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For low Mn-doped Cd�Mn�Te/ZnTe single quantum dots, we report a nonlinear behavior of exciton energy
as a function of magnetic field, which differs from the usual giant Zeeman effect. This effect is modeled by a
positive feedback loop in the heating process of Mn spins by carriers photocreated in the vicinity of the dot. It
results in a highly nonlinear and magnetic field dependent Mn spin heating process. This effect prevails when
dealing with magnetic dot deposited on a thin two-dimensional layer and containing about 1% Mn. This shows
that controlling the coupling between the magnetic dot and its local environment is a corner stone to achieve
nanoscale spin manipulation.
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I. INTRODUCTION

Magnetic doping of semiconductor quantum dots �QDs�
opens new possibilities for the development of nanoscale
spintronic devices. Since controlling the magnetic doping at
a level of a single Mn atom in QDs has been demonstrated,1,2

the interest in this field is expanding rapidly. Theoretical
studies suggest that the magnetic order in such QDs could be
tailored by the number of confined carriers, the QD geom-
etry, the position and the number of magnetic ions.3,4 More-
over, the interaction of the QD with its local environment is
essential and has to be taken into account as it was demon-
strated in various QDs �see for example Refs. 5 and 6�. Here,
we show that in the case of magnetic QDs, Mn spin dynam-
ics is very sensitive to the exchange coupling with free car-
riers moving in the wetting layer �WL� underneath the QDs.

The critical role played by the coupling between free car-
riers and Mn spins has been first demonstrated in magnetic
quantum wells �QWs�.7,8 Two-dimensional �2D� carrier dif-
fusion leads to thermal instabilities with spontaneous forma-
tion of hot and cold spin domains.9,10 In QWs, the thermal
properties of Mn spins are strongly affected under magnetic
field as revealed by the observation of non Brillouin giant
Zeeman effect.11

Compared to these 2D systems, a single QD is used in this
work as a local probe to get rid of any spatial fluctuations
and to reveal the energy and spin transfer from photocreated
carriers to Mn spins. We will show that, in such strongly
confined system, a nonlinear spin carrier coupling dominates
all the magneto-optical properties. This coupling is enhanced
by the large spatial confinement of the thin WL.

For low Mn doped QDs, we observe strong deviations
from Brillouin like giant Zeeman effect. These peculiar Zee-
man splittings of the excitonic lines result from a highly
nonlinear heating of Mn spins by injected hot photocarriers.
At low magnetic field, Mn spins are driven out of equilib-
rium by the carriers, whereas, above a critical magnetic field
Bc, the thermal equilibrium of Mn spins with the lattice is
almost restored. We will study how this critical field Bc, at
which this abrupt transition occurs, depends on the lattice
temperature, the density of the injected carriers and the Mn

concentration. Especially, Bc is expected to be almost zero
for high Mn concentrations �typically above 4%� and too
high to be observable in the extremely diluted case �well
below 1%�. It may explain why this nonlinear behavior has
never been observed yet in magnetic QDs.

The organization of the paper is as follows: In Sec. II, we
give experimental details about samples and optical spectros-
copy. In Sec. III, we present the experimental results and the
theoretical model describing the dynamical equilibrium be-
tween Mn spins and photocarriers. In Sec. IV, we discuss the
parameters of the model used to fit the data. Section V sum-
marizes our results.

II. EXPERIMENTAL DETAILS

We performed microphotoluminescence ��-PL� of single
QDs under magnetic field in Faraday geometry. The two cir-
cular polarizations �� are detected under cw nonresonant
laser excitation �514 nm, i.e., 2411 meV�. The �-PL is ex-
cited through submicrometer apertures in Al masks deposited
on top of the samples. The samples are placed in a helium
cryostat under static magnetic field up to 11T applied parallel
to the growth axis z. The samples contain a single plan of
Cd�Mn�Te/ZnTe self assembled QDs grown by molecular
beam epitaxy �MBE� on ZnTe substrates.12 The deposition of
6 monolayers of Cd�Mn�Te gives rise to QDs of typically 3
nm height and 10 nm diameter, with a wetting layer of few
monolayers.13 In these QDs, we change the nominal Mn con-
centrations from xMn=1.5% to 5.5%. The samples are nomi-
nally undoped and all carriers under consideration are pho-
tocreated ones.

