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Optical study of a doubly negatively charged exciton in a CdTe/ZnTe
quantum dot containing a single Mn** jon
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We present a magnetospectroscopic study of a doubly negatively charged exciton X>~ in a CdTe quantum dot
doped with a single Mn>* ion. The X>~ emission leading to the singlet final state of an excited electron pair is
demonstrated to consist of six distinct lines corresponding to different projections of the Mn>" spin, similarly
as for the neutral exciton X. We show that the fine structure of X>~ energy levels, as well as the effects of the
longitudinal magnetic field, are well reproduced by a simple spin Hamiltonian model featuring both carrier-ion
and intershell electron-hole exchange interactions. We also point out two important effects distinguishing the X~
from the X, which result from different symmetries of the electron wave function: the field-induced decrease of
the anisotropic part of intershell electron-hole exchange, and the negligible value of the Mn** exchange integral

with the p-shell electron.
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I. INTRODUCTION

The exchange interaction in semiconductor quantum dots
(QDs) is an important factor governing the fine structure
of excitonic energy levels, and thus influencing the optical
properties of the QDs. The most basic example is the exchange
coupling between an electron and a hole forming the neutral
exciton (X). Numerous studies of different QD systems [1-4]
established a universal description of this exchange interac-
tion, which is defined by two contributions: the isotropic
contribution, which is responsible for §; splitting of bright
and dark excitonic states, and the anisotropic contribution,
which leads to §; splitting of two bright states. The latter
part of the electron-hole exchange is known as the main
factor hindering the entanglement between the photons emitted
during cascaded biexciton recombination [5—7]. Consequently,
the control of the magnitude of this interaction attracted
a lot of scientific attention, resulting in several successful
experimental demonstrations of entanglement between the
photons emitted from a single QD [8-10].

A qualitatively different type of the exchange interaction
arises in the QDs containing single transition metal ions
[11-13]. In this case, both the electron and the hole interact
with a localized spin of a magnetic impurity via the s, p-d
exchange [14]. One of the consequences of such an interaction
is the possibility of optical control of the ion spin state.
It was demonstrated in several previous experiments, which
uncovered, e.g., that the ion spin can be optically oriented
[15-19] and its coherent evolution may be directly probed
by means of a time-resolved measurement of absorption of a
single dot [20]. All of these studies were focused mainly on
the neutral exciton. The exchange interaction between this
complex and the ion is governed mostly by the hole-ion
interaction, which, given the heavy-hole character of the
excitonic ground state, is Ising-like [11]. As a result, the X
emission is split into 25 + 1 lines, each corresponding to a
different projection of the ion spin S onto the hole anisotropy
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axis (i.e., the growth axis) [11-13]. In the particular case of
a CdTe/ZnTe QD with a single Mn** ion (S =5/2), the
excitonic photoluminescence (PL) spectrum thus exhibits a
well-established sixfold splitting [11,21-25]. The PL studies
of the other excitonic complexes in magnetic QDs have
received much less research attention so far. In particular, they
were solely limited to the complexes consisting of carriers
occupying only the orbital ground states (i.e., s shell). The
effects related to the exchange interaction between the ion
and carriers in the excited orbital states (e.g., p shell) have
been studied theoretically [26,27]. In particular, the authors of
Ref. [27] found that excitonic complexes containing a large
number of electrons (>3) may be used as a convenient probe
of the exchange interaction between the p-shell electron and
the Mn>" ion.

