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We study the dynamics of the spin system that consist of a positively charged I1-VI semiconductor
quantum dot doped with a single Cr* ion. The resonant photoluminescence (PL) of the positively
charged exciton coupled with the Cr™ spin is used to analyze the main spin relaxation channels.
The intensity of the resonant PL is reduced by an optical pumping of the spin of the resident hole-
Cr™ complex that can be seen as a nano-magnet. The spin memory can be partially erased by a
non-resonant optical excitation. This leads to an increase of the resonant PL signal. The resonant
PL is co-circularly polarized and corresponds to relaxation channels that conserve the Cr* spin |S.|.
The observation in the resonant-PL excitation spectra of optical transitions with a change of the
Cr' spin permits to determine the magnetic anisotropy of the magnetic atom. Optical pumping,
auto-correlation measurements and the power dependence of the PL intensity distribution show that
the effective temperature of the hole-Cr™ spin system is affected by the optical excitation through

the local generation of phonons.

I. INTRODUCTION

Point defects in solid-sate materials have emerged as
an important platform for quantum technology applica-
tions. Individual localized spins in semiconductors have
already found some applications in defect based quantum
systems [1]. Many point defects exist in semiconductors
and a detail understanding of their properties (charge,
spin, optics, mechanics, ...) and their interaction with
the host material will permit discovering new relevant
systems for specific quantum applications. Among these
defects, magnetic transition metal atoms incorporated
in conventional semiconductors are of particular interest
as they offer a large choice of localized electronic spins,
nuclear spins as well as orbital momentum [2-4]. The
exchange interaction of the spin localized on the atom
with the spin of the free carriers of the semiconductor
host also permit to use the optical or electrical properties
of semiconductors to interact with the magnetic atoms.
In particular, the spin of individual magnetic atoms can
be probed and controlled through their interaction with
confined carriers in a quantum dot (QD) [5-10]. Insert-
ing magnetic atoms in QDs allows to engineer the spin
properties of the atom through a control of the electric
charge or the strain [11, 12]. In addition to carrying local-
ized spins, transition metal elements can also be electri-
cal dopants offering an additional possibility of electrical
control. This is in particular the case of chromium (Cr)
in II-VI semiconductor compounds [13, 14].

Cr is naturally incorporated in II-VI semiconductor
compounds as a Cr?* ion. Cr?T is the isoelectronic con-
figuration of Cr in the II-VI semiconductor lattice. It
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has been demonstrated recently that the Cr in its Crt
oxidation state can also be stable and detected optically
when inserted in a CdTe QD [15]. The Cr™ has an elec-
tronic configuration 3d®> with a spin S=5/2 and no or-
bital momentum (L=0). In this case, the Cr atom is a
negatively charged defect in the semiconductor lattice.
It localizes a heavy-hole (angular momentum J, =+3/2
(ftn) or J, =-3/2 (1)) in the QD and a ferromagnetic
hole-Cr™ complex is formed with a quantification axis
along the QD growth axis. This complex can be seen
as a nano-magnet with two ground states having a total
angular momentum M, = 44 with parallel hole and Cr*
spins.

In optically active QDs, resonant photoluminescence
(PL) and optical spin pumping are the most efficient tools
to initialize and probe the dynamics of individual spins.
It has been demonstrated that resonant optical pumping
can be used to empty the low energy states of the hole-
Crt complex with a spin memory in the 20 ps range at
low temperature [15]. The spin dynamics of hole-Cr* was
found to depend on the conditions of optical excitation.
The spin memory of the hole-Cr* complex also limits the
PL that can be obtained under resonant excitation of the
positively charged exciton (X*-CrT). To reveal the main
spin-flips channels among X*-Cr* that can be involved
in the optical pumping of a hole-Cr™ complex we analyze
here the structure of the PL of XT-Cr* and its dynamics
under a tunable resonant excitation.

The article is organized as follows: After a short pre-
sentation of the samples and the experiments (section IT)
we recall in section III the energy level structure in posi-
tively charged Cr™-doped QDs and its dependence in low
magnetic field. We show in particular that optical tran-
sitions with a change of the Cr™ spin are possible. In
section IV we present the structure of the resonant PL of
X*-Cr*. We show first that its intensity is influenced by



an additional non-resonant excitation. We demonstrate
that the main channels of spin transfer within X*-Cr+
under resonant excitation correspond to a spin tunneling.
Optical transitions that do not conserve the Cr™ spin
are also observed in the resonant PL excitation spectra.
Their energy positions are controlled by the magnetic
anisotropy of the Cr™. In section V we demonstrate that
the resonant PL is reduced by the optical pumping of
the hole-CrT spin and show that an optical pumping of
the hole-Crt complex can occur for an excitation on the
acoustic phonon side bands of the X*-Cr™ lines. At high
resonant excitation power, the resonant pumping is per-
turbed by the generation of acoustic phonons (section
VI). A summary and discussions are presented in section
VII.

II. SAMPLES AND EXPERIMENTS

In this study we use self-assembled CdTe/ZnTe QDs
grown by molecular beam epitaxy and doped with Cr
atoms. The concentration of Cr was adjusted to obtain
QDs containing 0, 1 or a few magnetic atoms. When
doped with a single atom these dots permit to optically
access the spin of a Cr** ion [16] or, in the presence
of a local background doping, to the spin of a hole-Cr+
complex [15].

Individual QDs were studied by optical micro-
spectroscopy at liquid helium temperature (T=4.2 K).
The PL was excited with a tunable dye laser, col-
lected by a high numerical aperture microscope objective
(NA=0.85), dispersed by a two meters double monochro-
mator (Jobin Yvon U1000) and detected by a cooled Si
CCD. For PL measurements, the sample was inserted in
the bore of a superconducting coil and a magnetic field
could be applied along the QD growth axis. For time re-
solved optical pumping experiments a dye laser (Coher-
ent CR590 dye laser with Rhodamine 6G) was tuned on
resonance with one of the optical transition of XT-Cr™.
To suppress the stray laser light, the intermediate slits of
the double monochromator were closed around the wave-
length of the investigated emission line. The laser power
was stabilized by an electro-optic variable attenuator. A
second non-resonant laser at a wavelength of 568 nm (Co-
herent Sapphire 568-50 CW solid state laser), far below
the absorption edge of the ZnTe barriers, was used for
a high energy non spin selective excitation. Both lasers
could be modulated by acoustic-optic modulators with a
rise and fall time of about 10 ns. A Si avalanche pho-
todiode (APD) with a time resolution of about 350 ps
combined with a time-resolved photon counting system
was used for the detection.

III. ENERGY LEVELS IN POSITIVELY
CHARGED CR'™-DOPED QDS.

To understand the resonant PL of a positively charged
CrT-doped QD and the spin dynamics of X*-Crt, we
first analyze the energy level structure in these mag-
netic QDs. The low temperature PL of two positively
charged Cr™-doped QDs are presented in Fig.1 together
with their low magnetic field dependence in a Faraday
configuration. The emission of such dots at zero mag-
netic field consists in a minimum of 7 lines separated by
a central gap A [15]. Additional lower intensity lines can
be observed in some of the dots (see QD1). Even in the
presence of these additional lines, no linearly polarized
split lines are observed at zero magnetic field (Fig.1(c)).
This is in striking difference with positively charged QDs
doped with Mn?*, the most studied 3d® (S=5/2) diluted
magnetic semiconductor system. In the latter case, lin-
early polarized lines arising from the recombination of
the coupled X+-Mn2t states towards hole-Mn?t levels
affected by a valence band mixing are characteristic of
the X*-Mn?* PL [17].
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FIG. 1. Low temperature (T=5K) PL of two Cr*-doped QDs,
QD1 (a) and QD2 (b). (c) Intensity map of the longitudinal
magnetic field dependence (top panel) and of the linear po-
larization dependence (bottom panel) of the PL of QD1. (d)
Intensity map of the magnetic field dependence of the PL of
QD2. (e) Broadband PL spectra of QD2.

