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Magnetic-field and quantum confinement asymmetry effects on excitons
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A theoretical analysis and calculation of the excitonic states in asymmetric quantum dots is carried out in the
presence of magnetic fields. The lack of rotational symmetry, introduced by strains and structural factors,
produces splittings of the excitonic states with corresponding consequences on the optical oscillator strengths
and polarization dependence. For example, we find that the asymmetry produces Zeeman splittings that are
smaller than those for symmetric dots at small fields, which could be used as an additional diagnostic of the
geometry of the structure. We focus our calculations on naturally occurring quantum dots due to layer fluc-
tuations in narrow quantum wells. Moreover, we observe that increasing magnetic fields produce an interesting
crossover to pure angular momentum states for all the excitonic eigenstates, regardless of the degree of
asymmetry of the dots and their size. Explicit calculations of photoluminescence excitation yields are presented
and related to the different degrees of freedom of the system.

[. INTRODUCTION cence spectra, have been shown to depend strongly on the
interplay of the quantum-dot size and the Coulomb and the
To study one of the most significant and defining featuregnagnetic interactions. These and other physical properties
of quantum dots, the discrete character of its energy sped@'e to be addressed in this paper in a unified approach for
trum, a number of photo- and magneto-luminescefa® symmetric and asymmetric quantum dot_s. Although our nu-
well as capacitangeexperiments have been performed on aMerical results are obtained using typical parameters for
variety of systems of quantum dots. The recent developme lljacr;]:;m Adsc/)és a;f)srr’r;ic;nt;ﬁr;h\';;?ifﬁj g:g?él;atsl?mnﬁa:’nq:}:ﬁ:gyv
. i . ) «Gay_y ,
?r:e?rll%r(;ssﬁz\t/lglc?)g?risgt?:-grg:e;eﬂs;lt%uSrqvgn?stiﬁlglrgjgszﬁte&ﬁve features are expected in all quantum-dot structures, after

e roper scaling of the physical quantities is made, as dis-
dot spectral features. As a result, the typical inhomogeneoys,ssed further below.

and broad photoluminescen¢®L) structures seen in large  varying the effective geometrical confinement features
assemblies of dots® split into series of sharp peaks when (related to the quantum-dot size and asymmjetyd the
imaged with increasing resolution, providing important in- magnetic field, we explore the degree of influence of the
sights of the single-quantum-dot excitonic spectra. Amongarious characteristic length scales in the problem. The mag-
these beautiful studies of PL and PL excitati®.E) spectra  netic lengthlg= \%c/eB; the characteristic lateral extension
under external magnetic fields, and for different polarizationof the dot,L, and the effective Bohr radius for the exciton,
geometries, we mention those of Refs. 7—13. Even thougag:ﬁZg‘/MQZ, compete with one another. Heseis the di-
previous theoretical work provides important information onelectric constant of the medium, apdis the reduced mass
the exciton properties in a single quantum dot, some quesf the exciton. For fixed quantum well widtHs, (or dot
tions still remain. The purpose of the present work is toheights, see Fig.)land a given quantum-dot lateral asym-
deepen the understanding of the exciton characteristics imetry »=L,/L,, different physical regimes correspond to
symmetric and asymmetric quantum dots in a magnetic fieldlifferent ratios between the characteristic length scales. At
and to account for recent experimental results, where fineow magnetic fields and small quantum-dot sizés
structure splittings consistent with characteristic asymmetry=+/L,L,, i.e., in the regime wherg>L~aj , optical prop-
interface fluctuations are suggested. erties associated with excitons localized in these structures
The ground-state properties of confined excitons in quanreflect clearly the effects of geometric asymmeagpecially
tum dots have been studied by variational and configurationfor PLE). As an example, it will be shown that by losing
interaction method¥!~® numerical matrix diagonalization rotational symmetry the angular momentum is no longer
schemed®18 or other numerical methods which directly conserved and then, with no good quantum number any
solve the relevant differential equatiot’s?! Some features more, the corresponding well-defined values for the ground
related to excitons in quantum dots, such as the various exstate collapse. We analyze this effect and show that for in-
citon states, their degeneracies and level spacings, as well eseasing magnetic field, the exciton and single-carrier states
the diamagnetic shifts, Zeeman splittings, and photoluminesend to recover a well-defined angular momentum. The mix-
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Viz,y) tem. For quantum dots created by layer fluctuations in nar-
row quantum wells, it is safe to assume that the lateral con-
fining potential is much weaker than the confinement
produced by the quantum well potential. Therefore, one can
reliably neglect the heavy- and light-hole mixfiigind con-
sider also the approximation where the lateral motion is de-
coupled from thez-axis degree of freedom. At low excitation
power experiments, less than ogew pair per quantum dot is
excited, on the average. It is thus appropriate to study the
physics of one exciton in a quantum dot when additional
confinement is produced by applying tunable external mag-
netic fields. This system is described by the Sdimger
equation with a Hamiltonian given by

H:He+Hh+He—h' (1)
FIG. 1. An asymmetric and flat quantum dot, with height  Here,
<L=.L,L,, produced as a quantum-well width fluctuation is sub-
jected to an external magnetic fieBlalong thez axis. Ane-h pair (pxeA; /C)2 2 2 5 2 .
in the quantum dot is assumed to be confined by a lateral parabolic H; = om + Emi(wxxi +WyYi )+Vi,, i=eh
potential V(x,y), with harmonic oscillator frequenciasxocllLf ! )

andwyocl/Li. The conduction and valence band-edge potential en-
ergiesV, andVy,, are shown, respectively, for electrons and holes\yhereV,, is the quantum-well confinement potential and
in the quantum well of width_, .

