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Far-infrared magnetospectroscopy of polaron states in self-assembled InA3aAs 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 usinghiieh Ftamiltonian,
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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[. INTRODUCTION optical transitions between the ground and the first excited
states that are-like andp-like, respectively, in the quasicy-

The investigations of the confined states and of thdindrical QD’s. Depending on the FIR radiation polarization,
electron-phonon coupling in self-assembled semiconductdio different transitions can be excited Bt=0, which evi-
quantum dot$QD’s) have attracted recently considerable at-dences a size anisotropy of the QD's in the growth plane
tention. InAs QD's that are lens-shaped hills spontaneouslyith a slight elongation along thgl10] direction. TheB
formed on a thin InAs wetting layer onto GaAs are particu-dispersion of the transmission minima shows, in the whole
larly attractive because of their small and uniform size, theifmagnetic-field range, drastic deviations with respect to the
large areal density, and good confining properties. SemicorRredictions of a purely electronic level model that incorpo-
ductor QDs, like artificial atoms, display discrete energy'ates both the orbital Zeeman splitting of thetates and the
levels. The carriers bound to the QD's are, however, in interdiamagnetic shifts of the bound levels. In particular, it evi-
action with phonons that display a continuum of finite width. dences huge anticrossings when the energy splitting between
The characteristic energy splitting of the InAs QD’s elec-the relevant electronic levels approachies; o and Zi oo .
tronic states 50 meV) is comparable to the enerfjiy, o, AS @ model neglecting the electron—phono_n coupling is de-
of the longitudinal opticalLO) phonons and much larger finitively unable to account for the expgrlmental data, we
than that of the longitudinal acousticdlA) phonons. This ~calculate the coupling between the mixed electron-lattice
has drastic consequences on the electron-phonon interacti§fates using the Fhtich Hamiltonian and we determine the
in these nanostructures. First, it has been shown that the LRolaron states and energies of the dipolar electric transitions.
phonons are inefficient for the relaxation of the electronAn excellent agreement between these calculations and the
energy! Second, because the LO phonons have very littl€Xperimental data is obtained for all samples, demonstrating
energy dispersion, it has been suggested both theoreficalljhat the magneto-optical transitions occur between polaron
and experimentalfythat electrons and LO phonons are in a States. Moreover, we have also calculated the time depen-
strong coupling regime. The usual idea that an electron in aHence of the survival probability for the various noninteract-
excited level can relax towards lower lying levels by irre-iNg electron-phonon states. Such probabilities are found to
versibly emitting ongor several LO phonons when the en- Oscillate and never display a simple exponential decay like in
ergy separation matchésw, o, is wrong in QD’s. In con- bulk or quantum-well structures. This is anc_)ther indication
trast to IlI-V bulk semiconductors or quantum-well that electrons and LO phonons are always in a strong cou-
structures where the electron-LO-phonon interaction correPling regime in QD's.
sponds to a weak coupling regime, electrons and LO

phonons form mixed modes in QD’s, the polaron states. Il EXPERIMENTAL DETAILS
We had previously reported the first experimental evi- '
dence of this strong coupling regime using KfRr infrared The InAs/GaAs dots investigated here were grown on

magnetospectroscopy in a doped InAs QD’s sampfethe  (001) GaAs substrates by molecular-beam epitaxy using the
present paper, we report a systematic investigation of th&transki-Krastanov growth mode of InAs on G&®As the
electron-phonon interaction, using FIR magnetotransmissioresonant FIR absorption associated with a single layer of
techniques up tB=28 T atT=2 K, in a series of selec- QD’s is weak (~0.2%)? samples containing a multistack of
tively doped InAs QD’s differing in lateral size. We study the 20 layers of InAs QD’s were prepared in order to strengthen
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TABLE I. Values of the major and minor axesandb of the T J
Sample ITT

elliptical dot basis, and of the heightof the truncated cone, which
best fit the FIR and PL measuremerisis the average radius.

Sample(nm) I Il [

11.4 11.4 10.7
10.2 9.8 9.8

=.jab 10.8 10.6 10.2 E//[100]
1.8 2.4 2.4

>y oo

E//[110]
this absorption. Two planes of dots were separated by a 50- Ol
10%

Transmission

nm-thick GaAs barrier. The density of QD's is-4

X 10'° cm™? for each plane, corresponding to an average
center-to-center distance of 50 nm, large enough to neglect . . . . .
any interdot interactions. We can, therefore, reasonably con- Sample I

sider our samples as constituted by isolated QD’s. The shape " VW_m\q
of the InAs islands, estimated from transmission electron mi- / unpolarized

