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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 lagperthe a-b plane sandwiched between two
semi-infinite dielectrics. The dielectric constant of the dielectrics varies strongly ia-thelane. 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-perovskites.
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|. INTRODUCTION where g5, cancels out in the numerator and denominator,
and thusVg.j,,(0) is unchanged from the unscreened value.
Recently, materials have been discovered that possess ain an inhomogeneous system, the expressioVigg,(q)
very high ionic dielectric constant(,,~20-100), and thus is more complex. In a previous publication we considered a
are nearly ferroelectric, yet they possess conduction electroriggude approximatichand suggested that,,>1 may actu-
with a well-defined Fermi surface. Examples are the Aigh- ally increase \,i,, over thee,,,=1 value. We calculated
cuprates, such as YBaCU®BCO), LaSrCuO, and the other there the value of the superconducting transition temperature
materials of this family; intermediafé; materials such as T, and suggested that it is increased significantly by this
BaKBiO (BKBO); organic metals of the (BEDT-TTEX  effect, and can reach a value of about 200 K in cupratelike
family; and Na-doped W@ The high ionic dielectric con- materials, for a phonon-mediated interaction. Here we con-
stant is usually characteristic of insulators. Thus, having &ider a specific model of a layered system, and calculate
metal possessing such a large dielectric constant seems to g, for it explicitly.
self-contradictory, since one would expect the conduction \We consider a thin metallic lay€in the x-y plane sur-
electrons to screen out the ionic dielectric constant. In theounded by an insulating ionic dielectriextending to infin-
layered two-dimensional cuprates, this anomalous behavigty in the +z direction. The bare Coulomb interaction is
occurs since the ionic dielectric constant is the componengcreened both by the dielectric, and by the electron gas in the
&cc in the c-direction, while the conduction electron suscep-metallic layer. The screening by the electron gas is affected
tibility xe has components in tha-b plane, namelyy,,, by the dielectric and its screening effect is in turn reduced by
Xbb, SO that the two can coexist. However, in BKBO, as wellthe dielectric environment. Normally, the direct screening by
as the organic metals, the conduction electrons just do nahe dielectric is stronger than the indirect effect of the reduc-
screen out the ionic dielectric constant. tion of the electron screening by it. Consequently, the overall
We calculated the electron-electron scattering in a mateeffect of the dielectric is to reduce the strength of the poten-
rial with a large dielectric constant a few years agbhe tial, as given by Eq(1). However, under some exceptional
scattering rate is very weak close to the Fermi surfdEg  circumstances the indirect effect may be stronger that the
—Eg| <A wyans Where wyq,sis the dispersion frequency of direct effect, and then the overall strength of the potential is
the dielectric constantand very strong further away for the increasedby the dielectric.
Fermi surface. Experimentally, such a behavior is observed
in the infrared spectrahowever, the experimental behavior
can also be accounted for in other wagsg., a pseudogap
that can be due to a variety of causes
The ionic dielectric constant also affects the conduction The interrelationship of electronic and ionic susceptibili-
electron—ion interaction. In a homogeneous, threeties is treated in the Bardeen-Pines theory. As shown in
dimensional(3D) system, the Fourier transform of this po- textbooks® we can write(the polarizations of the ions and

IIl. PRESENCE OF BOTH IONIC AND ELECTRONIC
SUSCEPTIBILITIES

tential is given by electrons add to give the polarizability of the medjum
v. (@ 4 Z & s10n(0) " e=plesed ghae_ g _pdessed ghae_ ) (29
—ion(Q) =,
een q2+ quISion(q) where
where q%=47re2N(O) is the Thomas-Fermi screening pa- sgﬁsseglz(eit?;re_ 1)/82;'essed 2b)

rameter, andN(0) is the density of states at the Fermi level.
Thus,V..ion(q) is reducedby the dielectric, except aj=0, and
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8dressed_ 1:(sg?re_ 1)/8%55581! (20) electrons as being immersed in an ionic dielectric medium,
and not the other way around, as is conventional in a “me-
Thus, givensPa®, £53 we can calculate the dressed quan-tallic” picture.
tities and the total dle|ECtrIC constasnt Our £22js the dielectric constant of the insulating phase
In the Bardeen-Pines theorye <&y, therefore we can that is “close” to the superconducting, metallic phase; i.e.,
solve the equations by iteration, YBa,Cu; O (or even YB@CugOgs) for YBa,Cu;05; insu-
lating phases of organic metdlsinsulating WQ that is
(efonet 1) P = (e 1)/e g (3a) closge"pto Na- dopedg wQ.2 This is in cogntrasq'r with the
and Bohm-Pines-Nozies theory, where:22® involves a homo-
geneous plasma of ions, where the bare “phonon” frequency
(sdlressed_ l)(l):(gbare_ 1)/(8qresse51(1) is the ion plasma frequency. This is unpbysical in real solids,
¢ and thus must be replaced {>**? which describes the
= (2" 1)[ D9 (gDt ghare_1)], real acoustic phonons.
(3b) We claim that approximating®®ss®%y &% for values of

g which are small, but not extremely small, e.gskg/3,
where the superscrifif) indicates the first step of iteration. and values ofw smaller thanw,ns, iS unphysical for the
Sincee> €0, the results of the first iteration step are suf- nearly-ferroelectric metals, as illustrated in Fig. 1.
ficiently close to the exact result. This is the formula given in

