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Magnetic polarons in a single diluted magnetic semiconductor quantum dot
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Quasi-zero-dimensional magnetic polarons in single Cd0.93Mn0.07Te/Cd0.6Mg0.4Te quantum dots have been
studied by photoluminescence spectroscopy. By comparing the experimental data with model calculations, the
energy, the internal magnetic field, and the volume of the magnetic polarons are obtained. Moreover, the
magnetic environment of the recombining electron hole pair causes a distinct broadening of the emission line
(;4 meV) of one diluted magnetic single quantum dot. The alignment of the Mn-spins in high magnetic
fields results in a linewidth narrowing of almost one order of magnitude and the linewidth becomes comparable
to that of a nonmagnetic Cd0.93Mg0.07Te/Cd0.6Mg0.4Te reference sample.
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A variety of electronic or magnetic properties of a so
can be artificially tailored by including magnetic ions in
semiconductor crystal matrix. This has been shown, e.g
diluted magnetic semiconductors~DMSs!, where the strong
sp-d exchange interaction between the charge carriers
the magnetic Mn21 ions results in a giant Zeeman splittin
of the valence- and conduction-band states, a large Far
rotation, and the formation of magnetic polarons~MPs!.1–3

The MP is a small region of the crystal with strongly corr
lated spins of localized carriers and magnetic ions. The s
ordering decreases the carrier energy and the optical pro
ties of such MPs have been widely investigated in thr
dimensional~3D! and 2D DMS.1,3–6 In a DMS quantum dot
~QD! the MP formation should be much more pronounc
due to the strong, three-dimensional confinement of
charge carriers.7 However, investigations on Mn-containin
QDs are quite scarce up to now and to our knowledge lim
to QD ensembles.8,9 In order to get quantitative access
zero-dimensional MPs, inhomogeneous broadening eff
due to size and/or composition fluctuations have to
avoided completely, i.e., experiments on a single DMS Q
are required. Whereas a variety of experimental techniq
with a high spatial resolution has been developed to se
single QDs,10–12 these approaches have only been applied
nonmagnetic semiconductor nanostructures up to now.

In this paper we present photoluminescence~PL! studies
on single QDs in the Cd0.93Mn0.07Te/Cd0.6Mg0.4Te system in
direct comparison to its electronic, but nonmagnetic, ana
Cd0.93Mg0.07Te/Cd0.6Mg0.4Te. This allows a detailed study o
the interaction of single electron-hole pair with its magne
environment. Special emphasis will be laid on the MP f
mation and on the emission linewidth in DMS SQDs. B
sides a detailed investigation of~i! the temperature and mag
netic field dependence of the ground MP state energy and~ii !
the degree of circular polarization of its emission at we
magnetic fields, we have been able to resolve the emis
line from the first excited~metastable! MP state and deter
mine its energy. A quantitative description of the experime
tal data allows an extraction of MP parameters like the
PRB 620163-1829/2000/62~12!/7767~4!/$15.00
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fective internal exchange magnetic fieldBM P and therefore
the MP localization radius in the SQD.

The structures consist of three monolayers
Cd0.93Mn0.07Te ~or Cd0.93Mg0.07Te, respectively! embedded
in nonmagnetic Cd0.6Mg0.4Te barriers grown by molecula
beam epitaxy. So-called ‘‘natural’’ QDs are expected to fo
due to spatial variations of size and composition.11,13 To
achieve the high spatial resolution required for measur
SQDs, Al masks with apertures down to 150 nm in diame
have been prepared by electron beam lithography and lift
technique.11 The PL spectra from such small areas usua
consist of individual lines~typically between 10 and 20! of
SQDs distributed over a spectral range of about 100 m
For detailed investigations we have studied SQDs with
lines energetically well separated from the othe
Magneto-PL studies were carried out in an optical cryos
with a split-coil solenoid in Faraday configuration atT
52 K. An optical cryostat with a highly accurat
(&0.1 K) temperature control in the range ofT
52 –300 K was used to study the temperature behavio
the PL spectra. The samples were excited by the 514.5
line of an Ar1 laser and the PL signal was detected with
liquid-nitrogen-cooled charge-coupled device~CCD! cam-
era. To avoid the heating of Mn spin subsystem, low exc
tion power densities of about 2 W/cm2 have been used.14

Increasing the excitation density by a factor of 3 does
affect the PL energy within our experimental resolution
0.1 meV, while for higher power, a clear blueshift of th
signal is observed, mainly attributed to the heating of
spin subsystem.

Figure 1 compares typical PL spectra at 2 K in s1 polar-
ization from nonmagnetic Cd0.93Mg0.07Te and DMS
Cd0.93Mn0.07Te SQDs at different external magnetic field
Bext . The PL spectrum of the nonmagnetic SQD consists
a narrow line with a halfwidthG&0.5 meV, which is lim-
ited by the spectral resolution of our system. With increas
Bext , the line undergoes a small redshift of up to;0.4 meV
at Bext58 T while no change of the linewidth is obtaine
In contrast, the behavior of the DMS SQD is quite differe
First, the line shows a rather large redshift characteristic
R7767 ©2000 The American Physical Society
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DMS (;5 meV atBext58 T). Second, and even more im
portant, the emission line is rather broad (G'4 meV) at
low Bext and decreases strongly by applying a magne
field, being comparable to that in nonmagnetic QDs atBext
58 T. This is quite surprising and is a direct conseque
of the magnetic environment of the recombining electro
hole pair in Cd0.93Mn0.07Te SQDs, as will be shown in th
following.

