PHYSICAL REVIEW B VOLUME 56, NUMBER 8 15 AUGUST 1997-II

Coupled electron and hole quantum wires
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We have investigated the effect of many-body correlations on properties of coupled electron-hole quantum
wires using a Singwi-Tosi-Land-8ander approach. At,=4 the acoustic collective mode traverses the
single-electron excitation region as a narrow resonance peak and reemerges in the undamped region on the
high-q side of the excitation region. The acoustic collective mode, but not the optic mode, is sensitive to the
separation between the wires. Fag>2.5 the effective interaction acting between the electrons which is
mediated by the heavier holes becomes attractive when the separation between the wires drops to a critical
value. For 0.&r <25 we detect a charge-density-wave ground state for small wire separations.
[S0163-18207)04931-X]

[. INTRODUCTION We determine the properties of the ground state and low-
lying excitations in zero magnetic field using the density-
The effect of interactions between electrons in paralleldensity response function matrix for two coupled wires. We
quantum wires embedded in a semiconductor substrate h&glculate the matrix using a Singwi-Tosi-Land-@juder
been the subject of a number of recent investigatiohghe ~ (STLS zero-temperature approdctior a two-component
strength of correlations within each wire increases as théystent In STLS the static correlations are taken into ac-
electron density is decreased and the correlations betwe&®unt by replacing the Coulomb interactions with effective
electrons in different wires also increases if the wires ardntéractions between the particles. For a single wire Friesen
brought closer together. Correlations can affect the propertiedd Bergerseff, Borges, Degani, and Hipolitd,and Cam-

of the collective modes of the coupled system and it mayP0S, Degani, and Hipolitd have used STLS to calculate pair
also lead to charge-density-wave instabilities. correlation functions and the properties of the plasmon col-

In this paper we look at the effect of correlations for two lective mode. Thakur and Neilson used STLS to investigate

parallel quantum wires, one wire with electrons and the othethe interdependence of the electron correlations and electron-
with holes. This system differs in important ways from two defect scattering? _ o _
coupled wires of electrons, not only because of the attractive 1he diagonalized response function matrix gives the pair
interaction between the electrons and holes, but also becau§@rrelation functions both for carriers within the same wire
the effective masses of the electrons and holes are in gene@d for carriers in opposite wires. Singularities in the diago-
different and this makes the system asymmetric. Tunnelin alized matrix elements determme the dispersion curves.of
of carriers between parallel wires has been obsehdwe  the collective modes and their spectral strengths. If any sin-
restrict ourselves here to cases where the tunneling amplitud®/larity is found in the static response function this is evi-
is negligible. This can be because the wires are sufficientlglence for an instability in the liquid ground state to, for
far apart or because there is a repulsive potential barrier béxample, a charge-density-wave ground state.

tween the wires. We will use parameters appropriate for

guantum wires embedded in a gallium arsenide substrate. Li Il. THEORY
and Das Sarmaand Gold and Ghaz8lihave investigated . . S
quantum wires in gallium arsenide theoretically. We consider two parallel wires of the same finite diameter

The importance of correlations for coupled quantum wires? Separated by distanak The effective masses of the elec-
is especially interesting when we recall that the ground stat&ons and holes areng and my,, respectively. We take the
for electrons in an isolated and defect-free wire with a singlecarrier densityn in each wire equal. The bare Coulomb in-
subband is believed to be a Luttinger liquid. For a Luttingerteractions between carriers in the same wire are
liquid the excitation spectrum is saturated by the collectiveVedd) =Vnn(Q) =Ko(ga), whereKq(q) is the zeroth-order
modes of the system so there are no single-particle excitanodified Bessel function of the second kind. The bare Cou-
tions. However, the existence of defdats the presence of a lomb interactions between the electrons and holes are
second wire both help to restore Fermi-liquid-like behavior,Ver(d) = Vhe(q) = Ko(qaZ+d?).
and it is interesting to map out the nature of the low-lying The density-density response function matrix elements
excitation spectrum. Of particular interest are the relativewithin each wire y.¢d,w) and ypn(0,w), and the matrix
spectral strengths of the collective modes and the singleelements between wireg, (g, w) = xne(q, w) are expressed
particle excitations. in terms of the Lindhard function for noninteracting carriers
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in a one-dimensional wirg{%(q,») (Ref. 15 and effective
interactions between the carriév (q) andV;j(q),°