crographs, is lenslike with a height 6f2 nm and a lateral NN radiation /

diameter of~20 nm. In the following, we discuss results vy v

obtained on three samples labelgd (1), and(lll) differing S Y P S

in the lateral size of the QD’'¢ésee Table)l The lateral di- 0o Engl(')gy (me(% 0o

ameter decreases when going framto (lll) and, therefore,

the electron confining energy increases. The gaps of the FIG. 1. Transmission spectra Bt=0 andT=5 K of sample
QD’s were measured in the different samples by photolumi{lll) for radiation linearly polarized along thl10], [110], and
nescencgPL) experiments at 2 Kthe photoluminescence [100] directions and of samplél) for an unpolarized radiation.
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 delta taining ~4x 10'° cm™2 QD’s with one electron per dot, the
doping of each GaAs barrier at 2 nm under the dots laye@bsorption amplitude using a FWHM of 4 meV is 0.44%.
The doping level~6x 10'° cm™2 was adjusted to transfer This result accounts well for the experimental data in our
on average one electron per dot and populate only the grourghmples consisting of 20 QD’s layers and shows that the
state. We have investigated the optical transitions betweeabsorption is consistent with a dot population of one elec-
the ground and the first excited states. Such transitiongron.

which involve only conduction-band states, correspond to a

resonance energy in the FIR. The sample transmission at 2 K . RESULTS

was recorded by Fourier-transform spectroscopy in the FIR

range 100—800 cm'. In order to eliminate the optical setup
effects, the sample transmission was normalized to the su
strate transmission. Two types of experiments have been per- _ aimo —

formed with the radiation propagatiFr)lg perpendicular to tﬁe ¥(p,0,2)="Gn(p,2), Lly)=mhly), @)
samples: transmission measurement8a0 with a linearly ~ where (p,6) are the polar coordinates in the QD’s plane,
polarized radiation and magnetotransmission measuremenlts= —i#%d/d6 is the angular momentum projection along the
up toB=28 T at the Grenoble High Magnetic Field Labo- growth axis ¢), andm is an integer. The states are labeled
ratory using a resistive magnet and unpolarized radiations(m=0), p.(m==*1), d.(m==*=2),..., so that the
The magnetic field was applied parallel to the grovhaxis  ground and the first excited states arkke and p-like, re-
(Faraday configurationSince the InAs QD's are flat objects, spectively. One should add one more gquantum number to
there is a quasidecoupling between #and the lateral elec- account for the differert motions but the actual InAs QD’s
tron motions. The FIR experiments with the radiation electricare sufficiently flat to accommodate a single bound state
field along the InAs planes probe essentially the lateral dewhenm=0,*1. The two exciteg. states would be degen-
gree of freedom of the bound electrons and are thus sensitiverate aB=0 for a cylindrical symmetry, so that a singiep

to the lateral homogeneity of the QD’s. Figure 1 shows typi-transition would be expected. In fact, in all investigated
cal transmission spectra obtained B0 on samplegll) samples, thes-p absorption aB=0 consists of two compo-
and (lll). The strong intensity of the observed resonancesients as shown in Fig. 1 for samplgl) and(lll). In sample
(~9%) as well as the sharpness of the lifigee full width  (lll), for radiation linearly polarized along tHé10] direc-

at half maximum(FWHM) is ~4 meV] evidences the good tion, a single line is excited at 63 meV while a different
quality of this sample. Very similar results are obtained forsingle line is measured at 56 meV for polarization along
the other samples. The absorption probability for the ob{110]. Both lines are observed with comparable intensities
serveds-p resonance can be estimated from a simple modefor the intermediate polarization alof§00], or for unpolar-
detailed in Appendix A. We find that, for a single plane con-ized radiation. An anisotropy in the dots shape, an inhomo-

For QD’s with a perfect cylindrical symmetry, the elec-
fironic eigenstates are of the form
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zf where P is the electron momentum and.,=eB/m*. The
two magnetic-field-dependent terms in Eg) correspond to
the linear and quadratic Zeeman effects. The larger one is the
linear Zeeman effect, which affects onty#0 states and
splits the*m states. The quadratic Zeeman term gives dia-
magnetic shifts that do not exceed 10 meV in the investi-
gated field range. For a purely electronic problem that in-

>_ cludes the small in-plane anisotropV of the confining

Y =[tT0] : o .