In this work, we present a detailed magneto-optical study
of a doubly negatively charged exciton (X>~) in CdTe/ZnTe
QDs containing single Mn>" ions. Such an excitonic complex
is one of the simplest, which contains at least one p-shell
electron in its ground state. Experimentally, we analyze the
X2~ emission to the final state corresponding to the excited
electron pair forming a singlet configuration. Due to the
strong exchange interaction between these electrons [28], such
emission lines are well-separated from the other lines visible
in the PL spectrum of a CdTe QD. Our findings reveal that
in contrast to the theoretical predictions from Ref. [27], the
fine structure of the X2~ emission is governed not only by
the carrier-ion exchange, but it is also strongly influenced by
the exchange interaction between the p-shell electron and the
s-shell hole. We demonstrate that the properties of the X>~ PL
spectrum as well as its evolution in a longitudinal magnetic
field can be accurately reproduced within a frame of a spin
Hamiltonian model. On this basis, we show that the exchange
integral between the Mn*" ion and the p-shell electron is
much smaller compared to the integral for the s-shell electron,
which is independently determined from the analysis of the
neutral exciton PL. Due to the presence of a single ion in
the dot, our results also provide insight into the properties
of the X>~ complex itself. In particular, we demonstrate that
the anisotropic part of the exchange interaction between the
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FIG. 1. (Color online) PL spectrum of a CdTe/ZnTe QD (denoted as QD1) containing an individual Mn?" ion. The spectrum was measured
without polarization resolution. The sixfold split emission line labeled as X?~ is related to the recombination of X~ to the singlet configuration

of the excited electron pair.

s-shell hole and the p-shell electron is significantly decreasing
upon application of a magnetic field.

II. SAMPLE AND EXPERIMENTAL SETUP

The sample studied in this work was grown by molecular
beam epitaxy. It consists of a single layer of self-assembled
CdTe/ZnTe QDs doped with Mn>* ions. The Mn*" concen-
tration was adjusted to assure high formation probability of
QDs containing exactly one Mn”* ion. The magneto-optical
measurements of individual QDs were carried out in a micro-
PL setup on a sample placed inside a helium bath cryostat (7' =
1.8 K). A reflective-type microscope objective was attached
directly to the sample surface to assure high spatial resolution
of both PL excitation and detection. The cryostat was equipped
with a superconducting magnet producing a magnetic field
of up to 10 T. The field was applied in Faraday geometry
along the growth axis of the sample. The QDs were excited
nonresonantly using either a 405 or a 532 nm continuous-wave
diode laser. The PL from the dots was resolved using a 0.5 m
monochromator and recorded with a CCD camera.

III. FINE STRUCTURE OF X?~ IN Mn-DOPED QD

The experiments revealing the fine structure of X>~ in a QD
with a single Mn?>" ion were performed on a number of Mn-
doped dots. The PL spectrum of a representative one (denoted
later as QD1) is shown in Fig. 1. As the dominant excitation
channel of a nonresonantly pumped CdTe QD corresponds to
single carrier trapping [29], we observe emission lines related
to the excitonic complexes of different charge states. Each of
them exhibits multifold splitting induced by the carrier—ion
exchange interaction. The sequence and relative energies of
the consecutive groups of exchange-split lines are found to
be similar to those previously reported for nonmagnetic CdTe
QDs [24,25,28,30]. On this basis, as well as on the basis of
exchange-related splitting patterns, the groups of lines were
identified as originating from the recombination of a neutral
exciton (X), a negatively charged exciton (X~), a doubly
negatively charged exciton (X>7), a neutral biexciton (2X),
and a negatively charged biexciton (2X7). As seen in Fig. 1,
the X2~ PL consists of two distinct sets of lines labeled as X>~
and X2~, which correspond to different spin configurations
of the excited electron pair forming the final state of the X~
recombination [28,31-35]. The high-energy set of lines (X>~)
is related to the recombination to the two-electron triplet states,
while the low-energy set (X27) corresponds to the case in

which the remaining electrons are in the singlet configuration.
The energy distance between these two sets of lines, which is
defined by the electron-electron exchange integral 2./,,, yields
about 21 meV for the studied QD. This value is consistent
with 2J,, of (20.4 &+ 1.4) meV determined in Ref. [28] based
on systematic studies of nonmagnetic CdTe QDs. Such an
agreement additionally confirms the correct identification of
both groups of X2~ transitions.

