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Single and vertically coupled type-Il quantum dots in a perpendicular magnetic field:
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The properties of an exciton in a type-1l quantum dot are studied under the influence of a perpendicular
applied magnetic field. The dot is modeled by a quantum disk with ra®ligkicknessd and the electron is
confined in the disk, whereas the hole is located in the barrier. The exciton energy and wave functions are
calculated applying a self-consistent mean-field theory in the Hartree approximation using a finite difference
mesh method. We distinguish two different regimes, nante§2R (the hole is located above and below the
disk) and d>2R (the hole is located at the radial boundary of the gigar which angular momenturtl)
transitions are predicted with increasing magnetic field. We also considered a system of two vertically coupled
dots where now an extra parameter is introduced, namely, the interdot digtand®r a sufficient large
magnetic field, each,, state becomespontaneous symmetry brokesith the electron and the hole moving
towards one of the dots. This transition is induced by the Coulomb interaction and leadsaignatic-field-
induced dipole momeniNo such symmetry-broken ground states are found for a singléathot for three
vertically coupled symmetric quantum digkEor a system of two vertically coupled truncated cones, which is
asymmetric from the start, we still find angular momentum transitions. For a symmetric system of three
vertically coupled quantum disks, the system resembles for sin#ik pillarlike regime of a single dot, where
the hole tends to stay at the radial boundary, which induces angular momentum transitions with increasing
magnetic field. For larged, the hole can sit between the disks andlifre0 state remains the ground state for
the wholeB region.
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I. INTRODUCTION field, solving the Hartree equations self-consistently, while
the present authors studied an exciton in a planar quantum
The study of self-assembled quantum dots, realized by dot using a self-consistent mean-field theory in the Hartree
the Stranski-Krastanow growth mode, has been a fascinatingoproximatiort® Lelong et al** calculated the binding en-
research area during the last decade. The possibility to digrgy of excitons, charged excitons, and biexcitons in GaSb/
cover new physics in these zero-dimensional structures td3@As dots using the Hartree-FoGKF) approximation. The
gether with possible applications in optoelectronics has ledhagnetoexciton in a flat GaSb/GaAs dot was investigated
to many experimental and theoretical results. Most studie8Y Kalameitsevet al™ Strain effects are very important

were devoted to type-I quantum détS,where both electron when studying self-assembled quantum dots: in Ref. 18 it

and hole are spatially located inside the quantum dots. Reld¥as shown(in the absence of a magnetic figlthat strain

tively few works, however, were done for type-ll quantum ca? Invenrftintikrlle tthIeh clcmif:]nei:?eg pé)tlt?nlgil Ir;ianitqlu?ntulrtn

dots, where electrons and holes are spatially separated. O g, €0 9 e140 € Ihside the dot. Lxperimental resufts
) . . . y M. Hayneet al,”" however, led to the conclusion that

expects from this type of dots interesting properties, such 3he hole can also be located in the barrier material for InP

large tunablllty of the emission energy and _rad|at|ve I'fet'mesquantum dots. The aim of the present study is to use a model
that are considerably longer than for their type-l counter

10 ‘as simple as possible to investigate the latter system. It
parts.™ _is not our intention to obtain exact quantitative results, de-
~ Within the group of type-Il quantum dots, one can still goriping the real system, but to explore qualitatively the
distinguish between two systems. Namely, the system thgihysics that is present in single and vertically coupled type-I
confines the electrons inside the quantum dot, and forms agystems.
antidot for the hole, like, e.g., the InP/GalnP dﬁtStrain is In the present paper we Study a Sing|e electron-hole pair
neglectedl Besides this, there are the systems, such as GaSbbund by the Coulomb interaction, i.e., an exciton, in a
GaAs (Ref. 1) and InAs/Si;* where the holes are confined modeltype-Il quantum dot. The quantum dot is modeled by
within the dot, but where the electrons are located outsidea quantum disk of finite height, which is an extension of our
Experimental studies on this type of quantum dots have beeprevious work® where we did not take into account tize
performed in Refs. 13-15 for the InP/GalnP system andlirection. As an example, we consider the electron in the dot
in Refs. 11,16 for the GaSh/GaAs system. Theoretical inand the hole in the barrier material. The conclusions of our
vestigations on InP/GalnP type-Il dots were performed bypaper are also valid for the reverse situation where the hole is
Pryoret al!” and Tadicet al,*® who used a strain-dependent inside the dot and the electron is outside the dot. In the
k-p Hamiltonian to calculate the electronic structure. No-present work, we neglect strain effects and for the confine-
muraet al.® calculated the Landau levels in a high magneticment potential we use a hard wall of finite height, confining
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the electron inside the dot and repelling the hole to the bar-
rier region. Furthermore, a magnetic field was applied in the
growth direction, i.e.B=Be,.