In a magnetic QD, the typical magnetic field dependence
of the exciton energy is given by the so called giant Zeeman
effect.14 Magnetic ions are paramagnetic and their average
spin component along the z axis �Sz� is given by the modified
Brillouin function:

�Sz� = − 5/2B5/2�5/2 · gMn�BB

k�TMn + T0� � , �1�

where B5/2�x� is the Brillouin function, T0 is the effective
temperature, which phenomenologically describes the anti-
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ferromagnetic Mn-Mn exchange interaction,15 gMn=2 is the
g factor of the Mn d electrons and TMn is the Mn spin tem-
perature. Taking into account the sp-d exchange interactions,
the expected �� exciton energy shifts become

EX
��

�B� − EX
��

�B = 0� = � �EQD
sat �Sz�

5/2
, �2�

where �EQD
sat is the giant Zeeman shift at saturation. �EQD

sat

depends on the effective Mn concentration in the vicinity of
the dot,15 on the sp-d exchange integrals and on the shape of
the envelop functions of electrons and holes.16 This
formulation,16 where the Zeeman shift is proportional to an
effective Mn concentration and to a saturated spin projection
�Sz�=5 /2 is equivalent to the formulation where the Zeeman
shift is proportional to the real Mn concentration and to an
effective spin projection at saturation �Sz�=Seff.

III. RESULTS

A. Experimental data

Figure 1�a� shows a series of ��-PL� spectra recorded at
T=7 K and at different magnetic fields for a sample with a
Mn concentration of 1.5%. The intensity of the two lines
labeled by X have a linear dependence with the excitation
power and we ascribed them to the excitonic lines of two
individual QDs �QD1 and QD2�. The two other lines have the
same behavior under magnetic field. They are about 11 meV
below the excitonic lines and their intensities have a super-
linear dependence with the excitation power �typically
�P1.4�. These properties seem to indicate that they corre-
spond to biexcitonic lines.17 Their intensity decrease in �−
polarization similarly to X lines, which is not expected for
biexcitons and they may rather correspond to charged state

of QD1 and QD2. These lines are not considered in the fol-
lowing.

Excitonic linewidths are typically 4 meV at B=0 T and
2 meV at B=11 T. These linewidths are in good agreement
with the theoretical expectations for line broadening due
to the thermal fluctuations of a finite number of indepen-
dent Mn located in the QD.16,18–20 Moreover, the line-
width decreases with magnetic field proportionally to the
mean square deviation of the spin polarization ��Sz= ��Sz

2�
− �Sz�2�1/2�, which decreases at T=7 K of about a factor 2
between 0 and 11 T.

Figure 1�b� shows the energy shift of the excitonic line of
QD1 in �+ and in �− polarizations. This shift has been nor-
malized to the value at saturation �EX

sat=17 meV and is pro-
portional to the normalized Mn spin polarization 2 /5�Sz� ac-
cording to Eq. �2�. Both excitonic lines of QD1 and QD2
undergo the same energy shift, which strongly deviates from
the Brillouin like giant Zeeman effect. This shift is smaller
than expected at low field, undergoes a steep transition at a
critical field of about Bc=4 T and finally smoothly reaches
the usual saturation above 4 T �Bc is defined by the inflexion
point of excitonic Zeeman shift curve�. In �− polarization,
the excitonic lines follow a symmetric energy shift toward
high energy. The intensities of these lines decrease as a func-
tion of magnetic field so that they cannot be observed any-
more above 2 T.

