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Optical properties of paramagnetic ion-doped semiconductor nanocrystals
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We present a theoretical study of the optical properties of quantum dots containing a single paramagnetic
ion. The eigenvalue problem of an electron-hole pair in interaction with a localized spin is solved. In Mn-doped
nanocrystals of II-VI semiconductors such as CdTe the fundamental absorption line splits into six components,
whose relative intensities strongly depend on the Mn spin orientation with respect to the polarization of light,
suggesting the possibility of optical detection of spin. With the Mn atom at the center of the quantum dot the
overall zero-field splitting is typically an order of magnitude larger than the saturation Zeeman splitting in the
bulk diluted magnetic semiconductor with the same average concentration of Mn. The effects of an applied
magnetic field are also investigated and recently reported magnetic circular dichroism data in high-quality
ZnSe:Mn nanocrystals is discussed.
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I. INTRODUCTION

The current interest in paramagnetic ion-doped nanoc
tals ~NC’s! is related to their possible applications in spi
tronics and quantum information processing. A voltag
controlled spin filter based on a semiconductor NC with
single spin has been recently proposed.1 The optical injection
of carriers in such a quantum dot~QD! also seems promising
for the detection and manipulation of individual spin
Small-size Mn-doped ZnS NC’s were early synthesized
Bhargavaet al.,2 who studied their optical properties wit
particular emphasis on the Mn photoluminescence. In f
such NC’s belong to the family of semimagnetic or dilut
magnetic semiconductors~DMS’s!, which are known for gi-
ant magneto-optical effects arising from the strongsp-d ex-
change interactions between the band carriers and
transition-metal ions. However, the Zeeman shift of the p
toluminescence excitation~PLE! band edge at 1.6 K in the
ZnS:Mn NC’s in a magnetic field of 4.5 T was found to b
much smaller~less than 5 meV! than in the bulk DMS of
comparable average Mn concentration. Recently, Hoffm
et al.3 reported magnetic circular dichroism~MCD! measure-
ments in CdS:Mn NC’s. They pointed out that a huge exci
splitting ~even in zero field! was expected in a QD with a
single Mn at the center, but observed only a saturation Z
man splitting of 3.2 meV in their sample, about five tim
smaller than in the corresponding bulk material. More
cently, Norriset al.4 obtained a much larger splitting of 2
meV in high-quality Mn-doped NC’s of ZnSe. The chem
cally synthesized NC’s studied in Refs. 2–4 were estima
to include a single Mn ion each on the average. Gla
embedded DMS NC’s with higher Mn concentrations
(;10%) were previously investigated.5,6 Our early theoreti-
cal study7 focused on the Zeeman effect and the exci
magnetic polaron in such systems. The former, treated in
mean-field approximation, predicted a confinement-indu
reduction of the excitonic Zeeman splitting with respect
the bulk, arising from the mixing of the light- and heavy-ho
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band states in the hole wave function, in accord with
magnetoabsorption data in Cd12xMnxSe NC’s.6 An addi-
tional reduction of the Zeeman effect in low-dimension
DMS structures is related to the wave vector dependenc
the sp-d exchange interactions in bulk semiconductor8

However, as we shall see in the following, a mean-field
proach is inadequate for NC’s containing a single magn
ion. Here, we present a full quantum-mechanical theory of
electron-hole pair~exciton! in interaction with a localized
spin and deduce the optical absorption and magnetoabs
tion spectra.

II. THEORY

We consider a spherical QD of radiusa smaller than the
bulk exciton Bohr radiusaB . In this strong confinement re
gime, neglecting the small excitonic correlation, the lowe
energy states of an electron-hole (e-h) pair can be written as

Cmm
e-h~re ,rh!5cm

e ~re!cm
h ~rh!. ~1!

