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Delayed intersubband relaxation in quantum wires due to quantum kinetic Coulomb scattering

F. Prengel and E. Scho¨ll
Institut für Theoretische Physik, Technische Universita¨t Berlin, Hardenbergstraße 36, D-10623 Berlin, Germany

~Received 2 October 1998!

A theoretical analysis of the ultrafast intrasubband and intersubband dynamics of optically excited electrons
in quantum wires is presented within the density matrix formalism. It is shown that the inclusion of non-
Markovian electron-electron quantum kinetics, in addition to semiclassical optical phonon scattering, is nec-
essary for an appropriate description. In particular, the dynamics of the two-particle density correlations must
be explicitly taken into account. The electron-electron scattering processes, which are strongly restricted in
quantum wires by energy and momentum conservation, are substantially enhanced on the quantum kinetic
level, leading to fastintrasubbandthermalization, andintersubbandredistribution of the electrons which
substantially delays the phonon-induced intersubband relaxation. Our simulations predict that the influence of
electron-electron scattering becomes noticeable already at electron densities per unit length of the order of
106 m21. @S0163-1829~99!09607-1#
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I. INTRODUCTION

The availability of femtosecond laser pulses a
ultrashort-time spectroscopy1 in conjunction with, e.g., near
field optical microscopy for nanometer scale resolution2,3 has
brought an increased interest in the nonequilibrium dynam
of electrons in low-dimensional semiconductor nanostr
tures. They are promising candidates for devices with n
features and optimized performance due to their special
tical and transport properties, e.g., an increased densit
states and strongly modified scattering processes.

Pump-and-probe experiments performed on these st
tures usually produce excited carriers in their respec
bands which relax to the bottom of their bands before th
recombine. In low-dimensional structures, this includes
tersubband relaxation as well as intrasubband thermaliza
and subsequent cooling down to the lattice temperature.

Two-dimensional semiconductor systems~quantum wells!
have been studied experimentally4–9 and theoretically10–14 in
detail, while one-dimensional structures~quantum wires!
have gained increased attention only recently15–19 because
they might offer even more interesting optoelectronic pro
erties. For example, it is expected that quantum wire las
exhibit superior performance compared to high
dimensional laser structures.

In quantum wells the relaxation of electrons from then
52 into then51 subband leads to significant heating of t
electron gas here. The subsequent thermalization is in
enced by phonon emission as well as by Coulomb scatter
In a degenerate electron gas, thermalization, i.e., the for
tion of a heated Fermi distribution, may take as long as 2
which is ascribed to the strong screening of the Coulo
interaction in a Fermi gas.6 Furthermore, it has been foun
that the cooling of the electron gas down to the lattice te
perature by phonon emission takes approximately 50 ps
is almost independent of the electron density.

Up to now there are only few experiments on intersu
band scattering in single quantum wires.20 Thus, little is
known about carrier redistribution after direct optic
PRB 590163-1829/99/59~8!/5806~11!/$15.00
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excitation21 or carrier capture, i.e., about thermalization a
cooling of hot electron distributions in quantum wires. F
example, relaxation of hot carriers into the lowest-ene
subbands in GaAs fractional-layer superlattice quant
wires has been found to be faster than 0.5 ps and 1.5
respectively, for two sets of quantum wires with differe
dimensions.21 The expected phonon bottleneck has not be
observed.

Measurements of hot carrier relaxation in arrays of Ga
V-groove quantum wires,22 however, have found intersub
band relaxation times of several hundred picoseconds. T
might be explained by~a! the intersubband splitting which
was smaller than the longitudinal-optical~LO! phonon en-
ergy ~due to the relatively large cross section of the wir
under investigation!, therefore electron-phonon scatterin
could not effectively contribute to the relaxation process, a
~b! the high electron density in the sample~of the order of
108 m21), which led to degeneracy effects and therefo
inefficient Coulomb scattering due to Pauli blocking.

Investigations on the capture of electrons in a vicinal-s
quantum wire from the surrounding quantum well have be
performed using a combination of near-field optical micro
copy and time-resolved photoluminescence spectrosco18

with a spatial resolution of 200 nm. Effective diffusio
lengths~severalmm) as well as recombination times~2 ns
for the quantum well, 1.5 ns for the wire! have been esti-
mated.

Future experimental investigations with improved fem
second spectroscopy and higher spatial resolution, toge
with perfected sample growth, are necessary to give m
insight into the nonequilibrium electron dynamics and carr
redistribution in a quantum wire.

It is the purpose of this paper to provide a detailed th
retical study and, in particular, make numerical predictio
on the influence of electron-electron scattering upon the
trasubband and intersubband dynamics of nonequilibr
electrons in quantum wires. Quantum kinetic effects are
ticipated to be particularly pronounced in quasi-on
dimensional structures due to their confined phase sp
5806 ©1999 The American Physical Society
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PRB 59 5807DELAYED INTERSUBBAND RELAXATION IN QUANTUM . . .
which results in severe restrictions on semiclassical sca
ing processes23 imposed by energy and momentum cons
vation. Using the density matrix approach24 we shall derive a
closed system of quantum kinetic equations for the elec
distribution functions in different conduction subbands, th
two-particle density correlations, and the nonequilibriu
phonon distribution function, including polar-optical phono
scattering and, in particular, all contributions to the electr
electron interaction. Thereby, memory effects, correlatio
and energy-time uncertainty in the electron-electron quan
kinetics are fully taken into account. LO phonon emissi
and absorption, which is the dominant energy relaxat
mechanism, is considered in a semiclassical approxima
Since our focus is on theconduction subbanddynamics, the
generation of a nonequilibrium electron distribution is mo
eled by a semiclassical optical excitation rate, neglecting
valence band dynamics.

