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Multiphonon processes in a model quantum @@D) containing two electronic states and several optical
phonon modes are considered by taking into account both intra- and interlevel terms. The Hamiltonian is
exactly diagonalized, including a finite number of multiphonon processes large enough to guarantee that the
result can be considered exact in the physically important energy region. The physical properties are studied by
calculating the electronic Green’s function and the QD dielectric function. When both the intra- and interlevel
interactions are included, the calculated spectra allow several previously published experimental results ob-
tained for spherical and self-assembled QD’s, such as enhanced two-LO-phonon replica in absorption spectra
and up-converted photoluminescence to be explained. An explicit calculation of the spectral line shape due to
intralevel interaction with a continuum of acoustic phonons is presented, where the multiphonon processes also
are shown to be important. It is pointed out that such an interaction, under certain conditions, can lead to
relaxation in the otherwise stationary polaron system.
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[. INTRODUCTION the order of I(Refs. 19 and 2)). However, as mentioned
above, the calculated values happen to be one or two orders
The importance of phonon influence on the properties obf magnitude smaller. Phonon replicas in the PL spectra
semiconductor quantum d@@QD) based systems has been caused by the recombination of excitons in QD’s were found
demonstrated in many works reviewed in Refs. 1 and 2. Théo disagree with the well-known Franck-Condon progression,
spatial confinement effect on optical phonons in QD’s hasoth in their spectral positiod%?? and relative
been studied both experimentally and theoreticailyacous-  intensities?®?223Although both the strong Stokes shift and
tic phonons have also received some attention in connectioapparently large intensity of the first phonon satel(itela-
with the low-frequency Raman scattering in sphefi€alnd tive to the zero phonon linecan be characteristic of the QD
self-assembled'! QD’s, and the homogeneous broadeningsize distribution and not of a single dtthese results indi-
of the spectral line§*'* Electron-phonon interaction in cate that the e-ph interaction in QD’s must be considered
QD’s remains, however, a controversial subject. While cal-carefully. Further evidence for unexpected effects of the e-ph
culations performed for 1I-VI and IlI-V dots generally agree interaction comes from the optical absorption measurements.
that the exciton-phonorte-ph coupling strength is reduced LO-phonon related features were observed in absorption
in nanocrystals compared to the bulk, they disagree regardgpectra of InAs/GaAs QD’s and two-LO-phorfér?” and
ing the numbers and trends in the scale of the interactioeven three-LO-phondfreplicas were found to be extraordi-
with QD size.(Here electron-hole pairs will be called exci- narily strong compared to the one-LO-phonon satellite. At
tons independently of the importance of the Coulomb inter{east some of these works were performed using single QD
action) The calculated values vary substantially dependingspectroscopy, so ensemble effects can probably be ruled out
on the approximations used, but the Huang-Rhys parametén this case. Since no phonon replicas were found in the
for the lowest exciton state usually does not excé&ed corresponding emission spectra, there is no way to explain
~0.1-0.2 for 1I-VI for spherical QD’§Refs. 15 and 1pand these results in terms of the Franck-Condon progression
is probably an order of magnitude smaller for 1lI-V self- (with any value ofS). The temperature dependence of the
assembled dots. homogeneous broadening of the absorption spectra of spheri-
Turning to the experimental data, the exciton-optical-cal II-VI QD’s studied in Refs. 15 and 29 was found to have
phonon coupling strength is most frequently obtained usin@ clear contribution from optical phonons. This is unex-
photoluminescencgPL) spectra. Usually in small 1I-VI pected, because the coupling of optical phonons to a single
QD’s there is a large Stokes shift of the excitonic PL bandelectron or exciton level should lead to the appearance of
with respect to the absorptidri® which can be explained by discrete satellites and not to an overall broadening. Thinking
strong exciton-phonon couplingHuang-Rhys parameter of in terms of Fermi’'s golden rule, the broadening could be a

0163-1829/2004/13)/03531814)/$22.50 70035318-1 ©2004 The American Physical Society



VASILEVSKIY, ANDA, AND MAKLER PHYSICAL REVIEW B 70, 035318(2004

lifetime effect from an electroor exciton transition to an-  Lorentzian; instead, for a discrete electronic level acoustic
other state with emission or absorption of an optical phononphonon sidebands are form&ef'® Considering that the si-
However, the process should strictly adhere to the conservanultaneous interaction of confined excitons with acoustic
tion of energy in the electron-phonon scattering, i.e., exachnd optical phonons can reveal some new effects, to the best
resonance between the optical phonon energy and level spagt our knowledge, this has not been performed beyond the
ing, which should be rather accidental. This argument justipne-level modet!

fied the theoretical concept of “phonon bpttleneck,” a Very |n this paper, we propose a nonperturbative approach to
slow carrier relaxation which should be inherent to smallye caiculation of the phonon effects on the electron spectral

e 2 . . -
lQD S N(ta]verttr;eless, an efgc!ent phongn-mfdlggi% gg;\rlller "®function, and QD emission and absorption spectra, based on
axation has been reported in a number of w ' the direct numerical diagonalization of the Hamiltonian ma-

thes_e experimental results |mply_that mgl'up_honon’ Process&g,, including a small number of electronic levels and several
are important and that the e-ph interaction in QD’s must be

treated in a nonperturbative way, even for the moderate vaf—)ptical phonon modes of diffe_rent energy. Such a straightfor-
ues of the coupling constant’s coming out from theward method was employed in Ref. 42 for phonons strongly

calculations’* An important ingredient to be included is the FOUpIEd to an electron on a deep donor center. This approach

