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We theoretically investigate the properties of neutral and charged excitons and of the biexciton in vertically
coupled quantum dots, as a function of the in-plane magneticBieldihe main effect of the field consists in
the suppression of the bonding-antibonding splitting, and in the resulting enhancement of the interdot corre-
lations. As a consequence, the excitons form with the additional carrier a bound or an unbound complex
depending on the sign of the charging, whereas the biexciton undergoes a transition between different quantum
states with increasing,. The discussed behaviors and transitions show up in the field dependence of experi-
mentally accessible quantities, such as the charged-exciton and biexciton binding energies.
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[. INTRODUCTION tool for the investigation of low-dimensional heterostruc-
tures, specially those characterized by length scales
The complete spatial confinement of the carriers achievedomparable to that of the magnetic confinement. Therefore,
in semiconductor quantum dai®Ds) results in novel physi-  while in single, nearly 2D QDs the only relevant component
cal phenomena of fundamental intefemtd makes them po- of the field is the one along the growth directidB ),
tential building blocks of future quantum-devices andin vertically coupled dots the in-plane compone(®,)
computers. Indeed, the continuous refinement of the differ- also plays a crucial role: On the one hand, it breaks the
ent fabrication techniques achieved in the last two decadesystem’s possible cylindrical symmetry and mixes the
has allowed an increasing degree of control on the geometrgegrees of freedom corresponding to the in-plane and
composition and spatial arrangement of these “artificial atvertical motion; on the other hand, it tunes the interdot-
oms,” as well as a fine engineering of their electronic andcoupling regime, thus inducing in the few-particle states
optical propertie$. transitions reminescent of those that one can in principle
Particularly relevant in this last respect and in view of Obtain by varying the width of the interdot barri€Due to
possible optoelectronic applications are the self-assembldéf relevance to the QD-based implementation of quantum-
guantum dots (SADs). Typical SADs are quasi-two- information processing such transverse-field induced tran-

dimensional(2D) systems, with an in-plane spatial confine- sitions have been already.investigated in the two-electron
ment much weaker than the one in the grohdirection? casel? whereas less attention has been devoted to that of

In recent years the formation of QD pillars with tuneableelec{rc’r]'h()Ie complexes,

) ye P ) In this paper we theoretically investigate the field depen-
interdot barriers has also been demonstrated, where the intefs e of neutral and charged excitons, and of biexcitons in
dot tunneling of the carriers results in a coherent coupling, :

; . ) L rtically coupled QDs. The main focus is on the interdot-
between neighboring dots and in the delocalization of the. . e|ation effects, largely enhanced by the in-plane mag-
wave functions over the so-called “artificial molecufeds a

! e | _netic fieldB, and essentially determining carrier localization
consequence, the orbital excitations associated to the motiQithin the artificial molecules. In fact, whereas in semicon-

along z, which are effectively frozen in single QDs and in qyctor heterostructures of higher dimensionality the forma-
planar artificial molecules, become energetically accessiblgon of electron-hole complexes is due to genuine Coulomb
to applied electric and magnetic fields, thus giving the syscorrelations, in artificial atoms it mainly arises from the
tem a full three-dimensional character. three-dimensiongBD) spatial confinement of the carriers. In
Detailed information on the interband excitations of arti- particular, in the strong-confinement limit the Coulomb
ficial atoms are provided by their optical response and by itgffects only provide energy renormalizations, which can be
dependence on the applied magnetic field. Typical featuregualitatively described within a perturbative picture. The
emerging in the magneto-optical studies of electricallyartificial molecules of our present concern are somehow in
neutra? and chargetiQDs are confinement-regime depen- between these two limiting cases. In fact, while strongly
dent diamagnetic shifts of the exciton energies, removal otonfined in the plane, the carriers can still localize in two
the degeneracy characterizing cylindrically symmetric dotsdifferent sites(dots in the growth direction. As a result, the
estimates of the electron-holeeducedl effective mass and bound or unbound nature of the few-particle states is deter-
of the carrier separation. More recently, the effect of a verti-mined by the combined effect of the intradabnfinement-
cal magnetic field on the optical and transport properties ofnduced Coulomb interactions and of the interdot spatial
coupled dots has also been proposed as a sensitive test of tt@relations.
interdot coherent couplifgand of the few-electron quantum  The paper is organized as follows: In Sec. Il we illustrate
phase respectively. Indeed, a magnetic field is a preciousour numerical approach to the calculation of the single- and
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few-particle states, as well as to the optical and correlation N 3 _ _ o
properties of the latter; in Sec. Il we discuss the results, >, (A - V)ijba :EAk,i Dalli + A8id — balr' Akek)7
concerning single electrons and holes, neutral- and charged- i=1 k=1 2Ax

