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The influence of the number of confined carriers on the spin splitting of a single magnetiic)
embedded in a semiconductor quantum dot is evidenced. Investigating both the biexciton and the exciton
transitions in the same Mn-doped quantum dot, we analyze the impact of the Mn-exciton exchange interaction
on the fine structure of the quantum dot emission. A single electron-hole pair is enough to induce a spontaneous
splitting of the exciton-Mn system. The injection of a second electron-hole pair cancels the exchange interac-
tion with the Mn ion and the Mn spin splitting is significantly reduced. A detailed analysis of the biexciton-Mn
transitions reveals that the carriers’ orbital wave functions are perturbed by the interaction with the magnetic
ion.
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Several proposals for quantum information storage anddditive double monochromator and detected by a nitrogen-
processing using electron spins in quantum d@®9) have cooled Si Charge-coupled devi¢e€CD).
been put forward recently. Spin qubits are an attractive In the following, we will first compare the fine structure
choice for the development of solid-state quantum informa®f the exciton and biexciton in a single Mn-doped QD and

tion processing devices due to their long coherence titne. then analyze in detail the influence of the Mn atom on the

Developing such devices requires, however, the ability tocarriers orbital wave functions. Figure 1 shows the emission

detect and manipulate individual spins. Magnetic ion-dopeusPeCtra of one of these Mn-doped QD for various excitation

QDs seem promising for the detection and manipulation 0]densities. At low excitation, a structure composed of six ma-

s in th " Adahey h b d or lines, labeledX-Mn, dominates the spectra. An enlarged
SpINS In theé nanometer scald.ney have Deen proposed as ey of this emission structure is presented in the inset of

single-spin filters or single-spin aligners for quantum com-gjy 1 Following the work done in Ref. 8, the observation of
puting applications. QDs based onll-VI semiconductor ihis fine structure is attributed to a confined exciton interact-
compounds offer the unique possibility of incorporating jng with a single M&* ion. The six main lines corresponds to
magnetic ions (Mn®*) isoelectronically into the crystal the bright exciton state&l,=+1) coupled with the six spin
matrix2 This provides a way to study the interaction betweencomponents of the Mii ion (S=5/2). The energy splitting
a controlled number of injected carriers and the localizechf these six lines depends on the Mn-carriers exchange inter-
magnetic ions. In this paper, we analyze the influence of thection and is related to the position of the Mn atom into the
number of confined carriers on the spin splitting of a singleQD. As the position of the Mn atom is not controlled, the
magnetic ion embedded in an individual QD. Investigatingobserved splitting strongly differs from dot to dot. A maxi-
both the biexciton and the exciton transitions in the samenum overall splitting of 1.3 meV has been measured in the
Mn-doped QD, we analyze the impact of the Mn-excitonQD presented in this paper. The three additional lines, ob-
exchange interaction on the fine structure of the QD emisserved at low-excitation intensity in the low-energy side of
sion. A single electron-hole pair is enough to induce a sponthe emission structure, are due to the interaction of the dark
taneous splitting of the exciton-Mn system and a slight po-exciton stategJ,=+2) with the Mr?* ion.” The electronic
larization of the Mn spin distribution. The injection of a part of the exciton-Mn exchange interaction Hamiltorii&n
second electron-hole pair cancels the exchange interactidntroduces a coupling between the bright and dark states al-
with the Mn ion and the Mn spin degeneracy is almost comdowing an optical observation of the dark states even at zero
pletely restored. The remaining splitting arises from a perturmagnetic field. The PL contribution of the dark states is en-
bation of the carriers orbital wave functions induced by thehanced by the relaxation of the exciton-Mn system towards
potential energy created by the localized magnetic ion. the low-energy levels. This relaxation is also responsible of
We use magneto-optic microspectroscopy to analyze théhe asymmetry in the emission intensity distribution of the
optical properties of individual Mn-doped self-assembledbright states at low-excitation intenstty.
CdTe/ZnTe QDs. Single Mn atoms are introduced in  On increasing the excitation intensity, a new structure of
CdTe/ZnTe QDs(Ref. 6 by adjusting, during the growth six lines, labeleX,-Mn appears 10.9 meV below the exciton
process, the density of Mn atoms to be roughly equal to thdines. Its intensity increases quadratically at low excitation
density of QDS The photoluminescenddL) of individual  and its structure reproduces the spectral pattern of the exci-
QDs is excited with the 488 nm line of an argon laser andon. Such intensity dependence has been observed in various
collected through aluminium shadow masks with QD systems and is regarded as a fingerprint of exciton and
0.2-1.0um apertures. The PL is then dispersed by a 2-mbiexciton emissiof:}° The energy difference between the
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Energy (meV) pendence of the excitonic and biexcitonic transitions of a single

Mn-doped QD. The bright areas correspond to the high PL intensity.