2

ing of well-defined angular momentum states induced by Hen= ©
non-symmetric boundaries are weakened by strong magnetic

confinement, as one would intuitively expect. As the latera
confining potential gets strongeidue to narrow and/or
deeper lateral confining or stronger magnetic figtde Cou-
lomb interaction is relatively less important, in agreemen
with recent experimentslt is clear, however, that for certain
regions of parameter space, the electron-Hel#) interac-
tion becomes significant and even dominant. This is the cas
certainly, for quantum dots larger than the meah size
(L>af, where the geometrical confinement and asymm
tries play no significant robe This work analyzes the inter-
play of all these factors in terms of exciton binding energie
and the general characteristics of low-lying excited states o
excitons, theire-h separation, angular momentum, and con-
tribution to the optical susceptibility for symmetric and
asymmetric quantum dots in the presence of an externa
magnetic field. Figures 2 and (&s well as Fig. 109 shown
below, represent typical examples of our most important re
sults in a most succinct form, which is further directly com- m;, perpendicular and parallel to the quantum well, i.e.,

parable with experiments. This paper will then be devoted t%tlong and across the growth directian It is known that

explore the origin as well as the magnetic field and paramety masses, in terms of the Luttinger parametersmare

|r=|>(|:_ ber:ja\lgﬁlrzof the (_jn‘fer;ant spectral features seen in possible. y1— 27, andmy, = v, + v,.23 For numerical calculations
an eXperiments. one can take specific effective masses, such as those for

In the following two sections, we will describe the model ; ; ; ;
P o Al As/GaAs, with corresponding dielectric constant
and the procedures used to obtain important excitonic charg 05557 P g

acteristics, including the optical response. We discuss ther Ss:telri.iemoS:c?igﬁ gsefwflha\g?/vgvgr]mo(:htren?:tg?igjlns]_vsvtee"ms
the physical implications and limitations of the model. In Y P o ! Y

.can be equally treated. Much of the physical discussion can

Sec. I.V we presgnt sample results and study the eXCItOI‘].IBe immediately applied after proper scaling has been made
behavior for various structural parameters and magneUB . . b
y the effective Bohr radius of the probles; .

fields. Section V summarizes our conclusions. . . .
To decouple the-axis motion from thex-y plane motion
we rewrite the Coulomb interaction as

()

- £|rh_re| .

I'I'he in-plane anisotropic harmonic confinement ¢w, , in
general is understood to be the result of actual structural/
geometrical constraints in addition to strain fields present in
tthe system. The latter are especially important in the case of
self-assembled dds® and in strain-defined structurés\No-
tice that this Hamiltonian cannot completely be decoupled,
feither in the lateral and-axis motion nor in the center of
mass and relative coordinates. The strategy will be as fol-
€lows. We shall first make an approximate decoupling be-
tween thez and x-y coordinates. To deal with the Hamil-
onian in thex-y plane, we will transform to the set of center

f mass and relative coordinates. Corrections to these ap-
proximations can be implemented systematically, as we will
iscuss below.

In the effective mass approximation for quantum wells,
the hole subbands are treated independently, and each sub-
band is characterized by a pair of effective massgsand

Il. EXCITONS IN PARABOLIC CONFINEMENT

AND MAGNETIC FIELD 2 eZ( 1 1 ) e2

The carrier confining potential in a quantum dot depends &1~ €y € \hy [re—Tl ery+AHe_h
substantially on the particular method used to create this sys- 4
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and treatAH ., as a small perturbation, as discussed in detaibplitting induced by the Hamiltonian term, which depends on
elsewheré? Notice that the effective expansion parameter isthe angular momenturh,. (The spin Zeeman splitting is
proportional to the ratio of the expectation value of the rela-small and will be neglected hejeAs mentioned before, we
tive z coordinate to the in-plane extensio® (Bohr radiug,  can deal with the rotational symmetry breaking in terms of
(lzn—z¢|)/(ryy)=L,/L, and sinceL,/L=0.1 in the typical the asymmetry ratia;=L,/L, or, equivalently, in terms of
systems under study, this is indeed a small perturbation. Ithe potential curvaturesv,=#/uL? and Wy=h/,uL§ (as-
this paper we neglect this perturbative contribution. sumed here the same for electrons and holes