During the last decade, the density matrix formalism
momentum space has been applied to a number of prob
in semiconductors, including coherent photogeneration
carriers,25,26 optics of excitons,27,28,12 four-wave mixing,29,9

and electron-phonon scattering in the bulk30–33 and in
heterostructures.17 Dynamical carrier-carrier interaction, i
taken into account, has usually been treated in Hartree-F
approximation by splitting the two-particle density matric
into products of distribution functions and polarizations, n
glecting two-particle correlations. In this way, semicondu
tor Bloch equations are obtained.34,35

The inclusion of the two-particle density correlations
separate dynamic variables has allowed for the cohe
quantum mechanical description of impact ionization in b
semiconductors under the influence of high external elec
fields36 or optical excitation.37 In a simplified quantum ki-
netic approach to quantum wires, intersubband impact
ization has been considered,38 demonstrating the softening o
the semiclassical impact ionization threshold on ultrash
time scales. This approach was subsequently extended t
clude the full multisubband electron-electron interaction.39,40

Here we consider the effect of Coulomb quantum kinetics
combination with LO phonon scattering upon intersubba
relaxationas well as subsequent intrasubbandthermalization
andcooling.

II. THEORY

Our approach is based on a multisubband density ma
formalism24 applied to the conduction subbands of a qua
tum wire with a rectangular cross section. The Hamiltoni

H5H01Hee1Hep ~1!

is composed of the quasi-free HamiltonianH0 and the
electron-electron and electron-phonon interactionsHee and
Hep , respectively. The quasi-free Hamiltonian is

H05(
j

(
k

e j ,kcj ,k
† cj ,k1(

q
\vLObq

†bq , ~2!

wherecj ,k
† and cj ,k are the creation and annihilation oper

tors, respectively, of an electron with wave vectork in the
j th subband of the quantum wire,e j ,k is the single-electron
energy of an electron with wave vectork in the j th subband,
r-
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and bq
† and bq are creation and annihilation operators, r

spectively, of a LO phonon with wave vectorq (z compo-
nentqz and perpendicular two-dimensional componentq'),
and\vLO is the LO phonon energy.

The Coulomb interaction is given by

Hee5
1
2 (

i 18 ,i 28 ,i 2 ,i 1

(
k1 ,k2 ,q

Vi
18 i

28 i 2i 1
~q!ci

18 ,k11q
†

ci
28 ,k22q

†

3ci 2 ,k2
ci 1 ,k1

, ~3!

where Vi
18 i

28 i 2i 1
(q) is the Coulomb matrix element. In th

language of second quantization Eq.~3! describes elemen
tary processes where two electrons from subbandsi 1 and i 2

with wave vectorsk1 and k2 are scattered into subbandsi 18
and i 28 with wave vectorsk11q and k22q, respectively
~Fig. 1!. In the following the shorthand notation (i 18i 28i 2i 1)
will be assigned to this process. Note that the following sy
metry holds:

Vi
18 i

28 i 2i 1
~q!5Vi

18 i
28 i 2i 1

~2q!5Vi
28 i

18 i 1i 2
~q!5Vi 1i 2i

28 i
18

* ~q!.

~4!

Therefore, e.g., for a system of two subbands there are
seven different elementary Coulomb processes, which
shown in Fig. 1. For quantum wire structures with inversi
symmetry, as considered here, the processes~2111! and
~2221! have vanishing matrix elements. Processes~1111!,
~2222!, ~1221!, and ~1212! do not change the number o
carriers in the individual subbands. Process~2211! represents
intersubband impact ionization39,40 since it leads to a ne
change of the subband occupation.

The electron-phonon interaction is

FIG. 1. Electron-electron scattering processes in a two-subb
quantum wire. The processes are labeled by indicesi 18i 28i 2i 1 corre-
sponding to the Coulomb matrix elementVi

18 i
28 i 2i 1

(q) where elec-

trons with wave vectorsk1 ,k2 in subbandsi 1 ,i 2 , respectively, are
scattered into statesk11q,k22q in subbandsi 18 ,i 28 .
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Hep5(
j j 8

(
k

(
q

@g j 8 j~q!cj 8,k1qz

† bqcj ,k

1g j j 8
* ~q!cj 8,k

† bq
†cj ,k1qz

#, ~5!

whereg j 8 j (q) is the screened Fro¨hlich matrix element of the
dominant polar-optical scattering.41 Since it is known from
the analysis of phonon properties in two-dimensional~2D!
and 1D systems that the total effect of confined and interf
phonons is close to that of 3D~bulk! phonons,16,42 we will
only consider three-dimensional Fro¨hlich modes here.

Our primary dynamic variable is the one-particle dens
matrix

f i 8 i~k![^ci 8,k
† ci ,k&. ~6!

It is diagonal with respect to the wave vector argumentk due
to the translational symmetry of the quantum wire struct
tio
-
y

o-

a
ela

en
e

e

in the z direction and comprises thedistribution functionsin
the different subbands of the conduction band~real-valued
intrasubband density matrices,i 85 i ) and theintersubband
polarizations ~complex-valued intersubband density mat
ces,i 8Þ i ).

