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Tunneling-assisted acoustic-plasmonrquasiparticle excitation resonances
in coupled quasi-one-dimensional electron gases
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We show that a weak nonresonant tunneling between two quantum wires leads to splitting of the acoustic
plasmon mode at finite wave vector. Two gaps open up in the dipersion of the acoustic plasmon mode when
its frequency is close to the frequencies of the quasiparticle excitations. In contrast to the Laudau damping of
the collective excitations, these gaps are attributed to tunneling-assisted acoustic plasmon—quasiparticle exci-
tation resonances. We predict that such a resonance can be observed in inelastic light scattering spectrum.

The plasmons of coupled low-dimensional electron gagaken to be of square well type of heigWif and widthsw,
systems provide a valuable platform to study the electroni@and W, representing the first and the second wire, respec-
many-body effects. In coupled double one-dimensi¢hBl) tively. The potential barrier between the two wires is of
electron quantum wires, similarly to coupled two- width W,. The subband energiés, and the wave functions
dimensional electron systerhsiptical and acoustic plasmon &,(y) are obtained from the numerical solution of the one-
mode$~* were found. They were interpreted, respectively, agjimensional Schidinger equation in thg direction. We re-
in—phgsg and out-of—phase osciIIat_ions of the electron charggict ourselves to the case whene=1,2 and definew,
density in the two wires. Theoretical studie¥ have been —E,—E, as being the gap between the two subbands. The

done on the plasmon dispersions, electron-electron Co”e'?ﬁterpretation of the index depends on tunneling between

tion, far-infrared absorption, Coulomb drag, and tunnelingthe two wires. When there is no tunnelinjs wire index

effects in these systems. Correlation induced instabiliof On the opbosite. when the wires are ir??esonant wrnelin

the collective modes were predicted in coupled low-density 1€ opp ' . 9
ondition,n is subband index.

guantum wires. Experimentally, far-infrared spectroscop . . .
and Raman scattering were used to detect the collective The dispersions of the plasmon modes are obtained by the

excitations2!! Very recently, it was shown that a weak reso- poles of the density-density correlation functi_on, or equivg—
nant tunneling in the coupled two 1D electron gases leads t§gNtly by the zeros of the determinant of the dielectric matrix
a plasmon gap in the acoustic mode at zero wave véctor. dele(w,q)[=0 within the random-phase approximation

In this paper, we report a theoretical study of the effectdRPA). The RPA has been proved a successful approxima-
of weak tunneling on the collective excitations in coupledtion in studying the collective charge excitations of Q1D
quasi-1D electron gases. Tunneling between quantum wireglectron gas by virtue of the vanishing of all vertex correc-
can modify the collective behavior of the electron systems irtions to the 1D irreducible polarizabilityFigure 1 shows the
several aspects. Interwire charge transfer and intersubbamdasmon dispersions of the coupled GaAg/8a /As (Vy
scattering become possible through the tunneling. As a con=228 meV) quantum wires iita) resonant tunneling and
sequence, new plasmon modes and coupling between diffeth) nonresonant tunneling. The numerical results, with tun-
ent modes appear. On the other hand, intersubband interareling effects, of the in-phageptica) », and out-of-phase
tion leads to intersubband quasiparticle excitations. Weacousti¢ - modes are presented by the thin-solid and
expect the tunneling will mainly affect the acoustic plasmonthick-solid curves, respectively. For a comparison, the in-
mode because its polarization field is localized in the spacphase(out-of-phasg plasmon modes without tunneling are
between the two wires where the tunneling occurs. Our nuplotted in the thin-dashe@hick-dashegicurves. In Fig. 1a),
merical results of paramount importance show that a weakve observe that, in resonant tunneling, the out-of-phase
nonresonant tunneling between the wires produces two gapsode losses its acoustic characteristic at sipadiplaced by
in the acoustic plasmon mode at finite wave vecforhese two intersubband modes. In Fig(hl, for the two wires out
gaps are attributed to thdunneling-assisted acoustic of resonant tunneling, we find that 99.4% of the electrons in
plasmonr-quasiparticle excitation resonancel$ means that, the lowest(second subband are localized in the widpar-
in contrast to the Landau damping of plasmon modes, a res@ew) quantum wire. In other words, each quantum wire of
nant scattering occurs between the collective plasmon excthe 1D electron gas only has a small edge in the other. How-
tation and thentersubband quasiparticle excitatidghrough  ever, such an edge affects significantly the acoustic plasmon
tunneling. Such a resonance leads to splitting of the acoustimode. Two gaps open up around the intersubband quasipar-
plasmon mode around the quasiparticle excitation regiotticle excitation region.
and, consequently, a double-peak structure in the corre- The dynamical dielectric function is given by
sponding inelastic light-scattering spectrum. €nn' . mm (©,9) = nmén'm' = Van/ mm (D I/ (9, @), where