Since the first excited state in tlzedirection,E?, is sev- We will find that the contribution of the lined-term to
eral tens of meV above the ground st&g (for both elec- the energy in Eq(8), at least for the low-lying energy levels,
trons and holes we include only the latter in our calcula- is rather small over a wide range of magnetic fields. On the
tions and reduce the problem to the calculation of the in-other hand, the splittings introduced by this term and the
plane motion eigenstates with energigs . To describe the correspor_lding selectiqn rules would have important conse-
lateral motion, we write the Hamiltonia,, in the center of ~gquences in PLE experiments.
mass and relative coordinate system, defined as usual by
Fxy=(Xn,Yh) = (Xe,Ye), and  [mp+me)Ryy=mpy(Xpn,Yn) Ill. EXCITON CHARACTERISTICS
+mMu(Xe,Ye). Here and below, all the hole masses refer to ) )
my, for motion parallel to the quantum well, but we drop _ TO calculate the exciton eigenstates, we use the two-
the label for ease of notation. Similarly, the position vectorsdimensional(2D) harmonic oscillator basignny) for the
refer to thex-y plane, and we omit the subindicey. Asin  scaled frequencies, andw, and follow a numerical matrix
Ref. 19, we find convenient to use the symmetric gauge diagonalization scheme. Taking. as a perturbation, we

concentrate first on the diagonalization of the separate

5) relative-motion Hamiltonian whose elements are

1 1
AeziBX(re—rh) and AhziBX(rh—re).

In this gauge, the HamiltoniaH,, takes the form <nxny|er'|any>

~ 1 ~ 1 2
Hyxy=Hcomt Hrei+He, (6) =hw,| n,+ E)Jrﬁwy Nyt 5| = {nany| —Inny)
where
P2 M +iE hwe,(nin!|(atal—a,a,) -2 Inyny)
Hoom=gp7 + 5 (WaX2+wyY?2), @) e A T L
PPl ey, 1 e +iEyﬁww<n)’(n’|(axaT—alay) 7;+i Inyny), (1D
Hrelzﬂ_" 5 MWXTHWY )+ 5 yWey = — (8) 4 y y 7
and with Wy, as defined above in E410), the effective asym-
) v - ==
ieh J 9 metry factor in a magnetic field~i97= VW, /wy [which
HC:_M_C Xo'?_Y_yé’_X : €) clearly reduces to)(B=0)= 5, and»(B>1)—1, recover-

ing circular symmetry effectively and thea]:(y) operator
Although the decoupling is not complete, as evidenced b P ~
the presence dfl;, we can say that the center of mass mo}éreates a quantum Of excitation at enefgyx(y). ;

c We diagonalize this matrix and obtain the low-lying en-

tion is (nearly in a harmonic potential with theamefre- ooy yajyes as functions of the magnetic field, the quantum-
guencies as the constituent particles, amtependenof the dot size, and its asymmetry. F&=0, this reduces in the

external magnetic field, as described HEOM,' (This B in- symmetric case to the model discussed in Ref. 17, and more
dependence is the expected result of having an unchargeg generq| to that discussed in Ref. 18. The last two terms in

center of mass for excitons, unlike the case for Iike-charg%q. (11) are responsible for Zeeman splitting and depend on

complexes. H,., describes the relative excitonic motion, ~ .
which does depend strongly on the magnetic field. As will beB both throughw,,, and », while the latter also depends on

shown below, the terrh, which couples the center of mass the asymmetry of the strupture. Notice that for equal particle
and the relative-motion degrees of freedom, is a weak peimasses, these terms vanisp=0).

; - ; As discussed above, an interesting property to analyze is
turbation for the parameters of interest. In the previous equa; | competition between the Coulor?ﬂ:? inFt)era)cl:tion ané/ the
tions, we have used the customary notatibhs my+m;,, . o ! . :

w=mym, /M, and definedy=(m,— m)/M, and size quantization. This can be done in terms of the exciton

binding energyE., defined as the difference between the
(10) ground-state energies of the problem calculated with and
without the Coulomb-interaction term,

Wiy) = Wigy) + We,l4,
with w,,,=eB/uc.

The magnetic-field effects are of two types: those produc- Ecen={(bo|Hol ¢0>_<(D(r)el|Hrel|q)(r)el . (12)
ing the so-calledliamagneticshift, associated with the mag-

netic dependence on the effective parabolic confinement im this equationHy=H,q+ €%/ er, and | ¢o) and|<I>?e,> are