(0)
Xi (Qaw) .
Xi(d,w)=—%= , i=eh,
1-Vi(q,0)x{%(q, ) "
(G} = Xe(0, @) Ver(0) xn(0, @)
h 3 - ~ [}
) 1-V2(Q) xe(d, @) xn(0, @)
where '%//f/;i ;fr?gle wire
ZRPA
”(a,0) 4
Xi ’ ) =
Xi(0w)=—= @) , i=eh. ) oo | |
1-Vi(@)xi ' (d,w) 0, : s .
(a) rk.
The effective interactions in Eqél) and (2),
Vii(@)=Vi(@)[1-Gjj(a)], i,j=eh, -
Vi(9,0)=Vi(a)+Vj(@)xi(q,0)V(q), i=eh; j#i,

take into account the correlations between the carriers
through local field factors5;;(q). We calculate the5;;(q)
using the self-consistent method developed by Siregveil 3

In the STLS the local fields;;(q) is defined by the closure
ansatz

()

/
1 dk (gk) Vjj(k) I epa
G =——J (lga=k) =61, /
Ij(q) n (27_[_) q2 Vlj(q) [Sij(|q |) IJ] /,
) -0.5 ' ‘ .
where theS;;(q) are the structure factors. The fluctuation- 1 k. 2 ®

dissipation theorem relate; (q) to x;; (g, ),

1 ©
Sij(Q):ﬁfo do yxij(gq,io). )

Equations(1)—(5) are solved self-consistently. When di-
agonalized the response function matrix has elements

9.,(1)

1
X=(0,0)= E[Xee(q,wHXhh(q,w)

+ V[ Xed @, ®) — xnn(0, ©) 1>+ 4x2(0,0)].
(6)

lll. RESULTS % 1 2 3
A. Static properties

We use values for the dielectrie=13 and effective
masses ration;,/m;=7, appropriate for wires embedded in a
galll*um arsenide substrate: The wire Q|ameter IS flxed. aII'he electron density parameterri$=2. Labels denote wire sepa-
alag=4/m where the effective Bohr radius .for electrons. IS rationdkg . Solid lines: present calculation. Dash-dotted lines: RPA
ag=fi’e/m;e’=9.8 nm. For holes the effective Bohr radius for same range ad. Dashed lines: STLS calculation for single wire.
is 1.4 nm, which makes! in the hole wire seven times larger (b ghn(r) for the same parameters ag@. Curves for the different
thanr in the electron wire for equal carrier densities. d are not distinguishable on this scalg) g.,(r) for the same

In Fig. 1 we plot the pair correlation functioms;(r) as a  parameters and labels €.

FIG. 1. (a) Pair correlation functiorge(r) for electron wire.
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function of the separation between the wires. The value of ‘
the density parameter for the electrons §s-2 (and hence 0
r2=14 for the holes Also shown are the corresponding
RPA results. In the RPA the local fields are zero and there
are no correlations.

Figure Xa) shows the pair correlation functions in the 051
electron wire.ge(r) decreases with as two electrons ap-
proach each other. This is the well-known exchange-
correlation hole caused by the repulsion between electrons
As the wires are brought closer together the correlations be: 9.0
tween electrons and holes build up the density of holes op-
posite to any point where there are two electrons near eacl
other. This buildup of holes partially cancels the repulsion
between the electrons and patrtially fills in the exchange-
correlation hole. The effect is strongest when the two elec-
trons are very close together. Comparing this with the (@)
Oee(r) for a single isolated electron wire demonstrates the
importance of electron-hole interactions gggr). In the 1.0
random-phase approximatiofRPA) there is no strong
buildup of hole density opposite an electron apd(r) is not
affected by the proximity of the hole wire.

Figure Xb) shows the pair correlation function in the hole
wire. The structure of,,(r) is determined primarily by the 0.0
direct correlations between the holes becadsis so large.
Onn(r) is similar to theg,,(r) for an isolated hole wire at the
samer's‘, so gpn(r) is not greatly affected by the adjacent
electron wire. The RPALx(r) is also insensitive to the pres-
ence of the electron wire. In the RPg\,(r) for smallr is 10 b
unphysical because it is negative. A breakdown of the RPA
usually indicates the existence of strong correlations. s

The correlation function between the wirggp(r) is 15, p 5 3
shown in Fig. 1c). As the wires are brought closer together (b) rk
Oen(r) for smallr increases rapidly. This indicates a strong
buildup of hole density opposite each electron and vice
versa. The oscillations ig.n(r) at largerr become more
pronounced as the wire separatibis decreased. In the RPA
Oen(r) does not show these strong effects, indicating that
without correlations the two wires are relatively weakly
coupled.