The first part of this paper deals with the study of the
exciton in a single dot. Investigation of the influence of the + gmhwéhrﬁﬁtvh(rh \Zp)
disk parameters, namely, the radilis and thicknessd,

21 9 ] h? &P ﬁzlﬁ I
2mh [N &rh h&rh 2mh azzh 2mh rﬁ 2

showed that one can distinguish between two regimes: the & [ po(r',2)

disklike regime and the pillarlike regime. For the first one, - —J e—'dr’] Un(rn,zn) = enn(rn,zn),
the disk thicknessl is much smaller than its diameter, i.e., ame) fr—r|

d<2R, whereas the latter one describes the system w@ith (1b)

>2R. Although the magnetic field couples only with the
in-plane electron and hole coordinates, we will show thatvhere we made use of the axial symmetry by taking
these systems, with differemtextension, behave very differ- W (rq,0e,Z0) =€'"eeifo(r o, Ze) and Vo(rn, @n,2n)
ently under an applied magnetic field. =e'lnenyy (r,,,2,), and where the densities,(r’,z') and

In the second part of the paper, we study the properties ofn(r’,z’) are given by, respectively\V(r.,¢e,2)|? and
vertically coupled quantum dots. The interest of this studyWn(rn,en,2n)|?. We made use of a finite difference scheme
lies in the following. It is generally known that in reality to solve the equations. More details about the implementa-
self-assembled quantum dots resemble more our disklikéon of this finite difference scheme can be found in Refs.
system than our pillarlike system. However, it is also known23,20. Note that we consider only a single electron and
that it is not too difficult to form vertical stacks of these single hole and therefore there are no exchange terms. As
disklike dots and thereby create a system that could behawonfinement potentials we take hard walls of finite height,
like a pillarlike system.

The paper is organized as follows. In Sec. Il, we give a Ven ren>R and |z,|>d/2
brief discussion of our theoretical model. The numerical re- Ven(re,Ze:lh,2Zn) = .
) L ; 0 otherwise,
sults in the absence of a magnetic field are presented in Sec. P

[ll. Section IV deals with the result for a perpendicular ap-
plied magnetic field. Section IV A discusses the results for,
the single dot disklike system, whereas Sec. IV B is dedi
cated to the pillarlike system. Sections IV C and IVD deal
with two vertically coupled dots, respectively, disks and trun-
cated cones. Sections IV E and IV F deal with three vertically
coupled dots, respectively, for small and large interdot dis;
tances. Finally, we make a small revision of the results for,
the single disk in Sec. IV G. Our results are summarized i

with R the radius of the disk, and where we todk positive
anth negative. Note that the only good quantum number is
the total angular momentum in thedirection, defined by
=lg+1p.
We solved the equations self-consistently using an itera-
tive procedure. Since only the electron is confined in the
fabsence of any Coulomb interaction, we start with the free-
"blectron solution. The Hartree integrals are then integrated

Sec. V. numerically as
Il. THEORETICAL MODEL p(r’,z") p(r',z )r
dz' | dr’ —
We extended our previous appro&@hyhich was valid |r—r | V)24 (z=2')
for planar dots, and include ttedirection. The energies and arr’
wave functions are solved within the effective-mass approxi- XK 5 2) , 3)
mation (with m, and m, the effective electron and hole (r+r')+(z=2")

masses, respectively, h= VX ez here2 hy @ce= =eB/m, and
ten as “More details about the calculation and numerical |mplemen—

tation of this integral is given in Ref. 20.
After convergence of the iteration procedure, the total en-
ergy is given by