Eq. (8), as given byw, and Vvy; and the orbitalZeeman the ground eigenstates bfy andH,, respectively.
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In the strong size-quantization reginle<ag , the bind-  The calculation of this quantity is useful to assign angular
ing energy at zero and small fieldE.,(B~0), depends momentum values and identify angular momentum transi-
strongly on the quantum-dot sizes and is larger for smalletions. Although the angular momentum is strictly not a good
dots. Notice, however, that the Coulomb interaction is aquantum number when the rotational symmetry is broken,
small perturbation to the confinement energy term in thisour angular momentum calculations show that as one reaches
limit. On the other hand, in the Coulomb regime, faf the magnetic regime, the exciton states become close to pure
<L (corresponding to dot sizes larger thani20 nm in  angular momentum states, in essence restoring rotational
GaAs, for examplg the zero-field binding energ¥.,(B symmetry to the system.
~0) becomes independent of the quantum-dot size. The For a direct comparison with recent high spatial and en-
boundary effect in the quantum dot is now a weak perturbaergy resolution experiments reporting well-defined photo-
tion in this case, and the exciton behaves nearly as if it wouléynd magneto-luminescence peaks for single quantum dots,

not feel the boundary. These two extreme regimes providge calculate the excitonic contributions to the optical sus-
the framework to understand the behavior of excitons for a'keptibility of the system

intermediate sizes, where both the Coulomb interactions and
the confinement energy are comparable in magnitude.
Since the magnetic field enhances #ad pair confine-
ment through the effectivev frequencies, it is clear that the
Coulomb and magnetic effects in the Hamiltonian would

compete with each other as the field and/or size changes. Th . . .
quantum-dot sizes at whic,, becomes size independent Wenere(0|P|1>| is the dipole matrix element between the one

are smaller forB#0 than forB=0. In the limit of strong e-h pair in the excitonic staté and the vacuun® E, is the

magnetic fields, the binding energy varies linearly viitras ~ (°t@l energy, i.e., the gap energy, plus the center of mass
the system passes to the magnetic regime whetL, and and thez-motion component, as well as the relative motion
the magnetic confinement is dominant over the structural ofne€rgy in the state. Physicallyy(w) describes the possible
geometrica] potentia]_ |ncreasir@ effective]y reduces the radiative transitions or exciton recombination or creation
dot size. It is interesting to notice that as the quantum-doprocesses, whose strengths are determined by the dipole ma-
size increases, the center of m&€©M) energy and its as- trix elements. A phenomenological Lorentzian weight factor
sociated quantum of ener@w become smaller, and a num- of width I" is assumed. This width mimics the finite SpECtI’Eﬂ
ber of low-lying exciton states corresponding to excitationglifetimes and possible instrument resolution of PL and PLE
of the COM motion appear between the ground state and thexperiments. One should note that the transition selection
first relative-motion excited state. This effect is clearly seerfules obtained in the presence 0; magnetic field are formally
in the susceptibility calculations and can also possibly exduite similar to theB=0 results, since they are also ex-
plain equidistant peaks in photoluminescence experimentgressed by

observed by Kaslet al,?> and by Lipsaneret al?® We will

x<w>:2I |(O|P|1),P(hw—E,—iAD)~L,  (15)

illustrate this behavior further below with a few sample re- 2
sults. - , KOIP|1),2=|pe, |2l ®ei(r=0)[2| | Weom(RIR|
Having the elgenvector@>=Enxnycnxny|nxny>, where (16)

the coefficients:nxny are the result of the diagonalization of

Hre, itis interesting to calculate other quantities of physicalyhere p,, is the interband matrix element near the (k
significance and experimental relevance to this problem. o) point in these cubic materials, and explicit analytical
Among these, and closely related to the different size reaypressions for the other factors are obtainable in a straight-
gimes, is the mean electron-hole separation for each statefgrward way'® These factors give no exact suppression of
5 transitions in the relative coordinater “hard” selection
> —~(<I>|(afa;r+ aa+a; ajT rules, but do impose the restriction that COM states acces-
=Xy 2uw; sible via PLE should have even pariiye., with both COM
harmonic oscillator indexeNy andNy even.

Finally, we will present the results of perturbation theory
to explore the contribution of the coordinate coupling term
. . o H.. In this case, the full basis of eigenstates of the system is
;I'he Va'(;JE;] Olffexcglzlﬁs Of?e Ldea of Te binding of the elec- gjyen bykthe composition of Eigenvectors of the relative mo-
rOrl1naé)nrderot§ iﬁSstrat?a ?hee (:afl;ltfctesxglf (lzr:lazlrfsfic field and sizetlon’ |q)'e'->  With energy Er, and the COM vectors

NxNy), with associated energigsw,(Ny+1/2)+aw, (N,

confinement competition, we calculate a quantity very sensi-, 1/2). For convenience in notation, we will denote these

t!ve to rotational symmetry breaking, which is the expecta-g 1aq askN). From the form of théH,, term, proportional to
tion value of thez component of the angular momentum,

the COM momentum components, and given that the COM
) states have definite parity along each direction, one can eas-

lexc™ (<|’§_h>)1/2=

1/2

+a;raj)|<1>> (13

ily see that the first order in perturbation theory vanishes,

(kKN|H kN)y=0, for any set of quantum numbers. There-

fore, the first non-vanishing energy correction for a given

D). (14) stateE(,, (whereN is again a shorthand notation fbi and
Ny) is given by(for the non-symmetricot cas¢

(ala;r,—axay)<77— =

()=
Z, 2 7]

t_ .t ~, 1
+(axay—axay) nt+ =
n
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(RN HINE [
———0 o0 L=6nm n=1
kN’ #kN EEN_EIC()VN/ e
and is then proportional t82. Consequently, for moderate 27T
values of the magnetic field, as we will see, this effect is
small, proving that our decoupling scheme is indeed amply
justified.

