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A detailed analysis of the photoluminescence (PL) intensity distribution in singly Cr-doped CdTe/ZnTe quantum
dots (QDs) is performed. First of all, we demonstrate that hole-Cr flip-flops induced by an interplay of the hole-Cr
exchange interaction and the coupling with acoustic phonons are the main source of spin relaxation within the
exciton-Cr complex. This spin flip mechanism appears in the excitation power dependence of the PL of the
exciton as well as in the intensity distribution of the resonant PL. The resonant optical pumping of the Cr spin
which was recently demonstrated can also be explained by these hole-Cr flip-flops. Despite the fast exciton-Cr
spin dynamics, an analysis of the PL intensity under magnetic field shows that the hole-Cr exchange interaction
in CdTe/ZnTe QDs is antiferromagnetic. In addition to the Cr spin dynamics induced by the interaction with
carriers’ spin, we finally demonstrate using time resolved optical pumping measurements that a Cr spin interacts
with nonequilibrium acoustic phonons generated during the optical excitation inside or near the QD.
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I. INTRODUCTION

Individual spins in semiconductors are promising for the
development of quantum technologies based on solid state
devices. Important progress have been made recently for spins
of carriers confined in nanostructures [1] and for electronic
and nuclear spins localized on individual defects [2]. Di-
luted magnetic semiconductor systems combining high quality
nanostructures and the properties of localized spins on transi-
tion metal elements are alternative good candidates for the
development of such single spin quantum devices. Optically
active quantum dots (QDs) containing individual or pairs of
magnetic dopants can be realized both in II-VI [3-7] and III-V
[8,9] semiconductors. In these systems, since the confined
carriers and magnetic atom spins become strongly mixed, an
optical excitation of the QD can affect the spin state of the
atom offering possibilities for a probing and a control of the
localized spin [10,11].

The variety of 3d transition metal magnetic elements that
can be incorporated in conventional semiconductors gives a
large choice of localized electronic and nuclear spins as well
as orbital momentum [3,12-14]. For a given semiconductor
nanostructure, the spin properties resulting from the exchange
interaction between the confined carriers and the incorporated
magnetic dopant strongly depend on the filling of the 3d
orbital of the atom. The choice of a particular magnetic
element can then be adapted for a targeted application. This
approach opens a diversity of possible use of individual spins
in diluted magnetic semiconductor nanostructures for quantum
information technologies or quantum sensing.

Among these magnetic atoms, chromium (Cr) is of par-
ticular interest [14]. It incorporates in II-VI semiconductors
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as Cr** carrying an electronic spin S =2 and an orbital
momentum L = 2. Moreover, most Crisotopes have no nuclear
spin. This simplifies the spin level structure and the coherent
dynamics of its electronic spin [15]. With bi-axial strain, the
ground state of the Cr is expected to be an orbital singlet with
a spin degeneracy of 5. The Cr feature both spin and orbital
degrees of freedom and the orbital momentum of the Cr atom
connects its spin to the local strain through the modification of
the crystal field and the spin-orbit coupling. This spin to strain
coupling is more than two orders of magnitude larger than for
elements without orbital momentum (NV centers in diamond
[16], Mn atoms in II-VI semiconductors [17]).

In analogy with the spin structure of NV centers in diamond,
the spin states S, = +1 of a Cr in a QD form a spin qubit
coupled to in-plane strain [18]. The Cr spin is therefore a
promising system for the realization of hybrid spin-mechanical
devices in which the motion of a mechanical oscillator would
be coherently coupled to the spin state of a single atom
and probed or coherently controlled through this interaction
[16,19,20].

The optical probing and some optical control of the spin
of an individual Cr atom incorporated in a CdTe/ZnTe QD
such as resonant optical pumping and optical Stark effect, were
recently demonstrated [14,21]. In these first reports the exci-
tation power dependence and the magnetic field dependence
of the intensity distribution in the photoluminescence (PL) of
the exciton in Cr-doped QDs as well as the mechanism of
resonant optical pumping of the Cr spin were not analyzed.
The PL intensity distribution and the pumping mechanism are
a consequence of the spin dynamics of the Cr alone in the
empty QD and of the dynamics of coupled carriers and Cr spins
when the QD contains an exciton. The spin dynamics of highly
diluted magnetic atoms in a semiconductor host is controlled by
(i) the spin-spin coupling with carriers and (ii) the interaction
with acoustic phonons (spin lattice coupling) [22]. We discuss
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in this paper how these two spin relaxation mechanisms affect
the optical properties of singly Cr-doped CdTe QDs.

After a short presentation of the samples and experiments in
Sec. Il we describe in Sec. III the excitation power dependence
of the exciton-Cr PL intensity. It presents a nonintuitive
behavior with an increase of the ratio of the PL intensities
of the central and outer lines at high excitation power. We
interpret this evolution as resulting from a transfer towards
the Cr spin state S, = 0 which is enhanced by the presence
of the exciton in the QD. Time resolved resonant PL in the
regime of optical pumping directly evidence efficient transfer
from S, = £1 to S; = 0. As a result, the exciton PL intensity
cannot be simply considered as a probe of the spin state of
the Cr atom. Despite this fast exciton-Cr spin dynamics which
perturbs the Cr spin before the exciton recombination, the PL
intensity distribution under magnetic field presented in Sec. IV
shows that the hole-Cr exchange interaction in CdTe/ZnTe QDs
is antiferromagnetic. With this antiferromagnetic interaction,
we propose in Sec. V amechanism which explains the observed
transfer towards S; = 0 and the resonant optical pumping of the
Cr spin. Itis based on hole-Cr flip-flops induced by an interplay
of the hole-Cr exchange interaction and the coupling with the
strain field of acoustic phonons. Finally in Sec. VI, using a
spatially resolved two wavelength pump-probe experiment,
we demonstrate that the dynamics of the Cr spin is also
strongly affected by nonequilibrium phonons generated during
the optical excitation.

II. SAMPLES AND EXPERIMENTS

To optically access an individual magnetic atom, Cr are
randomly introduced in CdTe/ZnTe self-assembled QDs dur-
ing their MBE growth [14,23]. A low density of Cr is chosen
to allow for the detection of QDs containing zero, one or a
few Cr atoms. The PL of individual QDs is studied by optical
microspectroscopy at low temperature (T =5 K). The PL
is excited with a continuous wave (cw) dye laser tuned to
an excited state of the QD, dispersed and filtered by a 1 m
double spectrometer before being detected by a Si cooled
multichannel charged coupled device (CCD) camera or a fast Si
avalanche photodiode with a time resolution of about 350 ps.
A magnetic field can be applied along the QD growth axis.
A single-mode dye ring laser can also be tuned on resonance
with the ground state of the exciton to perform time resolved
resonant optical pumping experiments. In such experiments,
trains of resonant and nonresonant light pulses with variable
durations and wavelengths are generated from the cw lasers
using acousto-optical modulators with a switching time of
about 15 ns. The relative position of the sub-um pump and
probe laser spots can also be precisely controlled within a
10 pm range.

