PHYSICAL REVIEW B, VOLUME 65, 195313

Theory of pure dephasing and the resulting absorption line shape in semiconductor quantum dots
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The pure dephasing of the optical polarization and the corresponding line shape of absorption spectra in
small quantum dots due to the interaction of the exciton both with optical and acoustic phonons is calculated.
By restricting ourselves to the exciton ground state we obtain a model which is known to be exactly solvable.
We study the temperature dependence and the influence of a static electric field. The spectra exhibit strongly
non-Lorentzian line shapes including a sharp zero-phonon line. Optical phonons lead to phonon sidebands
which may acquire a finite width due to the dispersion of the phonon branch; the width increases with
decreasing dot size. Acoustic phonons both due to deformation potential and piezoelectric coupling lead to a
broad background in the spectra which is strongly temperature dependent. Typical features of the spectra are
qualitatively well reproduced by a perturbative approach based on one-phonon processes. Multiphonon pro-
cesses, however, give significant contributions in particular in the case of acoustic phonons. Lateral or vertical
electric fields lead to an increasing efficiency of the polar interaction mechanisms while deformation potential
interaction is much less influenced.
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I. INTRODUCTION makes them very attractive for applications in quantum in-
formation theory. The main difference compared to atoms,
The optical excitation of a semiconductor quantum dothowever, is the coupling of the electronic degrees of freedom
structure, like any other semiconductor structure, with &o the lattice which typically results in much faster decoher-
short coherent light pulse results in the creation of a coherergnce times. Experimentally, typical dephasing times of single
superposition of valence- and conduction-band states. Subsguantum dots have been found to be in the range from a few
quently, this phase coherence decays due to various interatens of picosecond$%at low temperatures down to several
tion mechanisms of electrons and holes. For many applicahundreds of femtosecondsat room temperature. By means
tions such as optoelectronic devidsee, e.g., Ref.)la good  of four-wave-mixing spectroscopy on an ensemble of dots
knowledge of the dephasing is of utmost importance. Thisven dephasing times of more than 600 pg & have been
holds most prominently if semiconductor quantum dots arebserved recentfi? With respect to this behavior quantum
to be used as basic building blocks for quantum informatiordots are more similar t& centers in solids which have been
processing® where the operation completely relies on theinvestigated over several decad&&’Therefore it is not sur-
presence of coherence. prising that many approaches that have been used in recent
In systems of higher dimensionality like bulk semicon-years for the theoretical study of dephasing in quantum
ductors or quantum wells the dephasing is typically mainlydots>?*??are based on models introduced in that context.
associated with transitions between different states, i.e., with In this contribution we present a comprehensive analysis
thermalization, energy relaxation, or recombination pro-of pure dephasing and the corresponding line shape of ab-
cesses. These processes require at least approximately tharption spectra due to the interaction with different phonon
conservation of energy between initial and final state whichmodes(acoustic and opticaland by different mechanisms
in the case of a continuous electronic spectrum, usually cafdeformation potential, piezoelectric, polar optjcavhich
be easily satisfied. In quantum dots, however, the electroniwill be treated both separately and in combination. By com-
spectrum is discrete and this condition is much harder tgaring the exact results with those obtained by a perturbative
fulfill. For the case of carrier-phonon interaction this hastreatment of carrier-phonon interaction we clearly identify
resulted in the prediction of g@honon bottleneckn the  the role of multiphonon processes. In particular we will ad-
relaxation”® The dephasing of optical transitions, on the dress the role of a static electric field both in vertical and
other hand, is not restricted to such real transitions; instead lateral direction for the dephasing. Due to the electric field
is well knowrt! that also virtual transitions which do not lead the exciton may acquire a finite dipole moment; the resulting
to a change of occupations contribute to the dephasing. Thidipole field then induces level shifts in a neighboring dot and
contribution is customarily callepure dephasingDue to the  thus leads to an effective coupling of different quantum dots.
large separation between energy levels and the resultinghis phenomenon has recently become of great interest since
strong reduction of real phonon-mediated transitions beit allows for a conditional coherent dynamics and different
tween these states it is of particular importance in smallmplementations based on vertitar lateraf fields have
guantum dots at elevated temperatures where it dominatdseen proposed to realize basic quantum gates.
with respect to the recombination procé$s? Several aspects of pure dephasing in quantum dots have
Quantum dots behave in many aspects similar to atombeen studied in the past. Schmitt-Riekal ! have extended
with a spectrum which can to a large extent be designethe theory fromF centerd®?° to semiconductor quantum
artificially. This fact, together with the ability of integration, dots. They give a general formula for the spectrum but they
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do not provide numerical results. Takagah&fd has ex-  whereb/ ., b; , denote Bose operators for the creation and

tracted dephasing times due to the coupling with acoustiglestruction of a phonon in the phonon brarjchith wave
phonons. In his perturbative calculations he has included eXzectorq and energyiw;(q). The branch index can repre-
citon ground and excited states and he has determined th@nt either longitudinal-opticalLO) phonons, longitudinal-
total dephasing rate semiempirically by combining his result;cousti(LA) phonons, or transverse-acougfié\) phonons.
with measured population decay rates. He finds a googt ¢oyid also refer to interface or confined phonons. Here,

agreement of the total dephasing rates with experimentgl,eyer we will restrict ourselves to the case of bulk pho-

data. However, he does not analyze in detail the line shap ; : : .
associated with the coupling to phonons. Uskdal 2 have fion modest (2 is the energy of the optical gap including the

X . . .exciton binding energy but without polaronic renormaliza-
recently analyzed the dephasing due to the interaction wit .
) . ; L tions; note that we have chosen the energy of the hole to
optical phonons based on an effective coupling which is qua-, .. . 07 .
define the zero of energy. If the exciton binding energy is

dratic in the phonon ampltiudes and therefore differs from maller than the separation of the single-patrticle energies the
the usual linear coupling mechanisms. With this mechanism . P gep 9

they find a broadening of the zero-phonon li@L) which mixing of different states b_y the Coulomb interaction can be
. ) . : neglected and the excitonic effect reduces to a lowering of
is not present in the linear coupling model.

