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It is argued tha t  a liquid of N electrons and N holes may show an instabil i ty agains t  
e h 

the fo rmat ion  of bound two-e lec t ron  s t a tes  of spin S = 0 fo r  N ¢ iN . The pair ing rel ies  
• h 

on the a t t rac t ive  statLc in teract ion of the e lect rons  wi th  the screening charge. In the 

ground s ta te ,  the (electron) bosons coexist  with the (hole) Fermi liquid. Superconduc- 

t ivi ty resul t ing  f rom this  mechanism bears  s imilar i ty  wi th  t rends  exhibited by high-T c 

oxide superconductors .  

This work describes a scenario fo r  superconduc-  

t ivi ty which resembles  some of the f ea tu re s  

exhibited by high-T c oxide superconductors .  1 Our 

simplif ied approach re f lec t s  on recent  exper i -  

ments  z giving evidence tha t  these mate r ia l s  

behave as Fermi liquids as well as  on early 

t r a n s p o r t  data  3 and band s t ruc tu re  calcu-  

lat ions 4,s which indicate the involvement of more 

than one type of car r ie r .  Specifically, we deal 

wi th  the question of the s tabi l i ty  of a liquid of 

N elect rons  and N (~ N ) holes against  the 
e h • 

fo rma t ion  of bLelectron (bound two-e lec t ron)  

s t a t e s  wi th  total  spin S ffi 0. Unlike BCS theory,  

the pai r ing mechanism is not of dynamic origin. 

Binding resu l t s  when the a t t rac t ion  of the elec- 

t r ons  to the screening charge (of magnitude 

+ 2 [ e l )  overcomes the i r  Coulomb repulsion. Fea tu-  

r e s  of the model consis tent  with data  6-s on oxide 

superconductors  include (i) high-T c without  i so-  

tope ef fec t ,  6 (ii) small pair  cor re la t ion-  

lengths,  7 and (iii) the occurrence of supercon-  

ductivity in a relatively na r row range of concen- 

t ra t ions ,  a In addition, the theory predicts 

coexistence of the superconducting (electron) 

condensate with a Fermi sea of normal holes. This 

bears on hitherto unexplained results of Raman 

scattering 9 and tunneling experiments I° on 

YBazCuaO v revealing low energy electronic excita- 

tions as well as observations of a linear 

T-dependence in the specific heat n and thermal 

conductivity 12 at temperatures T ¢ T . 
C 

Consider a three-dimensional  jellLum 13 model of 

a semimetal  consist ing of holes and electrons Cat 

densi t ies  PH and pE ) together  with a uniform 

neutra l iz ing background and assume, fo r  simplici-  

ty, tha t  the par t ic les  have the same mass  m. The 

a rguments  tha t  follow apply only to the range 
- 3  

PH ~ ao ~ PE where  a ° is the Bohr radius of the 
- 3  . 

car r ie r s .  The condition PH ~ ao Is required for  

using the formal ism of per turba t ion  theory while 
- 3  

PE ¢ a0 r ep resen t s  the dilute limit of the sub-  

sys tem of pairs .  Focusing on the case of a single 

(electron) pair,  we look for  an adiabatic (many- 

hole) s ta te  of the fo rm 

XK = q]R((uj)) @(r) exp(LK.R) 

~#e = ~#({uj- R)) (1) 

Here, R = (rl+ r2 ) /2  and r ffi ( r  I-  r 2) are  the 

c e n t e r - o f - m a s s  and rela t ive-motion coordinates of 

. two electrons of antiparai lel  spins and {uj) 

denotes the coordinates of the N holes. The 
h 

Hamiltonian is wr i t t en  as  

h 2 e 2 

= n o- ~ (v~+ 4v~) ÷ -7- ÷ 0 ÷ 0 B • (2) 

with r = {r{. Ho includes the kinetic energy and 

the Coulomb interact ion of the holes, 0 r ep r e -  
B 

sen ts  the coupling of the ca r r i e r s  to the 

negative background and 0 is the interaction 
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between the paired electrons and the holes. 

