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Far-infrared magnetospectroscopy of polaron states in self-assembled InAsÕGaAs quantum dots
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We investigate the far infrared magneto-optical transitions in self-assembled InAs quantum dots with dif-
ferent lateral diameters and we show that a purely electronic model is unable to account for the experimental
data. We calculate the coupling between the mixed electron-LO-phonon states using the Fro¨hlich Hamiltonian,
from which we determine the polaron states as well as the energies of the dipolar electric transitions. The
excellent agreement between the experiments and the calculations obtained for the different samples provides
strong evidence that the magneto-optical transitions arise between polaron states and that the electrons and LO
phonons experience a strong coupling regime.
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I. INTRODUCTION

The investigations of the confined states and of
electron-phonon coupling in self-assembled semicondu
quantum dots~QD’s! have attracted recently considerable
tention. InAs QD’s that are lens-shaped hills spontaneou
formed on a thin InAs wetting layer onto GaAs are partic
larly attractive because of their small and uniform size, th
large areal density, and good confining properties. Semic
ductor QD’s, like artificial atoms, display discrete ener
levels. The carriers bound to the QD’s are, however, in in
action with phonons that display a continuum of finite wid
The characteristic energy splitting of the InAs QD’s ele
tronic states (;50 meV) is comparable to the energy\vLO
of the longitudinal optical~LO! phonons and much large
than that of the longitudinal acoustical~LA ! phonons. This
has drastic consequences on the electron-phonon intera
in these nanostructures. First, it has been shown that the
phonons are inefficient for the relaxation of the electr
energy.1 Second, because the LO phonons have very li
energy dispersion, it has been suggested both theoretic2

and experimentally3 that electrons and LO phonons are in
strong coupling regime. The usual idea that an electron in
excited level can relax towards lower lying levels by irr
versibly emitting one~or several! LO phonons when the en
ergy separation matches\vLO , is wrong in QD’s. In con-
trast to III-V bulk semiconductors or quantum-we
structures where the electron-LO-phonon interaction co
sponds to a weak coupling regime, electrons and
phonons form mixed modes in QD’s, the polaron states.

We had previously reported the first experimental e
dence of this strong coupling regime using FIR~far infrared!
magnetospectroscopy in a doped InAs QD’s sample.3 In the
present paper, we report a systematic investigation of
electron-phonon interaction, using FIR magnetotransmiss
techniques up toB528 T at T52 K, in a series of selec
tively doped InAs QD’s differing in lateral size. We study th
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optical transitions between the ground and the first exc
states that ares-like andp-like, respectively, in the quasicy
lindrical QD’s. Depending on the FIR radiation polarizatio
two different transitions can be excited atB50, which evi-
dences a size anisotropy of the QD’s in the growth pla
with a slight elongation along the@11̄0# direction. TheB
dispersion of the transmission minima shows, in the wh
magnetic-field range, drastic deviations with respect to
predictions of a purely electronic level model that incorp
rates both the orbital Zeeman splitting of thep states and the
diamagnetic shifts of the bound levels. In particular, it e
dences huge anticrossings when the energy splitting betw
the relevant electronic levels approaches\vLO and 2\vLO .
As a model neglecting the electron-phonon coupling is
finitively unable to account for the experimental data, w
calculate the coupling between the mixed electron-latt
states using the Fro¨hlich Hamiltonian and we determine th
polaron states and energies of the dipolar electric transitio
An excellent agreement between these calculations and
experimental data is obtained for all samples, demonstra
that the magneto-optical transitions occur between pola
states. Moreover, we have also calculated the time dep
dence of the survival probability for the various nonintera
ing electron-phonon states. Such probabilities are found
oscillate and never display a simple exponential decay like
bulk or quantum-well structures. This is another indicati
that electrons and LO phonons are always in a strong c
pling regime in QD’s.