Aschcroft and Mermi. 1. CALCULATIONS
In the opposite limit, namelyg > ¢i,,, We must reverse . . , .
the order of iteration, Consider a two—phmensmnal electron-gas ;heer lying be-
tween two dielectric half-spaces as shown in Fig. 2. The
(gdressed1)(1)— (ghare_ 1)/ bare (43  Separation between the dielectrics and the shedtis
The dielectrics have a spatial periodicity in theandy di-
and rections described by the susceptibilig(r,), wherer;
=xi+y]. The polarization vectoP(r,z) is related to the
(et 1) W= (ere-1)/ (e electric fieldE(r,,2),
= (= DlegmT (et eg™1)] P(ry,2) = x(r)E(r1,2)[0(z—d)+ O(—z—d)]
(4b)
We call this the “nearly ferroelectric limit.® + 5(Z)f Xm(r1=r1)Ea(ry,00dry, (6)
In the general case, the solution is where yn(ri) is the sheet susceptibility for the two-
dimensional electron gas. He@z) is a unit step function.
dressed_ bare__ bar 2 bare
13V Eion Taleg 1) Place a point test charg@gat the positiorr = (R,0) so that
—(1+gbare— barg] (539) the charge density is(r,,2)=Qd4(r1—R) 8(z). The electric
on field may be expressed as the gradient of an electrostatic
and potential E(r)=-VV(r). By symmetry, V(r;,—2)
=V(r4,2). The susceptibility is taken to be a periodic func-
glressed 1 4 41 /(14 eDre- DA 2 4(gPe 1) tion along thex andy directions, so
_(1+ bare bara] (5b) .
x(r) =2 xee'® ™, 7

In Fig. 1, we plote2****%top) and & 2e*Y(hottom) as func-
tions of €22 for the case Wherebare 11. We also plot the where {G} are a set of two-dimensional reciprocal-lattice
approximations that apply whee o>¢ion and wheneg,  vectors.

<gjon, extrapolated beyond their regions of validity. We see For z#0 andz# +d the potential is a solution of the
that for £23%=208 the “nearly-ferroelectric” approximation ~Laplace equation and may be expressed as

is rather good, while the “metallic” approximation is inap-

plicable. V(r1,2)=J d®q,e%"[f(q;)e” 9@ (z—d) +[g(gy)e”
In the present work, we employ the approximat|&ys.

(4@ and(4b)] that is valid forg;,,> €., since we deal with +h(qy)e™?]0(2)0(d—2) +[g(qy) e

a very largee;,,, and except at very smad] values,eg is

considerably smaller. Theg values that we are interested in +h(qy)e O (—-2)0(d+z)

areq>qp/3, roughly, so that,<10. For very smalf val-
ues, the electron-ion matrix elemdntwhich is proportional +f(a)eO(-z-d)]. ®

to qV(q), is small; moreover, the volume kspace of the The Poisson equation for the transverse-Fourier-transformed
regions with very smalfj values is small; therefore, we are electric field E(q;,z) and polarization field P(q;,2)

not concerned with them in this work. Thus, we regard thebecomes
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JE Continuity of the potential at=d gives

P, . Q o
&—;+4wa—zz+|ql~(El+4TrP1):;ﬁ(z)e 4R - (9)

Continuity of the normal component of the electric dis-
placement vector at=d gives

Q1f(Q1)efqld+§G‘4 4mxcla—Glf(q,—G)eloucld

=a:9(d;)e” %%~ q;h(q,)e™
and atz=0 gives

. Q
20209(a1) —N(qy) ]+ 471 xm(d2) A1 - E1(02,0) = — e 'R

f(ay)e 9=g(q;)e N19+h(qy)eh.

The potential in the plane=0 is

V(ry)= f d?r €' "1 g(qy) +h(gy)].

The solution proceeds as

=[Q/(27qy)]exp(-iq;-R), so

1 eZQId

1+27Q1xm —1+27Q1xm

follows.

g
h

Solving forg andh in terms off yields
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The linear set of equations expressedvasf = 7 is readily
solved to givef =M ~17. The Fourier-transformed potential
in the planez=0 is

A(e?h9—1)+2f
V(01,0)= A : (12

The sheet susceptibility for the two-dimensional electron
gasxm=x1+ix2 iS given by the expressions

x1=92G-C_\(G—u)?-1-C,J([@+u)>—1]
>y (139
and

x2=S[D_V1—(§—u)>~D,1—-(§+u)?], (13b

where C. =sgnff=u)®(fG+u—1), D.=06(1—-[g=u|), S
=Ne/[m*G(q.ve)?], G=0:1/(2ke), ve=rAke/m*, andu

= w/(qivg). HereN is the number of electrons per unit area,
and the Fermi wave-vector is given ly=+27N. Atomic
units are used in whice=#A=m*=1.

