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Coherent Manipulation of Phonon Emission Rates in Semiconductor Heterostructures
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Quantum interference between electron-lattice and electron-light interaction allows coherent control
of optical phonon emission rates in semiconductors. We use a microscopic theoretical analysis to show
that the longitudinal-optical-phonon-mediated return rate of electrons into the lowest electron subband of
a GaAsyAlGaAs heterostructure can be controlled by the phase of a microwave field which resonantly
couples two upper electronic subbands of the heterostructure. For the structure investigated we predict
variation of the relaxation rate by a factor of 2 between 400 and 900 fs. This effect may be interpreted
as quantum interference between a single-phonon emission process and a single-phonon–two-photo
process. [S0031-9007(99)08923-1]

PACS numbers: 72.10.Di, 73.40.Gk, 78.45.+h, 78.66.Fd
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Optical phonon scattering plays a fundamental role
the nonequilibrium carrier dynamics of semiconducto
influencing carrier transport, carrier thermalization, a
optical properties [1]. For electrons in polar semico
ductors, longitudinal-optical (LO) phonons frequently pr
vide the dominant inelastic scattering mechanism. Opt
phonon emission times are generally perceived as a g
material property. Careful material selection, combin
with structural design, is exercised to “engineer” L
phonon scattering in electronic devices. In this Letter
show that quantum interference between competing p
ways can be used to coherently control LO phonon em
sion rates in electron intersubband transitions. Traditio
coherent control has utilized quantum interference betw
single- and multiphoton absorption to control the sy
metry of the final state and/or the absorption cross s
tion (“reaction cross section”) [2]. To the lowest order
Fermi’s golden rule, the transition rate between an ini
statejil and a final statejfl is proportional to [3]

jkijH1 1 H2jflj2, (1)

where H1 and H2 may be, for example, the Hamilton
ans for single- and two-photon absorption. The relat
phase betweenH1 and H2 controls the interference term
in Eq. (1) and offers a means to control the transition r
In more general terms, when there are two or more c
peting quantum processes, their net effect does not e
the sum of the effects from the individual processes. T
also pertains to perturbations which do not overlap in tim
as long as they are separated by less than the characte
phase breaking (“dephasing” or “decoherencing”) time
the system [4]. Moreover, it is sufficient to be able to co
trol the phase for eitherH1 or H2 as long as changing th
phase of one perturbation does not appreciably influe
the phase of the other. In terms of a density matrix
scription, the response of the system is determined not
by carrier distribution functions, i.e., the diagonal eleme
of the one-particle density matrix, but also inter(sub)ba
polarizations, represented by the off-diagonal density
trix elements [5].
0031-9007y99y82(15)y3116(4)$15.00
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In this paper we demonstrate that phonon emission
in semiconductor heterostructures can be manipulate
ing quantum interference between single-phonon e
sion and a process which involves single-phonon emis
combined with emission and absorption of a photon p
vided by an external microwave (mw) source. Indeed,
phase of the mw field allows substantial control of the
phonon intersubband emission rate.

Consider a double well (DW) of unequal well depth su
that the lowest electron subband of the shallow well is n
resonance with the second electron subband of the
well. Such a structure is sketched in Fig. 1. A built-in
external electric field may be used to fine-tune or mo
the subband splittings. Subband levels and electron w
functions in the growth direction of the system we
determined within an envelope function model. Parab
energy dispersion with equal effective masses of0.067m0
were used for all three electron subbands. The6 subband
splitting is adjusted to 10 meV. The subband dou
is positioned about 40 meV above the lowest elec
subband of the DW. The ground state subband is
confined to within the deep wide well. Well widths a
of the order of$10 nm. The barrier thickness is abo
2 nm. This design allows efficient transfer of electro
between the doublet and the lowest subband by op
phonon emission on a time scale of about 500 fs.
coherent mw field resonantly couples the two subba
of the doublet. Initially, the lowest subband is popula
by 1010 electrons per cm2. This may be achieved, fo

FIG. 1. Schematic representation of the electronic subb
structure of the asymmetric GaAs-AlGaAs double well.
© 1999 The American Physical Society
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example, by remote doping in the adjacent barrier lay
A subpicosecond pump pulse excites electrons from
lowest subband into the subband doublet and the retur
electrons into the lowest subband (predominantly) du
LO phonon emission is monitored as a function of time