II. EXPERIMENTAL DETAILS

The InAs/GaAs dots investigated here were grown
~001! GaAs substrates by molecular-beam epitaxy using
Stranski-Krastanov growth mode of InAs on GaAs.4 As the
resonant FIR absorption associated with a single layer
QD’s is weak (;0.2%),5 samples containing a multistack o
20 layers of InAs QD’s were prepared in order to strength
©2002 The American Physical Society16-1
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this absorption. Two planes of dots were separated by a
nm-thick GaAs barrier. The density of QD’s is;4
31010 cm22 for each plane, corresponding to an avera
center-to-center distance of 50 nm, large enough to neg
any interdot interactions. We can, therefore, reasonably c
sider our samples as constituted by isolated QD’s. The sh
of the InAs islands, estimated from transmission electron
crographs, is lenslike with a height of;2 nm and a latera
diameter of;20 nm. In the following, we discuss resul
obtained on three samples labeled~I!, ~II !, and~III ! differing
in the lateral size of the QD’s~see Table I!. The lateral di-
ameter decreases when going from~I! to ~III ! and, therefore,
the electron confining energy increases. The gaps of
QD’s were measured in the different samples by photolu
nescence~PL! experiments at 2 K~the photoluminescenc
peak is centered at;1.2 eV and the full width at half maxi-
mum is ;80 meV). The dots filling is realized by a delt
doping of each GaAs barrier at 2 nm under the dots la
The doping level;631010 cm22 was adjusted to transfe
on average one electron per dot and populate only the gro
state. We have investigated the optical transitions betw
the ground and the first excited states. Such transitio
which involve only conduction-band states, correspond t
resonance energy in the FIR. The sample transmission at
was recorded by Fourier-transform spectroscopy in the
range 100–800 cm21. In order to eliminate the optical setu
effects, the sample transmission was normalized to the
strate transmission. Two types of experiments have been
formed with the radiation propagating perpendicular to
samples: transmission measurements atB50 with a linearly
polarized radiation and magnetotransmission measurem
up to B528 T at the Grenoble High Magnetic Field Lab
ratory using a resistive magnet and unpolarized radiat
The magnetic field was applied parallel to the growth~z! axis
~Faraday configuration!. Since the InAs QD’s are flat objects
there is a quasidecoupling between thez and the lateral elec
tron motions. The FIR experiments with the radiation elec
field along the InAs planes probe essentially the lateral
gree of freedom of the bound electrons and are thus sens
to the lateral homogeneity of the QD’s. Figure 1 shows ty
cal transmission spectra obtained atB50 on samples~II !
and ~III !. The strong intensity of the observed resonan
(;9%) as well as the sharpness of the lines@the full width
at half maximum~FWHM! is ;4 meV# evidences the good
quality of this sample. Very similar results are obtained
the other samples. The absorption probability for the
serveds-p resonance can be estimated from a simple mo
detailed in Appendix A. We find that, for a single plane co

TABLE I. Values of the major and minor axesa and b of the
elliptical dot basis, and of the heighth of the truncated cone, which
best fit the FIR and PL measurements.R is the average radius.

Sample~nm! I II III

a 11.4 11.4 10.7
b 10.2 9.8 9.8
R5Aab 10.8 10.6 10.2
h 1.8 2.4 2.4
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taining ;431010 cm22 QD’s with one electron per dot, the
absorption amplitude using a FWHM of 4 meV is 0.44%
This result accounts well for the experimental data in o
samples consisting of 20 QD’s layers and shows that
absorption is consistent with a dot population of one el
tron.

III. RESULTS

For QD’s with a perfect cylindrical symmetry, the ele
tronic eigenstates are of the form

c~r,u,z!5eimugm~r,z!, Lzuc&5m\uc&, ~1!

where (r,u) are the polar coordinates in the QD’s plan
Lz52 i\]/]u is the angular momentum projection along t
growth axis (z), andm is an integer. The states are label
s(m50), p6(m561), d6(m562), . . . , so that the
ground and the first excited states ares-like and p-like, re-
spectively. One should add one more quantum numbe
account for the differentz motions but the actual InAs QD’s
are sufficiently flat to accommodate a single bound st
whenm50,61. The two excitedp6 states would be degen
erate atB50 for a cylindrical symmetry, so that a singles-p
transition would be expected. In fact, in all investigat
samples, thes-p absorption atB50 consists of two compo-
nents as shown in Fig. 1 for samples~II ! and~III !. In sample
~III !, for radiation linearly polarized along the@110# direc-
tion, a single line is excited at 63 meV while a differe
single line is measured at 56 meV for polarization alo
@11̄0#. Both lines are observed with comparable intensit
for the intermediate polarization along@100#, or for unpolar-
ized radiation. An anisotropy in the dots shape, an inhom

FIG. 1. Transmission spectra atB50 and T55 K of sample
~III ! for radiation linearly polarized along the@110#, @11̄0#, and
@100# directions and of sample~II ! for an unpolarized radiation.
6-2
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geneous electric field, or more generally a perturbation of
form v(r,u) that involves components withd symmetry, can
cause such a splitting between the two components. Ta
into account previous works,5–7 it is likely that the slight
elongation of the InAs dots along the direction@11̄0# is re-
sponsible for this splitting. The fact that the absorption
totally polarized along the@110# and @11̄0# axes in samples
containing many dots proves that the anisotropy axes are
oriented at random from one dot to another, but that they
genuine features of the growth of any QD. It is possible
account for the measured anisotropy by assuming that the
basis is not circular but elliptical with major and minor ax
a and b, respectively@Fig. 2~a!#. By using a variational pro-
cedure with Gaussian functions, we have calculated the e
tronic levels of QD’s modeled by a truncated cone of hei
h and basis angleb530° @Fig. 2~b!# as estimated from trans
mission electron micrographs. Note that scanning tunne
microscopy of similar samples8 confirms this geometrica
shape of the dots. The potential of the elliptical dot readV
5V01dV, where V0 is the cylindrical dot potential and
dV/V0!1 describes the slight anisotropy. The electron
fective massm* is determined from the orbital Zeeman e
fect as described in Sec. IV. The exact composition of
QD’s is not known but it is clear that a significant interd
fusion occurs between the InAs layers and the GaAs barr
The importance of this intermixing has been recently poin
out by Stark effect spectroscopy.9 For the sake of simplicity,
we have considered in the calculations a homogeneous
lium content of 30% in the QD’s,10 resulting in a conduction-
band offset of 488 meV. Finally, the parametersa, b, andh
that best fit the FIR and PL measurements are listed in T
I for the different samples. The;10–15 % anisotropy in the
growth plane is found in good agreement with previou
reported observations.5–7 Samples~I! to ~III ! correspond to a
decreasing average QD radiusR5Aab.