The dynamics of these density matrices can be deri
from the Heisenberg equation of motion for the sing
particle operator

i\
d

dt
~ci 8,k

† ci ,k!5@ci 8,k
† ci ,k ,H#. ~7!

The temporal change of the expectation values is co
posed of contributions corresponding to the commutator w
H0 , Hee, andHep :
i\
d

dt
f i 8 i~k!5~e i ,k2e i

18 ,k! f i 8 i~k!

1 (
j 18 , j 28 , j 2 , j 1

(
k8,q

Vj
18 j

28 j 2 j 1
~q!$d j

28 ,i^cj
18,k8

†
ci 8,k

† cj 2 ,k1q cj 1 ,k82q&2d j 1 ,i 8^cj
18,k1q

†
cj

28 ,k82q
†

cj 2 ,k8 ci ,k&%

1(
j

(
qz

(
q'

@g i j ~qz ,q'! ^ci 8,k
† bqcj ,k2qz

&2g j i 8~qz ,q'! ^cj ,k1qz

† bqci ,k&1g j i* ~qz ,q'! ^ci 8,k
† bq

†cj ,k1qz
&

2g i 8 j
* ~qz ,q'! ^cj ,k2qz

† bq
†ci ,k&#. ~8!
e-

ec-

en-
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icle
The first part describes merely a phase-coherent rota
of the polarizations (i 8Þ i ) in the complex plane with a fre
quency corresponding to the intersubband splitting energ
the respectivek value.

The Coulomb interaction of the electrons (Hee) leads to a
coupling of the single-particle density matrices to tw
particle density matriceŝcj

18,k1

†
cj

28 ,k2

†
cj 2 ,k22qcj 1 ,k11q& which

can be decomposed into a Hartree-Fock factorized term
a correlated remainder, i.e., the two-particle density corr
tions sj

18 j
28 j 2 j 1

(k1 ,k2 ,q):

^cj
18,k8

†
cj

28 ,k
†

cj 2 ,k1q cj 1 ,k82q&

52 f j
18 j 2

~k1q! f j
28 j 1

~k! dk8,k1q1sj
18 j

28 j 2 j 1
~k8,k,2q!.

~9!

The Hartree-Fock contribution in Eq.~9! yields a band renor-
malization by the self-energy

\V i 1i 2
~k![2 (

j 1 , j 2
(

q
Vj 1i 1 j 2i 2

~q! f j 1 j 2
~k1q! ~10!

while the two-particle density correlations describe coher
electron-electron scattering processes.
n

at

nd
-

t

In our approach thetwo-particle density correlationscon-
stitute secondary dynamic variables. The following symm
tries hold for these quantities:

sj
18 j

28 j 2 j 1
~k1 ,k2 ,q!5sj

28 j
18 j 1 j 2

~k2 ,k1 ,2q!, ~11!

sj
18 j

28 j 2 j 1
~k1 ,k2 ,q!5sj 1 j 2 j

28 j
18

* ~k11q,k22q,2q!, ~12!

sj
18 j

28 j 2 j 1
~k1 ,k2 ,q!5sj

18 j
28 j 2 j 1

~2k1 ,2k2 ,2q!. ~13!

The last part of Eq.~8! introduces a coupling to the
phonon-assisted density matrix^ci 1 ,k1qz

† bqci 2 ,k& which de-

scribes the absorption of a phonon of longitudinal wave v
tor qz by an electron of wave vectork in subbandi 2 which is
scattered to wave vectork1qz in subbandi 1 . Since momen-
tum is no good electron quantum number in thex and y
directions, the perpendicular momentum componentq' of
the phonon is not conserved, but ‘‘absorbed’’ by the mom
tum uncertainty of the electron in the confinedx andy direc-
tions. The reverse process, phonon emission, is describe
the complex conjugatêci 2 ,k

† bq
†ci 1 ,k1qz

&.
The hierarchy of equations of motion can be continued

setting up Heisenberg equations for the two-particle den
correlationssj

18 j
28 j 2 j 1

(k1 ,k2 ,q) analogous to Eq.~7!. Due to

the electron-electron interaction, they couple to three-part
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PRB 59 5809DELAYED INTERSUBBAND RELAXATION IN QUANTUM . . .
density matrices containing six mode operators.40 In order to
close the system of equations for the primary~distribution
functions, intersubband polarizations! and secondary~two-
particle density correlations! dynamic variables at this
level,38,43–45we shall factorize the three-particle density m
trices into products of one-particle density matrices and tw
particle density correlations, neglecting three-particle den
correlations and sums over rapidly oscillating two-parti
density correlations which describe screening effects and
peated scattering of electrons46 as well as five-operato
electron-phonon cross terms.47

In a full quantum kinetic theory the phonon-assisted d
sity matrices should also be treated as independent dyn
quantities. However, recent work31,48,33 has shown that the
main effect of a quantum kinetic treatment of electro
phonon scattering is an initial broadening of the phonon r
lica in the emission cascade. More important is the ene
relaxation rate provided by phonon scattering, which is
ready appropriately described in the semiclassical appr
mation. A comparison of the separate influence of quan
kinetic Coulomb and electron-phonon interaction upon
electron distribution shows that the former is much faster
more pronounced for the electron densities conside
here,40 leading to a considerable broadening of the init
optically generated peak after 50 fs already, whereas the
phonon replica appears later. It is therefore justified to tr
the phonons semiclassically. The differential equation for
e
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phonon-assisted density matrices can be formally integra
in the Markov and adiabatic approximation47 yielding the
energy-conserving semiclassical result

^ci 1 ,k1qz

† bqci 2 ,k&

'2 ipd~e i 2 ,k2e i 1 ,k1qz
1\vLO!