The aim of our work is a systematic analysis of the ab-the gap by an amount given by the electron-hole Coulomb

sorption line shape due to carrier-phonon interaction whichm.atr'x element. Fl_nally, Mo pg(h)wdes for the dipole cou-
in general turns out to deviate strongly from a Lorentzianp“ng_ o the laser field= andg; , are the phonon c_oupllng
and which exhibits characteristic features for the different™at elements_ for the ele_ctron and hole, respe_.\ctlvely.
interaction mechanisms. We show that in small quantum dotg Vithout the dipole coupling the above model is known as
the dispersion of optical phonons comes into play and resul:!@-\em(.jependent boson modgllt has been well known for a

in a dephasing of phonon quantum beats. By comparing e ong time that independent boson models allow for analytical

act results with approximate treatments we can clearly idenr_esults. _In early studies the phonon-broad_ened density of
tify the role of multiphonon processes for the spectral ”neglectrpnlc states has been calculated for different types of

shape. Finally we analyze how the dynamics of the optica|m.pur'ties'20 Mqre recently, thefe was a renewed interest in
polarization is modified by an applied electric field which is this model mainly because of its ability to capture essential

known to strongly influence in particular the polar coupling features of exper|ment§zge\(oted to the cqhgrent control of
mechanism&* phonon-quantum b_ea%@. It is not too surprising that feyv-
The paper is organized as follows. In Sec. Il we brieflylevel systems provide for adequate models for zero dimen-

introduce the model and the various interaction types and w@'on‘lal stlructu(rjeT such |a3 quantum OIIOtSI‘_' é)utrl]t turns 0“;”‘?“ a
give both the exact formula for the spectrum as well as th wo-level model coupled to a single LO phonon mode is
result which is obtained by performing a correlation expan- elpful even for the interpretion of experiments controlling

. . 8
sion up to second order in the matrix element. The dynamicghonon beats in bulk semiconductdfs”In order to enable

of the optically induced polarization as well as the corre-2 meaningful comparison in the latter case the two levels are

sponding absorption spectra are presented in Sec. Il wheidentified with the semiconductor ground state and tse 1
we discuss in detail the role of optical- and acoustic-phonorf*XCiton, respectively. . .
interactions, deviations in the perturbative approach, and the 'N€ goal of the present paper is to analyze the dephasing
effect of an external field on the dynamics of the polariza-PrOPerties of the optical polarization induced by the phonon
tion. Finally, in Sec. IV we summarize our results. couplmg deflne(_JI n Eq.(l)._ It should be noted that the
carrier-phonon interaction in Eql) does not lead to a

Il. THEORY change of the occupations of the electron or the hole level,
because the interaction Hamiltonian commutes with the op-
A. Model eratorsc’c and d'd for the respective occupations. The

We consider a model of a quantum dot with well sepa-model does therefore not provide for an energy relaxation
rated sublevels. We are interested in optical transitions fronfnechanism. Nevertheless, the phonon coupling may still
the uppermost level in the valence band to the lowesgontribute to the dephasing of the polarization which in this
conduction-band state. The corresponding electronic degre€gse is called pure dephasitigin recent experiments evi-
of freedom shall be represented by Fermi operatdisc ~ dence has been found that pure dephasing may become the
(d',d) for the creation and annihilation of an electrgmle) dominant dephasing mechanism at not too low temperatures
in the lowest(uppermost conduction-(valence} band state. ~ for optically excited quantum wefl8or quantum dots? Fur-

Apart from the dipole coupling to an external laser field ourthermore, it was shown in Ref. 12 that the contribution to
model comprises interactions of the electron and hole withPure dephasing due to couplings to higher excited states is
acoustic and optical phonons. More specifically, our model iginder realistic conditions considerably smaller than the di-

defined by the following Hamiltonian: rect diagonal coupling even in dots which are somewhat
larger than those studied here. This finding also justifies our

_ fa M. t ot . th restriction to only two sublevels.
H=n{cc—Mo-E(c'd +dc)+ﬁ% «j(A)b;,4j q In order to proceed we still have to specify the phonon

coupling matrix eIementgf”;1 for each interaction mecha-
+2 e b cte—g" b .dd+H.c), 1 nism relevant for the respecti_ve phor_lon bran(_:hes. Assur_ning
% (85.aPi.0 9i.aPi.a ) @) that the dot and the surrounding barrier material do not differ
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significantly in their lattice and dielectric properties we can 1 (2= m _ -
approximate the phonon modes with the corresponding Ef d@f dé sin(6) M (CI)=A1(
three-dimensional bulk modes. Then, the coupling matrix el- 0 0

e/h ;
ementsg; , for the electron and hole separate into two fac-ynare o is the piezoelectric coefficient andl; are mode

tors, where the first depends on the specific coupling mechgyenendent geometrical factors that can be found, e.g., in Ref.

nism, whereas the second can be calculated from the Wavg It should be noted that taking the square modulus of

; e/h Hhi
functions ¥ (F) of the electron and hole within the quan- gﬁ’:q does not introduce an interference between deforma-
tum dot potential: ,

tion potential and piezoelectric scattering, because the

2eey
€s€p

2
) , (6

ge/h=ge/hreh 2) former is real while the latter is purely imaginary.
. ba-mhana e Strictly speaking, all three coupling matrix elements are
with the form factors valid only in the long-wavelength limit because they are de-
rived on the basis of a continuum model for the phonons.
fe/h:f d3r|q,e/h(r)|zeiq»r 3) However, as will be seen in the next section even in the case
q b . -
of the smallest dots studied here the coupling only extends

andG®" is the bulk coupling matrix element over a relatively small part of the Brillouin zone where the
1.4 ' flispersion relations do not deviate much from the continuum

In this paper we consider the respective influences o that th trix el A il b idered t
three types of carrier-phonon coupling mechanisms: the pogase S0 that these malrix elements can still be considered o
e good approximations.

