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Som e recent hi ghli ght s of our optic al stu dies on single and coupled semi-
conductor quantum dots are revie wed. I n the Ùrst part , w e concentrate on
the role of spins and spin {spi n interaction in nonmagnetic and magnetic sin-

gle quantum dots. I n the case of strictl y resonant excitation of the ground
state in self-assembled CdSe/ ZnSe quantum dots, w e Ùnd an exciton spin
relaxation time, w hich exceeds the recombination lif etime signiÙ cantly . Lin-

ear polari zation has to b e used for these experiments, as the electron À hol e
exchange interaction lif ts the spin degeneracy and the eigenstates are lin-
ear combinations of spin- up and spin- dow n excitons. In a magnetic quan-
tum dot, the exchange interaction betw een carrier spins and the spins of

magnetic ions is show n to be responsibl e for giant magneto- optical e˜ects.
W e demonstrate the formation of zero- dimensiona l magnetic polarons and
w e succeeded in measuring the magnetizatio n on a scale of a few nanome-
ters using the characteristic photolumi nescen ce signal of individ ual quantum

dots as experimental monitor. The second part is devoted to pairs of single
quantum dots. On one hand, single exciton tunnelin g w ithin an indiv id ual
quantum dot pair is demonstrated studying single pairs of vertically corre-

lated strain- indu ced and self-organized quantum dots. On the other hand,
w e show that in a pair of lithograph icall y deÙned single dots w ith strongly
di˜erent g-factors the energy spacing betw een the dot ground states can b e
tuned in an external magnetic Ùeld by about 10 meV , giving access to a

controlled coupli ng betw een tw o indivi dual quantum dots.

PACS numb ers: 78.67.H c, 75.50.Pp, 73.21.La
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1. I n t rod uct io n

The huge interest in semiconducto r quantum dots (QD s) is dri ven on one
hand by a vari ety of pro mising appl icati ons m aking use of the characteri stic £ -l ike
density of sta tes and on the other hand by the possibi l i ty , to study fundam ental
physi cal aspects in these man-made \ arti Ùcial ato m s" . The physi cal understa ndi ng
of these quantum objects has signiÙcantl y increased since researchers becam e able
to study indi vi dual QD s, e.g. by means of spati al ly resolved photo lum inescence
(P L) spectroscopy [1{ 4]. E˜ects wel l kno wn from ato mic physi cs, l ike the Sta rk
e˜ect [5{ 9], the Zeeman e˜ect [10{ 12], the Overha user e˜ect [13] and other m ore
have been extensi vely inv estigated in single QD s duri ng the last years. For exam -
pl e, i t has been shown tha t appl yi ng externa l electri c or m agneti c Ùelds can be used
to mani pul ate the QD eigenstates in a well -deÙned manner. Mo reover, the occu-
pati on of QD states wi th indivi dual charge carri ers can be contro l led qui te nicely.
By varyi ng the power of the exci ti ng laser beam mul tiexci to n form ati on has been
observed [10, 11, 14{ 16] and combi ning opti cal exci ta ti on wi th electri cal carri er in-
jecti on even al lows to contro l the form atio n of charged excito ns [17{ 19]. In contra st
to \ rea l" ato m s, QD s o˜er the uni que possibi l i ty to ta i lor the energy of the eigen-
states, the g -f actor of the charge carri ers or even the magneti c pro perti es just by
varyi ng the size and/ or the com positi on of the QD . In parti cul ar, addi ng m agneti c
ions results in som e characteri sti c m agneto-optica l e˜ects, l ike exci to n m agneti c
polaron form atio n [20, 21] or giant g - factors [22] in quasi-zero-dim ensional elec-
tro nic systems. Going even a step f urther, som e recent research e˜o rts concentra te
on fabri cati ng and analyzing \ arti Ùcial m olecules" by com bini ng two indi vi dual
QD s wi th a well -deÙned spati al separati on [23{ 26].

The large appl icati on potenti a l of sing le and coupl ed QD s is evi denced by a
vari ety of novel concepts envi sioni ng devi ces used for single photo n sources [27],
sing le photo n turnsti les [28], quantum dot memori es [29] or even quantum com -
puta ti on [30, 31]. Loss and D iVi ncenzo [30], e.g., suggest to use the spin states
of parti cles in a sing le QD as qubi ts. In tha t sense, the ro le of the spin of elec-
tro ns, holes or exci to ns as wel l as the spin{ spin intera cti on wi thi n a QD is of
parti cul ar interest. Even m ore, as the spin relaxati on ti me in QD s apparentl y
exceeds the values found in higher di mensional system s signiÙcantl y [32{ 34], the
usage of (si ngle) QD s shoul d be also pro mising in the rapidly growi ng Ùeld of
spi ntro nics. One exam ple of recent successes wi thi n thi s area is the appl icati on of
(di luted) magneti c semiconducto rs (D MS) f or spi n inj ection into a nonm agneti c
semiconducto r [35{ 37]. Here, one might expect tha t com bini ng the discrete den-
sity of sta tes of zero-di mensional system s wi th the adj ustable m agneti c pro perti es
kno wn f rom magneti c semiconducto rs wi ll open a new path to devi ces based on
the intera cti on between sing le carri er spins and the spins of m agneti c ions. Qui te
recentl y, m agneti c semiconducto r QD s have been prepared by m olecul ar beam epi-
ta xy [22, 38{ 40] and Ùrst investi gatio ns on several interesti ng aspects, incl uding
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g - factor engineering [22] and spin{ spin intera cti on [20, 21, 41] have al ready been
started.