ﬁzla( a) h? 92 ﬁ2|§ |e

— — — r — — —
2Mg o Ira\ Sar 2m. 125 2m 2
e ¢ ° 0z ere pe(r, Z)ph(f Z")
Eexcitor™= €ct €n+ drdr’
+Em w2 124 V(lo,Z0) dme r=r’]
g e“cele elle4e (4)

pn(r’,z") | The contribution of the correlation to the total energy is ne-
- 4_7.,,J =1 M Yelle Ze) = €ethe(le  Ze), glected in HF, but for the self-assembled quantum dots, it is
expected to be less than 2QRef. 5 and for type-Il dots this
(1a will be even less.
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| FIG. 2. The variation of the exciton energy with increasing mag-
' ’ *3 ] netic field, for a disk with thicknessl=2 nm and radiusR

7'.5/" 50% ,?5% () =10 nm and two values of the hole angular momentum. The insets

p-J) N TR Y P R M SR RO W show the electroidashed curveand hole(solid curve wave func-

2 4 6 8 10 12 14 tion for (8) B=0 T and(b) B=50 T.
R (nm)

FIG. 1. (a) Phase diagram of the probability for the hole wave radial boundary, for the dashed curves it |s,.respect|vely 25%
function to sit at the radial border of the disk, as a function of both@nd 75%. In order to have a more visual picture of the hole
R andd. (b), (c), and(d) are contour plots of the hole wave func- State, we present contour plots of the hole wave function
tion, at the positions as indicated by the corresponding numbers oi¥ n('n,Zx)|? for three characteristic situations in the phase
the main figure. The dashed lines in the contour plots indicate théliagram, as indicated by the numbered stars. Figukg 1

boundary of the disk. shows the hole density fdR=4 nm, d=12 nm, where the
dotted lines indicate the boundary of the quantum disk. We
. NUMERICAL RESULTS IN THE ABSENCE clearly see that the hole is mainly situated at the radial side
OF AN APPLIED MAGNETIC FIELD of the disk. Figure (c) was made foR=8 nm, d=8 nm

and at this position, exactly 50% of the wave function is
Fbcated at,>R. The third plot, Fig. 1d), depicts the result
for a thin disk, withR=12 nm andd=4 nm, where the hole
wave function is mostly located above and below the disk,
here it is nearer to the electron.

Thus we can distinguish between two main systef@sa
isklike system withd<2R, where the hole will be located
above or below the quantum disk, afi a pillarlike system

e . : . with d>2R, where the hole sits mainly at the radial bound-
The variation of the disk radiuR and thicknessd has ary of the disk. The solid line in Fig.(&) can be approxi-

large consequences for the hole wave function. Namely, th?nated by the curvel=1.76—5.41 nm. We will see in the

hole always tends to sit as closely as possible to the electro : : o :
In this way, when the disk thickness is larger than its diam_'f‘ollowmg section that a magnetic field has a very different

eter d>2R), the hole will prefer to sit at the radial bound- effect on these two classes of systems.
ary of the disk. When we consider very thin disks, however,
(d<2R), it will be much more favorable for the hole to be IV. RESULTS FOR A PERPENDICULAR APPLIED
located above and below the disk. This state was not possible MAGNETIC FIELD
in our previous study of the two-dimensional flat quantum
dot, where the hole was forced to sit at the radial boundary of
the dot. To illustrate this, we calculated the probability to  After having discussed the influence of the main param-
find the hole at the radial boundary of the disk as eters of our system, we are now ready to consider an extra
feature, i.e., a magnetic field applied along thdirection,
o o 5 parallel to the growth direction. The magnetic field will
PsideZZWf_deth dry, 1| Wn(rn,zn)|“ (®  squeeze the wave functions in the radial direction. Weéen
<2R, the hole is above and below the disk, and will be
When calculating this value for varyirigandd, we obtained pressed stronger to the center of the disk. Figure 2 depicts
a phase diagram for the position of the hole wave functionthe exciton energy as a function of the magnetic field for a
which is shown in Fig. (8. The hole confinement potential disk withR=10 nm andd=2 nm for two different values of
in all these calculations was fixed ¥,=—50 meV. The the hole angular momentulp. Note that this exciton energy
solid curve indicates where 50% of the hole is located at théncludes both the one-particle energies and the Coulomb en-

can be varied: the radius of the diBk and the thickness of

the diskd. In the first part of our numerical study we will

investigate the influence of these parameters on the excit
energy and wave function in the absence of a magnetic field.
Following material parameters, typical for the InP/InGaP dotd
system, were takerm,=0.077Mng,, m,=0.60My, e=12.61,
V=250 meV, andv,=—50 meV.