lar optical coupling to LO phonons, the deformation poten-
tial coupling to LA phonons, and the piezoelectric coupling
to LA and TA phonons. The polar optical interaction is ac- B. Analytical results

counted for by the usual Fitich-coupling: It was already mentioned that within independent Boson

2 112 models it is possible to derive closed-form analytical expres-
oh . |2Tm€w0(q) (1 1 1 - : : iqn2ag527-29
G0l = — - (4)  sions for a number of linear or nonlinear signZ:
' hameV | €. € qa The derivation may be done by a number of different theo-

whereq:=|q| is the modulus ofy, e, and .. are the static reticz_il approaches. For our pr.esent purposes we have. to de-
and high-frequency dielectric constants, respectivejyde- termine th(_a complex_ polarization vectBrto _I|near order in
notes the vacuum susceptibility, whirepresents the el- the laser field. AP is r.elated Fo the (_)ff-d|agonal element
ementary charge, and is a normalization volume. Finally, Y:=(dc) of the electronic density matrix by
w0(q) is the dispersion relation of the LO phonons.

The coupling to acoustic phonons may be mediated either P=M,Y, (7)
by the deformation potential or via the piezoelectric cou- ) )
pling. While the deformation potential primarily yields inter- We have to calculate the linear responserofo this end we
actions with LA phonons, the piezoelectric scattering coupledound it convenient to follow the generating functions ap-
the electronic system to both LA and TA phonons; usua”yproach that was outlined in Refs. 2_7 and 28 for a smglg mode
the TA piezoelectric scattering is considerably larger due t¢ystem and in Ref. 32 for the multimode case. Specialized to
the smaller sound velocif{}. Accounting together for piezo- Our present model the generating function method involves
electric and deformation potential interactions the couplinghe following steps: First one has to set up the Heisenberg
gilg to acoustic phonons may be writter?3% equation of motion for the generating function,

R — Df™+iM;(@], (9 Y({a) q.B; b =(dcetiatia ¥idbiatic).  (8)

ACLAT 55—\
2ehwi(Q)V Up to linear order in the laser field the resulting equation is

where g is the unit vector in the direction of, ¢ is the  closed. It is a first-order partial differential equation that is
density of the semiconductor material abd" denotes the easily solved along the lines described in Refs. 27, 28, and
deformation potential constants for electrons or holes. Fi32. Finally the polarization is obtained froP=M,Y
nally, M; provides for the piezoelectric coupling. The branch=MoY ({«;,q=B;,4=0}). As a result of this procedure we
index | runs over the longitudinal and the two transversefind in agreement with previous resiftshat the linear po-
modes and the constar¥’" are nonzero only for the LA larization induced by ad-like laser pulse, i.e.E(t)
mode. =Ey4(t), which is polarized parallel ttd is given by

The piezoelectric coupling would in principle lead to an
anisotropy>>! that is, however, usually neglected. Instead,
an effective isotropic model is constructed that is obtained by
averaging over the angles. More specifically, it is only the

square ofM(q) that introduces the anisotropy in our final —ni(q)|e @i @t—12—1)
results as will become evident later. Therefore an angle av- !

erage over this quantity is required. For a crystal with zinc-

blende structure the averaging yiettls where

IMol“E

i 2 = .
P(t)=0(t) Toe*'“ tex;{ % FPECRERL

=:eox()Eo, (9
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where thephonon-assistedensity matricesy{ ) and Y{?)
(10 are defined a&{)=(dch; ;) and Y}Q::(dcb?q). Unlike
the equation of motion for the generating function
g({aj’q .Bj.qh), Ed.(13) is not closed; instead it is the start-
g point for an infinite hierarchy of higher-order phonon-
assisted density matrices. The idea of the correlation expan-
' sion is to truncate the phonon-assisted hierarchy by
and factorizing higher order phonon-assisted density matrices on
a chosen level. Mostly the truncation is invoked after the first
0:m0) _ 2 step, i.e., one writes down equations of motion for the den-
2:=0 % ©/(@]7;dl (1) sity matricesY{) andY{?) and factorizes the density mati-
ces with double phonon assistances, e.g., according to
represents the polaron shifted transition frequency. In th?dcbf,qu,@%(dc)(b;qu,q) This procedure results in the

case of optical phonons the quantfﬁi‘=§q|no,q|2 Is usu-  following equations for the phonon-assisted density matri-
ally called the Huang-Rhys paramet&f! In the derivation ceg:

of Eq. (9) it has been assumed that before the laser excitation

the system is in the electronic ground state and that the sta- ¢ o) ()
tistical operator for the phonon system initially corresponds 7 Yi.q = ~ [+ @j(@]Y] 4 —1gj[1+n;(a)]Y,
to an equilibrium distribution at temperatuieand is thus
given by

n;j(q) ::eﬁmj(q)/ka_ 1

stands for the equilibrium phonon occupation at temperatur
T, yj’q::g}(vq/a)j(q) is a dimensionless coupling strength,
gjxvq::giq—g?’q being the exciton coupling matrix element

J ) )
Y= 0 @]Y[)—igln(@)Y. (14

0
e_Hpr(ka

Pph= Ty (12 It is easy to verify that the correlation expansion truncated at
Tr(e "er™?) this level yields results that are correct up to second order in

. . . the phonon coupling. The solution of Eq&3) and(14) may

0._v. _ T,

with th'_EJ’qh“’l(q)bivquvﬂ' The I_megr susceptibility be obtained by taking the Fourier transforms of these equa-

x(t) defined in Eq(9) comprises contributions from all pos- iong From the relation betweenand the polarization one

sible multiphonon processes. It i_s valid fo_r arbitrary coupling.an then directly read off the linear susceptibility in fre-
strengths and temperatures. Using E3).it is easy to deter- guency space:

mine the linear absorption spectrum as the absorption coe

ficient at frequencyw is directly proportional to the imagi- M2 |g}< q|2[1+ n ()]
nary part~Im[ x(w)] where y(w) is the Fourier transform x(w)= 7 Q—w—iy0+2 +.’ T 0—o

of x(t). In numerically performing the Fourier transform €o ra @717 «;(q)
some care has to be taken, as the corresponding spectrum |9}(q|2nj(q) -1

may contain unbroadened lines because energy relaxation is
not included in our model. We have obtained our numerical

results by multiplyingy(t) by a factore " and then per- Here, we have introduced a finite minimal spectral width

forming the Fourier transformation. As we are interested ingiven by yo= 1/t,, which corresponds to the finite decay also
seeing _the effect O.f pure dephasing separately from Oth%sed in the Fourier transform of the exact result.
dephasing mechanisms we have chosen the rather long time

constant oft,=500 ps which is longer than typical esti-
mates for real energy relaxation or recombination times.