Imposing on the N h- body state ~ the condition 

= e2[  p ( x '  )U(X) d3x d3x ' (3) 

J Ix -x ' l  

where vtx )=14#(2x) [  2 is the pai r -dens i ty  and p is 

the (hole) charge-dens i ty  operator ,  the expecta-  

tion value of the energy is given by 

<~lr~l~> = E<~> + J<~l~l~> 

z hZK2 h 2 
_ _h  <# v~l~> + <%1v~1%> m r 4m 4n~ 
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calculate E(#) given that the pair density v(x) 

[Eq. (3}| and, therefore, the induced charge 

density are  ~ O(ao 3) ¢ PH" The outcome is 13 

(4) 

+ e z [V2(¢-I_ l)q -2 daq , (5) 

where q = [ q [ '  c is the s ta t ic  dielectric r e s -  
q 

of the holes and Vq = I v ( x )  exp( tq*x)  d3x. ponse 

Defining the pair  binding energy A as 

[E o- <X[/I[;~>] at K = O and noting that 

<~[r -I [qb> = (Srt2)-l~vqq-2daq, one obtains 

h 2 h 2 
A = -v+ ~<~lv~l~> + ~ <%1v~1% > (6) 

with 

(7) 

with K = lz[ and <0[~> = <%1%> = i In the 

expression for U, we used the fact that #(r) must 

be a symmetric (even) function for total spin 

S--O. 

Our adiabatic Ansatz di f fe rs  f rom the s tandard  

one in tha t  R and #, instead of r I and r 2, a re  

chosen as the slow variables. Although it is 

a lways legit imate to consider the expectat ion 

value of the energy for  any wavefunction, ;g could 

d i f fe r  considerably f rom the actual  e igensta tes  

if the non-adiabat ic  t e rms  were to mat te r .  Our 

formal i sm contains,  in principle, two such terms.  

However, the expectat ion value of the non- 

adiabatic Coulomb energy, i.e, ( 0 -  U), vanishes 

leaving the last  VZ-term in Eq. (4) as  the remai -  
R 

s ing contr ibut ion (note tha t  in spite of V z 
R 

having ~ O(N h) terms,  the corresponding ma t r ix  

element is f ini te  because ~ is independent of R 

fo r  U - 0). The task now is to find a pair  s t a t e  

~b(r) fo r  which <;~[/~[;t> < E ° bearing in mind the 

adiabatic cons t ra in t s  {E is the energy of the 
o 

unper turbed N -  hole state) .  Let L be the length 
h 

associa ted with #(r) ,  / .e.,  the size of the pair.  
-3 

In the following, we use PH ~ a0 to show tha t  

[<XI[/IX> - Eo| has a minimum at ~ O{-e2/a o) and, 

fu r the rmore ,  tha t  the non-adiabat ic  te rm can be 

disregarded for  L ~ O(ao). 

If  the pai r  size is comparable to the Bohr 

radius,  one can apply per turba t ion  theory to 

The above expression describes the coupling 

between the electrons modified by the presence of 

the screening charge. For ]~b(r)J z = ~(r - ro) ,  it 

gives the well-known effective interaction F(r  ) 
o 

= eZ/(4~t)Iexp(Iq.ro)C- j daq/q 2. In our case, the 

s i tuat ion is markedly dif ferent .  L ~ O(a o) domi- 

nat ing v implies nearly complete screening 
q 

(t.e.,  the induced and the pair  charge-densi ty  

a re  almost  equal) since aoq s >> 1 and, thus,  
-1 -1 

c • 1 fo r  q ~ ao ;  qs is the Thomas-Fermi scree-  q 
ning wavevector. Because the magnitude of the 

screening charge is +21el,  this  resu l t s  in an 

effect ive coupling tha t  is evidently at t ract ive.  