EE;

Imy(®) (arb. units)

9T

IV. RESULTS

I

18T l

- 1.
|

3

oT

In this section we present characteristic numerical values l
for the quantities described in the last section. To be specific, 1700 1800 1900
we consider a quantum dot existing in any Aba, ;AS/GaAs photon energy (meV)
guantum-well structure such as those in Ref. 11, with _ o _ )
—13.1 and the various effective masses mentioned in Ref. FIG- 2. Optical susceptibility from excitons for a symmetric
27. We also consider a narrow well of 3.1 nm width and theduantum dot g=1) 6 nm in size, for several magnetic field values.
corresponding gap energies. In a simple square well modébtrrgws point to center of mass replicas of the grou_nd state of the
with finite depth (taking into consideration corresponding 'ixg'torl S?ther\f)eaks are excited states of the exciton. Hewg,
band offsets of 240 and 160 meV in the conduction and "y~ >+ MeV:
valence band, respective)yone easily obtains themotion
contributions to the energy @t’=145 meV andEj’=38

meV. The specific values &S andE}? are very sensitive to

figure are excitations of the exciton’s relative coordinate and
show a strong orbital Zeeman splittiigee peaks between

the two arrows, in particulauin addition to the diamagnetic

the input parameters. Since their value, together. .With th%hift. The characteristic “small dot” spectrum would then
band-gap energy, defines to a great exten§ the pOSI'tIOH'Of tr}?xhibit strong Zeeman splittings of the low-lying states, as
lowest energy PL/PLE peak, these experiments give inforgyqn here. “Since the COM replicas appear at higher ener-
mation not only on the qualitative behavior of the energyioq ey would possibly not be seen in experiments. Such
levels with the magnetic field, but are also useful to deter~Zeeman splitting behavior has been well described by
mine directly Important input parameters related 10 theginggi et al* (although ignoring excitonic effedtand by
quantum-well effective sizées. Wilson et al®

To calculate the eigenenergies and eigenstates of the rela- In Fig. 3 .on the other hand, we show typical resuits for a
tive motion, we construct complex matrices of dimension up, - Ia}ge:r symmetric =1) 'dot with 14 nm in lateral

to 484x 484 for the relative-motion Hamiltonian in E¢B). size. Here, the COM replicas appear much closer together,

It was shown beforé? that the dimension of the basis set 2T —18.7 meV. M th i
used has to be larger for larger dots, as more and more stat@?ce W=16./ meV. Moreover, the replicas appear even
oser than excited states of the excitonic relative coordinate,

are mixed by the Coulomb interaction. The convergence is iy O : ) .
fact rather slow for dot sizes larger than25 nm, and the which only come after the first replica f@=0, and having

matrix sizes required then are at the maximum consideref StoNg mggnetic dependence, quickly shift to beyond the
second replica foB>10 T.

here. We should comment that the model of infinite har- F h e dot “ o .

monic confinement is not entirely valid far<L,, since it h tromlt 'esetr?amp € ?t fpcl)étrdalts, done car; t?]ppreuat[tel

ignores leaking of the wave function into the surrounding at expioring the magnetic Tield dependence ot the spectra
features is extremely important in their proper assignment. It

medium which is likely for small sizes. . . . : .
As mentioned earlier, Figs. 2 and 3 present samples of oup also clear that detailed analysis of this dependence vyields

most representative results for symmetric dots. They summa-
rize all the physical information of the excitonic states and

their consequent “oscillator strength,” relevant in possible L=14nm, n=1
PLE experiments, for example. Figure 2 shows two sets of |

v 12 4
prominent peaks indicated by arrows, both of which arise @
from the relative-motion ground state of the exciton in this = l l l
circularly symmetric ¢=1) dot. The lower set, here at : 27T - '
about 1760 meV aB =0, comes from the zero-point motion & l l
of the COM, while the higher sdéat =1860 meV includes 5 18T
one quantum of the COM and is then a “replica” of the first *ég oT 1

set.[The replica appears ati&v=102 meV here, since only
(Ny,Ny)=(0,0), for lower set, and0,2) or (2,0), for the
higher set, are optically accessible, according to the “selec- . s
tion rules” discussed aboveThe relatively weak magnetic 1680 1710 1740

field dependence of these two peaks, blue-shifting=0 photon energy (meV)

meV for 27 T, is the diamagnetic shift of the relative-motion g5 3 Optical susceptibility for a larger circular dat=14

ground state viav, and made here rather small given the nm. Notice excited exciton states appeer the first center of
strong confinement of the 6 nm dot. The other peaks in thisnass replicgshown by arrows Here,iw,=7%w,=9.4 meV.
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FIG. 4. Six lowest-energy states of the exciton relative- FIG. 5. Relative-motion eigenstates for different asymmetry val-

coordinate componer,,, . Labels indicate the quantized value of ues and_=6 nm. Solid lines are results for the circular dot. Notice