The PL spectra of an exciton in a Cr-doped QD (X-Cr) is
reported in Fig. 1(a). Because of the large magnetic anisotropy
of the Cr spin induced by the bi-axial strain in the plane of
self-assembled QDs, the Cr spin thermalizes on the lowest
energy states S; = 0 and S; = 1. The magnetic anisotropy
can be described by a spin effective Hamiltonian DoSZZ where
z is the QD growth axis. This parabolic splitting shifts the
S, = %2 spin states to high energy and no contribution of these
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FIG. 1. (a) PL of the exciton in a Cr-doped QD (QD1) for
three different excitation powers at 7 = 5 K. (b) Excitation power
dependence of the PL intensities of the different exciton-Cr lines.
The solid line is a linear fit. (c) Excitation power dependence of the
PL intensity ratios of the central and low energy lines (/c)//1g)) and
central and high energy lines (Ic)/Iug))-

states is observed in the PL in the investigated temperature
range.

The exchange interaction with the spin of the bright excitons
(JUnte) or [ftnle)) further splits the Cr states S, = %1
[14]. The PL of a Cr-doped QD is then dominated by three
emissions lines, the two outer lines associated with the Cr
spin states S, = =1 [labeled (LE) and (HE)] and the central
line corresponding to S, = 0 [labeled (C)]. Most of the dots
also present a low symmetry and the central line associated
with S, = 0 is split by the electron-hole exchange interaction
and linearly polarized along two orthogonal directions (see for
instance QD2 in Fig. 2). This is the fine structure splitting
usually observed in nonmagnetic QDs. An additional line,
labeled (D), often appears on the low-energy side of the exciton
PL spectra. It arises from a dark exciton (|}, 1) or | Jnde))
which acquires some oscillator strength by a mixing with a
bright exciton associated with the same Cr spin state [14].
This bright-dark mixing can be induced by the electron-hole
exchange interaction in a confining potential of symmetry
lower than C,, [24].

III. PL INTENSITY DISTRIBUTION IN A CR-DOPED QD

In magnetic QDs, the PL intensity distribution on the
different exciton lines is a probe of the spin state of the

155301-2



DYNAMICS OF A Cr SPIN IN A SEMICONDUCTOR ...

PHYSICAL REVIEW B 97, 155301 (2018)

— T Exc.
"x e (a) (b) Non Res. n u Res. ¢ L
y
Det. 1 (HE)
Det. o
T —— Det.(LE)
-~ — Det. (O)
C >
= wp | 9 g
= -
2 ®) =
=
QD2
1 1 1 1 1
1999.0 2000.0 2001.0 2002.0
Energy (meV) c
] ( ) Non Res. |_| Res. |_
@ ©
| \ —— Det.(O)
1000(- " | 3
-~ \ = s
El El -~
ilm® st E _h
E [ E =
= I = B
&~ 1 a )
s001- ’ P=200pW
)
° M‘ 12
oF .,.J P=1suW ‘ ‘

1
1000 1200 1400 1600 500 1000 1500
Time delay (ns) Time delay (ns)

I
0.0 0.3
Detuning (meV)

FIG. 2. (a) Linearly polarized PL spectra of the exciton in a
Cr-doped QD (QD?2) and configuration of the resonant excitation and
detection in the optical pumping experiments. (b) and (c) resonant
optical pumping experiment on QD2 for cross-circularly polarized
excitation detection (b) and cross-linearly polarized excitation detec-
tion (c). (d) Energy detuning dependence of the resonant PL intensity
(I, at the beginning and I, at the end of the pump pulse) detected
in (C) for cross-linearly polarized excitation detection. (e) Excitation
power dependence of the resonant PL transient detected in (C) for
cross-linear excitation detection.

magnetic atom when the exciton recombines. For a Cr-doped
QD, the exciton-Cr PL intensity distribution depends both on
the thermalization on the spin states of the magnetic atom
when the QD is empty and on the exciton-Cr spin relaxation
during the lifetime of the exciton. In the absence of charge
fluctuations in the QD, the first mechanism is only controlled by
the interaction with acoustic phonons and can eventually lead
to an effective spin temperature larger than the temperature
of the lattice if nonequilibrium phonons are present in the
system.

When an exciton is present in the QD, the spin dynamics re-
sults from carrier-Cr spin flip-flops and spin-phonon coupling.
Under injection of spin polarized carriers, the carrier-Cr spin
flip-flops can be responsible for an eventual optical orientation
of the magnetic atom spin [4,25]. We show here that both
the PL intensity distribution under nonresonant excitation and
the fluorescence obtained under resonant excitation suggest
an efficient spin transfer within the exciton-Cr complex from
the spin states S, = +1 to S, = 0. The excitation power
dependence of the intensity distribution confirms that these
spin transfers arise from carrier-Cr spin-flips.

A. PL intensity distribution under nonresonant excitation

Figure 1 presents the excitation power dependence of the
PL of the exciton in a Cr-doped QD. After a nearly linear
evolution at low excitation power all the X-Cr PL lines present
a saturation at high excitation when a biexciton starts to be
created in the QD [Fig. 1(b)]. The saturation is slightly faster for
line (D) which is mainly a dark exciton. This is a consequence
of its longer lifetime which results in a larger probability to
form a biexciton. A detailed analysis of this measurement
reveals that the ratio of the PL intensity of the central line and
the low or high energy lines (/c)/Iqg) and Ic)/Iur)) depend
on the excitation power. With the increase of the excitation
power we first observe a slow decrease of these ratio before
they quickly reincrease at high excitation power.

The initial decrease of these ratio which corresponds to
a slightly faster increase of the intensity of the two outer
lines compared to the intensity of the central line, corresponds
to an increase of the effective spin temperature of the Cr
spin. The localized spins in a diluted magnetic semiconductor
are coupled to the carrier reservoir through the exchange
interaction and to the phonon reservoir through the spin lattice
coupling. An efficient interaction with phonons is indeed
expected for magnetic atoms with an orbital momentum, like
Cr, which are sensitive to the fluctuation of their local strain
environment (large spin-to-strain coupling). An increase of the
effective spin temperature of the magnetic atoms is then the
expected behavior when unpolarized carriers and/or acoustic
phonons are optically injected in the QD [22]. The strong
influence of the direct coupling of the localized spin of the
Cr with nonequilibrium acoustic phonons generated during the
optical excitation will be confirmed in the last part of this paper
and is likely to be responsible for the observed spin heating.

The fast increase of the ratio of the PL intensities observed
at high excitation power where the central line dominates the
PL spectra [Fig. 1(a)] is more puzzling. It goes against the
expected evolution for an increase of the Cr spin temperature
at high excitation power. This evolution suggests an efficient
transfer from the high energy states with S, = £1 to the low
energy states with S, = 0. This transfer is enhanced by the
probability of the presence of an exciton in the QD. Some
carrier-Cr spin-flips are then at the origin of this relaxation
process towards S, = 0.

B. Intensity distribution of the resonant PL

To confirm the presence of this spin transfer mechanism
induced by the exciton in the QD, we analyzed the PL
intensity distribution under resonant excitation. It was recently
demonstrated that the spin of an individual Cr atom can be
efficiently pumped under resonant optical excitation [21]. In
these experiments, the initialization of the Cr spin which takes
place in a few tens of ns was detected in the resonant PL
of the QD emitted after a spin-flip of the exciton conserving
the Cr spin. However, no specific spin-flip mechanisms where
identified to explain this resonant optical pumping process.

