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It is argued that a liquid of Ne electrons and Nh holes may show an instability against

the formation of bound two-electron states of spin S = 0 for Ne< Nh. The pairing relies

on the attractive static interaction of the electrons with the screening charge.

In the

ground state, the (electron) bosons coexist with the (hole) Fermi liquid. Superconduc-

tivity resulting from this mechanism bears similarity with trends exhibited by high-Tc

oxide superconductors.

This work describes a scenario for superconduc-

tivity which resembles some of the features

exhibited by high—Tc oxide superconductors.l Our

simplified approach reflects on recent experi-

ments® giving evidence that these materials

behave as Fermi

data®

liquids as well
band

as on early

transport and structure calcu-

5

.8 R o as .
lations which indicate the involvement of more

than one type of carrier. Specifically, we deal
with the question of the stability of a liquid of
Ne electrons and Nh (» Ne) holes against the
of (bound

states with total spin S = 0. Unlike BCS theory,

formation bielectron two-electron)
the pairing mechanism is not of dynamic origin.
Binding results when the attraction of the elec-
trons to the screening charge (of magnitude
+2|e|) overcomes their Coulomb repulsion. Featu-
res of the model consistent with data®® on oxide
superconductors include (i) high-TC without iso-
effect,’®  (ii)

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

tope small pair correlation-
ductivity in a relatively narrow range of concen-
In the
of

condensate with a Fermi sea of normal holes. This

trations. 8 addition,

the

theory predicts

coexistence superconducting (electron)

bears on hitherto unexplained results of Raman

.9 R . 10
scattering and tunneling  experiments on

Y13a2Cu307 revealing low energy electronic excita-

tions as well as observations of a linear

T-dependence in the specific heat” and thermal

conductivity12 at temperatures T « Tc'

Consider a three-dimensional jellium13 model of
a semimetal consisting of holes and electrons (at
densities Py and pE) together with a wuniform
neutralizing background and assume, for simplici~
ty, that the particles have the same mass m. The
arguments that follow apply only to the range
Py ® 3,

carriers. The condition P, > 2

> P, where a is the Bohr radius of the

[}
using the formalism of perturbation theory while

is required for

P « a;a represents the dilute limit of the sub~
system of pairs. Focusing on the case of a single
(electron) pair, we look for an adiabatic (many-

hole) state of the form

2= wR((uJ)) #(r) expl(iK+R)

¥, = ¥ltu- R )

Here, R = (r1+ rz)/2 and r = (rl- rz) are the

center-of-mass and relative-motion coordinates of

. two electrons of antiparallel spins and (“_')

743

denotes the coordinates of the Nh holes. The

Hamiltonian is written as

with r = |r}. flo includes the kinetic energy and

the Coulomb interaction of the holes, UB repre-
sents the coupling of the carriers to the
negative background and § is the interaction
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between the paired electrons and the holes.

Imposing on the Nh— body state ¢ the condition

[fi,r Teuh + <|U_|$>l = Eigh
G = 910,

= eZJ px Ivix) By %% (3)
|x-x" |

where v(x)=|4¢(2x)|2 is the pair-density and p is
the {hole) charge-density operator, the expecta-

tion value of the energy is given by

x|f|x = K@) + e<p|1|o>

2 2.2 ,2
h 2 h"K” h 2
“m <¢lvr|¢> *am T am <wR|vRIwR> » @)

with K = |K| and <¢|¢> = <./;R|./;R> = 1. In the
expression for 17, we used the fact that ¢(r) must
be a symmetric (even) function for total spin
S = 0.

Our adiabatic Ansatz differs from the standard
one in that R and ¢, instead of r'1 and rz. are
chosen as the slow variables. Although it is
always legitimate to consider the expectation
value of the energy for any wavefunction, yx could
differ considerably from the actual eigenstates
if the non-adiabatic terms were to matter. Our
formalism contains, in principle, two such terms.
However, the expectation value of the non-
adiabatic Coulomb energy, i.e, W - 17), vanishes
leaving the last Vz—term in Eq. (4) as the remai-
ning contribution (note that in spite of V;
having ~ O(Nh) terms, the corresponding matrix
element is finite because { is independent of R
for U = 0). The task now is to find a pair state
¢(r) for which <x|H|x> < E_ bearing in mind the
adiabatic constraints (ED is the energy of the
unperturbed Nh— hole state). Let L be the length
associated with ¢(r), i.e., the size of the pair.
In the following, we use Py » a;a to show that
[<x|fl|x> - Eol has a minimum at ~ O(-ez/ao) and,
furthermore, that the non-adiabatic term can be

disregarded for L ~ Ola o)'