In the presence of a magnetic fieldB applied parallel to
the growth axis, the electronic Hamiltonian is given by

He5
P2

2m*
1V~r,u,z!1

1

2
vcLz1

1

2
m* S vc

2 D 2

r2, ~2!

FIG. 2. Electronic levels of QD’s are calculated by using t
following geometrical model for the quantum dots :~a! the dot basis
is supposed to be elliptical with major and minor axesa and b,
respectively,~b! the quantum dot is modeled by a truncated cone
heighth and basis angleb530°.
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where P is the electron momentum andvc5eB/m* . The
two magnetic-field-dependent terms in Eq.~2! correspond to
the linear and quadratic Zeeman effects. The larger one is
linear Zeeman effect, which affects onlymÞ0 states and
splits the6m states. The quadratic Zeeman term gives d
magnetic shifts that do not exceed 10 meV in the inve
gated field range. For a purely electronic problem that
cludes the small in-plane anisotropydV of the confining
potential, one expects to observe two transitions with en
gies\v6 ,

\v65E06
1

2
Ad21\2vc

21gB2, ~3!

whered is the zero-field splitting of the excitedp6 states
and the last term corresponds to the quadratic Zeeman ef
The two high-field asymptotesE06\vc/21gB2 correspond
to the orbital Zeeman splitting of thep6 states. Let us first
focus on sample~II !. Figure 3~a! displays the magnetotrans
mission spectra recorded atT52 K on sample~II ! between
B59 and B528 T. Two main absorption regions are o
served~at 40–50 meV and 65–85 meV!, whose energy split-
ting is found to increase withB because of the orbital Zee
man effect of thep states. Depending on the magnetic fie
four different resonance lines are observed whose min
are indicated by the dashed lines. The zero-transmission
gion around 35 meV corresponds to the reststrahlen ban
the GaAs substrate, while that around 90 meV arises fr
the absorption of the setup windows. A quite similar beha
ior is observed in the other samples. TheB dispersion of the
resonances consists in four branches as shown in Fig.~b!
~full circles!. It is clear that the transition energies cannot
accounted by the simple expression given in equation
~3!. For instance the solid lines in Fig. 3~b! show the calcu-
lated dispersion usingE0555.5 meV, d59.5 meV, g
54.1023 meV T22, andm* 50.07m0 ~these values will be
discussed later!. Striking anomalies are observed. First, tw
anticrossings appears around 70 meV and 80 meV. Sec
the dispersion of the lowest branch considerably devia
from its expected behavior in the wholeB range. The anti-
crossing at;70 meV occurs at an energy that is about twi
the energy\vLO of a LO phonon either in GaAs or in InAs
strained to GaAs.11 As shown in Fig. 3~a! and Fig. 3~b!, an
additional absorption line appears atB59 T whose magni-
tude increases withB so that a doublet is observed in th
field range 9–22 T. A similar doublet is observed arou
25 T when the energy difference betweenp1 and p2 is
equal to\vLO . Finally, the strong departure of the lowe
branch from the predicted behavior indicates a pinning
this branch close to\vLO for B.20 T.

These anomalies, observed for all samples as show
Fig. 4 ~full circles!, resemble the well-known resonan
magneto-polaron effects observed in the dispersion
magneto-optical transitions in III-V bulk materials o
quantum-well structures. At the magnetic field for which t
cyclotron energy is equal to\vLO , a small deviation of the
transition energy as well as an anticrossing occur.12–14How-
ever, while such anomalies are only observed within a n
row magnetic-field region in bulk material (,1 T), they oc-

f
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S. HAMEAU et al. PHYSICAL REVIEW B 65 085316
cur in the whole investigatedB range in the QD’s as show
in Figs. 4~a!–4~c! for the ~I!, ~II !, and~III ! samples, respec
tively. Also, the magnitudes of the anticrossings are mu
larger than those in bulk or quantum-well structures. Fina
we are not aware that a two phonon resonant magnet