nonadiabaticity of this interactich22leading to a phonon- 'S deve_loped f_urther here, so as to allow f_or the incorporation
mediated coupling of different electronic levels, even if they©f the interaction withvirtually all) acoustic phonon modes
are separated by an energy quite different from the opticainder the condition that the interlevel coupling mediated by
phonon energy. This is essential for understanding those exolely acoustic phonons can be neglected. We present the
perimental results which are in clear disagreement with thé&alculated results which elucidate the influence of various
single-level-generated Franck-Condon progres¥fon. relevant parameters, such as interlevel spacing, coupling
Polaron effects in QD's have been studied theoretically irstrengths, and temperature, on the optical spectra of a model
several recent papet$:3” The model considered in these QD. The paper is organized as follows. In Sec. Il, we intro-
works included two electronic levels and several Einsteirduce the Hamiltonian matrix to be diagonalized in order to
phonon modes. The one-electron spectral function was otbtain the polaron states, and define the electron Green’s
tained either applying self-consistent perturbation theorfunction. In Sec. lil, we derive the expression for the imagi-
approximation®24 or exactly, using a combined analytical nary part of the exciton dielectric function and present the
and numerical approadi.The results calculated using the absorption and emission spectra calculated for different val-
perturbation theory approaches show shift and broadening éfes of the relevant parameters. Section IV is devoted to the
the levels, even for a sufficiently large detunifitefined as  interaction with acoustic phonons and its incorporation in the
A'=A-%w, where A=(g,-¢1), &1 and &, are the electron Calculation of the polaron spectra. The calculated results and
energy levels andiw, is the phonon enerdy However, as their comparison with experimental data are discussed in
pointed out in Refs. 35 and 38, this broadening is an artifacB€C- V-
as the exact spectral function should consiss Gfnctions(if
no further effects are involvegdMoreover, even if thesé .
functions are broadened artificially, the self-consistent pertur-”' ELECTRO,\':' 6%2TE|§$L|I§PB'-IA?R/OENSISTEEQCNTION' THE
bation theory approximations are not able to reproduce the
structure of the spectrum calculated exactly using the ap- Our model system consists of two electronic levels, both
proach proposed in Ref. 35. The method of Ref. 35 based ogoupled toN phonon modesof frequenciesw,), and is de-
the Gram-Schmidt orthogonalization procedure is, howeverscribed by the Hamiltonian,
limited to the case when all the optical phonons have the
same energy. The same restriction was used in Refa6,
in addition?);tates with more than two phonons ?fnd some H1=E ciaja+ ﬁ“’vbzbﬁE gjala(b)+b,),
virtual transitions were excluded from consideraion re- = =t ot
ality, confined optical phonon modes are characterized by (1)
different frgquencies within the band of the corresponding,nare aiT and a are the fermion creation and annihilation
bulk materlal._ Usually there are a small _number of suchOperators of the electron®r holeg and bI andb, are the
modes ﬂ;ggt, interact more intensely with electrons ory,qrators for the phonons. The interaction with optical
excitons*®32The incorporation of this multiplicity seems to aeﬁjhonons occurs predominantly through the Frohlich-type

2 N 2 N

be |r|npo|rt:;1]nt fgr compar[itlnn.of r(]:alculated ﬁnd exper:jmené echanism and the Hamiltonian matrix elements between
results. It has been possible in the approach proposed in xciton states andj are given b§®

37 (based on the Davydov canonical transformagievhich,
however, neglects multiphonon processes. ) . . . e

Another important issue is the role of acoustic phonons. i :ef Wi (Fo )l #(Fr) = b, (T IWj(Fe, Fr)dFedly, (2)
Even though some acoustic modes can be confined to the QD
and therefore have discrete energies, there should be a cowhere ¢, is the electrostatic potential created by thi
tinuum of modes within a certain energy range. The interacphonon mode an®’; is the exciton wave function of staie
tion with this continuum should smooth out the polaron specin the following, we shall also use dimensionless interaction
trum (otherwise consisting o6 functions, as noted aboye constantsy;=g;/(fiw,) and omit the superscript when only
The line shape for a QD is not expected to be a simplene phonon mode is considered.
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If g7, were equal to zero, the Hamiltonigfh) would be a0
exactly solvable, as there would be no interference between | | a=hv=30meV
two electronic levels. The one-level mod&hown as inde- . Zn:gfo
pendent boson modehas an analytical solutigi¥. The po- " Level 2
laron spectrum, in the case of a single phonon mode, consists
of equidistant peakéseparated by the phonon enerfgy,),
which is the origin of the Franck-Condon progression.

The case ofa;,#0, ay;=ayp=0 for a single phonon
mode, in the so-called rotation wayBW) approximatiof*
[which consists in neglecting virtual transitions described by
the termsaja,b and a,alb, in Eq. (1)], also provides an 05+
analytical solution, with the spectrum given by 1 | E ; ll L

0.0 —t—eit A 1) L .
Eq (M) = (A'12) £ \(A"%4) + (m+ 1)(91)? + (M+ Diawy, 0 o 20 “ %0
' (3) E-E, (meV)

Wherem=0.1,2....is thawmber o phonons i the mixed 711 At prtl speca derss of s orespond-
state. In addition to Eq.3), there is a state witkE=0. g P v 9

S . with one optical phonon mode withwy=30 meV (A’=0). Only
The ge_neral case, which is of interest here, can be tre_at ndiagonal coupling was includéd;,=0.3). T=300K. Note the
by mapp!ng th_e manY'bOdy_ problem onto 6a S_mgle'part'deRabi splitting in the polaron states and their shift to the lower
problem in a higher dimension Fock spdéé® It is natural energies.
to consider a basig;n,{m,}) wheren,=0, 1 is the number of

fermions on levelr and m, is the number of phonons of . :
modev. In principle, the Hamiltonian matrix is infinite, but electron and the intermediate stdte) has only phonons.