A. Single dot: A disklike system
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85 — currence of(hole) angular momentum transitions with in-
80 _ creasing magnetic field. The origin of the angular momentum
s f transitions is the following. As discussed in Sec. lll, the pre-
e 75( ferred position of the hole for a disk with a thickness larger
= than its diameter will be at the radial boundary of the disk.
g 70F When a magnetic field is applied along thalirection, the
& gt hole will be pushed against the border of the disk. Since the
S [ disk forms a barrier for the hole, it will be energetically more
"Z;, 60 b favorable to jump to a higher angular momentiynstate.
@ : Notice thatl,, is an approximate quantum number. This fea-
55F e ture was also apparent in our previous study of planar type-I|
: r(nm) ] dots?® where we forced the hole to sit at the radial boundary.
N1 @1 Bh A8 &0 B0 2 B8 B4 This is similar to an exciton in a quantum-ring structtfhé®
B (T) In the present study, however, we allow for the hole to relax

also in thez direction. Therefore, for a small thickness of the
FIG. 3. Evolution of the exciton energy with increasing mag- disk (disklike systeny it will be much more favorable for the

netic field, for a disk with thicknessl=12 nm and radiusR  hole to move in thez direction and only for thick enough
=4 nm. Increasing the magnetic field, leads to successive transdisks, suchl,, transitions occur. Contour plots of the wave
tions of the hole angular momentumindicated by the arrows. The functions are shown, respectively, for the holeBat0 T
insets depict countour plots of the electr@ashed contour lings  [Fig. 3(a)] and atB=50 T [Fig. 3(b)] and for the electron at
and hole wave functions @=0 T (a), andB=50T (b). The = B=50 T[Figs. 3b), dashed contour lingsWe find that the
dashed line indicates the disk boundary. electron is located in the center of the disk, with almost no

penetration into the barrier. =0 T, the hole is mainly
ergy, i.e., Eexcitor= Eet En—Ecou- IN the present case the sitting at the radial boundary of the disk, although there is
single hole energyE;, will be 0, as the single hole is not Some extent of the wave function towards the top and bottom
confined. The single electron energies B#=0 T and B of the disk, and there is also some penetration into the dot.
=50 T are given by, respectivelff,=192.6 meV andE,  When increasing the magnetic field, the hole jumps to the
=212.3 meV. We find a strong enhancement of the excitohh=1 state around3=15 T. When an angular momentum
energy of almost 20 meV fd8=0 T—B=50 T. Due to the transition occurs, the hole is pushed at the side, where it has
magnetic field, the electron and hole are both pushed closéhore space to extend in the radial direction. Further increas-
to the center, which enhances the Coulomb interaction. Howing the magnetic field leads to a jump lto=2 atB=45T
ever, also the one-particle electron energy increases drasgnd tol,=3 atB=79 T. In the absence of thosg transi-
cally with increasing magnetic field, thus canceling the effections, the magnetic field would have compressed the hole
of the enhancednegative Coulomb energy. The two insets much more strongly to the radial boundary of the disk, which
show what happens with the electrémashed curvésand leads to a larger energy as is shown clearly by the solid curve
hole (full curves wave functions when a magnetic field is in Fig. 3.
applied. ForB=0 T [Fig. 2@)] the electron is strongly con- In order to investigate the influence of the hole confine-
fined in the quantum disk, and the hole is localized abovénent potentiaVy, on the angular momentum transitions, we
and below the disk. From the figure, it is obvious that thismade a phase diagram of the angular momentum state of the
position is energetically most favorable for the hole, sincehole as a function of both the confinement potential and the
the hole will be very close to the electron. Because of thenagnetic field. This is shown in Fig. 4 for a disk with radius
very small thickness, there is some smearing of the electroR=6 nm and thicknesd =14 nm. The figure shows that up
wave function out of the disk in the direction, which at- t0 V,=—13 meV no angular momentum transitions occur.
tracts the hole to this position. The corresponding wave functn this regionV,, is too small to form a barrier for the hole,
tions forB=50 T are plotted in Fig. @), where again the and the hole jumps inside the disk due to the Coulomb inter-
dashed curve indicates the electron wave function, and thaction, forming a type-I system. We also see that the transi-
solid curve the hole. We see that both particles are comtion between type-l and type Il is very sharp. In our previous
pressed in the radial direction. For the electron, this leads t6tudy of the planar dof€, we found from a similar figure a
a further penetration of the wave function into the barrier.reentrant behavior to thg=0 state for sufficient large mag-
Because of this, the hole will be even stronger attracted tdetic fields. This is not so evident in the present case, as we
the top and bottom of the disk, which leads to a larger penfind that the line that separates the type-I from the type-II
etration of the hole in the disk. As a result, the hole wavebehavior is almost vertical.
function will also be slightly squeezed in thzedirection. From an experimental point of view, it is interesting to

look at the probability for recombination of the exciton,

) o which is proportional to the square of the overlap integral
B. Single dot: A pillarlike system

