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Electron-ion interaction in a nearly ferroelectric metal
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We calculate the electron-ion potential for a thin metallic layer~in thea-b plane! sandwiched between two
semi-infinite dielectrics. The dielectric constant of the dielectrics varies strongly in thea-b plane. We show
that there is an overscreening effect, and the electron-ion interaction is strongly enhanced, for certain values of
the parameters. This suggests the possibility of a greatly enhanced electron-phonon coupling in a nearly
ferroelectric metal, such as the high-Tc perovskites.
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I. INTRODUCTION

Recently, materials have been discovered that posse
very high ionic dielectric constant (« ion'20– 100), and thus
are nearly ferroelectric, yet they possess conduction elect
with a well-defined Fermi surface. Examples are the highTc
cuprates, such as YBaCuO~YBCO!, LaSrCuO, and the othe
materials of this family; intermediate-Tc materials such as
BaKBiO ~BKBO!; organic metals of the (BEDT-TTF)2X
family; and Na-doped WO3. The high ionic dielectric con-
stant is usually characteristic of insulators. Thus, havin
metal possessing such a large dielectric constant seems
self-contradictory, since one would expect the conduct
electrons to screen out the ionic dielectric constant. In
layered two-dimensional cuprates, this anomalous beha
occurs since the ionic dielectric constant is the compon
«cc in the c-direction, while the conduction electron susce
tibility xel has components in thea-b plane, namely,xaa ,
xbb , so that the two can coexist. However, in BKBO, as w
as the organic metals, the conduction electrons just do
screen out the ionic dielectric constant.

We calculated the electron-electron scattering in a m
rial with a large dielectric constant a few years ago.1 The
scattering rate is very weak close to the Fermi surface~uEk
2EFu,\v trans, wherev trans is the dispersion frequency o
the dielectric constant!, and very strong further away for th
Fermi surface. Experimentally, such a behavior is obser
in the infrared spectra;2 however, the experimental behavio
can also be accounted for in other ways~e.g., a pseudogap
that can be due to a variety of causes!.

The ionic dielectric constant also affects the conduct
electron–ion interaction. In a homogeneous, thr
dimensional~3D! system, the Fourier transform of this po
tential is given by3

Ve2 ion~q!5
4pZe2/« ion~q!

q21qD
2 /« ion~q!

, ~1!

where qD
2 54pe2N(0) is the Thomas-Fermi screening p

rameter, andN(0) is the density of states at the Fermi lev
Thus,Ve-ion(q) is reducedby the dielectric, except atq50,
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where « ion cancels out in the numerator and denominat
and thusVe-ion(0) is unchanged from the unscreened valu

In an inhomogeneous system, the expression forVe-ion(q)
is more complex. In a previous publication we considere
crude approximation3 and suggested that« ion.1 may actu-
ally increase Ve-ion over the« ion51 value. We calculated
there the value of the superconducting transition tempera
Tc , and suggested that it is increased significantly by t
effect, and can reach a value of about 200 K in cuprate
materials, for a phonon-mediated interaction. Here we c
sider a specific model of a layered system, and calcu
Ve-ion for it explicitly.

We consider a thin metallic layer~in the x-y plane! sur-
rounded by an insulating ionic dielectric~extending to infin-
ity in the 6z direction!. The bare Coulomb interaction i
screened both by the dielectric, and by the electron gas in
metallic layer. The screening by the electron gas is affec
by the dielectric and its screening effect is in turn reduced
the dielectric environment. Normally, the direct screening
the dielectric is stronger than the indirect effect of the red
tion of the electron screening by it. Consequently, the ove
effect of the dielectric is to reduce the strength of the pot
tial, as given by Eq.~1!. However, under some exception
circumstances the indirect effect may be stronger that
direct effect, and then the overall strength of the potentia
increasedby the dielectric.

II. PRESENCE OF BOTH IONIC AND ELECTRONIC
SUSCEPTIBILITIES

The interrelationship of electronic and ionic susceptib
ties is treated in the Bardeen-Pines theory. As shown
textbooks,4 we can write~the polarizations of the ions an
electrons add to give the polarizability of the medium!

«5« ion
dressed1«el

bare215«el
dressed1« ion

bare21, ~2a!

where

« ion
dressed215~« ion

bare21!/«el
dressed ~2b!

and
©2002 The American Physical Society30-1
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«el
dressed215~«el

bare21!/« ion
dressed. ~2c!

Thus, given« ion
bare, «el

bare, we can calculate the dressed qua
tities and the total dielectric constant«.

In the Bardeen-Pines theory,«el!« ion , therefore we can
solve the equations by iteration,

~« ion
dressed21!~1!5~« ion

bare21!/«el
bare ~3a!

and

~«el
dressed21!~1!5~«el

bare21!/~« ion
dressed!~1!

5~«el
bare21!@«el

bare/~«el
bare1« ion

bare21!#,

~3b!

where the superscript~1! indicates the first step of iteration
Since«el@« ion , the results of the first iteration step are su
ficiently close to the exact result. This is the formula given
Aschcroft and Mermin.4

In the opposite limit, namely,«el@« ion , we must reverse
the order of iteration,

~«el
dressed21!~1!5~«el

bare21!/« ion
bare ~4a!

and

~« ion
dressed21!~1!5~« ion

bare21!/~«el
dressed!~1!

5~« ion
bare21!@« ion

bare/~« ion
bare1«el

bare21!#

~4b!