FIG. 3. ~a! Magnetotransmission spectra recorded atT52 K on
sample~II ! betweenB59 andB528 T. Traces have been offset fo
clarity. Four different resonance lines are observed whose min
are indicated by the dashed lines.~b! Magnetic-field dispersion of
the resonances~full circles! for sample~II !. The solid lines are the
calculated dispersions from Eq.~3! using the parameters listed i
the text.
08531
h
,
o-

laron has ever been evidenced in bulk III-V materials. O
is, therefore, led to the conclusion that there exists str
resonant magneto-polaron effects in QD’s when the ene
difference between two confined electronic states is equa
a multiple of\vLO . Figure 5 displays a scheme of the e
ergies of the noninteracting electron-phonon statesun,n&,
with n5s or p6 and n50,1,2 represents then LO-phonon
states, for the various samples in theB range used in our
study. In these diagrams, one has used the zero-fields-p
energy separation from the FIR results andm* 50.07m0.
The ground stateus,0& is taken as the energy origin and th
quadratic shifts of the levels are neglected. The solid lin
represent the discrete levels, while the gray lines are
narrow continuum levels with one or two LO phonons. It
clear in Fig. 5 that the magnetic field can tune a reson
interaction between the discreteup6 ,0& states and the con
tinuums us,1&, up2 ,1&, and us,2&. One can check for each
sample the one-to-one relationship between the crossove
the various noninteracting levels in Fig. 5 and the obser
deviations and anticrossings shown in Fig. 4. In particula
is clear in samples~II ! and~III ! @Fig. 4~b! and Fig. 4~c!# that
a small anticrossing~2–3 meV! first occurs corresponding to
a two LO-phonon polaron and then a larger one~5 meV!
associated to a single LO-phonon polaron takes place
higher magnetic field. Because of the particular level
rangement in sample~I! where the zero-fields-p energy
separation is closer to\vLO ~see Fig. 5!, the opposite situa-
tion occurs as shown in Fig. 4~a!.

IV. ANALYSIS AND DISCUSSION

Because a purely electronic level model is unable to
count for the experimental data, we have to consider F
magneto-optical transitions between polaron states a
therefore, to calculate the coupling between the relev
mixed electron-phonon states. In bulk materials, it is w
known that one has to diagonalize the Fro¨hlich Hamiltonian
that describes the Coulomb interaction between a mov
electron and the dipoles vibrating at the angular freque
vLO corresponding to a longitudinal optical mode. It is a
sociated with the partial ionicity of the bonds between t
two different atoms that constitute the III-V semiconducto
In QD’s, the phonon spectra are not known accurately a
result of the uncertainties on the shape and composition
the actual dots. The notion of longitudinal and transve
modes is most likely not as strict in a dot as in bulk GaA
Moreover, there should exist interface phonon modes.
these uncertainties result in severe difficulties in establish
what would be the equivalent of the Fro¨hlich term in an
actual QD ~see Ref. 15 for a spherical dot!. On the other
hand, an actual InAs island comprises several thousand
unit cells, and thus should have a quasibulk phonon sp
trum. Like in III-V bulks, each anion is surrounded by fou
cations with a slightly polar bond between them. Therefo
the basic ingredients of the Fro¨hlich Hamiltonian are main-
tained in actual dots, with oscillating dipoles interacting w
a moving charge. These considerations have led us to ta
bulklike Fröhlich Hamiltonian to describe the interaction b
tween an electron bound to a dot and the optical pho

a
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FIG. 4. Magnetic-field dispersion of the resonances~full circles! for ~a! sample~I!, ~b! sample~II !, ~c! sample~III !. In the three figures,
the bold solid lines are the resonances dispersions calculated from the numerical diagonalization of the Hamiltonian including the¨hlich
term, using the parameters listed in the text. The dashed lines are the calculated resonance dispersions by suppressing the elec
coupling for the same parameters as previously.
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modes of the structure. The dimensionless Fro¨hlich constant
a characterizes the ionicity of the material and the intens
of the coupling. We have taken the coupling constanta in
QD’s as an adjustable parameter since it has already b
reported thata could be enhanced in dots as compared to
bulk situation.16

The numerical diagonalization of the Hamiltonian inclu
ing the Fröhlich term gives the polaron states. The nonint
08531
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acting mixed states are labeledun,n$q%& where un&5us&,
up6& are purely electronic states~in what followsp6 denotes
the two electronic levels that result from the two excit
states admixed by the anisotropy term!. un$q%& denotes the
ensemble ofn LO-phonon states in the$q% modes. The basis
used in the numerical diagonalization consists ofus,0&,
us,1q&, up2 ,0&, up1 ,0&, up2 ,1q&, up1 ,1q&, us,2qq8& ~see
Fig. 5!. Moreover, the interaction withup2,2qq8& and
6-5
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us,3qq8q9& are introduced perturbatively. Note that electro
phonon states that differ by two phonons are not couple
the lowest order by the Fro¨hlich Hamiltonian that is linear in
the LO-phonon destruction and creation operatorsaq and
aq

1 .17 The two phonon polarons correspond, therefore, to
indirect interaction betweenus,2qq8& and up1 ,0&. The LO-
phonon dispersionvLO(q) was taken into account as fo
lows. We tookN556 values for the wave vectorq close
from the center of the Brillouin zone~we have checked tha
retainingN580 values leads to the same results, this is
cause the Fro¨hlich interaction favors small wave vectors!.
The largest q value was such that any matrix element for
larger q values was less than 1% of its largest value. T
reduces the effective energy width of the one and two p
non continuums to about 0.4 meV and 0.8 meV, respectiv
~whereas the energy width of the one phonon continuum
responding to the whole first Brillouin zone is;6 meV).