Here the electron wave function is

cm
e ~r !5f~r !um

c ~r !, ~2!

with the 1s envelope function

f~r !5A2

a

sin~pr /a!

r
Y00. ~3!

um
c (r ) is the conduction band Bloch function atG, with m

5sz56 1
2 . In the spherical approximation for the Luttinge

Hamiltonian the hole wave functions are9

cm
h ~r !5(

n
Fnm~r !un

h~r !, ~4!

wherem,n run through3
2 , 1

2 , 2 1
2 , and 2 3

2 . un
h(r ) are the

time-reversed valence band Bloch functions atG, with j z
5n. Note that we have included only the fourfoldG8 va-
©2003 The American Physical Society03-1
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lence bands in Eq.~4!, by assuming a large spin-orbit cou
pling. However, it can be easily extended to include the sp
orbit split-off bandG7 in semiconductors such as CdS with
small spin-orbit interaction. Here, we consider the dipo
active fourfold ground state 1S3/2 that corresponds to

Fnm~r !5dnmR0~r !Y001 K 3

2
,n;2,~m2n!U32 ,m L

3R2~r !Y2,m2n~u,w!, ~5!

where Clebsch-Gordan coefficients have been used. Th
dial functionsR0(r ) and R2(r ) are linear combinations o
spherical Bessel functions R0(r )5C@ j 0(kr/a)
2k j 0(krAd/a)# and R2(r )52C@ j 2(kr/a)
1k j 2(krAd/a)#. Here C is the normalization constant,k
[ j 0(k)/ j 0(kAd), with k given by the lowest solution o
j 2(k) j 0(kAd)1 j 0(k) j 2(kAd)50. Note that the hole energ
is E05\2(g122g)(k/a)2/(2m0), where g[(2g2
13g3)/5. Also, d[(g122g)/(g112g). $g i% are the Lut-
tinger parameters andm0 is the free-electron mass.

The exchange interaction between a band electron~spin
s5 1

2 ) and the Mnd electrons~total ionic spinS5 5
2 ) located

at R is given by

H52J~r2R!s•S. ~6!

We follow the perturbation approach and study its effects
the confined electron and hole ground-state multiplets,
neglecting mixing with other states. Indeed, even in a Q
with a substantial number of Mn spins, the spin-interact
induced contraction of the carrier wave functions is rea
small.10 The contraction due to the electron-hole Coulom
attraction is also small. Now,

^cm
e uHucn

e&52auf~R!u2^mus•Sun&, ~7!

whereum& is an eigenstate ofsz anda5^usuJ(r )uus&, with
uus& for the s-like orbital wave function. Similarly,

^cm
h uHucn

h&52
b

3 (
l,j

Fl,m* ~R!^lu j•Suj&Fj,n~R!, ~8!

where um& is an eigenstate of j z ( j 5 3
2 ) and b

5^uxuJ(r )uux&. The Mn spin is described in terms of th
Sz5MS eigenstates.

While the electron-Mn coupling has the isotropic for
s•S, the d part of the hole envelope function introduces
anisotropy in the hole-Mn coupling in the case of an o
center Mn site. It shows even in the standard mean-fi
~MF! treatment of the Zeeman effect where one replaceS
by ^Sz&ẑ so that

^cm
h uHucm

h &52
b

3
^Sz&mu f ~R!u2F11t~R!S m22

5

4D ~3 cos2u

21!1t~R!2(
l

lCl,m
2 uY2,m2l~u,w!u2G , ~9!
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where Cl,m5^ 3
2 ,l;2,(m2l)u 3

2 ,m&, t(r )5g(r )/ f (r ), f (r )
[R0(r )/A4p, g(r )[R2(r )/A4p, and R5(R,u,w). As
usual,^Sz& denotes the thermodynamical average of the s
component along the applied field. Note thatut(r )u vanishes
at the origin and increases rather slowly withr, while f (r )
decreases. Anyway, the splitting of the hole level is a ma
mum atR50. If we consider an ensemble of same size QD
each containing one Mn ion at a random position, the av
age Zeeman splitting in the mean-field approximation will
given by the volume integral of Eq.~9!:

Em
h 52r~1/V!~b/3!^Sz&m, ~10!

where V is the QD volume andr is the reduction factor
obtained in Ref. 7:r5*@ f 2(r )1(1/5)g2(r )#4pr 2dr.