(1,)/% of each state in these circular dotg=1) with different ~NOW larger» in (b) yields larger splittings. For any;#1, the
sizes. zero-field degeneracies are lost.

also insights into the structural or geometrical features of thelearly shown in Fig. 5. These splits are even rather dramatic
dots, as we explain from our analysis below. for the second and third excited states, for increasingnd
Since the center of mass motion has no magnetic fielsvould be quite evident in PLE experiments.
dependence, the entire magnetic field evolution of the exci- The binding energiek, have been plotted in Fig. 6, for
ton level structure comes froi . Figure 4 shows typical different quantum-dot sizes and different asymmetry ratios
results for symmetric quantum dots with sizes 6 and 14 5. The upper three curves correspondLte 6 nm, with »
nm for the low-lying relative-motion exciton states. The =L,/L,=1,1.5, and 2. It is clear from these three curves
states are each labeled with the corresponding value of thifat one of the effects of asymmetry is to lower the binding
angular momentuni,, a good quantum number in these energy atB=0, with respect to the symmetric case, as the
symmetric (7=1) cases. The level arrangement, Zeemardot getting larger in one direction seems to dominate. The
splitting, and overall magnetic-field dependence is clearlysecond set of three curves is fbr=18 nm. Notice that al-
reminiscent of atomic levels, with the added diamagnetiaeady at this size, the binding energy is somewhat close to its
shift viaw being more important for larger dots. One impor- 8Symptotic(size independent, as for large dotslue, which
tant feature, mentioned frequently in the literature, is the endeépends only on the magnetic field. For a given magnetic
ergy difference between the ground and the first excitedield, the blndln_g energy is closer to its asymptotic value for
states. This difference is clearly proportional to the bindingduantum-dot diameters beyond certaip, which depends
energy,E.p, and is directly measurable in PLE experiments.on the magnetic field. FdB=0, this regime is reached for
We see that this quantity decreases as a functidnaid is ~ Lm~30 nm, while forB=27 T, it is reached wheh,~15
a good indication of the quantum dot size.

In Fig. 5, we show similar evolution for quantum dots 50.0
with the same small characteristic lendtk JL,L,=6 nm
but with different ratiosp=L, /L. To show the asymmetry 400 |

effects, we plot the low-lying relative-motion energies for
symmetric(solid lineg and asymmetri¢dotted line$ states.
We notice a general blueshift of the ground state, produced
by the smaller size of the dot in one direction. This blueshift
tends to disappear as the magnetic field increéaiisough
slowly for these parametersas one would expect the mag-

2 300 |
E
3

w200

netic field to take over in that limit. The asymmetry-induced 10.0

blueshift effect is much more evident if one considers the

total energy, however. This is the case with the lumines- 0.0 : : : :
cence, and will be shown there. Notice that the full PLE 00 20 4'& M 60 80

spectra depend on the center of mass energies which depend
on the asymmetry ratig through a factor which grows al- FIG. 6. Exciton binding energy as a function of magnetic field
most linearly with asymmetr§? More importantly, however, for various dot sizes and asymmetries. For larger dots, the binding
the asymmetry breaks the level degeneracie8at0, as energy increases almost linearly with the field over this range.
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7 T T T T

5 a) L=14nm, n=15 1

loye (NM)

FIG. 7. Exciton “size” for the ground state and different dot
sizes and asymmetries. As field increases, the effective exciton size
decreases, as the magnetic length takes over the confinement.

nm. At the same time, given the rather strong magnetic
fields, the asymmetry effects disappear, and the binding en-
ergy depends mostly 0B, aslg controls the effective con-
finement geometry. Correspondingly, the behavior of the ex-
citon “size” in the ground state as a function of the
magnetic field shows a fast drop Bsincreases, especially
for larger dots(see Fig. 7. It is clear, but surprising, that
moderate asymmetries do not influence strongly eihgror FIG. 9. Expectation values df; (in units of #) for first 15
lexc, @S they represent perhaps quantities that average ovEslative-motion Iev.elslof asymmetrlc guaptum dots. qunts are F:al-
the entire dot domain. culated values; solid lines are just guidelines to follow its evolution
On the other hand, we have seen that excited states of ti €ach energy level. Notiog,) evolves continuously in some lev-
relative coordinates show clear Zeeman splittings, in addi's: while n others, it experiences abrupt changes due to energy
tion to the diamagnetic shifts, and one can explore the effec vel crossings. For example, in the ground S(m.*’el ) and the
of dot asymmetries on these quantities. Figure 8 illustrated!! EN€r9Y level, there are no energy level crossings thus no abrupt
such effect, by showing the first pair of excited statgs ( Changes infl,). Changes in the 13th energy level appear as it

- . . . crosses 12th and 14th, as explained in the text. Notice, the strong
andE") as functions of the magnetic field, for symmetric suppression ofl,) due to asymmetry is lifted for high magnetic

(n=1, SYM) and asymmetric =1.25, ASYM) quantum  fie|ds and circular symmetry is recovered.