We call this the ‘‘nearly ferroelectric limit.’’5

In the general case, the solution is

«el
dressed511 1

2 @A~11« ion
bare2«el

bare!214~«el
bare21!

2~11« ion
bare2«el

bare!# ~5a!

and

« ion
dressed511 1

2 @A~11«el
bare2« ion

bare!214~« ion
bare21!

2~11«el
bare2« ion

bare!#. ~5b!

In Fig. 1, we plot«el
dressed~top! and« ion

dressed~bottom! as func-
tions of« ion

bare, for the case where«el
bare511. We also plot the

approximations that apply when«el@« ion and when «el
!« ion , extrapolated beyond their regions of validity. We s
that for « ion

bare>20,6 the ‘‘nearly-ferroelectric’’ approximation
is rather good, while the ‘‘metallic’’ approximation is inap
plicable.

In the present work, we employ the approximation@Eqs.
~4a! and ~4b!# that is valid for« ion@«el , since we deal with
a very large« ion , and except at very smallq values,«el is
considerably smaller. Theq values that we are interested
areq.qD/3, roughly, so that«el,10. For very smallq val-
ues, the electron-ion matrix elementI, which is proportional
to qV(q), is small; moreover, the volume ink space of the
regions with very smallq values is small; therefore, we ar
not concerned with them in this work. Thus, we regard
21453
-
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electrons as being immersed in an ionic dielectric mediu
and not the other way around, as is conventional in a ‘‘m
tallic’’ picture.

Our « ion
bare is the dielectric constant of the insulating pha

that is ‘‘close’’ to the superconducting, metallic phase; i.
YBa2Cu3O6 ~or even YBa2Cu3O6.5! for YBa2Cu3O7; insu-
lating phases of organic metals;7 insulating WO3 that is
‘‘close’’ to Na-doped WO3.8 This is in contrast with the
Bohm-Pines-Nozie`res theory, where« ion

bare involves a homo-
geneous plasma of ions, where the bare ‘‘phonon’’ freque
is the ion plasma frequency. This is unphysical in real soli
and thus must be replaced by« ion

dressed, which describes the
real acoustic phonons.

We claim that approximating«el
dressedby «el

barefor values of
q which are small, but not extremely small, e.g.,q'kF/3,
and values ofv smaller thanv trans, is unphysical for the
nearly-ferroelectric metals, as illustrated in Fig. 1.

III. CALCULATIONS

Consider a two-dimensional electron-gas sheet lying
tween two dielectric half-spaces as shown in Fig. 2. T
separation between the dielectrics and the sheet isd.
The dielectrics have a spatial periodicity in thex and y di-
rections described by the susceptibilityx(r1), where r1

5x î1y ĵ . The polarization vectorP(r1 ,z) is related to the
electric fieldE(r1 ,z),

P~r1 ,z!5x~r1!E~r1 ,z!@Q~z2d!1Q~2z2d!#

1d~z!E xm~r12r18!E1~r18,0!dr18 , ~6!

where xm(r1) is the sheet susceptibility for the two
dimensional electron gas. HereQ(z) is a unit step function.

Place a point test chargeQ at the positionr5(R,0) so that
the charge density isr(r1 ,z)5Qd(r12R)d(z). The electric
field may be expressed as the gradient of an electros
potential E(r )52¹V(r ). By symmetry, V(r1 ,2z)
5V(r1 ,z). The susceptibility is taken to be a periodic fun
tion along thex andy directions, so

x~r1!5(
G

xGeiG•r1, ~7!

where $G% are a set of two-dimensional reciprocal-lattic
vectors.

For zÞ0 and zÞ6d the potential is a solution of the
Laplace equation and may be expressed as

V~r1 ,z!5E d2q1eq•r1@ f ~q1!e2q1zQ~z2d!1@g~q1!e2q1z

1h~q1!eq1z#Q~z!Q~d2z!1@g~q1!eq1z

1h~q1!e2q1z#Q~2z!Q~d1z!

1 f ~q1!eq1zQ~2z2d!#. ~8!

The Poisson equation for the transverse-Fourier-transfor
electric field E(q1 ,z) and polarization field P(q1 ,z)
becomes
0-2
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FIG. 1. The dressed dielectri
constants «el

dressed, « ion
dressed as a

function of « ion
bare, for «el

bare511.
We plot the exact values, as we
as the approximate values that a
ply when «el

bare@« ion
bare ~‘‘metallic’’

approximation! and « ion
bare@«el

bare

~‘‘nearly ferroelectric approxima-
tion’’ !.
is-
]Ez

]z
14p

]Pz

]z
1 iq1•~E114pP1!5

Q

p
d~z!e2 iq1•R. ~9!

Continuity of the normal component of the electric d
placement vector atz5d gives

q1f ~q1!e2q1d1(
G

4pxGuq12Gu f ~q12G!e2uq12Gud

5q1g~q1!e2q1d2q1h~q1!eq1d

and atz50 gives

2q1@g~q1!2h~q1!#14p ixm~q1!q1•E1~q1,0!5
Q

p
e2 iq1•R.
21453
Continuity of the potential atz5d gives

f ~q1!e2q1d5g~q1!e2q1d1h~q1!eq1d.

The potential in the planez50 is

V~r1!5E d2r 1eiq1•r1@g~q1!1h~q1!#.