i~ [i10] potential, one expects to observe two transitions with ener-
giestiw. ,

@) (b) ﬁwt=E0i%\/52+ﬁ2w§+ yB2, 3

FIG. 2. Electronic levels of QD’s are calculated by using the
following geometrical r.no.del for the qqantum dol(sﬂ the dotbasis  \yhere § is the zero-field splitting of the excitep. states
is supposed to be elliptical with major and minor axesndb,  anq the last term corresponds to the quadratic Zeeman effect.
res_,pectlvely,(b) the quantum dot is modeled by a truncated cone oftp,4 two high-field asymptoteS,+ % w /2+ yB2 correspond
heighth and basis angl@=30°. to the orbital Zeeman splitting of the. states. Let us first

geneous electric field, or more generally a perturbation of thcfeOCUS on sampléll). Figure 33 displays the magnetotrans-

. . mission spectra recorded @2 K on sample(ll) between
form w(p, 6) that involves components withsymmetry, can B=9 andB=28 T. Two main absorption regions are ob-
cause such a splitting between the two components. Takingerved(at 40-50 mév and 65—85 meMvhose energy split-
into account previous works; it is likely that the slight ’ gy sp

elongation of the InAs dots along the directifi0] is re- ting is found to increase witB because of the orbital Zee-
sponsible for this splitting. The fact_that the absorption igman effect of thep states. Depending on the magnetic field,

totally polarized along thé110] and[110] axes in samples four different resonance lines are observed whose minima

L , are indicated by the dashed lines. The zero-transmission re-
containing many dots proves that the anisotropy axes are ng

: ion around 35 meV corresponds to the reststrahlen band of
oriented at random from one dot to another, but that they ar . .
. . . e GaAs substrate, while that around 90 meV arises from
genuine features of the growth of any QD. It is possible to

account for the measured anisotropy by assuming that the dct)r%e absorption of the setup windows. A quite similar behav-

o . - ) : . ior is observed in the other samples. TBelispersion of the
basis is not circular but elliptical with major and minor axes o -
. . . L resonances consists in four branches as shown in Hxy. 3
a and b, respectivelyig. 2a)]. By using a variational pro- full circles). It is clear that the transition energies cannot be
cedure with Gaussian functions, we have calculated the eleé- ' . ; . g X
X . -~ ~accounted by the simple expression given in equation Eg.
tronic levels of QD’s modeled by a truncated cone of height ; o I
i o ; (3). For instance the solid lines in Fig(l8 show the calcu-
h and basis angl@=30° [Fig. 2(b)] as estimated from trans- . . ) n "
I . : . lated dispersion usingy=55.5 meV, §=9.5 meV, vy
mission electron micrographs. Note that scanning tunnelin

a4 3 2 * _ :
microscopy of similar sampl@sconfirms this geometrical (;sArétljcsrsecring\t/eTSt’riEirr]ld n;n;rg;?iz goa(rtehi%ievrilgdesti\glt bt(\a/vo
shape of the dots. The potential of the elliptical dot redds 9 ' .

— Vot 8V, whereV, is the cylindrical dot potential and anticrossings appears around 70 meV and 80 meV. Second,

SVIV,<1 describes the slight anisotropy. The electron ef_the dispersion of the lowest branch considerably deviates

fective masan* is determined from the orbital Zeeman ef- from its expected behavior in the whoerange. The anti-
fect as described in Sec. IV. The exact composition of th grossing at-70 meV occurs at an energy that is about twice

QD’s is not known but it is clear that a significant interdif- ‘the energyiw o of a LO phonon either in GaAs or in InAs

fusion occurs between the InAs layers and the GaAs barriers?.tra!ned to GaAé._As ;hown in Fig. &) and Fig. 3b), an
dditional absorption line appearsBt9 T whose magni-

The importance of this intermixing has been recently pointe ude increases witle so that a doublet is observed in the

out by Stark effect spectroscopyor the sake of simplicity, field range 9-22 T. A similar doublet is observed around
we have considered in the calculations a homogeneous gal; '

lium content of 30% in the QD'$’ resulting in a conduction- o T when the energy difierence betwepn and p_ is
band offset of 488 meV. Finally, the parameterd, andh equal tofiw 0. Fmally, the strong depar_ture of thg lO.WeSt
that best fit the FIR and PL measurements are listed in Tabl riasngrha:cohmcltct]see ?éedmigr%eg?go_; indicates a pinning of
| for the different samples. The 10—15 % anisotropy in the These anomaliesw(L)(l))served tor all samples as shown in
growth plane is found in good agreement with previoustFi 4 (full circles)’ resemble the weII—kr?own resonant
reported observation’s.” Sampleg(l) to (l1l) correspond to a 9- ’ . ; .
decreasing average QD radils- yab. magneto—polgron effegt.s obgerved in the dlspgrsmn of
In the presence of a magnetic fieklapplied parallel to magneto-optical transitions in 1I-V bulk materials or
the arowth axis. the electronic Hamiltonian is given b quantum-well structures. At the magnetic field for which the
9 ' 9 y cyclotron energy is equal thw o, a small deviation of the