In thi s contri buti on, we mainl y focus on two aspects of QD physi cs. In the
Ùrst part the spin relaxati on and the spin{ spin intera cti on in (si ng le) semiconduc-
to r QD s is di scussed. Both, the exchange intera cti on between charge carri ers and
i ts im pact on the exci to n spin relaxati on, as well as the exchange intera cti on be-
tween carri er spi ns and the spins of m agneti c ions, whi ch al lows to probe op t i c a l l y

the QD m agneti zati on wi th high spati al and tem pora l resoluti on, wi ll be addressed.
In the second part of the paper, we intro duce two appro aches for deÙning pai rs of
verti cal ly correl ated sing le QD s. Thi s al lows on one hand to dem onstra te the (i n-
coherent) tunnel ing of a sing le exci ton from a stra in- induced into a self-assembled
QD and on the other hand to tune the energy spacing between the ground state
of two adj acent, l i tho graphi cally deÙned sing le QD s by about 10 m eV simpl y by
appl yi ng an externa l m agneti c Ùeld.

2. Sp in s in n on m agneti c an d m agn et ic qu an t um dot s

Both, the idea of using spi n states as qubi ts in quantum computa ti on [30]
and the rapidl y growi ng Ùeld of spintro nics [42{ 44] ra ised a huge interest f or a
m ore deta i led understa nding of spin dyna m ics and spi n{ spin intera cti on in low
di mensional semiconducto rs. In parti cular, the observati on of long electron spin
coherence ti m es in n -doped bul k GaAs [45] or the exp erimenta l proof of enhanced
exci to n spin relaxati on ti m esin QD s as com pared to higher dim ensional system [32]
can be regarded as im porta nt steps to wards the real izati on of spin-based devi ces.
Mo reover, the growi ng interest of addi ng m agneti c ions to semiconducto rs requi res
a deeper insi ght into the intera cti on between carri er spins and the spins of m agneti c
ions. Here, we di scuss some importa nt aspects of spin physi cs in low di mensional
system s, in parti cul ar the spin relaxati on in nonm agneti c QD s and the spin{ spin
intera cti on in m agneti c semiconducto r QD s.

2.1. Exci t on spin rel axat ion in CdSe/ ZnSe quant um dots

It is well kno wn f rom tra nsmission electron m icroscopy tha t in the CdSe/ ZnSe
system the QD s are more or less di sk-shaped, i.e. the dot height is much smal ler
tha n i ts diam eter [4, 46]. Thus, we can characteri ze the spin state of the electron
and the heavy hole by thei r com ponents in growth di recti on, sz and j z , respec-
ti vel y. The selecti on rul es for opti cal tra nsiti ons al low to address the spin states of
electron{ hole pai rs qui te easily by adj usti ng the polari zati on of the exci ti ng laser
beam . Onl y exci to ns, where the spi ns of the electro n and the heavy hole are al igned
anti para l lel (J z = s z + j z = Ï 1 ) can di rectl y coupl e to the light Ùeld. Exci ti ng
the QD ground state wi th ¥ + ( ¥ À ) po lari zed l ight shoul d generate heavy hole
exci to nsÊ wi th J z = 1 (J z = À 1 ). Mo ni tori ng the polari zati on degree as a functi on

Ê Du e t o st ra in an d qu ant i zat ion e˜ ect s, t h e l igh t h ol e st at e i s st ro ng ly shi ft ed t o h igh er

en ergi es a s com p ar ed t o t h e h ea vy h ol e st at e.
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of ti m e wi l l thus di rectl y al low to extra ct the spi n relaxa ti on ti me of quasi-zero
di mensional exci to ns.

W e have inv estigated self -assembled CdSe/ ZnSe QD s grown by migrati on
enhanced epi ta xy [47] on a GaAs substra te. A nom inal CdSe thi ckness of 1.3 mono-
layers was used, whi ch al lows to tune the band gap of the QD s to about 2.6 eV.
A frequency doubl ed, m ode- locked Ti -sapphi re laser (pul se wi dth 1.5 ps), either
l inear or circul ar polari zed was adjusted to the QD ground state. The tra nsient
photo lum inescence (PL) signal of the photo generated exci to ns was dispersed by a
0.46 m monochro mato r wi th a 300 mm À 1 grati ng and detected by a Strea k cam era
system wi th a tem poral resoluti on of 20 ps. Stri ctl y resonant exci ta ti on was used,
i .e. the detecti on energy was identi cal to the exci ta ti on energy of 2.599 eV. Al l the
m easurements were done at T = 2 K.

In Fi g. 1, left, the PL signal after ¥ + polari zed exci ta ti on (i .e. only exci -
to ns wi th J z = +1 are generated) is depicted for both, ¥ + and ¥ À polari zed
detecti on, respecti vely. No di ˜erence between these two tra ces is seen givi ng a
ti m e-independent polari zati on degree of £ c i r = ( I ¥

+

À I ¥
À

) = ( I ¥
+

+ I ¥
À

) ¤ 0 . At
Ùrst glance, thi s seems to indi cate tha t the spin inform ati on tra nsferred to the
exci to n by the exci ti ng laser beam is com pletely lost wi thi n our ti m e resoluti on.
In contra st, i f one exci tes wi th l inear polari zed l ight (i .e. ¤ x and ¤ y , polari zed
along the [110] and the [ 1 1 0 ] crysta l ori enta ti on, respecti vel y), a stro ng di ˜erence
is f ound, i f one detects either the ¤ x or the ¤ y polarized PL signal (see ri ght part
of the Ùgure). The PL signal is much larger, i f the polari zati ons of the exci ti ng
laser pulse (in thi s case ¤ y ) and the detecte d PL signal are identi cal . From the
data we extra ct a polarizati on degree of £ li n = ( I ¤ y

À I ¤ x

)= ( I ¤ + I ¤ ) ¤ 0 : 7 5 and
no decrease was found wi thi n the ti me wi ndow under inv estigati on. Thi s indi cates
tha t a once prepared exci to n spin state is conserved at least for several nanosec-
onds, i f one excites the QD ground state, in good agreement wi th recent resul ts
on self-assembl ed InAs/ GaAs QD s [32].