The numerical diagonalization produces many mix
electron-phonon, or polaron states. Most of them are ir
evant for the magneto-optical data. In fact, these experim
probe the polaron levels through their electronic compone
since one actually measures the light absorption that res
from an electric dipole transition. Since the ground polar
state is mostly built from the unadmixedus,0& state, the FIR
experiments provide information on the projection of the e
cited polaron states onup1,0& and up2,0& states. We have
therefore, only retained the polaron levels with square p
jections onup1,0& andup2,0& larger than 10%, which corre
sponds roughly to the experimental sensivity, in order to
tain the magneto-optical transition energies. The bold s

FIG. 5. Scheme of the energies of the noninteracting elect
phonon states for the various samples forB varying from 0 to 30 T.
The pure electronic states are represented by black solid lines.
continuum with one or two LO phonons are represented by g
lines symbolizing the continuum width.
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curves of Figs. 4~a!–4~c! are the resonance dispersions c
culated fora50.075, m* 50.07m0 , \vLO536 meV, tak-
ing d57,10,7 meV and an average zero-fields-p energy
separation of 48, 54, and 58.5 meV for samples~I!, ~II !, and
~III !, respectively. The field and energy positions as well
the magnitude of the various anticrossings are very well
scribed by our model. The excellent agreement obtained
all samples demonstrates that the magneto-optical transit
occur between polaron states. The first predicted branc
30–35 meV is not observed experimentally because it is
near to the reststrahlen band of the GaAs substrate. The
rametersm* and\vLO of the QD’s samples are comparab
to those of bulk GaAs. The effective mass, which is roug
the same for the three samples, is considerably heavier
in pure bulk InAs but it is reasonably consistent with t
;1.2 eV gap measured by PL in our QD’s. Taking into a
count the effects of strain, interdiffusion, and band nonpa
bolicity, due to the carrier confinement, brings the mass
In~Ga!As QD’s not far from that of bulk GaAs. Note als
that m* is consistent with previous experiment
determinations.5 The Fröhlich constanta is slightly larger
than in bulk InAs or GaAs (25% larger than in bulk GaAs!,
in agreement with previous findings.15,16 There is a clear hi-
erarchy between the measured anticrossings. For the
phonon polarons, the anticrossings are the larger when
electron part of the uncoupled electron-phonon states h
the smaller difference in the projection of their angular m
mentum alongz: the s-p2 anticrossing is larger than th
p1-p2 one ~see Fig. 4!. This trend is in agreement with th
predictions one can make from the diagonalization of a bu
like Fröhlich Hamiltonian in a quantum dot. The two phono
polarons display less repulsion at resonance than one ph
polarons, which is also well accounted for by our Fro¨hlich-
like model.

The dashed lines in Figs. 4~a!–4~c! are the calculated
resonance dispersions by suppressing the electron-ph
coupling~i.e., by puttinga50 in the calculations!. For each
magnetic field, the difference between the solid and das
lines shows the electron-phonon interaction contribution
is noteworthy that a polaron effect occurs in the wholeB
range fromB50 to 28 T, showing again that the magnet
optical transitions always occur between polaron states.
contribution atB50 depends on the position of thes-p en-
ergy as compared to\vLO . The weaker is thes-p separa-
tion, the larger is the correction atB50. This last point is
clearly observed in Fig. 4 when comparing samples~I! and
~III !.

In order to understand the origin and the amplitude of
various anticrossings, especially of the two anticrossings
70–80 meV, we have developed a simple model that
volves dispersionless LO phonons. Since the numerical
agonalization of the Fro¨hlich Hamiltonian involves small
phonon wave vectors and thus uses a very small part of
phonon dispersion~we have seen that the effective ener
width of the one LO-phonon continuum is;0.4 meV), the
dispersionless phonon model will give good results if t
amplitude of the anticrossings is much larger than the c
tinuum width. First, consider the deviation around 40 me
This deviation originates from the interaction between
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discrete levelup2,0& and the continuumus,1& ~Fig. 5!. In the
framework of the dispersionless phonon model, we dem
strate~see Appendix B! that this interaction reduces to th
one between two discrete levels that gives rise to two
crete polarons notedua1& andub1&. The energies of these tw
polarons are reported as solid lines in Fig. 6~a! for sample
~II !. Second, we study the two anticrossings at 70–80 m
which involve the discrete levelup1,0& and the continuums
up2,1& andus,2& ~Fig. 5!. In a first step, we have to conside
the interaction betweenup2,1& and us,2&. We demonstrate in
Appendix B that it gives rise to two flat polaron continuum
ua1,1& andub1,1&, whose energies are the same as in Fig. 6~a!
shifted by\vLO and are reported as dashed-dotted lines
Fig. 6~b!. In a second step, we consider the interaction of
discrete levelup1,0& with ua1,1& andub1,1& continuums. The
problem reduces to that of a three levels system~see Appen-
dix B!, the result being reported as solid lines in Fig. 6~b! for
sample ~II !. Note that the Fro¨hlich Hamiltonian couples
up1,0& to the up2,1& part of theua1,1& and ub1,1& polarons
only, since no direct interaction can take place betwe
up1,0& and us,2&. This explains the small amplitude of th
anticrossing betweenup1,0& and ub1,1& around 16 T: the
weight of up2,1& is much smaller than the weight ofus,2& in
ub1,1& at this magnetic field. One can check that the so