as it will be shown below, one can truncate the Fock spacél_he opposite occurs in the second term. Admitting that it

by allowing a certain maximum number of phonons for each->c> infinite energy to create a two-electron stiiti{m, })
. I;_:annot occur as the intermediate state in &g. Therefore,

ested in the case when there is a single fermion in the dot, }t{ye can write for the diagonal elements of the Green'’s func-
is only necessary to consider the statd®f{m,}) and "O"

|01{m,}). The required matrix elements are

N
«
1

N
=
1
)
)
'
!
-
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-

Rabi Splitting

SDS (meV™)
{;- !
1 2

-
<
1

1
: L Gi(E) = 23 [+ expf - 3, Mo, )]
Hj=| &8+ > mho, |[1 O/, * > or[vm, + L8 m 41 KK’
v=1 v v=1
— y Cimp? ©)
+ vagmLmV—l] H 5m'l’LmMr N '
n#v E- Ek—Em,ﬁwV —-in
v=1

wherei andj represent the basis vectdd{m,}) (i=1) and

[0m,}) (i=2). The dimension of the matrix is " ) ]
2m,---m,- --my. For a small number of modes and a reasonWhere Ci({m,}) are the eigenvectors expressed in terms of

able number of phonons for each mode, it can be easil{h® basis vectors. From E(f), the fermion spectral density
diagonalized numerically. Given the eigenstates of thedf states(SDS is immediately obtained,

Hamiltonian matrix(denoted byk)), we can write down the
electron Green’s functiofY. In the canonical ensemble,

(Kla][k'}(K'[aj]Kk)
E-(Ex-Ee)—in’

WE)=1mS GE = S o
T =12 i=1,2

Gy(E)= 53 (e 5+ &%) @

ki where p; is the partial SDS corresponding to thtla bare

where B=1/(kgT) and Z=Tr exp—BH). Although 7 in Eq.  electronic level.
(4) should be infinitesimal, for computational purposes we The maximum number of phonons necessary to correctly
suppose it to be a small quantity. Equati@h can be rewrit-  reproduce several lowest-energy eigenvalesich are im-

ten as portant for temperatures used in the experimetépends on
s the coupling strengths but is not large. Just taking 10 as the
_ls ) (KKK ay]k) maximum number of phonons allowed in the system, we

G, (E) ==, e P& _ ; ; > : :

) zkk, E-(Ex-Ev)—i7n obtained the eigenvalues coinciding with the analytical re-

sults of Ref. 43for a;,=0, a;;=@»,=0.2—-0.3 and formula

. <k|aj|k’><k’|a17|k> 5) (3) (for @;,=0.2-0.3, @;;=a,,=0 and using the RW ap-

E+(E.-E)—in| proximation to within 10 meV. For example, the SDS

spectra calculated for the latter cadmut beyond the RW
In the first term inside the curly brackets, the stéjehas one  approximation are shown in Fig. 1.
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IIl. EMISSION AND ABSORPTION SPECTRA

One can calculate the optical absorption and emissio

PHYSICAL REVIEW B 70, 035318(2004

(8) and substituting in Eqg(7), we obtain the following ex-
I;?ression for the imaginary part of the dielectric function:

spectra using the Kubo formula for the frequency-dependent 2me\? 1 .
dielectric functior®® The imaginary part of the dielectric 1M €(w)= mow) VZ' > {pinoi'
function, which describes the absorption and emission prop- ii'=1,2
erties, is related to the real part of the frequency-dependent _ k* k
conductivity by the relation Xk%} e - A 2;‘ mVﬁwV) G ()G, (im.))

Im s(w):AiTReU(w). (7) x {5((0_(5‘_2 m”ﬁw”))+eXF(_ B<Ek

w v
According to the Kubo formula, -> myﬁwv))5(w + (Ek_ > mvﬁwv)):|}v
€ 1 . (12
R = ——— | dtd“Yj(1)j(0)). 8
eo(w) mpV 2w AICY ® whereZ' =%, , exd-BZ,m/fiw,]. The terms in the second

-0

line of Eg.(12) correspond to the absorption and emission,
We are interested in describing the transitions from an elecrespectively, of a photon of frequeney. Some absorption
tron state(labeled 0 in the valence bandvhich we assume and emission spectra, calculated for a hypothetical QD, are
is not phonon couplado the statesi=1,2) in the conduc- presented in Figs. 2-&he parameters are indicated on the

tion band, andvice versa Thus, the current operator is de- figures. These demonstrate the effects of the diagonal and
fined as off-diagonal coupling strength, interlevel spacing, and tem-

perature on the optical properties of the dot. Here we con-
sidered the lower exciton level optically active and the upper
one inactive(pgy,=0). Such a situation occurs in spherical
-Vl (e.g., CdSg QD’s (1s.1S;, and Is,1P;, states,
wherepy; is the momentum matrix element between the correspectively.*8

responding bare states. The current-current correlation func-

tion is

("0j0)= X pypoagdat) - a(hagt)]

2

i =2 pai(alag—alay), (9)
i=1

IV. INTERACTION WITH ACOUSTIC PHONONS

Interaction with confined longitudinal acoustic phonons,
i'=1,2 although mediated by a different mechanigmamely, a de-
X[a(‘;ai, - %T,ao]% formation potential instead of the Frohlich potentiaian be
considered in the same way as for optical phonons and
This expression can be developed into four expectation valshould result in series of closely spaced but still isolated
ues. However, there are only two terms which contribute tespectral peaks. However, for any kind of QD’s embedded in
the sum in Eq(10). This occurs becausg|k) vanishes ifky, @ matrix, there must be a spectral region where acoustic
an eigenstate of the Hamiltoniail), is a state with zero phonons are essentially delocalized and their energy varies in
electrons. The nonzero terms are a continuous way. If the velocity of sound in the QD and
matrix material is not very different, the density of acoustic
phonon states should be similar to that of the bulk crystals.
These states can be characterized by a wave vgcfinis is
the case of self-assembled QB'saind can be a reasonable
approximation for a certain fraction of acoustic phonons in a
spherical QD embedded in a dielectric matrix. In this section
we shall consider the interaction of an electron localized in
the dot with acoustic phonons which are completely delocal-
. ized (see Appendix for details The interaction, which oc-
where a;=2;(0). These terms can be evaluated using thecyrs only inside the QD, is weak for each phonon mode
identity 1=X,,[k’)(k’| by inserting unity between tha op-  (since it contains a factoVqp/V, V is the volume of the
erators. The result is whole systemq However, since the number of modes is vir-
tually infinite, perturbation theory may fail and we shall
avoid using it. For this, we will have to neglect coupling

