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Intrasubband and intersubband electron relaxation in semiconductor quantum wire structures
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We calculate the intersubband and intrasubband many-body inelastic Coulomb scattering rates due to
electron-electron interaction in two-subband semiconductor quantum wire structures. We analyze our relax-
ation rates in terms of contributions from inter- and intrasubband charge-density excitations separately. We
show that the intersubbariohtrasubbangicharge-density excitations are primarily responsible for intersubband
(intrasubbanginelastic scattering. We identify the contributions to the inelastic-scattering rate coming from
the emission of the single-particle and the collective excitations individually. We obtain the lifetime of hot
electrons injected in each subband as a function of the total charge density in the wire.
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I. INTRODUCTION theory to be the polaronic band masscluding the
electron—LO-phonon interactipand the background dielec-
Semiconductor quantum wire structures, based mostly otric constant to be the static low-frequency lattice dielectric
GaAs-AlGa _,As systems, have been studied intensivelyconstant(rather than the dynamic high-frequency dielectric
for the last ten years as systems of potential technologicalonstant We restrict ourselves to Coulomb scattering be-
interest(e.g., quantum wire lasersand also because of their cause the fastest relaxation time scales are controlled by the
fundamental significance as examples of quasi-oneinterelectron Coulomb interaction.
dimensional(Q1D) electron liquids. Among the important We mention that semiconductor quantum wires in the
research milestones in semiconductor quantum wires are thetrict one-dimensional limit with only one occupied subband
observatioh of one-dimensional plasmons via inelastic light are extremely difficult to fabricate. Thus the typical experi-
scattering spectroscopy and the verification of the predictechental quantum wires would have a few occupied subbands,
acoustic linear plasma dispersion relafiamone dimension, and scattering between these subbands effectively destroys
the observation of pronounced one-dimensional Fermi edggheir strict one-dimensionality. The work presented in this
singularities in optical spectfathe quantum wire excitonic article takes a first step toward developing a full many-body
laser operatichand its theoretical understandingVith im-  theory for quantum wires with many occupied subbands by
proving materials growth and nanostructure fabrication techeonsidering carefully the situation with two occupied sub-
niques one expects a wide range of one-dimensional experands and by analyzing the resultant relaxation rates in terms
mental phenomena and projected applications irof intrasubband(one-dimensionaland intersubbandnon-
semiconductor quantum wire systems. Many of the projectedne-dimensional scattering contributions. In addition, we
applications such as ballistic electron transistors, quanturnalculate single-particle and collective mode contributions to
wire—based infrared photodetectors and lasers, and quantutime relaxation rates separately. Our calculations can be di-
wire THZ oscillators and modulators will utilize fast carriers rectly compared with experimentally measured linewidths
(injected or exciteflin doped quantum wires as the active (e.g., the spectral width in tunneling measurenfeotsn the
device element. Effective control and manipulation of thesemtosecond spectroscdpyor band broadenings and with
fast electrons in doped quantum wire systems are therefonaarious relaxation rates entering device modeling consider-
essential in projected quantum wire optoelectronic applicaations.
tions. One of the most crucial physical processes that will Intra- and intersubband relaxation of electrons in Q1D
limit the quantum wire optoelectronic applications is the re-doped semiconductor quantum wires are determined by their
laxation of these fast electrons. The main ultrafast mechainelastic lifetime, which is inversely proportional to the in-
nism controlling the relaxation process is the electron-elastic Coulomb scattering rate. Due to the Coulomb interac-
electron interaction, which is also a many-body process ofion, electrons in the quantum wires may be scattered, and as
fundamental importance in electronic systems. In this papei result collective(*plasmons”) and single-patrticle excita-
we develop a many-body theory for the electron-electrortions are emitted. Such lifetime calculations have earlier
interaction—induced ultrafast relaxation in semiconductobeen carried out in 2D electrons systétigand have been
guantum wires with more than one quantized subband occlunterpreted in terms of plasmon emission processes. In con-
pied. We consider only the ultrafast electron-electrontrast to 2D electron gases, a gap shows up in the intersub-
interaction—induced relaxation in this article, neglecting theband single-particle excitation continuum in Q1D quantum
weaker electron-phonon Hilich coupling. The electron- wires with two occupied subband2®-*? Furthermore, an
phonon coupling may be considered to be approximately inextra intersubband plasmon mode appears within such a gap.