In order to understa nd these results, i .e. the large and ti m e-independent po-
lari zati on degree after l inear polari zed exci ta ti on and the apparentl y ul tra f ast loss
of spi n inf orm atio n after circul ar polarized exci tati on, i t is importa nt to recal l the
inÛuenceof electro n{ hole exchange intera cti on on the sym metry of the eigenstates
in self-assembled QD s. It has been shown tha t the spi n degeneracy of the heavy
hole exci to n ground state is l i fted due to exchange intera cti on [3, 10] and the Ùne
structure spli tti ng stro ngly depends on the symm etry of the QD s [10]. In fact, i f
the QD symm etry is e.g. reduced to C 2 v , the eigenstates of the bri ght exci to ns are
given by

j X 1 ; 2
i = ( j + 1 i Ï j À 1 i ) =

p

2 : (1)

As the exchange spli tti ng of exci to ns in QD s is smal l as com pared to the
inhom ogeneous bro adening of an ensembl e of QD s, one has to address sing le QD s
in order to extra ct the Ùne structure and thus the sym m etry of the eigenstates of
zero-di mensional excito ns. For selecting indivi dual QD s, we have prepared small
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Fig. 1. PL intensity of the ground state emission of C dSe/ZnSe quantum dots

versus time for di˜erent p olari zatio ns. The measurements have been perf ormed at

T = 2 K . Lef t: circular polarized excitation and detection, right: linear p olarize d

excitation =detecti on. Strictly resonant conditi ons have been applied, i.e. the excitation

energy w as identical to the detection energy.

Fig. 2. PL spectra for tw o di˜erent C dSe/ZnSe single quantum dots obtained for ¤ x

and ¤ y polarizati on, resp ectively . T he inset show s a statistics of the exchange splittin g

£1 b etw een the ground state of the exciton obtained by comparing a variety of single

quantum dots.

m esas wi th diam eters down to 40 nm by electro n beam l i tho graphy and wet chem-
ical etching [4]. As the typi cal dot density is on the order of 1 0 1 0

À 1 0 1 1 cm À 2 , one
m ight expect only a few or even one single QD wi thi n such smal l mesas. In Fi g. 2,
we pl otted l inear polari zed PL spectra of two indi vi dual CdSe/ ZnSe QD s wi th
sim i lar growth parameters as the sampl e studi ed above. Lo w excita ti on density
wa s used to ensure tha t only sing le electron{ hole pai rs occupy the QD ground
state. W hi le one QD (E ¤ 2 : 6 7 9 eV) shows a pro nounced spli tti ng between the
¤ x and the ¤ y polari zed component of the PL spectrum , the energy spli tti ng of
these two components is negl igible for the other one (E ¤ 2 : 6 9 5 5 eV). As can be
seen in the inset of the Ùgure, the Ùne structure spli tti ng vari es f rom dot to dot
and in som e cases reaches values of up to 1 m eV. Let us note tha t due to our Ùnite
spectra l resoluti on of about 0.3 meV, smal l spli tti ngs cannot be resolved wi th our
setup.
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The results obta ined from ti m e-resolved experim ents and from spati al ly re-
solved m easurements Ùt qui te nicely to gether. As most of the QD s have at least a
smal l asym metry , the exci ton eigenstates are predom inantl y l inear combi natio ns
of J z = +1 and J z = À 1 . Thus, l inear polari zed exci ta ti on generates exci to nic
eigenstates. In consequence, the large ti m e-independent polarizati on degree indi -
cates a suppression of spin relaxa ti on in QD s. In contra st, for ci rcul ar polari zed
laser pul ses, a coherent superpositi on of the exchange doubl et (the band wi dth
of the laser pulse exceeds the energy spli tti ng) is generated. Ho wever, as these
exp eriments are perform ed on QD ensembles consi sting of lots of dots wi th di ˜er-
ent exchange spli tti ngs, interf erence e˜ects [48] prevent the observati on of large
polari zati on degrees or even photo n beats, like observed by Fl issikowski i et al . [49]
on a sing le QD .

2. 2. Spin{spi n int eract ion CdSe/Zn MnSe quant um dot s

In semimagneti c QD s l ike CdSe/ ZnMnSe, exchangeintera cti on does not onl y
occur between electro ns and holes, but in parti cul ar between carri er spins and
the spi ns of m agneti c ions in the crysta l matri x. Thi s has some im porta nt con-
sequences, l ike the giant Zeeman e˜ect or the f orm ati on of exci to nic m agneti c
polarons (EMPs) [50{ 52]. An EMP is a smal l area in the crysta l , where the spins
of the charge carri ers and the spi ns of the Mn 2 + ions are strongly correl ated due
to sp À d exchange intera cti on. In hi gher dim ensional system s l ike bul k or quan-
tum wells, the exci ton wa ve functi on changes duri ng the EMP f orm ati on due to
(auto -)l ocal izati on e˜ects [53]. In contra st, in a wi de-band gap self-assembled I I{ VI
quantum dot (such as CdSe/ ZnMnSe), the exci to n is three- dim ensional ly conÙned.
For m agneti c Ùelds below ¤ 1 0 T, the dot radius is smal ler tha n the typi cal m ag-
neti c length of l =

p
ñh= eB . In addi ti on, the energy spacing between the ground

state and exci ted states is in the range of several tens of meV [54], i .e. much larger
tha n the therm al energy for tem peratures below ¤ 1 0 0 K. W ithi n these l im i ts,
nei ther increasing the tem perature nor applyi ng a m agneti c Ùeld is exp ected to
change the exci to n wa ve functi on signiÙcantl y and thus, the PL energy of a m ag-
neti c QD is exp ected to di rectl y reÛect changes in the m agneti zati on vi a the sp À d

