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Optical properties of a semiconductor quantum dot with a single magnetic impurity:
photoinduced spin orientation
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We describe the optical resonant manipulation of a single magnetic impurity in a self-assembled quantum
dot. We show that using the resonant pumping one can address and manipulate selectively individual spin
states of a magnetic impurity. The mechanisms of resonant optical polarization of a single impurity in a
guantum dot involve anisotropic exchange interactions and are different than those in diluted semiconductors.
A Mn impurity can be prepared in a given spin state and can act as qubit. The limiting factors for the spin
manipulation are the electron-hole exchange interaction and finite temperature.
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. Introduction resonant optical excitation strongly affect the spin state of
Mn impurity. In particular, we show that one camrite spin

The spins of electrons in semiconductors strongly couple&tates of an Mn atom. Since spin relaxation of paramagnetic
with electric and magnetiC fields due to the Spin-Orbit andions in the absence of Carrieq'i%_, after the exciton recom-
exchange interactions. Spintronics and quantum computatioginatior) is an extremely slow process-10—100us), a
utilize these interactions to manipulate the electron shins. single Mn spin is a very promising candidate for spintronics
One important class of spintronics materials is diluted magypplications. The mechanisms of Mn-spin polarization in a
netic semiconductofsvhich combine high quality semicon- QD are qualitatively different than those in bulk materials
ductor structures with magnetic properties of impurities.pecause of the discrete character of quantum states. In bulk,
Since many semiconductors efficiently emit and absorb lightye photogenerated spin-polarized electrons transfer their
the spin states of electrons and magnetic impurities can b@pin to the Mn atoms or induce an effective magnetic field
manipulated optically by using circularly polarized light \hich polarizes the impurity systefrin a QD, the spin ori-
pulses! In diluted magnetic semiconductors such as bulkentation of Mn atom comes from the three-body interactions
crystals, quantum wells, and dots, photogenerated excitongyolving an electron, hole, and Mn spin. The ability to ma-
interact with a large collection of spins of Mn impurities and nipulate a pair of chosen statégubit) comes from the reso-
therefore a large number of degrees of freedom becomesnt excitation of a certain spin state of the exciton-Mn sys-
involved®>~'* In these systems, it is challenging to addressiem, In addition, we describe the specific optical signatures
individual spins of Mn atoms. At the same time, the quantumgf 3 Mn atom embedded into a QD. In contrast to the un-
computational schemes are based on qubits, pairs of welljoped self-assembled quantum dots, the optical emission of a

controlled quantum states. These elementary blocks, qubitgerally asymmetric quantum dot becomwsularly polar-
should be made interacting or decoupled on demand. In geddue to the exciton-Mn interaction.

diluted magnetic semiconductor, even a single Mn atom has
six spin stateql,,=5/2). Therefore 15 different pairs of
states(qubity can be defined for a single Mn impurity. In
addition, a single Mn impurity can act as two qubits which  We now consider a model of disk-shaped self-assembled
involve four out of six spin states. Here we study a systenQD taking into account only the heavy-hdleH) states in
which allows us to manipulate optically a single Mn spin. the valence band. The QD potential strongly confines the
This system is composed of a quantum @@D) and a single  electron and HH envelope wave functiopgr.) and ¢n(ry,)

Mn impurity. We note that several physical aspects of a QDand the exchange interactions in the exciton determine the
with a single Mn impurity were recently discussed in Refs.spin state of exciton. According to the conventional model,
12 and 13. the Mn-hole and Mn-electron exchange interactions are pro-
This paper describes a single Mn impurity embedded intgortional tod(r ¢n—Run), whereRyy, is the Mn position and

a self-assembled QD. Importantly, such a system permits_ef-e(h) is the electror(hole) coordinate. Then, the spin Hamil-
flplent se!ectlve optical control and.manlpula_uon of indi- tgnian takes the form

vidual spin states and defining a single qubit for the Mn

impurity. This ability comes from the exciton spectrum of a O ey exe 4 fjexc

QIIF)) Wit>k/1 aMn ator%/. An exciton in a QD has a?/vell-defined o Hepin™ Hirois* Hirs He_h‘?le’ . W
discrete spectrum and, simultaneously, strongly interact¥hich includes three types of exchange interaction. The an-
with the Mn spin via the exchange interaction. Since thelSOtropic exchange interaction between the Mn spin and HH
exciton and Mn spin functions become strongly mixed, theis H{ ,0,e=(8/3)| pn(Run) [%in 2 mnz=Anindmnz  the Mn-