cluded in our theory by taking the effective mass entering thét was also shown previously that for a two-subband quan-
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tum wire!® the intersubband inelastic-scattering rates due tdand energieg, and the wave functions,(y) are obtained
plasmon modes and single-particle excitations do not exist ifrom the numerical solution of the one-dimensional Sehro
the intersubband coupling is neglected. But the intrasubbandinger equation in thg direction (the value of the electron
inelastic-scattering rates were found to consist of three coreffective mass throughout this paperns =0.07m,). We
tributions: that coming from the emission of plasmon modesestrict ourselves to the case where-1,2 and definew,
in the (i) first and(ii) second subband, and the emission of a=E,—E; as being the intersubband energy gap between the
(iii) single-particle excitation in the second subband. So fatwo subbands. For a symmetric confinement potential, the
in the literature the intersubband coupling in quantum wiregwo lowest wave functionsp,(y) and ¢,(y) are the usual
has been considered irrelevant for electron relaxation in theymmetric and antisymmetric levels, respectively. We con-
conduction band. However, as the second subband becomsisler throughout this paper the confinement potential being
occupied, electrons in different subbands may interacbf barrier heightv,=100 meV and well widthW=500 A,
strongly with each other, and as a consequence, intersubbanghich leads tow,=5.37 meV. Then, the second subband
coupling should in general be taken into account. In thispecomes populated at 1D electron densily,=6.3
paper we calculate the intra- and intersubband inelasticx 10° cm™!. As mentioned in the Introduction, we neglect
scattering rates of electrons in a two-subband quantum wirgelastic scattering due to emission of phonons. Such a pro-
with a small energy separation between the two subbandgedure is reasonable since the emission of an LO phonon, for
We neglect the higher-lying subbands to reduce computaexample, in GaAs, requires the electron energy to be at least
tional complications. A generalization of our theory to many#w, o=36 meV, which is much larger than the characteris-
subbands is, in principle, possible. Currently there are ngic intersubband energyw, of our quantum wire. We will
direct experimental observations of intersubband lifetimes inestrict ourselves to situations where phonon emission pro-
multisubband quantum wires, but our calculations should bgesses are not important. We take: 1 throughout this pa-
relevant to a large number of projected applications. per unless stated otherwise. Effects of electron-phonon cou-
We develop our theory for the inelastic Coulomb scatterpling on Q1D systems in whicly=w o were studied in
ing, treating the dynamical screening of the Q1D electronref. 16.
system within the framework of the random-phase approxi- As we mentioned in the Introduction, intra- and intersub-
mation (RPA). The RPA has been shown to be an excellentyand relaxation of fast electrons in two-subband quantum
approximation in studying charge-density excitations in Q1Dwjre structures can be studied in determining their inelastic
highly doped semiconductors by virtue of the approximateCoulomb scattering rate,, (k), wheren,n’=1,2. Due to
vanishing of all vertex corrections to the one-dimensionakhe Coulomb interaction, these electrons, initially in a sub-
ireducible polarizability>'* Vertex corrections should be pandn with momentumk, can be scattered to a subbamd
taken into account in calculating many-body properties ofyith momentumk’ through emission of both plasmons and
Q1D systems in low-density regimedin addition to the 1D single-particle excitations. Within the so-call&d\ approxi-
intrasubband  plasmons, the intersubband collective anghation, Vintel” originally showed that, at zero temperature,
single-particle excitations in the Q1D system also providene inelastic Coulomb scattering rag,, (k) of electrons in
relaxation channels through which the hot electrons in thenytisubband structures can be obtained from the imaginary
conduction band relax. We show that the inelastic-scatteringart of the retarded electron self-energy, neglecting higher-
rate from the second to the first subband can only ocCUprder vertex corrections. This approximation is extensively
through the emission of an intersubband plasmon withempioyed in calculating electronic many-body effects and, in
single-particle excitations not participating at all in this in- particular, has been used in studying injected electron life-
tersubband relaxation process, whereas emission of both c@mes in semiconductor quantum wire structures in the strict
lective and single-particle excitations contributes to the inne-dimensional limitor equivalently in determining the in-
elastic scattering from the first to the second subband. trasubband inelastic scattering rate of electrons in the first
This paper is organized as follows. In Sec. Il we describeyuantized subband®!®® as well as in coupled parallel
our theoretical approach. In Sec. Ill we present our numerigyantum wire€° Within the GW approximation, the multi-
cal results for the inelastic-scattering rates in a two—subbangubband inelastic scattering ratg,, (k) of fast electrons in
quantum wire. We conclude with a summary in Sec. IV.  quasi-one-dimensional quantum wires at zero temperature is
given by