In Fig. 2, the magnetic field dependence of t
Cd0.93Mn0.07Te SQD PL peak energy (\vPL

6 ) is shown for
s1 ands2 polarization, respectively. Due to the very stro
PL polarization, thes2 line could only be measured i
rather weak (,1 T) fields. The energy of thes1 peak de-
creases with magnetic field and saturates atBext*5 T. In
order to explain the magnetic field dependent PL spectr
DMS SQDs, the formation of MPs due to an alignment
magnetic ion spins in the strong exchange field of the b
carriers has to be taken into account. In Cd12xMnxTe the

FIG. 1. PL spectra of a DMS Cd0.93Mn0.07Te/Cd0.6Mg0.4Te
single QD~right! and a nonmagnetic Cd0.93Mg0.07Te/Cd0.6Mg0.4Te
single QD~left! in s1 polarization at different magnetic fields.

FIG. 2. Measured~symbols! and calculated~lines! magnetic
field dependences of the PL transition energies in
Cd0.93Mn0.07Te/Cd0.6Mg0.4Te single QD fors1 ~solid symbols and
solid line! ands2 polarization~open symbols and dashed line!. In
the inset, a magnified representation in the range of low magn
fields is given.
c

e
-

of
f
d

exchange interaction constantb for holes is four times larger
than for electrons (a) and therefore the holes play the ma
role in the interaction of excitons with Mn ions.15 The hole
induced exchange field inside a MP,BM P , is proportional to
the squared wave functionuC(rW)u2 and the relation between
BM P and the localization volume of the hole,V, can be writ-
ten as16

BM P'
g

3mgMn
bJ

1

V
, ~1!

where J53/2 is the hole spin,m the Bohr magneton, and
gMn52 is theg factor of the Mn21 ion. The parameterg
takes into account that only a part of the hole wave funct
is inside the DMS QD. For the investigated 3 ML thic
Cd12xMnxTe QDs, where the extension of the QD in grow
z direction is much smaller than in lateral direction, a val
of g50.560.05 was estimated.

The formation of exciton MPs includes several importa
relaxation processes.17,18 The first, very fast, process is th
relaxation of the exciton spin resulting in a strong correlat
between its direction and the direction of the instantane
total magnetic momentMW of the Mn21 ions in the QD. As a
result, the exciton spin will be aligned along thez component
of MW because the exchange energy for this state is minim
The second stage is the alignment of the Mn21 ion spins in
the direction of the hole spin. This relaxation process lead
a further decrease of the exciton energy by the formation
MPs with an energyEM P'VxBM P

2 (x is the magnetic sus
ceptibility!. The last relaxation stage should result in an eq
librium distribution of the MP moments. It has a very lon
characteristic time constant and is usually interrupted by
recombination process.17,19

To describe the Zeeman splittingEZ of the heavy-hole
excitonic states in the DMS, a modified Brillouin functio
B5/2(B,T) is applied:15

EZ5EZ0B5/2H 5mgMnB

2k~T1T0!J , ~2!

where EZ05 f (a2b)gN0xS0 , N0 is the number of units
cells per unit volume, N0a5220 meV and N0b5
2880 meV. The phenomenological parametersS0,5/2
~Mn ion spin! andT0.0 take into account the antiferromag
netic interaction of neighboring Mn ions and fo
Cd0.93Mn0.07Te, values ofS0'1.32 andT0'3.1 K can be
taken from the literature.22 The coefficientf takes into ac-
count the influence of carrier confinement on the excha
parameters in DMS and is usually&1.6,23

The PL peak energy (\vPL) in DMS QDs depends on the
ratio t f /t r . For similar structures as discussed here, a ch
acteristic MP formation timet f'150 ps is obtained, which
is roughly a factor of 2 smaller than the recombination lif
time t r'300 ps.20,21 Assuming simple exponential laws fo
the change of both the exciton MP energy and the emiss
intensity with time it can be shown, that fort r'2t f the
maximum of the emission line differs from the equilibriu
MP energy by less than 0.05EM P . This allows us to use the
equilibrium limit as a first approximation to extract the M
parameters. In this case the PL peak energy in DMS QDs
be described by the following expression:
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6 5\v07 1

2 EZ~B,T!, B5BM P6Bext , ~3!

for s1 and s2 polarization, respectively. Fors1 polariza-
tion the fieldB in ~3! is equal to the sum ofBext andBM P .
The emission ins2 polarization originates from the meta
stable state with the initial MP magnetic moment opposite
the external magnetic field resulting inB5BM P2Bext .