To clar i fy  this  point, consider the tr ial  func-  

tion 

#(r) = AL-S/2r exp(-r2/2L z) ; (8) 

Az= 2/t3rtl/z). This leads to <#[V~I#> -- -1.2L -z 

and (for  c -1 ~- 0) g = -1.64 eZL-l; note the nega- 
q c 

ttve sign of  F . Ignoring the negligible non- 
c 

adiabat ic  te rm (see below), the largest  binding 

energy is 6 = 0.56 eZ/a at  L = 1.46 a . 
o o 

It  remains  to be shown tha t  the non-adiabat ic  

contr ibut ion to Eq. (6) can be disregarded fo r  

OH ~ a-3o (this condition implies, in par t icular ,  

tha t  the energy of the hole-plasmon is much l a r -  

ger  than the binding-energy of the pair).  To 

prove this,  we approximate  the unper turbed 
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(R-independent)  s ta te  ~ [Eq. (1)] by the Har t r ee -  

Fock wavefunct ion @XF of N h holes and f u r t h e r  

take 

~R = ~HF({UJ }) ]~r, [i ÷ f(U n- R)] (9) 

Recalling that the induced charge density is 

essent ia l ly  v(x),  it fol lows tha t  / ( x )  

~. V(X)/(2PH). Accordingly, 

<*Rlv l%' -(4p.) ' [Iv vl 2 d3x (lo) j x 

-I -5 a-3 
which is ~ O(PHL ). For L ~ O(a o) and PH ) o ' 

th is  t e rm is obviously very small compared to 

<#IV~l#> ~ O(L -;~) proving our contention. 

What emerges  f rom the discussion so f a r  is 
-3 

tha t ,  a t  densit ies p~ ) a ° , the single paired 

s t a t e  has an energy lower than the s ta te  of un-  

bound e lect rons  and, moreover, tha t  X [Eq. (I)] 

is a good represen ta t ion  of the actual wavefunc-  

tion. It is in teres t ing to remark  tha t  the pai r  

and the screening hole build a system behaving, 

in some sense, like a He atom (albeit closer to 

Thomson ' s  model of it). Since He has the l a rges t  

ionization potential  among the elements,  th is  

sugges t s  tha t  s t a t e s  other  than b~electrons (in- 

cluding localized s ingle-electron s ta tes )  are  

energetically disadvantageous.  Going into the 

der ivat ion of the many-pa i r  s ta te ,  we use the 
-3 

condition PE ¢ a0"  Because exchange in teract ions  

between e lect rons  belonging to d i f fe ren t  pa i r s  

a re  negligible in the dilute limit, the many-pa i r  

ground s t a t e  associated with ~ is well r e p r e -  

sented by 

= ~({RhI'{UJ)) ~[n 0(rnl (ll) 

{R h} and { r }  indicate the set  of c e n t e r - o f - m a s s  

and re la t ive-mot ion coordinates  of the pa i r s  and 

is the solution to Eq. (3) with v(x)  replaced 

by [ v(X+Rh). The corresponding energy is given 

approximate ly  by E o- NeA/2 which compares  f a v o r a -  

bly wi th  the energy of the normal e lectron-hole  

liquid or, as it can be shown given the same 

[Eq. (7)], the electron Wigner-crystal .  Fur ther ,  

note t ha t  conventional excitons do not ex is t  a t  
-3 

PH :~ ao 

Because b~electrons are  bosons, a dilute gas of  

these  par t ic les  will undergo a t r ans i t ion  into a 
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superconducting state with the scale for T c set 
.2 2/3 . 