Il. MODEL AND EQUATIONS

1 S

The single electronic states in our theory are calculated by Tan (k)= EJ daIm{V (@ €nr(k+0) = €n(k))}
considering a two-dimensional system in thg plane sub-
jected to an additional confinement in thelirection, creat- X{O0(En(K) = &qr(k+a))— 0(— &n(k+Q))},
ing a GaAs/AlGa, ,As quantum wire in thex direction. (1)
The confinement potential in thedirection is taken to be of
a finite square well type of barrier heighi, and well width ~ Where 6(x) is the standard step functioN, , . (g,®) the
W. We assume the confinement potential creating the 2@lynamically screened electron-electron Coulomb potential
confinement to be sufficiently strong compared with the 1Dwith g being the 1D wave vector, andthe mode frequency,
confinement potential and assume the 2D system to be idealnd&,(k) =#2k?/2m* + E,— Ef the electron energy with re-
i.e., of zero thickness in the thir@) direction. The 1D sub- spect to the Fermi enerdy: . Here, the Fermi wave vector
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in the subband is defined aske,=V(Ef—Ej)/2m* for  nponvanishing term if the segmea{™ (q) either lies in the
Er—En>0, andkg,=0 for Er—E,<0. The screened Cou- continuum, representing single-particle excitations or inter-

lomb potential in Eq(1) is related to the multisubband di- cepts the lines, representing collective excitatigpiasmons
electric function &,,mp(d,0) and the bare electron- in the g-w plane.

electron interaction potentialV,,mm () through the

generalized RPA equatith
I1l. NUMERICAL RESULTS AND DISCUSSIONS

2 ell’nn’(qvw)vﬁImmr(q1w):Vnn’mm’(q)a 2) A. Collective and single-particle excitation modes

=12 In our quantum wires we consider a symmetric square
with m,m’=1,2. The bare electron-electron potential Well potential characterizing thg-direction confinement.
Vhn'may (9), Which is the two-particle matrix element of 1D Due to this symmetry, the two lowest wave functiafg(y)
Coulomb interaction in the,(y) basis, is calculated by us- and ¢,(y) are symmetric and antisymmetric functionsyof
ing the numerical solution of the electron wave functionrespectively. As a result, the bare electron-electron Coulomb
&n(y). The dielectric function potential Vi, mn (@) vanishes ifn+n’+m+m’ is an odd
number. Moreover,

enn'mmy (4, @) = SnmOnrmy — i (4, ©) Vi (@) (3)

is calculated within the RPA. where Vonmm (@) = Varamm (D) = Vi mm(4) = Vi nmm(Q) - (7)

On the other hand, the dispersion of the collective plasmon
I, (q )= Ef dknF(gn(k))_nF(gn’(kJ“q» (4) modes is given by the zeros of the determinant of the dielec-
™ EfK) —&En(k+g)+ o tric tensor defined by Eq3), i.e., defen/mm (0, @)|=0. By
using the symmetry properties ¥, mm(Q) in this deter-
minant, one can show that the intersubband plasmon modes
are given by the roots of

is the noninteracting irreducible polarizability function.
Here,ng(E) is the Fermi distribution function. The polariz-
ability II,,(q,0) characterizes the bare electron-hole
bubble polarization diagram and is written for the system
free of any impurity scattering. The impurity scattering ef-

fects can be introduced diagrammatically by including impu~, e reas the intrasubband plasmon modes are obtained by the
rity ladder diagrams in the electron Green'’s function. Thes