exchange intera cti on.
Thi s can be nicely seen in ti m e-resolved PL exp eriments, perf orm ed on

self-assembled CdSe/ ZnMnSe QD s grown by m olecular beam epi ta xy on a GaAs
substra te. W e chose a nominal CdSe thi ckness of 2.5 m onolayers and a Mn con-
centra ti on of x = 0 : 2 5 . In order to suppress nonradi ati ve losses, we have ta ken
care to prepare sam ples where the CdSe QD tra nsiti on is energeti cal ly below the
tra nsiti on between interna l Mn 2 + states [38]. In Fi g. 3, the tra nsi ent energy shift
of the PL signal of an ensembl e of CdSe/ ZnMnSe QD s after pi cosecond exci ta ti on
is depi cted. In the inset of the Ùgure, PL spectra are shown for di ˜erent delay
ti m es after the exci tati on pul se.
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Fig. 3. T ransient energy shif t of the PL signal of self-assembled C dSe/Zn MnS e

quantum dots af ter picosecond excitation. T he solid line is a Ùt according to

Â E = À E M P ( 1 À e
À t = § M P ) . T he inset show s transient PL spectra for di˜erent delay

times Â t after the excitation pulse. The measurements have b een p erformed at T K .

W e found an energy shif t of about 15 m eV duri ng the Ùrst hundreds of pi -
coseconds and a satura ti on of the tra nsi ent shif t af ter about hal f a nanosecond.
Thi s energy shi ft can be attri buted to EMP f orm atio n: the Mn ion spins become
al igned in the exchange Ùeld of the excito n and the reducti on of the energy of
the spi n compl ex is seen as a red shift of the characteri stic PL signal [41]. Several
im porta nt points shoul d be emphasized. Fi rst, the EMP form ati on ti me is found
to be about = 125 ps, i .e. much smaller tha n the recom binati on l i feti m e of
580 ps in thi s sampl e. Thus, the whole EMP form ati on process unti l the equi -
l ibri um case, whi ch is characteri zed by a compl ete alignm ent of the magneti c ion
spi ns in the exci to n exchange Ùeld, is m oni to red. Second, as the exci to n wa ve func-
ti on is not expected to change wi th ti me, the EMP form atio n ti me corresponds to
the spin{ spi n scatteri ng ti me, i.e. di rectl y reÛects the m agneti zati on dyna mics in
m agneti c semiconducto r QD . In tha t sense, the EMP ti me constant may represent
som e high frequency l im ita tio n of potenti al devi ces based on the intera cti on be-
tween carri er spins and spins of m agneti c ions in m agneti c semiconducto r quantum
dots.

The uni que possibi l ity to pro be the m agneti zati on vi a the opti cal response of
m agneti c semiconducto r QD s o˜ers an interesti ng chance: Addressi ng opti cally a
sing le CdSe/ ZnMnSe QD wi l l give insight into magneti sm on the nanometer scale!
T o get a su£ cient spati al resoluti on for the selection of indi vi dual QD s m etal aper-
tures wi th diameters down to 80 nm have been deÙned l i tho graphi cal ly on to p of
the sam ples [20, 21]. The m ost stra ightf orw ard way to inÛuence the m agneti zati on
is to appl y an externa l m agneti c Ùeld and/ or to change the tem perature. In the
left part of Fi g. 4, spati ally resolved PL spectra of sing le CdSe/ ZnMnSe QD s are
pl otted for di ˜erent m agneti c Ùelds. Low excita ti on density was used in order to
ensure tha t onl y one sing le electron{ hole pai r was generated per QD . Surpri sing ly,

y
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the indi vi dual emission peaks of the m agneti c sing le QD s are characteri zed by a
rather large l ine wi dth of several meV, whi ch is strongly reduced i f one appl ies an
externa l m agneti c Ùeld in the Faraday geometry . In addi ti on, a stro ng red shift oc-
curs i f one increasesthe m agneti c Ùeld. Thi s is the wel l -known giant Zeeman e˜ect,
a di rect consequence of the sp À d exchange intera cti on. Increa sing the tem perature
on the other hand (see Fi g. 4, ri ght) causes a blue shi ft and a slight broadening of
the indi vi dual PL peaks.

Fig. 4. Spatial ly resolved PL spectra of indivi dua l CdSe/ZnMnSe quantum dots for

di˜erent external magnetic Ùelds (lef t ) and di˜erent temp eratures (right). T he data are

obtained by using metal nanoap ertures for single quantum dot selection w ith ¢ = 2 5 0 nm

and ¢ = 1 75 nm in diameter, respectively .

In di luted m agneti c semiconducto rs, the magneti zati on M can be described
by a modiÙed Bri l louin functi on [55]

M ( B ; T ) = x N 0 g M n ñ B S e˜ B 5 = 2

˚
5 ñ g B

2 k T
; (2)

where g = 2 is the g -factor of Mn 2 + ions, and N 0 is the numb er of cati ons per uni t
vo lume. The e˜ecti ve spin S < 5=2, and the e˜ecti ve tem perature T = T + T 0

ta ke into account the anti ferromagneti c intera cti on between neighbori ng Mn 2 +

spi ns [56]. The Ùeld B = B + B includes both the externa l m agneti c Ùeld
B and the exchange Ùeld B between the charge carri ers and the spi ns of
the magneti c ions [21, 57]. Due to the sp À d exchange intera cti on between the
three- dim ensional ly conÙned carri ers and the spins of the Mn 2 + ions, the energy
E ( B ; T ) of the PL signal from a single QD depends di rectl y on the m agneti zati on
M ( B ; T ) wi thi n the excito n wa ve functi on. For exam ple, for the ¥ + -polari zed
component of the PL signal we can then wri te

E ( B ; T ) À E 0 (T ) = À

g 0 ñ B

2
À

Û( ˜ À Ù)