In order to analyze more in detail the distribution of the
resonant PL during the optical pumping process we used a two
wavelength pump-probe experiment (see Fig. 2). A circularly
polarized single mode laser (called resonant pump) tuned on
resonance with an exciton-Cr line is used to pump the Cr
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FIG. 3. (a) Diagram of the energy levels in a Cr-doped QD (Cr
alone and exciton-Cr). Only the three low energy Cr spin states S, = 0
and S, = %1 are presented. Both the bright excitons (| 1}, J.) in blue
and | §,1.) inred) and the dark excitons (|}, 1) or | 41 .) in green)
are presented. Res. Exc. stands for the energy of the laser used in
the resonant optical pumping experiments. (b) PL intensity map of
the magnetic field dependence of the exciton in QDI in the Faraday
configuration. (c) Circularly polarized PL spectra at B, =0 T and
B, = 7T in 0+ and o — polarization.

spin (i.e., empty the spin state under resonant excitation). A
second laser, which is here tuned on an excited state of the
QD (called probe), injects high energy unpolarized excitons
which relax toward the ground states of the QDs by emitting
an avalanche of acoustic phonons. The interaction with the
injected unpolarized carriers and/or acoustic phonons drives
back the Cr to an effective spin temperature where the three
ground states S; = 0 and S, = %1 are populated [21].

Under circularly polarized resonant excitation of the high
energy exciton-Cr line, a weak PL is observed in cross-
circular polarization on the low energy bright exciton line
after a spin-flip of the exciton conserving the Cr spin. In this
experimental configuration the same spin state of the Cr is
excited and detected [see the energy level diagram presented in
Fig. 3(a)]. The intensity transient observed during the resonant
PL [Fig. 2(b)] directly reflects the pumping of the Cr spin state
under excitation (S, = +1 or §; = —1).

However, as presented in Fig. 2(b), during this resonant
pumping process a luminescence is also observed on the central
lines (linearly polarized bright excitons resulting from the
mixing of |0)| 1, d) and [0)| Y1 1.)). This resonant PL presents
a transient with a similar time scale and amplitude as the one
detected on the low energy line. The steady state level of the
resonant PL detected on S, = 0 is however much lager than for
a detection on the low energy bright exciton. This steady state
PL intensity is strongly reduced under cross linearly polarized
excitation and detection [Fig. 2(c)].

The central line in a Cr-doped QD is split by the electron-
hole exchange interaction (long range and/or short range
exchange interaction in the presence of valence band mixing)

and linearly polarized along two orthogonal directions. For
a circularly polarized excitation on the high energy side of
these transitions and for a cross-circularly polarized detection,
a weak absorption in the acoustic phonon sideband [26] is
expected to induce some resonant PL. However, the presence
of the intensity transient due to the pumping of the resonantly
excited spin states S, = £1 shows that there is also an efficient
population transfer between the high energy bright excitons
(|+1)|frde) or |[—1)[{n?Te)) created during the resonant
optical excitation and the lower energy bright exciton states
10} Unte) or [0} fhade))-

For a cross-linearly polarized excitation and detection,
the absorption in the acoustic phonon side-band is strongly
reduced. The pumping transient resulting from an absorption
on the states S, = %1 and a transfer toward S, = 0 dominates
the resonant PL. This spin-flip transfer is confirmed by the
excitation energy and power dependence of the resonant PL
signal. The PL intensity on the central line presents a resonant
behavior when scanning the pump laser around the high energy
line [Fig. 2(d)]. As expected for an optical pumping process,
the time scale of the PL transient is also significantly reduced
with the increase of the excitation intensity [Fig. 2(e)].

This efficient transfer towards S, = 0 during the resonant
optical pumping process is also observed in the evolution
of the PL intensity during the nonresonant probe (heating)
pulse. As expected after a resonant pumping of the spin states
S, = %1, their population re-increase during the nonresonant
heating pulse. Simultaneously, a significant decrease of the
intensity of the central line is observed both for a circularly
or a linearly polarized detection [Figs. 2(b) and 2(c)]. This
decrease corresponds to a decrease of the population of S, = 0
during the heating process showing that a significant part of
the Cr spin population has been transferred to S, = 0 during
the resonant optical pumping.

IV. MAGNETIC FIELD DEPENDENCE OF THE PL
INTENSITY DISTRIBUTION IN A CR-DOPED QD

We have seen that the exciton-Cr dynamics significantly
affects the intensity distribution in the PL of Cr-doped QDs
at zero magnetic field. At high excitation power the intensity
distribution no longer reflects a simple thermalization on the
Cr spin states at the lattice temperature. This is also particularly
true under magnetic field where the expected thermalization on
the Zeeman split Cr spin states S, = =1 is not clear in most of
the dots at the large excitation power needed to obtain a large
enough PL signal [14].

At moderate excitation power, a variation under magnetic
field of the intensity distribution between the high and low
energy lines can however be observed in some of the Cr-doped
QDs. As presented in Fig. 3, under a magnetic field applied
along the QD growth axis, a maximum of PL intensity is
observed on the high energy side of the exciton-Cr spectra in
o — polarization and on the low energy side in o + polarization.
This change in the intensity distribution is more or less
pronounced from one dot to another [see also the case of
QD3 in Fig. 4(b)] but always presents the same tendency.
Such distribution, with a maximum of PL intensity on the high
energy side in o — polarization (which shifts to low energy
under B, > 0) and on the low energy side in o+ polarization,
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FIG. 4. (a) Zero magnetic field PL of the exciton-Cr complex in
QD3 and (b) intensity map of the magnetic field dependence of the
PL of QD3. (c) Excitation power dependence of the PL of QD3 at
B. = 10 Tino — (left) and o + (right) polarization. (d) Corresponding
excitation power dependence of the PL intensity ratios /c)/ Ik and
o)/l

is identical to the one observed in singly Mn-doped CdTe/ZnTe
QDs. In these systems, the hole-Mn exchange interaction is
known to be antiferromagnetic [27] and approximately four
times larger than the ferromagnetic electron-Mn exchange
interaction.

Under a longitudinal magnetic field the Cr spin states S, =
=+1 in the empty QD are split by the Zeeman energy gc,/tp B;
with a Lande factor g¢; & 2. Among the Zeeman doublet S, =
=+1, the Cr spin thermalizes on the lowest energy Cr spin state
S, = —1 at low temperature. At moderate excitation power
where the exciton-Cr PL intensity distribution is not dominated
by the carriers-Cr spin-flips, this population distribution can be
partially mapped on the exciton-Cr PL. When an unpolarized
exciton is injected in the QD, the energy position of the most
populated states with S, = —1, on the high energy or the low
energy side of the exciton PL spectra, depends on the sign of
the exciton-Cr exchange interaction. This exchange interaction
results from the sum of the electron-Cr and hole-Cr exchange
interactions.

The electron-Cr coupling for carriers at the center of the
Brillouin zone arises from the standard exchange interaction.
It is then ferromagnetic and a value of Ny« around 0.2 eV is
found for most of the transition metals incorporated in wide
band gap II-VI compounds [28]. The exchange interaction with
the electron spin is usually weaker than the exchange interac-
tion with the holes spin which arises from the hybridization of

the d orbital of the magnetic atom and the p orbital of the host
semiconductor, the so-called kinetic exchange.