_FlG_' L PI.__spectra of a single Mn-doped QD for d_|f'f§rent €XCI" The anticrossings observed for the exciton are symmetrically repro-
tation intensities.X-Mn denotes the exciton-Mn emission while j,ad on the biexciton transitions

X>-Mn corresponds to the recombination of the two-exciton-Mn
(biexciton states. The insets give a detail of theMn emission
spectra at low-excitation densit),-Mn corresponds to the bright
excitons andXg-Mn corresponds to the dark excitgrend the evo-
lution of the integrated intensities & Mn andX,-Mn as a function

of the total emission intensity.

observed in each circular polarization. Their energy follows
the Zeeman and diamagnetic shift of the exciton in nonmag-
netic QDs’ The excitonic transitions also present a rich fine
structure mainly characterized by a series of five anticross-
ings observed im— polarization around 7 T. These anticross-
X-Mn and theX,-Mn transitions(10.9 meVj corresponds to ings come from the mixing of the bright and dark exciton
the typical binding energy of the biexciton measured in non-state$ induced by a simultaneous spin flip of the electron
magnetic CdTe/ZnTe QD%We have also noticed that, as and Mrf* ion. The fine structures of the exciton-Mn and the
the excitation intensity increases, the contribution of the tranbiexciton-Mn systems under magnetic field present a perfect
sitions associated with the dark exciton states progressivelmirror symmetry. The anticrossings observed on the high
vanishes. This evolution, already observed in nonmagnetienergy lines ofX-Mn in o— polarization are symmetrically
QDs? is due to the longer lifetime of the dark exciton states.observed on the low-energy lines anddm polarization for
Because of this difference in lifetime, for a given nonreso-X,-Mn. Some additional anticrossings, pointed by circles in
nant excitation intensity, the probability of creating a biexci- Fig. 3(a), are also symmetrically observed for the exciton
ton with two dark excitons is larger than with two bright and the biexciton transitions. These tiny anticrossings arise
excitons. The formation of the biexciton will then act as anfrom the electron-hole exchange interaction and a slight an-
efficient recombination channel for the dark exciton statessotropy of the QD!
and decrease their direct PL contribution. As it appears in the contour plot presented in Fig. 2, the
Magneto-optic measurements confirm that the exciton andelative intensities of the six emission lines observed in each
the biexciton transitions coming from the same Mn-dopeccircular polarization strongly depend on the applied magnetic
QD are observed. The magnetic field dependence of théeld. The emission intensity, which is almost equally distrib-
exciton-Mn and biexciton-Mn transitions energies are pre-uted over the six emission lines at zero field, is concentrated
sented as a contour plot in Fig. 2. F¥fMn, six lines are  on the high-energy side of the- emission and on the low-
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FIG. 4. Scheme of optical transitions from the exciton-Mn and
biexciton-Mn states at zero magnetic field. The right-hand side
20276k 111 1 scheme illustrates the effect of a perturbation of the carriers’ orbital
¢ 2 4 6 8 10 wave functions by the exchange coupling with the2¥ion. Mn
B(D B(D spin projections are indicated on the horizontal scale.

_ FIG. 3. (2 Bxciton-Mn (X-Mn) and biexciton-MriXe-Mn) tran- - 106 Firet as presented in Fighy the diamagnetic shift
sition energies as functions of a magnetic field after removing the

. hay ) Z ) of the center of the biexciton-Mn spectral lines is equal to the
d tic shift(b) The d tic shift of th ton-M d . . . . -
lamagnetic shift(b) The diamagnetic shift of the exciton-Mn an diamagnetic shift of the exciton-Mn system. The shift of the

biexciton-Mn complexes. The dotted lines are parabolic fits with ab . o o .
diamagnetic shift coefficierfy =Ty, iy =0.002 45 meV T2. iexciton-Mn transitions is given by the difference of the
biexciton-Mn diamagnetic shift in the initial states and of the
energy side of ther+ emission at high magnetic field. The exciton-Mn shift in the final state’s.An identical shift for
intensity distribution is similar foiX-Mn and X,-Mn. the exciton and biexciton shows that the biexciton-Mn dia-
In a QD, the biexciton ground state is a spin-singlet statenagnetic shift is exactly twice the diamagnetic shift of the
(J=0) and cannot be split by the magnetic field or theexciton-Mn system. As observed in nonmagnetic QDs, this
spin interaction part of the carriers’ Mn Hamiltoni#hin  result indicates that the excitonic wave functions are not sig-
this model, the creation of two excitons in the same QDnjficantly affected by the exciton-exciton interactit:4
cancels all the exchange interaction terms with theMon. Secondly, let us consider in details the exciton and the