3F(j
@g j i 2

* ~qz ,q'! f i 1 j~k1qz! ~nq11!

2g i 1 j* ~qz ,q'! f j i 2
~k! nq#

2(
j j 8

g j j 8
* ~qz ,q'! f i 1 j~k1qz! f j 8 i 2

~k! G , ~14!

wherenq[^bq
†bq& is thephonon distribution functionwhich

will also be treated as a dynamic variable.
Since in symmetrical structures the electron-electron s

tering processes~2111! and ~2221! are absent, and sinc
there is no coherent optical intersubband excitation, there
no terms driving the intersubband polarizationf 12(k), and
we can neglect it in our simulations.47

The final equations of motion can then be written in t
following form:
d

dt
f ii ~k!52

i

\ (
j 18 , j 28 , j 2 , j 1

(
k8,q

Vj
18 j

28 j 2 j 1
~q!$d j

18 ,isi j
28 j 2 j 1

~k,k8,q!2d j 1 ,isj
18 j

28 j 2i~k1q,k82q,2q!% ~15!

1
2p

\ (
q

(
j

ug i j ~qz ,q'! u2„$ f j j ~k1qz! @12 f i i ~k! #~nq11!2 f i i ~k!@12 f j j ~k1qz! #nq%d~e j ,k1qz
2e i ,k2\vLO!

2$ f i i ~k! @12 f j j ~k2qz! #~nq11!2 f j j ~k2qz!@12 f i i ~k! #nq%d~e i ,k2e j ,k2qz
2\vLO!…,

i\
d

dt
si

18 i
28 i 2i 1

~k1 ,k2 ,q!5 (
j 1 , j 2

$Ei 1 j 1
~k11q!d i 2 , j 2

1Ei 2 j 2
~k22q!d i 1 , j 1

%si
18 i

28 j 2 j 1
~k1 ,k2 ,q!

2 (
j 18 , j 28

$Ej
18 i

18
~k1!d j

28 ,i
28
1Ej

28 i
28
~k2!d j

18 ,i
18
%sj

18 j
28 i 2i 1

~k1 ,k2 ,q!

1 (
j 18 , j 28 , j 2 , j 1

V̄j
18 j

28 j 2 j 1
~k1 ,k2 ,q!F

i
18 i

28 i 2i 1

j 18 j 28 j 2 j 1~k1 ,k2 ,q!, ~16!
where spin degeneracy has been taken into account by d
ing aneffective Coulomb matrix element

V̄j
18 j

28 j 2 j 1
~k1 ,k2 ,q![2Vj

18 j
28 j 2 j 1

~q!2Vj
18 j

28 j 1 j 2
~k11q2k2!

~17!

~the Coulomb interaction does not lead to spin flips, so b
electrons in the exchange term must have the same spin! and
an effective ‘‘phase space filling factor’’
fin-

h

F
i
18 i

28 i 2i 1

j 18 j 28 j 2 j 1~k1 ,k2 ,q!

[ f i
18 j 1

~k1! f i
28 j 2

~k2! @d j
18 ,i 1

2 f j
18 i 1

~k11q! #

3@d j
28 ,i 2

2 f j
28 i 2

~k22q! #2 f j
18 i 1

~k11q! f j
28 i 2

~k22q!

3@d i
18 , j 1

2 f i
18 j 1

~k1! #@d i
28 , j 2

2 f i
28 j 2

~k2! #
~18!
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FIG. 2. Evolution of a nonequilibrium electron distribution~generated by a Gaussian pulse withg051012 s21 anddE515 meV atĒ
550 meV) in a semiclassical phonon bath (TL510 K) ~a! without and~b! with quantum kinetic Coulomb scattering. The total genera
electron density isn53.7853106 m21 corresponding to a volume densityn3D5n/(ab)55.0531016 cm23. ~See Table I for numerica
parameters.!
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and renormalized single-particle energies

Ei j ~k![e i ,kd i , j1\V i j ~k! ~19!

have been defined.
From Eqs.~15! and ~16! it can be seen that electron

electron scattering is described as a coherent two-step
cess: first the Coulomb interaction builds up two-parti
correlations between the carriers; in a second step, scatte
between the correlated states takes place. Since the
particle correlations are independent dynamic variables,
quantum dynamics—with respect to the one-particle de
ties alone—is non-Markovian. Electron-phonon scattering
described by semiclassical emission and absorption rate

Similarly, one obtains for the nonequilibrium phonon d
tribution

d

dt
nq5

2p

\ (
k

(
i , j

ug i j ~qz ,q'! u2

3$ f i i ~k1qz! @12 f j j ~k! #~nq11!

2 f j j ~k! @12 f i i ~k1qz! #nq%

3d~e i ,k1qz
2e j ,k2\vLO!. ~20!

The terms withi 5 j describe emission~terms withnq11)
and absorption~terms withnq) of phonons by intrasubban
scattering, while the terms withiÞ j account for intersub-
band phonon scattering.