Y = [i10]

X =[110]

P2

1 1 5 transition energy as well as an anticrossing o¢éu¥ How-
Ho= +V(p,0,2)+=wl,+ =m* &) p%, (2) ever while such anomalies are only observed within a nar-
2m* 2 2 2 row magnetic-field region in bulk materiak(1 T), they oc-
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laron has ever been evidenced in bulk I1I-V materials. One
is, therefore, led to the conclusion that there exists strong
resonant magneto-polaron effects in QD’s when the energy
difference between two confined electronic states is equal to
a multiple ofiw, . Figure 5 displays a scheme of the en-
ergies of the noninteracting electron-phonon stdtes),

with v=s or p. andn=0,1,2 represents the LO-phonon
states, for the various samples in tBerange used in our
study. In these diagrams, one has used the zero-§iqid
energy separation from the FIR results amd =0.07 m,,.

The ground stat¢s,0) is taken as the energy origin and the
quadratic shifts of the levels are neglected. The solid lines
represent the discrete levels, while the gray lines are the
narrow continuum levels with one or two LO phonons. It is
clear in Fig. 5 that the magnetic field can tune a resonant
interaction between the discref.. ,0) states and the con-
tinuums|s,1), |p_,1), and|s,2). One can check for each
sample the one-to-one relationship between the crossovers of
the various noninteracting levels in Fig. 5 and the observed
deviations and anticrossings shown in Fig. 4. In particular, it
is clear in samplefl) and(lll) [Fig. 4(b) and Fig. 4c)] that

a small anticrossing2—3 me\j first occurs corresponding to

a two LO-phonon polaron and then a larger dgemeV)
associated to a single LO-phonon polaron takes place at
higher magnetic field. Because of the particular level ar-
rangement in samplél) where the zero-fields-p energy
separation is closer thw, o (see Fig. 5, the opposite situa-
tion occurs as shown in Fig(d.

IV. ANALYSIS AND DISCUSSION

Because a purely electronic level model is unable to ac-
count for the experimental data, we have to consider FIR
magneto-optical transitions between polaron states and,
therefore, to calculate the coupling between the relevant
mixed electron-phonon states. In bulk materials, it is well
known that one has to diagonalize the llich Hamiltonian
that describes the Coulomb interaction between a moving
electron and the dipoles vibrating at the angular frequency
w| o corresponding to a longitudinal optical mode. It is as-
sociated with the partial ionicity of the bonds between the
two different atoms that constitute the 111-V semiconductors.
In QD’s, the phonon spectra are not known accurately as a
result of the uncertainties on the shape and composition of
the actual dots. The notion of longitudinal and transverse
modes is most likely not as strict in a dot as in bulk GaAs.
Moreover, there should exist interface phonon modes. All

sample(ll) betweerB=9 andB=28 T. Traces have been offset for these uncertainties result in severe difficulties in establishing
clarity. Four different resonance lines are observed whose minim#/hat would be the equivalent of the fl@h term in an

are indicated by the dashed linéb) Magnetic-field dispersion of
the resonance@ull circles) for sample(ll). The solid lines are the
calculated dispersions from E(B) using the parameters listed in

the text.

cur in the whole investigateB range in the QD’s as shown
in Figs. 4a)—4(c) for the (1), (II), and(lll) samples, respec-

actual QD(see Ref. 15 for a spherical dotOn the other
hand, an actual InAs island comprises several thousands of
unit cells, and thus should have a quasibulk phonon spec-
trum. Like in IlI-V bulks, each anion is surrounded by four
cations with a slightly polar bond between them. Therefore,
the basic ingredients of the Hrlich Hamiltonian are main-
tained in actual dots, with oscillating dipoles interacting with

tively. Also, the magnitudes of the anticrossings are mucka moving charge. These considerations have led us to take a
larger than those in bulk or quantum-well structures. Finallybulklike Frohlich Hamiltonian to describe the interaction be-
we are not aware that a two phonon resonant magnetop@ween an electron bound to a dot and the optical phonon
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FIG. 4. Magnetic-field dispersion of the resonantfed circles) for (a) sample(l), (b) sample(ll), (c) sample(lll). In the three figures,
the bold solid lines are the resonances dispersions calculated from the numerical diagonalization of the Hamiltonian includiniicthe Fro

term, using the parameters listed in the text. The dashed lines are the calculated resonance dispersions by suppressing the electron-phono
coupling for the same parameters as previously.