II. Model
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% 3 T T T = FIG. 1. Exciton energy spec-
N 1 trum as a function of th& coordi-
B 2 4 F nate of the Mn atomiRy,,=0 and
w1 -:;__/—:?—' 1E Runz=L./2. The energyE] is the
> 1E — band gap of a QD(a) corresponds
= or CdSe 4 . to b,=-0.7, b,=-0.2, b,=-0.4,
5 - e 1 E 1 and a,=-1.2meV; (b) corre-
5 A 1[ CdTe ] sponds to -0.23, -0.066, -0.4,
= _____—-——?’5—— {1 i and -0.13 meV. Inset: geometry
X 3 TR S R R T S N of the system.
w o 2 4 6 8 100 2 4 6 8 10

(a) Mn-atom position, R, (nm) () Mn-atom position, R, (nm)
electron interaction is isotropicHSS .= a|de(Run)| 28l mn lll. Master equation

=Ae§an. Here, an and s are the Mn and electron spins,  The pumping and PL processes are described by the mas-

respectively(s=1/2, 1,,,=5/2); | is the HH momentuntj,  ter equation
=3/2 andj,,=+3/2). The anisotropice-HH interaction is

given by the operatct = L pFlo+ Vo (0] + L7, €
- g)—(ﬁole: ) E ai]is + bi]\iss: (2) R ) _
1=xy.2 wherep is the density matrixVg .(t) =Wo(p,.€ '+ p_e™ 1)

Whereai and bi are constants. The eigenstates of the Ham”JAS tl'le in}eraction with classical Circularlx pOlariZEd ||ght,
tonian (1) are linear combinations of 24 functions, P:=Px*iPy, andw is the laser frequency.(p) is the relax-
[lMnzs ihzrSe2)» Wherelyn s, jn, ands, . are thez components ation operator within the Markovian approximation:

of the corresponding momenta.

The strength of the Mn-hole and Mn-electron exchange L), = - I +F~/’i) (y# 9)
interaction depends on the position of the Mn impurity with Y 2 Y '
respect to the QOFig. 1, inset and is given by the coeffi-
cientsA,, andA.. For the parameters of exchange interaction, - - -
we chooseaN,=0.29 eV andBN,=-1.4 eV, typical num- (L) = =Tyt 2 hyrylyreys (4)
bers for 11-VI materials’'2 hereN, is the number of cations 4
for uni_t volume. In Fig. 1, we show the _c_alculated spectrumynere I —pintag prad pinta js the rate if intraband relax-
of exciton as a function of the Mn position for two Sets of ation of an excitony (this relaxation involves both spin and
parameters; andb;. The first sefFig. 1(a)] relates to the  gpgrgy I"®is the interband, radiative rate. The latter can be
case of CdSe QB and the se.conﬁFlg.. 1(b)] corresponds to written asrrad:Byro, wherel“ozlquoad is the rate of radia-
the weakere-hole exchange interaction and to a CdTe QD.tjye relaxation for the bright heavy-hole exciton in a QD
For the QD wave function, we use a convenient approxima-
tioNn: ¢er)(r) =B Sin(wz/ L, e X e Se 1617 The sizes
of QD’s arel, =l =6 nm, |, .=I,,=4 nm, andL,=2 nm.

In Fig. 1, we observe that, in the limRy,— %, a QD has a
spectrum determined by the laterally anisotrogibole ex-
change interaction; the photoluminescefek) spectrum in
this case is linearly polarized along teandY directions'®

For the cas&®y,~4on the energy structure strongly changes
due to the Mn-induced exchange interaction that has cylin-
drical, D,y point-group symmetry. This cylindrical symmetry
results in the nonzero spin polarization of the wave func-
tions.

The excitonic wave functiongy) of energiesE, (y
=1,2,...24 are doubly degenerat€ig. 1) and their energy
spectrum consists of 12 energy levets; 1,2, ... 12[Fig. ey e e
3(b)]. Wave functions in a pair of degenerate states can be 2 4 6 8 10 12 14 16 18 20 22 2
written using the two noncrossing subspaces. For example State index,
the states|1)(]2)) are composed of wave functions with
IMnztinztSe,=2m+1/2 (IMnztinztSez=2m+1+1/2), FIG. 2. Emission intensity of exciton with state indgxor the
wherem is integer. CdTe QD with a single Mn impurityRy,=0.