The detailed studies of X>~ recombination to the triplet
final states are hindered, since the corresponding emission
energies partially overlap with the energies of 2X and X~
optical transitions. In the following, we will thus focus on
a well-separated group of lines related to the X>~ emission
to the singlet final state. Such a final state is degenerate
with respect to the ion spin, since the electrons forming a
singlet configuration do not interact with the ion. As a result,
the energies of emission lines within the investigated X2~
group are defined only by the energy spectrum of the X*~.
Such a complex consists of a single s-shell hole and three
electrons. One of them is placed in the p shell, while the
other two electrons are accommodated in the closed s shell
and do not interact with the remaining carriers, nor with the
magnetic ion. Thus, the X?~ fine structure is governed by
the exchange interaction between the s-shell hole, the p-shell
electron, and the Mn’* ion. As a consequence, there is a
close analogy between the X>~ and the neutral exciton, for
which the energy spectrum is defined by the same exchange
interactions, except that an electron forming the X resides
on the s shell. Moreover, in both cases the final state of
the recombination (two-electron singlet or an empty QD) is
degenerate. Altogether, this results in similar emission patterns
of Xg‘ and X, each consisting of six almost equally intense
emission lines (see Fig. 1). Apart from these similarities,
there are also substantial differences between the two PL
spectra resulting from different symmetries of the electron
wave function. In particular, the X2~ emission lines are not
uniformly spaced with a pronounced gap between the two sets
of three lines.

To provide a quantitative description of all observed
features of the X2~ emission, we introduce a simple model of
X?~ in a Mn-doped QD based on the general spin Hamiltonian

Hy>- = H:x_(]?h + Hé,??h + Heont, (D

where H;;i‘h describes the exchange interaction between a

p-shell electron and an s-shell hole, HI" corresponds to
the carrier-ion exchange, and H.,¢ accounts for higher-

order effects related to the configuration mixing [21,36,37].
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FIG. 2. (Color online) The scheme of energy levels correspond-
ing to initial and final states of the X*>~ recombination in Mn-doped
QD. Note that the level spacing is not in scale.

Following the previous studies of CdTe QDs [28,30], we
assume that the degeneracy of two p orbitals is lifted (possibly
due to in-plane anisotropy of the QD), and we take into account
only the lowest-energy p orbital.

We first analyze the effects of intershell electron-hole
exchange leaving out the ion spin degree of freedom. Similarly
to the case of the neutral exciton, such an interaction can be
described by taking into account both isotropic and anisotropic
contributions in the effective Hamiltonian [28,33-35]:

2 8 ‘ .
Hig = =380l I, + = (ol [+ o) T)). @

where 67 is the p-shell electron spin operator, while TS is
the s-shell hole pseudospin operator represented in the two-
dimensional subspace of low-energy heavy-hole states. The
latter operator might be expressed using the Pauli matrices T
as J* = %f . The isotropic part of the He‘:é’h splits four spin
states of the X>~ complex into two subspaces separated by
the energy of 87, as schematically depicted in Fig. 2. The
higher-energy subspace consists of two states corresponding
to antiparallel spin orientation of the p-shell electron and the
s-shell hole, while the lower-energy subspace is composed
of the states corresponding to parallel alignment of the spins
of both carriers. The anisotropic part of intershell electron-
hole exchange lifts the degeneracy between two antiparallel
states and splits them by 8/ into linear combinations of the
form %(| Ti ES |TT¢ 1)) (see Fig. 2). Here we have adopted
the notation from Ref. [28], where 1, | and 1, | represent
+1/2 electron spin and £3/2 hole spin, respectively, while
|§” Sy) denotes the state with a P, electron on the p shell, an
S; electron(s) on the s shell, and an S, hole on the s shell.
According to the optical selection rules, the s-shell hole can
only recombine with the s-shell electron provided that both
carriers have antiparallel spins. As a result, the recombination
of the parallel X>~ states (| TT¢ 1) and | Tﬁ ) leads to the

triplet states of the excited electron pair (| 1) and Ii)). Since

we are investigating the X>~ recombination to the two-electron
singlet state, we will thus focus on the antiparallel X~ states
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being the only two that have nonzero oscillator strength to such
a final state.