excitons, and biexcitons; in Sec. IV we finally summarize (4)
our findings.

with A ;=Ay(r;). The results discussed hereafter are obtained

with N;=N,=N3=64; the 262 144 262 144 sparse Hamil-
As a first step, we calculate the electron and hole singletonian matrix is diagonalized by means of the Lanczos algo-

particle (SP states, as determined by the 3D confinementithm.

and by the applied magnetic fie(@ec. Il A). These results The coupling of the magnetic field with the spin degrees

provide the ingredients for the investigation of the Coulomb-of freedom are accounted for by the following Zeeman

interacting electron-hole complexéSec. Il B. Finally, we  terms?3

compute the carrier-carrier pair-correlation functions, further

characterizing the few-particle states, and the optical proper- o . .

ties of the system, resulting from the radiative recombination hgpin(Se:In) = Fy > B OeiSei — ?‘Jh,i , ©)

of electron-hole pairgSec. 1l O. 1=z

Il. THEORETICAL MODEL

*

A. Single-particle states where theg;’i and g;’i are the elelctron and heavy-hole
effective g factors, respectively. However, the spin degrees
of freedom mainly affect the few-particle states of our
present concern through the statistics, rather than through the
Feeman splittings, which are suppressed by the optically in-
duced antiparallel orientation of the electron and hole

Our modelling of the double-dot SP properties is devel-
oped within the theoretical framework of the envelope-
function approximation, which is known to give a good de-
scription of the system, provided that the confining potentia
(i.e., the heterostructure compositjowvaries sufficiently spinsl4 Therefore, in the following the contribution of
slowly on the length scale of the lattice constaesides, X (S..dp) to the :single- and few-particle energies will be
since the energy region of our concern is relatively close tonsepglegt,e(;
the semiconductor band gap, we use the single-band approxi- '
mation for both the conduction and the valence bands
(effective-mass approaghThe SP energiegX and wave B. Few-particle states
function ¢X(r) thus correspond to the eigenvalues and eigen-

states of the following Hamiltonian: In a second step, we include the Coulomb interactions

between carriers. The second-quantization, full many-body

1 (. lel \? Hamiltonian H is given by the sum of a single-particle
hgrb(r) = S\ —iAV £ —A] + VX(r)! (1) art
2m, c part,
where the vector potential ie;:%B Xr (symmetric gauge My o
while y=e,h, m_ is the(electron or holgeffective mass, and Hep= 2 2 €€ &
the plus(minug sign refers toy=e (y=h). x=eh a=1

We numerically solve Eq(l) for arbitrary confinement
potential and field orientation by discretizing it on a homo-
geneous real-space grid BE=N; X N, X N3 points, identified
by the vectorsr;=32_,(\f~N/2)A&, with \*=1,... N,

and of the one accounting for the carrier-carrier Coulomb
interactions, namely

n
andé; , 5=X,¥,z. The resulting finite-difference equation can _1 A v ot at & &
be rephrased in terms of the following discrete eigenvalue e szh aﬁ.yzﬁzl By a7 0 Onp
problem: -
1 2itile + > > veh &t el e £ (6)
E{ : [‘ﬁz(vz)ij + L |(A - V)i apl yem1 PV X xp
j=1 | 2m, c

2 where n, are the number of SP states that are taken into
+ —2(A2)ij] +ij< ¢§J = el (2) account. The results discussed in the following are obtained
¢ with n,=n,=20. The Coulomb matrix elements read
where ¢¥ ;= ¢¥(r;). The vector- and the confining-potential ) ,
operators are diagonal in the real-space bagjs: 3;V(r)) e = (oK) T[S (1) % (r) i(r)
and(AZ)ij = ci,j[A(ri)]z, whereas the two differential operators apys™ K |r =r'|
act on the wave function vectors asfollows:

dr dr’,

(7

, being «, is the static dielectric constant of the semiconductor
medium. These matrix elements are calculated by numeri-
(3) cally integrating the following expression:

N 3
2y =5 Pallit A8 — 264(ri) + dulri — A
JEl (V2)jj b k21 %
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12.2

121

12.0 FIG. 1. Single-particle energies for electrons
(left axis, black lines and holegright axis, gray
lines) in a symmetric double QD, as a function of

119 the in-plane magnetic field. The curves corre-
spond to theB (solid lineg andAB (dashed lines
eigenstates. The insets show the square of the

1.8 electron(a) and hole(b) B wave functions along
z for two selected values d;, namely 0 T(solid
lines) and 15 T(dashed lines for x=y=0. In the

1.7 lower insets we plot the electron charge density
integrated in the interdot barrier for the above
confinement potentigpanel(c)], as well as for a

11.6 double-well (d) profile in the growth direction
(solid lines, left axek respectively; the magnetic-
field dependence olgag is also shown(dotted

P 11.5 lines, right axek In the former case we identify

0 2 4 6 8 10 12 14 16 the barrier with the regiofe| <a/v3; in the latter

case, the width of each well is=12 nm, the

width and height of the interdot barrier are
d=4 nm andV=400 meV, respectively.

Energy (meV)

PI%]
ByfmeV)

Vﬁé/ygz i%sz‘l[kizéﬁﬁ(k)]d)’;;(r)dr, (8) g;?x,(rl,rz):<\If|;b;(r1)1,)1;,(r2)l’,}fxl(r2)l,,}fx(r1)|q,>
= > ‘Da[;(r1)(I)y5(r2)<‘1’|6261;656ﬁ|‘1'>,
af=1 yoé=1
where @ ,(r)=[$X(r)]* ¢3(r), and D 4(k)=FDX,r)] is ©)

its Fourier transform.

The overall, sparse Hamiltoniai =Hg,+H, is directly
diagonalized within a truncated Hilbert space generated b
the Ngon configurations of lowest SP enerdgs, corre-
sponding to fixed numbers of electro(i$,) and holes(Ny),
with defined spin orientations.

which gives the joint probability of finding carriey in r;
nd carriery’ in r,, being (x,x")=(e,h)® (1, ]) and ¢,(r)
he (electron or holg field operator. As a further step, we
integrate g,,/(rq,r,) over the center-of-mass coordinates
_1
R=5(ry+ry),

gy, (1) :f gy (R+1/2,R-r/2)dR (10)
C. Spatial correlation and optical properties
gives the probability of finding the two particles at a relative
In order to investigate the spatial correlations between anpositionr =r—r.
two carriers in the few-particle eigenstdtl), we compute As a final step, we compute the artificial molecule’s linear
their spin-resolved pair correlation functions optical properties, resulting from the interband transitions
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between different electron-hole complexes. The amplitudeides, the lowest excitations associated to the motion in
of such radiative transitions is given by the following the growth direction are comparable to the energy scales

expression: characterizing a magnetic field of achieveable intensity, as
ne Ny required for the discussed behaviors to be experimentally
A oa observable.
Ai%f :<q,f|2 2 Maﬁce,ach,ﬁ|‘yi>l (11)

The in-plane magnetic fiel=BX couples the degrees
of freedom corresponding to they and to thez directions,
where Mg [¢%(r)i(r)dr, while [¥;) and [¥;) are the and reduces the symmetries of the system: In fact, while
initial and final states, respectively. The luminescenceh,(B,=0) commutes with the reflection operatofg, A,
spectra are finally obtained by summing over differentand A, h,,(B,#0) is only symmetric with respect to
initial [WYeM) and final states/¥\e *"%) the former the reflection about thgz plane and thex axis. Figure 1
being thermally distributed according to the Boltzmannshows the energies of the bondif®) and antibonding
distribution, (AB) orbitals, namely the ground- and first excited-state, as a