FIG. 2. The configuration of the dielectrics and 2D metallic In the calculations a simple sinusoidal form for the dielec-

sheet employed in the present calculation. The darkness of the shaldiC Susceptibility was employed
ing of the dielectrics illustrates the strength of the local dielectric
constant. The dielectric is to be extended periodically insthe Y=
plane. In the figure, we illustrate modulation in thelirection. In 4 8
the calculation, modulation in thedirection is considered as well.

Approximations
Ae?N94 (1-27q  xm) f

g= (103 We should note here two important approximations made
A in this calculation. First, we use the susceptibility(q,) of
and an unperturbed free-electron gas, given by Ando, Fowler, and
Stern® Second, we assume that the dielectric susceptibility
_ f the insulator, x(r;), is local in r space, i.e.,D(r)
A+(1+27 f 0 X\
p= — AT 2T 10b =i DE(),
whereA = (14 27qy xm) exp(2y,d) + 1— 270G, is the deter- IV. RESULTS

minant of the matrix.
One obtains an infinite set of coupled algebraic equation
for the set of functiongf(q,—G)},

The main result of the paper is given in E42), which
ﬁives the Fourier transform of the potential in the conducting
plane. The quantitied, A, andf are defined in Sec. Il in
terms of the parameters of the model. In limiting cases the

M s on f(Q—G") = mer , 11 results assume a much simpler form, as given below.

g oe(Ay) (G )= 76/(Q) ) In the absence of the dielectric half spaces and without
electron screening in the=0 plane the interaction potential

where set up by a point charge located at positi®0) is simply

V(r)=Q/(r;—R)?+Z%. The Fourier expansion of this is
Mg (A1) =[1+27|q;—G'[xm(d1—G')16c o

V(rllz): f dquf(ql)eiQJ_‘rl_qllZ"

4
+ ———=[coshq;—G'|d+27|q,— G’
|ql_G | [ hql | |ql |
_ ) , where
X xm(91—G")sinlq; —G'|d]xgr—c/|d1— G| _
lg;—G"|d Qe '
“lgs- —
xXe 1 f(ql) 27qu
and This (without the exponentialis plotted for reference pur-
(G1-G)-R poses in Fig. &) as curve(i). The location of the point
(qy) = Qe "™ chargeQ is taken to be at the origin and is given a unit
el = S =Gl strength.
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FIG. 3. (a) Potential as a function of], for homoge-
o6k neous dielectric(i) No dielectric, no electronic screening;
(i) Homogeneous dielectric, no electronic screenifiig)
With electronic screening, no dielectriy) With dielec-

{Gi'o'n (q)} d=0. tric, with electronic screeningb) The inverse ionic dielec-
0.4 tric functionai;nl(q), for various values ofl, the separation
from the metallic sheet, and for a homogeneous and inho-
L homogeneous mogeneougcurve with curly brackets and curve wigy
= + 28) dielectric in thex-y plane.(c) The bare and dressed
o2k homogeneous electronic dielectric constant of the metallic sheet.
d=0.2
€,=+28
d=0
O 1 1 1 1 | 1 1 1 A
0O Ol 02 03 04 05 06 07 08 0.9
(b) a.u. q

Homogeneous case

In the absence of a dielectrig.e., x;=0) the Fourier screening factor. This is plotted in Fig(@3, curve(iii). It can

transform of the potential assumes the form be seen to suppress the potential for small valueg @ind to
9 g R introduce the Fermi-level discontinuity in slope dt2
e In Fig. 3@, curve (ii), the homogeneous dielectric half
V(qy,z=0)= (15) g. 3a), (ib), g

27y 1+ 2mQ xm(d1)
We can write this expression as

spaces are introduced. The values of the dielectric constant
parameters were taken to be=30 andes,=0. The distance
from the z=0 plane to the half spaced, is taken to be 1
Q e imR atomic unit. One notes a substantial reduction of the interac-
V(q;,z=0)= ratal’ (158 tion potential as a function aod; .

T 917 a The dielectric response functiang,}(q) is defined a®?
whereay,=%2¢.,/m,e2. This expression applies as long as V(q)=V0(q)si;,}(q), whereVy(q) is the potential without
0:<2kg . The effect of the electronic screening is simply to the dielectric, and/(q) is the potential with the dielectric.
renormalize the chargeg) by a wave-vector-dependent For a dielectric uniform in the-y plane, i.e.,e,=0, this
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definition is straightforward. In Fig.(B) we plotsignl(q) asa
function of g, for d=1 andd=0.2. We see that wheq
—0,80(q)—e; ', and wherg—=,&,,1(q) — 1. The cross-

over occurs whem<d~!. Because of the very large value

of €1, whenq is about one order of magnitude less tHat,
eion(q) is already significantly larger thas, *.

The electronic dressed dielectric constdkg. (4)] is
given by the Lindhard 2D screening in tle=0 plane®

e °°Ma) =1+ 27 (A eion (). (16)
We ploteg in Fig. 3(c). Thus, we can write
Q eiql'R
V(Qlazz 0) =5 (16@

27 Qy+ag e (O1)

The screening length is seen to &g e,.1(9;)] % We plot
the potentiaM(q,) = f(q;)/e3***¢q,) in Fig. 3(a) (iii), for
the case without a dielectric{,=1), and in Fig. 8a) (iv)
for the casesPa=30.

on
The electron areal density was taken toNve 1/a?, cor-

responding to one free electron per unit cell. The effective

mass of the electron was taken to be 1, and8 a.u.