The value of the exchange interaction with the holes
resulting from a hybridization is strongly sensitive to the energy
splitting between the 3d levels of the atom and the top of
the valence band. This hybridization of course significantly
depends on the considered transition metal element (i.e., filling
of the 3d orbital) but also, for a given magnetic element, on
the semiconductor host [29].

It has been demonstrated by Blinowski and Kacman [28,30]
that the exchange interaction between a Cr atom (3d*) with a
Jahn-Teller distortion oriented along the [001] axis (z axis) and
aheavy hole with a z component of its total angular momentum
J, = £3/2 can be expressed in the form:

Heo = —18.J By, (M

where By (with N = 4 for Cr) is given by

v 1 1
By = —— 5—1/2 s T 5o S
S |ep+Ey " —Ey Ey. —Eyx—¢
2

with E3, the unperturbed energy of the d shell with N electrons
and total spin S, V 4 the hybridization constant between the d
orbital of the impurity and the p orbital of the semiconductor
host, and ¢, the energy of the top of the valence band [28].
This Cr site orientation along the [001] axis corresponds to the
CdTe/ZnTe QDs where a Cr atom can be optically detected.
Such dots are characterized by a large biaxial strain which
dominates the Jahn-Teller effect and orients the Cr spin along
the QD growth axis [31].

In the expression (2) controlling the amplitude of the hole-
Crexchange, the first denominator corresponds to the energy e
required to transfer an electron from the d shell of the Cr atom
to the valence band reducing the total spin from S to S — 1/2
(and reducing the number of electrons in the d shell from N
to N — 1). The denominator of the second term is the energy
e, required to transfer an electron from the top of the valence
band to the d shell also with a reduction by 1/2 of the total spin
(and an increase of the number of electrons in the d shell from
N to N + 1). This last energy e; includes the electron-electron
exchange interaction in the d shell (at the origin of Hund rule)
and is then large (a few eV) and always positive.

The sign of B, controls the sign of the hole-Cr kinetic
exchange interaction: A negative B, corresponds to an antifer-
romagnetic interaction whereas a positive By will give rise to
a ferromagnetic interaction. If e, is negative (E5 — E]f,__ll/ >
gp) and 1/e; < —1/e,, By is positive. The donor transition
Cr’* to Cr** is within the band gap of the semiconductor
and the hole-Cr exchange interaction is ferromagnetic. This is
the situation reported until now for all the studied bulk II-VI
compounds containing diluted Cr atoms [32]. In particular,
Cr-doped bulk ZnTe exhibits a large ferromagnetic exchange
interaction. This is consistent with the optical observation of
the Cr>* to Cr** donor transition about 0.2 eV above the top
of the valence band in ZnTe [33].

For a positive value of ¢ (E§ — E,f,__ll/z < &p), By is nega-
tive and the hole-Cr exchange interaction is antiferromagnetic.
This corresponds to a donor transition Cr>* to Cr** within the
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valence band. According to equation (2), a slight change of the
value of e; around O can abruptly change the hole-Cr exchange
from a large ferromagnetic to a large antiferromagnetic value.
However, one should note that the calculations leading to the
expression of the kinetic exchange interaction (1) contain two
important approximations. First, the influence of the crystal
field and strain modified crystal field on the magnetic atom
d orbital is neglected. Secondly, the model is based on a
perturbation approach which is not particularly well adapted
when e is close to zero as expected for Cr in CdTe or ZnTe.

The hole-Cr exchange interaction has never been measured
in bulk CdTe. However, the energy level of a transition-metal
impurity does not significantly change between materials with
common anion [29]. The valence band offset between ZnTe and
CdTe being around 0.1 eV [34] one could also expect that the Cr
donor transition in bulk CdTe could be very close but slightly
above the top of the valence band. This should give rise to
a ferromagnetic hole-Cr exchange interaction as observed for
Cr-doped ZnTe. However, whereas the acceptor transition Cr>*
to Cr'* has clearly been optically identified in bulk CdTe, the
donor level Cr** to Cr** has never been observed suggesting,
following Ref. [35], that it could be resonant with the valence
band. The resulting hole-Cr exchange interaction would then
be large an antiferromagnetic.

The intensity distribution observed under magnetic field in
the studied Cr-doped QDs (see Figs. 3 and 4) shows that the
exciton-Cr state |—1)|{,1.) is at high energy whereas the
state |—1)|ftnl.) is at low energy. This corresponds, for a
CdTe/ZnTe QD, to an antiferromagnetic exchange interaction
between the heavy-hole and the Cr spins. The sign of this
interaction could however be different in bulk CdTe. For a
CdTe QD in a ZnTe barrier, the large biaxial strain can decrease
the energy of the ground heavy hole levels, e; can become
negative, and the resulting exchange interaction antiferromag-
netic. The strain induced modification of the crystal field can
also significantly influence the energy level of the d orbital of
the Cr and modify the kinetic exchange with the nearby hole
spins at the top of the valence band. A more detailed model
should be developed to properly describe the influence of the
hybridization in these strained and confined systems where the
d levels of the magnetic atom are close in energy with the edge
of the valence band.

As observed at zero field, the PL intensity distribution under
magnetic field is also strongly perturbed by the variation of the
excitation power. This is presented in Figs. 4(c) and 4(d) for
QD3. At high excitation power the distribution intensity ob-
served under magnetic field is far from a simple thermalization
on the Cr spin states split by the magnetic anisotropy and the
Zeeman energy. The excitation power intensity dependence re-
ported in Fig. 4(d) confirms the behavior observed at zero field
with a significant increase of the population of the spin state
S, = 0 (central line) induced by the presence of the exciton in
the QD at high excitation power. At high excitation power and
under B, = 10 T [Fig. 4(c)] the PL is strongly dominated by
the central line in both circular polarizations. This can prevent
the clear observation of the expected thermalization on the
Zeeman split Cr spin states S, = 1. However, a careful look
at the high and low energy lines shows that the tendency in the
PL intensity distribution always reflects the antiferromagnetic
interaction of the hole and Cr spins.

e \—1>\U,,TL>
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,4,)
E 3
i) A
L? \+1>‘Uhi >
<
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FIG. 5. Proposed spin relaxation paths within the exciton-Cr
complex (X-Cr) for an excitation of the bright exciton | {,1,) in o —
polarization (top) and of the bright exciton |} | .) in o + polarization
(bottom). 7, is the spin flip time of the hole, 7),¢;; is a hole-Cr flip-flop
times, and 7, is the nonradiative recombination time of the dark
excitons.

V. EXCITON-CR SPIN RELAXATION INDUCED
BY HOLE-CR FLIP-FLOPS

The analysis of the PL intensity distribution in Cr-doped
CdTe QDs shows that (i) the hole-Cr exchange interaction is
antiferromagnetic and that (ii) a fast carriers-Cr spin dynamics
induces some spin transfer from S, = +1 to S, = 0 within
the exciton-Cr complex. Recently, efficient hole-Mn flip-flops
were identified in positively charged Mn-doped QDs as the
main source of spin relaxation for a confined hole-Mn complex
and also observed in the resonant PL of the exciton in a neutral
Mn-doped QD [36]. It was shown that these flip-flops are
induced by an interplay of the carriers-magnetic atom exchange
interaction and the coupling with acoustic phonons. A similar
spin relaxation process involving simultaneous spin-flip of the
hole and the Cr spins should also exist in neutral Cr-doped
QDs.