2 ñ g
M ( B ; T ) ; (3)

where ˜ and Ù are the well -known exchange constants of the electro ns and holes,
respect ively [58], E 0 ( T ) incl udes the tem perature dependence of the band gap
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and Û (whi ch is less tha n uni ty) ta kes into account the fact tha t only a part of
the exci to n wa ve functi on actua l ly overl aps wi th the Mn 2 + ion spins [21]. If the
Zeeman shift resulti ng from the band g -factor g0 and the change of the band gap
due to tem perature are smal l , the PL energy of a single excito n di rectl y m oni to rs
vari ati ons in the m agneti zati on of the QD . z

In Fi g. 5, we plotted the PL energy shift of a single QD versus m agneti c
Ùeld (a) and versus tem perature (b). The sym bols correspond to the exp erimenta l
data , whi le the sol id l ines represent Ùts accordi ng to Eqs. (2) and (3). An excellent
agreem ent between theory and exp eriment is obta ined for both sets of data using
Û = 0 : 3 4 and an interna l exchange Ùeld of B M P = 2:6 T. Thi s cl earl y conÙrm s
tha t our appro ach is well sui ted to m oni to r the magneti zati on on a scale deÙned
by the extensi on of the exci to n wave functi on.

Fig. 5. Energy shif t of an indivi du al CdSe/ZnMnS e quantum dot versus magnetic Ùeld

(a) and versus temp erature (b). T he temp erature dependent data have b een corrected

by the (small) temp erature dependent shif t of the band gap. Symb ols represent experi-

mental data, the solid lines are Ùts according to Eq. (3).

At Ùrst glance one woul d expect tha t in the equi l ibri um case the EMP in
a given sing le QD is characteri zed by a wel l -deÙned energy | i.e., the PL signal
should be spectra l ly qui te narro w. However, as the sing le QD is being pro bed re-
peatedl y in our experim ent, stati sti cal vari ati ons of the ori enta ti on of the m agneti c
ion spins , i .e., Ûuctua ti ons of the m agneti zati on wi thi n the excito n wa ve functi on
resul t in a bro adening of the sing le QD emission peak in ti m e-integ rated experi -
m ents [59, 60]. Thi s is qui te sim i lar to wha t is known from Ûuctuati ng cha r g es in
the envi ronm ent of a nonm agneti c single QD , whi ch is f ound to result in a disti nct
l ine wi dth broadening in cw PL m easurem ents [61{ 64]. Intui ti vely i t is clear tha t
appl yi ng a m agneti c Ùeld in the Faraday geometry wi l l suppress the Ûuctua ti ons of
the m agneti zati on expl aini ng the l ine wi dth narro wi ng seen in the experim ent (see
Fi g. 4). It should be noted tha t such stati sti cal m agneti c Ûuctua ti ons m ay be a
severe l im ita ti on for the f uncti onal i ty of devi cesbased on m agneti c semiconducto r
QD s or other ki nds of nanom agneti c systems.

z Th i s assu m p t io n is f ul Ùlled in ou r ca se b ecau se of t he lar ge Mn -co n cent rat ion , i.e. , t h e la rge

e˜ ect i ve g -f act or, an d t h e sma ll t em p er at u re r an ge u n d er i n vest i gat i on .
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3 . Ap pr oach es t o pai r s of si ng le qu an t um d ot s

Appro achesto (sing le) quantum dot pai rs for appl icati ons l ikequantum com -
puta ti on or quantum dot m emori es have to fulÙll several requi rem ents. Fi rst, one
should be abl e to contro l the interdo t di stance very preci sely, as e.g. the tunnel -
ing between two adj acent QD s depends exp onenti al ly on the spati al separati on
between the dots. Second, i t is desirable to be able to contro l the energy spacing
between the dots e.g. by externa l Ùelds, whi ch wi l l al low to contro l the coupl ing in
a QD m olecul e. From tra nsport m easurements, resonant tunnel ing of sing le elec-
tro ns thro ugh discrete energy states of indi vi dual electrostati cal ly deÙned quantum
dots is well kno wn and by changing the appl ied vol ta ge, even the tunnel ing pro-
cess can be contro l led [65]. In contra st, only a few, qui te recent publ icati ons deal
wi th epi ta xi al ly deÙned single dot pai rs. Inco herent tunnel ing between indi vi dual
QD s have been reported qui te recentl y by Seufert et al . [25] and Shtri chman et
al . [26]. On the other hand, Schedelbeck et al . [23] and Bayer et al . [24] observed
bound and anti bound states in sing le quantum dot pai rs prepared by cl eaved edge
overgrowth and self-organized growth, respectivel y. Al tho ugh Shtri chman et al .
have succeeded in applyi ng an externa l electri c Ùeld to a single pai r of InAs/ GaAs
QD s, contro ll ing the (co herent) tunnel ing of electro ns, holes or excito ns between
two QD s sti l l rem ains a chal lenge. Here, we di scuss som e of our recent resul ts on
sing le QD pai rs wi th a well -deÙned verti cal correl ati on between the dots. In parti c-
ul ar, incoherent sing le exci to n tunnel ing between a sing le pai r of QD s is described
and a new appro ach for deÙning QD m olecules wi th adj ustable energy spacing is
presented.