function of B;. At zero field, both states are characterized
(o, T)= 2 Ay [*Dhio-E,+E)e™* T, (12 py an azimuthal quantum number=0 (s shel), and are
AN either symmetric (A,=+1) or antisymmetric (A,=-1)
with the Lorentzian broadening of the emission line With respect to the reflection about thg plane: Therefore,
D(fiw-E, +E, ) =2y/(w?+~?) determined by the phenom- [0)=[m=0,A,=+1) and|1)=[0,~1). The field is seen to sup-
enological paramentey. press the energy splittindgag= €rp~ €= €17 € for bpth
electrons and holegblack and gray lines, respectivgly

while no sensible change is observed in the profile ofBhe
lll. RESULTS and AB wave functions along=y=0 [Figs. Xa) and 1b)].
In this section we summarize our understanding of thelhe clear asymmetry between electrons and holes is due to

artificial molecule’s field-dependent properties. We start bythe larger effective mass of the latter, which divides all the
discussing the SP properti¢Sec. Il A): These provide the Kinetic terms inho.(r), thus resulting in a larger localization
ingredients for the calculation and interpretation of the inter-of the holes within each deinsets of Fig. Jand in a smaller
acting states, which include neutral and charged excitongffect of the magnetic field. In order to clarify the relation
(Sec. I B), as well as biexcitongSec. 11 0. We finally  betweenAg,gand the carrier distribution at the interdot bar-
show the optical respongiminescence speciraf the sys-  fier, we have integrated the electron charge density in this

tem which results from the radiative recombination of theregion and plotted the resulting percentagas a function of
above electron-hole complexéSec. 111 D). B,. The field increase from 0 to 14 T reduces the difference

betweenPg and P,g from 10% to 2%[Fig. 1(c)]. However,
unlike the case wherAg,g is suppressed by increasing the
barrier width, here the two dots are quantum-mechanically
Within our prototypical model of an artificial molecule, coupled even in the limit of a vanishing energy splitting.
the spatial confinement of the carriers is accounted for by &igure Xd) corresponds to a double-well profile of the con-
separable confining potential(p,z) =V (p)+V,(2), where  finement potential in the growth direction: in spite of the

a=1p=1

A. Single particle states

p?>=x2+y?. The in-plane and the vertical terms redd: quantitative differences between the two cases, which de-
1. 2 2 pend on the different barrier smoothnesses Aggs values
Vpi(p) = 5M* @iy, (13) at zero field, the convergence Bf and P,g to a finite value

clearly turns out to be a general feature.
A deeper insight into the magnetic-field effect can be pro-
vided by the average values of the field-dependent terms in

the SP HamiltoniariFig. 2),
The in-plane components of the wave functions, resulting

from the 2D parabolic confinement, are the Fock-Darwin
states, which are known to produce results in good agree
ment with the experiments, especially as far as the lowest (15)
shells are concernédn the absence of an in-plane magnetic

field, the interdot coupling only depends W In particular, ~ wherel,=yp,-zp,. The first term(denoted by circles in the

a determines both the distance between the centers of thf@gyure) gives rise to a diamagnetic contribution, which tends
two dots,d=2a, and the maximum height of the interdot to increaseAgag In fact, the average value df?+7%) is
barrier, V,(0)=m* w’a?/8. Hereafter, we consider two systematically higher for thAB state(dotted ling than for
GaAs/AlGaAs coupled QDs desciribed by thg following ma-the B one (solid line. On the contrary, the second
terial  and confinement parameters:m,=0.067n,,  term (squaresenergetically favors thAB orbital and domi-
m:,=0.38*no, k=129, hwi=15meV, hw8=4.6 meV, nates over the first one, thus contributing to the suppression
hwS=50 meV,hw!=15.4 meV,a=5.5 nm. As discussed in of the splitting (see the triangles in Fig.)2In first-order
greater detail below, these structural parameters provide perturbation theory no paramagnetic effect is induced by
coherent interdot coupling for both electrons and holes; bethe field on anyL,=0 state, such as they,(r) that we

2
*
m* w;

V,(2) =
(2= "0

(2 -a%>2. (14)

B’

5(B) = (o= onfBy = 0) = 22524y £ 01,
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FIG. 2. Expectation values of the field-dependent terms in the

single-electron Hamiltonian of Eql): The solid (dashed lines

correspond to th& (AB) states; circles, squares, and triangles stan
for the diamagnetic part, the paramagnetic one, and the overall e

pectation value, respectively.

are presently considering. However, the mixing with
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FIG. 3. The binding energies of the neutt®) and chargedX™

cf’:md X*) excitons, and of the biexcitoB as a function of the in-
)Elane magnetic fiel®, are denoted by squares, circles, upward- and

downward-oriented triangles, respectively.