The solution proceeds as follows. LetL(q1)
[@Q/(2pq1)#exp(2iq1•R), so

F112pq1xm 2112pq1xm

1 e2q1d G FghG5FLf G .
Solving for g andh in terms off yields
0-3
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g5
Le2q1d1~122pq1xm! f

D
~10a!

and

h5
2L1~112pq1xm! f

D
, ~10b!

whereD5(112pq1xm)exp(2q1d)1122pq1xm is the deter-
minant of the matrix.

One obtains an infinite set of coupled algebraic equati
for the set of functions$ f (q12G)%,

(
G9

MG8G9~q1! f ~q12G9!5hG8~q1!, ~11!

where

MG8G9~q1!5@112puq12G8uxm~q12G8!#dG8G9

1
4p

uq12G8u
@coshuq12G8ud12puq12G8u

3xm~q12G8!sinhuq12G8ud#xG92G8uq12G9u

3e2uq12G9ud

and

hG~q1!5
Qe2 i ~q12G!•R

2puq12Gu
.

FIG. 2. The configuration of the dielectrics and 2D metal
sheet employed in the present calculation. The darkness of the s
ing of the dielectrics illustrates the strength of the local dielec
constant. The dielectric is to be extended periodically in thex-y
plane. In the figure, we illustrate modulation in they direction. In
the calculation, modulation in thex direction is considered as wel
21453
s

The linear set of equations expressed asM• f 5h is readily
solved to givef 5M 21h. The Fourier-transformed potentia
in the planez50 is

V~q1,0!5
L~e2q1d21!12 f

D
. ~12!

The sheet susceptibility for the two-dimensional electr
gasxm5x11 ix2 is given by the expressions9

x15S@2q̃2C2A~ q̃2u!2212C1A~ q̃1u!221#
~13a!

and

x25S@D2A12~ q̃2u!22D1A12~ q̃1u!2#, ~13b!

where C65sgn(q̃6u)Q(uq̃6uu21), D65Q(12uq̃6uu), S
5Ne2/@m* q̃(q1vF)2#, q̃5q1 /(2kF), vF5\kF /m* , and u
5v/(q1vF). HereN is the number of electrons per unit are
and the Fermi wave-vector is given bykF5A2pN. Atomic
units are used in whiche5\5m* 51.

In the calculations a simple sinusoidal form for the diele
tric susceptibility was employed

x5
«121

4p
1

«2

8p Fcos
2px

a
1cos

2py

a G . ~14!

Approximations

We should note here two important approximations ma
in this calculation. First, we use the susceptibilityxm(q1) of
an unperturbed free-electron gas, given by Ando, Fowler,
Stern.9 Second, we assume that the dielectric susceptib
of the insulator, x(r 1), is local in r space, i.e.,D(r )
5« ion(r )E(r ).

IV. RESULTS

The main result of the paper is given in Eq.~12!, which
gives the Fourier transform of the potential in the conduct
plane. The quantitiesL, D, and f are defined in Sec. III in
terms of the parameters of the model. In limiting cases
results assume a much simpler form, as given below.

In the absence of the dielectric half spaces and with
electron screening in thez50 plane the interaction potentia
set up by a point charge located at position~R,0! is simply
V(r )5Q/A(r12R)21z2. The Fourier expansion of this is

V~r1 ,z!5E d2q1f ~q1!eiq1•r12q1uzu,

where

f ~q1!5
Qe2 iq1•R

2pq1
.

This ~without the exponential! is plotted for reference pur
poses in Fig. 3~a! as curve~i!. The location of the point
chargeQ is taken to be at the origin and is given a un
strength.

ad-
c
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FIG. 3. ~a! Potential as a function ofq, for homoge-
neous dielectric.~i! No dielectric, no electronic screening
~ii ! Homogeneous dielectric, no electronic screening;~iii !
With electronic screening, no dielectric;~iv! With dielec-
tric, with electronic screening.~b! The inverse ionic dielec-
tric function« ion

21(q), for various values ofd, the separation
from the metallic sheet, and for a homogeneous and in
mogeneous~curve with curly brackets and curve with«2

5128! dielectric in thex-y plane.~c! The bare and dresse
electronic dielectric constant of the metallic sheet.
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In the absence of a dielectric~i.e., x150! the Fourier
transform of the potential assumes the form

V~q1 ,z50!5
Q

2pq1

e2 iq1•R

112pq1xm~q1!
. ~15!

We can write this expression as

V~q1 ,z50!5
Q

2p

e2 iq1•R

q11a0
21 , ~15a!

wherea05\2«` /m* e2. This expression applies as long
q1,2kF . The effect of the electronic screening is simply
renormalize the chargeQ by a wave-vector-dependen
21453
screening factor. This is plotted in Fig. 3~a!, curve~iii !. It can
be seen to suppress the potential for small values ofq1 and to
introduce the Fermi-level discontinuity in slope at 2kF .

In Fig. 3~a!, curve ~ii !, the homogeneous dielectric ha
spaces are introduced. The values of the dielectric cons
parameters were taken to be«1530 and«250. The distance
from the z50 plane to the half spaces,d, is taken to be 1
atomic unit. One notes a substantial reduction of the inter
tion potential as a function ofq1 .