modes of the structure. The dimensionlesshich constant acting mixed states are labeléd,n;,) where [v)=|s),

a characterizes the ionicity of the material and the intensity|p..) are purely electronic statés what followsp.. denotes
of the coupling. We have taken the coupling constarin  the two electronic levels that result from the two excited
QD's as an adjustable parameter since it has already beetates admixed by the anisotropy terrfn;,) denotes the
reported thatr could be enhanced in dots as compared to theensemble oh LO-phonon states in thigg} modes. The basis

bulk situation®® used in the numerical diagonalization consists |sf0),
The numerical diagonalization of the Hamiltonian includ- |s,1,), [p-,0), [p+.0), [p-.1y), [P+ .1g), [S,24q) (se€
ing the Frdnlich term gives the polaron states. The noninter-Fig. 5. Moreover, the interaction withp_,2,,) and
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E Sample I curves of Figs. &)—4(c) are the resonance dispersions cal-
p+-0) culated fora=0.075, m* =0.07my, %o o=236 meV, tak-

‘ 15.2) ing 6=7,10,7 meV and an average zero-fiedep energy
i Ip_ 1>’ separation of 48, 54, and 58.5 meV for samgles(ll), and
' (1), respectively. The field and energy positions as well as

[s.1) the magnitude of the various anticrossings are very well de-
|p_0) scribed by our model. The excellent agreement obtained for
hoo all samples demonstrates that the magneto-optical transitions
L |s,0) occur between polaron states. The first predicted branch at
0 3or B 30-35 meV is not observed experimentally because it is too
near to the reststrahlen band of the GaAs substrate. The pa-
rameteram* andz w, o of the QD’s samples are comparable
Sample IT and It to those of bulk GaAs. The effective mass, which is roughly
E |p+.0) the same for the three samples, is considerably heavier than
\{ in pure bulk InAs but it is reasonably consistent with the
~<S’Z> ~1.2 eV gap measured by PL in our QD’s. Taking into ac-
[p-1) count the effects of strain, interdiffusion, and band nonpara-
Is.) bolicity, due to the carrier confinement, brings the mass of
Ip_0) In(Ga)As QD’s not far from that of bulk GaAs. Note also
that m* is consistent with previous experimental
determinations. The Frdnlich constanta is slightly larger
than in bulk InAs or GaAs (25% larger than in bulk GaAs
in agreement with previous finding$® There is a clear hi-
FIG. 5. Scheme of the energies of the noninteracting electron€rarchy between the measured anticrossings. For the one
phonon states for the various samplesBorarying from 0 to 30 T.  phonon polarons, the anticrossings are the larger when the
The pure electronic states are represented by black solid lines. Thlectron part of the uncoupled electron-phonon states have
continuum with one or two LO phonons are represented by graghe smaller difference in the projection of their angular mo-
lines symbolizing the continuum width. mentum alongz the s-p_ anticrossing is larger than the
p.-p_ one(see Fig. 4 This trend is in agreement with the
|s,34q'qr) are introduced perturbatively. Note that electron-predictions one can make from the diagonalization of a bulk-
phonon states that differ by two phonons are not coupled dtke Frohlich Hamiltonian in a quantum dot. The two phonon
the lowest order by the Fitich Hamiltonian that is linear in  polarons display less repulsion at resonance than one phonon
the LO-phonon destruction and creation operatgsand  polarons, which is also well accounted for by our Ifich-
a;' 1" The two phonon polarons correspond, therefore, to atike model.
indirect interaction betweefs,2,,) and|p, ,0). The LO- The dashed lines in Figs.(@-4(c) are the calculated
phonon dispersionw, 5(q) was taken into account as fol- resonance dispersions by suppressing the electron-phonon
lows. We tookN=56 values for the wave vectay close  coupling(i.e., by puttinga=0 in the calculations For each
from the center of the Brillouin zon@ve have checked that magnetic field, the difference between the solid and dashed
retainingN =80 values leads to the same results, this is belines shows the electron-phonon interaction contribution. It
cause the Fiaich interaction favors small wave vectars is noteworthy that a polaron effect occurs in the whBle
The largest g value was such that any matrix element for yetange fromB=0 to 28 T, showing again that the magneto-
larger g values was less than 1% of its largest value. Thigptical transitions always occur between polaron states. The
reduces the effective energy width of the one and two phoeontribution atB=0 depends on the position of tlsep en-
non continuums to about 0.4 meV and 0.8 meV, respectivelgrgy as compared thw, o. The weaker is thes-p separa-
(whereas the energy width of the one phonon continuum cortion, the larger is the correction &=0. This last point is
responding to the whole first Brillouin zone 186 meV). clearly observed in Fig. 4 when comparing samplesand
The numerical diagonalization produces many mixed(lll).
electron-phonon, or polaron states. Most of them are irrel- In order to understand the origin and the amplitude of the
evant for the magneto-optical data. In fact, these experimentgarious anticrossings, especially of the two anticrossings at
probe the polaron levels through their electronic componentg0—80 meV, we have developed a simple model that in-
since one actually measures the light absorption that resulilves dispersionless LO phonons. Since the numerical di-
from an electric dipole transition. Since the ground polaronagonalization of the Fidich Hamiltonian involves small
state is mostly built from the unadmix¢sl 0) state, the FIR  phonon wave vectors and thus uses a very small part of the
experiments provide information on the projection of the ex-phonon dispersioriwe have seen that the effective energy
cited polaron states ojp,,0) and|p_,0) states. We have, width of the one LO-phonon continuum is0.4 meV), the
therefore, only retained the polaron levels with square prodispersionless phonon model will give good results if the
jections on|p,0) and|p_,0) larger than 10%, which corre- amplitude of the anticrossings is much larger than the con-
sponds roughly to the experimental sensivity, in order to obiinuum width. First, consider the deviation around 40 meV.
tain the magneto-optical transition energies. The bold solidrhis deviation originates from the interaction between the