Comparing curvesi) and (iii) of Fig. 3(a), one sees that

PHYSICAL REVIEW B5 214530

When the dielectric is inhomogeneous in tkeg plane,
i.e.,e,#0 and is large, the situation changes radically from
the homogeneous case. Since the system is inhomogeneous,
the potential at point +R due to a charge at poiflR now
depends not only on the distance but it depends orR
explicitly, and in a strong way. We denote the dielectric re-
sponse function due to a unit charge at p&trity ¢ “1(q;R).
Since the lattice is periodie,~ ! is periodic inR. The dielec-
tric response is now represented by a tensor. This tensor, in
the form of its Fourier transforne ~(q+G,q+G’), was
introduced and treated in some detail in the pash this
caseq is replaced byq,; because of the inhomogeneity,
there is a difference between thE00] and[110] directions;
however, this difference is small and we ignore it here. When
we chooseR=0, i.e., the minimum value of(R), we denote
the dielectric response function by the curly brackets:
{eo1(9)}. We plot{e,,~(q)} in Fig. 3b) for £,=30, e,=
—28, d=0.2. (We employ different types of brackets,
namely, square, triangular, and curly ones, to denote the dif-
ferent types of averagesiWVe define the various averages in
terms of the inverse dielectric tenser }(q+G,q+G’) in
another publicatiort.

In Fig. 3(b) the effect of location of the inhomogeneous
dielectric half spaces is studied by assigning the valye
=+ 28 instead of—28. This effectively shifts the lattice by

the Lindhard screening strongly suppresses the magnitude @hif a lattice constant, interchanging the maxima and minima
the interaction potential, as would be expected. It leads to af the dielectric constant. It is seen that this curve is close to
finite value atq; =0 and introduces a discontinuity in slope the homogeneous case. For the= +28 curve, the high

at q,;=2kg . For values ofq; larger than Rz=0.627 a.u., dielectric constant regions lie close to the location of the
corresponding to short distances in configuration space, theharge, so there is a strong screening effect. For g}
electron sea becomes less effective in screening and henggrye the low dielectric regions lie close to the location of

there is a slight rise in the interaction potential.

the charge and so have only a slight effect on the interaction

When q, is extremely smallgg(q;) is seen to be very potential.

large. For that case the approximation of E4).is not valid,

and we should employ E@3) (Sec. I)). In the present work

we are not concerned with that region.

When g, is small, but not extremely smalfj; xm(d1)
varies agy; %, ande,, (q,) increases linearly witly, , thus
edes®fq,) is approximately constariFig. 3c)]. This is the

region that interests us in the present work. In this region,

The average inverse dielectric function is given by

~L0)= 1Jad fad !
<8i0n( )>_¥ o X 0 y &5 277X 2’7Ty .
g1+ —| cOS— +Ccos——
2 a a

(17

sigr}(ql) in the numerator and denominator cancel each _ . .
other, and the potential is close to that without a dielectrid™0 OUr parametersis,,(0))” *=19.2, while (&ion)=30.

altogether. We show this in Fig.(®, curve (iv), which is
only slightly lower than Fig. &), curve(iii).

When q; gets largers%®ss®fq,) falls rapidly and the

The difference betweete ~1)~! and(e) is not very large.
For a modulation in one direction only, i.eg(X)=¢;
+ &, cos(2mx/a), the difference is larger an@:i;r}(o»*l is

screening of the potential by the conduction electrons is n@iven by y2e i, (e)~11.

longer important.
Thus, the results for a dielectric homogeneous inxhe
plane are what is to be expected.

Inhomogeneous case

Sinces 1 (q;R) depends on the positidR of the charge,
we have to average oveR to obtain the ionic dielectric
response function of thelectron gasFor the uniform elec-
tron gas that we consider here,

We now introduce inhomogeneity into the dielectric half
spaces. The size of the inhomogeneity is determined by the
numerical values of the constanig ande,. They are taken
to be 30 and—28, respectively. Thus, in a unit cell the di- We denote this average using square brackets. We calculated
electric constant varies from as mucheas-¢,, or 58, to as  the average oveR numerically, by taking the average over
little ase,+ &5, or 2. The size of the unit cell is taken to be 24 points in the unit cell. The peak ef,1(q;R) aroundR
a=8a.u. =0 is found to be very narrow. Ag—0, [eignl(O)] attains

1 a a
(ei(@1= 2 | ‘x| “dyegdar). a9

214530-6



ELECTRON-ION INTERACTION IN A NEARLY ... PHYSICAL REVIEW B65 214530

A% much more than the potential itself; thus we have an effect of
Lor strong overscreening\Writing (qualitatively) {eor}— €gea
K -1 -1 ;
au [ [gion]_’saverage we obtain
- -1
€local
r VeI—ion%Vhomogeneous—l ' (19)
average

No dielectri . . .
o cieleetric where Vygmogeneoudd€notes the potential without the dielec-

tric, but with the electronic screening in a homogeneous sys-
tem, given(at q=0) by Viomogeneois Z/N(0).*[In two di-
mensionsN(0)=m*/(7h?) = (me’ay) 1]