A fast hole-Cr flip-flop could indeed explain an efficient
transfer of population from the exciton-Cr levels S, = %1
towards the low energy states S, = 0. The proposed relaxation
pathis illustrated in the energy level scheme presented in Fig. 5
which displays the possible relaxation channels involving a
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hole-Cr flip-flop for an initial excitation of the bright excitons
coupled with S, = £1.

Under linearly polarized nonresonant excitation, the dif-
ferent spin states of the bright (| {,%.) and |f,{.)) and
dark (| ftnte) and |{nl.)) excitons are populated with the
same probability. Starting from the low energy bright excitons
[+1)| $nte) or |—1)|ftndle), a hole-Cr flip-flop with conser-
vation of the electron spin can directly transfer the population
towards the dark excitons associated with S; = 0 with a spin
flip time t,crp. With the same mechanism, a direct transfer
is possible from the low energy dark excitons |+1)|{};.) or
[—1)|ftn 1), to the bright excitons associated with S, = 0 with
a spin flip time ;¢ (see Fig. 5).

Starting from the high energy bright excitons [4+1)| 5 e)
or [—1)[{n?1e), a hole-Cr flip-flop is unlikely as it would
involve a transfer toward the high energy Cr spin states S, =
+2. However, a spin flip of the hole with characteristic time
7, conserving the spin of the Cr can induce a transfer to the
low energy dark excitons |4+1)|{sde) or [—1)[ftxn1e). Such
spin-flip from a bright to a dark exciton can occur in QDs in a
timescale of a few nanoseconds [37]. A hole-Cr flip-flop in a
timescale tj,¢r; can then transfer the population from these dark
excitons to the S, = 0 bright exciton which then recombines
optically (see Fig. 5).

From the high energy dark excitons [|+1)|f,%.) or
|[—1)] 4r{.) ahole-Cr flip-flop is also unlikely (transfer toward
the high energy Cr spin states S, = +2). However these states
are coupled by a hole spin-flip to the nearby low energy bright
excitons |[+1)| {5 1e) or [—1)| 1 d.) and can then follow this
path to be transferred towards S, = 0.

The spin relaxation channels involving a transfer from the
dark exciton with S, = =1 to the lower energy bright excitons
S, = 0 are made irreversible by the fast (2250 ps) radiative re-
combination of the final low energy exciton state. This unusual
situation with some of the bright excitons at lower energy than
the dark ones can induce an out of equilibrium distribution on
the Cr spin states with an enhanced population of the S, = 0
ground state. The transfer mechanism involving a hole-Cr
flip-flop is enhanced by the increase of the probability of
presence of an exciton in the QD. As observed in the excitation
power dependence of the nonresonant PL, these processes only
affect the distribution of the PL intensity at high excitation
power. At low excitation power, the QD is empty most of
the time, the exciton really acts as a probe, and the intensity
distribution is mainly controlled by the Cr spin temperature
driven by the interaction with phonons (equilibrium phonons
at the temperature of the lattice and nonequilibrium phonons
generated during the optical excitation).

Under resonant excitation on the high energy lines of X-Cer,
a spin flip of the hole followed by a fast hole-Cr flip-flops
can also explain the observed transfer of excitation toward the
bright excitons associated with S, = 0. This process which
efficiently changes the Cr spin is likely to be the main source
for the resonant optical pumping demonstrated in Cr-doped
QDs [21].

A. Phonon induced hole-Cr flip-flops

The timescale of the hole-Cr flip-flops in a Cr-doped
QD induced by the interaction with the continuum of bulk

acoustic phonons can be estimated using the Fermi golden
rule. The spin-flip process that we consider here is based on the
interplay of the hole-magnetic atom exchange interaction and
the interaction with the strain field of acoustic phonons [36].
Similar models, combining exchange interaction and coupling
with acoustic phonons, were developed to explain the exciton
spin relaxation in QDs [38,39].

Let us consider for instance the two exciton-Cr states
[+1)| Un; e) and |0)| 115 | ) that can be coupled via a hole-Cr
flip-flop. The nondiagonal terms of the hole-Cr exchange
interaction couples the heavy-holes and light-holes excitons
levels separated in energy by A, through a hole-Cr flip-flop.
To the first order in Ij,c:/ Ay, the two perturbed heavy-hole
exciton ground states can be written:

Vv 18 IhCr
2 Alh

V18 Icy

2 Ap

where we neglect the exchange energy shifts of the exciton-Cr
levels much smaller than Ay,.

The strain field produced by acoustic phonon vibrations
couples the perturbed exciton-Cr states through the Hamilto-
nian term:

—~—

[+D1nde) = [+ ns o) —

0 ds de)

—_~—

0} s de) = 10} s de) —

[+ tasde)s 3

T T 18 Incy
(U be T HpplO) s de) = 2 (_ gAhc ) .
lh

“

with r = \/§/2b(€” — €,y) — ide,, a strain-dependent non-
diagonal term of the Bir-Pikus Hamiltonian Hpp [40]. The
coupling of these exciton-Cr states is then a result of an
interplay between the hole-Cr exchange interaction and the
strain field of acoustic phonons.

In analogy with the model developed in Ref. [36] to describe
hole-Mn flip-flops in positively charged Mn-doped QDs, the
decay rate associated with the emission of phonons which is
deduced from the Fermi golden rule and the matrix element
(4) can be written:

—1 Z 18 Ith 2 wo 3 1 b/ 3b2 n d2)
T = — JR——
)2\ A ¢ ) 2hpct 4

A

x (np(wo) + 1))/ d sin 0| F; (w0,0)1*G1(60), (5)
0

where the summation is taken over the acoustic phonon
branches A (one longitudinal / and two transverse #,t,) of
corresponding sound velocity ¢, . The geometrical form factors
for each phonon branch appearing in Eq. (5), G,(0), are given
by G,(0) = sin* 0, G, (8) = sin? @ cos® H and G,,(6) = sin’ 6.

Numerical calculation of the hole-Cr spin-flip time in a
CdTe QD are presented in Fig. 6. We use in the calculation
a Gaussian wave function for the hole with in-plane and
z-direction parameters /; and [, respectively, the material
parameters of CdTe and typical parameters of self-assembled
CdTe/ZnTe QDs are listed in Table II of the Appendix.