3. 1. Single excit on t unnel ing between t wo correlat ed quant um dot s

For studyi ng the (i ncoherent) tunnel ing of a sing le exci to n between two cor-
related sing le QD s we fo llow an appro ach Ùrst intro duced by Ni ki ti n et al . [66]:
Self-assembl ed CdSe QD s induce zero-di mensional sta tes in a neighb ori ng CdZnSe
quantum well (QW ) layer due to thei r stra in and/ or pi ezoelectri c [67] Ùeld. The
sam ples have been grown by m igrati on enhanced epi ta xy on [100] GaAs substra tes.
Af ter a 200 nm GaAs bu˜er, a 50 nm ZnSe layer fol lowed by a CdZnSe QW wi th
a wel l wi dth of 10.5 nm and a Cd concentra ti on of x = 0 : 0 8 wa s deposited. Ab ove
the QW a ZnSe spacer layer of thi ckness d ( d = 2 : 8 nm , 9 nm and 20 nm , respec-
ti vel y) was grown fol lowed by the depositi on of 2.5 m onolayers CdSe whi ch leads
to the form ati on of self-assembled QD s. A 25 nm ZnSe cappi ng layer is used on
to p of the sampl e. As a ref erence, a QW sam ple wi tho ut self-assembled QD s was
grown. Using ti me-resolved PL spectroscopy on QD ensembles, an e£ cient tunnel -
ing between the CdZnSe and the CdSe layers was observed stro ngly depending on
the spacer thi ckness. For exampl e for a spacer thi ckness of 9 nm a tunnel ing ti m e
of about 40 ps was f ound whi le the tunnel ing ti m e decreases to ç 5 ps in case of
d = 2 : 8 nm .
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In order to pro ve the form ati on of stra in- induced QD s wi thi n the CdZnSe
layer, spati ally resolved PL spectroscopy was perform ed. The spati al resoluti on
wa s obta ined by etchi ng smal l mesas wi th di am eters down to 40 nm (see Sec. 2.1).
For the sam ple wi th d = 9 nm and the reference QW , PL spectra obta ined wi th
di ˜erent spati al resoluti on are plotted in Fi g. 6. For decreasing mesa diam eter,
i .e. increasing latera l resoluti on the inhom ogeneously broadened PL signal of the
self-assembled CdSe QD s breaks up into several spectra l ly narro w l ines, each l ine
correspondi ng to the recom binati on of an excito n in an indi vi dual QD [4]. The same
behavi or is observed for the PL signal of the adj acent CdZnSe layer: here the nar-
row l ines are attri buted to exci tons three- dim ensional ly local ized in stra in- induced
QD s. In contra st, the PL spectrum of the reference QW (see Fi g. 6, ri ght) did
not show any signature of quasi-zero-dim ensional sta tes even for the hi ghest spa-
ti al resoluti on used (40 nm ). Theref ore we conclude tha t the stra in Ùeld of the
self-assembled QD s local ly modul ates the potenti al landscape of the CdZnSe layer
form ing stra in- induced QD s.

Fig. 6. PL spectra of the coupled quantum dot system obtained with di˜erent mesa

sizes, i.e. di˜erent spatial resolutio ns. The spectral features centered at about 2.32 eV

arise from the self-assembled quantum dots, the PL signal at ¤ 2: 7 eV from the

strain- ind uced quantum dots. For comparison, spatiall y resolved PL spectra for the

C dZnSe quantum w ell reference sample are show n in the right part of the Ùgure.

The possibi l i ty to access experim ental ly single pai rs of self -assembled and
stra in- induced QD s al lows us to inv estigate sing le excito n tunnel ing between ad-
jacent QD s wi th a well -deÙned spati al separati on. Exp erimenta l ly, we appl ied the
techni que of photo lum inescenceexci ta ti on (PLE) spectroscopy: The detecti on en-
ergy was adj usted to the ground state emission of the self-assembled QD s, whi le
the exci ta ti on energy was tuned acro ss the band gap of the stra in- induced QD s.
In Fi g. 7, the PLE spectrum obta ined for ensembl es of QD pairs (to p) is com -
pared to a PLE spectrum measured on a sing le QD pai r (b otto m). In addi ti on,
the correspondi ng PL spectra of the self-assembled QD s, centered around 2.32 eV
are depicted. The detecti on energy used for the PLE measurements is mark ed by
an arro w.
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Fig. 7. PLE spectra for the coupled self-assembled { strain- indu ced quantum dot sys-

tem for di˜erent spatial resolution s ( ¢ = 100 ñ m and ¢ = 250 nm, resp ectively). T he

detection energy w as ad j usted to the ground state of the self-assembled quantum dots

w hile the excitation energy w as tuned across the band gap of the strain- ind uced quantum

dots. I n addition , the corresp onding PL spectra in the energy range of the self-assembled

quantum dots are plotted. T he arrow s mar k the detection energy used for measuring

the PLE spectra.

In case of the ensemblem easurem ents, the PLE resonance in the energy range
of the ground state of the stra in- induced QD s ( ¤ 2 : 7 eV) is rather broad (FW HM
¤ 1 9 : 5 m eV) due to inhom ogeneous broadening e˜ects. In contra st, perf orm ing the
m easurements on a sing le QD , a spectra l ly qui te narro w PLE resonance at around
2.695 eV (FW HM ¤ 1 : 7 m eV) is found. Thi s clearl y demonstra tes tha t a sing le
exci to n tunnel s from a stra in-induced QD to the corresp ondi ng energeti cal ly m ore
favorabl e self-assembled QD [25, 54]. Out of the resonance the tunnel e£ ciency
dro ps down drasti cal ly, indi cati ng tha t we indeed observe an (incoherent) tunnel ing
of a sing le zero-dim ensional exci to n between tw o correl ated QD s. It should be
noted tha t the energy of the PLE resonance varies from dot pai r to dot pai r due
to size and/ or com positi on v ariati ons of the indi vi dual QD s. The fact tha t both
the emission l ine wi dth of the single self-assembl ed QD (about 1 m eV) and the l ine
wi dth of the PLE resonance is rather large may be due to the wel l -known e˜ect of
spectra l di ˜usi on [62].