For the study of this relaxation process we use a Mark
ian version of the Boltzmann-Bloch equations [6]. This
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a well-justified approximation for the present analysis,
will be discussed in detail below. Within this approach a
considering sufficiently low sample temperatures so t
LO phonon absorption between the lowest subband
the subband doublet may be neglected, the rate of elec
transfer from the upper subbands to the lowest subb
due to spontaneous LO phonon emission is
d
dt

f00sk, td ­
2p

h̄
Re

( X
q;n,n0­6

M0,n0sqd fMn0s2qddssse0skd 2 ensk 1 qd 1 h̄vLOsqddddfnn0sk 1 qd

3 sss1 2 f00skdddd 1 M0ns2qddssse0sk 1 qd 2 enskd 1 h̄vLOs2qddddf0nskdf0n0sk 1 qdg

)
. (2)
7].
to
nd
We
he
ow
tron
up
ns
this
ities

cw

the
net
mw

as
on

by
ut

ue
est
the
in

blet
the

ther
w-
to

are
p

ect
ain

sfer
eld.
HereM0nsqd denotes the electron-phonon matrix eleme
fijsk, td are the density matrix elements associated w
single particle energy stateseiskd, wherei, j are band in-
dices andk is the two-dimensional electron wave vect
The second set of terms on the right-hand side (rhs
Eq. (2) is a quantum correction due to intersubband
larization between the lowest subband and one of the
doublet subbands. Here it is small because it is establi
essentially by the weakpumppulse. The first contribution
on the rhs of Eq. (2) shows that the intersubband polar
tion f12 of the subband doublet6 enters the otherwis
standard expression for phonon emission, provided
both bands of the doublet couple to the ground subba
In analogy to the use of identical slits in Young’s doub
slit experiment, equal coupling strength to both band
the doublet leads to the best results for coherent con
For the present structure this condition implies small
ergy splitting for the subband doublet. Equation (2) id
tifies manipulation off12sk, td as a means for cohere
control of phonon emission for electron transitions
tween the upper bands and the lowest subband. Her
use a strong coherent mw field to resonantly couple
subbands and generate6 intersubband polarization. Th
makes thef12sk, td term the dominant quantum corre
tion in Eq. (2). Nevertheless, all terms of Eq. (2) we
included in our analysis. If the period of Rabi oscillatio
of f12sk, td induced by the mw field is longer than th
LO phonon period, the phase of the mw field determi
the electric field strength, and more importantly, the m
nitude of f12sk, td intersubband polarization during th
phonon emission process.

The LO phonon spectrum of such a system is q
complex and consists of modes which are largely confi
to individual GaAs wells, the AlGaAs modes in the barr
regions, and interface modes. Using well widths$10 nm
renders the interface modes of secondary importanc
confined modes [7]. Because of the effective localiza
of the lowest subband wave function to within t
wide well, barrier modes provide only small coupli
to the doublet states. Hence, the dominant mode w
couples the subband doublet to the lowest subban
.
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a confined mode associated with the wide well [
This mode (with an energy of 36 meV) is included in
our calculations for the LO-phonon induced intersubba
transfer, as is intrasubband LO-phonon scattering.
account for the electron-electron interaction within t
Hartree-Fock mean-field approximation. Moderate to l
carrier densities are essential to keep electron-elec
Coulomb scattering small and to allow significant build
of 6 intersubband polarization [8]. Our calculatio
which include electron-electron scattering show that
is indeed a valid approximation at present carrier dens
and for times up to a few picoseconds [9].

For our numerical analysis we use a coherent
mw field of an intensity ofø1 MW cm22. The peak
of the 200 fs Gaussian pump pulse arrives att ­ 0 fs
and excites electrons from the lowest subband into
subband doublet. This arrival marks the onset of
phonon emission and we measure the phase of the
field relative tot ­ 0 fs.

Figure 2 shows the population of the lowest subband
a function of time. The solid curve shows the situati
without mw field. After the initial excitation by the
pump pulse, electrons return to the lowest subband
LO phonon emission with a time constant of abo
470 fs. A slight modulation for times.200 fs with the
tunneling period between the two wells is indeed d
to the tunneling of electrons. Transfer into the low
subband is more likely when an excited electron is in
wide well allowing a direct transition than when it is
the narrow well.