The calculated spin relaxation time strongly depends on
the energy splitting between the exciton-Cr states involved
in the hole-Cr flip-flops [Fig. 6(a)]. This dependence on the
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FIG. 6. (a) Relaxation time t;c, between the states |[+1)| Ux; J.)
and [0)[ f4: L) (or [=1)| 1 1) and [0)] U4; 1.)) as a function of the
energy splitting between those states, calculated at a temperature 7' =
10 K with a Gaussian hole wave function (parameters [, = 1,25 nm
and /[, = 3 nm) and Ay, = 25 meV (red), A;, = 50 meV (black).
The other QD parameters are listed in Table I of the Appendix. The
CdTe parameters used in the calculation can be found in Table II of
the Appendix. (b) Temperature variation of the relaxation time for an
energy splitting £ = 1 meV and A, = 25 meV (red), Ay, = 50 meV
(black).

high energy side is controlled by the size of the hole wave
function which limits the wave vector of the acoustic phonons
that can interact with the hole. The calculated spin-flip time
can be easily in the few nanosecond range for an energy
splitting between 0.5 meV and 2 meV. In the studied Cr-doped
QDs, the splitting between the low energy dark excitons states
[+1)| Unde) or |—1)|f1n1e) and the bright excitons with S, =
0, which are coupled by a hole-Cr flip-flop, is typically in the
1 meV range. A spin-flip time in a few ns range can then be
expected.

For the low energy bright excitons [+1)|{,1.) or
|[—1)] ftn{.) and the dark excitons states with S, = 0 also cou-
pled by hole-Cr flip-flops, their energy splitting is larger than
3 meV and the spin-flip rates are expected to be significantly
reduced. For the high energy Cr spins states Cr, S, = %2,
the energy splitting is typically larger than 10 meV and the
corresponding flip-flops induced by the discussed mechanism
can be neglected.

The estimated hole-Cr flip-flop time is also strongly sensi-
tive to the effective energy splitting between heavy-hole and
light-hole A;,. This simple parameter is used in our model
for an effective description of the valence band mixing. It can
describe complex effects such as a coupling of the confined
heavy-hole with ground state light-holes in the barriers [41]
or effective reduction of heavy-hole/light-hole splitting due to
a presence of a dense manifold of heavy-hole like QD states
lying between the confined heavy-hole and light-hole levels
[42]. This parameter can significantly change from dot to dot
and modify the hole-Cr flip-flop time.

The calculated hole-Cr flip-flop rate also depends on
the temperature through the stimulated emission of acoustic
phonons. For an energy splitting of 1 meV the spin flip rate
involving the emission of phonons is increased by a factor
of about four by increasing the temperature from 5 K to
50 K [Fig. 6(b)]. Such enhancement of the hole-Cr spin-flip

rate could not only be induced by an increase of the lattice
temperature but also, as in our experiments, by the presence
of nonequilibrium phonons that are generated by the optical
excitation inside or in the vicinity of the QD.

B. Calculated PL intensity distribution in a Cr-doped QD

To confirm that the hole-Cr spin-flip process we described
in the previous section is the source of the excitation power
dependence of the PL intensity distribution observed in Cr-
doped QDs, we developed a rate equation model for the
population of the different energy levels. We calculated the
steady state population of the twenty exciton-Cr states and
the five biexciton states in the excited state of the QD and the
five Cr spin states in the ground state by solving numerically the
master equation for the corresponding 30 x 30 density matrix
p. The time evolution of the density matrix of this multilevel
opened quantum system can be described by the Lindblad
formalism and is given by

ap —i

a  h
where H is the Hamiltonian of the complete system (X-Cr,
X2-Cr, and Cr alone) and Lp describes the coupling or decay
channels resulting from an interaction with the environment
[43-45].

The energy levels of the Cr in an empty dot are controlled by
the magnetic anisotropy Dy Szz. The X-Cr Hamiltonian contains
the energy of the Cr spin states, the carriers-Cr exchange
interaction, the electron-hole exchange interaction in a confin-
ing potential of low symmetry (see appendix for details) and
the structure of the valence band including possible heavy-
hole/light-hole mixing. We restrict here to the heavy-hole
subspace and introduce the valence band mixing with pseudo
spin operators (see appendix). Dy in the Cr Hamiltonian and
the parameters in the X-Cr Hamiltonian cannot be precisely
extracted from the magneto-optics PL. measurements. For a
qualitative description of the observed spin dynamics, we
use typical Cr-doped QD parameters that give good order of
magnitudes for the exciton-Cr splitting and the position of the
main anticrossing (see Fig. 9 in the Appendix). Details of the
spin effective Hamiltonian and the list of the parameters used
in the calculation are presented in the Appendix.

To qualitatively describe the main feature of the spin
dynamics in Cr-doped dots we take into account a spin
relaxation of the Cr (alone or in the exchange field of the
exciton or the biexciton), 7¢;, describing relaxation channels
involving a change of the Cr spin by one unit. We also
include a spin-flip of the heavy-hole with a characteristic time
7. Relaxation channels involving the hole-Cr flip-flops are
introduced between the Cr spin states S, = +1 and S, =0
with characteristic times 7;¢c;; = 2 ns for the low energy dark
excitons with S, = %1 towards the bright exciton with S, = 0
and a longer relaxation time tj,cp, = 20 ns for the low energy
bright exciton with S, = +1 towards the dark exciton with
S, = 0 separated by a larger energy splitting (see Fig. 5). This
flip-flop process is neglected for the spin states S, = +£2 shifted
to much higher energy.

We considered that the cw optical excitation simultaneously
creates bright and dark excitons with a generation time 47,

[H,p]+ Lp, (6)
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FIG. 7. Calculated excitation power dependence of the pop-
ulation ratios I(C)/I(HE) and I(C)/I(LE) at (a) BZ =10T in o—
polarization (pjo)w;. 1)/ L1~ 1e) A0 PO 10)/ L1110 1)» TESPEC-
tively), at (b) B, =0T and at (¢) B, =10 T in o+ polarization
(PO 4o/ P o) AN P10} o)/ P11, 1. L) » TESPECtively). The pa-
rameters used in the model are 7, = 0.25 ns, t; = 20 ns, 7, = 10 ns,
7o = 50 ns, Tcr1 = 2 ns, and 7,¢cp = 20 ns. The QD parameters are
listed in Table I of the Appendix.

(generation rate I'g /4). They recombine with a rate 1/7; and
1/t4, respectively. When a biexciton is present in the QD, we
only consider a recombination with at a rate 1/t, and possible
spin-flips of the Cr with a characteristic time t¢,. Hole-Cr flip-
flops are unlikely within the biexciton as they would drive
the biexciton to a much higher energy excited state with two
parallel hole spins.

The transition rates I',,_,,» between the different states of
the Cr, X-Cr, or X2-Cr depend on their energy separation
E,, =E, —E, Hereweusel',_.,, =1/7if E,,, < Oand
ry., = l/t,-e_EW/k‘fTeff if E,, > 0[10,37]. This accounts
for a thermalization among the 5 Cr levels, the 5 X 2_Crlevels
and the 20 X-Cr levels with an effective spin temperature Teg.
The optical excitation (z, = 1/ I'y), the exciton recombination
(tp (bright) and 7, (dark)), the hole spin relaxation (t) and
the Cr spin relaxation terms (Tcy, Thcri, There) producing a
population transfer from level j to level i are described by
Lindblad terms

Ljsip=1/Qtjm)Q@li)(jlpli) il = pl)) {1 =17 {jle),
(N

where 7;_,; is the relaxation time from level j to level i [46].