According to Eq. �2�, the exciton energy shift is a probe of
Mn spin orientation �Sz� and consequently of Mn spin tem-
perature �Eq. �1��. Below the transition field Bc, data are in
good agreement with a Brillouin function calculated for
TMn=55 K corresponding to the photocarrier effective tem-
perature �see Sec. III B�. Above Bc, the data tend to reach a
Brillouin function calculated for TMn=7 K corresponding to
the lattice temperature �at high field, the small difference
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FIG. 1. �Color online� �a� �-PL spectra of two Cd�Mn�Te QDs �QD1 and QD2� with xMn=1.5% at T=7 K and recorded in �+

polarization. For each dots excitonic lines �labeled by X� are plotted from B=0 T to 11 T; The two lines shifted by 11 meV toward low
energy may correspond to biexcitonic lines or charged state of QD1 and QD2 �see text�. The spectra are recorded every 0.5T. �b� Mn spin
orientation 2 /5�Sz� obtained from the normalized energy shift of the excitonic line of QD1 �see Eq. �2�� as a function of B at T=7 K for �+

�red solid circles� and �− �red open circles�. The black solid line is the numerical calculation based on the model described in Sec. III B and
performed with the following parameter set as defined in the text: Tlat=7 K, Tcar=55 K, 1 /T1=2�105 s−1, ncar=8�107 cm−2, xMn

=1.5%, Lz=1.5 nm and �=0.8 �holes�. The blue and red dashed lines are two Brillouin functions at TMn=7 K and TMn=55 K, respectively.
The arrow indicates the transition from hot to cold at Bc=4 T �defined by the inflexion point�. The black dotted line is a numerical
calculation assuming constant flip-flop transitions probabilities Wk

� and a magnetic field dependent spin-lattice relaxation T1 �see Fig. 2�c�
and Sec. IV B�. �c� Excitonic Zeeman shift of QD1 plotted as function of the lattice temperature for 3 different magnetic fields below �0 and
2 T� and above �5.5 T� Bc. The Zeeman shifts have been corrected from the few meV redshift due the band-gap variation with temperature.
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between the data and the Brillouin function is discussed in
Sec. IV B�. Mn spins are hot below Bc and cold above. Thus
we have a magnetic field dependent thermal equilibrium of
Mn spins with a steep transition from the hot to the cold
regime.

Another way to reveal the anomalous behavior of the Mn
temperature is to study the temperature dependence of the
excitonic Zeeman shift for given magnetic fields �see Fig.
1�c��. The Zeeman shifts have been corrected from the few
meV redshift due the band gap variation with temperature.
Below Bc �B=2 T�, we observed a small blue shift with the
lattice temperature because the Mn temperature is mainly
controlled by the photocarrier one �Tcar=55 K�. By contrast,
above Bc �B=5.5 T� the Mn temperature increases with the
lattice one following a Brillouin like behavior �see Fig. 1�c��.

B. Model

In previous works on concentrated magnetic QDs �typi-
cally above 7%�, deviations from Brillouin like giant Zee-
man effect have been observed and attributed to the forma-
tion of the magnetic polaron �MP� �i.e., partial orientation of
Mn spins in the exchange field of zero-dimensional �0D�
photocarrier located in the QDs�.21,22 The behavior observed
here cannot be attributed to the formation of MP because it
should present a strong blue shift at zero magnetic field as
the lattice temperature increases.21 Such effect is not ob-
served in our case �see Fig. 1�c��. Moreover, no energy shift
has been observed in the single dot time resolved photolumi-
nescence, which would have been a fingerprint of the MP
formation time. Furthermore, from theoretical point of view

the MP formation is rather unlikely in the low Mn concen-
trated QDs studied here.23