Figure 2 shows the dependence of the correlation func-
tions on the carrier densities for fixed wire separation. As the
density is decreased the correlations become stronger and tt
differences between thg;(r) in the present calculation and
the RPAg;;(r) become larger. Becaus§>r§ the correla-
tions in the hole wire are stronger than those in the electron
wire. For the lowest density showrf=4, theg(r) devel-
ops a large peak at small This peak may reflect a tendency
toward the formation of exciton’$. There is a concurrent dip

9..(r

05

I

in go(r) centered aboutke=1, whereke is the Fermi mo-  ©
mentum. Atr§=4 not only the RPAg,,(r) but also the RPA FIG. 2. (a) Pair correlation function for electron wigg,(r) for
dedr) goes badly negative at small wire separatiord/ag=3.1. Labels denote electron density param-

The local field factors are plotted in Fig. 3 as a function ofeterrs. Solid lines: present calculation. Dash-dotted lines: RBA.
wire separatiord for carrier densityré=2. The local field ~9nn(r) for the same parameters and labels agajn(c) ger(r) for

for the electron wireG,(q) is sensitive tod for q/ke>2 e same parameters and labels aajn

while the local field for the hole wiré(q) is almost in-  fynction g,(r) to drop below unity at intermediate [see
dependent ofl. For g/ke=3 Gey(q) is negative. This re-  Fig. 1(c)].

flects the buildup of hole density opposite an electron. For G;;(q) goes to zero at smatj with a very steep gradient,
a/ke<<3 Gen(q) is positive and this causes the correlationvanishing only as lg [see Eq(4)]. The reason is associated
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FIG. 3. (a) Local field for electron wirés,(q). Electron density
is re=2. Labels denote wire separatiatk: . (b) Gy,(q) for the
same parameters and labels agan (c) G¢(q) for the same pa-
rameters and labels as (a).

B. Plasmons

The collective modes in single quantum wires have been
studied experimentally using spectroscopic methods by Goni
etal. and Hansenet all”!® The carrier densities in the
samples studied were relatively high so that correlations
would not be expected to be important.

For electron-hole coupled wires the two collective modes
are theacousticmode, where the density oscillations in the
two wires are in-phase, and theptic mode in which the
oscillations have opposite phases. The in-phase mode is the
more energetic. The collective mode properties are deter-
mined by the denominator of the diagonalized matrix ele-
mentsy (9, ) [Eq. (6)],

D(q,0)=[1-Ved @) xV(q,0) [ 1= Vin(q) x{ (0, )]

—V2(x2(q,0)x0(q,0). @)

The zeros of the real part @(q,w) give the dispersion of
the modes. Their damping is related to the imaginary part of
D(q,w) by*®

B Im D(q,w)
- (dldw)ReD(q,w) "

Aw(q) ®

In the smallg limit the solutions are

329%rfinga
0§=———7——| 1~ Ged8) + Sn[ 1~ Gpr(0)]

* {{1_ Gee(q) - 5m[1_ Gee(q)]}z

+(2 IngaZ+d?\?

In qa 5m[1_Geh(q)]2

112
] . 9

where ,,=m}/m}, and the=x sign corresponds to the optic
and acoustic branch, respectively. Equati®nreduces to

8g+rdnga

Wopt= - {1-Ged )+ 5mA(d)}l/2,
8gyrcnga
Wacou™ mT{l_th(q)_A(d)}l/Zv (10
_[Ingya?+d?]? [1—Gen(a)]?
A= nga | T-God @)= 81— G @]

The optic mode depends strongly on the correlations
within the electron wire but not the hole wire and is insen-
sitive to the wire separatiod. The smallg gradient of the
optic mode dispersion curve diverges and always exceeds the
initial gradient of the upper boundary of the single-electron
excitation region which is B- . Thus the optic mode always
lies above the single-electron excitation region in energy.