(15

g otiyy—Q+wi(q)

Ill. RESULTS

We have applied the theory described above to a proto-
C. Perturbative approach type GaAs quantum dot which is confined in the verti@l

For models with more complicated counling schemes it iSdirection by infinite barriers while in the laterat,fy) plane a
. mp : piing parabolic confinement potential is assunedVe take the
usually not possible to obtain analytical results. Mostly per-

; : ! same potential shape for electrons and holes, this results in a
turbative approaches are used in these cases in order to ag¢, " oxtension of the hole wave function which is by a
proximate the desired spectrum. It is therefore instructive WQactor of (me/m;)(¥9~0.87 smaller than the electron wave

e .

compare the analytical resuEq. (9)] with the outcome of function. The vertical size of the dot is given by the well

commonly used approximations. A widely used methqd fqrwidth while we defined the lateral size as the radius where

quantum kinetic studigs of thg parrigr—phonon interaction 'She electron density is reduced to half its maximum value

the correlation expansicti:**Within this approach one starts In order to inciude the dispersion of the LO phonoh
méh(;zre]s?tquﬁqtéﬁgxojvwigﬂorré;%rsthe off-diagonal elemafaf branch we have taken the shape of the dispersion relation
y obtained from a standard diatomic linear chain model ad-

5 . justed to the phonon dispersion relation given in the

| i 36 R

N =—iOY+ —Mn E—i X () gy ()] I|t.erature. All phonon branches havel been taken as isotro-
gt ho 0 % [91.aYia T 9raYia ] pic. The material parameters used in the calculations are
(13 summarized in Table I. The dispersion relations of the
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TABLE I. Material parameters taken from Ref. 48 except for the changes from a purely discrete system into one with a con-
deformation potentials which are taken from Ref. 12. The in-planginuum part in the spectrum. Also in the case of acoustic
and vertical effective masses of the holes are calculated from thphonons the relevant range of phonon frequencies increases
Luttinger parameters according to the standard formuRet. 35;  wjth decreasing dot size leading to an effectively increasing
Mg is the free-electron mass. width of the continuum in the spectrum. Down to the small-
est dots studied here Fig. 1 shows that the assumption of

Effective electron mass, 0.067m, linear dispersion of both longitudinal and transverse acoustic
Effective hole massn;” (in plang 0.112mq phonons is well satisfied. Nevertheless, for the numerical
Effective hole massnj, (vertica) 0.377mo evaluation of the formulas we have always taken the full
LO phonon energytw o 36.4 meV dispersion.

Static dielectric constarg 12.53

High-frequency dielectric constast, 10.9

Density p 5.37 g/cn A. Dephasing due to optical-phonon interaction

Logitudinal sound velocity 5110 m/s Let us first concentrate on the real time dynamics of the
Transverse sound velocityy 3340 m/s optically induced polarization in the electron-LO-phonon
Deformation potential for electrori3® —14.6eV system. If the dispersion of the phonons is neglected it is
Deformation potential for holeB" —4.8eV clearly seen from E(9) that the result is exactly the same as
Piezoelectric constarg;, 0.16 C/nt in the case of single phonon mode with the effective interac-

tion matrix elementg ;= \/Eq|gg—gq|2. This single mode
model has been studied in detail also in view of nonlinear
phonons are shown in Fig. 1 together with the angular intepptical signals, in particular the coherent control of phonon
grated effective form factors quantum beats in four-wave mixing signals, and the role of a
stronger electron-phonon coupling in Refs. 27-29 and 37.
The optical polarization resulting from the excitation with an
optical pulse with as-function-like shape in time as well as
the corresponding absorption spectrum are shown for the
corresponding to three different dot sizes. In all cases lateralase of a 6-nm quantum dot at a temperature of 300 K in
and vertical size have been taken to be equal. In the case &fgs. 2a) and(b). The optical polarization exhibits quantum
the polar interaction mechanisms this effective form factorbeats with the phonon frequency; no decay is present. The
directly determines the region in the phongnspace to spectrum consists of a series®function peaks at the zero-
which the dot is effectively coupled. For deformation poten-phonon transition and at integer multiples of the phonon fre-
tial interaction due to different deformation potentials of quency above and, for nonzero temperature, below that tran-
electrons and holes a somewhat different quantity should agsition. The weights of the various lines depend on
pear in the integral, but also in this case Etp) provides a temperature and, through the effective coupling congiamt
good estimate of the range of relevantvalues. With de- the Huang-Rhys paramejeon the quantum dot parameters.
creasing dot size the form factors extend to highemlues. A closed-form analytical expression in terms of Bessel func-
It is clearly seen that for large dots the assumptions of dions can be found in Refs. 19 and 21. Such phonon-assisted
constant LO phonon frequency as it is usually applied inoptical transitions in quantum dots have been observed in
systems of higher dimensionality is quite well satisfied whileresonant Raman scatterifigis well as in photoluminescence
quantum dots below about 10 nm start to feel the dispersiorand photoluminescence-excitation spectros¢8py.
This means that the combined electron-LO-phonon system Without phonon dispersion the spectrum of the electron-
phonon system is completely discrete. If the dispersion of the
40— ; . , , LO phonons is taken into account the system now has con-
35 Hi tinuum parts and therefore decay processes are possible. The
a0 | resulting optical polarization and the corresponding absorp-
ik tion spectra for the 6-nm dot are plotted in Fig&)zand(d)
25 i under the same excitation condition as above while Figgs. 2
20 and(f) display the results for a 3-nm dot. We clearly see that
15 Fi ) : the phonon quantum beats in the optical polarizafiigs.
10 KR 2(c) and (e)] are damped. The typical time scale for this
' damping is about 50 ps in the case of the 6-nm dot while it is
about 10 ps for the 3-nm dot. This strong size dependence
can be well understood from Fig. 1 which shows that the
form factor of the small dot effectively probes a considerably
broader range of frequencies leading to a faster decay due to
FIG. 1. Dispersion relations of the LO, LA, and TA phonons destructive interference of the variogscomponents in the
taken in the calculations as well as normalized effective form facpolarization. The spectra now consist of the unbroadened
tors [see Eq.(16)] describing the coupling of quantum dots with ZPL as well as LO phonon sidebands which are broadened
three different sizes to the various phonon modes. according to the frequency range of phonons which effec-