hw o

. 5.0
0 T
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FIG. 6. Calculated polaron energies in the framework of a dis- G, 7. Calculated average numbisr of LO phonons in the
persionless LO-phonon model for samilé). (a) Dashed lines:  qjar0n eigenstates showa in Fig. 6@), and(b) in Fig. 6b). The

noninteracting electron-phonon states ,0) and|s,1); solid lines:  |apels give the dominant component of tBe=0 polaron states.
the two discrete polarorig,) and|b,). (b) Dashed-dotted lines: the

two flat polaron continuumka,,1) and|by,1), which are the same
as in Fig. ®a) shifted by fw o; dashed line: noninteracting
electron-phonon state , ,0); solid lines: the three states resulting
from the interaction betweefa;,1), |by,1), and|p,0). In both
figures, the energy origin is taken at tfe0) level.

lines in Figs. 6a) and Gb) account very well for the experi-
mental data. Moreover, using this dispersionless phonon
model, we have calculated the average number of LO
phonons at 0 in each relevant polaron eigenstats ),
Ni=<¢i|2qa§aq|¢i>. The average number of phonons vs
discrete leve|p_,0) and the continuunfs,1) (Fig. 5). Inthe  magnetic field is reported in Figs(a&J and 7b). Around 40
framework of the dispersionless phonon model, we demonmeV [Fig. 7(a)], the eigenstates are linear combinations of
strate(see Appendix Bthat this interaction reduces to the the |p_,0) and|s,1) states. At 70—80 meVFig. 7(b)], the

one between two discrete levels that gives rise to two diseigenstates are linear combinations of tipe ,0), |p_,1),
crete polarons noteld; ) and|b,). The energies of these two and|s,2) states. In the anticrossing regions, one can note the
polarons are reported as solid lines in Figa)6for sample  strong mixing between the noninteracting electron-phonon
(I). Second, we study the two anticrossings at 70—80 me\4tates. In addition, at low magnetic field, the number of
which involve the discrete levép,,0) and the continuums phonons is not exactly 0, 1 or 2 showing that there is a
|p_,1) and|s,2) (Fig. 5. In a first step, we have to consider mixing of the noninteracting electron-phonon states by the
the interaction betweejp_,1) and|s,2). We demonstrate in  Frohlich interaction even aB=0.

Appendix B that it gives rise to two flat polaron continuums:  Finally, it is useful to discuss the time dependence of the
|a;,1) and|b,,1), whose energies are the same as in Fig) 6 survival probability for the various noninteracting electron-
shifted by%w, o and are reported as dashed-dotted lines irphonon states. In three-dimensiorf@D) or 2D structures,
Fig. 6(b). In a second step, we consider the interaction of thehe mixed electron-phonon states form a broad continuum,
discrete leve|p . ,0) with |a;,1) and|by,1) continuums. The essentially because of the very large continuum of the con-
problem reduces to that of a three levels systeae Appen- duction electronic states{1 eV). The electron-phonon sys-
dix B), the result being reported as solid lines in Figp)dor  tem prepared at=0 in a factorized state, for examplé, 0)
sample (Il). Note that the Fiblich Hamiltonian couples wherek is the wave vector related to the free motion of the
|p.,0) to the|p_,1) part of the|a;,1) and|b,,1) polarons electron, is found to irreversibly dissolve in the continuum of
only, since no direct interaction can take place betweerthe available final state}k’,lq> with k=k’ +q. The survival
|p.,0) and|s,2). This explains the small amplitude of the probability of still finding the electron-phonon systent at
anticrossing betweetp, ,0) and |b;,1) around 16 T: the the initial state|k,0) decreases exponentiali§.This situa-
weight of|p_,1) is much smaller than the weight t§,2) in  tion corresponds to a weak coupling regime to the extent that
|b;,1) at this magnetic field. One can check that the solidthere is no way to form bound states between the delocalized
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1.0 tures, in particular, that they are in a strong coupling regime
in QD’s.