. . _ ©S%oots of
diagrams are responsible for level broadening, or equiva-

lently, for a phenomenological damping constamt
= e?/2m* . mainly induced by scattering of electrons due to8intra=[ 1= Va1l T1][ 1= Vapodl50] = Vi1, A 11101 2,=0. (9)
impurity centers, withu being the carrier mobility in the
sample. The exact expression for the polarizability within
this diagrammatic approach can be obtained by using
particle-conserving approximation for arbitrary valuesqof
and , given by Mermir?? In the limit y—0, Mermin’s
polarizability is found to be identical to Ed4) with the
frequency w?>—w(w+ivy). In this paper, we take the
impurity-scattering-induced broadening as being a very
small phenomenological damping parameter, which allow
us to work in the limity—0. We are therefore restricting
ourselves to high-mobility quantum wires with small level
broadening.

According to Eq.(1), the integral ino,, (K) is performed
only over the segment of the curve

€inter=1—V121{ 115+ 1151]=0, (8

It is apparent that the intrasubband plasmon modes do not
ouple with the intersubband modes. This is, of course, a
irect result of our symmetric confinement model.

First, we consider a high electron densitiN.& Ny
=10° cm 1) in which case both the subbands are popu-
lated. The Fermi wave vectors in the first and second sub-
bands are kg;=1.09x10° cm ! and kg,=0.47
S><106 cm !, respectively. In this case, two intrasubband
and two intersubband plasmon modes exist corresponding to
the two subbands. Figurdd shows the dispersion relations
of the two intersubband plasmon modes (1,2) and (1,2)
obtained from Eq(8). The shadowed areas indicate the in-
tersubband single-particle excitation (SREcontinua where
Im{I1,5(q,w)}#0. The intersubband SREs of a finite fre-
quency = wg) atgq=0. The occupation of the second sub-

nn’ _
i (@)= &n(kt0) = &n(k), ®  pand opens up a gap in the SREontinuum where the low-
which lies inside those regions where frequency intersubband plasmon mode (1,28ppears. We
also see a large depolarization shift of the high-frequency
0(— wp" ()~ 0(— &y (K+))#0. (6)  intersubband plasmon mode (1,2). In Figb)lwe show the

) dispersion relation of the intrasubband plasmon modes (1,1)
We only need to consider, therefore, that segment 3t (q) and (2,2) obtained from the E(R). The intrasubband single-
that lies in the region where the condition defined in B). particle excitation SPE [SPE,] continuum, where
is satisfied. The inelastic-scattering rates vanish outside the$en{I1,,(q,w)}#0 [Im{Il,5(q,w)}# 0], is also presented in
regions, which means that momentum and energy conservi#ie figure. The undamped second subband intrasubband plas-
tion cannot be simultaneously obeyed for those values ofmon mode (2,2), lying in the gap between the $Pand
(k,n,n",k+q). The inelastic-scattering rate,, (k) is a SPE, continua, has a linear energy dispersion cgs 0.
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FIG. 2. Dispersion relation of both inter- and intrasubband
FIG. 1. Dispersion relation of botfe) inter- and(b) intrasub-  charge-density excitations in the same quantum wirdNgf N,
band charge-density excitations in a quantum wire Ngi=N; =0.4x10° cm 1. The shadowed areas indicate the intersubband
=10° cm™! with wy=5.37 meV. The shadow areas indicate the and intrasubband single-particle continua. Only the lowest subband
(@) inter- and(b) intrasubband single-particle continua. Both sub- is occupied.
bands are occupied.

s _V2222(1+V1111H11)_V51221_[11
When this plasmon mode enters the $PEntinuum, it is 2020~ : (11

Landau damped because it can decay by emitting; S&& Fintra
citations in the lowest subband. The plasmon mode (1,1
representing the collective charge-density excitation in th
first subband has an energy proportionatitm(qwW)|*2 No-