The dielectric response function« ion
21(q) is defined as10a

V(q)5V0(q)« ion
21(q), whereV0(q) is the potential without

the dielectric, andV(q) is the potential with the dielectric
For a dielectric uniform in thex-y plane, i.e.,«250, this
0-5
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JOEL I. GERSTEN AND MEIR WEGER PHYSICAL REVIEW B65 214530
definition is straightforward. In Fig. 3~b! we plot« ion
21(q) as a

function of q, for d51 and d50.2. We see that whenq
→0, « ion

21(q)→«1
21, and whenq→`,« ion

21(q)→1. The cross-
over occurs whenq,d21. Because of the very large valu
of «1 , whenq is about one order of magnitude less thatd21,
« ion

21(q) is already significantly larger than«1
21.

The electronic dressed dielectric constant@Eq. ~4!# is
given by the Lindhard 2D screening in thez50 plane:9

«el
dressed~q1!5112pq1xm~q1!« ion

21~q1!. ~16!

We plot «el in Fig. 3~c!. Thus, we can write

V~q1 ,z50!5
Q

2p

eiq1•R

q11a0
21« ion

21~q1!
. ~16a!

The screening length is seen to bea0@« ion
21(q1)#21. We plot

the potentialV(q1)5 f (q1)/«el
dressed(q1) in Fig. 3~a! ~iii !, for

the case without a dielectric (« ion51), and in Fig. 3~a! ~iv!
for the case« ion

bare530.
The electron areal density was taken to beN51/a2, cor-

responding to one free electron per unit cell. The effect
mass of the electron was taken to be 1, anda58 a.u.

Comparing curves~i! and ~iii ! of Fig. 3~a!, one sees tha
the Lindhard screening strongly suppresses the magnitud
the interaction potential, as would be expected. It leads
finite value atq150 and introduces a discontinuity in slop
at q152kF . For values ofq1 larger than 2kF50.627 a.u.,
corresponding to short distances in configuration space,
electron sea becomes less effective in screening and h
there is a slight rise in the interaction potential.

When q1 is extremely small,«el(q1) is seen to be very
large. For that case the approximation of Eq.~4! is not valid,
and we should employ Eq.~3! ~Sec. II!. In the present work
we are not concerned with that region.

When q1 is small, but not extremely small,q1xm(q1)
varies asq1

21, and« ion
21(q1) increases linearly withq1 , thus

«el
dressed(q1) is approximately constant@Fig. 3~c!#. This is the

region that interests us in the present work. In this regi
« ion

21(q1) in the numerator and denominator cancel ea
other, and the potential is close to that without a dielec
altogether. We show this in Fig. 3~a!, curve ~iv!, which is
only slightly lower than Fig. 3~a!, curve~iii !.

When q1 gets larger«el
dressed(q1) falls rapidly and the

screening of the potential by the conduction electrons is
longer important.

Thus, the results for a dielectric homogeneous in thex-y
plane are what is to be expected.

Inhomogeneous case

We now introduce inhomogeneity into the dielectric h
spaces. The size of the inhomogeneity is determined by
numerical values of the constants«1 and«2 . They are taken
to be 30 and228, respectively. Thus, in a unit cell the d
electric constant varies from as much as«12«2 , or 58, to as
little as «11«2 , or 2. The size of the unit cell is taken to b
a58 a.u.
21453
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When the dielectric is inhomogeneous in thex-y plane,
i.e., «2Þ0 and is large, the situation changes radically fro
the homogeneous case. Since the system is inhomogen
the potential at pointr1R due to a charge at pointR now
depends not only on the distancer, but it depends onR
explicitly, and in a strong way. We denote the dielectric
sponse function due to a unit charge at pointR by «21(q;R).
Since the lattice is periodic,«21 is periodic inR. The dielec-
tric response is now represented by a tensor. This tenso
the form of its Fourier transform«21(q1G,q1G8), was
introduced and treated in some detail in the past.10 In this
caseq is replaced byq1 ; because of the inhomogeneit
there is a difference between the@100# and @110# directions;
however, this difference is small and we ignore it here. Wh
we chooseR50, i.e., the minimum value of«~R!, we denote
the dielectric response function by the curly bracke
$« ion

21(q)%. We plot $« ion
21(q)% in Fig. 3~b! for «1530, «25

228, d50.2. ~We employ different types of brackets
namely, square, triangular, and curly ones, to denote the
ferent types of averages!. We define the various averages
terms of the inverse dielectric tensor«21(q1G,q1G8) in
another publication10b.

In Fig. 3~b! the effect of location of the inhomogeneou
dielectric half spaces is studied by assigning the value«2
5128 instead of228. This effectively shifts the lattice by
half a lattice constant, interchanging the maxima and mini
of the dielectric constant. It is seen that this curve is close
the homogeneous case. For the«25128 curve, the high
dielectric constant regions lie close to the location of t
charge, so there is a strong screening effect. For the$« ion

21%
curve the low dielectric regions lie close to the location
the charge and so have only a slight effect on the interac
potential.

The average inverse dielectric function is given by

^« ion
21~0!&5

1

a2 E
0

a

dxE
0

a

dy
1

«11
«2

2 Fcos
2px

a
1cos

2py

a G .
~17!

For our parameters,̂« ion
21(0)&21519.2, while ^« ion&530.

The difference between̂«21&21 and ^«& is not very large.
For a modulation in one direction only, i.e.,«(x)5«1

1«2 cos(2px/a), the difference is larger and̂« ion
21(0)&21 is

given byA2«min ^«&'11.
Since« ion

21(q;R) depends on the positionR of the charge,
we have to average overR to obtain the ionic dielectric
response function of theelectron gas. For the uniform elec-
tron gas that we consider here,

@« ion
21~q!#5

1

a2 E
0

a

dxE
0

a

dy« ion
21~q;R!. ~18!