3.2. Cor related single dot s wi t h t unable energy spaci ng

From an appl icati on point of vi ew, i t wo uld be of great interest to tune the
energy spaci ng between two adj acent quantum dots by an externa l Ùeld. Thi s has
been done by Shtri chman et al . [26], who appl ied a verti cal electri c Ùeld on a sing le
pai r o f self-assembled quantum dots. Ho wever, fabri cati ng stacks of self-assembled
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QD s wi th nom inall y identi cal ground state energy seems to be qui te chal lenging
and indeed, Shtri chman et al . observed an energeti c di ˜erence of about 100 m eV
between the ground states of the tw o single QD form ing the QD molecule. For
tha t reason, we chose a di ˜erent appro ach for fabri cati ng verti cal ly correl ated
QD s: Starti ng from a doubl e QW , where the thi ckness of both, the spacer and
the QW can be contro l led qui te accuratel y, we deÙne pai rs of correl ated QD s by
electron beam l i tho graphy and selecti ve interm ixing .

Fig. 8. Top: sketch of the princip le idea of using selective interdi˜usio n to deÙne buried

single quantum dots. T he small arrow s shall indicate the di˜usio n of Mg atoms from the

barrier to the quantum w ell region below the SiO2 cap layer. Bottom: representative PL

spectrum of a single quantum dot deÙned w ith an SiO 2 aperture diameter of 180 nm.

In Fi g. 8, the techni que of selective interm ixing for f abri cati ng buri ed sing le
QD s is schemati cal ly shown. An epi ta xi al ly grown 5 nm thi ck CdT e quantum well
embedded between Cd 1 À x Mg x T e barri ers (x = 0 : 4 ) is covered by a 100 nm thi ck
SiO2 lay er whi ch conta ins l itho graphi cal ly deÙned nanoapertures wi th diam eters
down to 80 nm . A subsequent anneal ing step in an UHV chamb er for 2 hours at
4 5 0 £ C causes an interm ixing between the barri er and the well m ateri al , i .e. Mg
ato m s di ˜use into the QW region. Thi s interm ixi ng pro cess is strongly enhanced
for areas covered by the SiO 2 as com pared to uncapp ed sam ple areas (l ike the
regions of the nanoapertures) [68, 69]. Thi s al lows a ni ce appro ach to deÙne sing le
QD s wi th adj ustable size: As SiO 2 increases the interm ixi ng and thus the e˜ecti ve
band gap of the quantum well layer, the capped areas act as latera l barri ers af ter
the anneal ing, whi le the carri ers wi l l be conÙned in the uncapped regions, i .e.
the QD s. In fact, for the pro cess param eters m enti oned above, a latera l (exci to n)
conÙnement potenti al of about 0.27 eV is real ized. Thi s is shown in Fi g. 8, where
the norm al ized PL spectrum of a l itho graphi cal ly deÙned sing le QD fabri cated by
usi ng an aperture wi th a di ameter of 180 nm is plotted. The PL spectrum consists
of the emission from the sing le dot at about 1.7135 eV, from the latera l barri er at
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¤ 1 : 9 8 eV and from the verti cal barri er at 2.25 eV. Let us note tha t due to the
error functi on l ike latera l potenti al , the extensi on of the ground state exci to n wa ve
functi on is about 30 nm , i .e. signiÙcantl y smal ler tha n the aperture size. Indeed,
these QD s cl earl y dem onstra te quasi 0D exci to n properti es, like e.g. l ine wi dth
narro wi ng down to < 0 : 4 meV for an indi vi dual QD (see Fi g. 8), the occurrence
of biexci to ns, and the recom binati on from excited states [68].

Thi s techni que to deÙne buri ed single QD s based on (Cd, Mg )T ehetero struc -
tures o˜ers a vari ety of interesti ng opportuni ti es. In parti cul ar, the e˜ecti ve g - factor
in CdT e-based quantum wel ls can be tuned over a wi de range sim ply by addi ng Mn
ato m s to the crysta l m atri x [50]. Thi s is shown in Fi g. 9, where the energy shift of
the ¥ + polari zed component of the PL signal for thi n CdMnMg T e/ CdMg Te quan-
tum wel ls is plotted for di ˜erent Mn concentra ti ons x M n versus m agneti c Ùeld. A
pro nounced red shift of the PL signal due to the giant Zeeman e˜ect is observed
wi th increasing Ùeld, strongly depending on the Mn concentra ti on x M n.

Fig. 9. Energy shif t of the ¥
+ p olarized comp onent of the PL spectrum of

C dMnMgT e/C dMgT e quantum w ells w ith di˜erent Mn concentrations ( x M n = 0 : 02 and

x Mn = 0 :13, resp ectively) in an external magnetic Ùeld. T he w ell w idth w as L nm

and the Mg concentration in the w ell x 0 : 05 and in the barrier x 0: 4, resp ec-

tively . T he distinct change of the sensitiv ity of the band gap to the external magnetic

Ùeld is obviousl y related to a strong dep endence of the e˜ective g-factor on the Mn

concentration.

It is stra ightf orw ard to appl y our techni que for single QD deÙniti on to
a doubl e QW system : Pro cessing a doubl e QW wi l l resul t in a single pai r of
QD s wi th a well -deÙned spati al separati on. Mo st interesti ng, cho osing two QW s
wi th di ˜erent e˜ecti ve g - factors, one should be abl e to deÙne pai rs of sing le QD s
wi th an energy spacing tuna ble by appl yi ng an externa l m agneti c Ùeld. W e used
CdMg T e/ CdT e/ CdMg Te/ CdT e/ CdMnT e doubl e QW s grown by molecular beam
epi ta xy on a CdZnT e substra te as a base m ateri al. The CdT e well wi dth was
L = 6 nm , the CdMg Te spacer thi ckness d = 9 nm and x = x = 0:25. Let us
note tha t as the band gap energy CdMnT e and CdMg T e is com parable, we exp ect
tha t the ground state energies of both QW s do not devi ate very m uch from each
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other. Ho wever, due to the spati al overl ap of the exci to n wa ve functi on wi th the
barri ers and, in parti cul ar, due to a noti ceable di ˜usi on of Mn ato ms in one (and
onl y one!) of the QW s duri ng QD fabri cati on, we can exp ect tha t the e˜ecti ve
g - factors are strongly di ˜erent for the two QD s form ing the QD m olecule.