(10)

1 ) )
(ag(t)ai(t)alT,aO> = Ezk: e_BEke'Ekt(k|agaie"H‘aiT,aO|k)
and

1 R .
(&l (hag(tada; ) = 2% e PEdBd(Klalage ™ada; k),

1 * .

k{m,} i i’ between different electronic levels through acoustic phonons
o ‘ - ‘ and consider a single electronic level coupled to an arbitrary
X [C ()G (m,}) = G (fm, )G (fm,p]. number of phonon modes. This approximation corresponds

to the independent boson modélwhich is normally consid-
ered for optical phonongsee Sec. I). Recently:**%it was
Using Eq.(11), performing the Fourier transformation in Eq. applied to acoustic phonons in a QD. Based on the exact

11
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— At T T
O H,=a a(so+§gq(bq+bq)) +§ﬁwqbqbq. (13)
1'2'_ It can be diagonalized by transformation to new bosonic
Z 101 operator&®
o
& 08- By =Dy + eqa'a, (14)
8 0.6—-
a tal where a;=(gq/fiwg). The energy spectrum is given by
0.2 E(NG)) = 84+ >, hwgNg (15)
0.0 . l l l T ll T N , a
40 =0 ° 20 0 with ej=eo—Sqalhiw,. Eigenstates of the Hamiltoniaii3)
E-E, (meV) q'%q
o can be expressed in terms of the pure phonon states,
3y INg)" = 2 Cilmy). (16)
"
-] Acting with the operatoB;Bq on the wave functiori16) we
12 can find recurrent relations for the coefficie@y:
% 1.0 2\ (~M 2 [ A ~m+l~m, [ 1
5 vol N = (m+ ag)(C)* + ag[ Vm+ 1CYCY + Vm Gy C].
& o
o (17)
2 061
< 04 In the linear approximatioriwith respect to the interaction
l with a single phonon modg), we obtain from Eqs(16) and
0.2 17):
0.0 . T .Ill JL ll,l . . .
40 20 0 20 40 INg)" = P [VNqagNg = 1) + [Ng) + VN + Lag|Ng + 1)],
E-E, (meV)
(18
. where
NG
1.44 No V’1+(2Nq+1)a§
1.2
5 104 The one-electron Green’s function corresponding to the
E Hamiltonian(13) can now be calculated using E@),
8 0.8
2 0.6 G(E)
0.4
02 L 1;[ {5mq,Nq + aé[Nq 5mq,Nq—1 + (Nq + 1) 5mq,Nq+1]}
.11 y | =\ 2 . .
0'0-40 20 0 ‘ 20 40 {mg} E-eo- E fhwg(Ng—mg) —in
q

E-E, (meV)

FIG. 2. Calculated room temperature absorption spectra for dif- 5
ferent values of level spacing as indicated. All the other parameters X exp[— E (ZNq + 1)%] ) (19
are the same as for Fig. 1. d

where the angular brackets stand for the thermodynamical
average and the exponential factor arises from the product
II,py . Taking into account only one-phonon processes, the

solution of this model, we shall propose a different procedur
which will lead us directly to the self-energy function of the
electron or exciton. Later, this self-energy will be reinter-

preted for the optical-phonon polaron. thermodynamical average approximately replaidg's with
The Hamiltonian of a system consisting of one electronicthe corresponding Bose factoNi]:[exp(ﬂﬁwq)—l]‘l and
level and a continuum of acoustic phonon modes is the Green’s function can be written as
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hv,=25meV; o, =0, =0 =0.3
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FIG. 3. Absorption(left) and emissioriright) spectra for a system of two exciton levels separated 530 meV calculated for different
temperatures. The excitons interact with two optical phonon modes of the erfesgie25 meV andiw,=25.2 meV. The electron-phonon
coupling constants are indicated in the figure. The origin of the energy axis is chosen at the energy of the lowest exdiEn. state

1.0 - 0.5

hv =25meV

a“=a22=0.5, a12=0.3; = 04l
a8 hv,=25.2meV 2°
P s
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Z ]

® oo-
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c w
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@ 021 0.1
<
0.0 — A v il A il i v A 0.0 ¥ l 1 T bl Y 4 T T ]
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E-E, (meV) E-E, (meV)

FIG. 4. Absorption(left) and emission(right) spectra calculated for differeitompared to Fig. Bvalues of the diagonal coupling
constants.
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hv =25meV
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FIG. 5. Absorption(left) and emissionright) spectra calculated for different values of the nondiagonal coupling con&eatthe
explanation to Fig. B

. { a2, 3(E)=E-GXE). (21)
E-eo—in “q LE-eo—fiwg—in In the one-phonon approximation, the explicit expression for
0= the self-energy is
ag(Ng+1) — 511
| 11+ > (2N + Daf | , ) 2/
E-gpt+hog—in q E(E)Zso—(E—so)E @g(2Ng +1)
(20) i _
2
However, Eq.(20) can only be used for a quite weak inter- +(E-e)?> {_‘“q&i_
action or at very low temperatures. Although the interaction q LE-gi—hawg—in
is weak for each phonon modall «, are small, the number ” —
of modes is large and the effective electron-phonon interac- + ag(Ng +1) (22)
tion is strong. A typical number of phonons interacting with E-githog—in '

the electron can be estimated @s(2gq+1)a§ and for the )
model presented in AppendiQ> 1 for usual experimental The spectral dependence of the self-energy corresponding to

temperatures. Under these conditions, it is necessary to uélée Green's funct.ior[Eq. (201, _obtgined using the Monte .
the general equatiofL9). Carlo procedure, is presented in Figs. 6 and 7. For compatri-