As indicated in Fig. 2 by solid (s1) and dashed (s2)
lines, a good description of the experimental dependence
found. We obtain an internal exchange fieldBM P'3.5 T
and f x'0.045. As the average Mn content in our sample
x50.07, the difference may be due to a decreasedf in
QDs6,23 and/or a smaller concentration of Mn ions in th
particular QD under investigation.

Using the value ofBM P53.5 T, an exciton localization
volume V'540N0

21 can be estimated from expression~1!.
Taking the nominal width of the Cd0.93Mn0.07Te layer~10 Å!
as a first approximation of the QD height, this correspond
an in-plane MP radius of about 30 Å.

The formation of zero-dimensional MPs is further su
ported by looking at the temperature dependence of the
peak energy in DMS and nonmagnetic QDs as shown in
3~a!. As expected, the Cd0.93Mg0.07Te QD PL line shows a
monotonic shift to smaller energies according to the te
perature induced band gap shrinkage. In contrast, the en
of the PL line in the DMS SQD first increases withT ~for
T&15 K), which can be attributed to the MP suppressi
and only atT*20 K the influence of the band gap shrinka
dominates. By subtracting the PL shift of the DMS and t
nonmagnetic SQD lines@see symbols in Fig. 3~b!#, we can
extractDE(T) at Bext50, which directly reflects the chang
of themagneticlocalization within the MP with temperature
This temperature dependence is described by Eqs.~2! and~3!
without any additional fitting parameters, i.e.,BM P'3.5 T
and f x'0.045 have been used as determined from the fit
of \vPL

6 (B). The excellent agreement between experim
and calculations strongly supports the validity of the equil
rium model used. Moreover, a low temperature MP ene
of EM P'10.5 meV can be directly extracted from the da

As outlined in Refs. 17 and 18, the degree of circu
polarization of the PL peak,r5(I 12I 2)/(I 11I 2), is con-

FIG. 3. ~a! Temperature dependence of the PL energy for n
magnetic~open! and DMS~solid circles! single QDs ins1 polar-
ization. ~b! Experimental~symbols! and calculated~line! difference
of the emission energy of a nonmagnetic and DMS single QD
temperature.
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trolled by the average value of the squared projection
Mn21 ion magnetic moment fluctuations,^DM2&, on the
hole spin direction.̂ DM2& can be expressed by experime
tally measurable values using the well-known result of
fluctuation-dissipation theorem.24 Such a treatment was don
for the 3D and the 2D case~i.e., for isotropic as well as
strongly anisotropic holeg factors! by Merkulov et al.,18

leading to a relation between the slope of the degree of
cular polarization in smallBext and the exciton MP
parameters16

V5
pkT

2x S dr~B!

dB U
B'0

D 2

. ~4!

Figure 4 shows, that this dependence describes the ex
mental data without any additional fitting parameter qu
well, giving one more strong confirmation of the validity o
the model used and the parameters found for the exciton

Finally we return to the most striking experimental resu
i.e., the large width of the exciton MP emission line and
dependence on magnetic field in DMS SQD~Fig. 1!. One
obvious broadening mechanism is related to the kinetics
MP formation, i.e., the transient shift of the emission li
within the MP formation time. In the case of time-integrat
PL measurements, this results in an increase of the PL l
width due to the overlap of different spectral positions duri
one period of data acquisition. It was indicated above that
t r'2t f the maximum of the emission line differs from th
equilibrium MP energy by less than 0.05EM P , justifying the
usage of Eqs.~2! and~3! for the description of the tempera
ture and magnetic field dependence of the PL energy
contrast, however, the linewidthG is much more sensitive to
t f /t r . In fact, using simple exponential laws for the chan
of the exciton MP energy and the PL intensity~see above! a
linewidth of about;4 meV atB50 is expected fort r /t f
'2, in good agreement with our experimental data. It sho
be noted, however, that the impact of statistical fluctuatio
of the magnetization25 and the influence of memory effects
i.e., an incomplete magnetic relaxation, on the emission li
width cannot be ruled out completely, as the SQD is be
probed repeatedly. Further experiments like, e.g., tim
resolved studies on a SQD, which will certainly be an e
perimental challenge, are required to clarify this point.

-

s

FIG. 4. Measured~symbols! and calculated~line! degree of cir-
cular polarization in DMS single QDs at weak magnetic fields.
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At high magnetic fields, both the formation of MPs an
the statistical magnetic fluctuations are suppressed due t
magnetic field induced alignment of Mn21 ion spins in the
external magnetic fieldBext . Thus, a pronounced linewidt
narrowing is expected, in agreement with our experimen
data~see Fig. 1!.

In summary, PL spectroscopy of Cd0.93Mn0.07Te SQDs
has unambiguously shown the formation of quasi-ze
dimensional exciton MPs. The complete suppression of
homogeneous broadening effects in the SQD has allowe
obtain the energy, the internal magnetic field and the volu
of an exciton MP in a DMS SQD by comparing experimen
he

l

-
-
to
e

data with model calculations. In addition, the impact of th
magnetic environment on the PL linewidth in SQDs has be
emphasized by comparing measurements of Cd0.93Mn0.07Te
SQDs and their nonmagnetic Cd0.93Mg0.07Te counterparts.
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