The exchange interaction between the magnetic ion and
the unpaired carriers modifies the energy spectrum of the X>~
states according to the following Hamiltonian [11,13,23]:

HN = APSGP + AS[S.J2 +€(So a2+ 8,08)], (3)
where S is the Mn>* spin operator, while A? (A}) is the
exchange integral between the ion and the p-shell electron
(s-shell hole). The leading term in the above Hamiltonian
corresponds to spin-conserving part AjS.J} of the hole-
ion exchange, which does not couple the antiparallel and
parallel states of the X>~. However, such a coupling arises
due to the off-diagonal terms of the electron-ion exchange
or the terms related to the valence-band mixing (described
by the parameter € in Hei)‘::,‘h). As proven by our experiments,
the amplitude of both effects is relatively small, first due to the
presence of 8(’)’ * splitting, and second due to negligible values
of A? and e. Consequently, in the first stage we will simply
neglect the off-diagonal terms in the H°% (their influence will
be discussed in Sec. IV). Within such an approximation, the
effect of the carrier-ion exchange on the X?~ states can be
described in terms of an effective longitudinal magnetic-field
picture. The value of such a field is proportional to the ion spin
projection on the growth axis z. This effective field introduces
a Zeeman-like splitting between pure antiparallel X>~ spin
states associated with the same ion spin projection S,. Such a
splitting competes with the anisotropic splitting 8/ leading to
six pairs of eigenstates |+, S;) corresponding to different ..
Each of these pairs takes on the form

|¥+.,S;) = cos(6)

Tii i ,Sz>+sin(9)‘TT¢ 4 ,Sz>, “

lv-.S:) = 005(9)‘ TT¢ U sz> - Sin(9)‘ Tii 1l ,Sz>, &)

where the notation exploiting the angle 6 is used after
Refs. [22,38] with 6 defined by tan(20) = 8{" /(SmnS;) for
Smn = 3A3 — AL Since the time-reversal symmetry is pre-
served in the absence of the magnetic field, the |y, + S;)
states are degenerate for a given S,. Consequently, we are
left with six twofold-degenerate energy levels associated with
the antiparallel X~ states, as shown in Fig. 2. The optical
transitions from each of these levels to the singlet final state
have equal oscillator strength, however they exhibit different
linear polarization degrees determined by sin(20). The energy
splitting between the pairs of levels corresponding to the same

|S;| yields
AE(|S]) = VA% + (8w S:)? (6)

for A = 8]". Such a formula describes also the energies of the
bright states of the neutral exciton in Mn-doped QD [22], in
which case A = §; corresponds to the anisotropic exchange
between the s-shell hole and the s-shell electron. Since §; is
typically much smaller than 8y, six X emission lines are
almost equidistant. On the other hand, for X~ the value
of 8" is comparable with Su,. As a result, it strongly
influences the energy splitting, leading to the presence of
the aforementioned gap between three higher- and three
lower-energy X2~ emission lines.
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FIG. 3. (Color online) (a) The PL spectra corresponding to the
X%~ recombination to the singlet final state measured for the QD1.
Black and red (gray) curves represent the spectra detected in two
orthogonal linear polarizations, the orientations of which correspond
to principal axes of 8" anisotropy. The lines of consecutive energies
correspond to the absolute values of the ion spin projections |S,|
of 5/2,3/2, 1/2, 1/2, 3/2, and 5/2. (b) Energy splitting between
the pairs of emission lines vs |S,| for both X>~ and X. The solid
lines represent the fitted curves described by Eq. (6). (c) Linear
polarization degrees (absolute values) of consecutive emission lines
of X~ and X compared with the theoretical predictions (solid lines).
The experimental values were determined by fitting six Gaussian
profiles to X?>~ or X PL spectra measured for a whole range of
orientations of detected linear polarization. (d) Relative average
energies of the pairs of PL lines corresponding to the same |S,| for
both X2~ and X. The solid line represents the fitted curve of the form
nS2 with n = —13 peV.