In this paper we shall discuss an exact solution. Clearly
the general case of an arbitrary positionR of Mn, the full
Hamiltonian including the anisotropic hole-Mn coupling ca
be handled numerically. We shall, however, focus on the s
cial case of Mn located at the center of the QD, which allo
an analytical solution and illustrates the essential phys
The spin interaction Hamiltonian is then given by

H52I e~s•S!2I h~ j•S!2I eh~s• j !, ~11!

where

I e5auf~0!u25N0a~p/8!~aL /a!3, ~12a!

I h5~b/3!u f ~0!u25N0b~1/12!D~d!~aL /a!3, ~12b!

I eh52\vSTx~d!~aB /a!3. ~12c!

HereaL andaB are the lattice constant and the bulk excit
Bohr radius, respectively.N0 is the number of cations pe
unit volume and\vST is the singlet-triplet splitting due to
the electron-hole exchange interaction.11 The functionsD
andx depend only on the effective-mass ratiod as indicated.

Noting thatJ5s1 j1S commutes withH, the eigenvalues
and eigenstates can be deduced analytically by using
theory of addition of three angular momenta. In fact, t
good quantum numbers ares, j, S, J, and M5Jz . We first
adds andS to obtainss . In nontrivial cases the two value
ss5S6 1

2 are compatible with a givenJ. This leads to a 2
32 matrix for a given set of (J,M ). The matrix elements of
j•S are calculated by using the Racah coefficients. The c
responding matrix elements ofj•s are simply related to the
former. Finally, with u1&[uS1 1

2 , j ,J,M & and u2&
[uS2 1

2 , j ,J,M & as the basis states, we have the matrix e
ments:

H1152
I e

2
S2

I h

2
~U1A!2

I eh

2 S J2S2A2
1

2D , ~13a!

H125
1

2
~ I h2I eh!AAB, ~13b!

H225
I e

2
~S11!2

I h

2
~U1B!2

I eh

2 S J1S2B2
1

2D ,

~13c!
3-2
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where U[J22S(S11)2( j 1 1
2 )2, A[@( j 1 1

2 )22(J
2S)2#/(2S11), andB[@(J1S11)22( j 1 1

2 )2#/(2S11).
The two energy levels for a givenJ are

L6
J 5

1

4
~ I e2I h1I eh!2

I h

2 F S J1
1

2D 2

2S S1
1

2D 2

2S j 1
1

2D 2G
6

1

2 F S J1
1

2D 2

~ I e2I h!~ I eh2I h!1S S1
1

2D 2

~ I e2I h!~ I e

2I eh!1S j 1
1

2D 2

~ I e2I eh!~ I h2I eh!G1/2

. ~14!

The corresponding eigenstatesuJ,6,M & are linear combina-
tions of u1& and u2&; the respective coefficients can be ca
culated from the matrix elements in Eqs.~13! and the eigen-
values. These basis states in turn can be written in term

the statesu 1
2 ,me&u j ,mh&uS,MS& by using the Clebsch-Gorda

coefficients, completing our solution of the exciton-Mn e
genvalue problem.

In the present case ofS55/2 andj 53/2, we have a tota
of eight energy levels:J51/2(1), 3/2(2), 5/2(2), 7/2(2),
9/2(1), where the number in parenthesis shows the num
of levels. Note that the 2 levelsJ51/2 and J59/2 are
electric-dipole forbidden for optical transitions, because th
have no projection of the dipole activej ex51 exciton states

u1,1&52
1

2 U12 ,
1

2L U32 ,
1

2L 1
A3

2 U12 ,2
1

2L U32 ,
3

2L , ~15a!

u1,0&52
1

A2
U12 ,

1

2L U32 ,2
1

2L 1
1

A2
U12 ,2

1

2L U32 ,
1

2L ,

~15b!

u1,21&52
A3

2 U12 ,
1

2L U32 ,2
3

2L 1
1

2 U12 ,2
1

2L U32 ,2
1

2L ,

~15c!

which correspond to optical injection by light of polarizatio
s1 , p, ands2 , respectively.