Inhomogeneous

dielectric
bare

V. ROLE OF THE SPECIFIC PARAMETERS

0. The effect that we describe here, namely, a laoger-
screeningof the electron-ion potential by the inhomogeneous
dielectric, which increases the value of this potential by a
large factor, depends in a critical way upon the specific val-
ues of the parameters, namely, the ionic dielectric constant
the scattering wave vector the distance between the dielec-
tric and the metallic shedt, the average distance between
the conduction electrores and the extension of the dielectric
FIG. 4. The potentiaV for an inhomogeneous dielectric, and in thez direction(infinite in our mode). The effect is present
the potentialV,.,, screened by the conduction electrons. The po-only for a rather restricted range of values of these param-
tential without the dielectriéwithout and with electronic screening  eters, and fow < w4, 19 meV (in the cuprates
are also replotted. The electronically screened potential with the The strength of the potentiad(q) depends orz;,, up to
dielectric is considerably stronger than the potential without theg; ,~20, and for larger values of,,, it saturates. Foi
dielectric for smallq values. =0.6 a.u. there is still an effect, but it is much smaller, and
for g=1 a.u.V(q) is almost independent af,,. The value
g=0.12 a.u. is roughl¥kp/3, thus to get a large effegtmust
be small, but not very small, ang,, should be about 20 or
. g 30. For values ofejy, typical of nonferroelectric oxides,
—1, S'nCEd.'S f|n|te.7|l:or v:alllues oq that are Sm,al"’ but not namely,ei,n~3—4, the effect is small. For very large values
very small, i.e.q~a"", [&jn(q)] differs from{e;;n(A)} by o o ° namely, about 100 or more, we do not gain much,
avery large amount—it is much smialller. The reason is thap ;i peing close to the ferroelectric transition, we risk insta-
€ion(d) approaches thiecal value ofe ~*(R) atR=0 which pjjities; in the ferroelectric state, the interaction weakEhs.
is very Iarge[O_.FI for our parameters, whes¢0)=2]. On the The depth of the modulation of the dielectric constant
other hand[¢;,,(q)] is an average oveR even for finiteq,  muyst be extremely large. We takéi"=2, £2/¢%9& 30, and
and since the averageoy(R) is so much larger than the ;max—5g This is based on the assumption that the large ob-
minimum (30 vs 2, the average of o, is so much smaller. served dielectric constant of the cuprates is due to the apex
Our result that{e,,;(0)} is so much larger than oxygen atoms and the alkaline-earth atoms, and the polariz-
[sﬁ(O)]m(s[,,}(O)) is the result of our assumption that the ability of the planar oxygen is small.
dielectric is extended in the direction (to *«, in our Whenq is very small(aboutkg/10 or so, 2" exceeds

modeb. The experimental infrared reSlfItsubstantiate this gikz)anre' and our approximation is not validee See(l: ) In that
assumption; the measured dielectric constant is the averag@se, ¢, is screened out by, and V(q) is not greatly
over z If the dielectric would extend only a small distance affected by the dielectric.

(of order 1 a.u.in the zdirection, the measured average The role of the separatiothis somewhat subtle. Naively

would be much smaller. we might expect that for a value gfthat is about one order
For the inhomogeneous case, the electronic dielectrigy magnitude smaller that ! the dielectric screening of
function is given by Eq.(16), with &;,;(q;) replaced by hoth the electron-ion and the electron-electron potentials is
[£ion(d1)]- about complete. This is not the case. In Fig. 5 we plot the
We plot the potentiaVeion(d), Which takes into account potential V(q) (without the screening by the conduction
both the dielectric screening and the screening by the corelectrons as a function ofj for d=1 a.u. andd=0.2 a.u., as
duction electrons %°ss®¢ in Fig. 4. The result that we find is well as the potential without the dielectrid{: ). The po-
striking. The potentiaVion(d) is considerablystrongerfor  tential for d=0.2a.u. is close to/(q)/e (i.e., a homoge-
small g values than the potential without the dielectric. Forneous dielectric in all spageexcept for very large values.
q=0.12 a.U=Qgyipe (Ref. 11 the enhancement is by more We see that forvery small g values, the potential fod
than a factor of 3. The effect of the conduction electrons=1 a.u. is close to that fod=0.2a.u., while for largeq

(which reduceV) is reduced by the inhomogeneous dielectricvalues, it is close to the potential without the dielectric. This