Figure 7 presents the calculated excitation power depen-
dence of the ratio of the population of the exciton-Cr states
PO 1)/ PI=ite) oy /Imr)  and ooy, 100/ P11y, 1. 1e)
(Icy/ Ir)) at zero field and under a longitudinal magnetic field.
As observed in the experiments, this ratio increases at high
excitation intensity. This is due to the transfer from S, = %1
towards S, = 0 described in the model by t,c;; and tucp.
However this model is unable to reproduce the initial decrease
of this ratio observed at low excitation power as it does not
include an increase of the effective spin temperature of the Cr
induced by the optical excitation. Instead, a stable effective spin
temperature Teir = 40 K larger than the lattice temperature is
used in the model.

Under nonresonant excitation, the creation of the dark
excitons |+1)|{nle) or |—1)|ftn1e) followed by a hole-Cr
flip-flop and a fast optical recombination of the bright exciton is
the main source for an irreversible spin transfer from S, = £1
to S, = 0. The overall result of this process is an increase of the
population of S, = 0 with the optical excitation intensity when
the transfer time becomes faster than the direct phonon induced
relaxation of the Cr spin described by t¢,. The exciton induced
spin transfer is attenuated when the QD starts to be significantly
occupied by a biexciton as the hole-Cr flip-flops are forbidden
within the biexciton. This is observed in the experiments (see
Figs. 1 and 4) as well as in the model at high excitation power
(Fig. 7).

Even if the values of the intensity ratios are slightly
modified, a similar behavior is observed under magnetic field
where the PL of the central line (S, = 0) strongly dominates
the emission spectra at high excitation power. Under magnetic
field, the calculated evolution of the intensity ratio are also
in good qualitative agreement with the experiments [see the
experiments and calculations under B, = 10 T in Figs. 4(d)
and 7, respectively).

The PL observed from S, = 0 under resonant excitation
on the high energy line of X-Cr can also be explained by the
presence of these efficient hole-Cr flip-flops. Under resonant
excitation on the high energy line, the transition is optically
cycled until a spin flip of the hole occurs. This spin-flip
conserves the Cr spin and drives the system towards a dark
exciton state. Then, a hole-Cr flip-flop can occur transferring
the exciton to a bright state with S, = 0 which recombines in
a few tens of ps leaving the Cr in the spin state S, = 0. The
calculated hole-Cr flip-flop rates (Fig. 6) are consistent with the
time scale of the observed pumping transients under resonant
excitation (Fig. 2) confirming that the hole-Cr flip-flops are the
main source of spin flips responsible for the resonant optical
pumping of the Cr spin. The direct observation of a population
transfer from S, = +£1 to S; =0 in different experiments
(nonresonant PL and resonant PL) is a clear evidence of the
presence of this efficient hole-Cr flip-flop process.

VI. CR SPIN HEATING BY NONEQUILIBRIUM
ACOUSTIC PHONONS

So far we have discussed the influence of the carrier-Cr
spin-spin interaction on the PL intensity distribution in Cr-
doped QDs. The resulting spin dynamics is dominated at high
excitation power by hole-Cr flip-flops. The spin dynamics of an
isolated magnetic atom in a semiconductor host is also sensitive
to the interaction with acoustic phonons (spin lattice coupling).
This is particularly important for a Cr atom which has an orbital
momentum and is then expected to be sensitive to the local
modification of the crystal field induced by fluctuating strain
produced by acoustic phonons.

To evidence the interaction of the Cr spin with acoustic
phonons we used a modified version of the two wavelength
pump-probe experiment where carriers are not injected in the
investigated QD during the probe pulse. Two configurations
of pump-probe experiments were tested: a probe pulse a few
pm away from the investigated Cr-doped QD or a probe pulse
tuned to an energy close the ground state of the dot where there
is no absorption in the investigated QD.
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FIG. 8. Two wavelength pump-probe experiments performed on
QD2. (a) Configuration 1: PL transients recorded for a probe laser
tuned on an excited state of the dot and atd = 4 pm from the dot. Red:
probe on; black: probe off. (b) Configuration 2: PL transient recorded
for overlapped pump and probe and a for probe laser at Epop. =
2014 meV, close to the resonant laser (Epump = 2001, 1 meV); red:
probe on; black: probe off. (c) Evolution of the pumping transient
intensity as a function of the distance between the probe laser and the
dot. (d) Evolution of the pumping transient intensity as a function
of the probe power, for a probe laser at d =4 um from the dot.
(e) Evolution of the pumping transient intensity as a function of the
probe power for a probe laser at Epope = 2014 meV.

The results of these two experiments are summarized in
Fig. 8. We first shift the probe laser away from the investigated
Cr-doped QD and analyze the resonant optical pumping signal
as a function of the distance and intensity of the probe pulse.
The time resolved resonant PL obtained during a pump-probe
sequence is presented in Fig. 8(a) for a distance d = 4 um,
a resonant excitation on the high energy line, and a cross-
circularly polarized detection on the low energy line (excitation
and detection of the same Cr spin state S, = 41 or S, = —1).
At this distance, the probability for the optically created
carriers to reach the QD is very weak and no luminescence
is observed during the probe pulse. However, the amplitude of
the resonant optical pumping transient significantly changes
with the power of the probe pulse. When the probe is off,

the amplitude of the pumping transient is weak and controlled
by the partial relaxation of the Cr spin during the dark time
between two resonant pump pulses [21]. The amplitude of
the transient significantly increases when the probe laser is
switched on. The amplitude of the pumping transient is initially
controlled by the intensity of the probe pulse before it saturates
at high probe excitation power [Fig. 8(d)]. This shows that even
if no carriers are injected in the QD, a heating of the Cr spin
is induced by the probe pulse. For a given probe intensity,
the amplitude of the transient progressively decreases with the
increase of the distance between the QD and the probe spot
[Fig. 8(c)].

A similar spin heating process is obtained when the pump
and the probe are both at the Cr-doped QD position but the
wavelength of the probe is tuned at an energy lower than the first
excited state and slightly above the absorption in the acoustic
phonon side band of the ground state (transparent window of
the QD). As presented in Fig. 8(b) no significant PL is observed
during the probe pulse. However, the amplitude of the pumping
transient observed during the pump pulse depends on the probe
intensity. The amplitude of the pumping transients saturates at
high probe intensity [Fig. 8(e)].

In these two experimental configurations, even if carriers
are not injected in the Cr-doped dot, the laser light being
absorbed in the CdTe layer it generates photocarriers with
excess kinetic energy. During their energy relaxation, nonequi-
librium phonons are generated and propagate away from
the probe laser spot (see submicron spots in the insets of
Fig. 8). These phonons are not in equilibrium with the lattice
temperature and no energy shift of the PL lines are observed
under these experimental conditions. The heating of the Cr
spin results from the direct interaction with these acoustic
phonons [47] generated within the probe laser spot that can
propagate across the sample. The observed decrease of the
heating efficiency with the increase of the pump-probe distance
is consistent with the expected decrease of the phonon flux that
can reach the studied Cr atom as the punctual phonon source is
moved away.