FIG. 6. Calculated polaron energies in the framework of a d
persionless LO-phonon model for sample~II !. ~a! Dashed lines:
noninteracting electron-phonon statesup2,0& and us,1&; solid lines:
the two discrete polaronsua1& andub1&. ~b! Dashed-dotted lines: the
two flat polaron continuumsua1,1& and ub1,1&, which are the same
as in Fig. 6~a! shifted by \vLO ; dashed line: noninteracting
electron-phonon stateup1,0&; solid lines: the three states resultin
from the interaction betweenua1,1&, ub1,1&, and up1,0&. In both
figures, the energy origin is taken at theus,0& level.
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lines in Figs. 6~a! and 6~b! account very well for the experi
mental data. Moreover, using this dispersionless pho
model, we have calculated the average number of
phonons at T50 in each relevant polaron eigenstateuf i&,
N̄i5^f i u(qaq

1aquf i&. The average number of phonons
magnetic field is reported in Figs. 7~a! and 7~b!. Around 40
meV @Fig. 7~a!#, the eigenstates are linear combinations
the up2,0& and us,1& states. At 70–80 meV@Fig. 7~b!#, the
eigenstates are linear combinations of theup1,0&, up2,1&,
andus,2& states. In the anticrossing regions, one can note
strong mixing between the noninteracting electron-phon
states. In addition, at low magnetic field, the number
phonons is not exactly 0, 1 or 2 showing that there is
mixing of the noninteracting electron-phonon states by
Fröhlich interaction even atB50.

Finally, it is useful to discuss the time dependence of
survival probability for the various noninteracting electro
phonon states. In three-dimensional~3D! or 2D structures,
the mixed electron-phonon states form a broad continu
essentially because of the very large continuum of the c
duction electronic states (;1 eV). The electron-phonon sys
tem prepared att50 in a factorized state, for example,uk,0&
wherek is the wave vector related to the free motion of t
electron, is found to irreversibly dissolve in the continuum
the available final statesuk8,1q& with k5k81q. The survival
probability of still finding the electron-phonon system att in
the initial stateuk,0& decreases exponentially.17 This situa-
tion corresponds to a weak coupling regime to the extent
there is no way to form bound states between the delocal

- FIG. 7. Calculated average numberN̄i of LO phonons in the
polaron eigenstates shown~a! in Fig. 6~a!, and~b! in Fig. 6~b!. The
labels give the dominant component of theB50 polaron states.
6-7
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electrons and the delocalized phonons. A completely dif
ent situation appears for QD’s that display discrete electro
levels. For instance Fig. 8 shows such calculations for
various anticrossings observed in sample~III !. The time de-
pendences of the survival probability in theup1,0& level at
B514 T and 21 T and in the levelup2,0& at 28 T are repre-
sented. One can see that the survival probability of an in
electron-phonon state with zero phonon never shows an
ponential decay. It oscillates between 0 and 1~or close to 1!
in the case of one phonon polarons and between 0 andPm
,1 for the two phonon polarons. Such oscillations are si
lar to the well-known Rabi oscillations and would be eve
lasting if the polarons were stable. This would imply a str
impossibility for electrons to emit LO phonons. This effect
another indication that electrons and LO phonons beh
very differently in QD’s than in bulks or quantum-well stru

FIG. 8. Calculated time dependence in sample~III ! of the sur-
vival probability ~a! in the up2,0& level at B528 T, ~b! in the
up1,0& level at B514 T and~c! in the up1,0& level at B521 T.
These values of the magnetic field correspond to the various
crossings.
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tures, in particular, that they are in a strong coupling regi
in QD’s.

V. CONCLUSION

To summarize, we have investigated the FIR magne
optical transitions in self-assembled InAs QD’s with diffe
ent lateral diameters and we have shown that a model
glecting the electron-phonon coupling is definitely unable
account for the experimental data. We have calculated
coupling between the relevant mixed electron-lattice sta
using the Fro¨hlich Hamiltonian and we have determined th
polaron states as well as the energies of the dipolar ele
transitions. We believe that the excellent agreement betw
the experiments and the calculations obtained for all
samples provides strong evidence that the magneto-op
transitions occur between polaron states and that the e
trons and LO phonons experience a strong coupling reg
in QD’s.