III. INTRASUBBAND THERMALIZATION

The density matrix formalism will now be applied to in
vestigate the relaxation of a highly excited electron popu
tion generated in the upper subband by an optical pulse
order to conceptually separate the effects of intersubb
relaxation and intrasubband thermalization and cooling,
will first discuss a single one-dimensional subband in a qu
tum wire where a nonequilibrium electron distribution
generated by a semiclassical Gaussian generation rat
cluded in the right-hand side of Eq.~15!,

gopt~k,t ![g0e2[ ~e1,k2Ē!/dE] 2
e2[ ~ t2 t̄ !/t] 2

, ~21!

which models a Fourier-limited optical pulse ofdE
515 meV width andt544 fs duration~corresponding to
ro-

ing
o-
e
i-

is

-
In
nd
e
n-

in-

full widths at half maximum of 25 meV and 73 fs, respe
tively! centered atĒ550 meV andt̄ 550 fs. As initial con-
ditions we assumef i j (k)50 ;k and si jkl (k1 ,k2 ,q)
50 ;k1 ,k2 ,q for the electrons, and an equilibrium Bos
distribution at temperatureTL for the phonons.

The Coulomb matrix elements and the Fro¨hlich coupling
constants are calculated for a quantum wire with rectang
cross section of 5nm315nm and infinitely high confining
potential, and parabolic one-dimensional subbands.

Under the influence of polar-optical phonon scatteri
alone, the usual formation of phonon replicas can be
served@Fig. 2~a!# at multiples of\vLO536 meV belowĒ
~see Table I for numerical parameters!. The phonon emission
threshold of 36 meV where the phonon scattering rate
divergent leads to the discontinuity in the distribution fun
tion superimposed on the replica. Electrons with an ene
below 36 meV cannot emit optical phonons, therefore
approach of an equilibrium~i.e., Boltzmann! distribution de-
termined by the lattice temperatureTL and the Fermi energy
EF can be expected. Furthermore, even a quantum kin
treatment of electron-phonon scattering cannot provide
equilibration, as previous work has shown.49,48,50,51Note that
acoustical phonon scattering would drive the system towa
equilibrium on a much slower time scale only.

This situation is not changed bysemiclassicalelectron-
electron interaction, since intrasubband Coulomb scatte
vanishes in quantum wires due to the required conserva
of momentumand energy in each scattering event.

In a quantum kinetic approach, however, energy cons
vation may be violated on ultrashort-time scales, which
ables electron redistribution by intrasubband Coulomb s
tering. The inclusion of quantum kinetic electron-electr
interaction thus leads to a totally different evolution of t

TABLE I. Numerical parameters for GaAs used in the simu
tions.

Parameter Symbol Value

x width of quantum wire a 15 nm
y width of quantum wire b 5 nm
Conduction subband

splitting
DE5E22E1 75 meV

LO phonon energy \vLO 36 meV
Effective dielectric

permittivity
«p5«0« 5.639310210 F m21

Effective electron mass m* 0.067me
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distribution function. The result of a simulation includin
both electron-phonon and electron-electron interaction
presented in Fig. 2~b! for a lattice temperature ofTL
510 K. Comparison with the case without Coulomb sc
tering @Fig. 2~a!# reveals the profound qualitative differenc
the phonon emission threshold at 36 meV and the pho
replicas are completely absent at later times. Instead, a b
distribution is observed which has its maximum at the b
tom of the subband, atk50, and seems to become steep
with time, eventually approaching a Boltzmann-like, exp
nentially decreasing function. The equilibrium Boltzma
distribution function, however, is considerably sharper
TL510 K. Thus, we obtain a hot electron distribution, a
the electrons still must lose energy in a cooling proc
which finally yields an electron temperature that is equa
the temperature of the crystal lattice.

When the lattice temperature is increased, a higher ba
ground density of equilibrium phonons is present. AtTL
577 K no significant difference to the low-temperature ca
of Fig. 2~a! is visible. At room temperature (TL5300 K) a
new feature emerges: a phonon replicaabove the initial
maximum, atE586 meV. It is a result of the absorption o
phonons from the equilibrium heat bath. The phonon den
nq in this case is large enough for phonon absorption p
cesses to give a visible contribution to the electron dynam

Figure 3~a! shows the evolution of the nonequilibrium
electron distribution forTL5300 K. The initial Gaussian-
shaped nonequilibrium electron distribution~solid line! be-
comes broad and tends towards the slope of a Boltzm
distribution ~thick gray line! after 2 ps already though ther
are still distinct deviations. In this case, the large equilibriu
phonon background~i.e., the ‘‘warm’’ phonon bath! seems
to provide effective cooling.

To investigate the cooling process in more detail, we
troduce aneffective electron temperature Te by the second
moment of the nonequilibrium distribution function

\2

2m*
^k2&5

1

2
kBTe . ~22!

The time dependence of this electron temperature is
played in Fig. 3~b!. A clear tendency from the initial high
temperature~‘‘hot’’ electrons! to the lower lattice tempera
ture ~thin solid lines! is observed in both cases. While th
temperature is monotonically decreasing in the semiclass
~sc! case~without Coulomb interaction!, there is an initial
temperature increase peaking at about 100 fs in the sim
tions which include quantum kinetic~qk! electron-electron
scattering. It must be ascribed to the buildup of two-parti
correlations which leads to an increase in the mean kin
energy per electron since the sum of the~negative! correla-
tion energy and the~positive! kinetic energy decreases on
on a slower time scale due to phonon scattering. This is
interesting many-body effect inherent in the quantum kin
ics at very early times.

