well for s =0,
that is V(s =0)=-V,/3=-5 eV. As shown in the
large drawing, the potential becomes repulsive
within the length of one lattice spacing and then
oscillates with a period of 2/q,, the envelope
falling off as 1/s2.

When the phonon Compton wavelength a = 7g ,/ 2mu
[Eq. (13)] is finite, we see that the integral in Eq.
(34) is qualitatively different for ¢<1 compared
with @ >1. (a is always positive.) For ¢>1, a
pole appears in the integrand that is not present
for g<1. For realistic materials, g is usually
much larger than 1, e.g., for Al, a=137. At this
point, since the case g¢<1 is qualitatively similar
to the classical limit, we will concentrate our at-
tention on the more realistic case here. For a
>1, we evaluate the integral in Eq. (34) in the
principal-value sense, and then it is expressible
in closed form in terms of the sine and cosine in-
tegral functions Si(z) and Ci(z) defined in Eq. (15):

s(A)
0 5 19 15
ol Acoustic Phonons | 04
Classical Limit
al a-0 102
0
=-1f 3
< -2t )
~ >
e 3l
A
5}
_6 1 L
0 10 20 30

FIG. 1. Plot of the classical limit of the acoustic-
phonon-mediated electron-electron interaction V(s)
from Eq. (35). Here, m — =, so that q— 0, where a is
given by Eq. (13). V(=15.4 eV is defined by Eq. (19).
The inset shows the attractive core of the interaction.
Parameters are given in the text.

Vis)= __‘fg_[cos(q—gi) {Silg s +1/a)] +Sifgps(1 - 1/a)]}

a?qps

—sin(—q—au—‘-g—){Ci[qu(l +1/a)] - Cilg ps(1 - l/a)]}] (@>1). (36)

One obtains the a<1 result by taking the absolute
values of all the arguments of Si(z) and Ci(z) and
changing the + sign in front of Sifg ,s(1 -1/a)] to
a — sign.

The function in Eq. (36) is, for realistic para-
meters, strikingly differént from what one would
expect for a model of two electrons on a “mat-
tress” attracting one another at short distance.
We have plotted this potential in Fig. 2 for Al
with ¢=137. Other parameters are the same as
for Fig. 1. The remarkable feature of this curve
is the repulsive core. One must remember that
the Coulomb repulsion between the two electrons
has not been included here, and this is only the
phonon-mediated electron-electron interaction.
The repulsive core consists of two parts. The
first, a short-range part, is only a few angstroms
wide, so that it is about the same width as the at-
tractive core in the classical case (Fig. 1). The
second is very long ranged, such that V(s) first
becomes attractive only for ¢q,s~a, or for s~130

A. In addition, the asymptotic behavior for large
s is qualitatively different than in the classical
case. The period of oscillation is much longer
here, since it is determined by the phonon Comp-
ton wavelength q, and the envelope falls off as
1/s rather than as 1/s? as in the classical case.
For g¢<1, one finds a behavior similar to the
classical case, with the asymptotic dependence
of the envelope of oscillations falling off as 1/s2.
The repulsive core of the interaction in Fig. 2
and Eq. (36) results from the virtual recoil kinetic
energies of the two electrons. In the classical
case, where these kinetic energies are neglected,
the core is attractive, corresponding to the pic-
ture of two electrons on a mattress falling into a
common depression as they approach one another.
Quantum mechanically, this simple picture does
not work and, indeed, the first attractive potential
well has its minimum only when the two electrons
are a few hundred angstroms apart. The origin of
this repulsive core comes from the kinetic energy
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FIG. 2. Plot of the acoustic-phonon-mediated elec-
tron-electron interaction V(s) from Eq. (36) for alum- -«
inum, with a=%gq p/2mu =137 [Eq. (13)]. V(=15.4 eV is
defined by Eq. (19). Other parameters are the same as
in Fig. 1. The inset shows the repulsive core of the
interaction, the remarkable feature of this quantum

case.

terms, Eq. (27). The terms that produce this repul -
sive core are those that contain the denominators
A*(k,) and A} (k‘) These terms remain unaltered
in the final expression for V(s), Eq. (32), and
thus arise solely from the kinetic energies. It is
the neglect of this contribution that causes the
mattress model, discussed in Sec. II, to fail.