}espectively. These expressions are obtained from(Eq.
f@nd demonstrate that the contributionsotg(k) and op,(k)

ice that. d h £ th he | bcome from three sources. The first one is the emission of the
tice that, due to the symmetry of the system, the Intersubg, ¢, phand single-particle excitations. We numerically

band single-particle excitatk_)ns do not da_mp the intraSUbévaluate the integral in Eq1) only in those regions where
band plasmon modes and vice versa. In Fig. 2 we show thg T,,#0 (ImTl,;#0). In Fig. 3a) the thick-solid(thick-

p]asmon dispersion I’e|atIOI;1$1 for a !ower total electroq denaasheai line shows the intrasubband inelastic-scattering rate
sity Ne=N,=0.40<10° cm"*. In this case, only the first 011(K) [o25(k)] due only to the emission of the single-
sub.band Is occupied. Th?lcorregpond|ng 1D Fermi wave VeCp'article excitations in the SBE SPE;] continuum. We take
tor is k1 =0.63x 10° cm = Obviously, the pIa_smo_n mode the impurity broadening or the phenomenological damping
(2,2) as well as th_e continuum SBEioe_s not exist since the onstanty=10"% meV corresponding to samples with very
S?CO”O‘ supband IS empty. By af.‘a'y.z'”g the collective an‘ﬁigh electron mobility. All other parameters are the same as
single-particle exmtartlon spectra in Figs. 1 and 2 and COMin the beginning of Sec. Il. Our results show that the intra-
paring them withwy" (q) defined in Eq(5) we are able to  subband inelastic scattering in one subband takes place
figure out the contributions of different scattering mecha-through the emission of a single-particle excitation in the
nisms to the total inelastic-scattering rate. other subband. In fact, we verified thaf"(q) defined in Eq.
(5) never crosses the SREcontinuum in theg-o plane for
n=1 and 2 independent of the valuelofThis is the reason
why the SPE; and SPE, continua do not contribute to
According to Eq.(1), the intrasubband inelastic scattering o,,(k) and o,,(k), respectively. We also verified that the
rateso4(k) andop,(k) are defined in terms of the imaginary curve wi'(q) is completely out of the SPE& continuum for
part of the dynamically screened Coulomb potentials k=kg, and, consequently, the contribution of the SP®
oq1(k) vanishes. On the other hand, the contribution of the

Va1 Vagd T~ Vid T SPE to oK) starts atk=kg; where the cur'veuﬁil(q)
Vi= (100 lies exactly on the lower edge of the SREontinuum, en-
Eintra tering the continuum for momentuk>kg,. Thus, the SPE
contributes too;3(k) from k=0 up to k=kg,, while the
and onset of the scatteringroo(k) via emission of a single-

B. Intrasubband scattering rate
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FIG. 3. Intrasubband inelastic-scattering rasas (solid lineg
and o5, (dashed linesdue to emission of intrasubbarid) single-
particle and(b) collective excitations. ThicKthin) lines represent
results for our quantum wire of densilyo=N; (Ne=N,).

FIG. 4. Intersubband inelastic-scattering rates (solid lineg
and o, (dashed linesdue to intersubban@) single-particle and
(b) collective excitations. Thickthin) lines represent results for a
guantum wire of densitN.=N; (N=N,). The inset in par{a)
shows theo;, due to only those single-particle excitations in the
lower energy part of the SREcontinuum. The inset in paitb)
showso 1, only due to the plasmon mode (1;2)