N Lindhard
No dielectric

0.04 I 1 I 1 _
0 0.2 0.4 0.6 0.8 1.0a.u.

q

(nearly the same value e(s:i;,}(o», since in both cases we
have to average over the whole space.cAs, [sif,nl(q)]
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.5. potential$without electronic screenindor various —
values of the separatiathof the dielectric.
. _ ¢ - BN N
is what is to be expected. However, already at valueg of / \ / A\
one order of magnitude less thdn?, the potential is nearly | ' ‘ !
an order of magnitude stronger than that for the0.2 a.u. | | | |
case. This large increase in the small values @ | |
~0.12 a.u.) is(apparently surprising. | | | |
The extension of the dielectric in thedirection is also an | Oﬁ;e:n | | ofpee"n |
important parameter. In the present calculation, we have con- | 9 | | ya |
sidered half spaces extending to infinity. Let us denote this L | O | Q
length of the dielectric by. In Fig. 6 we illustrate the role of | ‘ | | |
this parameter. In Fig.(8) we illustrate situations in which | Cgﬂ'" | | Cgﬂi" |
the dielectric isnot very effective in screening out the poten- | ' | . |
tial at pointr due to the charg®. In configuration I, a | | i |
dielectric betweerQ andr is not effective, since the polar- |
ization charge—Q on one side of the dielectric neutralizes | Q | | |
Q, and +Q on the other side produces a potential equal to ! Apex }' U Aoex I
that of Q. The same situation occurs when the separatitn \ Oxygen , N OX;’gen //
not zero. A spherical dielectric shell arou@d(in 3D or 2D), v ~o_ ~_
illustrated in configuration 1l, also does not screen out the O d Q O
potential due taQ outside the shell. Dielectrics of length !
with L<<a, are also not effective in screening out the poten- Cu Planar Cu
tial (configuration 11). In Fig. 6b) we illustrate a dielectric Oxygen
constant withL>a. The chargeQ is situated in the space (c) - a .
between the dielectrics, a distandeaway, whered<<a. In
this case, the dielectric isffectivein screening out the po- FIG. 6. lllustration of the configuration that gives rise to strong

tential due to the charg®. In Fig. 6c) we illustrate the ipnic screening of _the electro_n-elec_tron intergcti(aj.anfigu_ra—
group of atoms in YBCO that we consider as the “dielec-ions that do not give much dielectric screenifig; Configuration
tric,” namely, the apex oxygen, the chain coper Bi, TI, that is eﬁgctlve in providing dlelgctrlc scrgemr(g:? The complex
Hg in other cuprates and the next apex oxygen. Thusjs of atoms in YBaCu;0; that provides the dielectric screening.
seen to be large. In the organic superconductors, the flat mol-
ecules are also long compared with the distance betweelhat is the cause of the Lindhard screenisgeffectively
adjacent molecules. screened.

Thus, while the electron-ion potentigdt the site of the We see that to obtain the effect of overscreenthgjust
planar oxygehis not effectively screened by the dielectric be very small, of the order of a Bohr radius. For such short
for the inhomogeneous case, the electron-electron interactiatistances a “macroscopic” description is obviously not ap-
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propriate and we need a microscopic, quantum-mechanicamallest reciprocal lattice vect@ being about twice Rr),
one. We shall discuss this later. are cut off, and the electron gas sees only dkerage(or
Thus, the effect that we describe here exists only over #iomogeneous compongmif the dielectric function.
narrow range of the parameters and therefore is rather Thus, we have an effect of “overscreening.” The dielec-
elusive. tric reduces the “bare” electron-ion potential by a factor of
about 5(for the parameters that we consigewhile it re-
VI. DISCUSSION duces the screening by the co_nduction electrons by a factor
of about 20; thus we obtain a niecreaseof the potential by
In a homogeneous system, the electron-ion potentiad factor of about 4.
Velion(d) atq=0 is given by:Ve,o,=2Z/N(0). This rather This increase in the potential causes a very large increase
general resulf is the basis of McMillan’s estimate of the in the McMillan electron-phonon coupling parameter
maximumT, due to the phonon-mediated mechani$nn  gince is proportional to the square of the potential. Since
an inhomogeneous system this result no longer holds.  is increase takes place only at sm@lut not very small
We looked into two kinds of inhomogeneities: First, inho- values ofq, the average ovey is increased byessthat the
mogeneity in thez-direction. We consider a dielectric sepa- square of ,this value. The average owgis different in 2D

rated from an infinitesimally thin metallic layer by a d|stanceand 3D: in 2D smalky, values contribute much more to the

d. Second, we con3|_der_ an mhomoge_ngous dlelect_nc n .thgverage than in 3D. Therefore the increasa @f 3D is not
x-y plane, with a periodic in-plane variation of the dielectric

constant with a lattice constaat very large, while in 2D it is. An explici{albeit crude esti-

The first kind of inhomogeneity does not increase.mate of this dimensional effect is given in Ref. 3. Also, this

VeLion(q) above the value without a dielectric. Actually, increase takes place only at.s”.‘a” freque_n@ei;)elow the
. dispersion frequency of the ionic dielectric constant.
Verion(Q) for smallq values is reduced by about 20% by the : - .
. : _ L ! The superconducting transition temperatdrg is propor-
dielectric (for characteristic parametersThis is not a big tional to \X (for A=2). Taking int t both th
effect; without the electronic screening the potential is re-lonal to or A=2). faking Into account bo € neces

duced by the dielectric by about 80%. The reason why thec‘ity to average oveq anthhg IOV\; cutoff ;rgqtée_ncggans, q
effect is small, is that the electronic screening is reduced b)\;ve estimate an increase In by a factor of 2-3 in 2D, an
considerably smaller increase in 3D.