B. Neutral and charged excitons

higher states implies, already at the second-order level, a puye to the 3D confinement of the carriers, the few-

paramagnetic contributionvan Vleck paramagnetisi?)

AE=—(eB/2m* ¢)?Z(O|LJm)|?/ (e.—€5). This expression

particle states in single- and coupled-QDs are strongly af-
fected by the Coulomb interactions, which typically induce

provides an intuitive understanding of the above behaviorsarge energy renormalizations, as compared to heterostruc-
In fact, due to the system symmetries and to the energy splitures of higher dimensionality. We start by considering the

tings at the denominator, the main contributiona\ of the

|0)=|m=0,A,=+1) and|1)=|0,-1) states are negative and,

respectively, proportional to](0, +1|L,J+1,~D[?/(fiwyy

+Agap) and[(0, =1Ly 1, + D[?/(fiwe,~Agap), the latter be-

ing systematically larger than the forméhe two matrix

elements at the numerator are identicdhe above expres-

sions also suggest that a strong in-plane confinerfient a
large fiw,y) hinders the field-induced suppression &f,g.
The effect of the field on the hole stat@®t shown is re-

exciton binding energy, which is defined Ag= e+ €"-Ey,
where €, €, and Ex are the electron, hole, and exciton
ground-state energies, respectively. As shown in Fig. 3
(squarey the exciton binding energy monothonically in-
creases as a function of the in-plane magnetic figldThis
behavior is due to the combination of different effects: The
wave function squeezing, resulting in an enhanced modulus
of the attractive Coulomb matrix elemefsh, |; an increase

of e§+ef) which is larger than that dEg,=(X|HsX), due to

duced in magnitude, but qualitatively the same as the onene presence of a decreasidg component¢$)® |¢4h) in

discussed for the electrons.

the latter; the suppression of the energy splittingag,

In order to verify possible effects of the barrier finiteness,which favors the interdot correlation and thus further
as well as the robustness of our findings with respect to thenhances the Coulomb interaction between the carriers, as
molecule’s composition profile, we have performed furtherexplained in greater detail below. Figur¢b¥ shows thez

calculations for Gaussian QDS$:

2 2.2 — 5 )2

VX(r)=V3 1-2) ex _ry) 2z
0 2 2
i=1 2Ixy 2|z

(16)

dependence of the electron-hole pair-correlation function for
the exciton ground stat¥), g5 (x=0,y=0,2): g%, is strongly
peaked aroundz=0 already atB;=0 (solid line), and

this feature is further enhanced at high magnetic field
(B;=15 T, dotted ling correspondingly, the interdot correla-
tion between the electron and the hole suppresses the prob-

where V™" are the electron and hole band-offsets, respecability of finding the two carriers in different dots. The spa-
tively. The results, shown in Ref. 19, show no qualitativetial correlation in thez direction reduces the Coulomb energy
differences with respect to the ones discussed hereaftdrc=(X|HX) at the cost of occupying th&B orbitals: There-
This is also due to the fact that intradot excitations infore, the correlated exciton statg)=|¢S)® |¢h)+|4S)
the growth direction are not involved in the few-particle ®|¢!) is favored by the magnetic-field induced suppression
states of our present concefthe B and AB states arise 0f Agpp.

from the hybridization of the single-dot ground-state wave The charging of the exciton, be it negati®¢~) or posi-
functions alongg): the carriers are, therefore, rather unsensitive (X*), strongly affects its magnetic-field dependence, for

tive to the detailed shape of(z) away from the local

minima.

it introduces a competition between the attractive and the
repulsive Coulomb interactions, thus widening the variety of
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that hole wave functions are more strongly confined than the

electron oned® The extra hole is, therefore, more strongly

repealed by the other hole than it is attracted by the electron,

and this prevents it from forming a bound state with the

exciton. The comparison between the solid and the dotted

lines in Figs. 4a) and 4d) actually shows that the field does

not induce meaningful changes in the propertiesXtf In

fact, the energetic cost of the hole-hole correlation, namely

AR5 is already small enough fd,=0; besidesAg 5 does

16 not play any meaningful role in the positively charged-

al @ (© : . \ . .