Using essential ly the same technology as described above, we have fabri cated
sing le pai rs of coupl ed QD s. For the fabri cati on of the QD pai r, we use an aperture
wi th ¢ = 2 7 0 nm , whi ch results in an extensi on of the ground state wa ve functi on
of about 45 nm , i.e. we are in the regime of center of m assquanti zati on [68]. The
PL spectrum of a single QD pai r consi sts of the PL signal f rom the verti cal barri er,
the latera l barri er, and the PL signal resul ti ng from the recom binatio n of sing le
exci to ns conÙned in the QD s. In Fi g. 10, the Zeeman shift of the ¥ + polari zed
component of the PL signal arising from the sing le QD pai r is depicted versus
m agneti c Ùeld. Mo st importa nt, a stro ng di ˜erence in the Zeeman shift of the two
QD s is observed. W hi le QD 2 (em bedded between one m agneti c CdMnT e and one
nonm agneti c CdMg Te barri er) stro ngly shi fts to the red wi th increasing m agneti c
Ùeld, QD 1 (embedded between two CdMg Te barri ers) reveals only a weak energy
shi ft, as expected for nonm agneti c QD s. Thi s apparentl y originates from strongly
di ˜erent e˜ecti ve g -f actors in the two QD s form ing the m olecule.

Fig. 10. Energy shif t of the ¥ + polari zed comp onent of the PL spectrum of a single

lithograp hi cal ly deÙned quantum dot pair as a function of an external magnetic Ùeld

in the Faraday geometry . T he tw o dots w ithin the quantum dot pair apparently have

a strongly di˜erent e˜ective g -factor, w hich allow s to vary the energy spacing betw een

the quantum dot ground states by about 10 meV .

It shoul d be noted tha t at zero m agneti c Ùeld a strong, incoherent tunnel ing
from QD 2 into QD 1 prevents the observati on of the PL signal from QD 2. Thi s
tunnel ing probabi l i ty is reduced, i f the energy spaci ng between the dot ground
states decreasesand indeed the PL intensi ty rati o between QD 2 and QD 1 strongly
increaseswi th m agneti c Ùeld. In fact, we have fabri cated a sing leQD m olecule con-
ta ining verti cal ly correl ated QD s wi th wel l-deÙned spati al separati on and strongly
di ˜erent e˜ecti ve g -factors. By appl yi ng an externa l m agneti c Ùeld in the Faraday
geometry , the relati ve energy spacing between the two QD s wi thi n the m olecule
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can be varied by about 10 meV. Let us note tha t due to the large spacer thi ck-
ness of d = 9 nm no anti crossing between the dot states is expected. Ho wever,
as the spacer thi ckness d can be contro lled very accuratel y, our appro ach seems
to be pro mising for fabri cati ng single pai rs of coherentl y coupl ed QD s, where the
coupl ing can be adj usted by appl yi ng an externa l m agneti c Ùeld.

4. Su m m ar y

Spati al ly resolved photo lum inescence spectroscopy is appl ied to inv estigate
both sing le quantum dots and sing le pai rs of quantum dots. The spati al resolu-
ti on is on one hand achieved l i tho graphi cal ly by fabri cati ng smal l m esas or small
apertures to select indi vi dual quantum dots from epi ta xi al ly grown dot ensembl es
based on ZnSe compounds. On the other hand, we used electro n beam li tho gra-
phy and selective interm ixing to deÙne single quantum dots and pai rs of sing le
quantum dots based on the CdT e system.

Several aspects whi ch m ay be im porta nt for spin-based devi ces or quantum
inf orm ati on pro cessing have been addressed: Surpri sing ly large spin relaxa ti on
ti m esat least in the nanosecond range of ground state exci to ns have been found in
self-assembled CdSe/ ZnSe quantum dots. Interesti ngly, such large spin relaxa ti on
ti m escan onl y be observed, i f one exci tes resonantl y the excito n eigenstates, i .e. l in-
ear superpositi ons of J z = +1 and J z = À 1 exci to ns. Addi ng m agneti c ions to the
crysta l m atri x is dem onstra ted to resul t in the form ati on of quasi-zero-di mensional
exci to n m agneti c polarons. W e have been abl e to show tha t due to the sp À d ex-
change intera cti on between the carri er spins and the spi ns of the Mn 2 + ions, the
m agneti zati on of a sing le m agneti c semiconducto r quantum dot can di rectl y be
m oni to red on a nanom eter scale vi a the characteri stic PL signal of the quantum
dot.

In order to f abri cate single pai rs of correl ated quantum dots, two appro aches
have been intro duced. Fi rst, we used the stra in Ùeld of self-assembl ed CdSe/ ZnSe
quantum dots to induce zero-dim ensional sta tes in an adjacent CdZnSe quan-
tum wel l. The form ati on of stra in- induced quantum dots is evidenced by spati al ly
resolved pho tolum inescence spectroscopy and we have been able to observe (i nco-
herent) sing le exci to n tunnel ing between a sing le pai r of quantum dots. Second,
the techni que of selecti ve interm ixi ng is used to fabri cate both single quantum dots
as well as single pai rs of quantum dots based on CdT e. Mo st interesti ng, we have
been able to show tha t two coupl ed quantum dots wi th stro ngly di ˜erent e˜ecti ve
g - factors can be prepa red. Thi s al lows us to tune the energy spaci ng between the
dot ground state in a sing le quantum dot pai r by an externa l magneti c Ùeld by
about 10 m eV.
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