We note further that atTL5300 K, Te'TL is reached
after 2 ps already in the quantum kinetic case, whereas
electron temperature remains above the lattice tempera
even at later times in the case without Coulomb scatter
The reason for this is that electrons with energiesE
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<36 meV are not subject to further scattering processes
which they could transfer part of their energy to the lattic
Some excess energy will therefore remain in the electron g
keeping it ‘‘hotter’’ than the crystal lattice.

Other interesting information which is delivered by ou
full dynamic simulations concerns the distribution of no
equilibrium phonons. Due to the emission of phonons by
relaxing electrons, additional phonon peaks on the equi
rium background are observed in the semiclassi
simulation.47 The height of these peaks decreases with
creasing wave vector since the Fro¨hlich matrix element
which determines the strength of the emission processes
decreasing function of the phonon wave vector. In the f
quantum kinetic simulation a broad phonon distribution
observed because no distinct maxima of the electron dis
bution are left after as little as 100 fs.

In Fig. 4 we show the time dependence of the differe
contributions to the total electron energy^H0

e1Hee& for TL

577 K:

FIG. 3. ~a! Evolution of a nonequilibrium electron distribution
generated by a Gaussian pulse withg051012 s21 for a lattice tem-
perature ofTL5300 K with quantum kinetic Coulomb scatterin
~semilogarithmic plot versus energy!. The total generated electron
density isn53.7853106 m21 corresponding to a volume densit
n3D5n/(ab)55.0531016 cm23. The thick gray line represents th
equilibrium Boltzmann distribution.~b! Time dependence of the
electron temperatureTe in the simulations without@e-p ~sc!# and
with quantum kinetic Coulomb scattering@e-p ~sc! 1 e-e ~qk!# for
two different lattice temperaturesTL . ~See Table I for numerical
parameters.!
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Ekin5(
j

(
k

e j ,kf j j ~k! ~kinetic energy!, ~23!

Eren52
1

2 (
i 18 i 28 i 2i 1

(
k1

f i
18 i 2

~k1! (
q

Vi
18 i

28 i 2i 1
~q! f i

28 i 1
~k11q!

~renormalization energy, due to Hartree-Fock part ofHee!,

~24!

Ecor5
1

2 (
i 18 i 28 i 2i 1

(
k1k2q

Vi
18 i

28 i 2i 1
~q!si

18 i
28 i 2i 1

~k1 ,k2 ,q!

~correlation energy!. ~25!

FIG. 4. Different contributions to the total electron energy f
the quantum kinetic simulation shown in Fig. 3~b! ~for TL

577 K).
The correlation energy, which reflects the interaction b
tween the electrons, is gradually built up and tends asym
totically to a large negative constant value. The strongly c
related electron gas then behaves effectively like a gas
noninteractingquasiparticles in contact with a heat bath~the
background equilibrium phonons!.

IV. INTERSUBBAND RELAXATION

If electrons are generated in the second subband of a
subband system, they will relax to the first subband by p
non emission and Coulomb scattering, as well as redistrib
within the subbands. A numerical example of the result
dynamics is given in Fig. 5, which shows the evolution of t
electron distribution functions in the upper and lower su
band after optical generation of a nonequilibrium electr
population in the upper subband according to Eq.~21! for
three different model approximation.

In Figs. 5~a! and 5~b! semiclassical electron-phonon sca
tering only is taken into account. As expected, we obse
phonon replicas in the upper and lower subbands. The
mation of an equilibrium electron distributionwithin the sub-
bands, however, cannot be observed.

This situation essentially is not changed by incorporat
semiclassical Coulomb interaction into the simulation@Figs.
5~c! and 5~d!#. We recognize additional peak structur
above the main peak in the upper subband due to the C
lomb scattering processes~1221! and ~1122!. The electron
redistribution between the subbands, i.e., the relaxation d
to the first subband, is slightly faster in this case since th
is an additional scattering process, i.e., intersubband C
lomb scattering. The electron distribution functions, ho
n

y a

ng

tic
FIG. 5. Temporal evolution of the electro
distribution function in the lower (f 11) and upper
( f 22) subband, where electrons are generated b
Gaussian pulse withg051012 s21 ~correspond-
ing to n53.7853106 m21) in the upper sub-
band. The lattice temperature isTL510 K. ~a!,
~b! Semiclassical electron-phonon scatteri
only; ~c!, ~d! semiclassical electron-phononand
semiclassical Coulomb scattering;~e!, ~f! semi-
classical electron-phonon and quantum kine
Coulomb scattering.
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FIG. 6. Temporal evolution of the electro
distribution function in the lower (f 11) and upper
( f 22) subband at room temperature (TL

5300 K) for ~a!, ~b! high (g051012 s21 corre-
sponding ton53.7853106 m21) and ~c!, ~d!
low (g051010 s21 corresponding ton53.785
3104 m21) laser intensity with semiclassica
electron-phonon scattering and quantum kine
Coulomb scattering. Other parameters as in F
5.
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ever, do not approach a Boltzmann distribution. This is d
to the absence of any semiclassical intrasubband scatte
therefore the evolution off 11 and f 22 in their respective sub
bands is comparable to the one already known from F
5~a! and 5~b!. No proper thermalization can be achieved
this approach. The purely semiclassical model thus turns
to yield no adequate description of intersubband relaxati

As Figs. 5~e! and 5~f! demonstrate, only the combine
model of quantum kinetic Coulomb interaction~including
two-particle correlations! plus semiclassical electron-phono
scattering seems to provide reasonable results. Boltzm
like distribution functions are formed in both subbands, a
these with increasing time approach thermal equilibri
with the surrounding crystal lattice, i.e.,Te5TL .