The evaluation of the Green's function from Ea9) can SO We have also calculated the self-energy using(Z2).

be made using a Monte Carlo procedure. Instead of summin?éhe Interaction constanig, derived in the_Appendlx, were
sed in these calculations and the material parameters were

over all 3 configurationsim,} (N Is the number of acoustic those of CdSe, except for the deformation potential constant
honon modes one can generate song,c most probable S ' )
P & g ¢ P a;, which is about 2 times smaller than the bulk value of the

conflguratlo.r?s., Wltrz% Z(Nq 21)’ No (Ng e occzurrlng with relative volume deformation potential between the valence
the probab|l|t|e3anqpﬁq, Py and “q(NqJ’l)pﬁq' respec-  and conduction band€.Such a choice is justified by the fact
tively. Averaging over a sufficiently largiy,c of such con- that only a fraction of acoustic phonons can be described by
figurations,G(E) is obtained including all the many-phonon a propagating wave assumed in the Appendix.

processes. Assuming that the broadening of the electronic levels pro-
Let us define the electron self-energy taking into accountluced by the interaction with acoustic phonons is small com-
the interaction with acoustic phonons, pared to the electronic level spacing, it is possible to include
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3.0+
| | ---- 300K i
2 (1 phonon) '

Im = (meV)

Re X (meV)

E-E, (meV) E-E, (meV)

FIG. 6. Imaginaryleft) and reakright) parts of the self-energy for a single electronic level interacting with acoustic phonons, calculated
for different temperatures using the Monte Carlo technique explained in the text. The dashed curve was plotted using the one-electron
approximation[Eq. (22)]. The coupling constants were calculated as explained in the Appendix. The necessary material parameters were

taken as followspy=5.8 g/cnd, ¢,;=3.8 km/s anda,=3.5 eV. The QD radiufR=2 nm.

this interaction in our scheme to consider the polaronic states H,o= > EAA
; . . . 1= 2 BAA
proposed in the previous sections. Let us consider now the K
full Hamiltonian, which includes the interactions with both
optical and acoustic phonons,
2 2 N . . . .
) Using the expansion of the bare electronic states in terms of
Hz=2> (8i +2 97 (b + bq))aiTai +2> 2 grala(bl+b,) the polaron ones,
i=1 q ij v=1
N

+ > hogblbg + X, fiw,blb,, (23)
T = =3 3 [eidmh] 0.
k {m

Whereg(I> denotes the acoustic phonon coupling constant for
electronic leveli. The Hamiltonian(23) can be rewritten in
terms of the polaron statéle by introducing the correspond-
ing (fermionic) annihilation and creation operatoﬁsi,Ak.
The electron—LO-phonon Hamiltonigf) is then reduced to

the term in Eq(23) representing the interaction with acous-
tic phonons can be written as

1.4
---- T=300K
1.2 P i (1phonon)
1 |
1.0 i
~ ! |
° ;o
E 0.8 . I FIG. 7. Imaginary part of the
W ) self-energy calculated for &R
E 16- | =4 nm QD as explained in Fig. 6.
’ ! The dashed curve was plotted us-
f ing one-electron approximation
0.4 - [Eq. (22)].
0.2
0.0 -

035318-8



ELECTRON-PHONON INTERACTION EFFECTS IN. PHYSICAL REVIEW B 70, 035318(2004)

2 2 (b +b) X X [CHUmDT CF (fmHAAL | 2
i=1,2 q kk’ {mv} EE §1D
—_ E: i 08
- E gq(bJr + bq)z ATAk + E qu(bT + bq)E tk k’AkAk’ g '_';'.I::gg'( EE § 08
kK’ £ o0.104| ——T=300K |1 04
CI e B
whereg, —(g(l)+ )12, Agq —(g ) and z ‘ T e
@ 005 r‘
ti = E {{Csdm, 1 cs (m,}h) - [CEEmHIT Cs (m,}). < Tih 4y
o)
Neglectmg the last term in E@24), that is assuming that the 000+ ——M‘
coupling to acoustic phonons is approximately the same for o ° e, T %

both electronic levels, we arrive at the Hamiltonian
FIG. 8. Absorption spectra calculated for Bx2 nm CdSe QD
— T T T
Hs= E AACE+ E gq(bq + bq)) + E hwqbqbQ' (25) including both optical and acoustic phonons for three different tem-
peratures Two optical phonon modes of the energfe&l
(13). The poles of the electron Green'’s functitg) (as well stants (divided by the corresponding - phonon e”e@'eﬁ =

as the absorption and emission peake shifted according ~9-915, a3,=0.027, a1,=0.295; a};=0.063, a3,=0.053, 0‘12
to the substitutiorE, — EI;' =0.095 calculated in Ref. 39 were used. The acoustic phonon pa-

rameters were taken as for Fig. 6. The level spacingAof
E =E - d?ho. + (N — , =80 meV was assumed. The inset shows 300K spectrum
K k E e <E q( q mq)> without the acoustic phonon contributi¢at T=10 K only the main

] _ peak is seen
where, as befordN,—m,) can be considered a random vari-

able taking the values 1, 0, and -1 with the probabilitieselectron and hole clouds in spadegne can hardly expect an

2qu,\, : DN : andaz(N +1)pﬁ, respectively. This results in - order of magnitude increase in this parameter, compared to
a similar broadenmg and a downward shift of all the polaronthe calculated values cited in the Introduction. This means
states contributing to the spectral density of states, absorghat the intensity of the LO-phonon sidebands must be rather
tion, and emission, just as in the one-level independent bososmall and monotonically decreasing with the increase of the
model?! It is equivalent to ascribing a spectral variable- number of phonons.
dependent self-energy,(E-Ej) [given by Eq.(21) or (22)], However, in most cases the phonon-mediated interlevel
to each pole of Eq(6). As before we can reinterpret this coupling, at least between the subsequent exciton states,
result for an exciton-polaron, under the condition that weshould be important. The off-diagonal interaction constant is
have no more than one exciton per QD. Examples of spectrékely to exceed the diagonal ones. For instance, if the two
showing this effect are presented in Fig. 8. The nondiagona@xciton levels are different by the participating hole state
term with t, ., leads to an acoustic-phonon-mediated mixing(€.9., 5.1, and I.1P;; states in a spherical II-VI QRit

of the polaron states, which will be considered in a futurels easy to see from Eq2) that (neglecting the Coulomb
work. interaction between the electron and hole