the dielectric to nearly the same extent as the bare potentia‘?r‘, S .
The large overscreening is a very special feature of the

and the two effects nearly cancel. At largevalues, where icul 2 f : lic |
the electronic screening is weak, the dielectric has little efParticular geqmetry, con;nstmg ora veﬁfyln.meta IC layer
and a verythick dielectric layer[large L, Fig. 6c)]. (The

fect becausey is of orderd ™. Therefore, if we neglect the . . A g
dielectric altogether, the error is very small. This may be théneta”'c. Iaygr in the present wor}< IS |nf|n|tes.|mally thin in
|1]he z direction, and the role of its actual widthag was

reason why conventional band structure calculations, whic ibed in Ref. 3. where it is sh Hat | ional
neglect the ionic dielectric constant altogether, give sucfieScribed in Ref. 3, where itis shown tffatis proportiona

good results. to 1/2a.. In the present work we show that the separation
The situation changes completely when the large inhomoPetween the metallic layer and the dielectric must also be

geneity in thex-y plane is introduced. The electron-ion po- €Xtremely small for the overscreening to be large.
tential is screened by thiecal value of the dielectric con- . !N addition, theT, is suppressed by the Coulomb repul-

stant, while the electron-electron interaction is screened b§i°n 'between conductiqn e'Iectrons, denoteckbyhe effect
the averagevalue, and these two may differ greatly. As of this Coulomb repulsion is reduced by the small cutoff of

a result, we get a very large increase of the electron-iod® €lectron-phonon interactio)pnonon t0 Ma*:M/[l
potential. +,u|n(EF/Qphono,)], as shown by Bogolyubo\f. .For the
The cause of this very large increase is that the electrorCUPrates, WithfiQpnonoi=40 meV, Ep~1eV, u* is about
ion interaction is dominated by the potential at very short0-2: In the present case, the bagells screened out by the
distances for smallbut not extremely smallq values. In  ionic dielectric constant t@ = u[ o, ], which is very small
contrast, the electron-electron interaction that causes thew~0.35 for a typical dilute electron gajss oy]~0.07[Fig.
electronic screening described by the Lindhard function is3(b)]; thusz~0.025, roughly. However, since the cutoff of
dominated by the electron-electron potentiiielded by the [ei5n(w)] is very small(given by wyand, there is no further
dielectrig at distances of order,a, (a, being the Bohr ra- reduction by the Bogolyubov mechanism. Sirjgds about
dius), which in our model are aboa=8 a.u.~4 A, (abe- an order of magnitude smaller thai¥, there is a consider-
ing the lattice constant in the cuprate$his distance is an able increase i, due to this cause, namely, by a factor of
order of magnitude larger thad=1 a.u.; therefore the 2-3. Considering both factors, we obtain a maximiydue
electron-electron interaction is shielded very effectively byto the electron-phonon mechanism of about 209 K.
the dielectric, while the electron-ion interaction is not. The use of a macroscopic dielectric constant at length
Alternatively, we can say that the shielding by the con-scales of order 1 a.u. is questionable. When the apex-oxygen
duction electrons, described by the Lindhard function, is2p, orbital (or hybridized &-2p, orbital) overlaps apprecia-
dominated by the cutoff agj=2kg, which is small(about  bly with the conduction-electron orbitals.e., Cu3d,2_2)
0.6 a.u. for the parameters that we consid€hus, the Fou- directly, or indirectly, via the Cu@, orbital, we can say that
rier components of the potential that characterize the inhothe effective distance is essentially zero, and the effect is
mogeneity, at the reciprocal lattice vectors that are lé@lge  huge. When such an overlap is weak, theis about 1 A,
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which is so large that the effect is weak. The questionmode at 155 cm'® in YBa,Cu,O,, the oscillator strength
whether such an overlap is present cannot be determined ¥iculated by Cardona and co-workdrss 3.78, while the

a calculation based on a solution of the Laplace equation, ageasured value is 10%].e., about three times stronger. The
we do here, but requires a quantum-chemical calculation. Ajtuation is even more striking for the LO mode at 499 ¢m
quantum-chemical calculation was carried out by Kamimurain La,CuQ,, where the calculated oscillator strength is
Nomua, and Sanb. They find that under certain conditions 0.02,2fwhile the measured value is 0.31, i.e., about 15 times
the effective Hubbard interaction of the conduction electronsstronger.

U is reduced below the bare vall,, by a very large We believe that the cause of the large discrepancy be-
amount. WritingU ¢5=Uyad 1/e), their value for(1/e)~1is  tween the calculated and experimental oscillator strength is
even larger than the value used in the present work. Thighat the calculated values do not take into account the
large value depends on the nature of the atom on the oth&@harge-transfer between the atoms in the cluster. Since the
side of the apex oxygen, namely, thehain copper in bismuth is in a mixed-valence state, and the coppér 3
YBaCuO(or, alternatively, TI, Hg or Bi; atoms such as Zn or —4S excitation energy is low charge transfer between the
Cd do not cause this effactThis atom is situated at a dis- @P€X Oxygens via these atoms is easy, and this increases the
tance of about 4 A from the (Cug, plane[Fig. 6c)]. In our dipole moment and thus the oscillator strength by an enor-

calculation the overscreening effect is present only when th80Us amount. This is theaencause of the exceedingly large
dielectric is extended in the direction. This requires the Measured dielectric constahiVe believe that the present

chain atom to play a role. The point of “action at a distance” calculation is the first that considers the effect of this enor-