particle excitation inside the continuum SRBccurs at the
thresholdk=kg,. The thin-dashed line in Fig.(& indicates
the SPE; contribution to the scattering rai@,,(k) for an
electron in a quantum wire of a densily,=N,. At this  emitted when the electron has an eneggfkr1). Finally, the
density the second subband is empty and as a consequeribén-solid [thin-dashedl line shows the contribution of the
the SPE, contribution too,(k) does not exist. plasmon mode (1,1) to4(k) [o2x(k)] for Ne=N;, where
According to Egs.(10) and (11), the other two sources the second subband is empty. As expected, the contribution
contributing to o11(k) and o,,(k) are the two zeros of coming from the plasmon mode (2,2) is absent in this case.
€intra, 1-€., the emission of intrasubband plasmon modes
(1,1) and (2,2). In Fig. @) we show the intrasubband C. Intersubband scattering rates
inelastic-scattering rate,,(k) due only to the intrasubband L _
plason modesri) wih 1 and 2. These resuts are T CEfnlon i Eq(1) el ue it e ersubbanc
obtained by excluding the single-particle excitation regions ierms of the imal rqnar ;2“ of the gérleened Coulomb poten-
in the g-w plane where Ifll,,]#0 and InjII;]#0 from tial gihary p P
the numerical integration characterizing;(k) and o,4(k),
respectively. ForN.=Nj, the onset of both intrasubband v
scattering via emission of the plasmon mode (1,1) occurs at izﬂzﬂ'
the threshold<=k%122.07>< 1% cm 4, corresponding to an Einter
:?]toecgge(p 1“(;;] g;tEZfﬂ\g@SS;inGascvn\?lll al?éiefa?j) tvr:/ghetrllle Notici that, accordiEg to th2)"V3112—|:/3221 Thefreforeh the
sion of the plasmon mode (1,1) is the most important conContrl utions t004(k), as well asoy(k), come from three
tribution to the intrasubband scattering rates due to its si sources(i) the intersubband SREcontinuum; and the inter-
11 9 95ubband plasmon modés) (1,2) and(iii) (1,2)". In Fig.
nificant spectral nwerght ag=q; leading to a huge ;.o showe,,(k) due only to the SPE continuum. The
divergence ak=k;". The onset of scattering due t(2)2the Plas-thick and thin lines indicate the SPEcontributions to
mon mode (2,2) occurs at the threshdletke, (kc"™=0.8 (k) in the quantum wire of total charge densiiz=N;
x10° cm 1) for an electron in the firstsecond subband.

: . ! . and N,, respectively. As discussed before, the $P&oN-
Furthermore, the inelastic-scattering ratg(k) atk=kg1 IS tinyum splits into two parts when the second subband is

nonzero sincewy- (q) lies just on the lower edge of the populated. FoN,=Nj, the onset of scattering (k) via
SPE; contmuum where the plasmon (2,2) contributes toemission of an mtersubband single-particle excitation in the
scattering. But it no longer contributes t,,(k) for k  lower- (higher) energy part of the SRE continuum occurs
>kg, due to the Landau damping. The fact that(k) at  at k=0.50<10° cm ! (k=1.46x10° cm ). The most
k=kg, is finite means that a plasmon mode (2,2) may bemportant contribution of the lower part of the SBEs

(12
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FIG. 5. Inelastic-scattering rate, (k) of electrons in the first FIG. 6. Inelastic-scattering rate,(k) of electrons in the second
subband (=1). The density in the quantum wire lé.= N;. subband (=2). The density in the quantum wire M,=N;.

shown in the inset of Fig. (@ below the onset of the scat- —Ni- The scale in the right-hand side of Fig.(big. 6) is
tering the higher part. Far,,(k) we find no contribution of enlarged 1505) times as compared to that in the left. The

the single-particle excitations due to restriction of theSymbols indicate the contributions from the different scatter-

energy-momentum conservation defined bd§(q). There- g :cnech?hnisms: The cirfcles Istand for thg cc(agt;i)butim C?r:n_
) : ing from the emission of a plasmon mode (2,2), while the
fore, electrons cannot transfer from the higher to the Iowe_%qguares represent the contri?)ution coming from the emission
subband by emitting a single-particle excitation in the Fermiy¢ 1o plasmon mode (1,1). The fillédper triangles point-
sea. , o , ing left stand for the contribution coming from the emission
In_F|g._ 4(b), the th_|ck-sol_|d[th|ck-d_ashe§iIlne shows the o 4 intersubband plasmon mode (1[4)1,2)']. The open
contributions to the inelastic-scattering ratg k) [o21(k)]  (filled) diamonds represent the contribution coming from
coming from the intersubband plasmon modes (1,2) andingle-particle excitations inside the SRBHSPE,) con-
(1,2)". Again, the thick and thin lines correspond to the re-tinuum. Finally, open(filled) triangles pointing up in Fig. 5
sults forN.=N; andN,, respectively. Notice that the inter- represent the contribution coming from the single-particle
subband plasmon modes do not contributesta(k) for k  excitations in the lowerthighep part of the SPE con-
<k?', wherek?'=1.8x10° cm ! and 1.3 10° cm *for  tinuum. These symbols show the complexity of various intra-
electron densityN.=N; and N,, respectively. Because the and intersubband single-particle and collective mode contri-
curve wﬁl(q) for kK = kgl never intercepts the mode (1/2) butions to the scattering rate of an electron, which might be
the plasmon contribution to the,,(k) comes from the mode scattered either to unoccupied states in its original subband
(1,2). But both the intersubband plasmon modes contribut€r to those in a different subband. In contrastotgk), we
to o15(K). The onset of scattering; (k) due to the emission Seeo1(k) being finite atc=0 due to the possibility of emis-
of the plasmon mode (1,2) occurs at the threshdfd=3.1  SIon of a sm.gle-partlcle excitation within the SBEcon-
x10° cm™! (2.61x10° cm 1) for Ne=N; (N,). Indeed, tinuum. Ask increases, the plasmon mode (1,3farts to
we verified that the curvesi?(q) intercepts the plasmon contribute toa,(k) and then, as we discussed above, all
mode (1,2) fork=k? and the mode (1,2)for all values of excitations in the phase space contribute to scattering. In Fig.
k exceptk=Key. Asca matter of fact, we see the scatteringS‘ the open triangles pointing up indicate the contribution