We denote this average using square brackets. We calcu
the average overR numerically, by taking the average ove
24 points in the unit cell. The peak of« ion

21(q;R) aroundR
50 is found to be very narrow. Asq→0, @« ion

21(0)# attains
0-6
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ELECTRON-ION INTERACTION IN A NEARLY . . . PHYSICAL REVIEW B65 214530
~nearly! the same value aŝ« ion
21(0)&, since in both cases w

have to average over the whole space. Asq→`, @« ion
21(q)#

→1, sinced is finite. For values ofq that are small, but no
very small, i.e.,q'a21, @« ion

21(q)# differs from$« ion
21(q)% by

a very large amount—it is much smaller. The reason is t
« ion

21(q) approaches thelocal value of«21(R) at R50 which
is very large@0.5 for our parameters, where«(0)52#. On the
other hand,@« ion

21(q)# is an average overR even for finiteq,
and since the average« ion(R) is so much larger than th
minimum ~30 vs 2!, the average of« ion

21 is so much smaller.
Our result that $« ion

21(0)% is so much larger than
@« ion

21(0)#'^« ion
21(0)& is the result of our assumption that th

dielectric is extended in thez direction ~to 6`, in our
model!. The experimental infrared results6 substantiate this
assumption; the measured dielectric constant is the ave
over z. If the dielectric would extend only a small distanc
~of order 1 a.u.! in the z-direction, the measured averag
would be much smaller.

For the inhomogeneous case, the electronic dielec
function is given by Eq.~16!, with « ion

21(q1) replaced by
@« ion

21(q1)#.
We plot the potentialVel-ion(q), which takes into accoun

both the dielectric screening and the screening by the c
duction electrons«el

dressed, in Fig. 4. The result that we find is
striking. The potentialVel-ion(q) is considerablystrongerfor
small q values than the potential without the dielectric. F
q50.12 a.u.5qstripe ~Ref. 11! the enhancement is by mor
than a factor of 3. The effect of the conduction electro
~which reduceV! is reduced by the inhomogeneous dielect

FIG. 4. The potentialV for an inhomogeneous dielectric, an
the potentialVe-ion screened by the conduction electrons. The p
tential without the dielectric~without and with electronic screening!
are also replotted. The electronically screened potential with
dielectric is considerably stronger than the potential without
dielectric for smallq values.
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much more than the potential itself; thus we have an effec
strong overscreening. Writing ~qualitatively! $« ion

21%→« local
21 ,

@« ion
21#→«average

21 , we obtain

Vel-ion'Vhomogeneous

« local
21

«average
21 , ~19!

whereVhomogeneousdenotes the potential without the diele
tric, but with the electronic screening in a homogeneous s
tem, given~at q50! by Vhomogeneous5Z/N(0).12 @In two di-
mensions,N(0)5m* /(p\2)5(pe2a0)21#.

V. ROLE OF THE SPECIFIC PARAMETERS

The effect that we describe here, namely, a largeover-
screeningof the electron-ion potential by the inhomogeneo
dielectric, which increases the value of this potential by
large factor, depends in a critical way upon the specific v
ues of the parameters, namely, the ionic dielectric constan«,
the scattering wave vectorq, the distance between the diele
tric and the metallic sheetd, the average distance betwee
the conduction electronsa, and the extension of the dielectri
in thez direction~infinite in our model!. The effect is presen
only for a rather restricted range of values of these para
eters, and forv,v trans'19 meV ~in the cuprates!.

The strength of the potentialV(q) depends on« ion up to
« ion'20, and for larger values of« ion it saturates. Forq
50.6 a.u. there is still an effect, but it is much smaller, a
for q51 a.u.V(q) is almost independent of« ion . The value
q50.12 a.u. is roughlykP/3, thus to get a large effectq must
be small, but not very small, and« ion should be about 20 o
30. For values of« ion typical of nonferroelectric oxides
namely,« ion'3 – 4, the effect is small. For very large value
of « ion , namely, about 100 or more, we do not gain muc
but being close to the ferroelectric transition, we risk ins
bilities; in the ferroelectric state, the interaction weakens13

The depth of the modulation of the dielectric consta
must be extremely large. We take« ion

min52, « ion
average530, and

« ion
max558. This is based on the assumption that the large

served dielectric constant of the cuprates is due to the a
oxygen atoms and the alkaline-earth atoms, and the pola
ability of the planar oxygen is small.

When q is very small~aboutkF/10 or so!, «el
bare exceeds

« ion
bare, and our approximation is not valid~see Sec. II!. In that

case,« ion is screened out by«el and V(q) is not greatly
affected by the dielectric.

The role of the separationd is somewhat subtle. Naively
we might expect that for a value ofq that is about one orde
of magnitude smaller thatd21 the dielectric screening o
both the electron-ion and the electron-electron potential
about complete. This is not the case. In Fig. 5 we plot
potential V(q) ~without the screening by the conductio
electrons! as a function ofq for d51 a.u. andd50.2 a.u., as
well as the potential without the dielectric (d→`). The po-
tential for d50.2 a.u. is close toV(q)/« ~i.e., a homoge-
neous dielectric in all space!, except for very largeq values.
We see that forvery small q values, the potential ford
51 a.u. is close to that ford50.2 a.u., while for largeq
values, it is close to the potential without the dielectric. Th

-
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is what is to be expected. However, already at values oq
one order of magnitude less thand21, the potential is nearly
an order of magnitude stronger than that for thed50.2 a.u.
case. This large increase in the smallq values (q
'0.12 a.u.) is~apparently! surprising.