is emphasized by Andersdh.Our model differs from his, MOUS localized polarizability on the e]ectronip prpperties.
but we believe that his insistence that an acceptable theor)(1 It is frequently argued that the-axis polarizability and
must account for this “action at a distance” is well taken. (1€ charge motion in tha-b plane are decoupled. It is easy
The “basic” question that this work addresses is whetherl© see from elementary electrostatics t_hat these two degrees
the phonons play a vital role in the superconductivity ofof freedom are s_,trongly coupled. Experimentally, _the work of
“exotic” superconductors:t’ Reedyk and T!rr}uszlé shows that at frequenmes. where
There is no question that the magnetic mechanism ofcc(@) has a minimum, i.e., Ifii/s.(w)] has a maximum,
Pines and co-worket& plays a crucial role in the supercon- the conductivityo,.p(w) in the a-b plane has a minimum.
ductivity of the cuprates. Abovd,, the electron-electron This is the frequency of the LO mode, which affects the
interaction is very strong and a free-electron picture is nofliélectric constant by the Lyddane-Sachs-Teller relation,
valid even close to the Fermi level, as the detailed IR work 02— w?
shows?8 Only belowT, is the electron-electron interaction 8i0n(w):8ion(oo)<z—léo>,
below the pseudogap reduced significantly. However, this A (o)
does not eliminate the possibility of an important role for thewhere w~ w o and e,,,(») has a minimum. The electron-
phonon mechanism. Recently, the work of Shen, Lanzarag|ectron interactio®?/ &;,,(w)r 1, (as well as the electron-ion
and Nagaosd points out an important role of the phonons, interaction is not effectively screened by, and therefore
and the work of Paret al*® points out the crucial role of the stronger electron-electron interaction causes scattering
inhomogeneity over a scale of a lattice constant. Togethefhat decreases, ().
with the strong isotope effect in underdoped samples, the The main conclusion of this work is that the electron-
near-exclusive high-temperature superconductivity in theslectron interaction is effectively screened out by the ionic
perovskites, in contrast to other magnetic oxides, the abnogielectric constant, while the bare electron-ion interaction is
mally high T in the organics, théapparent superconduc- not. This paradoxical situation is due to the extreme inhomo-
tivity at 90 K of Na-doped W@, there is substantial evi- geneity of the dielectric constant in theb plane. This effect
dence for an important role for the phonon mechanism. Thiss demonstrated in a striking way by the STM measurements
work shows the role played by the chain metal atdattion  of panet al?° They measure a very strong potential, due to
at a distancey, as well as the apex oxygen. In this way, we oxygen interstitials or vacancies, with a range of about 14 A
show how a strongly enhanced phonon-mediated interactionn the a-b plane. The expected screening length is about 1
can occur in nearly ferroelectric metals, such as the perovss 25 |n a 2D electron gas, the screening length is given by
kites. ag~h2/m*e?~0.16 A for m*~3m,. The dielectric con-
stant increases this #ye;,~5 A whend=0. The measured
decrease in the potential for distances p£ 15 A or more is
The basic presumption of this calculation is that the comin accord with such a screening leng(fThe potential for
plex consisting of two apex oxygens and a bism@th 13> aog, Should fall off like 1f3.9 Experimentally?’ it falls
chain-copperatom in betweeFig. 6(c)] has an enormously off approximately like 1#%‘5 for ry>15A). On the other
large dipole moment, which gives rise to the large measuretiand, auniform dielectric constant ot =30 would reduce
ionic dielectric constant in the direction® The oscillator  the potential drastically. Experimentally, the potential is very
strength of thec-axis polarized phonon modes associatedstrong, as evidenced by its effect on the local density of
with this cluster was calculated theoretically. For the TOstates, and the pseudogap.
mode at 233 cm' in La,CuQ, the oscillator strength calcu- The nearly perfect screening of the electron-electron in-
lated by Coheret al? is 4.3, while the measured value is teraction by the dielectric, is a direct indication that the sepa-
15.422 j.e., almost four times stronger. For the analogousrationd between the dielectric and the metallic region is very

VII. EXPERIMENTAL SUPPORT

214530-10



ELECTRON-ION INTERACTION IN A NEARLY . .. PHYSICAL REVIEW B65 214530

small—essentially zero. The apex-oxygen and planar-coppegyerconductivityper seto thesec-axis filaments, but to the
orbitals overlap appreciably. This effect was demonstrated bperiodic lattice. The present RRfandom-phase approxima-
the quantum-chemical calculation of Kamimura, Nomua, andion) calculation for a periodic, extremely inhomogeneous
Sand® that includes the effect of configuration interaction. lattice is thus a step toward investigation of “real” doped
The strong electron-phonon interaction, which is the re-nonperiodic systems, where the RPA is no longer applicable.
sult of the enhanced electron-ion potential calculated in this Thus, we believe that the results of the present calcu-
work, is seen experimentally by the angle-resolved photofation are supported quantitatively by a number of recent
emission spectroscopy measurements of Shen, Lanzara, aegperiments.
Nagaos& who observe a break in the electronic energkvs
curve at the app_ropriatt_e p_hc_mo_n frequency._ N ACKNOWLEDGMENTS
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