To explain the experimental results, we consider that Mn
spins, randomly distributed in the QDs and in the WL, are
heated by hot photocarriers generated by the non resonant
laser excitation. To describe Mn spin dynamics, we take into
account the spin lattice interaction and the spin carrier flip-
flop mechanisms. The relevant time scale of these processes
are typically in the microsecond range �see Fig. 2�c��. As a
consequence, the Mn spin distribution is expected to be the
same in the WL and in the QD due to faster spin-spin inter-
action and spin diffusion processes.10,24 In this picture the
QD acts as a local probe of the Mn spin orientation, which
results from the simultaneous interaction of Mn with two
thermostats �see Fig. 2�a��. The first one is the lattice at a
temperature Tlat, which interacts with Mn at a rate T1

−1 where
T1 is the spin-lattice relaxation time.25 The second one is
composed by the hot photocarriers generated in the WL, de-
scribed as a Fermi-distributed 2D carrier gas at a temperature
Tcar. The coupling between Mn spins in the wetting layer and
photocarriers results from mutual flip-flop mechanisms. Its
magnetic dependence is due to the giant Zeeman splitting of
the photocarrier spin subbands, which spin polarizes the pho-
tocarriers at high magnetic field �see Figs. 2�a� and 2�b��.
Consequently, the steady state of Mn spins results from a
dynamic equilibrium with two thermostats.

For 0D carriers confined on discrete levels in the QD,
flip-flop mechanisms with Mn spins are forbidden because
the energy conservation cannot be fulfilled when the levels
are split by a giant Zeeman splitting much larger than the Mn
Zeeman energy. They do not participate to the Mn heating
process.

FIG. 2. �Color online� �a� Scheme of the interactions at stakes in the system. Mn spins interact with two thermostats: the lattice and the
photocarriers. The QD acts as a local probes of the magnetic order; �b� Top: Two of the six Zeeman levels of a 5/2 Mn spin under a magnetic
field B	0. Wk

� are the transition probabilities between two levels due to flip-flops with photocarriers. Bottom: Density of occupied states for
the 2D photocreated carrier gas and principle of the spin heating process. For B
Bc, mutual spin flips of carriers with Mn are allowed. But
for B	Bc the flip-flop mechanism is forbidden and the heating process is switched off; �c� Averaged flip-flop transition probabilities We,h

defined in Sec. IV B and spin lattice relaxation rate T1
−1 estimated from Ref. 31 for xMn=1.5% �blue dotted line� plotted as function as

magnetic field. The red solid line shows Wh calculated for holes with the parameter set given in Fig. 1 and J=�. The red dashed line shows
We calculated for electrons with the parameters given in caption of Fig. 1, �=1 and J=� �see Sec. IV B�.
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The behavior of the system can be well understood within
a few qualitative arguments. First, looking at Fig. 2�b�, one
can understand why Mn are only heated at low-magnetic
field: mutual spin flips between Mn and 2D carriers are al-
lowed and give rise to an energy transfer from hot carriers to
Mn spins. For example, a transition from spin up to spin
down subband for photocarriers leads to a transition from Sz
to Sz+1 for Mn spins �see Fig. 2�b��. At sufficiently high B,
the giant Zeeman splitting �E is large enough to polarize
almost completely the 2D carriers. As the magnetic field in-
creases, the Mn Zeeman energy becomes smaller than the
spin splitting �E: mutual spin flips are blocked and the heat-
ing process is switched off. The Mn-carrier interaction is
thus, modulated by B.

The steepness of the transition from hot to cold at Bc is
explained by the existence of a positive feedback loop be-
tween Mn and 2D carriers. As the Mn orientation �Sz� in-
creases, the splitting �E and the polarization of the 2D car-
riers increase. In return a reduced heating of the Mn system
occurs due to a decreasing number of flip-flop events; this
induces a further increase in the initial Mn orientation �Sz�.
Without such feedback loop in the Mn heating process, the
calculated transition from the hot to the cold regime is al-
ways smoother than the one observed experimentally.