The extension of the dielectric in thez direction is also an
important parameter. In the present calculation, we have c
sidered half spaces extending to infinity. Let us denote
length of the dielectric byL. In Fig. 6 we illustrate the role o
this parameter. In Fig. 6~a! we illustrate situations in which
the dielectric isnot very effective in screening out the pote
tial at point r due to the chargeQ. In configuration I, a
dielectric betweenQ and r is not effective, since the polar
ization charge2Q on one side of the dielectric neutralize
Q, and1Q on the other side produces a potential equa
that ofQ. The same situation occurs when the separationd is
not zero. A spherical dielectric shell aroundQ ~in 3D or 2D!,
illustrated in configuration II, also does not screen out
potential due toQ outside the shell. Dielectrics of lengthL,
with L,a, are also not effective in screening out the pote
tial ~configuration III!. In Fig. 6~b! we illustrate a dielectric
constant withL@a. The chargeQ is situated in the spac
between the dielectrics, a distanced away, whered!a. In
this case, the dielectric iseffectivein screening out the po
tential due to the chargeQ. In Fig. 6~c! we illustrate the
group of atoms in YBCO that we consider as the ‘‘diele
tric,’’ namely, the apex oxygen, the chain copper~or Bi, Tl,
Hg in other cuprates!, and the next apex oxygen. Thus,L is
seen to be large. In the organic superconductors, the flat
ecules are also long compared with the distance betw
adjacent molecules.

Thus, while the electron-ion potential~at the site of the
planar oxygen! is not effectively screened by the dielectr
for the inhomogeneous case, the electron-electron interac

FIG. 5. The potentials~without electronic screening! for various
values of the separationd of the dielectric.
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that is the cause of the Lindhard screeningis effectively
screened.

We see that to obtain the effect of overscreening,d must
be very small, of the order of a Bohr radius. For such sh
distances a ‘‘macroscopic’’ description is obviously not a

FIG. 6. Illustration of the configuration that gives rise to stro
ionic screening of the electron-electron interaction.~a! Configura-
tions that do not give much dielectric screening;~b! Configuration
that is effective in providing dielectric screening;~c! The complex
of atoms in YBa2Cu3O7 that provides the dielectric screening.
0-8



ic

r
th

ti

e

o-
a-
ce
th
ic

se
y,
e

re
th
b
ti

e

th
ic
c

o
o-

b
s
io

ro
or

t
i

by

n
i

ho

c-
of

ctor

ase

ce

e

is

s-

the

n

n
be

l-

of

f

of

gth
gen

t
is

ELECTRON-ION INTERACTION IN A NEARLY . . . PHYSICAL REVIEW B65 214530
propriate and we need a microscopic, quantum-mechan
one. We shall discuss this later.

Thus, the effect that we describe here exists only ove
narrow range of the parameters and therefore is ra
elusive.

VI. DISCUSSION

In a homogeneous system, the electron-ion poten
Vel-ion(q) at q50 is given by:Vel-ion5Z/N(0). This rather
general result12 is the basis of McMillan’s estimate of th
maximumTc due to the phonon-mediated mechanism.14 In
an inhomogeneous system this result no longer holds.

We looked into two kinds of inhomogeneities: First, inh
mogeneity in thez-direction. We consider a dielectric sep
rated from an infinitesimally thin metallic layer by a distan
d. Second, we consider an inhomogeneous dielectric in
x-y plane, with a periodic in-plane variation of the dielectr
constant with a lattice constanta.

The first kind of inhomogeneity does not increa
Vel-ion(q) above the value without a dielectric. Actuall
Vel-ion(q) for smallq values is reduced by about 20% by th
dielectric ~for characteristic parameters!. This is not a big
effect; without the electronic screening the potential is
duced by the dielectric by about 80%. The reason why
effect is small, is that the electronic screening is reduced
the dielectric to nearly the same extent as the bare poten
and the two effects nearly cancel. At largeq values, where
the electronic screening is weak, the dielectric has little
fect becauseq is of orderd21. Therefore, if we neglect the
dielectric altogether, the error is very small. This may be
reason why conventional band structure calculations, wh
neglect the ionic dielectric constant altogether, give su
good results.

The situation changes completely when the large inhom
geneity in thex-y plane is introduced. The electron-ion p
tential is screened by thelocal value of the dielectric con-
stant, while the electron-electron interaction is screened
the average value, and these two may differ greatly. A
a result, we get a very large increase of the electron-
potential.

The cause of this very large increase is that the elect
ion interaction is dominated by the potential at very sh
distances for small~but not extremely small! q values. In
contrast, the electron-electron interaction that causes
electronic screening described by the Lindhard function
dominated by the electron-electron potential~shielded by the
dielectric! at distances of orderr sa0 ~a0 being the Bohr ra-
dius!, which in our model are abouta58 a.u.'4 Å, ~a be-
ing the lattice constant in the cuprates!. This distance is an
order of magnitude larger thand51 a.u.; therefore the
electron-electron interaction is shielded very effectively
the dielectric, while the electron-ion interaction is not.