C. Optic phonons in a polar crystal

Consider the longitudinal optic phonon in a crys-
tal with the rocksalt structure. The displacement
operators U,(R) and U_(R) of the positive and nega-
tive ions, respectively, are*

u,(R)= Z <2pw ) (aze*T R+ gfe™i@ R)(M* )”235,

(37a)
1/2
u(R)= Za (‘2}%{) (aae‘a'n+a3‘e"‘f' ﬁ)(%_:y/ 2(-€a) ,
(37b)

where p is the mass density of the crystal, w;
and q are the frequency and wave vector of the
longitudinal optic phonon, and M, and M _ are the
masses of the positive and negative ions, respec-
tively. For simplicity, we will assume an Ein-
stein model for the optic phonons, so that Wy

~w, o, the longitudinal-optic frequency at §=0.
Also, we will cut off the phonon spectrum at @,
the Debye wave vector. With these assumptions,
the electron-phonon interaction at a position T be-
comes (for one electron)

eP‘zBZ

where

_ 167e2 [(M_ )1/2+<M,>”2 2 7 1/2
€.a5 L\M, M. 2pwyq ’

(39)

(aze ¥ = a*e™¥F), (38)

where €, is the high-frequency, optical dielectric
constant and g, is the lattice constant of the rock-

salt structure.
Thus, in order to use the results of Sec. III A

directly, i.e., Eq. (32), we set

4= 8 (40)

T q

From Eq. (32), we then obtain the phonon-medi-
ated electron-electron interaction in the form

% 1 sin(gs)dg
vy 2 [ “
(®)= T’qz) o 4 b"(q/q )4-1" (41)
where
Bq
= 4D
Yo 2rhw,, (42)
and
bE(_@i_yz' (43)
2mwy g

In achieving the form of Eq. (41), we have made
the same assumptions as for Eq. (34) in Sec. IIIB.
In particular, we have assumed that ky,2,~0,
which makes V(3) spherically symmetric and only
dependent on the magnitude s of the separation be-
tween the two electrons.

Consider for a moment the classical limit, i.e.,
m —=, so that b~ 0. In this case, the electron-
electron interaction mediated by optic phonons
becomes simply

V(s)=—;1£9;(;2r-Si(qu)> ®-0), (44)

where Si(z) is the sine integral function defined in
Eq. (15a). In the limit as s - =, the electrostatic
potential ¢, ,(s) due to the optic phonons would
then become

V) . Vo (45)
-e  eqps

This is the same result that one would obtain by
taking the expectation value of 3o f(=e), ¥, giv-

¢L0(S -~ o) =
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en by Eq. (38), between the clothed-electron states
of one electron. The total electrostatic potential
of the two-electron system ¢, ,(s) is obtained by
adding to Eq. (45) the electrostatic repulsion be-
tween the two electrons in the absence of the pho-
nons:

Prorls — )= es +drols)= 53' ’ (46)

€
where €, is the low-frequency static dielectric
constant. This means that the coefficient V, in
front of the interaction in Egs. (41) and (44) may
be written in a simple form in terms of ¢, and
€,
Vo =—qDez(L - l—) (47)

€ €.

V

The actual function for finite s, Eq. (44), contains
mild oscillations about the curve V,/q,s, which
are due to the sharp g, cutoff. This illustrates
the well known idea that the virtual optic-phonon
clothing of an electron, at least in the classical
limit, is nothing more than the ionic distortion
that modifies the electron screening from that of
the optical dielectric constant to that of the static
dielectric constant.®

In the case of finite b |Eq. (43)], there are two
alternatives (b<1 or »>1). as in the discussion
for acoustic phonons discussed in Sec. IIIB. We
consider only the case with » >1 and evaluate the
principal part of the integral in closed form in
terms of sine and cosine integral functions Si(z)
and Ci(z), defined in Eq. (15), and in terms of the
exponential integral function E,(z):

V(s)=—2 2 [Si(qus)— %cos(gg—s—>{8i[qns(1 +1/b)]+8ilg,s(1-1/0)]}

qgpS T

+4 sin<‘igi) {Cilg ,s(1+1/0)] = Cilg ps(1 - 1/B)]}

— Im{e®/ PE,(g ,s (1/b +i) + 24 0/ °E (g  s(~1/b +z‘»}] ®>1), (482)

where

B@=[ <X, (48b)

and Im indicates that the imaginary part of the
function must be taken.