0.8 ' ' ' ' dots with L=1/L,L,=18 nm. TheseE™ are the(l,)=*1
states in Fig. &) for the SYM case(but for a largerL).
Notice we have shifted these curves By (B=0), to em-

0.6 ¢ phasize the neB-dependent shift produced. In the SYM
case,E* split apart linearly from each othedue to the
04 | Zeeman termup to B=0.2 T, commensurate with their

well-defined angular momentum—although the splitting is
later taken over by diamagnetic effects. However, fpr
SYM E* ] =1.25, the ASYM levels hardly split at all for small fields,

ASYM E* since their effective angular momentum has basically col-
lapsed to zerqas we will show below and basically only
the quadratic diamagnetic shift remaim®tice, for example,
the lack of negative dispersion of ttie~ ASYM branch.
This strong suppression of the Zeeman splitting provides
then a strong signature of the asymmetry of the dot which is
directly accessible spectroscopically and can in principle
even be used to quantify.

FIG. 8. lllustration of the orbital Zeeman level splitting for a To further illustrate the effgcts of asymmetry on the dot
symmetric(SYM, 7= 1) and asymmetri€ASYM, 7= 1.25) quan- levels, we look a_t the expecf[anon valuel of Although these
tum dot with L=18 nm. Shown here are the lowest two excited Values are not directly obtainable from experiments, they do
states of the exciton, shifted by the zero-field valuEs,(B) affect the PL and PLE oscillator strenghts and help us under-
—E*(0) andE~(B)—E(0), to enphasize thed dependence of Stand the underlying physics. Figure 9 shows typical ex-
the Zeeman shift. Notice that the asymmetry strongly suppresses tt&mples of(l,) for different relative-coordinate states of the
linear splitting at low field. exciton. The points are the calculated valueglgf and the

E(B) - E(0) (meV)
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solid lines are just guidelines to indicate the angular momen-
tum evolution of the first, the second, an so on, energy level. L=18nm, n=1 (@)
In general the component of the angular momentum of the
ith energy level changes when it crosses with theX)th or
the (i—1)th energy level. For example, tkecomponent of
the angular momenta of the 12th and the 13th energy levels
[in Fig. 9a)] change somewhere betweBr-3 and 4 T(see
the arrow. The crossed lines indicate that the energy levels
cross each other and the angular momentum of the 12th en-
ergy level passes from about27 to about 2.5, corre- 2T
spondingly, the angular momentum of the 13th energy level
experiences the opposite change. The lowest energy level
(label 1) has always(l,)=0%. Both panels show that the
otherwise quantized,, values for circularly symmetric dots
(n=1) are rather strongly affected by the asymmetry, re-
gardless of the dot size or evepvalue. ForB~0, we see
that (I,) is nearly zero for all levelgfirst 15 shown, for
smallL. As L grows, however, the suppression(bf) weak-
ens and gives rise to finite but not quantized values of the
angular momentum. Asymptotically, however, strondger
fields reinstate rotational symmetry to the system and there-
fore z-component angular momentum conservation, so that
in fact, (l,) recovers well-quantized values in this region,
regardless ol and 7 values(of course, smallet. and/or
larger » values require stronger fields for this regime to be
reachegl [One should notice that sudden crossings in this
plot are indicative of th& dispersion of the levels, since the
negative dispersion forces rearrangements of level orderings FIG. 10. (a) Exciton contribution to the optical response of a
(used as the index in the plottingSince differenty values  large circular quantum dok,= 18 nm. Arrows indicate the center of
produce different degree dfl,) suppressionnot shown,  mass replicas, as in Figs. 2 and 3. Hére,=%w,=5.7 meV.(b)
one can conversely use this feat@neeasurable in PLE ex- #7=1.5; notice first center of mass replica is only 7.6 meV from
periments, as explained in and by Fig. #® evaluate the ground state, aBw,=3.8 meV andiiw,=8.5 meV.
degree of asymmetry of the quantum dots. This, together
with light-polarization-dependent shiftSwould very nicely  and the first COM replica moves in closer than in Fig(al0
complement the analysis of geometrical effects on the spedeing that Zw, is only 7.6 meV away from the ground state
tral response of the system. Notice further that as states r¢at B=0), and the 2w, replica does not appear until 17
cover well-defined(l,)#0 values, they also decrease their meV from the ground statfthe fourth small feature aB
overall oscillator strength. This effect, fully included in the =0 in Fig. 1ab)]. (COM replicas are readily identified since
calculation of the PLE figures, give interestiBgdependent they mimic the field dependence of the ground stakhis is
line shapes of the PLE data. We would suggest that detailegf course a reflection of theN=2,Ny=0) and(0,2) split-
analysis of such experiments should serve as additionaing produced by the asymmetry of the structure, singe
probes of effective confinement geometries. #Ww, . Notice, incidentally, that these first replicas appear at
From these calculations, and as a synthesis of all thesgalf the strength of the ground stdtalike the=1 case}
effects, we obtain the linear susceptibility spectra defined ieflecting the asymmetry splitting once more. The third fea-
Eg. (15), which one can compare with the experimentaltyre for B=0 is the lowest(degeneratepair of (I,)=+#
photo- and magneto-luminescence excitation measurementsxcited states of the exciton, at15 meV from the ground
Notice, incidentally, that using the parameters mentioned itate. The(in this case nondegeneratewest two excited
Ref. 11, we are in qualitative agreement with the experimenstates of the exciton, split further in the field much more
tal values both in photon energy and in the separation for thgjowly, so that aB=2 T the additional splitting is less than
SyStem discussed in that reference I.f.@F 18 nm. In Flg 10 ~0.2 meV. Th|s Suppressed Zeeman Sp“t“ng iS What we
we present another example of linear susceptibility for aeferred to in connection with Fig. 8. Notice that for this set
quantum dot with different size and asymmetry factor. In thisof parameters, the#dw, replica also contributes to the third
figure we plot the susceptibility for several values®fas  feature herdan accidental degeneragcynd explains the en-
functions of the photon energy, considering a Lorentziamanced strength @=0. This replica remains as the third
width of the order of the experimental resolutidn=0.1  feature at 8 T, while the excited state has shifted to be under
meV. Notice the anticipated diamagnetic sliftiadratic up/  the fifth compound peak at that field value. Similarly, the
blue shifting of all peaks with thB field), introduced via the  fifth peak at zero field contains several excited-state contri-
w, andwy, both functions of the field. One also clearly seesbutions which split with field, so that the second excited state
the Zeeman splitting, just as in Figs. 2 and 3 #pr 1. of the exciton evolves into the rightmost peak at 8 T, while
Figure 1@b) illustrates the effect of asymmetry,=1.5,  others evolve much faster in field.
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Finally, we should comment that we have calculated thecircular dots. This asymmetry is directly observable in the
lowest nonvanishing order of perturbation theory of the ef-magnetic-field dependence of PLE spectra and should pro-
fect of the center of mass and relative motion coupling termvide a quantifiable probe of the structural features of the
H., as described in the previous section. Although notluminescent states and dots in which they reside. Analysis of
shown here, we verify that there is a quadratic field depenthe Zeeman splittings, as well as the weaBydispersive
dence of this term, as discussed before, and the contributiocenter of mass replicas of excitonic states, provide a com-
to the lower relative motion energies is negligible. For theplete picture of the geometry of the structures.