Typically, the electron-hole exchangeI eh is much smaller
than either of the carrier-ion coupling parametersI e and I h .
Also, I e(I h) is positive~negative!. Thus, the ground state o
the coupled spin-exciton system is the lower level (L2

J ) of
J5S21, with the ion spin aligned parallel to the electro
spin and antiparallel to the hole angular momentum. Si
larly, the highest energy level is the upper level (L1

J ) of J
5S11, with the opposite spin alignments. The energy d
ference between these two levels is the overall zero-fi
splitting of the exciton:

D52I h~2S11!1
1

2 H F S S1
1

2D I e2S S1
3

2D I hG2

13I eI hJ 1/2

1
1

2 H F S S1
1

2D I e2S S2
1

2D I hG2

13I eI hJ 1/2

. ~16!
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For large S values it reduces to the classical limit:Dcl
5S(I e23I h).

In order to deduce the optical absorption spectrum, le
note that the initial state of the system is that of the param
netic ion spin, with the QD valence-band states fully occ
pied. The spin state can be either a prepared pure~coherent!
state or a mixed state describing thermodynamic equilibriu
In either case it can be treated in terms of the eigenstate
Sz . Thus, without any loss of generality, we consideru i &
5uMS& for the initial state. By neglecting the magnetic d
pole interaction with the electromagnetic field, the spin st
remains unchanged in optical transitions. On the other ha
the possible final statesu f & are the eigenstates ofH deduced
above. It is easy to see that, in the electric dipole appro
mation, the relative oscillator strengths of the six allow
transitions are

PJ6~m!5u^J,6,M um,MS&u2, ~17!

whereum,MS&[u1,m&uMS& with the j ex51 exciton states in
Eqs. ~15!, the m values characterizing the polarization
light. Note that the final stateM5m1MS .

It is interesting to notice that, in the effective-mass a
proximation~EMA! adopted here, all the spin coupling p
rameters in Eqs.~12! have the same size dependence: Th
are inversely proportional to the QD volume. As a result,
exciton-Mn energy levels scale accordingly, but the relat
intensities of absorption, depending on the matrix elem
ratios, remain unchanged.

In the presence of an external magnetic field, in addit
to the spin HamiltonianH of Eq. ~11!, we have the Zeeman
terms given by

HZ5mBgMnS•B1mBges•B2mBghj•B. ~18!

As will be seen below, the resulting Zeeman splittings of t
zero-field energy levels are relatively small.

III. NUMERICAL RESULTS AND DISCUSSION

Motivated by the experimental data of Ref. 4, we pres
some numerical results for ZnSe QD’s. We have neglec
I eh as the singlet-triplet splitting of the bulk exciton
smaller than 0.1 meV.12 The valence band parameters a
g154.32, g250.66, and g351.13, yielding the ratiod
50.393, which determines the hole envelope function. I
important to note that, as usual, the EMA grossly overe
mates the confinement energies in the QD’s investigate
Ref. 4. Nevertheless, tight-binding calculations13 which cor-
rectly reproduce the experimental energy gaps show that
EMA wave functions are relatively accurate in QD’s of d
ameter;30 Å or larger, thus justifying our approach in th
present work. As for the carrier-Mn exchange parameters,
have taken the valuesN0a50.29 eV andN0b521.4 eV,
measured14 in bulk Zn12xMnxSe. The electrong factor is
assumed to have the bulk conduction band valuege51.2.
Then we havegh520.86 from the experimental value4 of
the excitonic Zeeman splitting in the undoped NC’s.