Alternatively, we can say that the shielding by the co
duction electrons, described by the Lindhard function,
dominated by the cutoff atq52kF , which is small~about
0.6 a.u. for the parameters that we consider!. Thus, the Fou-
rier components of the potential that characterize the in
mogeneity, at the reciprocal lattice vectors that are large~the
21453
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smallest reciprocal lattice vectorG being about twice 2kF!,
are cut off, and the electron gas sees only theaverage~or
homogeneous component! of the dielectric function.

Thus, we have an effect of ‘‘overscreening.’’ The diele
tric reduces the ‘‘bare’’ electron-ion potential by a factor
about 5~for the parameters that we consider!, while it re-
duces the screening by the conduction electrons by a fa
of about 20; thus we obtain a netincreaseof the potential by
a factor of about 4.

This increase in the potential causes a very large incre
in the McMillan electron-phonon coupling parameterl,
sincel is proportional to the square of the potential. Sin
this increase takes place only at small~but not very small!
values ofq, the average overq is increased bylessthat the
square of this value. The average overq is different in 2D
and 3D; in 2D smallq1 values contribute much more to th
average than in 3D. Therefore the increase ofl in 3D is not
very large, while in 2D it is. An explicit~albeit crude! esti-
mate of this dimensional effect is given in Ref. 3. Also, th
increase takes place only at small frequenciesv, below the
dispersion frequency of the ionic dielectric constantv trans.
The superconducting transition temperatureTc is propor-
tional toAl ~for l>2!. Taking into account both the nece
sity to average overq and the low cutoff frequencyv trans,
we estimate an increase inTc by a factor of 2–3 in 2D, and
a considerably smaller increase in 3D.

The large overscreening is a very special feature of
particular geometry, consisting of a verythin metallic layer
and a verythick dielectric layer@large L, Fig. 6~c!#. ~The
metallic layer in the present work is infinitesimally thin i
the z direction, and the role of its actual width 2ac was
described in Ref. 3, where it is shown thatTc is proportional
to 1/2ac . In the present work we show that the separatiod
between the metallic layer and the dielectric must also
extremely small for the overscreening to be large.!

In addition, theTc is suppressed by the Coulomb repu
sion between conduction electrons, denoted bym. The effect
of this Coulomb repulsion is reduced by the small cutoff
the electron-phonon interactionVphonon to m* 5m/@1
1m ln(EF /Vphonon)#, as shown by Bogolyubov.14a For the
cuprates, with\Vphonon'40 meV, EF'1 eV, m* is about
0.2. In the present case, the barem is screened out by the
ionic dielectric constant tom̃5m@« ion

21#, which is very small
~m'0.35 for a typical dilute electron gas,@« ion

21#'0.07 @Fig.
3~b!#; thusm̃'0.025, roughly!. However, since the cutoff o
@« ion

21(v)# is very small~given byv trans!, there is no further
reduction by the Bogolyubov mechanism. Sincem̃ is about
an order of magnitude smaller thanm* , there is a consider-
able increase inTc due to this cause, namely, by a factor
2–3. Considering both factors, we obtain a maximumTc due
to the electron-phonon mechanism of about 200 K.3

The use of a macroscopic dielectric constant at len
scales of order 1 a.u. is questionable. When the apex-oxy
2pz orbital ~or hybridized 2s-2pz orbital! overlaps apprecia-
bly with the conduction-electron orbitals~i.e., Cu 3dx22y2!
directly, or indirectly, via the Cu 3dz2 orbital, we can say tha
the effective distanced is essentially zero, and the effect
huge. When such an overlap is weak, thend is about 1 A,
0-9
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which is so large that the effect is weak. The quest
whether such an overlap is present cannot be determine
a calculation based on a solution of the Laplace equation
we do here, but requires a quantum-chemical calculation
quantum-chemical calculation was carried out by Kamimu
Nomua, and Sano.15 They find that under certain condition
the effective Hubbard interaction of the conduction electro
Ueff is reduced below the bare valueUbare by a very large
amount. WritingUeff5Ubarê 1/«&, their value for^1/«&21 is
even larger than the value used in the present work. T
large value depends on the nature of the atom on the o
side of the apex oxygen, namely, thechain copper in
YBaCuO~or, alternatively, Tl, Hg or Bi; atoms such as Zn
Cd do not cause this effect!. This atom is situated at a dis
tance of about 4 A from the (CuO2)n plane@Fig. 6~c!#. In our
calculation the overscreening effect is present only when
dielectric is extended in thez direction. This requires the
chain atom to play a role. The point of ‘‘action at a distanc
is emphasized by Anderson.16 Our model differs from his,
but we believe that his insistence that an acceptable th
must account for this ‘‘action at a distance’’ is well taken.

The ‘‘basic’’ question that this work addresses is wheth
the phonons play a vital role in the superconductivity
‘‘exotic’’ superconductors.3,17

There is no question that the magnetic mechanism
Pines and co-workers17a plays a crucial role in the supercon
ductivity of the cuprates. AboveTc , the electron-electron
interaction is very strong and a free-electron picture is
valid even close to the Fermi level, as the detailed IR w
shows.2,18 Only belowTc is the electron-electron interactio
below the pseudogap reduced significantly. However,
does not eliminate the possibility of an important role for t
phonon mechanism. Recently, the work of Shen, Lanz
and Nagaosa19 points out an important role of the phonon
and the work of Panet al.20 points out the crucial role o
inhomogeneity over a scale of a lattice constant. Toge
with the strong isotope effect in underdoped samples,
near-exclusive high-temperature superconductivity in
perovskites, in contrast to other magnetic oxides, the ab
mally high Tc in the organics, the~apparent! superconduc-
tivity at 90 K of Na-doped WO3, there is substantial evi
dence for an important role for the phonon mechanism. T
work shows the role played by the chain metal atom~‘‘action
at a distance’’!, as well as the apex oxygen. In this way, w
show how a strongly enhanced phonon-mediated interac
can occur in nearly ferroelectric metals, such as the pero
kites.