Let us note that we do not observe in these magnetic
QDs any notable contribution from another charge state
of the dot. This is illustrated in Fig.1(e) where we present
a broadband PL spectrum of QD2. Though QD2 is not



perfectly isolated, one can notice that no other excitonic
species coupled with a spin 5/2 is observed. In particu-
lar, we have never observed in these QDs the contribu-
tion of the neutral exciton coupled to the spin 5/2 of Cr™
that would give a characteristic spectrum of six lines per-
turbed at the center by the linear polarization induced by
the long-range exchange interaction. The presence of the
negatively charged Cr* ion seems particularly effective
in stabilizing the charge state of these QDs.

The energy levels of XT-CrT (the excited state in a
Cr*-doped QD) are described by the Hamiltonian

HX+—CT+ = IeCr+§' G+ ge/JBa: . E + HCT+ (1)

which contains a possible exchange interaction between
the Cr spin (S) and the electron spin (), the Zeeman
energy of the electron spin and the Cr™ Hamiltonian

Heore = DoS?+ E(S2—5)) + (2)
gCT*/-LBS’" é

describing the fine structure of the Cr* spin and its Zee-
man energy (go,+ = 2) [14, 18]. The fine structure arises
from the crystal field and the spin-orbit coupling [19].
The term Dy commonly called ”magnetic anisotropy” is
induced by biaxial strain in the plane of the QD. An
anisotropy of the strain in the QD plane induces a mix-
ing of the Cr* spin states described by the E term. Fur-
ther reduction of the symmetry by local strain can in-
duce additional terms [19]. We also neglect here possible
terms arising from the tetragonal symmetry of the crys-
tal field in the zinc-blend lattice, assumed to be weak
in self-assembled QDs compared with the strain induced
terms.

In Crt-doped QDs, I.c,+ < Dy and the energy levels
of XT-CrT are dominated in the absence of magnetic field
by Hcr+. The latter leads in a first approximation to
a parabolic energy shift of the Cr™ spin states. This
structure at zero field is presented in the simplified energy
levels scheme of Fig. 2(a). In this model, we consider that
the exchange interaction of the two spin paired holes with
the Cr* spin is negligible [17, 20] and we also neglect any
possible diamagnetic shift of Xt not relevant in the low
magnetic field regime.

The hole-Cr™ complex in the ground state is domi-
nated by a ferromagnetic exchange interaction between
the hole and the CrT spins [15] and the energy levels are
described by

Hy—crt+ = IhCr+§' j-l— ghqu- B + Heor+ (3)

where J is the hole spin operator and gy, its Landé factor.
In the subspace of the two low-energy heavy-hole states,
a pseudo-spin operator j can be used to take into account
the influence of a possible valence band mixing (VBM). In
self-assembled QDs the VBM mainly arises from a strain
anisotropy described by the Bir-Pikus Hamiltonian [21].

In the presence of anisotropy in the QD plane, the two
hole ground states become |®;) = | 4+ 3/2) — ¢| — 1/2)

and |®, ) = | — 3/2) — ¢*| + 1/2) with ¢ = ps/Ape*?-.
ps describes the amplitude of the mixing and Ay, the en-
ergy splitting of light-holes and heavy-holes induced both
by strain and confinement. #, is an angle relative to the
[100] axis describing the direction of the in-plane strain
anisotropy. A first order development of the angular mo-
mentum operator J on the subspace of the perturbed
holes |®3°) leads to the operators acting on {+3/2; —3/2}:

~ Ps 0 —2\/?)6_%% .
.]+ - Alh (O O ’ (4)

- ps 0 0\ - (32 0
I== Am \—2v3e2®: o)== 0 —3/2

j+ and j_ flip the hole spin whereas a measurement of
the spin projection along z confirms that they are mainly
heavy-holes. This type of VBM unlocks the spin-flips
between the hole and its surrounding medium. It al-
lows hole-Cr* flip-flops and couples the different hole-
Crt spin states. This is in particular the case for the
states |S, = —1/2,1) and |S, = +1/2,{x) which are
initially degenerated and split by the VBM induced mix-
ing. This mixing term is responsible for the opening of
the gap A in the center of the XT-Crt spectra.

In the presence of shear strain, the two hole ground
states become |Z;) = |+ 3/2) + £ +1/2) and |Z,) =
| —3/2) —€*| —1/2). A first order development of the
angular momentum operator J on the subspace of the
perturbed holes |ZF) leads in this case to

(Y %) @
=g (0 )= CF 5p)

Because of this VBM the hole-Cr* exchange interaction
couples the states |2, S,) with the states |27, S, + 1)
and |Ef, S, —1).

A modeling of the PL of X*-Cr* and its low longitudi-
nal magnetic field dependence is presented in Fig. 2. The
overall width of the spectra is controlled by the hole-Cr™
exchange interaction and is given by 3/2 X 5 X I,cp+.
The central gap A arises from the VBM induced by an
in-plane anisotropy of the strain, p/Ay,. The presence
of this simple VBM term mixes hole-Cr™ states with dif-
ferent S, and allows optical transitions with a change
of the Cr* spin. Such transitions appear as low inten-
sity PL lines in the calculated spectra presented in a log
scale in Fig. 2(b). These lines are shifted from the main
transitions (i.e. spin conserving transitions) by an en-
ergy which depends on the magnetic anisotropy Dg. For
instance, the line pointed by an arrow in Fig. 2(b) cor-
responds to a transition with a change of the Cr™ spin
from £3/2 to £5/2 respectively. It is shifted from the
spin conserving line by 4Dg. Such transitions appear
sometimes in the PL spectra of dots with a large central
gap (see QD1) but are usually hidden in the pedestal of
the broadened spin conserving PL lines.
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FIG. 2. (a) Energy levels scheme of the h-Cr' and the X -
Cr' states in a positively charged QD containing a Cr™ ion.
Within XT-Cr™, the electron-Cr' exchange interaction and
the fine structure term E are neglected. Green arrows cor-
respond to the VBM induced by in-plane strain anisotropy
which couples two by two hole-Cr™ levels. (b) Calculated PL
spectra (log scale) of XT-Cr* in the presence of VBM in-
duced by in-plane strain anisotropy ps/A;r= 0.21 (0s=0) and
with the parameters I, o,+= -225 peV, I.o,.+= OpeV, £=0,
ge=-0.4, gr=0.5, Do=-30 peV, E=0 peV. (c) Magnetic field
dependence of the PL of a Cr™-doped QD calculated with the
previous parameters and shear strain £=0.17 (top panel) and
with £€=0.17 and E=10 peV (bottom panel).