This dynamic equilibrium is well described by the rate
equations of the six Zeeman populations of Mn spins Nk and
by finding numerically their stationary solutions:

�Nk

�t
= −

1

T1
�Nk − Nk

eq� + Wk+1
− Nk+1 + Wk−1

+ Nk−1

− Wk
−Nk − Wk

+Nk for k = Sz = �
5

2
, �

3

2
, �

1

2
.

�3�

The first term of the right hand side describes the interaction
with the lattice �Fig. 2�a��. Nk

eq is the thermal equilibrium
value of Nk, which causes �Sz� to be equal to a Brillouin
function at TMn=Tlat when only considering the lattice ther-
mostat. All the other terms of the right hand side depending
on Wk

� describe the interaction with the photocarrier reser-
voir. Wk

� are the transition probabilities between two Zeeman
levels of Mn spins �Figs. 2�b� and 2�c��. They account for the
flip-flop mechanism between Mn spins and 2D carrier spins
which are created in the WL, described as an infinitely deep
2D QW. This mechanism is due to the dynamic part of the
sp-d exchange Hamiltonian between Mn and 2D photocre-
ated carriers:8,11,26

Hsp−d = 	
Ri
�

J
�r� − Ri
����zSz + �

1

2
��+S− + �−S+�� , �4�

where S� , �� are the spin operators for Mn and carriers, res-
pectively, J is the exchange integral �J=� for electrons and
J=� for holes�, Ri

� are the coordinates of Mn ions. In the
Hamiltonian, the first term gives rise to the giant Zeeman
splitting �E in the WL �see Fig. 2�b��, whereas the second
one describes the flip-flop mechanisms between photocar-
riers and Mn. �E at saturation is proportional to the effec-

tive Mn composition calculated from xMn using Ref. 27. The
rate equations are solved by taking into account simulta-
neously both type of carriers. For electrons, the spin is iso-
tropic so �=1. For holes, we introduce an effective parameter
0
�
1 describing the valence band mixing between
light holes and heavy holes in the wetting layer.28,29 For
electrons and holes, Wk

� can be derived from the Fermi
golden rule using Eq. �4�:

Wk
+ = ak

3�

�
�2J2
D

Lz
�2

kTcar
ln�x1 + x2� − ln�1 + x2�

x1 − 1
,

where x1 = exp
gMn�BB

kTcar
�, x2 = exp
�E/2 − Ef

kTcar
� , �5�

Wk+1
− = Wk

+exp
+
gMn�BB

kTcar
� , �6�

where k=−5 /2, �3 /2, �1 /2 and ak numerical coefficients:
a−5/2=a3/2=5 /4, a−3/2=a1/2=2, a−1/2=9 /4. Lz is the WL

width, D=
mcar

�

2��2 is the density of states for one spin subband
of the WL �mcar

� =0.1m0 for electrons, mcar
� =0.25m0 for

holes where m0 is the free electron mass�. Tcar is the tempera-
ture of the carrier gas and Ef its Fermi energy:

Ef = kTcar ln
�cosh2
 �E

2kTcar
� + exp
ncar/D

kTcar
� − 1

− cosh
 �E

2kTcar
�� , �7�

ncar is the carrier density generated in the WL. For low den-
sities, Ef is located in the band gap and the Fermi distribu-
tions look like Boltzmann ones �see Fig. 2�b��. �E is the
giant Zeeman splitting between the two carrier spin subbands
�electron or hole� �see Fig. 2�b��. In Eq. �6�, the ratio of Wk

+

to Wk+1
− is equal to exp�−

gMn�BB

kTcar
�. Let’s note that the photo-

carriers behaves as a real thermostat at Tcar. Thus the Mn
average spin �Sz� follows a Brillouin function at T=Tcar when
only considering the carrier thermostat. Taking into account
the energy conservation during flip-flop processes requires a
complete derivation of Wk

