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Electron superconductivity in coupled electron-hole layers
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We investigate superconducting pairing of electrons when coupled to an adjacent layer of holes in a GaAs
semiconductor heterostructure. When the density of the electrons is much higher than the density of holes, the
repulsive electron-electron interaction is reduced by dynamical coupling to the strongly correlated holes. For
the effective-mass ratio of electrons to holes in GaAs we find that the effective electron-electron interaction
becomes attractive when the layer separation is smaller than a critical value. With equal effective masses this
effect does not occur. We estimate the attraction and repulsion parameters for a superconducting state in the
electron layer. A typical value of the superconducting transition temperature for experimentally accessible
carrier densities and layer separationd is- 100 mK.[S0163-18268)01603-§

The current interest in coupled layers of charge carriers ircorrelations are very strong and it remains applicable if one
semiconductor heterostructures is partly motivated by thef the species is driven to a localized state by the strong
possibility of such systems forming exotic ground statescorrelations.

These are generated by the Coulomb interactions between When calculating the two-body potential with one species
charges in the opposite layers and so would not occur for ¥calized, it is conventional to assume that the properties of
single layer of charges. An interesting possibility is the for-the localized species are independent of the other species.
mation of a superconducting ground state. This was first proAISO, the excitation spectra of the localized modes are usu-
posed by Lozovik and Yudsdmwho suggested for coupled ally calculated within the harmonic approximation. While for

electron-hole layers that superconducting pairs could fornjocalized ions, which are much more massive than holes,
across the layers. Malozovslet al. and Longe and Boge these approximations are generally adequate, they cannot be

considered superconducting pairing of electrons with the at(_axpected 'to h.OId when the localized species are holes. Spe-
cifically, (i) Wigner phonons are known to be strongly an-

aiﬁtlggnsgmlig%;r ()Brgglaﬁgn:gniicchhé;nngeé TI_T]'Z‘I'SEIF 3 223'09yharmonic because of their large vibrationally amplitufles,
P ge. ) and (ii) the correlations within each layer of a coupled layer

Platzmangt al* have d_iscussed superconduc;ing pairing of ystem are affected by the correlations in the other layer.
eIectrqns in one layer in the presence ofa W|gner cry;tal his has a significant effect on the Wigner phonon frequen-
holes in the second layer. Canright and Vigfidiave dis- s In our approach we avoid these problems. Our deriva-
cussed a superconducting transition in a related system cofjpn of the potential treats the two species on an interdepen-
sisting of two types of electrons of different effective massesgjent and equal footing. The dependence of the eigenmodes
coexisting in the same two-dimensional layer with the pair-of the system on correlations both within the layers and be-
ing mechanism coming from the exchange of electron-holéween layers is taken into account without resorting to the
excitations. harmonic approximation.

In this paper we propose a quite different mechanism for The effective potentiflbetween two electrons in an elec-
superconducting pairing of electrons in one layer due to theron layer coupled to a hole layer is given by
presence of relatively strongly correlated holes in the other
layer. The attractive interaction between the electrons is gen-
erated by Coulomb correlation effects and does nqt dgpend Ver(0 @) =Ved Q) + 2 Voi([1=Gei(9)]
on exchange of plasmons or phonons. The attraction is not i.j=eh
dependent on the holes being in a solid state.

We discuss the superconducting pairing using a general
effective potential for two indistinguishable electrons. This
takes into account the vertex and ladder corrections to th&he V;;(q) are the bare Coulomb interactions between carri-
polarization. The potential is constructed assuming both thersi,j=e,h for a layer separatiod and semiconductor sub-
species are in the liquid phase. It can be used even when tistrate dielectric constart The G;;(q) are static local fields.