The strong coupling regime raises the question of the
ergy relaxation in these systems since the usual relaxa
channel, the irreversible emission of LO phonons by el
trons, does not exist in quantum dots. Actually, the pola
states are genuinely unstable. The LO-phonon instability,
to crystal anharmonicity,18 triggers the polaron decay. Th
various time constants involved in the population and coh
ence relaxation of a polaron by means of its coupling to
phonon thermostat through the anharmonicity effects h
been recently calculated.19 However, more theoretical an
experimental investigations are necessary to fully underst
energy loss rates in quantum dots.
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APPENDIX A: ABSORPTION PROBABILITY OF THE S-P
RESONANCE

For Nd dipoles ~a dipole describes an electron in a do!
uniformly distributed on a plane of areaS, the classical sus-
ceptibility is

x~v!5
Nde2

«0m* SS 1

vsp
2 2v22

iv

t
D , ~A1!

wherevsp is the zero-fields-p resonant frequency and 1/t is
the homogeneous damping. In the limit of small absorptio
and near resonance the absorption probability reads

A~v!5Im@x~v!#
v

nc
, ~A2!

ti-
6-8
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where n is the refractive index andc is the light velocity.
Because of the size dispersion of the QD’s,vsp varies from
one dot to another and one has to averageA(v) using a
Gaussian probability densityP(v),

Ā5E
0

1`

dv8P~v8!A~v8!

with P~v8!5
1

sA2p
expF2

~v82v̄ !2

2s2 G , ~A3!

wherev8 is the resonance frequency of each dot,s is the
root-mean-squared deviation of the probability density, a
v̄ is the peak resonance frequency. Note that the homo
neous broadening 1/t!s becauset is of the order of severa
microseconds~limited by the radiative recombination! and
\s is of the order of a few meV. In the limit 1/t!s, we find
that

Ā~v!5Ā~v̄ !expF2
~v2v̄ !2

2s2 G
with Ā~v̄ !5

Nd

S

e2p

2nc«0m* sA2p
, ~A4!

s is related to the width at half amplitude of thes-p reso-
nance D54 meV by s5D/2\A2 ln 2. Taking m*
50.07m0 , n53.52, andNd5431010 cm22 ~one electron
per dot!, we find Ā(v̄)50.44%. Note that the quantum
model would giveĀqu(v̄)5Ā(v̄)3 f s-p where f s-p is the
oscillator strength of thes-p transition, but for our samples
we have calculatedf s-p'1.20

APPENDIX B: INTERACTION BETWEEN DISCRETE
LEVELS AND FLAT CONTINUUMS

In order to understand the origin and the amplitude of
various anticrossings observed in Fig. 4, we develop a sim
model that involves dispersionless LO phonons. We d
with the Fröhlich-coupled discrete electronic levelsus,0&,
up2,0&, and up1,0&, and flat continuumsus,1&, up2,1&,
us,2&, . . . . The Fro¨hlich term of the Hamiltonian writes

Hint5(
q

$V~q!aq
11V* ~q!aq%. ~B1!

First, we consider the interaction between one discrete le
say up2,0&, and the one-phonon continuumus,1&. We note
Vsp2

(q)5^s,1quHintup2,0&. We perform linear combination

of the degenerate one-phonon statesu1q& and introduce a
particular linear combination,

u1a(sp2)&5

(
q

Vsp2
~q!u1q&

A(
q

uVsp2
~q!u2

, ~B2!
08531
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^s,1a(sp2)uHintup2,0&5A(
q

uVsp2
~q!u25Veff~sp2!.

~B3!

We label u1b& the remaining one-phonon combinations o
thogonal tou1a(sp2)&. Thus, by construction, we have

^s,1buHintup2,0&50. ~B4!

Therefore, theup2,0& level is coupled only to a single stat
of the continuum:us,1a(sp2)&, while the other continuum lev-

els us,1b& remain uncoupled to it. We have in this way a
interaction between two discrete levels that gives rise to
polarons, notedua1& andub1&, with an anticrossing energy o
2Veff(sp2). These polarons are a mixture ofup2,0& and
us,1a(sp2)&. We can now generalize this procedure to han
the interactions between several mutually orthogonal disc
zero phonon levels and several flat continuums with one
phonon: each discrete level is coupled to only one particu
linear combination of each continuum. So if we haveN dis-
crete levels andM continuums, we need only to considerN
3(M11) levels.

In order to describe the two anticrossings observed in F
4 at 70–80 meV, we also include interactions with the tw
flat continuumsup2,1q& and us,2qq8&. By combining the one
phonon statesu1a(sp2)& andu1b& defined above, we can form

the two phonons levels u2nm& with (n,m)
5@a(sp2),a(sp2)#, @a(sp2),b# or (b,b8). We have then

^s,2bb8uHintup2,1b9&50,

^s,2a(sp2)buHintup2,1b8&5db,b8Veff~sp2!, ~B5!

^s,2a(sp2)a(sp2)uHintup2 ,1a(sp2)&5Veff~sp2!A2.