Figure 1 shows the zero-field splitting pattern for a Zn
QD of diameter 29 Å with a single Mn spin at the cente
3-3
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FIG. 1. Splitting of the exci-
tonic absorption in a ZnSe nano
crystal of diameter 29 Å with a
Mn impurity at the center with its
spin oriented antiparallel to thez
axis (MS525/2). The upper two
panels, respectively, correspond
s2 and s1 circular polarizations
~Faraday configuration!, while the
lowest one corresponds to thep
polarization~Voigt configuration!.
The zero of energy is the spin
independent fundamental gap o
the NC. The solid~broken! bars
represent the exact~mean-field!
results.
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Here I e56.80 meV andI h5212.97 meV. The relative os
cillator strengths shown in this figure assume a pure~pre-
pared! initial stateMS525/2. The upper two panels corre
spond to thes2 and s1 circular polarizations of light,
respectively, with respect to thez axis ~direction of propaga-
tion!. The bottom panel corresponds to thep polarization
alongz ~Voigt configuration!. The solid bars show the resul
of our exact quantum mechanical solution@see Eqs.~14! and
~17!#. The broken bars correspond to a mean-field approa3

whereS is treated as a classical vector, with the energy lev
given byEme ,mh

52(I eme1I hmh)S. It can be seen that th
predicted splitting patterns are strikingly different in the tw
approaches. Notice the large asymmetry of the exact spe
with respect to the zero of energy. Also, the splitting betwe
the strongests2 and s1 components in the exact spectr
(.135 meV) is about 18% larger than that (.114 meV) in
the MF spectra. Note that the former value checks withD
from Eq. ~16! and the latter with its classical limitDcl .
Clearly, by symmetry, if the Mn spin is initially oriented i
the opposite direction, i.e.,MS515/2, the panels for thes1

ands2 polarizations get interchanged. Thus the characte
tic absorption spectra for the opposite circular polarizatio
could, in principle, be used for detecting the initial spin o
entation of the paramagnetic ion. However, at this point, o
MCD experiments seem feasible, measuring simply the o
all splitting between the strongest components ofs2 and
s1 . The sign of the splitting would then identify the orien
tation of the Mn spin. Note that the strongest componen
the topmost panel corresponds to the highest energy le
with the exciton spin parallel to the Mn spin, while that
the second panel corresponds to the lowest level, with
exciton spin antiparallel to the Mn spin. This results from t
negative~antiferromagnetic! sign of the hole-ion spin inter
action.

Figure 2 shows results for an ensemble of 53 Å diame
04530
h
ls

tra
n

s-
s

y
r-

n
el,

e

r

ZnSe QD’s in thermodynamic equilibrium, each with a M
spin at the center. In the present caseI e51.114 meV, I h

522.125 meV, andD522.1 meV. The bottom panel cor
responds to the case of zero field with randomly oriented
spin (̂ Sz&50) where all light polarizations are equivalen
Note that the same relative intensities hold for the 29 Å QD
with the energy scale modified. The upper two panels sh
the results fors2 ands1 polarizations in the Faraday con
figuration withB51 T along thez axis. In the presence of a
external field,J is no longer a good quantum number b
M5Jz is. This simplifies7 the numerical diagonalization o
the full HamiltonianH1HZ . For calculating the relative in-
tensities we have assumedT51.5 K. In the present cas
only the applied field breaks the time-reversal symmetry a
gives rise to the circular birefringence or dichroism as in
cated by the differences between the upper two panels.
interesting to note that the energy separation of 22 meV
tween the strongest components ofs2 and s1 spectra is
almost equal to the overall zero-field splitting (D) shown in
the bottom panel. This is because the external field amo
to a small perturbation with respect to the much stron
‘‘internal field’’ due to thesp-d exchange interactions. Let u
mention that the MF approach predicts the Zeeman split
DMF5(I e23I h)u^Sz&u1(ge13gh)mBB which amounts to
13.7 meV in the present case (^Sz&521.84). We have in-
vestigated the exact spectra at higher magnetic fields u
10 T. AsB increases the strongest components ofs1 ands2