21 T
feﬁ(q):JO dgofo desin(0)|fg—fg|2 (16)

energy [meV]

0 2 4 6 8 10
wave vector [1/nm]
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result in a broadened ZPL.In Fig. 3 we have plotted the
FIG. 2. Optical polarizations induced by &function-shaped ~Optical polarization and the absorption spectrum for a 3-nm
optical pulse(left column) and absorption spectteéght column for quantum dot at three different temperatures as obtained from
a quantum dot interacting with optical phonons at a temperature ofalculations including piezoelectr(¢igs. 3a) and (b)] and
300 K. Parts(a) and(b) refer to a calculation without phonon dis- deformation potentiglFigs. 3c) and(d)] coupling. Interest-
persion, in partgc) and(d) [(e) and (f)] the results including dis- ingly, we find that in all cases the polarization remains at a
persion are plotted for a 6-n8-nm) quantum dot. The spectra of finite value at long times corresponding to an unbroadened
the n-phonon sidebands due to phonon emissior Q) or phonon  ZPL. This can be understood from tigedependence of the
absorption (<0) are shifted by-nfiw towards the ZPL. In part matrix element in the limit of smalf| values. According to
(d) they are multiplied by the factors>810° (In|=1) and 2<1°  Eq. (5) the bulk coupling matrix elements of deformation
(In[=2); the corresponding  factors in  pai) are 10" and piezoelectric coupling are proportional\{q and 14/q,
(In[=1) and 4<10" (|n|=2). respectively. The deformation potential for electrons and

tively couple to the exciton. For a better comparison in Figs.hoIes are, in general, different, and the form factors of both

2(d) and (f) we have shifted thén|-phonon emission or ab- carnT_r types ?p;:r_oach umtt_y fa?;%) ,Tt:erk()eflokre _the tlotal
sorption sideband towards the ZPL by subtracting or addin oupling constant IS proportional kq. fhe bulk piezoelec-

nfw o(0) and they have been multiplied by the respectiver;IC ﬁot']?“r';g hconst)e(mt,tlor:hthe ?Tt]he:/ r|1andf, rbellngtranp()lar:d
factors given in the caption. Here>0 refers to emission echanism, nas exactly the same value for electrons a

. : . . - holes. Then, the form factors of the electron and hole exactly
andn<0 to absorption sidebands. Sinegy(0) is the maxi- o S
mum frequency of the LO phonons the emission sideband ko atq—IO. The Iqwest Ogder the in difference of_the
are now completely below the ZPL while the absorption orm factqrs IS prop_ortlonalglcz] and thus_ the total_couplmg
sidebands are above this line. It is clearly seen thathe c;)ns;t?nt IS %rop.ortlon.al t? A vabnlshtljng cc(j)uzpllng ct%n—
=2 sidebands, corresponding to two-phonon transitions exzant forg—% gives Tise 10 an unbroadened . Rice the
hibit a width which is twice the width of thén|=1 side- Appendix for a more detailed _dlscus_s)oﬂ'ms is in contrast
bands. Furthermore. the widths in the case of the 3-nm ddP the electron spectral function which has been calculated
are approximately a factor of 5 larger than for the 6-nm dote}lready n 196.5 by .Duke .and MahZan‘or.the case of Impu-
corresponding to the enhanced damping of the quantu ty spectra. Since in their case there'ls no cancellgtlon be-
beats discussed above. We want to remark that the small bly€€" the_electron e_md hole_ part th_ey find a bro_adenlng Of the
nonzero width of the ZPL is due to the additional phenom- L for piezoelectric coupling while deformation potential

. LT . .. results in a sharp ZPL.
gﬂgleodg't%ai)gffgmsmg gr(;tl?r;e??rgng?o\;vr?];?ozas been intro As can be expected the dynamics due to interactions with

acoustic phonons exhibits a pronounced temperature depen-
dence. At low temperatures the line is strongly asymmetric;
there is only a contribution on the high-energy side of the
Acoustic phonons are characterized by a continuous spe@PL due to phonon emission. With increasing temperature
trum starting at zero frequency. Therefore the phonon sidephonon absorption processes come into play and the line

B. Dephasing due to acoustic-phonon interaction
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FIG. 4. Optical polarizations induced byd&function-like opti-

cal pulse(left column and absorption spectfaight column for a
6-nm quantum dot interacting with optical and acoustic phonons at
three different temperatures. served in four-wave-mixing experiments on InGaAs
quantum dot$® Even if these spectra do not exactly conicide

becomes more symmetric. Furthermore, the weight of thavith the linear absorption spectra as calculated here, they are
ZPL is reduced resulting in lower long time values of thestrongly related because time-integrated four-wave-mixing
polarization. By comparing the results for deformation po-Signals at least in few-level systems essentially measure the
tential and piezoelectric coupling we find, in agreement withlinear polarization dynamics.

