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Magneto-optical properties of charged excitons in quantum dots
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We present results on the influence of a magnetic field on excitons in semiconductor quantum dots, concen-
trating on the diamagnetic curvature. We use samples with a bimodal ensemble photolumin&3teace
we find that for the low-energy PL branch, the diamagnetic curvature is independent of charge, yet for the
high-energy branch, the diamagnetic curvature is strongly reduced with excess charge. Guided by model
calculations, we interpret the two classes as typical of the strong and intermediate confinement regimes. In the
light of this, we predict that in the weak confinement regime the excitonic diamagnetic shift is strongly
dependent on surplus charge, corresponding to a reversal in sign of the conventional diamagnetic shift for
neutral excitons.
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A semiconductor quantum dd@D) represents an ideal for 1 minl° Ensemble photoluminescen¢®Ll) experiments
model system for the investigation of quantum mechanicashow that the annealing step produces a bimodal distribution
electron-electron interactions. This is because Coulomiof dots: there are two dominant PL bands, one centered at
blockade allows electrons to be added or removed one b%.31 eV(the red bangand one at 1.34 e\the blue bangd A
one simply with a gate electrodé. As a result, the bimodal QD distribution has been observed before, notably
electrical’ optical®>~® and magnetic propertiésre tunable. in the Ge/Si systent, but also for annealed InAs quantum
An exciton complex consists of a hole bound to the electronslots!? but we exploit this property as it allows us to study
in a QD. The spatial extent of the excitonic wave functionthe effects of different confinement strengths within the same
reflects the joint effects of the QD’s confinement potentialsample. The ground state PL of the red-band dots exhibits a
and the Coulomb interactions and can be probed by applyingmall diamagnetic shift, on average 4@V/T?, and there is
a magnetic fieldB. For neutral excitons, the exciton energy an excited state transition some 52 meV above the ground
increases quadratically witlB, the so-called diamagnetic state PL. Both of these facts imply that the excitons are
shift, with a curvature proportional to the area of the wavehighly localized. Conversely, the PL of the blue-band QD’s
function® However, the behavior of charged excitons is lessexhibits diamagnetic shifts on average twice those of the
well-known and potentially much more interesting becausged-band dots, implying that the excitons in the blue-band
of the more elaborate Coulomb interactions. dots are less localized. The energy difference between the

Here, we address both experimentally and theoreticallyed-band and blue-band dots is caused predominantly by the
the effect of electron charging on the excitonic diamagnetiosertical confinement. We have evidence from Stark shift
shift. We show that an additional charge leads to a pava-  measurements that the blue-band dots have a slightly softer
magneticcontribution. Unlike paramagnetism in solids and vertical potential than the red-band ddtsmplying that the
atoms, we propose that the QD paramagnetism is a signatured-band and blue-band dots have different indium composi-
of strong Coulomb interactions. The charged exciton we intions.
vestigate is very easily ionized in both homogeneous bulk We excite the PL by generating carriers in the wetting
semiconductors and quantum wells and so by turning tdayer with a 822 nm laser diode. We measure the PL from
QD’s we have entered a new regime where the Coulomisingle quantum dots by processing 300 nm diameter aper-
interactions can dominate the response to a magnetic fieldtures in the otherwise opaque metal gate, collecting the PL

For the experiments, we used self-assembled InAs QD’swith a confocal microscope at 4.2 K and upBe=9 T. In all
where it is well known that excitons recombine efficiently the experiments, the pump intensity was low enough that
through photon emissidrand that their charge can be con- emission from biexcitons was undetectable.
trolled electrostatically. The InAs QD’s are grown by mo- The basic experiment is to measure the PL energy as a
lecular beam epitaxy and are embedded 25 nm above fanction of gate voltag®, and magnetic field. We observe a
highly doped GaAs layer, the back contact, and 150 nm beredshift in the PL whenever a single electron tunnels from
low a Schottky gate on the surface. The QD’s are grown irthe back contact into the QD, and from the Coulomb block-
the Stranski-Krastanow mode, giving at our growth temperaade plateau in the PL we can unambiguously determine the
ture 520°C lens-shaped QD’s. We then deposit 1 nm otharge of the excitoAThe QDs emitting near 1.26 eV on the
GaAs before annealing the sample at the growth temperatured side of the red-band PL acquire one extra electron at
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1.316 LI B B I R L B I and we find that this is the case for all the investigated dots