�. We perform such a derivation by
contrast with previous works.8,11

C. Sensitivity to the experimental parameters

The dynamic equilibrium of Mn can be seen as an effec-
tive Mn spin temperature which is the average of Tlat and Tcar
weighted by the spin flip rates T1

−1 and Wk
� respectively. Be-

cause Wk
� decrease while increasing B �Fig. 2�c��, this effec-

tive temperature goes from Tcar to Tlat approximatively �Fig.
1�b��. The switching from the hot to the cold regime results
from the crossing between the flip-flop transition probabili-
ties �Wk

�� and the spin lattice relaxation rate 1 /T1 �see Fig.
2�c��. The decrease of Wk

� results from the rising polarization
of the carrier gas �Fig. 2�b��. This polarization can be essen-
tially controlled by three variables; the lattice temperature
Tlat, the photocarrier density ncar and the Mn concentration
xMn. We performed experiments by changing intentionally
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these 3 key parameters �see Figs. 3 and 4�. A quantitative
agreement between the calculation �solid lines� and the data
�symbols� is obtained for all experimental data performed at
low power. The detail of the parameter set used in the model
is described in Sec. IV B.

Figure 3�a� shows the exciton Zeeman shift in �+ polar-
ization of QD1 �1.5% sample� for two cryostat temperatures.
The transition is less abrupt at T=30 K �which corresponds
to Tlat� than for T=7 K �same data as shown in Fig. 1�b��.
Since T is higher, the effective Mn temperature is higher and
the variation of the Zeeman shift with magnetic field is soft-
ened. Figure 3�b� shows the exciton Zeeman shift in �+ po-
larization of QD1 at T=7 K for different excitation powers.
Since, the carrier density ncar is proportional to the excitation
power P, Bc rises with P. Indeed, the higher the carrier den-
sity, the more difficult it is to polarize them. As discussed in
Sec. IV B for high-power densities, the calculated values of
Bc are larger than the experimental ones.

Figure 4�a� and 4�b� show a series of �-PL spectra of
single QD for samples containing a larger Mn concentration
�respectively, 3.5% and 5.5%�. The spectra have been re-
corded at 7 K in �+ polarization for different magnetic fields
between 0 and 11 T. The linewidth in zero field �respectively,
6 and 10 meV� increases as expected with the Mn concen-
tration. In Fig. 4�c�, we show the magnetic field dependence
of the excitonic Zeeman shift for single dots of the different
samples. The reported giant Zeeman shifts are normalized by
�EX

sat=33 meV for xMn=3.5% and by �EX
sat=38 meV for

xMn=5.5%. We observe that Bc decreases when xMn in-
creases. The higher xMn, the higher �E, so that the carriers
are immediately polarized at low magnetic fields �see Fig.
2�b�� and Bc is almost zero. By contrast, for very low xMn
�not shown here�, carriers are never completely polarized and
Bc is very large �Bc is infinite in the limit of a single Mn ion,
see Ref. 1�. This qualitative description corresponds in the
model to the decrease in the flip-flop transition probabilities
�Wk

�� with magnetic field �see Fig. 2�c��. As a consequence,
only a small range of Mn concentrations allows observing
the transition from hot to cold regimes.
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FIG. 3. �Color online� The red and blue symbols corres-
pond to experimental data and the solid black lines to numerical
calculations. �a� B dependency of 2 /5�Sz� for two cryostat tem-
peratures T=7 K �same data than in Fig. 1�b��, T=30 K �solid
blue and open red circles, respectively� Both spectra have been
taken with an excitation power of 32 �W. The fitting param-
eters at T=30 K are equal to the ones at T=7 K �see Fig.
1�b��, except Tcar equal to 80 K. �b� B dependency of 2 /5�Sz�
at T=7 K for different laser powers P. We use the parameter
set given in the caption of Fig. 1�b� and we change only the
carrier density ncar=0.5,0.75,1.5,5�108 cm−2 �from top to bot-
tom�, proportionally to the excitation power. Blue dashed and red
dash-dotted lines are two Brillouin functions at TMn=7 and 55 K,
respectively.
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�-PL spectra of a Cd�Mn�Te QD with a nominal Mn concentration xMn=5.5% recorded at T=7 K in �+ polarization. Excitonic lines are
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IV. DISCUSSION