V. DISCUSSION g;zzef xp’;h(rh)(/,v(rh)%h(rh)drh, (26)

Let us start the discussion by emphasizing that only in the
hypothetical case where the phonon-mediated coupling dhat is, there is no compensation effect for this interaction.
the lowest energy exciton state to all other states can b&he spectra calculated assuming only the off-diagonal inter-
neglectedfor example, in the limit of extremely strong con- action(Figs. 1 and 2 show characteristic features known as
finement, such thak >7w, or if a4, is small because of the Rabi splitting, which is already present in the RW approxi-
symmetry of the corresponding wave functinnsan one ex- mation[see Eq(3)] and has been observed experimentilly.
pect to observe Franck-Condon progressions in the emissicdbontrary to the RW approximation, the exact results also
and absorption spectra associated with this $taféis is the  show a downwards shift of the spectral linese Fig. 1 (In
only case when the Huang-Rhys parameter describes thihe RW approximation, the most intense peak should be situ-
spectra in the entirety. It is obvious from E() that the ated exactly aE—E,;=0.) It has been noticed in Ref. 32 that
diagonal coupling is proportional to théintegrated differ-  the nonadiabaticity results in a shift of the zero-phonon line
ence between the electron and hole charge densities, whichiis the absorption spectrum towards lower energies. Here we
nonzero mainly due to the fact that the conduction and vahave shown that this effect is due to the virtual transitions
lence bands in II-VI and IlI-V materials have different sym- neglected in the RW approximation. Even if the upper level
metries. Even if some further effecffor example, a pres- is dipole forbidden, the phonon-assisted coupling to the op-
ence of defects or strairtontribute to the separation of the tically active level makes it possible the optical transition to
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the former’? The presence of the optically inactive level rated from the ZPl(the most intense peak in all spegthy
manifests itself by the manifolds seen in the spectra of Fig. 2(a multiple of the optical phonon energy. Some of them
Note that the off-diagonal coupling is not resonant as ongersist at low temperatures. Such “strange” replicas can be
might expect thinking in terms of the Fermi's golden rule. generated by aingle phonon mode(long-wavelength LO
The manifold produced by the coupling persists even foiphonon, neglecting its confinemérend their spectral posi-
quite a large detunind’ >7%w,. Curiously, it is reminiscent tions are determined by the e-ph coupling constants. Thus,
of sidebands which might appear due to interaction with conthere is no need to invoke extra modéder which their
fined acoustic phonons. strong coupling to the exciton it would be hard to justifiy
When both diagonal and off-diagonal interactions areorder to explain these spectral features. The phonon-
present, the effect is not just a sum of each of them, but alsmediated interlevel coupling provides a simpler and more
some additional spectral features appsae Figs. 3-5 show- plausible explanation.
ing the effect of different parametegrsThis multiplicity of
allowed optical transitions is characteristic of the strong e-ph
coupling regime® The stronger the interactions are, the
richer the structure of the spectra. It should also be noted that As mentioned in the Introduction, several groups have
the symmetry between the absorption and emission spectrabserved apparently phonon-related features in the absorp-
which is characteristic of the one-level independent bosonion (but not in the emissionspectra of resonantly excited
model (see the upper panel of Fig),disappears when the self-assembled QD% -22Given the relative weakness of the
off-diagonal interaction is included. This also holds at low exciton-phonon interaction in such daiS<1), difficulties
temperatures where a small number of spectral features atgise explaining the fact that the most intense satellite was
seen(Fig. 3, lower panel Those belowg, in the emission  not the one-LO-phonon sideband but rather the two-LO pho-
spectrum are due to the diagonal coupling to the lowest emon or three-LO one. This effect was qualitatively under-
ergy exciton state. The one seen in the absorption originatesiood as arising from a resonant coupling of the correspond-
from interlevel coupling. ing phonon replica of the ground state to the excited state of
Let us turn to the acoustic phonons. The explicit calculathe excitor?® Considering a QD ensemble, one can think in
tion leads to a self-energy that depends on the spectral vatierms of a multiphonon “filtering” of inhomogeneously dis-
able in a sophisticated way. Accordingly, the line shape isributed excited state¥.However, when single QD spectros-
quite different from the simple LorentzidfC The noise copy is used® such a resonance of the interlevel spacing
seen in the calculated spectra of the self-eng¢rggs. 6 and  with a multiple of the phonon energy is rather improbable.
7) is due to the Monte Carlo procedure used, when eachgven though there are several confined optical phonon
configuration{my} of phonons produces &function and the  modes with slightly different energies, capable of consider-
number of Monte Carlo runs is finiti@y =20 000 for Figs. able coupling to the exciton, this dispersion is only of the
6 and 3. The imaginary part of the self-energy vanishes atorder of 1 meV) The assumption of a reasonably strong off-
&g, SO, the zero-phonon lin€ZPL) at low temperatures re- diagonal coupling of the lowest and higher exciton states
mains a sharp-like resonance situated between two asym-(not in a close resonance with a certain number of phonons
metric phonon sidebands, in accordance with experithéht can account for anomalously strong.O-phonon sidebands.
and previous theoretical studi€s?® Only for high tempera-  Figure 9 shows how peaks separated by energies approxi-
tures does the SDS generated by a single electronic level takgately equal to that of the optical phonon can appear in the
a bell-like shape similar to the Lorentzian. The calculatedabsorption spectra. We took a value/of 55 meV, typical of
results also confirm the statement concerning the importand@As/GaAs self-assembled QD’s, and considered two optical
of the multiphonon processes which increase in smaller QD’®honon modes with the energies of 32 and 30 meV in order
(Fig. 6). Turning to the exciton-polaron spectrughig. 8),  to simulate the experimental result of Lemaitteal 26 (The
the acoustic phonon-related broadening smears the discrei@o modes can be interpreted as a LO phonon in pure InAs
structure associated with optical phonons. The multiplicity ofand an InAs-like LO phonon in the |63 _As alloy near the
the confined optical phonon modes also helps this. BelowQD boundary, respectivelyThe values of;,=0.2 and 0.15
we shall explain some previously published experimentalised in this calculation do not look extraordinarily high tak-
findings, which were not clearly understood before, in termsng into account the argument presented abjsee Eq(26)]
of our calculated results. and the possible contribution of the optical deformation po-
tential mechanism in this interaction. A similar valte,,
=0.195 was used in Ref. 31 to explain the experimentally
observed anticrossing of interlevel electron transitions with
Experimental evidence for spectral features whose distO phonons in InAs QD’s. We chosg),=py; in the calcu-
tance from ZPL is smaller than the LO-phonon energy wadation since the upper level is also optically active in this
found in several work$??12450Thinking in terms of the case(notice that the relative value gk, does not affect the
Franck-Condon progression, such peaks were attributed foositions of spectral features, just their intensitiés can be
additional (interface or disorder-activated acoustghonon  seen from Fig. 9, the second strong absorption peatots
modes, for some reason strongly coupled to the exéiés.  separated from the ZPL by the energyand can be called
can be seen from Figs. 3-5, in the presence of interlevetwo-LO satellite,” since the weaker one-LO and three-LO
coupling, there are many spectral features that are not sepeeplicas also show up in the spectrum. The calculated spec-