rate o1,(k) vanishing atk=Kkg; due to restrictions of the coming from the single-particle excitations inside the lower-

momentum-energy conservation dictated by the step funcEneray part of the SHE continuum. Notice that we ne-

tions in Eq.(1). In the inset, we show the most relevant glected such a contribution in the right-hand side since it is

contribution to o,(k) coming from the plasmon mode irrelevant at that scale. When' the second ;ubpand is empty
(1,2). for Ne= N,, we should see neither the contributions coming

We summarize the results above by plotting the totalggm the ptl_asmon modes (1,2and (2,2) nor those from the
inelastic-scattering rate E» continuum.

D. Hot-electron lifetimes

‘Tn(k):nzfl , T (K) We now discuss the hot-electron lifetime
in Figs. 5 and 6, respectively, for an electron in the subband S 2 (13)
n=1 and 2 in the quantum wire of total charge density BN on(k)
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intersubband plasmon (1,2jtriangles pointing leftto r¢ ;.
Although the onset of the scattering by the plasmon mode
(1,2) is achieved at low density,, its contribution torg ; is

so small that we cannot observe it in the figure. The contri-
bution coming from SPk is also irrelevant in this situation.
As discussed before, this excitation exists as the second sub-
band is occupied but its contribution to scattering vanishes
for momentunk=kg,. Here, we are dealing with a hot elec-
tron of energyE> (fikg,)%/2m* for which relaxation via the
emission of single-particle excitations inside the $Pon-
tinuum is not allowed.

In Fig. 7(b), we see that the emission of the plasmon
mode (1,2)(filled triangles pointing left at very low densi-
ties, is the main contribution to the total lifetime , for both
values ofE. As N, increases, the hot-electron scattering via
emission of the plasmon mode (1,1), as well as the emission
of single-particle excitations inside SREcontinuum(filled
diamonds, start to contribute targ ,. For densities greater

Ty, [ps]

ot e than Ng=0.36x10° cm™* (No=0.44x10° cm™!) the on-
0.0 0.1 0.2 03 0.4 2.5 0.6 0.7 0.8 0.9 1.0 set of scattering via the emission of the plasmon mode (1,1)
N, [10°em™] [(1,2)] vanishes, so that only single-particle excitations in-

side the SPE continuum([filled diamonds are responsible
for the hot-electron relaxation in the second subband. For
E=E,, the onset of scattering via the emission of the plas-

. 71
=E+,). The thin lines indicate all sort of contribution to the total mon mode (1,2) occurs at densitidl > 10° em *. As a

lifetime. The symbols stand for the same contributions as in Figs. gesult, this mode contributes teg , for all values ofNe
and 6. shown in the figure.