Takagahard? that the deformation potential contribution is  In Fig. 5 the polarization curves and absorption spectra at
clearly dominant. Even at 300 K piezoelectric coupling re-the same temperatures as above are plotted for a quantum dot
duces the initial coherence by less than one percent. This f 3 nm size. The extension of the form factor to larger

due to the large electron-hole overlap which strongly reduce¥alues results in a pronounced increase in the widths of the
all polar interaction mechanisms. We will come back to thisdcoustic-phonon contribution in the spectra and a substan-

point below when discussing the influence of an electricially faster initial decay of the polarization which now oc-
field. curs on a time scale of 100 fs. In particular at 300 K the

acoustic wings of the different LO phonon sidebands now
merge and result in a smooth spectrum up to high energies.

FIG. 5. Same as Fig. 4 but for a 3-nm quantum dot.

C. Combined dynamics

Let us now combine the results of the previous sections
by taking into account simultanously all three types of inter-
action mechansims. Figure 4 shows the optical polarizations A particular feature of the independent boson model used
and the corresponding absorption spectra at three differetitere is the fact that it can be solved analytically. This feature
temperatures for the case of a 6-nm quantum dot. The overah typically lost if the model is extended, e.g., by taking into
dynamics of the polarization is dominated by deformationaccount excited exciton states and phonon-induced transi-
potential interaction. Superimposed there are quantum beat®ns between these states. In such cases approximate tech-
due to LO phonon coupling which, due to the different scalesiiques have to be used. The present model provides the op-
of the polarization axes, are visible only at the lowest tem-portunity to compare the exact results with results obtained
perature. Around the ZPL we see the lineshape due tfrom a correlation expansion as it is often applied in more
acoustic-phonon interaction as discussed in the previous secomplex and higher dimensional systems and therefore it
tion. This line is then repeated, however, with decreasingllows us to clearly analyze the deviations between exact and
strength, at multiples of the LO phonon frequency. Thus eaclapproximate solutions, which in most other cases is not pos-
LO phonon sideband acquires a background due to acoustisible.
phonon interaction. Very similar spectra consisting of a nar- In Fig. 6 we compare the absorption spectra of a 3-nm
row ZPL and a broad background have recently been obguantum dot obtained from the exact solutideft column)

D. Comparison with the perturbative approach
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10* — — 6(e) and(f)] we find that when comparing exact and approxi-
102 [(@) ] | (b) ] mate solutions both the height and the width of the spectrum
ol - are in quite good agreement. However, there are remarkable
1071 differences in the detailed shape. First, in the perturbative
1072 ¢ result the dip above the ZPL is much more pronounced than
10~ | in the exact result. This is due to the fact that one-phonon
106 | transitions with a small wave vector are strongly suppressed
. P because, as already discussed above, in this range the matrix
—40-20 0 20 40 60 80 -40-20 0 20 40 60 80  glement is proportional tgq. Therefore positions in the im-
10 - . - - - : mediate vicinity of the ZPL can only be reached by at least
02 [ © ] @ ] two-phonon processes which again are absent in the pertur-
- 1 - 1 bative treatment. Second, the approximate absorption spec-
trum exhibits a series of dips above 10 meV which is absent
in the exact result. These dips result from the form factor, in
particular from the Fourier transform of the cosine wave
function in thez direction. We have checked that they are
: : : : : : absent if also in this direction a Gaussian wave function is
-20 <10 0 10 20 -20 -10 0 10 20  ged. In the exact result these dips are obviously washed out
due to multiphonon processes. Third, the approximate spec-
trum exhibits a sharp cutoff at an energy of 26 meV corre-
sponding to the maximum energy of LA phondsse Fig. 1
because higher energies are not accessible in a one-phonon
process. Finally, in Figs.(§) and(h) the spectra of the full
model are compared. Besides the features already discussed
the most pronounced difference is the missing acoustic back-
ground of the one-LO phonon sideband. Of course, this
background involves at least one optical and one acoustic
phonon and it is therefore at least related to two-phonon
processes and thus it is absent in the perturbative treatment
which takes into account only one-phonon processes.

absorption [arb. units]

absorption [arb. units]

absorption [arb. units]

E. Influence of a static electric field

absorption [arb. units]

Polar interaction mechanisms are completely absent if the
system is locally electrically neutral, i.e., if the electron and
hole wave functions are identical. In the cases studied so far
the wave functions were slightly different because of the

FIG. 6. Comparison of the exact absorption spe¢iét col- different confinement of electron and hole in the lateral di-
umn) with those obtained from a correlation expansion up to therections due to the different masses. If an electric field is
second order in the coupling matrix elementight column for  applied to such a structure, the electron and hole wave func-
polar optical[(a) and(b)], piezoelectrid(c) and(d)], and deforma- tions are displaced with respect to each other. Thengthe
tion potential[(e) and (f)], as well as for the combination of all dependence of the difference between electron and hole form
mechanismg(g) and (h)] at a temperature of 4 K. factors in the range of smailvalues changes from quadratic

to linear resulting in an increasing polar coupling
with the spectra obtained from the correlation expansion ugfficiency?* Such an electric field can be applied in the ver-
to second order in the interaction matrix elemgaq. (15)]  tical or in the lateral direction. In this section we will study
at a temperaturefeal K for the individual interaction mecha- the influence of an electric field in these two directions on
nisms as well as for the complete model. In the case of théhe dynamics of the optical polarization.
polar optical interactiofiFigs. §a) and (b)] we find a good A vertical electric field gives rise to the quantum confined
agreement for the ZPL and for the first phonon sideband. OStark effect:®=**Electron and hole are separated towards the
course, the second sideband, involving a two-phonon transbpposite edges of the confining quantum well potential. Such
tion, is absent in the perturbative result because multiphonoan electric field may be applied externally, but in materials
processes are neglected on this level. As has been shownlike GaN it may exist even intrinsically due to polarization
the previous sections the piezoelectric interaction is verycharges?* Furthermore, by applying a vertical electric field
weak. In particular at low temperatures it gives only a verywe can model the situation which is present in many pyra-
small contribution to the spectrum. Therefore it is not sur-midal quantum dot structures that the wave function of one
prising that multiphonon processes are negligible and exadarrier type is located more towards the base of the pyramid
and perturbative results are in good agreeni€igs. c)  while the other is located close to the t5f°~*'The appli-
and(d)]. In the case of deformation potential couplifiigs.  cation of a lateral electric field, on the other hand, has re-