To explain details of the PL spectra under magnetic
field and in particular characteristic anti-crossings on the
low energy line one has to include the presence of VBM
induced by shear strain. This term is in particular re-
sponsible for anti-crossing z1 in Fig. 2(c). A negative
value of Dy is needed to control the position of x1. This
negative value of Dy associated with a fine structure term
E are also responsible for anti-crossing 2 in Fig. 2(c) and
to some additional anti-crossings at low magnetic field on
the high energy lines in o— polarization.

IV. RESONANT PHOTO-LUMINESCENCE OF
X*t-CR".

The multi-level spin structure in a positively charged
Crt-doped QD, including possible perturbation terms
which do not commute with DS? or J.S,, results in a
complex spin dynamics. A faster change of the spin state
for XT-Crt compared to the spin evolution time in the
hole-Cr™ complex can be a source of optical pumping un-
der resonant excitation. Resonant optical pumping was
recently observed for an excitation on the high energy
line of XT-Cr* which addresses the low energy states of
the hole-Cr* nano-magnet with M, = 44 (see the energy
level scheme in Fig.2 and ref. [15]).

A change of the spin in a Crt-doped QD can be in-
duced by possible non-diagonal terms in the X*-Cr™ or
hole-Cr™ Hamiltonians. It can also result from a com-
bination of spin-flip of the electron (in a few us range
[22]), spin-flip of the hole, independent spin-flip of the
CrT induced by the interaction with phonons and pos-
sible hole-Cr™ flip-flops [23]. In addition, it was already
observed that the spin of a Cr atom can be sensitive to
optically generated non-equilibrium phonons [15, 24]. As
the spin splitting is significantly different in the ground
state (overall splitting of the hole-Cr™ states given by
5% 3/2 x I,cp+) and in the excited state (XT-Cr™ levels
dominated by the Cr* fine structure and split by 6 x Dy),
the spin dynamics in each complex is also expected to
strongly differ.

In a magnetic QD, the intensity distribution of the res-
onant PL can be used to reveal the main spin-flip chan-
nels [17]. Under resonant excitation of X*-Cr* and in
a steady state regime, the amplitude of the PL results
from (i) the efficiency of absorption, (ii) the population
of the initial hole-Cr™ state resonantly excited which is
eventually decreased by a pumping effect and (iii) the ef-
ficiency of the spin transfer among the spin levels during
the lifetime of the charged exciton.

A. Resonant PL in the presence of non-resonant
excitation

The main feature of the resonant PL of XT-Cr™ of
QD2 is presented in Fig. 3. In these experiments the
PL is detected on the low energy line 1 for an excitation
scanned on the high energy side of the spectra in a cross-
linear excitation/detection configuration (meross)-

At high resonant excitation power, resonances appear
around the two high energy lines 6 and 7 (black curve
in figure Fig. 3(b)) when the PL is detected on line 1.
The resonant PL is enhanced when an additional non-
resonant laser tuned on the energy range of the excited
states of the QD, below the ZnTe barrier, is added. This
non-resonant laser, at 568 nm in the experiment pre-
sented in Fig. 3, produces a weak PL but has an influence
on the intensity of the resonant PL. The amplitude of the
resonant PL is enhanced by the increase of the power of
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FIG. 3. Resonant PL detected on the low energy line 1 of
XFT-Cr* in QD2 obtained in cross-linear excitation/detection
configuration. The resonant PL is enhanced in the presence
of an additional non-resonant (nres) excitation (at 568 nm).
(a) PL spectra of XT-Cr* in QD2. (b) PL excitation spectra
obtained for variable non-resonant excitation power. (c) Res-
onant PL spectra obtained for an excitation on resonance b.
(d) Intensity map of the PL excitation spectra.

the non-resonant excitation and a weak absorption peak
appears around the energy of line 4 (Fig. 3(b)).
Resonances at energies corresponding to the two high
energy lines 6 and 7 are clearly observed whereas the
contribution of an absorption on lines 4 and 5 is absent or
very weak (Fig. 3(d)). Absorption b appears to be slightly
shifted from line 6. Whereas the splitting between PL
lines 6 and 7 is around 300 peV, resonances a and b in
the PL excitation spectra are split by about 390 peV.

B. Energy distribution and polarization of the
resonant PL

A simultaneous observation of lines 1 and 2 when the
resonant laser is scanned on the high energy side of the
spectra permits to reveal the relative position of the ab-
sorption lines and obtain more information on the re-
laxation processes among XT-Crt. The corresponding
excitation spectra obtained for a fixed non-resonant ex-
citation power and in 7...ss configuration are presented
in Fig. 4. The simultaneous observation of the two low
energy lines permits to rule out some possible uncertainty
on the excitation laser energy and to clearly measure the
relative energy position of the different absorption lines.

The main results of these resonant PL experiments are
the following: (i) An excitation on line 7 produces a PL
on line 1 (resonance a in Fig. 4) and no resonant PL is
observed on line 2. (ii) An excitation on line 6 produces a
PL on line 2 (resonance ¢ in Fig. 4) and no resonant PL is
observed on line 1. (iii) A PL on line 1 is observed for an
excitation slightly shifted on the low energy side of line
6 (resonance b in Fig. 4). At this excitation energy, no
resonant PL is observed on line 2. (iv) A PL is observed
on line 2 for an excitation on the low energy side of line
5 (resonance d in Fig. 4). As already discussed for the
experiments presented in Fig. 3, no PL is observed on
line 1 for an excitation around line 5.
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FIG. 4. PL of the two low energy lines 1 and 2 of XT-Cr™
in QD2 for an excitation scanned on the high energy side of
the spectra in meross configuration. All the measurements are
performed under an additional weak non-resonant excitation
at 568 nm. (a) Reference non-resonant PL. (b) PL intensity
as a function of the excitation energy for a detection on lines 1
(det. 1) and 2 (det. 2). (c) Resonant PL for an excitation on b
together with the corresponding excitation laser line (green).
(d) PL excitation intensity map.

These data can be understood with the energy level
structure of XT-Crt which is dominated by the mag-
netic anisotropy term DgS? (see section III and refer-
ence [15]). Consequently, among XT-Cr™, the spin states
S, =45/2, S, = £3/2 and S, = £1/2 are respectively
degenerated (see Fig. 2(a)).



The observation of PL only on line 1 (Cr* spin state
S, = £5/2) for an excitation on line 7 (Cr™ spin state
S, = £5/2) and the observation of PL only on line 2
(Crt spin state S, = £3/2) for an excitation on line 6
(Cr* spin state S, = +3/2) show that under resonant
excitation |S,| is well conserved during the lifetime of
X+ (around 250 ps). In particular, there is no detectable
transfer from £3/2 to the lowest energy states £5/2, a
spin flip channel that would involve an emission of low
energy acoustic phonons.
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FIG. 5. PL excitation spectra detected on line 1 of X*-Cr*
obtained in o, (a) and oeross (b) excitation/detection config-
uration and with a fixed non-resonant (at 568 nm) excitation
power. Let us note that the background level of the non-
resonant PL is slightly larger in ocross than in o.,. Because
of the configuration of the set-up the 0., polarization for the
resonant excitation corresponds to crossed circular polariza-
tion for the non-resonant excitation. For an excitation on the
excited states range of the dots the non-resonant PL is slightly
co-polarized.

