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Optical spectra of a self-organized quantum dot with a single magnetic impurity are studied. The quantum
dot potential and exchange interactions result in an additional fine structure of an exciton localized in a
quantum dot with a magnetic impurity. In contrast to the undoped quantum dots, the ground state excitons in
the quantum dot with a magnetic impurity are bright. It is also shown that an initial spin state of the Mn atom
leaves a unique pattern in the optical response. This suggests the possibility to read out optically the spin
polarization of a single Mn atom.
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Electrons in solids move in a very complex environment
interacting with a phonon bath and experiencing spin-orbit
and exchange interactions. These interactions affect the spin
state of electrons and cause a variety of interesting spin-
dependent phenomena. New, rapidly developing fields of re-
search, spintronics and quantum computation, utilize spin-
dependent effects and provide the principles to control and
manipulate the spin states of carriers in semiconductor and
magnetic materials.1,2 One technologically important class of
spintronics materials is diluted magnetic semiconductors.3 A
diluted magnetic semiconductor combines some of the prop-
erties of high-quality semiconductor crystals with magnetic
properties of impurities. This combination may certainly pro-
vide important advantages for spintronics since the semicon-
ductor technology is very well developed and semiconductor
crystals can be grown in the form of multi-layer structures.
Experimentally, carriers and spins in semiconductors can ef-
ficiently be manipulated via polarized optical pulses4,5 be-
cause many semiconductors have optically active interband
transitions. Presently, one of the main materials under study
is GaMnAs. For this material and other magnetic semicon-
ductors, the main emphasis in current research concerns a
behavior of large collections of Mn-spins and mobile
carriers.6 In particular, optical and magnetic effects were
studied in semimagnetic II-VI quantum dots(QDs) where
photogenerated excitons interact with a large number of
magnetic atoms.7,8 In contrast, this paper will discuss a
single Mn-impurity system in a quantum dot. In such a sys-
tem, the quantum state of a single magnetic atom can be
controlled optically via the generation of excitons. So far,
QDs with single Mn impurities were considered only for the
case of spherical nanocrystals with a strong confinement.9 In
particular, it was shown in Ref. 9 that the optical response of
quantum dots depends on the spin state of Mn impurity. Here
we will focus on a different case, an oblate self-organized
QD with a relatively weak confinement. In other words, we
will assume that the radius of the Mn acceptor state is
smaller than that of a QD. This approach is applicable for the
InGaAs/GaAs QD systems since a Mn-impurity in GaAs
forms a deep acceptor level with the radius essentially
smaller than the typical size of the self-assembled QDs.

Here, we study theoretically the physical properties of a
single Mn impurity embedded in a self-assembled
InGaAs/GaAs quantum dot. We think that the QD system

would be advantageous compared to a Mn atom in a uniform
crystal because the optically excited electron and hole in a
QD are well confined and can be well controlled.10 We note
that, in the case of Mn impurities in GaAs, the previous
optical studies reported the conduction band-acceptor transi-
tions without details on the electron binding.11 Technologi-
cally, a realization of self-assembled QDs with embedded
single impurities looks feasible since all the steps of the
growth process, when taken separately, are well known. At
the same time, single-dot optical spectroscopy of QDs is also
well developed.12–14 In this paper we will focus on optical
responses of a negatively charged Mn acceptorA−. The pres-
ence of the charged stateA− implies that the structure con-
tains some amount of donor impurities or a back contact with
electrons. Historically, the stateA− was studied first15

whereas the details of the neutral stateA0 became known
later.16–18

We start with the initial state ofA− in a QD. This state has
the completely filled valence band and the Mn spinI = 5

2 [Fig.
1(a)]. Therefore the initial state ofA− can be in either of six
states:Iz= ± 5

2 , ± 3
2 , ± 1

2. In the optical absorption process, an
incident photon creates an exciton composed of an electron
and hole and we now consider the lowest energy states asso-
ciated with the exciton in a QD[Fig. 1(a)]. The lowest exci-

FIG. 1. (a) Schematics of the optical absorption process.(b)
Optical transitions in the system induced by thes+ photon.
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ton states can be regarded as a system ofA0 and an electron
in the lowests state. It is know that the Mn impurity in bulk
GaAs forms a deep acceptor level(<112 meV above the top
of the valence band) and the size of hole wave function is
quite small, about 1 nm.19 At the same time, a size of QD is
typically larger, about a few nm. The hole of a Mn atom is
exponentially localized and, therefore, we can start from the
case of Mn impurity in bulk GaAs and treat the QD potential
as a perturbation. In the envelope-function approximation,
the Hamiltonian of the Mn impurity has the form:

Ĥimp = T̂ + Uimpsr hd + Ĥhole−Mn
exc + Uh

QD, s1d

where T̂ is the “kinetic energy” of the Luttinger model,
Uimpsr d is the impurity potential energy, andUh

QD is the
valence-band potential in an undoped QD. The exchange in-
teraction between the valence band hole and Mn spin is
taken in the conventional form,

Ĥhole−Mn
exc = AhÎ ĵdsr h − Rimpd, s2d

where Î and ĵ are the angular momenta operators of the
Mn-spin and holes j = 3

2
d, respectively;Ah is the exchange

interaction constant; andr h andRimp are the coordinates of
the hole and impurity, respectively. The total angular mo-

ment of the impurity becomes then:Ĵ= Î + ĵ . The wave func-
tions of the hole in bulk GaAs,uJ,Jz., are eigenfunctions of

the operatorT̂+Uimpsr hd+Ĥhole−Mn
exc and were studied in detail

in Refs. 16 and 19. These wave functions correspond to the
state 1S3/2 with J=1:

u1, + 1l =
1
Î2

c5/2,−3/2−
Î30

10
c3/2,−1/2

+
Î15

10
c1/2,1/2−

Î5

10
c−1/2,3/2

u1,0l =
1
Î5

c3/2,−3/2−
Î30

10
c1/2,−1/2+

Î30

10
c−1/2,1/2−

Î5

5
c−3/2,3/2

u1,− 1l = −
1
Î2

c−5/2,3/2+
Î30

10
c−3/2,1/2

−
Î15

10
c−1/2,−1/2+

Î5

10
c1/2,−3/2. s3d

Here,cIz,jz
= uIzlf jz

, wheref jz
are the eigenstates of a bound

hole in the absence of the exchange interaction anduIzl are
the states of Mn spin. The wave functionsf jz

are given by

f jz
= R0srdY00ujz

+ o
n=±3/2,±1/2

Cjz−n,n
3/2,jz R2srdY2,jz−nun, s4d

whereujz
are the Bloch functions of the holej = 3

2 andCjz−n,n
3/2,jz

are the Clebsch-Gordan coefficients. The functionsR0s2d are
the solutions of the coupled equations of the Baldereschi-
Lipari theory.20 The energy of the 1S3/2 states as a function of
J is given by Eimp=Eimp

0 +se /2dJsJ+1d, where e
=AhR0

2s0d /4p, andJ=1,2,3, and 4. Theenergy spacing be-
tween the two lower statesJ=1 and 2 is equal to 2e. The
experimental value for the above parameter is
2e,10 meV.18

Since the radius of the impurity state is smaller than the
size of QD, the QD potential[the last term in Eq.(1)] can be
regarded as perturbation. For the QD model, we choose a
parabolic valence-band potential:Uh

QDsr d=mhvz
2z2/2

+mhsvx
2x2+vy

2y2d /2, wheremh is the heavy-hole effective
mass; the frequenciesvz,x,y describe an anisotropic confine-
ment of a QD; andx andy are the in-plane coordinates(Fig.
2). If the center of the QD and the impurity position do not
coincide, it is convenient to shift the QD potential:UQD

h sr 8
+Rimpd. Calculation of matrix elements ofUQD

h sr 8+Rimpd in
the basis of the functions(3) is straightforward:

1amhvz
2 + cmhsvx

2 + vy
2d 0 fmhs− vx

2 + vy
2d

0 bmhvz
2 + dmhsvx

2 + vy
2d 0

fmhs− vx
2 + vy

2d 0 amhvz
2 + cmhsvx

2 + vy
2d
2 , s5d

where a=0.233 nm2, b=0.262 nm2, c=0.261 nm2, d
=0.247 nm2, and f =0.014 nm2. To obtain the above matrix,
the wave functionsR0,2 (Ref. 19) were approximated as fol-
lows:R0srd=3.95e−1.7r andR2srd=1.64re−1.5r, wherer should
be taken in nm. We note that the matrix(5) does not contain
the impurity coordinate.21 Typically, a self-assembled QD
has the shape of a disk and therefore the strongest contribu-
tion in Uh