All of the above theoretical predictions are fully confirmed
by the results of our measurements of the energies and polariza-
tion properties of the X>~ optical transitions to the singlet final
state. The two X?~ PL spectra detected in orthogonal linear
polarizations are shown in Fig. 3(a). The splittings between the
pairs of X~ lines associated with the same |S.| are presented
in Fig. 3(b), in which they are compared with analogous
splittings obtained for the neutral exciton. In both cases, the
experimental data are aptly reproduced by the formula given
by Eq. (6). On this basis, we determine both 8" | = 560 ueV
and |6;] = 85 eV for the QD1, which are consistent with
the results of previous studies of nonmagnetic CdTe QDs [30].
Apart from the large anticipated difference between §° and §;,
the values of &y, obtained for both complexes are very similar,
yielding 545 and 570 peV for the X>~ and X, respectively.
This result directly reflects the similar nature of the ion-related
splitting in both cases, which is dominated by the exchange
interaction between the ion and the s-shell hole.

The relatively large anisotropy of intershell electron-hole
exchange entails also partial linear polarization of X>~ emis-
sion lines, which is clearly visible in Fig. 3(a). The linear polar-
ization degrees determined for consecutive PL lines are shown
in Fig. 3(c). Their values are governed by the interplay between
87" anisotropy and the ion-related effective magnetic field.

PHYSICAL REVIEW B 92, 085415 (2015)

The former effect dominates for the inner X>~ energy levels
(related to | S,| = 1/2), which underlies the almost total linear
polarization of the corresponding emission lines. For larger
values of |§,|, the ion-related Zeeman-like splitting becomes
stronger, which leads to a decreased linear polarization degree
of the outer X~ emission lines. An effect of a similar nature
occurs also for the neutral exciton [22], but the polarization
degrees of respective emission lines are significantly lower
due to much smaller §; anisotropy [see Fig. 3(c)]. According
to the theoretical model, the linear polarization degrees of the
PL lines related to both excitonic complexes are quantitatively
described by A //A? + (8mnS:)?, where A equals either 87"
or &; for X>~ or X, respectively. As seen in Fig. 3(c), such
a dependence accurately reproduces the experimental results.
Importantly, such an agreement is obtained for the same set of
parameters previously used to describe the energies of the X
and X*>~ PL lines. This result provides a strong confirmation
of the correct identification of the relevant effects determining
the X?~ fine structure.

However, a closer examination of the X>~ PL spectra
from Fig. 3(a) reveals also the presence of some additional
irregularities in spacing of the emission lines. In particular, the
energy distance between lines 1 and 2 is clearly larger than
the distance between lines 5 and 6. Such an effect indicates
a difference between the average energies of the pairs of X>~
states corresponding to the same |S,|. Indeed, as shown in
Fig. 3(d), these average energies are decreasing for larger
|S;|. The same effect is observed also for the neutral exciton
and was previously interpreted in terms of the perturbation
of the hole wave function imposed by the hole-ion exchange
interaction [21,36,37,39]. Such a perturbation can be described
by an effective Hamiltonian Hone = nSZZ. As seen in Fig. 3(d),
such a Hamiltonian correctly reproduces the average energies
of respective pairs of emission lines for both X and X*~.
In both cases, the value of proportionality constant 7 is the
same within the experimental accuracy, which is expected for
excitonic complexes containing a single s-shell hole.