The exciton energy as a function of the magnetic field isI :f V(N (r)dr = JZ” iletIneq fw d
plotted in Fig. 3 for the case dR=4 nm, d=12 nm, and (M) Wnlr)dr 0 ¢ ¢ 0 velT)gn(rrdr.

V= —50 meV. An interesting feature that appears is the oc- (6)
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. . FIG. 6. Exciton energy as function of the magnetic field, for two
FIG. 4. Phase diagram of the angular momentum transitions as&)upled disks WitlR=6 nm.d=6 nm. andd.=3.6 nm. The insets
) ) =3. .

function of the hole confinement potenti&| and the magnetic field

B, for a disk radiusR=6 nm and thicknesd= 14 nm. show contour plots of the wave functions 1g=0 at, respectively,

B=0 T (a), B=15T (b), andB=30 T (c) (electron: dashed con-
tour lineg, and forl,=3 atB=50 T (d).

The integral over the angle givesrd, . . This means that

the probability for deexcitation is only nonzero fog+1,  longer fulfilled. The inset shows the evolution of the overlap
=0. This implies that, after an angular momentum transitionjntegral with the confinement potential of the hole. Fr

the probability for recombination decreases strongly, leading=0 T, the ground state of the system is alwdys 0 and

to a vanishing of the photoluminescence spectrum after ¢herefore the overlap is nonzero. 25 T, we can derive
certain value of the magnetic field. Figure 5 depicts thefrom this figure also the transition from type-I to type II: for
overlap integrall as a function of the magnetic field, for a type-l system, there are no angular momentum transitions
V,,=—10 meV (solid curve and V,=—30 meV (dashed and the overlap integral has a finite value. For a type-Il sys-
curve. For V,,=—10 meV the system is type I, as was tem, however, angular momentum transitions occur, and the
demonstrated in the preceding paragraph, and therefore tlowerlap becomes zero.

ground state will always be tHg=0 state, and the overlap

integral is always nonzero. However, as the system transits C. Two vertically coupled dots

from type | to type Il we see a strong decrease of the over- . . S .
lap, because the exciton becomes spatially indirect. Also for Th? mclugon of the dlre;:t|on_|n Ic|>ur calclulgtmn enablgs
V,=—30 meV, we find a different behavior as function of 3\7 tcr)] Investigate systems of vertically couple (:I]ua?]tum odts.
the magnetic field: after the system has jumped to a higher, e have now an extra parameter to vary, namely, the interdot

angular momentum state, the overlap integral becomes zerg'fs,tﬁncedrzﬁ In itzh|s L”Sr; plartr, V(\jlﬁ;zii%uirzn tr\:\éo titiaﬁ?edéjots
This is due to the fact that the conditidp+1,,=0 is no of IN€ Same Slz€, namely ra a cKknes

=6 nm, and withd,=3.6 nm. The total stack height of
15.6 nm is thus larger than the diameter of the disks, being
12 nm. Therefore we expect to find a magnetic-field behav-
ior which resembles that of the single-disk pillarlike system.
The result for the exciton energy as function of the magnetic
field is shown in Fig. 6. Indeed we find angular momentum
transitions with increasing magnetic field. Figuf@)&epicts
contour plots of the electrofdashed contour linggnd hole
wave functions aB=0 T and shows that the electron is
symmetrically distributed over the two disks. The Coulomb

1.0 T T T T T T T T

0.8

06

0.4

overlap integral

0.2 1 interaction attracts the hole as close as possible to the elec-
' 50 40 -30 -20 -10 0 10 20 . . . .
! V, (meV) T tron, in this case the radial boundary of the disks. As one can
0.0 bmmmmmmmmmmmmmmmmmmmmmmmm-- oo oq see, the hole tends also to sit between the disks, to be even
0 1'0 2'0 3'0 4'0 - closer to the electron. A magnetic field acts on the wave

functions in the radial direction, and thereby pushes the hole
B stronger between the disks. There is, however, not enough

FIG. 5. Overlap integral as a function of the magnetic field SPace, and therefore it will be energetically more favorable

for two values of the confinement potential of the hole for the hole to jump to a highdy, state.