Thus, as illustrated in the center scheme of Fig. 4, the fingjexciton transitions at zero magnetic figkig. 5a)]. If only
structure of the biexciton-Mn transitions is controlled by the,q spin interaction part of the carrier-Mn Hamiltonian is

final state of fthﬁ recombination of lthde biexciton,hi.e., theconsidered, the six bright-Mn transitions should be equally
;a|ger!$tatesa_o ttle eﬁc't?{‘h'.Mn coupie sys:[tem].c t1r—1 € oplicad,aced in energyln fact, an irregular structure is observed
l:‘/g?; 'O&(S)re'(;?/gryt:% iengnenslistymcljrirsotrrisz:s)rr?eop{c;@Mr?aer?grgyand the energy spacing decreases from the low-energy side to
Y. P : .__ the high-energy side of the emission pattern. In the frame-
Xo>-Mn transitions are both controlled by the spin polariza work of the effective spin Hamiltonian modBlthe transi-

tion of the Mre* ion. The spin of the Mt ion is orientated tions energies oK,-Mn are controlled by the energies of the
h li ic field. At high fiel hen the biex- 2
by the applied magnetic field. At high field, when the biex X-Mn levels. This means that the structure of ¥éin and

citon recombines, the probability of leaving in the QD an i ; .
exciton coupled with a Mn spin compone&&=-5/2 is en- X>-Mn transitions should be perfectly symmetric. Surpris-

hanced. Therefore, in the two-photons cascade occurring du?9!y; the X-Mn and X;-Mn transitions are found to be al-
ing the recombination of a biexcitd(ffig. 4, center scheme  Most identical and not symmetric. This directly shows that
the polarization of the M# spin will enhance the intensity the biexciton-Mn levels remain split and that their fine struc-
of the high-energy biexcitonic transition i~ polarization tures are not completely controlled byMn in the final state
and of the low-energy single-exciton transitionds polar-  of the biexciton-exciton transitions.
ization. Symmetrically, the emission intensity is concentrated The irregular spacing observed f&&Mn likely comes
in the low-energy biexcitonic transition io+ polarization  from a correction to the exchange energy terms due to a
and in the high-energy single-exciton transitionsin polar-  perturbation of the electron and hole wave functibhghis
ization. perturbation is induced by the potential created by thé*Mn
However, two important features of the spectra break thison and is equivalent to the orbital contraction of the carriers
perfect symmetry of the exciton-Mn and biexciton-Mn tran- wave functions observed in the formation of a magnetic po-
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@ My ' ®) +1/2 1102 X,-Mn is twice the perturbation ok-Mn, as already noticed
o | for the diamagnetic shift. The biexciton-exciton transition
- 11.00 will then reproduce exactly the perturbed structure of the
20 Iy » e_xciton-Mn system, as observed in the PL spectra at zero
~ +32 \r 1098 ' field. _ _
L ] g For a given Mn-spin component, the total energy of the
Z e J109s &  biexciton-Mn complexes can be directly deduced from the
I I & & X-Mn and X,-Mn transitions energies at zero field. For in-
2037 || 2038 & or doos m  Stance, as illustrated in Fig. 4, in the caSe+5/2, this
X, E ~”,m energy is given b;E;'(;+E§'(+. The result obtained for all the
o 8O 1092 & different spin components are presented in Figp) 5Three
2 biexciton energy levels are obtained with an overall splitting
-100 [ 52 11090 2 of about 100ueV. The energy ofX,-Mn depends on the
¥ absolute value of the M spin. The most stable biexcitonic
L 120 T L 1oss complex is associated with a Mih spin projection S,
’ ==5/2 corresponding to the largest exchange coupling with
o s A the exciton and consequently, the largest perturbation in the
Energy (meV) M Spin Component exciton wave functions. Despite this perturbation, the bind-

ing energy of the biexcitoﬂE;‘[—Eg) is found to be almost
FIG. 5. (a) Detail of the exciton-Mn and biexciton-Mn transi- constant. This binding energy comes from the balance of the
tions at zero magnetic field showing the irregular spacing of theattractive and repulsive Coulomb terms and is not signifi-
transition energiesb) Biexciton energiesE,+Ey) and biexciton  cantly affected by the presence of the ¥lion.
binding energie$Ey,~Ex) deduced from the optical transitions pre- In summary, we have shown that the optical injection of a
sented in(@). The biexciton energies scale is translated by 4065.22%ontrolled number of carriers in an individual QD permits to
meV. control the spin splitting of a single magnetic ion. The ex-

o . . ; change interaction with a single exciton acts as an effective
laron in higher dimensional systertfs.” In our case, the |ocq magnetic field that split the Mhlevels in zero-applied

potential created by the magnetic ion is more or less altraGnagnetic field. The injection of a second exciton almost can-
tive depending on the relative configuration of the®land  ce| ‘the carriers Mn exchange interaction and the Mn spin

exciton spins. The resulting decrease of ¥aéin energy is  gpjitting is significantly reduced. The fine structure of the
expected to increase with the absolute value of the Mn spiRjeyciton transition reveals that the orbital carriers wave

component. An irregular structure is then obtained with &ynctions are slightly perturbed by the interaction with the
decrease of the splitting from the low-energy side to themagnetic ion.

high-energy side of the emission pattéfig. 4), as observed

experimentally. This perturbation modifies the wave func- The authors are grateful to Y. Genuist and M. Falco for
tions and will also affect the biexciton-Mn energies. Due toexpert technical assistance. This work was supported in part
the presence of two electron-hole pairs, the perturbation dfy CNRS ACI-DECORESS.
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