in the red band. In very clear contrast, the dots in the blue
1315 _“_,#
| L il

band have the remarkable property that the diamagnetic shift
1.314

reduces with the addition of one electron. An example is
shown in Fig. 2 where the neutral exciton has
| =16.6 ueV/T?, the singly charged exciton 8ZeV/T?. In
] other words, the extra electron makes a paramagnetic contri-
1313 Lt 0 [ I . l Lt )] bution of a=—7.9 weV/T? to the overall diamagnetism. We
0 2 4 6 8 -8 4 0 4 38 argue in the following that the paramagnetism is a conse-
B (Tesla) B (Tesla) quence of Coulomb interactions in the QD.
In order to understand these experimental results, we
FIG. 1. Left: gray scale plot of the photoluminescen(@&k) present generic calculations in two different limits, strong
intensity against magnetic fieBl Black corresponds to 240 counts and weak confinement. The aim is to make clear the role of
in 120 sec on the detector; white is the background signal. Rightfew-body interactions in the diamagnetic shift, and thereby
the peak positions of the upper and lower branches shown left plotachieve a qualitative understanding of the experimental re-
t_ed against positive and negatiBerespectiver. The solid lineisa gyjts. A complete quantitative agreement is probably only
fit of the energy to a second order polynomialBn possible using the exact confinement potentials which are
. i generally unknown for self-assembled QD’s and it is not our
Vg~—0.65V and can be filled with as many as three elecy,,\pose to explore this issue here. Importantly, we reach

trons before the charge spills out into the wetting layer. Foig o wide-ranging conclusions which are independent of the
the QD’s emitting near 1.37 eV on the blue side of the blues .\ ¢ the potential. For simplicity, we take a two-

ggﬁ‘: Izls_é tgfcget%t:t ct);éhgh(;?gr%e?fghpoc:éerr‘;'g\lléz/subStandimensional(ZD) parabolic potential for both electroris)
.and holegh) of the typeVm = Mem Q21 22 whereQqp,
—0.15 V, and only one extra electron can be added. In hig/# ) ) (h)™"e(h) (h)
magnetic field, there is only a small change in the gate volt?€ the single particle frequenciesne, theajtgffectlve
ages at which charging occurs so that we can be sure t asses, ar_mt is the spatlal m-plane coo_rdln .In_ the .
charge remains constant as we change the magnetic field. strong confinement regime, the sm_gle particle energies dom"

A typical B dependence of the PL is shown in Fig. 1. The nate such that t.he Coulomp energies can be treated asa first-
PL line splits into two in magnetic field through the ZeemanOrder p(_erturbatlon to 'ghe single partlcle energ%ih_e d'?'
effect. The splitting is 12QueV/T, varying by =30 ueV/T _magnetlc .Sh'ft of thf‘.'“mes r)eganvely charged excita(f
from dot to dot, without any measurable dependence on ex® proportional tOB_ mcrthe limit where the eIectro_l(lhole)
citonic charge. In order to analyze the overall up shift of theCYClOtron frequencied ) = eB/Me) <{e, . The diamag-

PL in B, we plot the upperlowen branch against positive Netic shift takes the form = agpt ac where SRC) refers to
(negativé B values. Such a representation reveals the quaie single-particle(Couloml contributions. We takexsp
dratic dependence of the PL peak ShiEp =g.ugB/2  [TOM the standard Fock-Darwin spectrﬁhand we calculate

+ aB2, whereg,, is the Landeactor andug the Bohr mag- ¢ for each charge state using an appropriate comblnatlpn of
neton. We focus o which we have measured for about 20 Coulomb energy matrix elements Results are plotted in
different QD's. Fig. 3 with parameters appropriate to InAs quantum dots

Figure 2 shows the PL dispersion of two different QD’s, Showing howa depends on excess charge, with the changes
one from the red band of the ensemble PL, and one from thB&coming more important as the confinement weakens. The
blue band, for different excitonic charges. The red-band Q@xpenmental diamagnetic shlft is consistent with the calcu-
hasa=10+1 weV/T?, independent of the excitonic charge, Iatl_ons_for an _electron quantization energy of about 30 meV
which is a typical value for strongly confined InAs quantum
dots. At this quantization energy, our calculations predict that
the a's for the X°, X'~, and X?~ excitons differ by only
~10% which is comparable to our experimental resolution
in «. The diamagnetic shifts of the red-band QD’s are there-
fore consistent with the predictions of theory in the strong
confinement limit.