In studying the nature of this interaction, Eq.
(48), we will apply it to the case of LiCl, an ionic
crystal that has the rocksalt structure. For this
casé, we neglect the effects of acoustic phonons
on the phonon-mediated electron-electron interac-
tion, since they are very small compared with the
optic-phonon effects. In LiCl, the lattice constant
is q,=5.14 A, which gives ¢ ,=1.20x10® cm™.
w;o=T.5x10' sec™, so that b =(7ig%/2mw )" 2
=10.6. Since €,=12.0 and €,=2.7, we have that
V,=4.98 eV. With these parameters, we then
plot with a solid curve the phonon-mediated elec-
tron-electron interaction V(s) in Fig. 3. As can
be seen, large quantum oscillations appear about
the expected (e?/s)(1/¢,~1/€,) behavior that is
shown by the dashed curve. These oscillations
have the same origin as did the repulsive core of
the interaction of Sec. IIIB, shown in Fig. 2 and
given by Eq. (36). That is, the virtual-recoil kin-
etic energies of the two electrons are responsible
for this effect.

Now suppose that we add the Coulomb repulsion
between the two electrons to the phonon-mediated

s(A)
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FIG. 3. The solid curve is a plot of the optic-phonon-
mediated electron-electron interaction V(s ) from Eq.
(48) for LiCl with b= (kg% /2mwy, o)'/2=10.6. V,=4.98
eV and is given in Eq. (47). The dashed curve gives the
expected, classical, behavior of the screening by optic
phonons, (e%/s)(l/€g—1/€.).
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electron-electron interaction, Eq. (48), shown in
Fig. 3. That is, we plot (e?/¢_s)+ V(s) in Fig. 4.
The dashed curve shows the expected, classical
result, while the smooth curve is the quantum re-
sult for LiCl. Note that this potential has strong
oscillations that produce deep potential wells.

The first such well occurs when the electrons are
about 33 A apart, and its depth is about 28 meV.
This provides the possibility of having bound states
of two electrons in an ionic crystal.

In order to understand better the results pre-
sented in Eq. (48) and in Figs. 3 and 4, it is use-
ful to write the leading terms for large s of Eq.
(48):

V(s) ~ ~ —KQ—[I —%cos(g—lﬁ—)] . (49)
s> S b
Actually, even by the time the electrons are suf-
ficiently separated to be in the first attractive well
in Fig. 4, this function is fairly well satisfied.
[ The depth of the first minimum is about 31 meV
for Eq. (49) and 28 meV for Eq. (48).] This means
that this expression can be used to determine the
approximate values of €, and €, that are necessary
to produce an attractive potential in Fig. 4. The
total potential in this limit is then:

0.07 T T
ool || Coulon:\b ]
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oosl |\ Optic Phonons
\ LiCl
0.041 b=10.6
\
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FIG. 4. The solid curve gives the total interaction be-
tween two electrons in LiCl, including the contributions
from Coulomb repulsion and optic phonons, (e 2 €,S)
+V(s), with V(s) shown in Fig. 3. Classically, the two
electrons should repel one another as ez/ €¢s , as shown
by the dashed curve. The potential well of 28 meV in
depth for s ~33 A opens the possibility of bound states,
or electron-pair bubbles.

+(Z—;L_ 1) [1 - %cos(ggﬁ)] } )

(::s + V(s)):m ;:s {1
(50)

It is easy to see now that the requirement for this
to become negative is that €,>3¢,.

IV. CONCLUSIONS

In our calculation of the phonon-mediated elec-
tron-electron interaction we have found interesting
and surprising results. For the case of acoustic
phonons in a nonpolar material, we have found that
the interaction (excluding e?/s) has a repulsive
core. In other words, when'the electrons are
close together, they repel rather than attract
one another. This core is very wide, extending
more than 100 A. The repulsive core has been
found to be due to the virtual-recoil kinetic en-
ergies of the two electrons. In the optic-phonon
case, we find large quantum oscillations in the
phonon-mediated interaction about the expected
smooth 1/s behavior, where s is the distance be-
tween the two electrons. When the usual Coulomb
repulsion between the two electrons is added, we
find that deep potential wells remain in the total
potential, the first of which is about 28 meV
deep for LiCl and occurs when the electrons are
separated by about 33 A. This could lead to bound
states, or electron-pair bubbles. We have not
yet investigated this possibility in detail. The con-
sequences of such bubbles on the properties of
ionic crystals could be of considerable interest,
especially if these pairs were to undergo a Bose
condensation into a common center of mass mo-
mentum state.

A subject for future study is an analysis of the
potentials presented here when the velocities of
the electrons are large. Specifically it is impor-
tant to see if the potential wells that we have found
here for ionic crystals still persist at higher vel-
ocities. If that were true, a small concentration
of electrons, injected into some ionic crystals,
might become superconducting. Finally, it would
be useful to know the effects of highér-— order cor-
rections of the electron-phonon coupling on our
results, especially for optic phonons. Here, our
discussion has been limited to the lowest order
in perturbation theory required to derive an elec-
tron-electron potential.
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