Figure 6 illustrates the dependence upon lattice temp
ture and electron density. It shows simulations for room te
perature and a higher@Figs. 6~a! and 6~b!# and a lower@Figs.
6~c! and 6~d!# electron density. The time dependence off 11

and f 22 in Figs. 6~a! and 6~b! is very similar to that shown in
Figs. 5~e! and 5~f!. The only noticeable difference is th
steeperf 11 distribution in Figs. 5~e! and 5~f!, compared to
Fig. 6~a!. This difference can be expected to become m
prominent at later times since it takes rather long for a d
tribution to cool down to lower temperatures, whereas th
mal equilibrium atTL5300 K is established after as little a
a few picoseconds.

At lower electron densities@Figs. 6~c! and 6~d!# there re-
mains some fine structure after a longer time which is re
niscent of the early phonon replicas. The intrasubband C
lomb scattering is simply too weak to smooth out the
structures sufficiently fast. It is expected that they are ev
tually removed, possibly only after some nanoseconds.
ures 6~c! and 6~d! reveal that nevertheless the distributio
functions f 11 and f 22 are close to an equilibrium Boltzman
distribution already after 1 ps. In the higher-density ca
@Figs. 6~a! and 6~b!# this approach seems to take longer. Th
can be explained by stronger intersubband impact ioniza
~2211! which transfers a considerable amount of electro
back into the upper subband, thus slowing down the re
ation process. This phenomenon will now be investigated
detail.

An intersubband relaxation timet r can be introduced by
e
ng,
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assuming that the depletion of the higher subband is appr
mately exponential:

n2~ t !;e2t/tr. ~26!

For semiclassical electron-phonon scattering alone@Fig.
7~a!# the relaxation times are estimated from our simulatio
as t r50.61 ps for TL510 K and t r50.56 ps for TL
5300 K. The slightly lower value in the latter case is pro
ably a result of additionalstimulatedphonon emission which
is practically absent in the low-temperature phonon bath

In the simulations with semiclassical electron-phonon a
quantum kinetic Coulomb scattering@Fig. 7~b!# a very dif-
ferent behavior is found. Initially, relaxation is faster tha
with electron-phonon scattering alone, but for larger tim
~between 300 and 400 ps! there is a crossover behavio
and relaxation becomes much slower with increasing te
perature. The relaxation times are estimated ast r50.52 ps
for TL510 K and t r50.74 ps for TL5300 K. This
behavior cannot be explained by semiclassical electr
electron scattering, which does not reproduce the str
temperature dependence and yields only a slight cha
compared to electron-phonon scattering alone atTL
5300 K (t r50.57 ps), while the relaxation is faster
TL510 K (t r50.50 ps). Furthermore, in the quantum k
netic simulations, the intersubband relaxation time exhibit
strong dependence upon the exciting laser intensity at 30
@Fig. 7~c!#. The quantum kinetic electron-electron scatteri
leads to shorter relaxation times below 0.5 ps for low el
tron densities up ton'43105 m21 ~corresponding ton3D

'5.331015 cm23 or g051011 s21). At higher electron
densities, relaxation is slowed down considerably. This
due to the increased strength of Coulomb interaction
higher densities, which causes stronger intersubband im
ionization @process~2211! in Fig. 1#. By the latter process
electrons which have relaxed down to the first subband
phonon emission are scattered back into the second subb
which effectively diminishes the relaxation rate.

To gain more physical insight, we have calculated t
ratio
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r e-p5
ṅ2

ee

ṅ2
ep

~27!

of the electron-electron relaxation rate

FIG. 7. Semilogarithmic plot of the relative occupatio
n2 /n2,max of the upper subband versus time~a! for electron-phonon
scattering only, withg051012 s21 @black solid line:TL510 K, as
in Figs. 5~a! and 5~b!; black dashed line:TL5300 K#. The gray
line demonstrates the relaxation time approximation for 300 K
cording to Eq.~26!. ~b! For the full quantum kinetic simulations
with g051012 s21 @black solid line:TL510 K, as in Figs. 5~e!
and 5~f!; black dashed line:TL5300 K, as in Figs. 6~a! and 6~b!#.
~c! For the full simulations shown in Fig. 6 for different excitatio
intensities atTL5300 K. The solid gray line shows a fitted expo
nential decay corresponding to a relaxation timet r51.01 ps.
ṅ2
ee5~2/L !(

k

d

dt
f 22~k!U

ee

~28!

and the electron-phonon relaxation rate

ṅ2
ep5~2/L !(

k

d

dt
f 22~k!U

ep

, ~29!

which characterizes the relative strength of both scatter
mechanisms. Since the electron-electron relaxation rate
roughly proportional ton2

2 , whereas the electron-phonon re
laxation rate depends linearly uponn2 , the ratio is expected
to decrease in time proportionally ton2 . Figure 8 reveals
that Coulomb scattering is much weaker than electro
phonon scattering at low electron densities. Furthermore
relative strength decreases exponentially with time, due
the depopulation of the upper subband. There is only a v
slight increase of the relaxation time with electron densi
due to electron-electron scattering.