—40-20 0 20 40 60 80 -40-20 O 20 40 60 80
energy [meV] energy [meV]
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FIG. 7. Optical polarizations induced by &function-shaped .
optical pulse for a 6-nm quantum dot interacting with phonons via FIG. 8. Same as Fig. 7 but at a temperature of 77 K.
polar optical[(a) and(b)], piezoelectrid (c) and(d)], and deforma-

tion potential[(e) and ()] interaction in the presence of a static focieq while in the lateral case the decay time of the beats is
vertical (left column and lateral(right column) electric field at a

temperature of 4 K in_creased by a fact_or of about 3. This is again a resglt of the
' width of the effective form factor irg space which is re-
duced when the electron-hole overlap is reduced.
cently become of interest because it has been shown that in The piezoelectric interactiofFigs. 7c) and (d)], being
this case the different dipole moments associated with thalso a polar interaction mechanism, exhibits essentially the
ground and excited states of the dot, respectively, may bsame behavior as the polar optical case. It is also strongly
used to couple different quantum dots and to perform a conenhanced by electric fields. Notice that while without field
ditional dynamics which serves as a basic building block forthe initial coherence is reduced only by a factor of about 2
quantum information processifigThe same type of dipole x10™* at a field of 400 kV/cm this reduction is enhanced to
coupling has been proposed for the case of vertical ffeldsa factor of 3.5¢ 102 for a vertical and even 810 2 for a
However, since in that proposal a dynamics based on transiateral field.
tions between different conduction-band levels has been used The deformation potential interactidfrigs. 7e) and (f)]
it does not directly fit our model. is much less affected by the field because in this case, due to
Figure 7 shows the temporal evolution of the optical po-different deformation potentials of electrons and holes, there
larization after excitation with @-shaped pulse at a tempera- is no cancellation of electron and hole form factors at zero
ture d 4 K for the case of a verticdleft column and lateral  electric field. Nevertheless, there is a slight enhancement of
(right column) electric field of different strengths. In the case the dephasing efficiency with increasing field. In contrast to
of polar optical interactiofiFigs. 7a) and(b)] we clearly see the polar mechanisms, here the time scale of the initial decay
that with increasing field strength the initial amplitude of theis not affected by the field. Due to the absence of cancella-
phonon quantum beats considerably increases and the lontien effects the extension of the effective form factor in mo-
time value of the polarization decreases. This is because withentum space is here always directly determined by the spa-
increasing coupling efficiency the relative weight of the pho-tial extension of electron and hole wave function. In a
non sideband is enhanced leading to a more pronouncaghrabolic confinement potential, as is assumed here in the
beating and a smaller weight of the ZPL which determinedateral direction, a static field leads only to a rigid displace-
the final value of the polarization. At a given field value this ment of electron and hole wave functions without changing
effect is much stronger for a lateral field than for a verticaltheir respective shapes. In a vertical field the shape of the
field because in the vertical case the separation of electrowave functions is modified, however, in the fields considered
and hole wave function is limited by the width of the con- here the spatial widths do not change much. Therefore the
fining potential well while in the lateral direction no such extension of the form factor in momentum space only
limitation exists. Furthermore, we notice that the time scaleslightly depends on the field.
of the initial decay in the vertical case is essentially not af- In Fig. 8 the same polarization curves for vertical and
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lateral fields are plotted at a temperature of 77 K. For polahave been calculated for an excitation with a
optical interaction the results are essentially the same bes-function-shaped pulse which excites all frequency compo-
cause 77 K is still much less than the temperature of 422 Kients with the same weight. Of course, a pulse with a finite
corresponding td w o(0). Theacoustic interaction mecha- width excites only a part of the spectrum. Therefore in the
nisms, on the other hand, are strongly enhanced compared tase of resonant excitation the weight of the ZPL in the
the 4-K case. In the presence of a lateral field of 400 kV/cmexcited polarization may be considerably enhanced resulting
piezoelectric interaction now results in a reduction of thein a considerably higher value of the long-time coherence
initial coherence of the order of 60% and it is therefore of thethan in the curves presented here.
same order of magnitude as the deformation potential inter- When comparing the exact results with a perturbative
action which gives rise to a reduction of about 85%. Theretreatment we find that in the present case of a GaAs quantum
fore in the presence of strong electric fields there may belot, where all phonon couplings are relatively weak, both the
situations where the dephasing due to the piezoelectric inteheight and the width of phonon-related structures in the spec-
action is no more negligible compared to the deformatiortra are in quite good agreement. The perturbative approach,
potential interaction. however, may produce some sharp spectral features related
to details in the matrix elements, in particular if some fre-
quencies are not accessible by one-phonon transitions. These
IV. CONCLUSIONS features are much less pronounced or even completely
We have presented a detailed analysis of the loss of integmoothed out in the exact result. Therefc_Jre some care should
band coherence due to carrier-phonon interaction in an optf€ taken when such structures appear in perturbative calcu-
cally excited quantum dot. Only the ground-state exciton hations of more complex systems where a comparison with
been taken into account, therefore we have restricted oufl'® €xact solution is not possible. o ,
selves to the case of small quantum dots where the excited Finally we have shown that a static electric field, both in
states are sufficiently far above the ground state. In this cadb® vertical and the lateral direction, has a pronounced effect
it has indeed been shown that the dominant contribution t&" the dephasing, in particular the dephasing due to the polar
the dephasing stems from the ground state and excited statéeraction mechanisms. By displacing the electron and hole
give rise to a minor correctiol?. The main advantage of the Wave functions with respect to each other the polar matrix
present model is the fact that it can be solved exactly an§léments are strongly enhanced. This reduces the remaining
thus multiphonon processes of all orders involving equal a§oherence, i.e., the weight of the ZPL in the spectrum. The
well as different types of phonons are fully included. Besidednitial decay or, in the case of polar optical interaction, the
being a relevant model for small quantum dots it is thereforél®cay of the phonon quantum beats, is slowed down by

an ideal test case to study the validity of approximate techStrong lateral fields because the range of accessible phonon
niques. frequencies determined by the effective form factor is re-