-
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without a Mn impurity; the coefficienB, depends on the long 1/T'y,~1-100 ms, our mechanism of Mn-spin polar-

spin configuration of the exciton. ization is relatively insensitive to a particular choice of the
The long spin relaxation time of paramagnetic ions comeparametef ;.
from the spin-lattice interactioff. For the Mn relaxation rate If the light intensity in the pulse is relatively low, Eq4)

in the absence of an exciton, we chodsg,=0.1 ms®. The are reduced to a system of rate equations for the diagonal
intraband relaxation rates,, ,,, between different momen- componentg,=p, .. Wherea can be an a exciton-Mn state
tum and spin states of an exciton depend on a particuldry) or a state without excitor)y, . In the following, we
system and come from the spin-orbit, electron-phonon, an@ill be solving numerically a system of rate equations for the
strong exchange interactions in the conduction and valencevo cases. As for the equilibrium density matr'p{’M
bands. In undoped II-VI QD's, the spin relaxation time of an=1/6 andotherwise zero.

exciton is typically longer that the radiative time. For ex-
ample, it was found in Ref. 18 that the spin-relaxation time is
longer that 0.5 ns. Ref. 20 reports the hole relaxation time is

of order of 10 ns. According to the recent time-resolved The emission intensity of a photogenerated excifois
single-dot study? the spin-relaxation time of exciton can be . 0o “PL A2
controlled by the gate voltage in a sample with a meta”icpropor'.uo'r?al to'l.i'y_(ZW/h)E'Mn,zKlM”'Z|Vi .|7>| , Where|y)
back contact. In the voltage-tunable QD's, the spin-1S the |n|t|aIAeXC|t0n state|l ) are the final states of the
relaxation time can be changed in the range 1-18ns.  system, and/{"=V(p,+ip,) are the operators for the pho-
For the rate of spin relaxation in the exciton-Mn complex, ton emission in the directionz+ The emission intensity of a
we choosd’;=1/5 ns=0.2 ng, that is of order of the spin- given excitonl =1, ,+1_ strongly depends on the state in-
relaxation rate of exciton in a undoped QD. The interactiondex y (y=1,2,...,24. Some of the excitons are formed
between the exciton and Mn spin is given by exchange enmostly of dark states and have low intensiBig. 2). Then,
ergy which is about 1 meV. It means that once the holeghe degree of circular polarization of a given exciton state
(electron spin makes spin flip, the Mn spin can be flipped can be calculated aBg. ,=(I.,~1-,)/(l;,+I_). In the
within about 1 ps. Our choice of the spin-flip time in a limit Ry,— % (Ay, — 0), the exciton wave functions are de-
strongly coupled Mn-exciton complets n9 seems to be termined by the anisotropie-hole exchange interaction, the
reasonable since the spin-relaxation time in a undoped QBmission spectrum is linearly polariz&dand P, ,=0. For
can be tuned down to 1 A8.At finite temperatureT, the  small Ry, the calculated degreeR. ., for excitons in a
ratesl’,_.,, depend on the energy separatiép,=E, —E,. CdTe QD are close to +1 becausg> a;,b;. Therefore the
Here we will use a simplified model;,_,, =I'; if E,,,<0  Mn-related symmetric exchange interaction for snfj|,
and Fy_,y,:rle—ENkBT if E,,>0. This model describes determines the optical response of excitons.
also the thermally activated transitions. For the radiative life- Since individual excitons have a nonzero degree of circu-
time, we take a typical valu%ad:O.S ns. lar polarization, PL can also be circularly polarized under the
It is important to note that the mechanism of Mn-spin circularly polarized pumping. We now consider the resonant
manipulation described below is based on the inequalityr,-optical pumping of CdTe QD into a given pair of states
I'ya<T';. Since the Mn-spin-relaxation time is really very with the energyE, (fiw=E,) [Fig. 3b)]. Also, we assume a

n,z'I Mn,z

IV. Circularly polarized optical emission
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short laser pulse with a duratiaxt < 7,,4. The integrated PL  finally the exciton|3) recombines, contributing to the Mn
intensity of a QD is given by the diagonal components of thestatel,,,=—5/2. Figure 4 shows the Mn state at the “mea-
density matrix:lp .= fdt(,p,, ,I'°5%), whereI'T-* are the ~ surement” timet=0.6 us. In this way, the Mn spin popula-
probabilities to emit+ photons in the vertical direction. tion becomes nonequilibrium. The exciton ground stdtes

In the limit Ry,—%, the upper bright states can be and|2) are mostly dark and do not play an important role;
pumped optically{Fig. 3(@)]. Since the individual excitons they trap and release excitons to the upper energy levels at

are linearly polarized, the degree of circular polarizationfinal T.