shift to lower energies almost linearly by about 0.2 a
0.3 meV/T, respectively, so that the splitting between th
decreases from 22 meV at 1 T to 21 meV at 10 T. Also,
oscillator strengths get more concentrated into these
peaks so that their intensities increase. In fact, the ene
shifts are related to theg factors and the relative intensitie
depend on the degree of alignment of the Mn sp
(u^Sz&u/S). For instance, atB52.5 T, the highest field in
3-4
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FIG. 2. Splitting of the excitonic absorption in
ZnSe nanocrystals of diameter 53 Å, each with
Mn impurity at the center, in thermodynami
equilibrium. The bottom panel shows the zer
field polarization-independent spectrum. The u
per two panels respectively correspond tos2 and
s1 polarizations in an applied field ofB51 T at
T51.5 K.
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Ref. 4, ^Sz&522.38 and the calculated absorption spec
resemble those in the upper two panels of Fig. 1, except
a slightly enhanced asymmetry due to the energy shifts, w
the Zeeman splitting 21.8 meV close toD. Note that the
slow linear decrease of the splitting with increasingB arises
from the negative excitong factor. As for the size depen
dence of the Zeeman splitting, it follows from Eqs.~12! that
D is inversely proportional to the QD volume.

It is satisfying to note that the predicted Zeeman splitt
of 22 meV in Mn-doped ZnSe NC’s of diameter 53 Å
rather close to the measured value4 of 28 meV. Notice that no
adjustable parameter has been used to deduce this theor
value. As the Mn impurity was assumed to be located at
center, this is the maximum possible splitting in the case
QD’s containing only one Mn. Indeed, for a random positi
of Mn in the NC, the expected average splitting from E
~10! is 2.5 meV only. So, neglecting the uncertainty in t
NC size, we can say that the QD’s of diameter 53 Å in R
4 contained more than one Mn atom each on the average
the other hand, the saturation Zeeman splitting 17~1! meV in
the samples of 42~29! Å size NC’s are much smaller than th
calculated values 44~135! meV by assuming Mn at the cen
ter. Nevertheless, the observed splitting in the 42 Å NC’s
substantially larger than 5 meV expected for a random
position. However, that in 29 Å NC’s is much smaller th
15 meV expected for a random Mn site. At the estima
doping levels in Ref. 4, the probability of having 2 Mn atom
as antiferromagnetically coupled neighbors in a given N
which could explain such a decrease,3 is rather small. The
above results, therefore, seem to suggest that the sm
NC’s are less likely to incorporate a Mn atom near the cen

The present calculations should be applicable to the
band-edge photoluminescence provided the energy gap
04530
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below the Mn fluorescence energy;2.1 eV, because of the
relatively fast energy transfer expected from the exciton
the Mn d shell. Clearly, this condition is not satisfied in th
case of ZnSe:Mn NC’s, where the absorption gap exceed
eV. But both the excitonic and Mn emissions were observ4

in the same sample. As the authors pointed out, they need
be originating from the same NC. NC’s with a smaller g
such as CdTe:Mn with a stable Mn21 ground state of spin
S55/2 under optical excitation, as assumed here, seem m
appropriate for studying spin dynamics and realizing opti
manipulation of the localized spin state.

IV. CONCLUDING REMARKS

To summarize, we have solved the quantum mechan
problem of an exciton in interaction with a localized spin
a QD and deduced the optical absorption and magneto
sorption spectra. The results are substantially different t
from the mean-field approach used previously. In small-s
II-VI compound semiconductor nanocrystals containing
Mn atom at the center, the zero-field splitting of the abso
tion line is almost an order of magnitude larger than the gi
Zeeman splitting at saturation in the corresponding b
DMS with the same average Mn concentration. Numeri
results obtained in the case of ZnSe:Mn NC’s show a sa
factory agreement with the recently reported MCD measu
ments. The theory also provides a basis for further consi
ations concerning the optical detection and manipulation o
single spin.
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