Additional information on the spin dynamics of X™-
Cr™ can be obtained with circularly polarized resonant
excitation. Resonant PL detected on line 1 for o., and
Ocross configurations are presented in Fig. 5. As in the
case of linearly polarized excitation, an increase of the
resonant PL is observed when a high energy non-resonant
excitation is added (see Fig. 6). The resonant PL is su-
perposed to the constant background of non-resonant PL.

Clear absorption resonances appear in o, for an ex-
citation around the two high energy lines 6 and 7. The
obtained resonant PL is mainly co-polarized with the ex-
citation and only a weak cross-circularly polarized con-
tribution is observed for an excitation on the high energy
line 7. At low excitation power, this cross-circular res-
onant PL appears at the center of a narrow hollow in
the non-resonant PL background. Such contribution in
cross-circular polarization is not observed for an excita-
tion on the other XT-Crt lines. In particular, no oeross
signal is observed for an excitation around line 6 where
a clear o, contribution is however obtained.

C. Discussion on the origin of the resonant PL.

A 0,055 emission on the low energy line 1 for an exci-
tation on the high energy line 7 corresponds to spin-flip
of the electron with a conservation of the Cr™ spin. The
observed very weak o..,ss component shows that a spin
flip of the electron is unlikely. Electron-Cr* flip-flops are
also unlikely. They would result in a dominant o..oss
resonant PL with a transfer of the Cr™ spin, from +5/2
to +3/2 for instance. This is the situation observed in
positively charged Mn?t-doped QDs where, in striking
contrast with the Cr™ case, the fine structure term Dy
is weak, the electron-Mn?* exchange interaction is much
larger and dominates the structure of the energy levels
of X*-Mn?+ [17].

The transfer of excitation with a conservation of the
circular polarization (dominant signal in o.,) between
lines 7 and 1 (between lines 6 and 2) corresponds to a
transfer among +5/2 (£3/2) with a conservation of the
electron spin. It shows that spin-flips between £S5, can
occur and dominate over the spin-flip of the electron and
the interaction with low energy acoustic phonons that
would induce a transfer from +3/2 to the low energy
states £5/2. Such spin-flips among £S5, correspond to a
so-called spin-tunneling. Spin tunneling is well known to
significantly influence the spin dynamics in weakly split
molecular nano-magnet [25; 26]. These tunneling pro-
cesses can be faster than the interaction with low energy
acoustic phonons. In a single phonon process, the spin-
flip probability evolves as the power of five of the en-
ergy splitting between the considered spin levels [27-29].
Within the weakly split XT-Cr™ system, the interaction
with phonons is consequently reduced and no significant
Cr* spin-flip between £+5/2 and +3/2 and between +3/2
and +1/2 occur during the lifetime of XT.

This process explains resonances a and c in the PL
excitation spectra. For resonance a, a laser resonant on
line 7 is absorbed when the Cr™ spin is £5/2 and creates
an X T-Cr™ in its lowest energy state. It can recombine
at the same energy with a conservation of the Cr* spin
(i.e. strictly resonant fluorescence) or after a transfer
from +5/2 to -5/2 (or from -5/2 to +5/2). The second
process gives some PL in o, on the low energy line 1.
In the case of resonance ¢, a laser resonant on line 6
is absorbed when the Cr™ spin state is +3/2. X* can
recombine at the same energy or on line 2 with the same
circular polarization after a transfer from +3/2 to -3/2
(or from -3/2 to +3/2).

Spin tunneling can induce an optical pumping of the
state under resonant excitation (i.e. empty the reso-
nantly excited spin state, S,=+5/2 in the case of an
excitation on 7). This pumping reduces the absorption
probability and leads to a decrease of the resonant PL
intensity. The resonant PL can be restored by the high
energy non-resonant excitation which fasten the hole-Cr™
spin relaxation. As we will see in more detail later, this
explains the dependence of the resonant PL on the power
of the high energy (i.e. not spin selective) excitation.



These experiments show that the X*-Cr™ system be-
haves like a nano-magnet with a magnetic anisotropy
DyS?. The degenerate spin states +1/2, +3/2 and +5/2
respectively can be weakly mixed by perturbation terms
that do not commute with S,. Such coupling are at
the origin of spin tunneling that dominates over the
coupling with low energy acoustic phonons among X*-
Cr™ and gives rise to the observed weak resonant PL.
Similar behavior is often observed in molecular nano-
magnets where spin tunneling dominates their spin dy-
namics [25, 26].

Additional absorption resonances (resonances b and d),
slightly shifted from the emissions lines, appear in the
PL excitation spectra of Fig. 4. In addition to the main
optical transitions (labeled from 1 to 7 in Fig. 3) which
conserve the CrT spin, the presence of Hamiltonian terms
which do not commute with S, allows some optical tran-
sitions with a change of S, by one unit. Traces of these
transitions appear at zero magnetic field in some of the
dots (see for instance QD1 in Fig. 1) but are more likely
observed under magnetic field when they are mixed with
optically allowed transitions (see magneto-optic maps in
Fig. 1). These transitions appear in the calculated spec-
tra in the presence of VBM terms (Fig. 2(b)). Transi-
tions which conserve the Cr™ spin (dominant PL lines)
and transitions which occur with a change of one of S,
are shifted by an energy which depends on the magnetic
anisotropy Dy.

For an excitation around line 6 (S,=%3/2), the opti-
cal transition can occur with a change of the Cr™ spin by
one unit starting from a hole-Cr* state with S,=+3/2
and creating an XT-Cr* state with S,=+5/2. This tran-
sition, which corresponds to resonance b, is shifted from
line 6 by an energy ((5/2)% — (3/2)?)Doy=4Dy < 0.

Let’s consider for instance a o— excitation scanned
around line 6. It addresses the hole-Crt state |S, =
+3/2,r). This levels is degenerate with |S, = —3/2, {3,
}. The latter is coupled by the VBM with the state
|S, = —5/2,1n) (see green arrows in Fig. 2(a)). The o—
excitation can then induce a transition towards the X*-
Crt state |S, = —5/2, ftndnte). This transition is shifted
from the spin conserving one (from |S, = +3/2, 1) to
|S. = +3/2, tnllnte)) by 4Do < 0. [S. = =5/2, ftnlnte)
recombines on the low energy line 1 by emitting a c—
photon. This explains the weak o, emission for an ex-
citation on resonance b. This forbidden optical tran-
sition is a source of optical pumping for the states
|S. = =3/2,{) which is excited at this energy. The
observed energy shift permits a direct determination of
the magnetic anisotropy of the Cr™ atom and for QD2
4Dy ~ —100peV.

The same mechanism explains the ., emission for an
excitation on resonance d. Transition 5 is associated with
the Cr™ spin states S, = +1/2. An absorption on line 5
can produce a PL on 5 or on 3 and 4 (mixed levels) after a
transfer which conserves |S;|. As in the case of resonance
b, an excitation close to line 5 can also induce a transition
from S,=+1/2 to S,=+3/2. Neglecting the VBM which

can have an influence on the energy of these levels close
to the central gap, this transition is shifted by ((3/2)% —
(1/2)%)Dy=2Dq < 0 from line 5. The created X*-Cr*
associated with a Cr spin S, = £3/2 recombines on line
2, as observed for resonance d. As in the case of resonance
b, this transition can induce an optical pumping of the
resonantly excited state.