We consider a two-dimensional system in the plane &, is the Kroneckerd function, Vi, nn(Q) the bare
subjected to an additional confinement in thelirection, electron-electron Coulomb interaction potential, and
which forms two quantum wires parallel to each other in thell,,, (»,q) the 1D polarizability®!? Within the RPA,
x direction. The confinement potential in tiyedirection is I, (w,q) is taken as the non-interacting irreducible polar-
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two symmetric quantum wires in resonant tunnelixig,and

Vy vanish and, consequently, the second term in (Ejpis

zero. So, the plasmon modes are determined by equations
F,=0 andF,=0. The latter carries the information of tun-
neling effects resulting in two out-of-phagatersubbang
modes as shown in Fig.(d). To reveal the relative impor-
tance of the different plasmon modes, we performed a nu-
merical calculation of the oscillator strength defined by
m{|d(dete])/dw|,-,_ } 1. It was found that the higher fre-

quency out-of-phase plasmon mode is of finite oscillator
strength atg=0. But the lower one has a very small oscil-
lator strength and is unimportatft.

When the two wires are out of resonant tunneling, the
out-of-phase plasmon mode changes dramatically at sgnall
as shown in Fig. (). It restores the acoustic behaviorat
—0 but develops two gaps at finitg The splitting of the
acoustic plasmon mode occurs when its frequency is close to
2 > the frequencies of thmtersubbandquasiparticle excitations

0.0 01 02 03 QPE;. In this case, the small overlap between the wave
q [10°cm™] functions of the two subbands leads ¥%,Vg, and V¢
>Vp,V; andVy. It means that thé=; in Eq. (1) is now

FIG. 1. Plasmon dispersions in two coupled GaAghSla,-As  responsible for the main features of both the optical and
(V,=228 meV) quantum wires separated by a barrier of widthacoustic plasmon modes. A numerical test indicates that the
W,=70 A of (8 W;=W,=150 A and(b) W;=150 A andW,  roots of the equatioff;=0 can almost recover the optical
=145 A. The total electron densitiN.=10° cm™*. The solid  and acoustic plasmon dispersions of which tunneling is not
(dash curves present the plasmon dispersions witithout) tun-  considered. Whereas, the p& relating to possible inter-
neling. The thin and thick curves indicate the in-phasg Y and  gypband plasmon becomes less important. We also notice
out-of-phase ¢ ) plasmon mo.de§, respgctively. The shadow aredhatVy, does not appear in the coupling term in Eg). So,
presents the quasiparticle excitation regions QPE the potentials/; andV,, are responsible for the splitting of
N . . .. the acoustic plasmon mode. These interactions represent the
'Zab'“ty function for a clean syst.em free from any IMPUMY gjactron-electron scattering during which only one of them
scatte_rlr,wg. In thespreser_lce of impurity scattering, we US@xperiences intersubband transition. When the momentum
Mermin’s formuld® including the effect of level broadening and energy transfer between the two electrons occur in the

tr|1rough a} phen(_)menolc_)gmal damping consgant Tge region QPE,, only this electron creates an intersubband
electron-electron interaction potentidhy, mm (4) describes — g1o04ron"hole pair. From this point of view, the momentum

1 1 '14 I - . . -
two-particle scattering eventél* There are different scatter and energy conservation in the scattering leads to such a

NG Processes in the _coupled quantum wirés: Intrawire transition getting rid of the Landau damping. In other words,
(intrasubbanil interactions Vi1,1(d) =Va.V22240) =Ve:  the intra-intersubband scatterivg andVy, produce a reso-
and V13 54d) = V22,1{(0) = V¢ representing the scattering in ance petween the collective excitation and the quasiparticle
W.h'Ch the el_ectron_s keep in thelr_ongmal_ wiresubbands excitation. From another point of view, the scatterihgand

(i) Interwire (intersubbani _ interactions \/.12’12(Q) Vy result in a net charge transfer between the wires. Thus,
=V212{0) =V12210) =V211{Q) =Vp representing the a0y nroguce a local electric field between the two wires and
scattering in which both electrons change their wisab- gt the polarization field of the acoustic plasmon mode.

k?a“d indices; and(iii) Intra-interwire (subbangl interac- The energy gaps in the acoustic plasmon mode are dependent
tions Vi3149) =Vi112(d) =V12140) =V211{9)=V; and

V22140) = V22,2/0) = V1224d) = V21 2{q) =Vy  indicating 08 : ; . .
the scattering in which only one of the electrons suffers the )

interwire (intersubbangtransition. Notice that, when there is
no tunnelingVp=Vy=V;=0. Clearly, they are responsible
for tunneling effects on the collective excitations.