The acoustic mode depends on the correlations in the hole

with the weakly singular nature in one dimension of the Cou-wire but not the electron wire, and it is sensitivedoThe
lomb potential at smal§. This behavior is in contrast with smallq gradient of the acoustic mode is finite and the issue

two and three dimensions whef&(q) vanishes agj and
g2, respectively.

of whether its gradient exceed&gor not is determined by
d. For larged the acoustic mode at smail lies above the
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upper boundary of the single electron excitation region. For
smalld the mode has crossed over and lies in the undamped
region below the lower boundary of the single electron exci-
tation region. In the RPA the wire spacimgfor the cross-
over point where the acoustic plasmon gradient equals the
gradient of the upper boundary of the single electron excita-
tion region is given by the analytic expression

772 1_52 1/2
exp{ Tl-1] .

168 O

This decreases with increasing.

In Fig. 4(a) the dispersion of the two collective modes are
shown for carrier densityré=2 and wire separation
dzo.&gl. The initial gradient of the optic mode is well
separated from the single-electron excitation region. The op-
tic mode in the RPA does not merge with the single-electron
excitation region, but approaches it asymptotically in the
largeq limit. Correlations reduce the gradient of the curve so
that it does intersect with the single-electron excitation re-
gion. For largerg the optic mode approaches the collective
mode of a single wire of electrons = 2. The optic mode
is not very sensitive to the wire separatidnFor d=4kz*
the optic mode is indistinguishable from the single-wire
mode.

The energy of the acoustic mode is also suppressed by
correlations. The acoustic mode in Figapgstarts in the un-
damped finiteg region below the lower boundary of the
single-electron excitations and merges with this boundary at
g/ke=1.3. In the single-electron excitation region the acous-
tic plasmon widthA w is much smaller than its frequency so
the mode is a narrow resonance. This point is discussed be-
low. For gq/kg=2.5 the acoustic mode resonance merges
with the curve for a single isolated wire of=14 holes.
This occurs while it is still inside the single-electron excita-
tion region. As was the case with the optic mode, for
d=4k:* the acoustic mode is indistinguishable from the
single wire mode for allj>>0. The acoustic mode remains
well separated from the RPA acoustic mode at smallhis
is because in the limit ag approaches zerG(q) goes to
zero with a steep gradient. Thus in one dimension the effects
of correlations on the plasmon dispersion remain significant
even at small but finite.

We compared the spectral strengths of the collective
modes and the single-particle excitations. In the RPA for
small q the collective modes saturate the spectral strength.
However, we find that correlations reduce the spectral
strength of the plasmons and that the contribution to the
spectral strength from single-particle excitations takes up the
difference. This is similar to the effect we found in a single
wire

Figure 4b) shows the dispersion of the acoustic mode for
re=4 for a range of wire separatiorss For dzk;l the

d=a

(11)

5

0
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initial gra.dle.nt of the acougtlc mode curve IS greater t.han FIG. 4. (a) Optic and acoustic collective mode dispersion curves
2kg and _'tl lies above the single-electron excitation region. i jineg for ré=2 and wire separatiod=0.6- . Solid lines:

For d<<kg " it starts in the undamped finig-region below  present calculation. Upper dashed line: single-electron wire. Lower
the single-electron excitations. At all wire separations, fordashed line: single-hole wire. Dash-dotted lines: RPPae thick
1=g/kg=2 the modes are almost dispersionless, particusolid lines denote the boundaries of the single-electron excitation
larly for larger d. For q/kg>2.6 the acoustic mode reso- region; the thick dashed lines are the boundaries for the hole exci-
nance reemerges into the undamped region on the dnigh-tations) (b) Acoustic mode for$=4. Labels denote wire separa-
side of the single-electron excitation region. Aroundtion dkg. Upper panel: dispersion curves. Lower panel: Resonance
g/ke=4 it becomes degenerate with the boundary of thewidths Aw/w inside the single-electron excitation region.
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single-hole excitation region, and fark->4 the damping
is very strong and the mode ceases to exist.