VII. CONCLUSION

We identified and modeled an efficient spin relaxation
mechanism for a Cr spin in the exchange field of an exciton
which transfers the Cr spin population from S, = +£1 to
S; = 0. This spin relaxation, based on an interplay of the
hole-Cr exchange interaction and the interaction with acoustic
phonons, significantly affects the excitation power dependence
of the PL intensity distribution. An analysis of the magnetic
field dependence of the intensity distribution at moderate
excitation power shows that the hole-Cr exchange interaction is
antiferromagnetic. Considering this antiferromagnetic hole-Cr
exchange interaction, the presence of the hole-Cr flip-flops
with a few ns timescale can qualitatively explain (i) the
excitation power dependence of the PL intensity distribution,
(ii) the optical pumping of the Cr spin observed under resonant
excitation, and (iii) the distribution of the PL obtained under
resonant excitation. We also demonstrated that an isolated Cr
spin is sensitive to nonequilibrium phonons generated during
the optical excitation. This ensemble of experiments show
that for a practical use of this single spin system, particular
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care should be given to the optical excitation conditions.
Nevertheless, the large spin-phonon coupling and the possible
optical control of the spin makes Cr a promising platform
to study the interaction of the {+1; —1} Cr spin qubit with
surface acoustic waves (phonons propagating at the surface of
asample) which are proposed as efficient quantum bus between
different kinds of qubits [48].
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APPENDIX A: SPIN HAMILTONIAN AND PARAMETERS
OF CR-DOPED QDS

In this Appendix we present in more details the different
parts of the spin effective Hamiltonian used in this paper to
describe the PL spectra and the spin dynamics of CdTe/ZnTe
Cr-doped QDs and give order of magnitude of the correspond-

J

ing QDs and material parameters. For the Cr alone in an empty
QD, we take into account the magnetic anisotropy induced by
biaxial strain and the Zeeman energy under magnetic field:

— —>
Her = DoS? + geektn B S (A1)

The exciton-Cr Hamiltonian can be separated into four parts

Hx—ce = Her +Her + Hmag +He—crs (A2)

where H, stands for the Cr alone. The electron-hole exchange
interaction, H,_j, contains the short range and the long range
parts. The short range contribution is a contact interaction
which induces a splitting 8;" of the bright and dark excitons
and, in the reduced symmetry of a zinc-blend crystal (7y),
a possible coupling &5 of the two dark excitons. The long
range part also contributes to the bright-dark splitting by an
energy 8. In QDs with Cy, symmetry (ellipsoidal flat lenses
for instance [24]) the long range part also induce a coupling §;
between the bright excitons.

Realistic self-assembled QDs have symmetries which can
deviate quite substantially from the idealized shapes of circular
or ellipsoidal lenses. For a C; symmetry (truncated ellipsoidal
lens), additional terms coupling the dark and the bright excitons
have to be included in the electron-hole exchange Hamiltonian.
Following Ref. [24], the general form of the electron-hole
exchange Hamiltonian in the heavy-hole exciton basis | f},J..),

[Unte)s [nte)s [dnle) for alow symmetry QD (Cy) and for
bright excitons linearly polarized along the (110) axis is

f(SO eiﬂ/z(Sl ei?/4311 —eif’/4812
| e—'ln/z(sl ._80 e—w‘[/4612 _e—m/48“
Hen = 5 e™m/4y, ¢S, 8o L)) (A3)
_efirr/4612 _ein/48“ 52 8()
[
An external magnetic field couples via the standard Zeeman  can be written:
terms to the carriers spins and a diamagnetic shift of the
electron-hole pair is also included resulting in |ﬁ) x frn) — Pobm 0\ 1n)
H BT +ausB.J +yB: (A4 pAlh
= MB e hLB . , ~ b —2i
me & o [T) oc ) — B2, (A6)
Ih

where & and 7 stand for the angular momentum operator of
the electron and hole, respectively.
‘H.—cr describes the coupling of the electron and hole spins
with the Cr spin. It reads
— =
J

< =
He—cr =lecr S .0 + Iner S (AS)

with I, and Ijc, the exchange integrals of the electron and

hole spins with the Cr spin _S)

To limit the size of the density matrix and then the comput-
ing time in the calculation of the populations of the different
spin states in Cr doped QDs we do not take into account the
full valence band but only consider the heavy-hole subspace
(ft4> U») and take into account a possible valence band mixing
light holes (1,, | ) induced by an in-plane anisotropy through
a pseudospin formalism. In the limit of weak valence band
mixing the ground states of the holes in self-assembled QDs

where p,5, 18 the mixing energy between heavy holes and light
holes separated in energy by A;;,. A development of the hole

TABLE I. Values of the carrier-carrier and carrier-Cr exchange
parameters used in the spin dynamics model presented in Fig. 7 and
in the PL intensity map presented in Fig. 9. The value of the parameters
not listed in the table is O.

Lecr Lncr o 81 d1n 3
ueV ueV meV neV ueV neV
220 50
—-30 Dy —800 200 200 y
G meV ger g 8 pueV/T?
0.08 2.2 2 -1 0.4 1.25
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TABLE II. Material (CdTe) [49] and QD parameters used in the
calculation of the coupled hole and Cr spin relaxation time presented
in Fig. 6.

CdTe

Deformation potential constants |b| 1.0eV
|d| 44eV

Longitudinal sound speed cr 3300 m/s

Transverse sound speed [ 1800 m/s

Density 0 5860 kg/m?

Quantum dot

Cr-hole exchange energy Ther 0.22 meV

hh-1h exciton splitting A, 25 or 50 meV

Hole wave function widths:

-in-plane 1, 3.0 nm

-z-direction I, 1.25 nm

- . . . .
angular momentum operator J in this subspace gives in the
first order of 2=

Lh

= Pvbm (0 —2«/56721'6“
e ) w
7 o_ Pubm 0 0
I-= Ay, <—2\/§€2i9V 0) (A8)
= 3/2 0
J= ( (/) _3/2> (A9)

the pseudospin ladder operator J, and J_ flip the hole spin
whereas the z component J. confirms that these states are
mainly heavy holes. This pseudospin description of the hole
ground states is sufficient to describe the main consequences
of valence band mixing in most of the self-assembled QDs.
In this simplified model we also neglect, within the biex-
citon, the interaction of spin paired carriers with the magnetic
atom and the spin effective Hamiltonian of X,-Cr is given by

Hy,—c: = Her + 2y B, (A10)

Table I present the list of parameters used to calculate the
PL intensity map of an exciton in a Cr doped QD presented

-1 0 1 2
Energy (meV)

FIG. 9. (a) Intensity map of the magnetic field dependence of the
o — PL spectra of a Cr-doped QD calculated with the parameters listed
in Table I. A thermalization on the exciton-Cr levels with Tei = 40 K
is used for a simplified description of the PL intensity distribution.

in Fig. 9. These parameters correctly reproduce the observed
magnetic field dependence of QD1. They are used, together
with the parameters of Table II, in the model of the spin
dynamics presented in Fig. 7. However, let us notice that
some of the parameters cannot be precisely determined or
determined independently. For instance the splitting of the
central line arises both from the long range part of the electron-
hole exchange interaction and the short range part in the
presence of valence band mixing. The two contributions cannot
be separated and for a general description we use non null
value for both of them. As the parameters listed in Table I give
good orders of magnitude for the PL lines splittings, they are
expected to also qualitatively describe the dynamics of coupled
carriers and Cr spins.
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