A. Main features of the model

A similar model has been developed for quantum wells in
Ref. 11 using an analytical approach. By contrast with the
latter, the model presented in this paper allows �i� to describe
the Mn dynamics even when the temperature difference be-
tween the two thermostats is large and �ii� to explicitly ac-
count for the energy conservation during flip-flop events.
These improvements have been performed at the expense of
a numerical resolution of the rate equations. It has to be also
mentioned that, we did not take into account an eventual out
of equilibrium spin distribution of the photocarriers.11 It
could be incorporated within our calculations without chang-
ing the physical interpretation of the data and the main con-
clusions of this paper.

B. Parameters of the model

We will finally discuss the parameters of the model. It is
interesting to note that numerical calculations account for all
data with a single set of parameters. Among the seven pa-
rameters �see caption of Fig. 1�b�� used in the model, four of
them were estimated from experimental features, Tlat from
the cryostat temperature T, T1

−1 from literature, xMn and Lz
from molecular beam epitaxy informations. Let’s note that in
the different samples the QD’s excitonic shifts at saturation
are in good agreement with the nominal Mn concentration
determined by MBE. The three other ones, Tcar, ncar and �
were used as fitting parameters in the numerical calculations.

In all fits, the lattice temperature Tlat has been taken equal
to the cryostat temperature T except for high Mn concentra-
tions: For xMn=3.5%�5.5%�, we had to take respectively
Tlat=10 K �12 K� for a cryostat temperature of 7 K. This
difference could be explained by an indirect Mn heating by
phonons generated by the non resonant excitation.30,31 This
small increase in the lattice temperature plays a minor role in
the abrupt transition induced by the direct heating underlined
in this work �flip-flop mechanism with carriers�.

The dependence of T1 on xMn, Tlat, and B has been esti-
mated interpolating data of literature.25,32,33 The increase of
1 /T1 with xMn �see caption of Fig. 4� contributes to the low
value of Bc for the high Mn concentration. Following
reference,33 T1

−1 rises with magnetic field due to the influence
of the phonon density of states �see Fig. 2�c��. However, we
cannot fit the experimental data assuming a constant spin
heating rate Wk

� and an increasing T1
−1 with magnetic field

�see dotted line in Fig. 1�b��. This highlights the necessity to
take into account magnetic field dependant flip-flop transi-
tion probabilities. Wk

� are also proportional to Lz
−2 �Eq. �5��.

Due to more confined carrier wave functions, Wk
� is en-

hanced as we reduce the system dimensions11 i.e., from
quantum wells �Ref. 11� to very thin 2D wetting layers �this
work�.

The parameter Tcar is determined by fitting the data before
Bc with a Brillouin function. It has been found as high as 55
K. This value is higher than the reported value in previous
works, but one has to consider that we used a �-PL setup,
which generates high excitation power densities typically

100 times higher than the ones used in macro-PL setups.11

For the measurements performed with a cryostat temperature
T=30 K, we found a larger carrier temperature Tcar=80 K.
This may result from a lower efficiency of the electron-
phonon processes, which relax the energy of hot carriers in
the wetting layer.

The parameter ncar results from a fit of the data obtained at
low excitation power. There is a good agreement for ncar
varying from 5�107 to 8�107 cm−2 �see Figs. 1�b� and 3�.
For higher excitation powers �Fig. 3�b��, ncar was adjusted
according to the variation in the excitation power. In agree-
ment with the experiment, Bc increases with the excitation
power. However, the calculated values of Bc are larger than
the experimental ones for P�60 �W.