The general finding is that none of the coupling mecha-quced- Deformation potential interactiqn, on the othgr hand,
nisms studied, polar optical, piezoelectric, and deformatiod Much less influenced by the electric field. Thus in very
potential interaction, results in an exponential decay or,h'gh fields piezoelectric and deformation potential m_tgrac-
equivalently, in a Lorentzian line shape characterized by 40N may even become of comparable strength. In addition to
single decay time. In all cases the optically induced polarizath® modification of the pure dephasing processes discussed
tion exhibits an initial decay on a time scale which is esseni this paper such electric fields will also modify the radia-
tially determined by the range of phonon frequency accestive rgcombmatlpn. Due to thg reduced electron—hqle o'verlap
sible by the interaction matrix element. This range is mainlythe dipole matrix element will be reduced resulting in an
determined by the form factor resulting from the electron andncreasingT; time. Thus the relative contribution of pure
hole wave functions. This frequency range increases wittféPhasing to the total dephasing may be enhanced.
decreasing dot size leading to a faster initial decay. However,
even this initial decay is in general strongly nonexponential. ACKNOWLEDGMENTS
After this initial decay the polarization retains a finite value
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mechanism and on the temperature. For high temperaturdi®n Devices as well as by the Deutsche Forschungsgemein-
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nificant in most cases and at elevated temperatures deforma-
tion potential interaction is the most important process for APPENDIX: ASYMPTOTICS OF THE POLARIZATION
the loss of coherence. It should be noted that the non- FOR LONG TIMES
Lorentzian line shape of the spectra has interesting conse-
guences for the more realistic case of excitation with pulses The purpose of this Appendix is to discuss the asymptotic
of finite duration. All the polarization curves shown here behavior of the linear polarization in the limit ¢f-«. In
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particular we want to show explicitly that the polarization electrons and holes and scale likg.1As in the piezoelectric
does not vanish in this limit, reflecting the fact that the zero-case accounting for the cancellation of the electron and hole

phonon Iine is unbroadend in our model. form factors yields an extra factar? such thatgLoq qg.
~ According to Eq.(9) the absolute modulus of the polar- Thus for the asymptoﬂcs df;(a) ~| (@) [*=1g} / j(@) |?
ization is given by we obtain 14, g, andg? in the cases deformation potential,

piezoelectric, and Fidich coupling, respectively. Finally, in
the smallq limit n;(q) approaches a finite constant for LO
|p(t)|_®(t)| °| [Ed exd —F(1)], (A1)  Pphonons, while for acoustic phonons we finai(q)
—kpT/(%icjq). The strongest singularity~1/g?) therefore
where results form the deformation potential and is canceled by the
factor g? from the volume element. Consequenti(t) is
. . bounded by time-independent bounds and flRJshever ap-
F()=2 |7,q"Re(1—e i@+ nj(q)|e” ('~ 1]?) proaches z):aro. P " P
Ha It is instructive to rewrite Eq.A2) in the form F(t)

—E f aq qzl“ (Q)[2+4n, (q)]5|n2( w;(q) ) =t f(t). Then, by using the identity

sir(xt)
(A2) t“nl X =),
with .
we find
2 i Qg
rya- [ ae | dasmw)( nd? A3 ()= | “daryar2

In Eq. (A2) we have converted the sum owglinto an inte- wi(q) ()
gration, whereQg marks the boundary of the Brillouin zone. +ani(q)]7| — ) 5( T) (AS)
Obviously, a vanishingP(t)| for long times is equivalent to
the requirement that the functidi(t) approaches infinity for The LO branch does not contribute to E@5), because
t—o. However, the integralA2) can easily be estimated as @.o(d) has no zeros. For the acoustic branches the only zero
follows: is at q=0 and each branch -contributes a part
wi(6) Iimqﬁo+7rch4l“j(q)[1+2nj(q)] which also vanishes due to
i(q the asymptotics discussed above. The interesting insight here
0< fo dqq2F (@)[2+4n; (q)]sm2< ) is that the occurrence of th&function in Eq.(A5) explicitly
prove that the asymptotic behavior for larges determined
Qe exclusively by the behavior of the couplings in the vicinity
gJ'O dq qzl“j(q)[2+4nj(q)]. (Ad) of q=0. This also sheds light on the previous finding by
Duke and Mahaf! that without the cancellation of electron
The integral in Eq(A4) exists and has a finite value, becauseand hole parts at smailvalues the zero phonon line acquires
the integration is over a finite range and the integrand ig finite width. While Duke and Mahan used model wave
continuous with the exception of the poipt=0 where it has  functions such that altj integrations could be performed
an integrable singularity. The integrability of the singularity analytically, it now becomes clear that the width of the zero-
follows from the smallg behavior of the functiond’;(q),  phonon line is determined only by the scaling of the phonon
nj(q) and w;(q). More specifically, we find for small coupling in the limitq—0; in the case discussed in Ref. 20
q: wj(q)— w0 for the optical branch and;(q)—c;q for  this scaling was given by';(q)~1/g®. And indeed, using
the acoustic branches, Wharpare the respectlve sound ve- this smallq behavior in Eq (A5) we find thatf(t) in the
locities. AS already discussed in the text the coupllg§§ limit t—o approaches a finite value indicating tHﬁ{(t)|
—g] q gJ q Scale asq'2 for deformation potential and as asymptotically exhibits an exponential decay towards zero.
q%?for piezoelectric coupling. For the Hrbich coupling we ~ Obviously, the exponent given by the asymptoticsf ¢t
obtain from Eq.(4) that the bulk couplings are equal for also determines the width of the zero-phonon line.
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