Resonances a and ¢ on one side and resonances b and
d on the other side have a different origin. Resonances
b and d are in a first approximation forbidden optical
transitions with a change of S, and are expected to have
a weak oscillator strength. The different nature of these
transitions is confirmed by their excitation power depen-
dence. The intensity of the circularly polarized resonant
PL depends both on the resonant and non-resonant ex-
citation power. This is presented in Fig. 6 where the PL
excitation spectra detected on line 1 are displayed for
varying resonant (Fig. 6 (a)) or non-resonant (Fig. 6 (b))
excitation intensity in the o, configuration.
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FIG. 6. Power dependence the PL excitation spectra detected
on the low energy line 1 in 0., configuration. (a) Dependence
on the power of the resonant excitation (with Pg®*=2.5uW)
for a fixed non-resonant excitation power (Pg"¢°= 5uW). (b)
Dependence on the power of the non-resonant excitation (with
Pym*=1.5uW) for a fixed resonant excitation (Pg®°*= 80 uW).
(c) Evolution of the PL intensity as a function of the non-
resonant excitation power (with Po=20 pW) for a fixed res-
onant excitation on line 7 (Pg°°= 10 pW). In the bottom
panel the contribution of the non-resonant PL is subtracted
from the total PL. Black lines are linear fits.

For a fixed non-resonant excitation, with the increase
of the resonant power a contribution of a direct absorp-
tion in the high energy acoustic phonon side-band of
the low energy line appears. At low resonant excitation
power, the resonant PL obtained for an excitation on
line 7 is much larger than for an excitation around line
6. At high excitation power their intensity is roughly
equal. This confirms that these two transitions have a
significantly different oscillator strength. The transition
around line 6 which has the weaker oscillator strength
saturates at a higher excitation power than the optically
allowed transition 7 which has the largest intensity at low



excitation power.

V. SPIN RESONANT OPTICAL PUMPING
AND SPIN HEATING.

For a fixed resonant excitation intensity, increasing
the non-resonant excitation increases the amplitude of
each absorption peaks (Fig. 6(b)). For an excitation on
the high energy line 7, the intensity of the resonant co-
circularly polarized PL is continuously tuned by the non-
resonant excitation. Its evolution with the increase of the
non-resonant excitation is sub-linear and a saturation is
observed at high excitation (Fig. 6(c)).

The dependence of the resonant PL on the intensity
of the non-resonant excitation can be explained by the
presence of the resonant optical pumping of the hole-Cr+
spin [30]. The out of equilibrium population distribution
created by the resonant pumping can be partially de-
stroyed by the high energy excitation. The amplitude
of the resonant PL is therefore restored. We will show
in the following that the resonant optical pumping and
its destruction during the non-resonant excitation can be
observed in the time evolution of the resonant PL.

A. Resonant PL under modulated excitation.

When a continuous wave (CW) non-resonant excita-
tion is combined with a pulsed resonant excitation on
the high energy line 7, transients are observed in the
resonant PL intensity of the low energy line 1. This is
presented in Fig. 7 for a 0,055 excitation/detection con-
figuration. Despite the weak resonant signal (see Fig. 5),
this excitation/detection configuration is of particular in-
terest. In this configuration one excites and detects the
same spin state of the Cr* (see the energy level scheme
in Fig. 2). For instance, an excitation on line 7 in o—
polarization empties the Cr™ spin state S,=+5/2 in the
hole-Cr™ complex. The PL of line 1 recorded in o+ po-
larization is also proportional to the probability of occu-
pation of the Cr™ spin state S,=+5/2.

The transient observed at the beginning of the res-
onant pulse corresponds to the optical pumping of the
resonantly exited hole-Cr™ spin state. The out-of-
equilibrium spin occupation probability created by spin
pumping is destroyed by the non-resonant excitation:
This is directly observed in the CW signal just after
the end of the resonant pulse. This appears as a pro-
gressive increase of the intensity of the non-resonant PL
(i.e. filling of the spin state S,=+5/2 after a o— reso-
nant excitation on the high energy line). This heating of
the hole-Cr™ spin by the high energy excitation typically
takes place in a few tens of ns. The speed of the spin
heating increases with the increase of the non-resonant
excitation power (Fig. 7(b)).

It is clear from these experiments that the resonant
excitation affects the intensity of the non-resonant PL.
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FIG. 7. Time resolved resonant PL detected on line 1 of
QD2 under a CW non-resonant excitation (568 nm) and a
pulsed resonant excitation on line 7. The transients obtained
in ocross configuration for two different non-resonant excita-
tion powers are compared.

This confirms the presence of the resonant pumping and
the observation of a transient in the CW non-resonant
PL reflects its destruction by the non-resonant excitation.
These pumping experiments also show that under optical
excitation spin fluctuations in the tens of ns range takes
place within the X*-Cr* or the hole-Crt complexes.

B. Spin fluctuations observed in the
auto-correlation of the PL intensity.

Spin fluctuations within a positively charged CrT-
doped QD directly influence the statistics of the photons
emitted by individual lines of X*-Cr*. This statistics can
be observed in the auto-correlation of the PL intensity.
To estimate the auto-correlation signal we used a Han-
bury Brown-Twiss set-up with a time resolution of about
700 ns [31]. In this experiment, the detection at t=0 of a
photon at a given energy and polarization indicates that
the hole-Cr* system is in a particular spin state. The
probability of delayed detection of a second photon with
the same energy and polarization depends on the prob-
ability of conservation of the spin state and excitation
rate. This photons’ coincidence measurement is a good
approximation of the auto-correlation of the PL intensity
as far as the considered time delay remains smaller than
the inverse of the photon collection rate limited in these
experiments to a few kHz.

Figure 8 presents the auto-correlation of the PL in-
tensity of line 1 of QD2 for an excitation at 578.5 nm on
excited states of the dot. Because of the limited time res-
olution of the setup and the short lifetime of Xt (around
250 ps), the antibunching characteristic of a single pho-
ton emitter is not observed. However, a large photon
bunching is obtained with a characteristic width of a
few ns. Non-magnetic CdTe/ZnTe QDs in similar sam-
ples do not present any significant bunching induced by
charge fluctuations [31] and charge fluctuations are un-
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FIG. 8. Auto-correlation of the PL intensity of the low energy
line of X*-Cr* in QD2 for three different non-resonant (A=
578.5 nm) excitation powers.

likely in the studied magnetic QDs as only the positively
charged exciton is observed in the PL spectra. The ob-
served bunching is a signature of fluctuations in the PL
intensity induced by the spin dynamics. The width of the
bunching reflects the speed of the spin-flips whereas its
amplitude depends on the number of available states for
the spin relaxation. The speed of the spin fluctuations
increases with the increase of the excitation power.

PL intensity fluctuations can arise both from the hole-
CrT and the X*-Cr* spin dynamics. As coincidence
events in auto-correlation measurements depend on the
square of the photon count rate, these experiments are
performed under high excitation intensity where the
probability of presence of XT in the dot is large.