Figure 4b) also shows the relative widthSw/w of the
acoustic modes. In the regions outside the single-electron
excitations the modes are undamped. Inside the single-
electron excitation region the width of the acoustic mode
resonance is narrow, that i8,w/w<<1. This is because the
acoustic mode at finitg primarily involves density oscilla-
tions in the hole wiré®

Ve (a)

C. Two-body effective interaction

In this section we investigate the possibility that, because
the electrons and holes have different effective masses, the
retarded screening by the holes of the electron-electron inter-

action can lead to an attractive effective interaction between
the electrons" analogous to the Efich interaction in metals. (a)
We want to construct an effective interaction between two

electrons within a medium that includes the holes in the ad-
jacent wire. For a two-component medium of electrons and
holes the effective interaction between a test electron embed:

ded in the medium and another electron is given by

Vedd)

Viiel(d, @) = o)

=Ved @)+ j;e Veil@xij(A,0)Vie().

12

However Eq.(12) does not take into account exchange
or correlation effects between the test electron and the me-
dium. To do this we define the dynamic effective interaction ) 0 1 2 3 4 5 6 7

as?

Veri(@,0)=Ved @)+ ;e i Vei(@) xij (0, 0)Vje(q)

=Ucdq,w) +Uend g, ), (13
where

x2(q,)

Iy ) ’
1-Ved)xe (9, 0) (14)

Uedd,w)=Ved Q) +v(29e(q)

2

Verl ) Xhn(Q, ).

1-Ved ) x2(q,0)

Uendq,0) =

V.. (@)

0.1 l : :
ak,

FIG. 5. (a) Comparison of the effective electron-electron inter-
action mediated by the holeg.«(q,o»=0) (solid line) obtained
from Eg. (13), andV (g, 0=0) (dashed ling obtained from Eq.
(12). Also shown is the electron-electron interaction within the RPA
(dash-dotted ling Electron density parameter i£=2.5. Wire
separation iddk-=0.4. (b) Dependence of the effective electron-
electron interaction mediated by the hol¥54(q,0=0) (solid
lines) on the wire separatiodkg as labeled. Dash-dotted line is the
RPA result.

other, the magnitude of the electron-electron interaction me-
diated by the holesU.,{q,w), increases rapidly with de-
creasing d. There is a particularly strong buildup of

In the RPA thevij(q) are replaced by the bare Coulomb U.,dq,w) aroundg/kg=3. This makesV(q,w) strongly

interactionsV;;(q) so thatVeq(q, ) =Vie(d, ).

On the other hand, when correlations are strapg q, )
andVe(q,w) are quite different, as is shown in Fig(ah
The effective interactions are insensitiveddor small o so
we have setw=0. Vy4(q,w) is strongly attractive for
g/ke=3 while V4(q,w) is repulsive at smallj. In Fig. 5a)
Vei#(Q,w) goes negative whegyke= 3. The RPA interaction
between electrons is repulsive for @l For q/kg<3 it is
smaller thanV (g, w).

Figure 8b) shows the dependence ¥i«(q,w) on the

dependent ord and for sufficiently smalld we see that
Vei(Q,w) is attractive forq/ke=3.5. The structure of Eq.
(13) is similar to the effective electron-phonon interaction in
a conventional BCS superconductor, and the attractive effec-
tive interaction raises the interesting possibility of supercon-
ducting pairing. This is discussed elsewhé&te.

In contrast toVen(d,w), the Vyie(d,w) is attractive for
a/ke=3 for all values ofd. This is due to the fact that
without the correlations between the test electron and the
medium, the attractive interaction between the test electron

separation between the wirdsBecause of the buildup in the and the medium dominates over the direct interaction of the
electron-hole correlations when the two wires approach eactest electron with the other electron.
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FIG. 7. Phase boundary for charge-density-wave ground state
for wire separatiordk: and carrier densitys.

2 3 4 ] divergence iny.(q)=x.(gq,0=0) [see Eq.(6)]. Figure
6(a) shows the static response functign(q) atr¢=2 for a
range of wire separations. Whend approaches 0.5&3 1
there is a divergence ig, (q) at g/ke=2. The divergence
indicates that the electron and hole liquids are unstable to
infinitesimal periodic perturbations of the density with wave
numberg/kg=2, that is to a charge-density-wave ground
state. For 0.&r<2.5 the divergence iy, (q) remains at

X

/ a/kg=2.