V,,=—10 meV (solid curvé and V,,=—30 meV (dashed curve When giving a closer look at the behavior of the different

The overlap integral as function of the hole confinement potential idn States in a magnetic fieltFig. 6), a remarkable feature

shown in the inset foB=0 T (solid curvé andB=25 T (dashed appears: thé,=0 curve exhibits a kind of kink aroung

curve. =15T, and we find a similar feature fop=1 aroundB
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FIG. 7. Degree of asymmetry of the differen states as a FIG. 8. Evolution of the exciton energy with the magnetic field
function of the magnetic field. The inset shows the dipole momengy,, 1y, coupled truncated cones. The insets show contour plots of
as a function of the magnetic field. the electron(dashed contour lingésand hole wave functions &

=0T (a) and atB=30 T (b). The dashed lines indicate the disk
=45 T. Investigation of the wave functioriigs. b,c)] boundary.

tells us that we are dealing with spontaneous symmetry ) o )
breaking?® The corresponding hole wave function Bt broken-symmetry state. The reason is that with increasing
=15 T and 30 T, foil,=0, is shown in Fig. ,0), respec- magnetic field the electron becomes stronger confined in the
tively, where one can see clearly the increase of asymmetr§Ol and consequently expels more in theirection. In the
with magnetic field. But for such magnetic fields the=0 roken-symmetry case it even expels more, resulting in a
state is not the ground state. This means that the jump to '4"9€r overlap with the hole, which can eventually make the
higher angular momentum state is still preferred above th&Symmetric state lower in energy than the symmetric state. If
asymmetric statgsee Fig. &) for I,=3 andB=50 T]. We this is true, than the broken symmetry would occur even
also found that with increasint, the symmetry breaking sooner with increasing magnetic field for thinner disks,

will occur at larger magnetic fields where the electron is expelled more in the barrier material in
In order to investigate whether. or not the ground-statethezdireCtiO”' We found that this is indeed the case for two
configuration is asymmetric, we calculated thin vertically coupled disksK=12 nm, d=3 nm, andd,

=3 nm, |,,=0). For this system, we find already a broken-

" " 0 symmetry state for zero magnetic field. In this case, this
Apasymmzz’”'f drp rh< f dzh—f th) V(202 broken-symmetry state is also the ground state.
0 0 —

(7 D. Two vertically coupled truncated cones

which expresses the degree of asymmetry of the hole wave It IS now interesting to check whether the above angular
function in thez direction. This quantity is plotted in Fig. 7 Momentum transitions survive in a system that is completely
as function of the magnetic field fdy,=0,1,2,3. This plot asymmetric from the beginning, such as a system of two
confirms that afteB=15 T thel,=0 state becomes highly vertically coupled truncated cones. The two cones are equal,
asymmetric, and for higheB alsol, =1 becomes asymmet- and defined by a base radi&, of 7 nm, a thicknessl
ric. The asymmetric states for the subsequgrtates occur =6 NM, and an angle of 71(dashed lines in the insets of
for B>50 T. The contour plot of the hole wave function at Fig- 8- The hole and electron wave functigfigs. 8a),
B=50 T is shown in Fig. &) for the ground state, which electron: dashed contour lineshow indeed the asymmetric
is [,=3. The inset of Fig. 7 shows the dipole moment for P€havior, aB=0 T and forl,=0. The result for the exciton
the differentl,, states with increasing magnetic field. This EN€rgy as a function of the magnetic field is depicted in Fig.
is an interesting quantity, as it can be measured experimery: 1N€ interesting feature is that, even for this system, angu-
tally. Note that for our symmetric system, we have thelar momentum transitions occur. Since there is still some part
unique feature that a magnetic field is able to induce a dipol@f the hole wave function located at the radial border and
Moment. also some part between t_he disks, it appears to be still more
We can understand the spontaneous symmetry breaking f&vorable for the hole to jump to the highky state than to
follows. In the asymmetric case the electron wave function ignove more and more below the disk. Figur)8shows a
of course attracted to the holsee Fig. ), dashed linek contour plot of the hole wave function in the ground state for
and thus stronger confined, in this way increasing its singlel-h:2 atB=30T.
particle energy. Therefore, the broken-symmetry state can _ ) )
only occur if it can overcome this increase in energy due to aE' Three vertically coupled dots: Small interdot distanced,
larger Coulomb attraction between electron and hole. We For simplicity we consider only the case of three identical
mentioned that an increasing magnetic field favored thelots. The first system under investigation contains three ver-
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FIG. 9. Exciton energy as a function of the magnetic field for 201 S ,(C)
three vertically coupled disksR=8 nm, d=3 nm) with interdot 20] B=35T
distanced,=3 nm. Increasing the magnetic field leads to angular =3
momentum transitions, which are indicated by the arrows. The in- —~ 103
sets show contour plots of the electron wave functions at, respec- E ol
tively (@) B=0 T and(b) B=50 T. The dashed lines indicate the N -
disk boundaries. -104
tically coupled quantum disks, each with disk radiBs 204 () (M 1
=8 nm, disk thicknessl=3 nm, and with interdot distance 0 5 10 15 20 25 0 5 10 15 20 25 30
d,=3 nm. In this case the confinement of the hvlewas r (nm) r (nm)