If the pair size is comparable to the Bohr

radius, one can apply perturbation theory to

calculate E{¢} given that the pair density v(x)
{Eq. (3)] and, therefore, the induced charge

density are ~ O(a;a) « p,- The outcome is"®

2
o e 2, -t 2 3
E{¢} = Eo + ;Zqu(eq 1)g “dq, (5)

where q = |q|, € is the static dielectric res-
ponse of the holes and vq = Jv(x) exp(1q°x) d°x.
Defining the pair binding energy A as
[Eo— <x|A}x*>) at K =0 and noting that
<¢|r'l|¢> = (81:2)_1J.qu’2d3q, one obtains

h2 2 hz 2
A= b+ D[V + g WV I (6)
with
e2 2 1 2 3
V== (e -1 +v/2lg°d . 7
¢ 4 [vq eq ) v“ ]q 1 ™

The above expression describes the coupling
between the electrons modified by the presence of
the screening charge. For |¢(r)|2 = 6(r—ro), it
gives the well-known effective interaction V(ro)
= ez/(“m)‘l‘exp(|q.r0)e;l d’q/q°. In our case, the
situation is markedly different. L ~ O(ao) domi-
nating v implies nearly complete screening
(i.e., theq induced and the pair charge-density
are almost equal) since aq. » 1 and, thus,
s:« 1 for q ~ a;l; 9 is the Thomas-Fermi scree-
ning wavevector. Because the magnitude of the
screening charge is +2|e|, this results in an
effective coupling that is evidently attractive.
To clarify this point, consider the trial func-

tion

¢lr) = AL exp(-rz/ZLZ) ; (8)

A’ 2/0n"%. This leads to <¢|V’|¢> = -L2L”
and (for c: %= Q) Vc= -1.64 ezL_l; note the nega-
tive sign of Vc. Ignoring the negligible non-
adiabatic term (see below), the largest binding

energy is A = 0.56 ez/ao at L = 1.46 a,

It remains to be shown that the non-adiabatic

contribution to Eq. (6} can be disregarded for

P, > 3;3 (this condition implies, in particular,

that the energy of the hole-plasmon is much lar-
ger than the binding-energy of the pair). To

prove this, we approximate the unperturbed
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(R-independent) state ¢ [Eq. (1)} by the Hartree-
Fock wavefunction wm‘ of Nh holes and further
take

Yy = ¥ (@) ﬂn [+ flu- R . 9

Recalling that the induced charge density is
essentially vix), it follows  that fx)

% v(x)/(ZpH). Accordingly,
2 . -1 2 3
WAV lv> = ~(ap) I|va| d’x (10)

-3
0
this term is obviously very small compared to

which is ~ O(p:L-s). For L ~ O(a)) and p_» a

<¢|V:|¢> ~ O(L_z) proving our contention.

What emerges from the discussion so far is
-3
0
state has an energy lower than the state of un-

that, at densities Py 2’ the single paired
bound electrons and, moreover, that x [Eq. (1)]
is a good representation of the actual wavefunc-
tion. It is interesting to remark that the pair
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 largest
ionization potential among the elements, this
suggests that states other than bielectrons (in-
localized states) are

cluding single-electron

energetically disadvantageous. Going into the
derivation of the many-pair state, we use the
condition Pe « a;a. Because exchange interactions
between electrons belonging to different pairs
are negligible in the dilute limit, the many-pair
ground state associated with x is well repre-~

sented by
X = YR, }.(u)) TL $r) . ()

(Rh) and (rn) indicate the set of center-of-mass
and relative-motion coordinates of the pairs and
¥ is the solution to Eq. (3) with wv(x) replaced
by Zv(x’rRh). The corresponding energy is given
approximately by Eo— NeA/Z which compares favora-
bly with the energy of the normal electron-hole
liquid or, as it can be shown given the same ¢
[Eq. (7)], the electron Wigner-crystal. Further,
note that conventional excitons do not exist at
Py * aos.