For g/kg=2 the free-particle static susceptibility
x9(q) diverge® so thaty. (q) is independent of(%(q).
0 \ . In this case the condition fox,(q) to diverge at X re-
o) ok, duces to

FIG. 6. (2 Static response functiog(q) at ré=2 for wire [Vee(q) q=2Ke . (15)

2 [1-Ge@P
separationglk- as labeled. Asik- approaches 0.58%.(q) di- Ver(@)| [1—Ged @) I[1—Gpp(a)]’
verges at/ke=2. (b) x+(q) atri=3 andr{=4 as labeled. The . _ .
wire separation isi/aj=2.8. There is no divergence. Note the peak FOr rs>2.5 the peak iny. (q) does not diverge even when
aroundg/kg=3. d is small. Figure @) shows that asg increases there is a
peak that moves away fromy k=2 and towardsy/ke=4.
IV. CHARGE-DENSITY WAVES This effect may be a precursor to the formation of a Wigner
27
The possibility of a charge-density-wave instability in a ¢yStal’ _ _ .
single quantum wire was investigated by Das Sarma and '" the RPA the right-hand side of EGL) is unity and
Lai,24 who found a strong peak ig(q) at q= 2k for tem- there will always be an instability whett=0. Thus in the
peraturesk T<0.1E; and collisional broadening<0.1E., ~ RPA the coupled electron-hole wire always has k& 2
whereE; is the Fermi energy. The charge-density-wave in_charge—densny—wave instability when the two wires are over-
stability for two coupled electron wires was investigated by/@PPing. _ _
Gold! using the Hubbard approximation for the local field. The transition to the cha_rge-densny-wave ground state Is
Gold identified a charge-density-wave instability in the long-controlled by the competition between the correlations
wavelength limit. The charge-density-wave instability in a Within each wire and the correlations betwe_en.the wires. Fig-
double quantum wire was recently calculated by Wang and'® 7 shows the boundary between the liquid and charge-
Ruder?® using a STLS local field for correlations within each density-wave grou_ndestates as a function of wire separation
wire but neglecting the correlations between the wires. Withd and carrier densitys. Whend is large the attractive cor-
out the electron-hole correlations the wire spacing at whicfelations between the wires are too weak for a charge-
the instability occurs will be overestimated. Basing their ar-density-wave state to be stable. Fg=0.8 the degeneracy
gument on a total energy calculation in Ref. 3 Wang andenergy is too large for the transition to occur at ahyAs
Ruden found when the wire separation is small that there is & increases above 0.8 it becomes easier to form the charge-
charge-density-wave instability at low carrier densities. density wave and the transition occurs at larger values of
In our approach we include the STLS local fields not onlyd. However, repulsive correlations within the wires increase
within each wire but also between the wires. We search for avith rg. Forr$>1.7 these correlations make it more difficult
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to form charge-density waves, which require the carriers tderence by significantly contributing to the total spectral
group. Thus for$>1.7 the transition occurs at decreasing strength.

d. When this effect becomes dominantt§# 2.5 there is no The asymmetry of the system allows the acoustic plasmon

stable charge-density-wave ground state atdny to survive as a sharp resonance peak after it enters the single-
electron excitation region. The acoustic plasmon can appear

on the undamped higg-side of the single-electron excita-

V. CONCLUSIONS tion region.

Coupled electron-hole wires differ in several important The retarded effective electron-electron interaction can

respects from coupled electron-electron wires. The differenP€come attractive for intermediate momentum transfers. This
effective masses make the system asymmetric. The attractifdf€ct is possible because of the strong buildup of correla-
interaction between the electrons and holes leads to mudiPS between the electrons and the heavier holes. It raises
stronger correlations between the wires and these correlélhe poss@hty of bound pairs of e_Iectrqns f°.”.“'”9 in the
tions can in turn affect the correlations between carriers inelectron WIre. We also found there is an instability towards a
the same wire. Both the static and dynamic properties of thgharge densﬂy-wave_ground gtate of wave num_ﬂk;:=2
wire with the smaller  are strongly affected by the presence fOr the range of densities Os& ;=2.5 when the wires reach
of a second wire, while the largeg wire’s properties are not 2 cfitical separation.
sensitive to the second wire.

We find forr =2 that correlations are very important and
that RPA breaks down at small The correlations depress  This work was supported by an Australian Research
the energy of the collective modes of the system. The correCouncil Grant. We thank G. La Rocca, M. Tosi, and J. Voit
lations are found to reduce the spectral strength of the colfor useful discussions. D.N. thanks F. Bassani for the hospi-
lective modes. The single-particle excitations take up the diftality and facilities of the Scuola Normale Superiore.
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