[Por(fi=E,)=(Ip_+=lp )/ (Ip++1p )] is zero. The optical probingreading of the state of Mn atom in a

In the case oRy,<, the time-integrated PL signal be- QD can be made with the absorption or PLE single-dot spec-
comes polarized. In Fig. 3, we show the time-integrated PLtroscopies which are presently availableThe absorption
intensityl p =lp, . +Ip__ andP7, for all resonant excitations Spectrum of a QD is very sensitive to the Mn spin stat€.
n=1,2,...12. Theresonance number in Fig. 3c) is the  For theo. photons with energ¥;=E, (n=2), the light ab-
number of the exciton energy level counting as shown in Figsorption intensity is mostly proportional ., and thus the
3(b). For example, the resonance=1 relates to the states change inp|+5/2 can be recorded.

y=1,2, etc. Overall, the circular polarization of PL under  The nonequilibrium spin distributiom, , strongly de-
circular pumping is well expressed. The circular polarizedpends on the resonance pumping. The resonant pumping into
PL signal was recently recorded in semimagnetic CdTehe ground stateld) and|2) is not efficient since these states

QD's' This observation is in contrast to the previous studies

of undoped I1-VI and III-V QD's!® Our theory suggests a Resonance 2, Jp— 5316

qualitative explanation for this observation. o, excitation 2= [3)[4)
& 10k 1= 11)]2)

_ - _ _ _ N initial state, t=0 .
V. Optical writing and manipulation of the Mn spin X 05F =, )
= R —
We now calculate the time evolution of Mn spin in the £ or

presence of and after a long pulse of small intensityAt g ' Final state —

=0.5 us, P2 WA/#21'2,4=0.02. In the initial state at=0, the § 05[ t=600nsT=1K

Mn atom is in thermal equilibriumlenZ=1/6. Theevolu- E 0.0 - -

tion of Mn spin strongly depends on how the QD is pumped. €  1.0r Final state

As an example, consider the resonamece? (fiw=E;=E,) § 05l FB00nsT=5K _

and pumping into the exciton staté® and |4) [Figs. 4a) - -

and 4b)]. The state$3) and|4) optically couple mostly with = 5 s

the Mn stated,,=+5/2. Therefore theo, pulse affects ]z,Mn:+E Sty T3 T3 T3

mostly the Mn spin statéy,,=5/2. We seethat, with in-

creasing time, the probability, decreases, whilg, FIG. 5. Population of Mn spin states &t0.6 us for the reso-

increases. In this process, the pulse excites the statd),  nant pumping into the second lev@sed at different temperatures.
then the exciton4) makes transition to the stat8), and  The initial spin state of Mn is +5/2.
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are mostly darkFig. 4(c)]. The resonant pumping=3 [Fig.  nanceE, (n=2) since, for this case, the mixing with the other
4(c)] results in a remarkable decreasef  and an in-  Mn states is minimum. The preparation of qubit in the state
crease ofp;__ . Simultaneously, the population of the statesly, ,=+5/2 can bedone by detecting &, photon with the
Imnz=*5/2 Increases. By using proper resonances, most oénergyE,. Then, the process +5/2-5/2 can be realized
the spin Mn states can be addressed in this way. with a polarized laser pulse. The limiting factors are finite
The Mn spin can be prepared in a given initial state usingemperature and anisotropic electron-hole exchange interac-
the following optical method. Consider now weak nonreso-ion which create mixing between the qubit and the other
nant illumination of the QD and assume that the QD emits &tates of the Mn spin. The next logical step is to involve two
o, photon with the energ¥, at t=0. According to the se- Mn atoms and consider a two-qubit regime.
lection rules, the emission process projects the QD mostly to g conclude, we have studied the optical properties of the
the Mn stately;, = +5/2. Theprobability to find the QD gpin state of a single magnetic impurity embedded into a
Qemiconductor QD. It is shown that the Mn impurity can be

unity. The stately,,=+5/2 canthen be used as an initial %{Jtically manipulated and the impurity spin can act as a qu-
t.

state in our scheme with the polarized laser pulse started
t=0. In the presence of the laser pulse, the Mn skgig=
+5/2 turns into the statéy,,,=—5/2 (Fig. 5. At the mea-
surement time=0.6 us, the Mn spin is mostly in thg state ACKNOWLEDGMENTS
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