V. CONCLUSION

0.54 (a) To summarize, we have investigated the FIR magneto-
optical transitions in self-assembled InAs QD’s with differ-
ent lateral diameters and we have shown that a model ne-
glecting the electron-phonon coupling is definitely unable to

P(t)

00 . : ! . account for the experimental data. We have calculated the
0 1 2 3 4 5 coupling between the relevant mixed electron-lattice states

t(ps) using the Frblich Hamiltonian and we have determined the
1.0

polaron states as well as the energies of the dipolar electric
transitions. We believe that the excellent agreement between
the experiments and the calculations obtained for all the
samples provides strong evidence that the magneto-optical
;—:_ 0.5 (b) transitions occur between pqlaron states and tha_lt the e]ec-

trons and LO phonons experience a strong coupling regime
in QD’s.

The strong coupling regime raises the question of the en-
ergy relaxation in these systems since the usual relaxation
0.0 . . . . channel, the irreversible emission of LO phonons by elec-
trons, does not exist in quantum dots. Actually, the polaron
states are genuinely unstable. The LO-phonon instability, due
to crystal anharmonicit}f triggers the polaron decay. The
various time constants involved in the population and coher-
ence relaxation of a polaron by means of its coupling to the
phonon thermostat through the anharmonicity effects have
(c) been recently calculatéd.However, more theoretical and

experimental investigations are necessary to fully understand
energy loss rates in quantum dots.

1.0 T T T T

P(t)
=
i
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APPENDIX A: ABSORPTION PROBABILITY OF THE S-P

electrons and the delocalized phonons. A completely differ- RESONANCE

ent situation appears for QD’s that display discrete electronic

levels. For instance Fig. 8 shows such calculations for the For Ny dipoles(a dipole describes an electron in a )dot
various anticrossings observed in samfle). The time de- uniformly distributed on a plane of aré&athe classical sus-
pendences of the survival probability in the,,0) level at  ceptibility is

B=14 T and 21 T and in the levéb ,0) at 28 T are repre-

sented. One can see that the survival probability of an initial Nqe? 1

- i : x(w)= — |, (A1)
electron-phonon state with zero phonon never shows an ex eom*S| i@
ponential decay. It oscillates between 0 an@d.close to 1 w5y~ w?— —

in the case of one phonon polarons and between ORynd 7

<1 for the two phonon polarons. Such oscillations are simiwherews is the zero-fields-p resonant frequency and7lis
lar to the well-known Rabi oscillations and would be ever-the homogeneous damping. In the limit of small absorptions
lasting if the polarons were stable. This would imply a strictand near resonance the absorption probability reads
impossibility for electrons to emit LO phonons. This effect is
another indication that electrons and LO phonons behave @

i . . A(w)=Im —, A2
very differently in QD’s than in bulks or quantum-well struc- (@) [X(w)]nc (A2)
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wheren is the refractive index and is the light velocity.
Because of the size dispersion of the QDig,, varies from (s:1y(sp )| Hintlp—.0)= > [Vep_ (a)]?=Ven(sp-).
q

one dot to another and one has to averdde) using a (B3)
Gaussian probability density(w),

(4w We label|1;) the remaining one-phonon combinations or-
Azf do'P(ew’)A(®") thogonal tofla(sp_)). Thus, by construction, we have
0
1 o' —w)? S,14|Hindp_,0y=0. B4
with P(w')= ex _u . (A3) ( ,8| int|P—.0) (B4)
o\2m 207

Therefore, thdp_,0) level is coupled only to a single state
wherew’ is the resonance frequency of each detis the  of the continuumis,1,sp )), While the other continuum lev-
root-mean-squared deviation of the probability density, angs |s,15) remain uncoupled to it. We have in this way an
 is the peak resonance frequency. Note that the homoggnteraction between two discrete levels that gives rise to two
neous broadening 2% o becauser is of the order of several polarons, notedia,) and|b;), with an anticrossing energy of
microsecondglimited by the radiative recombinatiorand  2v_.(sp_). These polarons are a mixture ph_,0) and
fio is of the order of a few meV. In the limit & o, we find |Slla(Sp,)>' We can now genera“ze this procedure to handle

that the interactions between several mutually orthogonal discrete
— zero phonon levels and several flat continuums with one LO
K(w)=K(5)ex;{ _ (0— ) phonon: eac_h d_|screte level is cpupled to o_nly one payucular
252 linear combination of each continuum. So if we havelis-
crete levels andM continuums, we need only to considér
. —— Ny e’r X(M+1) levels.
with A(w)= 5 m' (A4) In order to describe the two anticrossings observed in Fig.