B. Anomalously strong two-LO-phonon satellite

A. “Strange” phonon replicas
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A=55meV, T=10K phonons. The effective homogeneous broadening of the
hv,=32meV, 0. ,'=0.20 spectral lines may apparently depend on the equilibrium
hv,=30meV, o, ’=0.15 number of acoustic and optical phonons. Nevertheless, Eq.
zPL (27) is too simple to describe this effect even qualitatively, as
found in Ref. 51 using single QD spectroscopy.

Owing to the apparent similarity with systems of higher
dimensionality, some authors associate the broadening dis-
cussed above with the optical-phonon-assisted carrier relax-
ation. However, it has been pointed # that this is not a
. lifetime (or irreversible scatteringeffect. Indeed, the polaron
O e states considered here are stationary states. The phonon-
1O hw, o : 3LO assig,ted relaxation can probabl.y.occ.:ur _through an _anhar-

L monic decay of the phonons participating in the formation of
20 0 2 40 60 8 100 120 the polaronic states, as suggested in Refs. 38 and 52 and

E-E, (meV) calculated in Ref. 36 and 53. Our consideration of the po-
laron spectrum in the presence of acoustic phonons shows,

FIG. 9. Low-temperature absorption spectrum calculated for athowever, another possibility, namely, the acoustic-phonon-
InAs QD with the level spacing cA=55 meV assuming two opti- mediated transitions between different polaron states owing
cal phonon modegthe energies are given on the figu@nd ne-  to the nondiagonal term in Eq24). The next step should
glecting coupling to acoustic phonons. The interaction constantgonsist of analyzing the efficiency of this mechanism. It is
used in this calculation are,=0.005, a3,=0.005,a1,=0.2; a3,  worth noting at this point that, contrary to the opinion of the
=0.005, a3,=0.005,a%,=0.15. Notice that three features above the authors of Ref. 37, such acoustic-phonon-mediated transi-
zero-phonon line are separated by nearly the same energy, approXjpns in the polaron spectrum should not be subject to pho-
mately equal to 31 meV. The inset shows the corresponding emisson pottleneck, because there are plenty of polaron states
sion spectrum. due to different optical phonon modes coupled differently to

the exciton. Many of thengwhich do not necessarily show
trum is in good agreement with the experimental observatiomp in the spectra corresponding to thermal equilibpiuare
of Ref. 26. separated by small energies within the band of acoustic
phonons efficiently interacting with the polaron.
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C. Homogeneous broadening of absorption lines

In structures of higher dimensionality the temperature de- D. Up-converted PL
pendence of the homogeneous linewidth is described by the The up-converted or anti-Stokes photoluminescence
following relation: (ASPL) involves the emission of photons with energies
_ _ higher than the excitation energk.,J. This effect was ob-
(M =T(0) = YadadT) + 710ML0(T), @7 served for colloidal 11-VI QD’s and discussed in several re-
where y,. and y_ o are constants and,. andn o the Bose cent publication§*-56 Additional information can be found
factors for the acoustic and optical phonons, respectivelyin Ref. 57. The ASPL occurs when an ensemble of QD’s is
There is no reason for Eq27) to be a good approximation excited at the very edge of the absorption spectrum, below
for QD’s, because it relies on the existence of a continuum ofhe normal(i.e., excited with high-energy photonBL band.
electronic states and also is limited to one-phonon scatteringhe principal experimental facts concerning this effect are
processes. Still it has been used in Refs. 15 and 19 and sorttee following:
other publications to qualitatively describe the dependence (i) The ASPL intensity increases linearly with the excita-
I'(T) extracted from experimental absorption spectra oftion power®® which can be rather low.
spherical QD’s. It was found that this dependence, in the (i) The blue(anti-Stoke§ shift between the ASPL peak
region from 77 to 300 K, is much stronger than linear, simi-and E,. does not significantly depend upon the QD size, if
lar to that predicted by the second term in E2j7), suggest- Eg, iS chosen proportionally to the absorption peak energy
ing that there is some broadening related to the opticajwhich depends upon the siZ& However, the shift in-
phonons. As has been pointed out in the Introduction, thereases with temperature and can range from
interaction of localized electrons with optical phonons only20 to 150 me\f’
produces additional discrete spectral lines. Consequently, the (iii) If Eg,. increaseqapproaching the absorption pgak
optical-phonon-related part of the broadening should not béhe ASPL also moves continuously towards higher
taken literally; strictly speaking, the broadening occurs onlyenergies® Its intensity increases, and finally the spectrum
because of the continuum of acoustic phonons. Our calculdransforms into the normal PL bafé.
tions in Fig. 8, where the interaction constants were taken as (iv) The ASPL intensity increases strongly with tempera-
those for a typical spherical CdSe QD studied in Ref. 29ture.
demonstrates this effect. The interaction with several optical Possible ASPL mechanisms were discussed in Refs.
phonon modes results in a series of closely spaced discref&l-56, but no definite conclusion was made. According to
peakg[see inset in Fig. Bthat is camouflaged by the acoustic (i), processes like two-photon absorption dsithce the pos-