2l Xwh Xele i exciton behavior, being the electron-hole correlation negli-

".'. gible even in the high-field regimgFig. 4(a)]. Being the

s il positively charged exciton relatively insensitive to the field,
o4 I\ the decreasing trend dfy:+ as a function oB, can be essen-

= 02 A tially traced back to the large diamagnetic shift affecting the

E 8 “reference” exciton energiy.

Such qualitative differences in the magnetic-field depen-
FIG. 4. Projection along of the pair-correlation functions, dence of the binding energiesy, Ay+, and Ay- recall the
0,,(0,0,2), of the neutral and charged excitons, for two selectedones that occur in their dependence on the interdot
values of the in-plane magnetic field, name§=0T and distance’? thus suggesting the analogous role played in this

B=15 T (solid and dotted lines, respectivelyn detail, In panels respect by the physical quantiti&s andd. In particular, the

(a<c) x=eandy'=h, whereasy=x'=hin (d) andxy=x"=ein (e); results from the interplay between the interdot tunneling, the

panels(a) and(d) refer toX*, (c) and(e) to X~ and(b) to X. in-plane field, and intradot Coulomb interactions and, there-
fore, provide a clear fingerprint of both the coherent interdot

the carrier localizations and correlations that can in principlecoupling and of the exciton charging.

minimize the overall energy. In analogy to what has been

done for the neutral exciton, we define ) the binding

1.6[ (a) (b) :,".‘

p(z,-2)) Arb. units
o009
5> h b &

=T} ] 15 -15 0 15

z,z) Arb. units

0 a5 0
z(nm) z (nm)

C. Biexcitons

ener
9 In analogy to what has been done for the charged exci-
Aoy = €)® + Ex — Exe0), (17)  tons, we define the biexciton binding energy as
where Ex+-) is the energy of the positivénegative-trion Ag = 2Ex - Eg, (18

ground state. We prefer the above definition to, e.g., hich tifies th tributi fth it iton i
A;<+(_)Ezeg(e)+eg(h)_EX+(_)’ for it provides a more intuitive Wwhich quantifies the contribution of the exciton-exciton in-

. . teraction toEg. In fact, in the absence of such Coulomb
understanding of the effects produced on the exciton by thﬁneraction, the multiexciton states would follow anfbau
addition of an extra holéelectron); besides, unlike\}., Ay:

o= ) ) - ~logic, and progressively occupy exciton states of incresing
is directly accessible from an experimental point of view,energy: This justifies the use oER as a reference for the

for it corresponds to the difference between the recombinapiexciton energy. The correctness of the noninteracting pic-
tion energies of the neutral and of the charged eXCitoNSy1a can be quantified HK(B|I;TIL|O>|, where the creation of

h(e)
an optically active excitofiX)=Se S, cX |42 @] ) (to-

hwx—hox - =Ex—[Ex+-—€y ]. As shown in Fig. 3
(circles, Ay- is always positive, and weakly increases with tal angular momentunM =+1) is obtained by applying to