lower states, it has nearly no effect on their magnetic-field Although the specific results presented are for a given
values, and is found that f@d=<4 T, the correction to the GaAs-based set of quantum dots created in a narrow quan-

energies iss2 meV. Similarly small shifts result for othér
and » values, so that thi$d, term provides only a small

tum well, similar considerations would be valid in general in
experiments of other systems, such as self-assembled quan-

perturbation, except for the largest of magnetic fields andum dots''® There, of course, the confinement is of a

high COM replicas.

V. CONCLUSIONS

three-dimensional nature, but with a level structure produced
by a combination of geometrical confinement, strains and
dielectric effects. Issues of symmetry of confinement should

also play an important role in the observed optical response.
We have explored the magnetic-field dependence of the Finally, the role of the symmetry of excitonic states in
excitonic levels in asymmetric quantum dots. We have foungyuantum dots would also give rise to interesting signatures in
that, as expected on consideration of the different lengthnelastic scattering of light experiments, for example, such as
scales of the prOblem, the behavior of these levels depenqﬁose performed recenﬂy in related Syst&%ﬁuture theo-

strongly on the relation among the magnetic length, the Bohfetical work on this issté° will be presented elsewhere.
radius of the exciton, and the characteristic size of the dot.

For small dotgsmaller than approximately 10 nm in GaAs
L=<ag, the exciton binding energy is strongly sensitive to
the magnetic field, dot size, and asymmetry. As the dot size We thank C. Trallero-Giner for his suggestion to study
greatly exceedsa} , the binding energy increases nearly lin- this problem, his comments, and careful readings of the
early with magnetic field, and is basically independent of dotmanuscript. We also thank A. Govorov for helpful discus-
size or symmetry, as the confinement walls are a small pessions, and J. Song for previous computational work. This has
turbation to the problem. been supported by US Department of Energy Grant No. DE—

For asymmetric dots, the lack of angular momentum conFG02-91ER45334, and by CONACY(México) through its
servation is reflected in a strong collapse of the expectatioRrograma de Apoyo para Estancias S@ha, Project No.
value ofl, for nearly all low-lying exciton states, suppress- 29026-E, and by the Sabbatical Program from Universidad
ing the orbital Zeeman-like splitting, which is clearly seen in Autonoma MetropolitangMeéxico).
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