035318-11



VASILEVSKIY, ANDA, AND MAKLER PHYSICAL REVIEW B 70, 035318(2004

hv =21.0meV
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FIG. 10. (a) Low-energy part of the absorption and emission spectra calculated for a hypothetical CdTe QD considering three optical
phonon modes with parameters given on the figure. The acoustic phonon parameters were taken as for Fig. 6. The leval spacing
=100 meV, temperature 3X. (b) Temperature dependence of the integrated intensity of two subgap bands in the absorption gpectrum
(lines) and experimental data of Ref. §points showing the temperature dependence of the ASPL peak amplitude.

sibility of emergence of more than one exciton per QD isside of a calculated QD absorption spectrum showing two
negligible) Auger excitation can be excluded in this case.subgap bandgdesignated as “-1LO” and “-2LQ"through
Therefore, it was suggested that incident photons excite eleevhich the dot can be excited. The excited QD then will emit
trons to some intermediate subgap states from which theg photon, most likely having the ZPL energy. The probability
eventually proceed to the higher enelgyminescentstates  of such an up-conversion process increases with temperature
through a thermal effect. Some obscure surface st&8% because the integrated intensity of “-1LO” and “-2LO" ab-
for which, as admitted by the authors of Ref. 56, there is nosorption bands[shown calculated in Fig. 1B)] also in-
any direct evidence, were suggested as being responsible foreases. The experimental temperature dependence of the
the subgap absorptic?:>¢ ASPL intensity measured in Ref. 55 can be understood tak-
From our point of view, the participation of subgap SS’sing into account that, at a certain temperature, further red-
(even if they exist in the passivated colloidal QPis un-  shifted satellitegwhose intensity depends more strongly on
likely in virtue of the experimental resuli@) and (ii). In  the temperatupebecome more efficient. The situation is
fact, it would require the SS’s energy to have approximatelycomplicated by the distribution of the QD size, so tEaj.
the same dependence on the QD size as that of the confinedn match different ‘ALO” bands of dots of several different
electronic states in the dots, in obvious contradiction withsizes. This agrees qualitatively with the experimentally ob-
what should be expected from the general point of view. Atserved increase in the anti-Stokes shift with temperature.
the same time, naturally formed subgap states exist, whicModeling of the ensemble effects involved in the ASPL phe-
are separated from the fundamental absorption (ir®, nomenon is beyond the scope of this paper and will be con-
ZPL) by energies which are only weakly dependent on thesidered in a future work. Nevertheless, we believe that our
QD size. These are the redshifted optical phonon replicas. Imodel explains, at least qualitatively, the principal experi-
order to demonstrate this, we calculated polaron spectra of mental facts concerning ASPL.
spherical QD taking into consideration thes,1S;, and In conclusion, we have proposed a nonperturbative ap-
1s.2S;/, bare exciton states separated by some 100 meV, improach for the calculation of the polaronic effects in QD’s,
teracting with three strongest confined phonon modes witlwhich allows for the consideration of electronic levels
angular momenté=0, 2 (the coupling constants were taken coupled through the interaction with several confined phonon
approximately two times larger than the calculated vafies modes. Using this approach, we were able to show that the
in order to take into account other phonon modes not inpolaronic effects are significant, even when the interlevel
cluded explicitly. Figure 1Qa) presents the lower-energy spacing is quite far away from resonance with the optical
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phonon energies. We have demonstrated that this opens the a, ”
possibility to account for some previously published and not ag = ﬁ_f |lp%div u(g)dV,
clearly understood phenomena in experimental data. We “q

have also presented an explicit calculation of the spectral line : . .
shapes because of the diagonal interaction of acoustié€'€a IS the bulk deformation potential anklthe electron

phonons with the original electronic levels and suggest thaf/ave ﬂﬁnc.t'o?' CO“S'dij'” th_ehlt_)wg§t cgndgctlonhband state
the same interaction may be responsible for relaxation of thl;,n a spherical QD of radiug, with infinite barriers, the wave
u

ion <48
polaron entity to lower energies. nction is’
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(A1)

APPENDIX: ELECTRON—-ACOUSTIC-PHONON wherec; is the longitudinal sound velocity,
COUPLING RATES

1
The following simple model was used to estimate the I(y)=2ﬂzf jo(yX)ja(mx)x2dx, (A2)
rates a, of electron coupling to longitudinal acoustic 0

phonons. Assuming that LA phonons are completely delocal-

ized, that is, neglecting acoustic impedance at the interfacandjo is the spherical Bessel function. The integralA®)
between the QD and matrix, the displacement can be writtean be expressed in terms of the integral sinus as

as

1 1
1/2 . . .
u,= ( > Red(@oq), E{Sl(y) — SISily+2m) + Silly - 27T|)]}-
2wypeV
wherep, is the density. For the deformation potential inter- The functionl (y) decreases from 1 fogr=0 to nearly zero for
action mechanism the dimensionless coupling constdft is y=5.
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