QD is due to the confinement in thez direction. The
terms inUh

QD with vxsyd are expected to be smaller. In self-
assembled QDs, the typical in-plane size of the hole poten-
tial, lh,xsyd=Î" /mhvxsyd, is about 4 nm.22 For the vertical size

of the QD, we takelh,z=2 nm. From these numbers and the
heavy-hole massmh=0.5 m0, we obtain the frequencies:
"vz=47 meV and"vxsyd,10 meV. Using the above param-
eters, we see that the main effect comes from thez confine-
ment which splits the triplet(3) into a singletsJz=0d and
doublet sJz= ±1d. This splitting isD0=380meV. In a sym-
metric QD, the statesJz= ±1 remain degenerate. In the case
of asymmetric QD, they are split. Taking"vx=8 meV and
"vy=12 meV (lh,x<4.9 nm andlh,y<4 nm), we obtain a
weak splitting of the Jz= ±1 states: d1= fmhs−vx

2+vy
2d

,12 meV. It is also worthwhile to note that our perturbation
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theory is valid if the impurity is situated not far from the
center of a QD[Rimp,z, lz and Rimp,xsyd, lxsyd] and all the
energy shifts are less than 2e. The latter condition is well
satisfied sinceD0,d1!2e.

Along with the hole–Mn exchange interaction, the opti-
cally generated exciton in a QD can experience the electron–
Mn and electron–hole exchange interactions. The first inter-
action is expected to be very weak because the electron wave
function is much more delocalized. In addition, the constant
of electron–Mn exchange interaction is typically several
times smaller than that of the hole–Mn interaction. Indeed,
our estimations led us to the electron–Mn interaction energy
of about 3meV. To obtain the above number, we assumed
that uAh/Aeu ,5, whereAe is the constant of electron–Mn
exchange interaction.9 For the sizes of electron wave func-
tion, we assumedle,z=2 nm and le,xsyd,5 nm.22 The
electron–hole exchange interaction in the exciton can be
stronger. This interaction is described by the Hamiltonian:23

Ĥe−h
exc = o

i=x,y,z
Di

0 ĵ iŝi + Di
1 ĵ i

3ŝi , s6d

whereDi
0,1 are constants andŝ is the electron spin. Using the

basis(3), we find the non-zero matrix elements of the opera-

tor (6): k1, +1;szu Ĥe−h
exc u1, +1;szl=−k1,−1;szu Ĥe−h

exc u1,
−1;szl<−s1.50Dz

0+3.07Dz
1d /2, wheresz= ±1/2 is theelec-

tron spin. In the above matrix elements, we used theuJ,Jz;szl
basis. The exchange splitting for excitons in QDs was exam-
ined experimentally in several publications and was found in
the range 200−300meV.13 Theoretically, this splitting is
proportional to the integral:A=ed3r uCsr ,r du2, where
Cexcsr e,r hd is the wave function of an exciton. In the case of
the usual exciton in an undoped QD, the function
Cexcsr e,r hd=Cesr edChsr hd and contains two strongly over-

lapping functionsCe andCh which describe the electron and
hole motions, respectively. Also, in the first approximation,
we can assume that the electron and hole occupy equal vol-
umes, Ve,Vh. Then, the integral can be estimated asA
,1/Ve. However, in our case, the overlap between the elec-
tron and hole functions is strongly reduced because the hole
is strongly localized in the vicinity of a Mn impurity. We can
roughly estimate the above integral by takingCe,Ve

−1/2 and
Ch,Vh

−1/2. Then, assuming Ve@Vh we obtain A
,1/maxsVe,Vhd=1/Ve. This demonstrates that the integral
A should not be strongly reduced in the case of a QD with a
Mn impurity. Nevertheless, we calculated numerically the
integralA for the exciton in both undoped and doped QDs.
We found that the integralA in the case of a QD with impu-
rity is reduced about three times. For our calculations, we
used harmonic-oscillator wave functions with the typical lat-
eral sizes of the QD wave functions:le,xsyd,5 nm and
lh,xsyd,4 nm. For the vertical size of the QD, we took 2 nm.
In the following, we will assume that the exchange energy
Ee−h

exc=−s1.50Dz
0+3.07Dz

1d=70 meV.
Since the electron–hole exchange interaction is expected

to be stronger than the anisotropic splittingd1 and the
electron–Mn impurity exchange energy, we can neglect the
latter two contributions. We note that the neglected interac-
tions induce small energy shifts in the spectrum and do not
lead to any additional splittings. Thus, using the basisFJz,sz
= uJ,Jz;szl, we obtain the following set of excitonic eigen-
states:

F0,±1/2= u+ 1,0; ± 1/2l,

F±1,±1/2= u+ 1, ± 1; ± 1/2l. s7d

The statesF0,±1/2 have the energyE0,±1/2=bmhvz
2+dmhsvx

2

+vy
2d. The energies of the other states areE+1,−1/2=E−1,1/2

=amhvz
2+cmhsvx

2+vy
2d+Ee−h

exch/2 and E−1,−1/2=E1,1/2=amhvz
2

+cmhsvx
2+vy

2d−Ee−h
exch/2. Since the coefficientsDz

0,1 are typi-
cally negative, the ground states areF±1,71/2 and correspond
to uJzu =1 andJtot,z=Jz+sz= ±1/2 [see Fig. 2(b)].

We now calculate the interband optical matrix elements
responsible for the photoluminescence(PL) process, assum-
ing that the exciton can be found in either of the lowest states
u1,Jz;szl with the same probability. The calculated PL spec-
trum is not polarized and shown in Fig. 2(b) as a function of
vl −Eg

0, wherevl is the photon energy andEg
0 is the charac-

teristic interband energy[see Fig. 1(a)]. For this energy we
haveEg

0=Ecv
dot−Ebinding

Mn +Ec
e+amhvz

2−Ecv
Coul, whereEcv

dot is the
conduction-to-valance band spacing at the position of the Mn
impurity in the QD,Ebinding

Mn =112 meV is the binding energy
of the Mn acceptor in bulk GaAs, andEc

e is the quantization
energy of electron in the conduction band of a QD.Ecv

Coul is
the direct Coulomb interaction in the exciton, which is typi-
cally about 10−20 meV in the InGaAs QD systems. In our
model, the QD confinement and the hole confinement for the
deep Mn-impurity level are essentially stronger than the in-
terband Coulomb interaction in the exciton and, therefore,
the Coulomb interaction leads only to a shift of the interband
energy Eg

0. For InGaAs/GaAs QDs, the energyEg
0 is ex-

pected to be about 1 eV.

FIG. 2. (a) Geometry of an asymmetric quantum dot with a Mn
impurity. (b) The lowest states of an exciton in a dot with Mn
impurity. (c) Calculated PL spectrum; the width of Lorentzian peaks
is 30 meV; for typical self-assembled InGaAs/GaAs QDs,Eg

0 is
about 1 eV.
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It is interesting to note that optical transitions are allowed
from all the lowest states of the exciton[Fig. 2(b)], including
the ground state, because several final states with different
spins Iz are available. This is in contrast to the usual self-
assembled QDs where the ground state of exciton is dark.13

Another interesting feature of the exciton spectrum is the
possibility to observecircularly polarized PL at zero mag-
netic field. It is known that, in the absence of Mn impurity,
the PL spectrum of QDs at zero magnetic field is linearly
polarized because of the anisotropic exchange interaction
[Eq. (6)].13 In the presence of the Mn impurity, the strong
hole–Mn exchange interaction dictates circular symmetry
and the exciton wave functionsFJz,sz

= uJ,Jz;szl [Eq. (7)]
have well defined angular momenta. Therefore, if the exciton
population is generated by a circularly polarized light and
has nonzero angular momentum, the resulting PL emission
can also be circularly polarized. The anisotropic splittingd1
can slightly mix the above states and bring a small degree of
linear polarization in the emission of excitons. The degree of
mixing and linear polarization of individual excitons is given
by the small parameters:d1/D0 andd1/De−h

exch, whereD0 and
De−h

exch are the splittings coming from the QD confinement in
the z direction and e–h exchange interaction, respectively.
Note that circularly polarized PL emission at zero magnetic
field was recently observed in II-VI quantum dots doped by
Mn impurities.8 In the experiment,8 it is likely that a single
QD contains several Mn impurities. We think that our single-
impurity model suggests a qualitative explanation for the
experiment.8