Because bielectrons are bosons, a dilute gas of

these particles will undergo a transition into a

ELECTRON-HOLE SUPERCONDUCTORS

superconducting state with the scale for Tc set
by thz/a/m (note that the latter is « A). Consi-

dering that our scenario applies to two-
dimensional systems as well, it is apparent that
its features relate in some sense to properties
of superconducting oxides." In particular, the
high Tc’s of the oxides, their weak isotope
effects and short correlation lengthb are consis-
tent with our picture. In addition, the presence
of fermions providing the glue that binds the
pairs correlate with numerous observations of

9-12

low-energy excitations below Tc‘ To this, we

should add that difficulties in properly identi-

fying a BCS-like gapw'14

may be reinterpreted as
evidence that there is no BCS-pairing (in our
theory, A plays the role of the superconducting
gap), and point out that data showing a correla-
tion between T and the ratio of carrier density
over effective mass" (see also Ref. 16) strongly
support the notion that the energy scale for
superconductivity is of electronic origin. Fina-
lly, we comment on a possible link to the fact
that the oxides only exhibit superconductivity in
Within

the crude framework of a rigid-band model and

. 8
a very narrow range of concentrations.

starting at low electron densities, we expect Tc
to increase first with increasing Py (decreasing
pH). However, our prescription ceases to be valid
if Py ~ Py There, the system presumably under-
goes a transition into the normal liquid phase
defining the superconductivity window of the

model.

As it can be easily shown, the basic assumption
considered here, namely Py » a;a » Ppr leads to
the existence of acoustic plasmons. Because su-
perconductivity mediated by these bosons has been
extensively discussed in the literature,n it is
important to recognize that the acoustic-plasmon
mechanism and ours are totally unrelated (howe-
ver, models dealing with intraband excitations
exhibit some similarity; see Ref. 18). Obvious
differences include the fact that the single-pair
problem discussed above does not contain an
acoustic branch and the reversed role of the two
kinds of carriers (i.e., acoustic-plasmon theory
predicts hole pairing). More significantly, the
two approaches differ in regard to the nature of
the attractive

interaction. Acoustic-plasmon
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models rely on the dielectric function becoming
negative in a certain region of frequencies whe-
reas what matters in our case is the static res-
ponse. The latter is, of course, positive at zero
frequency and, accordingly, the screened interac-
tion for point charges remains repulsive. Never-
theless, the effective coupling is attractive for

our adiabatic state.

To conclude, we briefly discuss other situa-
tions to which our ideas may apply. First, it
should be emphasized that choosing equal carrier
masses was solely a matter of convenience. The
model requires only that the Bohr radius of the
low-density (electron) subsystem be large compa-

red to p:/s

It is further evident that many-
band single-component systems may also show pai-

ring instabilities provided that band populations

1. For a review of properties, see, e.g., arti-
cles in Studies of High Temperature Supercon-—
ductors, ed. by A. Narlikar (Nova Science,

Commack, 1989-1990).

2. For evidence of Fermi liquid behavior of
superconducting oxides, see, e.g., H. Allout,
T. Ohno and P. Mendels, Phys. Rev. Lett. 63,
1700 (1989); J. W. Allen et al., Phys. Rev.
Lett. 64, 595 (1990), and J. C. Campuzano et

al., Phys. Rev. Lett. 64, 2308 (1990).

3. C. Uher and A. B. Kaiser, Phys. Lett. A 125,
421 (1987). Transport data on oxide supercon-
ductors show, in some cases, different signs

differ appreciably and interband exchange inter-
actions can be ignored. Related to this, the case
of a two-valley-degenerate band offers some inte-
resting possibilities. Following Stoner’s model
of ferromagnetism, it is clear that exchange
favors a valley-polarized phase and one can then
ask whether the energy can be further reduced by
promoting pairs into the empty valley. We notice,
however, that this problem requires treatment of
the pair-state beyond perturbation theory for the
polarized phase can only be stable at low
densities.
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