by n PE / m  (note tha t  the la t te r  is ¢ a). Consi- 

dering tha t  our scenario applies to two-  

dimensional sys tems as well, it is apparent  tha t  

i ts  f e a tu r e s  re la te  in some sense to proper t ies  

of superconducting oxides. I In par t icular ,  the 

high T ' s  of the oxides, their  weak isotope 
c 

e f fec t  s and shor t  correlat ion length 6 are consis-  

tent  with our picture. In addition, the presence 

of fe rmions  providing the glue tha t  binds the 

pa i r s  cor re la te  with numerous observat ions of 

low-energy exci ta t ions below T .9-12 To this,  we 
c 

should add tha t  diff icult ies in properly identi-  

fying a BCS-like gap I°'14 may be re in te rpre ted  as 

evidence tha t  there  is no BCS-pairing (in our  

theory,  • plays the role of the superconducting 

gap), and point out tha t  data showing a cor re la -  

tion between T and the ra t io  of ca r r i e r  density 
c 

over effect ive mass  Is (see also Ref. 16) s t rongly 

suppor t  the notion that  the energy scale fo r  

superconductivi ty is of electronic origin. Fina-  

lly, we comment on a possible link to the fac t  

tha t  the oxides only exhibit superconductivity in 
• s 

a very na r row range of concentrat ,ons.  Within 

the crude f ramework  of a r igid-band model and 

s t a r t i ng  at  low electron densities, we expect  T 
c 

to increase f i r s t  with increasing PE (decreasing 

pH). However, our prescr ipt ion ceases to be valid 

if PH ~ PE" There, the system presumably under-  

goes a t r ans i t ion  into the normal liquid phase 

defining the superconductivity window of the 

model. 

As it can be easily shown, the basic assumption 
-3 

considered here, namely PH ) ao ) PE' leads to 

the existence of acoustic plasmons. Because su-  

perconductivi ty mediated by these bosons has been 

extensively discussed in the l i tera ture ,  17 it is 

impor tan t  to recognize tha t  the acoust ic-plasmon 

mechanism and ours  are total ly unrelated (howe- 

ver, models dealing with intraband exci ta t ions  

exhibit  some similari ty;  see Ref. 18). Obvious 

d i f fe rences  include the fac t  tha t  the s ingle-pai r  

problem discussed above does not contain an 

acoust ic  branch and the reversed role of the two 

kinds of  c a r r i e r s  (Le., acoust ic-plasmon theory 

predic ts  hole pairing). More significantly,  the 

two approaches  d i f fe r  in regard  to the na ture  of 

the a t t rac t ive  interaction. Acoustic-piasmon 
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models rely on the dielectric function becoming 

negative in a cer ta in  region of f requencies  whe-  

reas  what  ma t t e r s  in our case is the s ta t ic  r e s -  

ponse. The la t te r  is, of course, positive at  zero 

f requency and, accordingly, the screened in te rac -  

tion fo r  point charges remains  repulsive. Never-  

theless,  the effect ive coupling is a t t rac t ive  fo r  

our adiabatic s ta te .  

To conclude, we briefly discuss other  s i tua -  

t ions to which our ideas may apply. Firs t ,  it 

should be emphasized that  choosing equal ca r r i e r  

masses  was  solely a mat te r  of convenience. The 

model requi res  only that  the Bohr radius of the 

low-densi ty  (electron) subsystem be large compa- 
-1/3 

red to PH It is f u r t he r  evident tha t  many-  

band single-component  systems may also show pai-  

r ing instabi l i t ies  provided tha t  band populations 
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d i f fe r  appreciably and tn terband exchange in te r -  

act ions can be ignored. Related to this, the case 

of a two-val ley-degenera te  band o f fe r s  some inte- 

res t ing  possibili t ies.  Following S toner ' s  mode[ 

of fe r romagnet i sm,  it is clear tha t  exchange 

favors  a valley-polarized phase and one can then 

ask whether  the energy can be fu r the r  reduced by 

promoting pa i rs  into the empty valley. We notice, 

however,  tha t  this problem requires  t rea tment  of 

the p a i r - s t a t e  beyond per turba t ion  theory for  the 

polarized phase can only be s table at low 

densities.  
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