When a coherent mw field couples the subband dou
the rate of transfer depends on its phase. Transfer into
lowest subband, i.e., LO phonon emission, can be ei
accelerated or slowed down when compared to the m
free case. The control seen in Fig. 2 is entirely due
adjusting the phase of the mw field. In fact, there
two effects. One is a modulation of absorption of pum
pulse photons by the phase of the mw field. This eff
has been predicted earlier for excitations across the m
band gap in heterostructures [10]. Second, the tran
rate (slope in Fig. 2) depends on the phase of mw fi
3117
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One may speculate that the latter effect may be solel
consequence of the first effect which leads to a variat
in the number of excited carriers. However, this is not t
case due to the moderate carrier densities involved in
transitions. We can demonstrate this clearly by a mo
calculation in which the mw field is turned on with a tim
delay of 200 fs relative to the pump pulse. During t
excitation of electrons into the upper subbands, there
practically no mw field present to set up6 intersubband
polarization. The results are shown in Fig. 3. Note th
as expected, the initial dynamics is almost identical
all mw phases. However, as soon as the mw field bu
up 6 intersubband polarization, the phonon emission r
clearly displays a significant phase dependence.

While Figs. 2 and 3 were obtained by using Marko
ian phonon emission terms and treating thee-e Coulomb
interaction with the Hartree-Fock mean-field approx
mation, we also performed calculations which includ
e-e Coulomb scattering in this multisubband syste
These calculations are significantly more time-consumi
However, they have confirmed that our simpler approa
is well justified and does not invalidate our conclusion
As expected from previous calculations and comparis
with experiment [11], electron-electron scattering cann
destroy coherence (here the6 intersubband polarizations
on a time scale below 1 ps for present carrier densities

Figure 4 shows the effective carrier relaxation ra
as a function of mw phasefmu. This parameter was
obtained by fitting an exponential to the decay of carr
densities shown in Fig. 3. Substantial variation of t
phonon emission rate between about 400 fs and 1
is obtained. The period of phase dependence isp,
as compared to2p in conventional coherent contro
processes where the phase of the light field respons
for single-photon absorption is varied [2]. This sugge
a simple interpretation of this effect in terms of a quantu
interference process between single-phonon emission
a single-phonon emission process in conjunction with
mw photon emission and absorption process; see Fig

FIG. 2. Lower subband carrier population as a function
time in the presence of a cw mw field.
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The two-photon process carries a2fmw dependence into
the transition rate.

Note that a recent experiment which reports coher
control of phonon emission inbulk GaAs operates in a
much shorter time regime, using 15 fs optical pulse to
fluence the phonon emission dynamics [12]. These pu
are not only significantly shorter than the average
phonon emission time but also shorter than the co
sponding period of lattice vibration which, for bulk GaA
LO phonons, is about 100 fs. Hence, a Markovian p
ture using energy-conserving delta functions for phon
emission isnot valid in their scheme, which has a charg
transport analog in the intracollisional field effect env
sioned to occur in submicron electronic devices [13].
the current study we have considered a scheme that o
ates on a time scale which is about an order of magnit
longer. The mw period and the Rabi period off12sk, td
are about 400 fs, the pump pulse duration is 200 fs,
the phonon intersubband emission rate is about 500
The period of lattice vibration of the relevant confine
mode in our structure is about 100 fs. As the time sc
for the “buildup” of the energy-conserving delta functio
is determined by the inverse phonon frequency, the us
a Markovian version of electron-phonon scattering term
Eq. (2), is well justified. Note also that the maximu
Stark shift induced by the mw field is less than 1 meV a
is thus negligible when compared to intersubband sp
tings and the LO phonon energy.

In summary, we have shown that quantum interf
ence processes can be used to coherently control effe
phonon emission rates in semiconductors. In our pres
scheme using an asymmetric double quantum well c
sidering of a deep and a shallow GaAsyAlGaAs well,
this is accomplished by the phase of a coherent mw fi
which resonantly couples a pair of electron subbands fr
which the transition into the ground subband occurs. T
phase of the mw field controls the intersubband po
ization between the upper two subbands which, in tu

FIG. 3. Lower subband carrier population as a function
time when the cw mw field is turned on with a time delay
200 fs relative to the pump pulse.
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FIG. 4. Phonon emission rate as a function of mw phase. T
mw field is turned on with a time delay of 200 fs relative to th
pump pulse to ensure equal initial carrier distributions.

influences LO-phonon-induced transitions between t
subband doublet and the ground state subband. O
calculations predict that phonon emission rates associa
with this intersubband transition can be varied by as mu
as a factor of 2, i.e., between about 400 fs and 1 ps in
present structure. This significant effect should clearly
observable once coherent mw fields of sufficient intens
become available. The first promising results in buildin
such light sources have been published recently [14].

We thank the U.S. Army Research Office for financi
support of this work.
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