VII. EXPERIMENTAL SUPPORT

The basic presumption of this calculation is that the co
plex consisting of two apex oxygens and a bismuth~or
chain-copper! atom in between@Fig. 6~c!# has an enormously
large dipole moment, which gives rise to the large measu
ionic dielectric constant in thec direction.6 The oscillator
strength of thec-axis polarized phonon modes associa
with this cluster was calculated theoretically. For the T
mode at 233 cm21 in La2CuO4 the oscillator strength calcu
lated by Cohenet al.21 is 4.3, while the measured value
15.4,22 i.e., almost four times stronger. For the analogo
21453
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mode at 155 cm21 in YBa2Cu3O7, the oscillator strength
calculated by Cardona and co-workers23 is 3.78, while the
measured value is 10.2,22 i.e., about three times stronger. Th
situation is even more striking for the LO mode at 499 cm21

in La2CuO4, where the calculated oscillator strength
0.02,21 while the measured value is 0.31, i.e., about 15 tim
stronger.

We believe that the cause of the large discrepancy
tween the calculated and experimental oscillator strengt
that the calculated values do not take into account
charge-transfer between the atoms in the cluster. Since
bismuth is in a mixed-valence state, and the copperd
→4s excitation energy is low,15 charge transfer between th
apex oxygens via these atoms is easy, and this increase
dipole moment and thus the oscillator strength by an en
mous amount. This is the cause of the exceedingly la
measured dielectric constant.6 We believe that the presen
calculation is the first that considers the effect of this en
mous localized polarizability on the electronic properties.

It is frequently argued that thec-axis polarizability and
the charge motion in thea-b plane are decoupled. It is eas
to see from elementary electrostatics that these two deg
of freedom are strongly coupled. Experimentally, the work
Reedyk and Timusk24 shows that at frequencies whe
«cc(v) has a minimum, i.e., Im@1/«cc(v)# has a maximum,
the conductivitysa-b(v) in the a-b plane has a minimum
This is the frequency of the LO mode, which affects t
dielectric constant by the Lyddane-Sachs-Teller relation,

« ion~v!5« ion~`!S v22vLO
2

v22vTO
2 D ,

wherev'vLO and « ion(v) has a minimum. The electron
electron interactione2/« ion(v)r 12 ~as well as the electron-ion
interaction! is not effectively screened by« ion , and therefore
the stronger electron-electron interaction causes scatte
that decreasessa-b(v).

The main conclusion of this work is that the electro
electron interaction is effectively screened out by the io
dielectric constant, while the bare electron-ion interaction
not. This paradoxical situation is due to the extreme inhom
geneity of the dielectric constant in thea-b plane. This effect
is demonstrated in a striking way by the STM measureme
of Panet al.20 They measure a very strong potential, due
oxygen interstitials or vacancies, with a range of about 1
~in the a-b plane!. The expected screening length is abou
A.25 In a 2D electron gas, the screening length is given
a0'\2/m* e2'0.16 A for m* '3me . The dielectric con-
stant increases this toa0« ion'5 A whend50. The measured
decrease in the potential for distances ofr 1'15 A or more is
in accord with such a screening length.~The potential for
r 1@a0« ion should fall off like 1/r 1

3.9 Experimentally,20 it falls
off approximately like 1/r 1

2.5 for r 1.15 A!. On the other
hand, auniform dielectric constant of«530 would reduce
the potential drastically. Experimentally, the potential is ve
strong, as evidenced by its effect on the local density
states, and the pseudogap.

The nearly perfect screening of the electron-electron
teraction by the dielectric, is a direct indication that the se
rationd between the dielectric and the metallic region is ve
0-10
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small—essentially zero. The apex-oxygen and planar-cop
orbitals overlap appreciably. This effect was demonstrated
the quantum-chemical calculation of Kamimura, Nomua, a
Sano15 that includes the effect of configuration interaction

The strong electron-phonon interaction, which is the
sult of the enhanced electron-ion potential calculated in
work, is seen experimentally by the angle-resolved pho
emission spectroscopy measurements of Shen, Lanzara
Nagaosa19 who observe a break in the electronic energy vk
curve at the appropriate phonon frequency.

When the lattice periodicity is broken by interstitial ox
gen ions, vacancies, dopants, etc., the unscreened long-r
nature of the potential gives rise to strains much larger t
in metals. These ferroelastic effects have been investigate
detail by Phillips and Jung26 who record a multitude of ex
perimental anomalies caused by filaments in thec direction.
These anomalies manifest themselves in IR spectrosc
neutron diffraction, superconducting tunneling in t
c-direction, etc. Unlike Phillips, we do not attribute the s
ns

ns

ill

J
.

h,

.
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perconductivityper seto thesec-axis filaments, but to the
periodic lattice. The present RPA~random-phase approxima
tion! calculation for a periodic, extremely inhomogeneo
lattice is thus a step toward investigation of ‘‘real’’ dope
nonperiodic systems, where the RPA is no longer applica

Thus, we believe that the results of the present cal
lation are supported quantitatively by a number of rec
experiments.
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