Thus, we see that the set of two-phonons statesus,2bb8& re-
mains uncoupled, that each level of the one-phonon
up2,1b& leads to a two levels system withus,2a(sp2)b& @with

the same anticrossing energy 2Veff(sp2) as before# and that
up2,1a(sp2)& interacts withus,2a(sp2)a(sp2)& @anticrossing en-

ergy of 2A2Veff(sp2)#. In summary, we end up with a two
phonon unperturbed continuumus,2&, two flat polaron con-
tinuumsua1,1b& andub1,1b& ~whose energies are the same
those ofua1& and ub1& shifted by\vLO), and two discrete
polaron levelsua2& andub2&. These two last discrete polaro
levels are not observed experimentally because light cou
only levels involving the same number of phonons.

We can now add to the basis the discrete levelup1,0&.
This later will be brought in resonance withus,2bb8&,
ua1,1b&, ub1,1b&, ua2&, and ub2& states when the magneti
field varies. We note, however, that^p1,0uHintus,2bb8&50
because the Fro¨hlich term does not couple states differing b
two phonons. Also, we can show that^p1,0uHintua2 or b2&
;^p1,0uHintup2,1a(sp2)&;(qVp1p2

(q)Vsp2
* (q)50 @where
6-9
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Vp1p2
(q) is defined similarly toVsp2

(q)#. The interactions

with ua1,1b& or ub1,1b& do not vanish and are proportional
^p1,0uHintup2,1b&. Following the procedure describe
above, we can perform linear combinations of the degene
phonon levelsu1q& to introduce, in addition to the particula
combinationu1a(sp2)&, another~orthogonal! particular com-

binationu1a(p1p2)&. It turns out that the levelsua1,1a(p1p2)&
or ub1,1a(p1p2)& are the only ones that are coupled toup1,0&.
Similarly to Veff(sp2), we define an effective coupling
Veff(p1p2). As a consequence, we simplify the problem to
three levels system: up1,0&, ua1,1a(p1p2)&, and

ub1,1a(p1p2)&. The Hamiltonian of this reduced system
given by
, A

ux

nd

ys

ys

D
t.

y,
.
l-

.S

N

08531
te
S Eup1 ,0& uaVeff~p1p2! ubVeff~p1p2!

uaVeff~p1p2! Eua1&1\vLO 0

ubVeff~p1p2! 0 Eub1&1\vLO

D ,

~B6!

where ua5^a1up2,0& and ub5^b1up2,0&, Eup1,0& , Eua1& ,
and Eub1& are the energies of the levelsup1,0&, ua1&, and
ub1&, respectively.

These calculations are valid only if the amplitudes of t
anticrossings are much larger than the widths of the cont
ums. This is actually the case for the samples we have s
ied, since there isVeff(sp2);4.5 meV and Veff(p1p2)
;3.7 meV.
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Stiévenard, J.M. Ge´rard, and V. Thierry-Mieg, Phys. Rev. Let
85, 1068~2000!.

9P.W. Fry, I.E. Itskevich, D.J. Mowbray, M.S. Skolnick, J.J. Finle
J.A. Barker, E.P. O’Reilly, L.R. Wilson, I.A. Larkin, P.A
Maksym, M. Hopkinson, M. Al-Khafaji, J.P.R. David, A.G. Cu
lis, G. Hill and J.C. Clark, Phys. Rev. Lett.84, 733 ~2000!.

10P.B. Joyce, T.J. Krzyzewski, G.R. Bell, B.A. Joyce, and T
Jones, Phys. Rev. B58, R15 981~1998!.

11P.D. Wang, N.N. Ledentsov, C.M. Sotomayor-Torres, I.
.

,

.

.

.

.

.

Yassievich, A. Pakhomov, A.Yu. Egovov, P.S. Kop’ev, and V.M
Ustinov, Phys. Rev. B50, 1604~1994!.

12C. R. Pidgeon, inHandbook on Semiconductors, edited by M.
Balkanski ~North-Holland Publishing Company, Amsterdam
1980!, Vol. 2, p. 270, and references therein.

13E.J. Johnson and D.M. Larsen, Phys. Rev. Lett.16, 655 ~1966!.
14Y. J. Wang, H. A. Nickel, B. D. McCombe, F. M. Peeters, G.

Hai, J. M. Shi, J. T. Devreesse, and X. G. Wu, inHigh Magnetic
Field in the Physics of Semiconductors II, edited by G. Land-
wehr and W. Ossau~World Scientific Publishing Company, Sin
gapore, 1997!, Vol. 2, p. 797.

15X.Q. Li and Y. Arakawa, Phys. Rev. B57, 12 285~1998!.
16R. Heitz, M. Veit, N.N. Ledentsov, A. Hoffmann, D. Bimberg

V.M. Ustinov, P.S. Kop’ev, and Zh.I. Alferov, Phys. Rev. B56,
10 435~1997!.

17C. Kittel, Quantum Theory of Solids~Wiley, New York!.
18F. Vallée and F. Bogani, Phys. Rev. B43, 12 049 ~1991!; F.

Vallée, ibid. 49, 2460~1994!.
19O. Verzelen, R. Ferreira, and G. Bastard, Phys. Rev. B62, R4809

~2000!.
20A. Vasanelli, M. De Giorgi, R. Ferreira, R. Cingolani, and G

Bastard, Physica E~to be published!.
6-10