The increase of spin fluctuations with the non-resonant
excitation power can have two origins. First the spin dy-
namics is faster within the X*-Cr™ than for the hole-Cr+
complex and spin-flips increase with the increase of the
probability of presence of X*. Secondly, the high en-
ergy and high intensity optical excitation generates non-
equilibrium acoustic phonons that can induce spin-flips
of the Cr™T, in particular within the split hole-Crt com-
plex [15, 24]. The two processes probably contribute to
the acceleration of the spin dynamics. This experiment
does not permit to identify the dominant contribution.
However it confirms that (i) under excitation spin fluctu-
ations in the ns range take place and (ii) that the speed
of these fluctuations is very sensitive to the excitation
power.

C. Analysis of the resonant pumping transient.

To analyze the dynamics of the resonant pumping, the
non-resonant and the resonant excitation can be both
pulsed and separated in time (Fig. 9 (a)). For an ex-
citation on line 7, the 0., PL of line 1 can be used to
monitor the dynamics of the resonant absorption. The
0 configuration permits to obtain a much larger res-
onant signal. This was already observed in the steady

state regime under CW resonant excitation (Fig. 5) and
is also well pronounced in the pumping transients [15].
Resonant pumping transients for different non-resonant
and resonant excitation powers are presented in Fig. 9(b)
and Fig. 9(c) respectively.
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FIG. 9. (a) Optical spin pumping with separated non-
resonant and resonant pulses for a resonant excitation on line
7 and a co-circular detection on line 1. (b) Evolution of the
resonant pumping transients as a function of the non-resonant
excitation power for a fixed resonant excitation power. Traces
are shifted along the time axis for clarity. (c¢) Evolution of the
resonant pumping transients as a function of the resonant ex-
citation power for a fixed non-resonant excitation. Black lines
are bi-exponential fits with characteristics times 71 and 7s.

With the increase of the power of the non-resonant ex-
citation and for a given resonant excitation (Fig. 9(b)),
the amplitude of the resonant pumping transient first
increases, reaches a maximum and then decreases. An
influence of the non-resonant excitation on the resonant
pumping transient is observed even if there is not a sig-
nificant non-resonant PL. Such behavior was already ob-
served in the case of QDs containing a Cr?* ion [23].
It was interpreted as the influence of locally generated
acoustic phonons on the Cr?* spin split by a large strain
induced magnetic anisotropy. This is also the case for
the hole-Cr™ system split by the ferromagnetic exchange
interaction of the hole with the magnetic atom. At low



excitation power, the non-resonant excitation pulse par-
tially destroys the optical pumping (i.e populates the low
energy state emptied by the resonant pumping). This
produces an increase of the amplitude of the pumping
transient. However, at high non-resonant excitation in-
tensity, the effective spin temperature of the hole-Cr+
system at the end of the non-resonant pulse increases
and become much larger than the lattice temperature.
This reduces the occupation probability of the hole-Cr+
ground states and consequently the initial amplitude of
the resonant PL transient. As we will discuss later, the
effective temperature of the hole-Cr™ spin, much larger
than the temperature of the lattice, is induced by the in-
teraction with the non-equilibrium acoustic phonons gen-
erated by the optical excitation.

A careful analysis of the pumping signal also reveals
that the transients are not simply mono-exponential
(Fig. 9(c)). They can be described by a bi-exponential
decay whose characteristics times depend on the resonant
excitation power. The dominant fast initial decay which
takes place in a few tens of ns is followed by a second
transient with a characteristic time of a few hundreds
ns. Both transients depend on the resonant excitation
power.

The first decay corresponds to the decrease of the pop-
ulation of the state which is resonantly excited. The pres-
ence of the second decay shows that the state which is
excited is powered by a transfer from other hole-Cr™ lev-
els. These levels, linked to the ground state, are also par-
tially emptied at the end of the pumping sequence. Such
transfer can be induced by all the non-diagonal terms of
the hole-Cr* Hamiltonian affecting the ground states.

The two ground states, with parallel hole and Cr spins,
are in particular linked to the other levels by the E term
which couples Cr™ spin states separated by two units.
At the end of the pumping sequence the resonantly ex-
cited ground state and the coupled states are partially
emptied. The transfer time depends on the strength of
the coupling and on dephasing processes. Because of the
weaker splitting, couplings induced by E (or any other
non-diagonal term) are much more efficient within X*-
Cr™ than within the hole-Cr™ system. Spin flips of the
Crt will consequently be much slower in the ground state
than in the excited state allowing the resonant optical
spin pumping.

These detailed analyses of the pumping transients con-
firms the complex dynamics of this multi-levels spin sys-
tem that would deserve to be modeled in detail. We can
nevertheless conclude from these time resolved pump-
ing experiments that the dynamics in this Crt system
strongly depends on the condition of optical excitation,
both resonant and non-resonant.
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D. Effective Cr™ spin temperature under
non-resonant optical excitation

The influence of the non-resonant optical excitation on
the effective spin temperature of the Cr™ can be observed
in the PL intensity distribution of X*-Cr*. This dis-
tribution significantly depends on the excitation power.
This is illustrated in the power dependence presented in
Fig. 10 realized at a bath temperature of T=4.2K for an
excitation on an excited state of the dot. In this dot
(QD2) presenting a large hole-Cr™ exchange interaction,
at zero magnetic field and at weak excitation power the
PL is mainly concentrated on the two outer lines. These
lines correspond to the spin states S,=+5/2 of the CrT.
With the increase of the excitation power, the relative
contribution of the PL of the two outer lines decreases
and at high power all the seven lines are clearly observed
(Fig. 10(a)). They present a similar integrated PL with a
normalized intensity around 1/6, except for lines 3 and 4
which result from a splitting of the same hole-Cr™ level
and have an intensity around 1/12 (Fig. 10(b)). For a
linearly polarized non-resonant excitation, an equal in-
tensity for all the PL lines is expected for an identical
probability of occupation of all the 6 Cr™ spin states.

A similar excitation power dependence is observed in
the PL intensity distribution under a large magnetic field.
Under B,=9T, the thermalization on the low energy line
in o— polarization and on the high energy line in o+
polarization, characteristic of the ferromagnetic hole-Cr+
coupling [15], is significantly enhanced at low excitation
intensity where a single line is observed in the circularly
polarized PL spectra (Fig. 10(c)).

At 4.2 K and in the absence of optical excitation, the
hole-Cr™ spin thermalize on the two ground states with
angular momentum M,=44. At very low excitation in-
tensity the QD is empty most of the time. If the spin
relaxation among the X*-CrT complex is slower than the
lifetime of Xt (around 250 ps) the PL intensity distribu-
tion reflects this thermalization in the ground state and
a maximum of PL is expected on the two outer lines.

The modification of the effective spin temperature of
magnetic atoms in a semiconductor can result from the
effect of the optical injection of carriers and/or the inter-
action with optically generated phonons [32, 33]. Let’s
first analyze the influence of carriers in the particular
case of a QD containing a hole-Cr* complex. Under
non-resonant excitation, efficient spin relaxation of the
hole occurs during the capture of the hole and electron
that form the exciton: bright excitons (with anti-parallel
electron and hole spins) or dark excitons (with parallel
electron and hole spins) are injected in the dot with a
similar probability. They can both form with the resi-
dent hole a Xt that recombines optically.