X xij (9, @)Vie([1-Gje(a)]. 1)
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In our approach we extract th@;;(q) from exact numerical Where
simulation data for the ground statef a single layer. 0
We express the density-density response function matrix xi (G,@) @)

. X'(q!w): ’
elementsyed(d ), xhn(d ®), and xen(d, @) =xne(d, @) in ' 1+ Vi([1- G (a)1x (g, w)
terms of Lindhard functions for noninteracting electrons

x2(a, @), and holesyp(q, o), Vi(0,0)=Vi ([ 1= Gi(q) ] Vij(@[1-Gj;(a)]
. xgw) en X xj(0,@) Vi (@[ 1= Gji(q)] )
X”(q’w)_1+%(q,w)x?(q,w)' i=e,h, (2 fori=e,h andj#i.

Equation(1) can be written as

Xe(d, @) Ver(D[1—Gen(Q) Jxn(g, @) Veit(Q,0) =Ued( 0, w) + Ugnd g, ), (6)
Xeh(va) =

- 1+ {Ver( D[ 1= Ger(A) 12xe(qh @) xn(a ) where U (q,w) is the contribution toVex(0, @) from the
(3)  electron layer only,

~ » , Xo(0,®)
Ued0,@) =Ved @)~ Ved @[ 1~ Geela)] L Vod [ 1-Gud G e @)
andU.,dg,w) contains the effects of electron-hole interactions,
Vel @[1-Ger @] |° xqw)
Pend o)== 1+ Ved [ 1~ Ged @) xe(d @) | 1+M(q0)xp(0o) ®
where
Xe(0,®)
M(0, ) =Vhn(D[ 1= Gpp(a)]—{Ven([ 1~ Ger(a) 1} 9

1+ Ved D[ 1—Ged ) Ix2(q )

Ueda,@) in Eq. (7) is analogous to the direct screened For the local field factors we used numerical simulation
electron-electron repulsion term in the BCS Hamiltonian. Indata of the static structure factd;(q) for an isolated elec-
Eq. (8) the factory2(q, )/[1+M(q, ) x2(q, )] is the po-  tron layer to determineS.{q) and Gup(q) following the
larizability of the holes in the presence of the electronsprocedure described in Ref. 7. We negledt&g(q).
while the direct electron-hole interactionVqy(q)[1 Figure 1 shows the dependence of the stétig(g,0) on
—Gen(9)] is screened by the electrons. the separation between the laydrssee Eq(6)]. At a critical

In a metallic solid the electron-phonon contribution to the
effective two-body electron potential has a similar structure
to Eq.(8);'%i.e., it contains the square of the electron-phonon
matrix element and the phonon propagator. The phonon fre-
guencies are often calculated directly from the ion interac- 0.0
tion potential. In contrast in the present system the eigenfre-
guencies of the plasmons in the two layers are strongly
affected by correlations. The direct hole-hole potential
Vin(@[1-Gun(g)] in Eg. (9) is modified by the screened
electron-hole interaction. By treating both species on an
equal basis, our expression fdg;(q, @) remains valid even
when the holes are strongly correlated. -1.0 - ]

Equation(1) is equally valid whether or not the hole layer
is at a density where the holes are in a Wigner crystal state.
However, experimentally it has not yet proved possible to
fabricate a layer at a density low enough for the carriers to 1 2 3, 4 5 6
form a Wigner crystal. For the present calculation we took ke
elechtron denSItl.es ffomfsa: 1to2.The holc.e denSIty W_e fixed FIG. 1. Effective electron-electron interactidfay(q,0) for dif-
at rg=>5. At this density the holes are in the liquid state. ferent layer separations. The electron and hole densities Gre
These electron and hole densities are accessible to expet-1 5 andr=5. k¢ is the electron Fermi momentum. The labels
ments. The effective masseg =0.03m,, m;=0.2Im,, and  give the layer separatiomsin units ofas=7%2e/m;e?=9.8 nm, the
dielectric constané= 13 were all set at the values for GaAs. electron effective Bohr radius in GaAs.
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When the layer separation is much less than the critical
d., the effective interactioW 4(q,0) is attractive for a wide
range ofq and we can use the McMillan formdfato esti-

mateT,,
1
Tc=woexp — v

whereN*=N\/(1+\) and u* = u/[ 1+ pIn(mp/mZ)] are the
renormalized parameters. We approximate the characteristic
frequencyw, by the hole plasmon frequency as determined
0.20 . by the potentiaM (g,0=0) at wave vectotq| =kg .
10 e 20 Using appropriate Fermi surface averaging we calculated
: N andu. Both A andwq are strongly dependent functions of
d. We find thatT, increases rapidly with decreasing layer
separation and decreasing electron density. d?af=0.25
andr=1.5 we obtain a value of ;=120 mK. We can es-
timate the coherence length using the expressgn
=(hvg)/(2mwA), where according to BCS the zero-
temperature energy gap is given Ay=1.7%gT.. v§ is the
electron Fermi velocity. We find, is much larger than the
average interelectron spacing.