increasingd,. The interpretation for this behavior is provided I X At ot ot
by the electron-hole and electron-electron pair-correlatiorf’® Vacuum statd ;) =2q 5CopCe.n|(1)Cn g1y AN Ceur())
functions plotted in Figs. @) and 4e), respectively. The (Cp () creates an electronthole) with s,=+1/2(j,
increased interdot correlation resulting from the application=+3/2). As discussed in more detail in the following, this
of the magnetic fielddotted line$ favors the carrier local- picture fails in the case when the higher-order correlations
ization, whereas the balance between the attractive and reet in.
pulsive interactions induces the carriers to localize in a same The dependence of the biexciton-binding energyBpiis
dot: This is shown by the disappearence of the side peaks iplotted in Fig. 3(downward-oriented trianglgsUnlike the
both g%, and g%.. The exciton and the additional electron, neutral- and charged-excitons binding energiggdoes not
therefore, form a bound system. monotonically depend on the field: In fact, a minimum is
The binding energyy+ of the positively charged exciton, seen to occur aB,~8 T. The two trends on the low- and
instead, decreases with increasiBg (see Fig. 3. Corre- high-field sides of the minimum correspond to different
spondingly, the carriers tend to minimize the Coulomb repulkinds of carrier correlations characterizing the biexciton
sion by avoiding a double occupation of each f&g. 4(d)], ground state, as shown in Fig. 5. B;=0 (solid lineg the
rather than maximizing the attractive interaction; the electrorinterdot correlation mainly occurs between identical carriers
is delocalized over the whole molecule and symmetricallyand minimizes the repulsive contributions to the overall Cou-
distributed between the two doffig. 4a)]. Such striking lomb energyB|H|B). The double-occupation probability is
difference betweeX™ andX* can be traced back to the fact suppressed for holefig. 5a)] and reduced for electrons
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FIG. 5. Projection along of the hole-holgpanel(a)], electron-
hole (b), and electron-electro¢t) pair-correlation functions for the B (T)
biexciton ground statéB), for Bj=0 T and B;=15 T (solid and

% 0.08f (c) T
dotted lines, respectively 3 0.06} —i - PR
0.04;
. . o ~< 0.0ZW ——0—-—-——0:
[Fig. Xc)], the asymmetry between the two carriers arising < 0.0 —

from the different values of the energy splitting .5 and B,M

AB,g electrons and holes, instead, are essentially uncorre-

lated[Fig. 5b)] with each other. Correspondingly, the domi- FIG. 7. Optical transitions as a function of the magnetic field
nant configurations in the biexciton state vect®) are By. (8) Emission energies from the groundstates of the neutral
|2, pS @ |¢g’ qﬁB} and|¢¢, ¢%) ® |¢T, (ﬂ)_ The application of ~and charged excitons, X*, andX™ (dotted, dashed, and solid lines,
the in-plane field drastically changes the correlation propertespectively. (b) Emission energies from the biexciton states
ties of |B). As shown by the dotted lines in Figs(a-5(c), \_BO> (squarep and |Bg) (downwards-o_nented tnangl)as‘l’_he two

for Bj=15T all the pair-correlation functions become lines anticross aB“_~8 _T. Inset, crossing betwee_n the Iln_es corre-
strongly peaked arounz=0, i.e., all the carriers tend to lo- sponding to the biexciton statéB,;) (upwards-oriented trianglgs

calize in the same dot and the two excitons do form a boun nd'|32.> (circles. (c) Squared mOF’”'? of the amplitudes; .
state. the initial states correspond 1B;), with i=0,1,2,3, and the same

. . . . L conventions as above for the symbols; the final states are the
A closer inspection at the first excited biexciton states__ . i )
-~ exciton ground<{decay from|By) and|B3)) and first excited-states
|B;_3 shows how the above transition corresponds to th? IB,) and|B,))
occurence of anticrossinggrossingg between quantum ! 2
states with identicaldifferent)y symmetries. In Fig. 6 we
plot the dependence oB, of (Bi|HSp|Bi> [Fig. 6d)] and
of the different Coulomb contribution$B;|V,,/|B;), with
i=0,1,2,3 andyy’=eh,eehh [Figs. §a-6(c), respec-
tively; hereafterlB,) denotes the biexciton ground statall
four states are characterized by an even parity @md; all

B,~8 T; |By) and|B,), instead, cross, for a very close value
of B;. Correspondingly, the states 0-3 and 1-2 swap the re-
spective values of the different energetic contributions: In
particular, the increaseslecreasgsof the [(Bj|V,,/|B;)| oc-
curs by localization of the corresponding carriers in the same
(different) QD. This behavior qualitatively resembles the one

of them butB; also haveS,=0. In agreement with the ‘. < .
; ) ) ; discussed in Ref. 20, where the physical parameter that tunes
Wigner-von Neumann no-crossing rule, the sty and fge coupling regime is the width of the interdot barrier, and