For an initial hole-Crt on states M,=%4 and in the
absence of spin-flip during the lifetime of X*-Cr¥, an in-
jected bright exciton produces a PL on the high energy
line and leaves the hole-Cr™ to its ground state. The
electron of an injected dark exciton optically recombines
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FIG. 10. Influence of the excitation power on the non-

resonant (A= 578.5 nm) PL intensity distribution observed
at zero magnetic field (a) and under a longitudinal magnetic
field B,=9T in two circular polarization (c). (b) Power de-
pendence of the PL intensity distribution of XT-Cr™ at zero
magnetic field. The intensities of the two outer lines 1 and 7
are displayed in black.

with the resident hole and gives a PL on the low energy
line. This leaves the hole-Crt system on the highest
energy hole-CrT states with anti-parallel hole and Crt
spins (M,=+1). Starting from this high energy state,
the most efficient relaxation process is a spin-flip of the
hole that will drive the hole-Cr™ to its ground state with-
out changing the spin of the Cr™. CrT spin-flip induced
by the spin lattice coupling and involving emission of
phonons can also take place and hole-Cr* flip-flops in-
duced by the presence of VBM can occur and contribute
to a change of the Cr™ spin [23]. With these processes,
the non-resonant optical injection of carriers can be a
source for the increase of the effective spin temperature of
the hole-Cr* system. Spin-flips among X*-Cr* can also
take place. They can be induced by non-diagonal terms
of the Hamiltonian that do not commute with D¢S, (E
term for example). At high excitation intensity, when
the probability of occupation of the QD is large, their
contribution to the relaxation of the Cr* spin could also
become significant.

However, the thermalization on the two outer lines is
also particularly pronounced under a large magnetic field
(see Fig. 10(c) for B,=9T). Under a magnetic field and
in the absence of excitation (or at low excitation power),
the Cr* spin thermalizes on the spin states S,=-5/2 and
the hole-Cr™ complex relaxes towards the spin states as-
sociated with S,=-5/2. This corresponds to the low en-
ergy line of X*-Cr™ in o— polarization and to the high
energy line in o+ polarization. These lines dominate
the PL spectra at low excitation power. At high exci-
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tation power all the lines are clearly observed reflecting
a significant increase of the effective temperature of the
Cr™ spin. The power dependence under a large magnetic
field is similar to the one observed at zero field and the
spin-flip channels involved in the spin heating process are
likely identical.

Under a large field and for a hole-Cr™ on one of the
two ground states with S,=-5/2, the injection of a bright
exciton creates X*T-Crt complex in its ground state. It
recombines optically without inducing any change of the
Cr™ spin. The injection of a dark exciton also creates
the XT-Cr™ complex in its ground state. It recombines
optically towards the low energy hole-Crt level with a
change of the spin of the resident hole but does not affect
the spin of the Cr*. At high field (for instance B,=9T
in Fig. 10(c)) the Zeeman splitting of X*-Cr* is much
larger than possible non-diagonal terms of the X*-Cr™
Hamiltonian and these terms cannot significantly con-
tribute to the spin dynamics among X*-Cr*. Under a
large magnetic field, the non-resonant injection of carriers
in the dot does not induce any particular spin-flip chan-
nel and another source of spin heating has to be taken
into account.

The increase of the effective spin temperature can come
from a direct interaction of the Cr* spin with phonons
optically generated under CW high energy optical ex-
citation. Such influence of out-of-equilibrium phonons,
well known in diluted magnetic semiconductors [32], was
already observed in the spin relaxation after a heating
pulse in the case of Cr** [24] and hole-Cr™" [15]. Under
high energy optical excitation, the relaxation of carriers
generates a continuous flow of acoustic phonons through
the inelastic relaxation process. In the presence of a high
population of phonons at the energy of the spin transi-
tions, direct spin relaxation processes in which a single
phonon is emitted or absorbed during the transition can
occur. When higher energy phonon modes are populated
in the presence of non-equilibrium phonons it is also pos-
sible to absorb and emit two high energy phonons to per-
form the spin transition [34]. These are indirect processes
that can be faster than the direct transition because of
the larger density of states for phonons at high energy.
Both mechanisms induce an increase of the spin-lattice
coupling with the increase of the density of phonons and
can significantly modify the occupation probability of the
Crt spin states. This explains that a faster Cr™ spin re-
laxation is obtained under optical excitation than in the
dark even for a weak non-resonant PL (i.e. weak in-
jection of carriers inside the dot) and that an efficient
increase of the spin effective temperature is observed un-
der high intensity optical excitation even under a large
magnetic field.



VI. ACOUSTIC PHONONS AND RESONANT
SPIN PUMPING.

In addition to their complex multi-level spin structure,
excitons in II-VI magnetic QDs strongly interact with the
continuum of acoustic phonons [35]. The structure of the
resonant PL can also be affected by this coupling. De-
tails of the PL of line 1 in QD2 for an excitation on the
high energy side of XT-Cr" in 7.r0ss and oepess configu-
rations are compared in Fig. 11. In both measurements
a fixed non-resonant excitation (at 568 nm, below the
ZnTe barriers) is combined with the resonant laser.

In meross configuration, in addition to the two reso-
nances a and b around the two high energy lines, a back-
ground of absorption is also observed at high excitation
power. The amplitude of the background increases with
the reduction of the excitation energy and with the in-
crease of the excitation power (Fig.12). This background
of PL is due to a contribution of a direct absorption in the
high energy acoustic phonon side-band of the low energy
line 1. Such background of absorption on the high energy
side of a PL line can also be observed in non-magnetic
QDs.
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FIG. 11. Intensity of the PL of the low energy line 1 for an ex-
citation scanned around the high energy lines in cross-linear
(black) and cross-circular (red) excitation/detection config-
urations. (b) Detail of the PL excitation spectra in oeross
configuration showing the contribution of the absorption in
the acoustic phonon side-band around a resonant PL peak.

In o.r0ss configuration, when the resonant laser is
scanned on the high energy side of the spectra, the PL is
dominated by the weak contribution of the non-resonant
excitation (background level). Because of the good con-
servation of the electron spin during the lifetime of X,
the direct absorption in the acoustic phonon side-band
of the low energy line is not observed (i.e. no increasing
PL background at low excitation energy). In addition
to the weak non-resonant PL, a resonant PL of line 1
is observed for an excitation on line 7. A similar signal
is not observed for an excitation on the other lines and
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in particular around line 6 which gives a large signal in
Teross (OF O¢o) configuration. This shows that the weak
resonant signal on the high energy line in 0,055 config-
uration does not correspond to a trace of the larger o,
contribution that would not be perfectly rejected in the
selection of polarization.

At low excitation power, this weak PL appears at the
center of a narrow hollow in the non-resonant PL back-
ground. At intermediate resonant power, a broader hol-
low appears around the resonance. The width and the
depth of the hollow increase with the excitation power,
it becomes asymmetric as it extends towards high energy
(Fig.12). At the resonance, the PL intensity in ocrss
does not increase significantly with the increase of the
excitation power and at high power it is only slightly
larger than the non-resonant background level (Fig.12).
Such behavior was already observed in the time domain
(see Fig. 7) where the steady state PL intensity under
a pulsed resonant excitation in o..,ss was similar to the
intensity obtained under CW non-resonant excitation.