At g051012 s21 ~corresponding to n53.7853106

cm21), both interactions are of comparable strength initial
and the ratio decreasesfaster than exponentially. This ex-
plains that initially relaxation is faster than with phonon sca
tering only, due to the additional scattering channe
but after several hundred picoseconds the relaxation
slows down, as the electrons are redistributed, leading
a noticeable increase of the corresponding relaxation t
in Fig. 7~c!. For even higher excitation intensity (g0
5231012 s21), the ratio r e-p even changes sign. This
means that at this point intersubband impact ionizat
~2211! becomes stronger than Coulomb-induced inters
band relaxation. There is then a net transfer of electrons fr
the second to the first subband due to electron-phonon s
tering, which is diminished by a net transfer in the oppos
direction due to Coulomb scattering. This delays the eff
tive relaxation process considerably.

V. CONCLUSIONS

Our theoretical and numerical analysis has shown that
ultrafast intrasubband and intersubband dynamics of n

-

FIG. 8. Semilogarithmic plot of the ratiour e-pu of electron and
phonon scattering rates versus time for the full simulations sho
in Fig. 7~c!. For g05231012 s21, the sparsely dotted line corre
ponds tor e-p,0.
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equilibrium electrons in quantum wires can be appropriat
described only by including electron-electron quantum kin
ics, in addition to semiclassical polar-optical phonon scat
ing. The dynamics is non-Markovian with respect to t
electron distribution function and exhibits features of
strongly correlated~though nondegenerate! one-dimensional
electron gas. In particular, the dynamics of the electr
electron correlations is explicitly taken into account. The
trasubband and intersubband electron-electron scattering
cesses, which are strongly restricted in quantum wires
energy and momentum conservation in a semiclass
framework, are substantially enhanced on the quantum
netic level. This leads to fastintrasubbandthermalization,
and intersubbandredistribution of the electrons which sub
stantially delays the phonon-induced intersubband relaxa
after a short initial phase of accelerated relaxation. From
simulations, we have obtained intersubband relaxation tim
in the ~sub!picosecond range for different lattice temper
tures and electron densities. The influence of electr
electron scattering becomes noticeable already at elec
densities per unit length of the order of 106 m21 corre-
sponding to volume densities of 1016 cm23. The increase of
the intersubband relaxation timet r at higher densities is du
to increased intersubband impact ionization, which trans
electrons from the first subband back to the second, t
inhibiting the relaxation process. While the electron-phon
scattering rate depends linearly on the electron densityn, the
impact ionization rate depends on the square ofn and there-
fore has greater influence at larger densities.
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Our predictions for quantum wires are contrary to rec
findings in quantumwells8 where electron-electron scatterin
leads to faster intersubband relaxation which can be e
plained semiclassically@mainly by process~1122!#. How-
ever, this is consistent with our observation that the dela
relaxation is due to thereverseintersubband impact ioniza
tion process~2211!, which is strongly enhanced by the qua
tum kinetic violation of energy conservation, and confirm
our view that quantum kinetic effects are much more p
nounced in quantum wires than in wells because of the m
restricted phase space.

Our results should also be of interest for potential futu
applications of quantum wire structures, e.g., novel lig
emitting devices or a quasi-one-dimensional analog of
quantum cascade laser52 based on intersubband populatio
inversion, where long intersubband relaxation times are
sirable. The density-dependent delay of intersubband re
ation predicted by our quantum kinetic treatment of electr
electron scattering would therefore provide a conveni
means of tuning and controlling the intersubband relaxat
time in quasi-one-dimensional semiconductor structures.
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38H. Schröder, E. Scho¨ll, and T. Kuhn, inProceedings of the 23rd
International Conference on the Physics of Semiconduct
-
i

s,

Berlin 1996, edited by M. Scheffler and R. Zimmermann~World
Scientific, Singapore, 1996!, Vol. 2, pp. 1157–1160.

39F. Prengel, E. Scho¨ll, and T. Kuhn, Phys. Status Solidi B204, 322
~1997!.

40F. Prengel and E. Scho¨ll ~unpublished!.
41S. M. Goodnick and P. Lugli, Phys. Rev. B37, 2578~1988!.
42C. R. Bennett, M. A. Amato, N. A. Zakhleniuk, B. K. Ridley, an

M. Babiker, J. Appl. Phys.83, 1499~1998!.
43J. Fricke, Ann. Phys.~N.Y.! 252, 479 ~1996!.
44J. Fricke, V. Meden, C. Wo¨hler, and K. Scho¨nhammer, Ann.

Phys.~N.Y.! 253, 177 ~1997!.
45U. Hohenester and W. Po¨tz, Phys. Rev. B56, 13 177~1997!.
46H. W. Wyld and B. D. Fried, Ann. Phys.~N.Y.! 23, 374 ~1963!.
47F. Prengel, Ph.D. thesis, Technische Universita¨t Berlin, 1998.
48J. Schilp, Ph.D. thesis, Universita¨t Stuttgart, 1996.
49J. Schilp, T. Kuhn, and G. Mahler, Phys. Status Solidi B188, 417

~1995!.
50V. Meden, J. Fricke, C. Wo¨hler, and K. Scho¨nhammer, Z. Phys.

B 99, 357 ~1996!.
51K. Schönhammer and C. Wo¨hler, Phys. Rev. B55, 13 564~1997!.
52J. Faist, F. Capasso, C. Sirtori, D. L. Sivco, A. L. Hutchinson,

S. Hybertsen, and A. Y. Cho, Phys. Rev. Lett.76, 411 ~1996!.