B3), which share the same quantum numbers, anticross %1 ) : L .
By q e profile of the confinement potential in the growth direc-

25 " tion is given by a double quantum well. Similar results were

@ ® ; . ;
“t b g 1 also obtained for Gaussian QBsthus demonstrating the
£ robustness of above behaviors with respect to the details of
g the confinement potential.
w
5 2 4 6 8 10 12 14 16 2 4 & 8 10 12 14 16
B, B,M

D. Optical properties

© |

2
&

As a final step, we consider the magnetic-field depen-
dence of the artificial-molecule optical response. In particu-
lar, the luminescence spectra at low temperatures are domi-
nated by the emission from the ground states of the different
L CNECRETIET L electron-hole complexes. In Fig. (8§ we show the

' ' photon energies corresponding to similar transitions, namely

FIG. 6. Average values of the Coulomb tert@|V, B, [pan-  [X)—0), Xy — | ) ~and [X7)—[¢p), where [0) is the
els((@~(c) correspond toyx’ =eh,ee,hh] and of (B[ HsB;) [panel ~ vacuum state. The diamagnetic shift, which characterizes all
(d)] for the biexciton ground and first excited-statBg; the solid  three transitions, is enhanced upon positive charging: Such
and dotted grayblack) lines correspond to the statfy) and|B,) increased energy of the recombining electron-hole pair, as
(|Bs) and|B,)), respectively. compared to the other two cases, can be explained in terms

Energy (meV)
g
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of the already mentioned rigidity of*, whose interdot cor- IV. CONCLUSIONS
relation properties are unaffected By.

The occurence of transitions between different correlatio
regimes as a function of the magnetic field shows up in th
dependence oB, of the biexciton emission energy. In par-
ticular, the statefB,) and|B;) share the even parity, as well
as the electron and hole total spif§=0, S,=0); besides,
the final state maximizing the oscillator strength ; is in
both cases the exciton ground stgt® The anticrossing be-
tween the energy level (B,) andEg (B) (not shown herg
is reflected by that involving the respective optical-transition
energies,EBO—EX and Eg,—Ex [see Fig. ®)]. At the anti-
crossing, thelBy) — |X) picks up the oscillator strength of
|B3)—|X), as shown in pane{c). In the same range of
magnetic-field values, an analogous transition occurs b
tween the two first excited biexciton statéB;) and |B,),
both characterized by an odd parity and =0, but with
different hole spin(S§,=1 andS,=0, respectively, aB,=0).

In Fig. 7(b) we show the photon energies corresponding t
the |Bi=1 » —|X1), where|Xy), the exciton first excited state,
maximizes A;_; for both biexcitons: due to the different
symmetries of the corresponding eigenstates, the curves
Eg,(B)) andEg (B)) are allowed to cross, and so do the dis- e are grateful to Andrea Bertoni and Massimo Rontani
played photon energies. The field dependence of the oscillder helpful discussion. This work has been partially sup-
tor strength is strikingly different with respect to the previousported by the projects MIUR-FIRB No. RBAUO1ZEML,

case: In fact, as for the average values of the Coulomb aniflUR-COFIN 2003 No. 2003020984, INFM L.T. Calcolo

kinetic terms in the Hamiltonian, the two optical transitions Parallelo 2004, and MAE, Dir. Gen. per la Promozione e la

To summarize, we have investigated the dependence on
ghe in-plane magnetic fiel®, of the exciton and biexciton
States in two vertically coupled QDs. The main effect of the
field is that of reducing the energy splittinkg g between
the B and AB states, without suppressing the coherent
coupling of the dots, and thus enhancing the interdot corre-
lations between the carriers. The neutr@y and charged-
exciton (X*, X7) binding energies monotonically depend on
B;; however, the sign of such dependence, as well as the
bound or unbound nature of the charged complex, critically
depends on the charging. The biexciton, instead, undergoes a
transition between different quantum states and correlation
regimes as function dB,; the two excitons correspondingly
ep'>ass from an unboun@ow field) to a bound(high field)
configuration. Such transition shows up in the optical re-
sponse of the system, through the occurence of an anticross-

ing between the optical-transitions energies involving the
%iexciton ground state.
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