In o0.r0ss configuration, one excites and detects the
same Cr' spin state. In this case, the PL on line 1 for
an excitation on line 7 results from a spin-flip of the elec-
tron with a conservation of the Crt spin. Let’s consider
a o— resonant laser scanned around line 7. It excites the
spin state S,=+5/2. A reduction observed in the non-
resonant PL of line 1 reflects a reduction of the occupa-
tion probability of the spin state S,=+5/2. The broad
hollow at high excitation power shows that a reduction of
the occupation probability is obtained for an excitation
far (meV range) from the resonance on line 7.

The hollow in the non-resonant PL corresponds to an
absorption in the acoustic phonon side-band of line 7.
At high resonant power, this weak absorption can in-
duce an optical pumping which empties the states under
excitation. This pumping results in a decrease of the
non-resonant PL of line 1. The depth of the absorption
hollow increases with the resonant excitation power and
it extends on the high energy side. The observed asym-
metry corresponds to a better absorption on the high en-
ergy phonon side band of line 7 (i.e. optical absorption
with the emission of acoustic phonons). This is expected
at low temperature where high energy phonons are not
present for an optical absorption involving a simultane-
ous absorption of phonons (i.e. absorption on the low
energy phonon side-band of line 7).

For such excitation in the phonon side-bands the reduc-
tion of the non-resonant PL is only partial and it does
not reach zero. This shows that, in the presence of the
additional non-resonant excitation, the optical pumping
is not complete. Such partial destruction of the opti-
cal pumping by the non-resonant excitation was directly
observed in the time domain in Fig. 7.

At intermediate excitation power, in addition to the
phonon side-band hollow, the resonant PL peak obtained
for an excitation on the zero phonon line appears at
the center of a small symmetric hollow. This narrow
hollow is independent of the acoustic phonon band. It
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FIG. 12. Power dependence of the PL excitation spectra de-
tected on the low energy line 1 for oeross (top panels) and
Teross (bottom panels) configurations. All the PL excitation
spectra are obtained with the same power of non-resonant ex-
citation at 568 nm.

likely corresponds to an absorption in the pedestal of the
zero-phonon line. This absorption increases when the
laser gets closer to the resonance and enhances the op-
tical pumping already observed for an excitation on the
phonon side-band. At low excitation power, only the
small symmetric hollow appears around the resonant ab-
sorption peak.

The surprising behavior is the increase of the PL for
an excitation at the resonance on the zero-phonon line
7. One could expect that the pumping would be further
enhanced at the resonance and the amplitude of the non-
resonant PL reduced. On the contrary, in this high res-
onant excitation regime, the resonant PL increases and
returns to the level of the non-resonant background or
slightly above.

In this two excitation wavelengths configuration, the
signal detected on line 1 is the sum of the PL produced by
the CW non-resonant excitation and the resonant PL. In
Ocross the latter corresponds to a spin-flip of the electron
with conservation of the spin of the Cr*. A scan of the
excitation energy around line 7 corresponds to a modula-
tion of the excitation power of this transition associated
with the low energy hole-Crt state. For an excitation
in the phonon side band or on the pedestal of the zero-
phonon line (i.e. weak excitation regime) we observe a
decrease of the occupation probability of the resonantly
excited hole-Cr™ spin state. This reduction is induced by
the optical pumping. At low excitation power, far from
the saturation of the absorption, the pumping is expected
to be linear with the absorption of the resonant laser.

In the resonant power dependence of the PL excitation
presented in Fig. 12, the total PL at the resonance in
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Ocross does not significantly depend on the increase of
the resonant excitation power whereas the depth and the
width of the hollow in the non-resonant PL increases.
The depth of the hollow has also a sub-linear evolution
with the increase of excitation power. This shows that
at the resonance or close to the resonance, the saturation
regime is reached (i.e. saturation of the absorption of the
driven two levels system).

The observed increase of the PL of line 1 at the reso-
nance reflects a non-monotonic evolution of the PL with
the increase of the excitation power on line 7. It results
from a modification of the spin dynamics under high in-
tensity excitation. There are two possible sources for the
modification of the dynamics. First, the spin-flip of the
electron becomes not negligible at the resonance when
the absorption is maximum and a high probability of oc-
cupation of the QD is reached. Secondly, the efficiency of
the pumping of the low energy hole-Cr™ state is reduced
under high excitation intensity.

The dynamics of the electron is unlikely to be modified
by the resonant excitation. On the contrary, a modifica-
tion of the spin dynamics of the hole-Cr™ induced by the
generation of non-equilibrium acoustic phonon from the
strongly driven QD is possible. Indeed a driven QD is
an efficient local phonon source [36, 37] although excited
on resonance [38]. This happens during the formation
of a polaron accompanied by the emission of acoustic
wave packets [39]. This is especially the case in small II-
VI QDs having a large potential deformation coupling of
the exciton with acoustic phonon modes [35]. Phonons
with an energy in the few 100 peV range are emitted and
are particularly adapted for direct single phonon spin-flip
process among the hole-Cr™ nano-magnet. A modeling
of the impact of the polaron formation in a resonantly
driven QD on the spin dynamics of an embedded mag-
netic atom is an interesting theoretical problem that goes
beyond the scope of this experimental study.

VII. CONCLUSION

To conclude, we have studied the resonant PL of the
X*-Crt complex and the spin dynamics in CrT-doped
CdTe/ZnTe QDs under combined resonant and non-
resonant optical excitation. The resonant PL is reduced
by an optical pumping of the hole-Cr* spin. It can be
partially restored by a high energy non-resonant excita-
tion which erases the hole-Cr™ spin memory.

An analysis of the energy distribution of the resonant
PL shows that the spin dynamics of XT-Cr™ is domi-
nated by spin tunneling processes. This is due to the
weak energy splitting of this complex which limits its in-
teraction with low energy acoustic phonons and to the
absence of significant electron-Cr™ exchange interaction.
The spin dynamics in this system strongly differs from
X*+-Mn?*, the reference spin 5/2 system studied in the
recent years. This is because of (i) the larger strain in-
duced magnetic anisotropy for the Cr™ spin and (ii) the



very small exchange interaction of the Cr* spin with the
electron spin.

Optical transitions that do not conserve the Cr™ spin
are observed in the resonant-PL excitation spectra. The
energy shift of these transitions are controlled by the fine
structure of the magnetic atom. This permits to deter-
mine the magnetic anisotropy of the Cr*, in agreement
with estimation obtained from the modelling of low mag-
netic field magneto-optic spectra.

Under optical excitation, a carrier-Crt spin dynam-
ics in a few tens of ns range is observed in the auto-
correlation of the non-resonant PL intensity, in the reso-
nant optical pumping transients and in the non-resonant
PL transient resulting from the hole-Cr* spin heating.
In these three experiments, the observed dynamics is
strongly sensitive to the optical excitation intensity. The
effective spin temperature of the hole-Cr™ system ob-
served in the intensity distribution of the non-resonant
PL is also significantly affected by the optical excitation
conditions. This spin heating is induced by the gener-
ation of non-equilibrium acoustic phonons. A detailed
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analysis of the resonant PL suggests that the hole-Cr*
spin dynamics can also be affected by phonons generated
under resonant excitation. In future work, a modeling
of the dynamics of the multi-level spin system in a Cr*-
doped QD and in particular its interaction with optically
generated acoustic phonons will have to be performed.
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