In the other regime, weak confinement, the Coulomb en-
ergies dominate over the single particle energies. In the ex-
treme case of a freely moving'~, the X'~ has a negative
magnetic dispersiotf;!’ arising from the cyclotron motion:

FIG. 2. Left: diamagnetic shift against magnetic field for the PL the electron mass in the final state is much less than the trion
of a quantum dot emitting in the 1.31 eV band. The three symboldNass in the initial state. Experimentally, a weak paramag-
correspond tX°, X1~, andX?~ excitons. Right: diamagnetic shift netic dispersion for th&*~ in a quantum well has been
for a quantum dot emitting in the 1.34 eV band. The paramagneti©bserved in fields of about 1 The same physics can be
contribution due to charging is demonstrated by plotting the energgxpected in the case of a charged exciton confined weakly to
of Xt~ —X0. a quantum dot, and we prove this point by considering both

PL Energy (eV)

Diamagnetic shift (meV)

B (Tesla) B (Tesla)
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40 om— : T : T - T : T physical reason for the paramagnetism, ia%,j<0, is that

the final state is more extended than the initial state. The
dominant peak in the PL had=0. The other peaks arise

30 |42 . from shake-up processes in which the final state is an excited
electron state. Such processes have already been investigated
DR ] in the tunneling® and PL spectroscopy of 2D
systems+1921.22pt to the best of our knowledge have not

20F 4 J
X’ \ yet been observed in quantum dots systems. The intensity of
I " T the PL emission lines depends on an overlap integral of the
O,

o (ueV/T 2)

ol \ | trion and electron wave functions and this decreases rapidly
a with increasingN. Hence, theory in the weak confinement
] regime forX!~ predicts a dominant PL peak with a paramag-
netic behavior up to a small magnetic field.
0 1 1 ) 1 ) 1 1 1 1 1 . . - — .
0 20 0 P %0 100 Expenmenta_dly, the diamagnetic curvature Xt~ in a
"o v blue-band QD is much smaller than thatdt, but the over-

, (meV) all dispersion is not paramagnetic. Also, we do not observe
the shake-up peaks which are characteristic of weak confine-
ment. Our explanation is that the blue-band QD’s are in an
are calculated in the strong confinement limit within first order per_lntermedlate_ regime. Interpqlatlng b_etween the two limits of

our theory, in the intermediate regime the shake-up peaks

turbation theory. FoX?~ we show only the result for the emission ~- . i L
into the triplet final state which is stronger than the emission intoVill P& weak and the diamagnetic contribution small and

the singlet final state. It is assumed that the electron effective mad20Sitive, giving us qualitative agreement with the experi-

is 0.07, the hole effective mass 0.25 and that the hole quantizatiof€nt. ) _ _
energy is half that of the electron. In conclusion, we report measurements of the diamagnetic

shift of charged excitons in quantum dots in either the strong
X° andX!~ as pointlike particles in a parabolic confinement ©" the intermediate confinement regimes. In the strong con-
finement regime, the diamagnetic shift is small, and indepen-

potential. In terms of lengths, this limit is appropriate Whend ¢ ch he i i ; he di .
the dot size is much larger than the free exciton Bohr radiusdent of charge. In the intermediate regime, the diamagnetic

In this limit, the effective potential is 2.+ V,, and so the shift of a neutral exciton is larger, and there is a significant
) e

center of mass motion of a trion is described by a harmoni@€crease with the addition of a single electron. The interpre-
wave function with radial and angular quantum numbers fation of our experiments is aided by theoretical models as-

both of which are 0 in the ground state. Using the singlésuming either strong or weak confinement. For the weak

particle Fock-Darwin spectrum, we determine X exci- F:onfineénelnt rer?ime, we predict fbo:]h I?n unusuall pgra:]nagne_t—
ton energy to b&" =E,+#[Q,— Qo(2N+1)], whereE, ism and also the appearance of shake-up peaks in the emis-

is the free 2D trion energyyl is the radial quantum number sion. The novelty of these results is based on the fact that
of the electron left in thé final state arﬂ2:(2m 02 charged excitons are highly stable in quantum dots, which is
! tr e ~e

. . not the case in bulk semiconductors and quantum wells.
+mpQ2)/(2m.+m,). The interband selection rule on the d

envelope function dictates that the final state after photon \We acknowledge S. Ulloa for fruitful discussions. This
emission should also have a zero angular momentum. Bas&gbrk was supported by the DFGGrant No. SFB348

on this, we find &B? dispersion of the PL emission energies and EPSRC. One of us, A.O.G., acknowledges financial sup-
with aN’=(ﬁe2/8)[1/mt2rﬂtr—(1+2N)/m§Qe], which is  port from the Rufus Putnam Visiting Professorship and the
negative for allN because of the inequalitpn,>m,. The  Volkswagen Foundation.

FIG. 3. Diamagnetic curvature plotted against the electron
quantization energ () for different excitonic charges. The curves
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