taken to be—30 meV. Figure 9 shows the result for the

exciton energy as a function of the magnetic field. Similar to  FIG. 10. Contour plots of the hole wave function corresponding
the case of the pillarlike single dot, we find angular momen-+o Fig. 9 for(a B=0 T, (b) B=10T, (c) B=15T,(d) B=25T,

tum transitions with increasing magnetic field. The origin of(¢) B=35T, and(f) B=50 T. The dashed lines indicate the disk
these angular momentum transitions can be understood Hpundaries.

looking at the wave functions. The insets of Fig. 9 show the

electron wave functions 48) B=0 T and(b) B=50 T, and  part of the electron is located in the middle disk. This is in
it appears that the main part is located in the middle dotcontrast to the two-disks system, where the electron wave
whereas there is some small extent of the wave function int@,nction has equal parts located in the two disks. Even when
both the upper and lower dots. B=50 T, the wave func- 55 asymmetry is induced in the present three-disks system,
tion is more squeezed in the radial direction. The evolutiony,e ejectron will still be mainly located in the middle disk,
of the hole wave function with increasing magnetic field IS and therefore the hole will sit more tightly at the radial

depicted in Fig. 10. AB=0 T [Fig. 10a)], the main part of :
the hole wave function is situated at the radial boundary OPoundary than was the case for the two coupled disks.

the stacked system and its probability to sit at the radial side
is Psjge=73%. There is some extent of the wave function Three vertically coupled dots: Large interdot distanced,
towards the top and bottom of the stack, and also between
the dots. When the magnetic field increagEi. 10b), B When we increase the interdot distarteup to 5.5 nm,
=10 T], the wave function is pushed further between thethe hole will start to be confined between the disks. Figure 11
disks, because it prefers to sit as closely as possible to ttghows that there are no angular momentum transitions for
electron. However, there is not enough space between tibis system and it resembles very much the narrow disklike
disks to confine the whole wave function, and therefore it issystem(see Fig. 2 In this figure the solid curve denotes the
energetically more favorable for the hole to jump to a highed,=0 state, whereas the dashed curve denotesl|thel
angular momentum state. Further increasing the magnetieurve. We turn again to the wave functions to explain this
field leads to more angular momentum transitidifégs.  behavior. The electron is sitting mainly in the middle dot,
10(c-9)]. this time with smaller extent into the upper and lower dots
As can be seen from the wave functions, the ground statgrigs. 1%a) and 11b) for, respectively,B=0 T and B
for this system is always symmetric. The asymmetry, as=50 T, dashed contour lingsThe contour plot for the hole
found in the two-disks system, is, however, still present, butvave function[Fig. 11(a)] shows that already &=0 T the
it turns out not to be the ground state. For the O state, the hole is completely situated between the disks. This is the
wave functions become asymmetric at ab&:#t20 T, re- preferred place for the hole, as it tends to sit as close as
sulting in a slight bow in the full curve of Fig. 9. The fact possible to the electron. Further increasing the magnetic field
that the asymmetry is less pronounced in this system can b&jueezes the wave function more in the radial diredtfog.
understood as follows: in the three-disks system the maidl(b)]. As there is still enough space between the disks, there
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antisymmetric wave functions is only 0.08 meV f&
=90 T. The ground state, however, remains symmetric over
the total considered region. Thus the wave functions, as
plotted in Fig. 3, remain unchanged.