When the tunneling is considered, the plasmon disper-
sions of two coupled quantum wires are determined by the
equation,
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5 FIG. 2. The normalized gap energies as a function of the total
where F1=(1-Vall;11)(1-Vglly) —VelIlidly, and Fo o glectron density in the coupled GaAsiABa, As quantum wires of
=1-Vp(IIp+1I3). This equation consists of two terms: (g w,=150 A, W,=145 A, andw,=70 A (solid circles with
F1F, and the rest. We know that tunneling introduces thew,=0.94 meV); and(b) W;=150 A, W,=140 A, and W,
Coulomb scattering potenti&ly ,V;, andV, . However, for =50 A (solid squares withw,=2.01 meV).
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g ’ ' ' ) FIG. 4. Inelastic Coulomb scattering raig(k) in the narrower
5 one (h=2) of the coupled quantum wires corresponding to Fig.

1(b). The solid and dashed curves present the results with and with-
out tunneling, respectively.

Besides, there are two split peaks due to the acoustic plas-
mons. With increasing, the spectral weight transfers from
the lower to the higher frequency one.

Finally, we show the effects of the weak nonresonant tun-

05 10 15 2j0 2j5 3j0 35 neling on the inelastic Coulomb scattering ratg(k) of an
o [meV] mected electron in t.he wira with momgntun‘k. The |_nelas_-
tic Coulomb scattering rate was obtained by the imaginary

FIG. 3. Raman scattering spectra in the coupled quantum wirepart of the electron self-energy within the GW
with Wy=150 A, W,=145 A, andW,=70 A at differentq: (8  approximatiort**®In Fig. 4, we ploto,(k) of an electron in
from 2 to 5x10* cm ! with equivalent differenceAq=0.25  the narrower quantum wiren=2) of the coupled wire sys-
x10* cm™*, and(b) from 0.4 to 1.4<10° cm ' with Ag=0.05  tem corresponding to Fig.(). When the tunneling is not
X10° cm . No=10° cm* and y=0.05 meV. The intensity in included, the lower and higher scattering peaks are resulted
(a) is enlarged 4 times as compared(p. The different curves are  from the emission of the acoustic and optical plasmons, re-
offset for clarity. spectively. The weak tunneling influences kslependent

. . _behavior and leads to a splitting of the lower scattering peak
on the electron density and tunneling strength. We can defing, o,(K), corresponding to the splitting of the acoustic plas-
the gap as the frequency difference between the lower anﬁ‘mn mode.

upper branch of the split mode at tigewhere the unper- In summary, we have studied the effects of weak tunnel-

turbed acoustic plasmon frequency is in the center of g, on the collective excitations in two coupled quantum
qua5|part|_cle excitation region. In Fig. 2, we shqw thg eleCyyires. We show that a weak nonresonant tunneling between
tron density dependence of the two gaps normalizeddbn e wires leads to the splitting of the acoustic plasmon mode.
different structures. The energies of the two gaps decreasgq gaps open up in the dispersion of the acoustic plasmon
with increasing the total electron density. One also sees that,ode. In contrast to the Landau-damping mechanism of the
for smaller barrier width, the plasmon gaps become larger. co|iective excitations, our result gives an evidence that the
The plasmon modes in the coupled quantum wires can bgsganant coupling between the collective excitations and the
observed in the Raman spectroscopy. The intensity of thg asinarticle excitations occurs in coupled quantum wires
Raman scattering is proportional to the imaginary part of thgy,gh tunneling. Furthermore, we predict that such a reso-
screened density-density correlation function with a weightyance can be observed in the inelastic light-scattering spec-
reflecting the coupling between the light and different plasy,y pesides the optical plasmon scattering, a double peak
mon modes?*®Figure 3 shows the calculated Raman speccyyre appears around the quasiparticle excitation regime
tra due to the plasmon scattering of the corresponding modeg,e 1o the split acoustic plasmon modes. The splitting of the
in Fig. 1(b) around(@) the lower and(b) the higher energy  5:qystic plasmon mode also influences other electronic prop-

gap. In the calculation, we took the damping constant gries of the system, for instance, the Coulomb inelastic-
=0.05 meV corresponding to a sample with electron mOb'l'scattering rate.

ity in order of 5 10° cn?/Vs. We see a strong Raman scat-
tering peak at high frequencies due to the optical plasmons. This work was supported by FAPESP and CNPq, Brazil.
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