The value ofT. is very sensitive to the values &fand u
shows the dependence of the critichl on r¢ for fixed rQ ZBS r'é:éiopﬁggﬁ;ﬁdgﬁe(;giu@émgn?f pﬂiggﬁf&g&i d
=5. The critical separation increases withas the electron 0 ronductivity for coupled electron-hole layers. They cal-
correlations get stronger. For the carrier densities and lay€l;|sted the frequency spectrum of Wigner phonons using the
separations with which we work there is no tendency in the,armonic approximation. As we have pointed out, the har-
system towards a charge density wave instability. monic approximation is inapplicable for Wigner phonons be-

Ver(9,0) is sensitive to the effective mass ratf§/me . cause of their large vibrational amplitudeThey also as-
Setting the two effective masses equal leads ¥.#0,0)  sume that the Wigner phonon frequencies are unaffected by
that remains repulsive for all layer separations. Correlationg|ectron correlations, which is contradicted by results show-
are also crucial for the attraction. Within the RRA(0,0)  ing that correlations within a layer are affected by correla-
remains repulsive for even very smelll(We recall the RPA  tions in the other layet.This has a significant effect on the
neglects correlationks. Wigner phonon frequency. Platzmatal. used an approxi-

We now turn to the parameters that determine superconnate method to calculata and x. They found for rh
ducting properties like the transition temperatdre. The  _3 54 andr®=0.56 that the electron layer becomes super-
attraction parametex is defined as the Fermi surface aver- conducting fSOT layer separatici=75 A. In our calculation

age of the static interactiorls, for these values of the parameters Yhg(q,0) is everywhere
repulsive and there is no superconducting instability.
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FIG. 2. Critical layer separatiod./az as a function of the
electron layer densityS. The hole layer density2=5 is fixed.

separatiord=d,. the total potentiaV«(q,0) becomes attrac-
tive for a small range of|. Further decreasind extends the
range ofq over whichV¢(q,0) is attractive. This effect is
caused by the behavior df.,4{q,0) [Eq. (8)], which in-
creases strongly with decreasind. The contribution
U.d0.0) [Eqg. (7)] depends only weakly om. Figure 2

\ kaE a 1 [ Vel D[1—Gen(a)] 2 In this paper we have discussed an effective electron-
“Pe lectron interactiorV4(g,0), which takes into account the
o 2k 1+V 1-G %(q,0 € efft4Y),
F{ ed )l ed @ 1xe(4.0) exchange and correlation effects between the electrons and
X | xnn(9,0)]. (100  between the electrons and the medium. These features are

particularly important for this type of superconductivity
pe is the density of states for electrons at the Fermi surfacevhere the mass of the holes is comparable to the mass of the
and superconducting electrons. Using a generalized random-
phase approximation for the density response functions we
2 r>dw incorporated the exchange correlation effects through local-

|Xhh(q,0)|:;j 7|Im Xnn(Q,0+i6)]. (11)  field factorsG;;(q). Using the resulting effective potential
0 we find with experimentally reasonable electron and hole
The repulsion parameter is defined as the-wave Fermi densities that the critical layer sepgrations _a_nd t_he_ transition
emperatures for the superconducting transition lie in a range

surface average of the direct electron-electron static intera hat should be experimentally detectable using current tech-

tions, ;
nigues.
a1 We thank A. Mac Donald for many useful discussions.
,LL=peJ’ qu—euee(q,O). (12 This work was supported by an Australian Research Council
o 2kg Grant.
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