Allowed optical transitions for absorption of as+ photon
are shown in Fig. 1(b). The corresponding matrix elements
can be found using the wave functions(3) and the electron-

photon interactionV̂opt=V0sex+ ieydp̂, whereex,y are the unit
vectors andp̂ is the electron momentum. We observe that the
absorption spectrum strongly depends on the initial spin state

of a Mn impurity (Fig. 3) and therefore by using the absorp-
tion spectrum one can distinguish the initial state of the Mn
spin. The lower panel in Fig. 3 shows the spectrum when the
Mn spin in the initial state is randomized. In other words, we
assumed that the initial state is in thermal equilibrium and
thereforePIz

=1/6,wherePIz
is the probability to find the Mn

spin in the stateIz.
If the Mn atom in the initial state is not spin-polarized, the

circularly polarized laser pulse can create the polarization of
the Mn spin. If the pulse is shorter than the spin relaxation
time in the system, we can calculate the change of the aver-

aged Mn spin in the following way: DĪ z

=sDt /6doa Waka u Î zual, where the indexa denotes the exci-
ton statessFJz,sz

d, Dt is the pulse duration,Wa is the rate of

optical-generation for the exciton in the statea, andka u Î zual
is the average Mn spin in the stateual. Using the interband
optical matrix elements, we find that thes+ light induces

negative spin polarization of the Mn atom:DĪ z

=−DtW0
7
16,0, where the parameterW0 contains the inter-

band optical matrix elementPcv between the Bloch states. At
the same time, the average spin of the photoexcited hole is

positive: D j̄ z=DtW0
3
16.0. The negative sign ofDĪ z comes

from the inequalityI . j . It follows from the above calcula-
tions that circularly polarized resonant light can induce the
nonzero spin polarization in the Mn impurity. In bulk mate-
rials, the possibility to polarize the Mn spin has been dem-
onstrated in several publications24 where the Mn spins were
partially polarized by using nonresonant and resonant optical
excitations.

We now consider a pump-probe scheme for write and read
optical experiments. First, assume that the Mn-spin in a QD
becomes polarized by an intense polarized laser pulse. It is
known that such a spin polarization can be long lived.24 The
pump pulse can be either resonant or nonresonant.24 Then,
the probe pulse can test the nonequilibrium state of Mn. As
an example, we consider two strongly nonequilibrium distri-
bution functions,P1,2sIzd, for the initial state of Mn-spin:
P1sIzd=1/3 if Iz,1/2 and 0 otherwise, andP2sIzd=1/3 if
Iz.−1/2 and 0 otherwise. In the first case, the Mn spin in

FIG. 3. Absorption spectra for different initial Mn statesIz of
theA− impurity; the photon circular polarization iss+. The absorp-
tion for the initial Mn states withIz= +3/2 and +5/2 iszero. The
lowest panel presents the absorption spectrum of the Mn atom with
a randomized spin in the initial state. For the broadening of the
peaks we take 30meV.

FIG. 4. Absorption spectra of theA− impurity in a QD for two
different initial spin distribution functions,P1sIzd and P2sIzd; the
polarization if incident photons iss+.
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the initial state is predominantly negative, while, for the sec-
ond distribution function, the average spin in the initial state
is positive. The calculated optical absorption ofs+ photons
for the distributionsP1,2 strongly differ in intensity and
shape(see Fig. 4). The absorption spectrum for the initial
stateP1 has more lines due to the momentum-conservation
selection rules. The above results demonstrate that the initial
spin polarization of the Mn impurity can be recognized by
recording the absorption spectrum.

In this paper we considered single-dot absorption spec-
troscopy as a method to read out the spin polarization of an
embedded magnetic impurity. It is worthwhile to note that
absorption spectra of single self-assembled QDs were re-
corded in recent experiments.14 Therefore, proposed absorp-
tion spectroscopy of a single impurity is accessible in the

state-of-the-art experimental studies. In real doped systems,
several Mn impurities can be present in a QD. In this case,
the optical manipulation of single spins can become a much
more difficult task as we have to control more degrees of
freedom.

In conclusion, we propose a self-assembled QD with a
single magnetic impurity as a system with efficient optical
control of the spin state. We investigated the specific fine
structure and optical spectrum of a magnetic impurity em-
bedded into a self-assembled QD and showed that the spin
state of a magnetic impurity can be read optically.
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the CMSS Program at Ohio University, Volkswagen Founda-
tion, and Alexander von Humboldt Foundation.
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