With low-photocarrier densities of about 107 cm−2, the
2D density of states of the WL, which parametrizes the flip-
flop transition probabilities, is surely modified by disorder.
However, we would like to emphasize that the flip-flop
mechanisms between Mn and photocarriers are not sup-
pressed by disorder providing that �i� a quasi-continuum of
density of states remains in the WL in order to fulfill the
conservation of Zeeman energy, and �ii� the bands are popu-
lated by out of equilibrium carrier distributions, not neces-
sary described by an effective carrier temperature. A com-
plete calculation would require to replace the flip-flop
transition probabilities Wk

� given by Eq. �5� by expressions
taking into account disorder modified density of states and
non Boltzmann carrier distributions. Moreover, the two ther-
mostats �phonons bath and photocarriers� are not indepen-
dent of each other. The coupling between them has not a
direct influence as long as they behave as thermostats char-
acterized by two different temperatures. This description
may become inadequate at high excitation power. In that
case a more complete model describing the dynamical equi-
librium between photocarriers, phonons, laser excitation and
Mn spins has to be considered. Such a model is beyond the
scope of this paper dedicated to the low excitation power
conditions. We just demonstrate here that the coupling be-
tween photocarriers and Mn in the WL can account consis-
tently �i.e., with a reasonable set of parameters� for the
abruptness of the experimental hot to cold transition under
magnetic field. This justifies why we performed a calculation
using a restrictive assumption such as a 2D Fermi gas.

The last free parameter is �, which parametrizes the flip-
flop transition probabilities Wk

�. Figure 2�c� shows the mag-
netic field dependence of averaged values of Wk

�, defined for
electron and holes by

We,h =
Wk

+ + Wk+1
−

ak
. �8�

They are calculated for electrons and holes with the param-
eter set given in the caption of Fig. 1 and compared with the
spin lattice relaxation rate T1

−1 estimated for xMn=1.5% using
data of Ref. 33. For electrons, �=1, J=� with N0�
=220 meV �Refs. 14 and 15� and the variation of Wk

� is not
large enough to explain the transition from a hot regime to a
cold one. By contrast, for holes � is a fitting parameter and
we found �=0.8. Using J=� with N0�=−880 meV,14,15 �E
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is large enough to create a great variation of Wk
� on a small

range of magnetic fields, due to the positive feedback loop
�see Fig. 2�c��. Holes are thus responsible for the transition
from a hot to a cold regime, while electrons mainly induce a
constant spin heating effect, independent of magnetic field. A
signature of this constant heating can be seen on Fig. 1�b�
above Bc, where the fit is not superposed with the cold Bril-
louin function. Numerical calculations demonstrate the im-
portant role played by holes in the heating process through a
nonzero value of �, which corresponds to a heavy-light hole
mixing �induced by strain inhomogeneities in the WL�. The
large value of � taken in our model might describe the mul-
tiple flip-flops of one hole with several Mn spins.34

Finally let’s note that the critical magnetic field Bc, de-
fined by the crossing between the flip-flop transition prob-
abilities and the spin lattice relaxation rate, can only be ob-
served for specific conditions of nonresonant excitation
powers and Mn concentrations.

V. CONCLUSION

In conclusion, single QDs can act as a very sensitive
probe of Mn orientation: we observed a dynamic equilibrium

of Mn spins, which results from a highly nonlinear spin heat-
ing process. This process is well described by a positive
feedback loop �modulated by B� with photocarriers created
in the WL underneath QDs. It appears this direct heating is
mainly provided by holes. This nonlinear effect is crucial for
nanometer-sized quantum systems. First the small size
strongly increases the Mn-carrier interaction. Second the
number of Mn at stakes is limited: when dealing with only
few Mn, namely for Mn concentration between 1 and 4% the
direct heating is the preponderant mechanism. For instance
in the ultimate limit, a single Mn spin is constantly heated by
surrounding carriers. This demonstrates the great importance
to control the QD coupling with its local environment in
order to manipulate few Mn spins in QDs.
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