135 |

130 _ V. CONCLUSIONS

We studied an exciton in a type-Il quantum disk of radius
R and thicknesgl. For the confinement potential we took a
hard wall of finite height, with the hole located in the barrier,
which is only confined by the interaction with the electron,
confined inside the dot. We calculated the exciton energy and
wave function using the Hartree-Fock mesh method, which
allows us to start without any knowledge of the single hole
wave function. We limit ourselves to the study ofaodel
system in which strain effects are neglected.

In the first part, we examined the case of an exciton in a
single disk. First we investigated the exciton properties in the
absence of a magnetic field. The calculation of the probabil-
ity for the hole wave function to sit at the radial boundary
tells us that we can distinguish two “regimes”: disklike sys-
tems withd<2R, where the hole will prefer to sit above and
below the quantum disk, and pillarlike systems wdth 2R,
where the hole will be located at the radial boundary of the
disk.

Applying a magnetic field along thedirection results in

FIG. 11. Exciton energy as a function of the magnetic field, for& different behaVIQr for these two system_s. FF” th_e disklike
three vertically coupled disksRi=8 nm, d=3 nm) with interdot ~ SyStém, th? hole is squeezed in the radial d'reCt'on by the
distanced,=5.5 nm. The insets are contour plots of the electronMagnetic field, and the ground state of the system idthe
(dashed contour lingsand hole wave functions fqg) B=0 Tand =0 state for all values oB. For the pillarlike system, the
(b) B=50 T. The dashed lines indicate the disk boundaries. magnetic field pushes the hole closer to the disk boundary,

which forms a barrier for the hole. Therefore it will be ener-
is no need for the hole to jump to a higher angular momengetically more favorable for the hole to jump to a higher
tum state, andl,=0 remains the ground state over the whole@ngular momenturty, state, as then the wave function is able
B region. to relax away from the radial boundary. With increasing

For this case, no asymmetry occurs upBte 50 T. This magnetic field, we find successig transitions.
means that this system is quite stable against spontaneous The investigation of a system of two vertically coupled
symmetry breaking. This stability is due to the fact that agairdisks was done in order to compare its magnetic-field depen-
the electron is strongly located in the middle disk, and thagence with the pillarlike single-disk system. As was ex-
the hole is now sitting between the disks instead at the radid?ected, we find again angular momentum transitions of the
boundary. ground state. Moreover, a different feature appeared in this
study, namely, a spontaneous symmetry breaking, induced by
both the Coulomb interaction and the magnetic field. We
found though that with increasing magnetic field, it is still

We now turn back to the single-disk systems, both thepreferable for the hole to jump to a higher angular momen-
disklike and the pillarlike, where we did not talk about tum state. Investigation of a system of two vertically coupled
broken-symmetry solutions. However, also in this case theyruncated cones told us that also in this case angular momen-

125 |

120 |

exciton energy (meV)

115 |

110 |

G. Revision of the results for the single-disk systems

can be found. tum transitions occur, although the system is highly asym-
We find that the disklike system, i.eR=10 nm andd metric.
=2 nm, is perfectly stable up tB=50 T and we find no A system of three vertically coupled disks was investi-

asymmetric behavior. This is in perfect agreement with thegated in the third part of the paper. It was shown that the
result for the three coupled disks with=5.5 nm. Indeed, system with small interdot distanak behaves similarly to
for the disklike system we have again the electron sitting inthat of the single pillarlike disk. Again we found angular
the disk with the hole above and below the disks, which ismomentum transitions with increasing magnetic field. For a
quite similar to the second three-disks system. larger interdot distance, however, the hole wave function
For the pillarlike system, i.,eR=4 nm andd=12 nm, tends to sit between the disks. In this case, an increasing
we do find an asymmetry, but only for thg=0 state and at magnetic field does not lead to angular momentum transi-
very high magnetic fields, i.e., starting arouBe-80 T. The  tions anymore, and thig,=0 state remains the ground state.
difference in energy between the states with symmetric anllo spontaneous symmetry-broken states are found as the
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ground state. This is similar to the single-disk system wheré¢he Flemish Science FoundatiofrWO-VI.). Discussions
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