4 at 70—80 meV, we also include interactions with the two

o is related to the width at half amplitude of tisep reso-  flat continuumgp_,1.) and|s,2./). By combining the one
nance A=4 meV by o=A/2%\2In2. Taking m*  Phonon statefl ,(sp_)) and|1) defined above, we can form
=0.07mg, n=3.52, andN4=4x10"cm™2? (one electron the two phonons levels [2,,) with (v,u)
per do), we find A(w)=0.44%. Note that the quantum =[a(sp-),a(sp-)], [a(sp-),B] or (B,B"). We have then
model would giveA,(w)=A(w)Xfs, where fg, is the
oscillator strength of the-p transition, but for our samples, (5,233'|Hint|P—ylﬁ">:0,
we have calculateds ,~1 .

APPENDIX B: INTERACTION BETWEEN DISCRETE (8. 2u(sp )6l Hinl P 1g) = g, Ver(sp-),  (BS)
LEVELS AND FLAT CONTINUUMS

In order to understand the origin and the amplitude of the (8:24(sp_)asp) Hintl P— 1 Lagsp_y) = Ver(SP-) V2.
various anticrossings observed in Fig. 4, we develop a simple
model that_.involves dispersionless LO phonons. We deal-hus, we see that the set of two_phonons Stw@w» re-
with the Frdlich-coupled discrete electronic levels,0),  mains uncoupled, that each level of the one-phonon set
|p-.0), and [p.,0), and flat continuums|s,1), [p_.1),  |p_,15) leads to a two levels system wit8,2,sp ) [With
[s,2), . ... The Fralich term of the Hamiltonian writes the same anticrossing energy &(sp_) as befordand that
IP—.1u(sp )) interacts withs,2,(sp ya(sp.)) [@nticrossing en-
Hip= >, {V(q)a;+v*(q)aq}. (B1)  ergy of 2y2V4(sp_)]. In summary, we end up with a two-
q phonon unperturbed continuufs,2), two flat polaron con-
elinuums|ay,15) and|b,,15) (whose energies are the same as
those of|a;) and|b,) shifted by%w o), and two discrete
polaron levelda,) and|b,). These two last discrete polaron
levels are not observed experimentally because light couples
only levels involving the same number of phonons.
We can now add to the basis the discrete Igyel,0).
This later will be brought in resonance witfs,25/),

First, we consider the interaction between one discrete lev
say |p_,0), and the one-phonon continuujg,1). We note
Vsp (9)=(s,14|Hind p—,0). We perform linear combinations
of the degenerate one-phonon statme@ and introduce a
particular linear combination,

> Vep ()] 1g) la;,1g), |b1,1g), |ay), and|b,) states when the magnetic
q field varies. We note, however, thép., ,0/H;q|s,235/)=0

|1a(sp,)>: ) (B2) because the Fhdich term does not couple states differing by
\ /2 Vep (q)]2 two phonons. Also, we can show thgt, ,0|H;,,/a, or b,)
q B ~<p+-0|Hint|p—vla(sp,)>~Eqvp+p7(q)vgp7(Q):0 [where
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Vp+p7(q) is defined similarly tovspf(q)]. The interactions E‘p+ 0 U Veir(P+P-)  UpVer(P+pP-)

with |a;,15) or|by,1,) do not vanish and are proportional to E. +h

(p+,0Hindp-.1g). Following the procedure described UaVer(P+P-)  ElapThoLo 0 ’
above, we can perform linear combinations of the degenerate \ u,V«(p,p-) 0 Epythoo
phonon Ievel$1q> to introduce, in addition to the particular (B6)

combination|1,sp ), another(orthogonal particular com-
bination|1,,,p ). It turns out that the levelgy, 1o, o))
or by, 1,5, p_)) are the only ones that are coupledpa ,0).
Similarly to Ves(sp_), we define an effective coupling
Ver(P+p-). As a consequence, we simplify the problem to aanticrossings are much larger than the widths of the continu-

three levels system: |p'+,0), |'al'1a(p+pf)>' and s, This is actually the case for the samples we have stud-
|b1,1a(p+p_)>. The Hamiltonian of this reduced system is jed, since there isVeg(sp_)~4.5 meV andVy(p.p-)

where u,=(a;|p-,0) and u,=(b1|p_,0), Ejp o, Ejap
and E|, ) are the energies of the levelp.,0), |a;), and
|b,), respectively.

These calculations are valid only if the amplitudes of the

given by ~3.7 meV.
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