At this point, we should briefly comment on the role of

of an energetic hot electron injected in a subbangith a  the phenomenological damping constanon our numerical
kinetic energyE=%2k?/2m* above the Fermi energig, results since we have useg=10"3 meV throughout this
=#2k2/2m* in the subband. It is well known that this life- PaPer- In contrast to Figs. 5 and 6, where effects yof
time (h=1) can be written as in Eq13) sinceo(K) is the (=10 *) are vanishingly small, a finit¢ has some effect in

absolute value of the imaginary part of the self-energy of arf 19+ 7 Notice that, for extremely clean systems=0), the
electron in the subband?® In Figs. 7a) and 7b) we show contributions t.o bothrg ,, coming frpm t.he plasmon mode
the lifetimesre ; and7¢ , of hot electrons injected in the first (1,1) (Square linek should go to the infinity threshold due to
and the second subband, respectively, as a function of tl‘fé‘e singular nqtgre of 1D density qf st.ates. Impurity scatter-
total electron densit\, in the quantum wire. The vertical N9 through a finitey suppresses this divergence by smooth-
thin line atN,=0.63x10° cm™! indicates the onset of the N9 the 1D dgns!ty of states. A similar behawo_r should occur
population of the second subband for our quantum wire paf©f the contribution tore ; coming from the emission of the
rameters. The thick-solidthick-dashed lines indicates the Mode (1,2)(filled triangles pointing leftin Fig. 7(b). In fact,
lifetime of an injected “hot electron” in the conduction band €ffects due to finite values f on both hot-electron lifetimes
with total energyEr; = E,+ wg (Ero=E,+3w,), whereE, ~ €an be identified in the lines indicating the contnbunon Qf
is the bottom of the second subband. The symbols stand fdp€ Plasmon modes (1,1) and (1,2). They do not go to infin-
the same meaning as in Figs. 5 and 6, and show the contriy Since we are using/=10"> meV, which is enough to
butions of the different charge-density excitations to the totaPUPPress the 1D density of states singularity on the scales of
lifetime. We see the plasmon mode (1,1) making the mosthese figures. We see, howeve_r, 'Fhat these effects are irrel-
important contribution(solid squaresto 7¢ ; for E=Eq, evant for the total hot-electron lifetime when the emission of

(thick solid lines at low densities. The decreaseac@‘Tll as Single-particle excitations are taken into account. For the

. . . . . val f med in thi r, the relaxation of hot elec-
N, increases indicates the hot-electron relaxation via emig o ue Oy assu ed in this paper, the relaxation of hot elec

) : : ... “trons is mainly due to emission of charge-density excitations
sion of a plasmon mode (1,1). The single-particle exmtatlon?.n the Q1D Fermi sea
inside the SPE continuum(filled triangles pointing upstart ’
to contribute tore_ 1as the onset of the scattering via emis-

sion of the plasmon mode (1,1) vanishes M{=0.35

x10° cm 1. For E=Eq,, however, the SPE is the main Within the GW approximation, we have calculated the
contribution to7g; at very low densities. With increasing inelastic Coulomb scattering rates and lifetimes of an in-
density, scattering due to the plasmon mode (1,1) becomgscted electron in a symmetric confinement two-subband
dominant untilN,=0.83<10° cm 1. The occupation of the quantum wire at zero temperature. These rates are directly
second subband only leads to a small contribution by theelated to the dynamically screened Coulomb potential,

FIG. 7. Hot-electron lifetimesa) 7 ; and(b) 7, as a function
of the total densityN, in the quantum wire. Thick soliddashegl
lines are the total lifetime of a hot electron with=E;; (E

IV. SUMMARY
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which has been calculated within the RPA. We chose a quarsion of either intersubband plasmon modes or intersubband
tum wire with a symmetric confinement potential in which single-particle excitations, whereas the scattering from sec-
the intra- and intersubband excitations do not interact wittond to first subband only occurs via the emission of the
each other. We obtain the effects of the population of secontigher-energy intersubband plasmon mode. We also calcu-
subband on the inelastic Coulomb scattering rate. We sepé#ate the lifetime of hot electrons as a function of the total
rately identified the contributions to the intrasubband andcharge density in the two-subband quantum wire, identifying
intersubband inelastic-scattering rates due to different intrathe contributions of plasmons and single-particle excitations
subband and intersubband excitations in the individual subin each subband to the hot-electron lifetime.

bands of the Q1D electron system. We find the emission of

an mtrasubbano_l pla_lsmon in the_: first s_ubband to be the most ACKNOWLEDGMENTS
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