IV. MAGNETO-PL OF X2~ IN Mn-DOPED QD

As we have demonstrated, the zero-field properties of the
X%~ emission to the two-electron singlet state are described
by the same formulas as for the neutral exciton, in spite of
the microscopic difference between both complexes. Such a
difference is effectively encapsulated in the relatively larger
value of the anisotropy parameter for the X?>~. However, more
distinct differences between both complexes become apparent
from an analysis of the X?>~ PL spectrum evolution in magnetic
field applied in a Faraday configuration. A typical result of such
an experiment is presented in Fig. 4(a). The general appearance
is again similar to the case of the neutral exciton [11,21-23],
and it can be described by extending the X?~ Hamiltonian
from Eq. (1) with the Zeeman terms related to the Mn** ion
and each confined carrier. In the case of the final two-electron
states of the X>~ recombination, their singlet-triplet structure
is almost not affected by the magnetic field <10 T, since
the corresponding Zeeman energies are much smaller than
the electron-electron exchange integral [28]. Therefore, the
only factor influencing the energies of the electron-singlet final
states is the ion Zeeman effect, which is identical as in case
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FIG. 4. (Color online) (a) Magnetic field dependence of the PL spectrum related to the X>~ recombination to the two-electron singlet state
measured for the QD2. The spectra were detected in o and o~ circular polarizations (as indicated). (b) The difference between squared
energy splittings of the pairs of X>~ emission lines associated with the ion spin projections of 5/2 and —5/2 in a magnetic field. The solid line
represents the linear fit. (c) The value of 87" determined for different values of the magnetic field. (d) Theoretical simulation of the X*~ PL

spectrum evolution in a magnetic field.

of the initial X*>~ states. As a consequence, such an effect
does not affect the energies of the X>~ optical transitions,
which are preserving the ion spin projection. The PL lines are
thus split only by the Zeeman terms related to the unpaired
carriers from the antiparallel X?>~ states. This leads to the
presence of two branches of X>~ emission lines observed in
opposite circular polarizations. Each of these branches, as seen
in Fig. 4(a), closely resembles the zero-field X*>~ PL spectrum
and consists of six emission lines. The lines of consecutive
energies correspond to ion spin projections S, ranging from
F5/2to+5/2ino* polarization. The energy splitting between
the pair of lines related to a given S, is modified with respect
to the zero-field splitting from Eq. (6) by the Zeeman shift of
the antiparallel X~ states, and it yields

AE(S.,B) =/ (8°) + GwnS: + gusBY,  (7)

where g = 3g} — gl is the effective excitonic g factor, with g}
and g7 being the g factors of the s-shell hole and the p-shell
electron, respectively. For the pairs of lines associated with
S, > 0, the Zeeman term g g B increases the splitting of Sy, S,
related to the carrier-ion exchange interaction. Consequently,
the linear field dependence of the corresponding emission
energies is only slightly perturbed by §7*, as observed for three
higher-energy (lower-energy) lines in ot (o7) polarization.
The opposite effect occurs in the case of three remaining pairs
of lines related to S, < 0, for which the excitonic Zeeman
splitting counteracts the ion-related exchange splitting. At
magnetic fields close to B = dy|S;|/gis, these two effects
compensate and the anisotropic electron-hole exchange be-
comes a dominant source of the splitting. This gives rise to
relatively wide anticrossings, which appear in both circular
polarizations as a central gap in the emission spectra. For
the studied QD, only the anticrossings between the lines
related to S; = —1/2 and —3/2 are observed at B =2 T and
6.5 T, whereas the anticrossing of the lines corresponding to
S, = —5/2is expected to occur at about 11 T. Within a simple

model, the energy splitting at each of these anticrossings
should be the same and equal to §]°. On the contrary, the
energy width of the central gap in Fig. 4(a) clearly diminishes
for larger fields. This result proves unequivocally that the
strength of the intershell electron-hole exchange interaction
varies with the magnetic field. To the best of our knowledge,
such an effect has not been observed experimentally for §,
exchange interaction in the case of the neutral exciton, nor has
it been predicted theoretically for any other excitonic complex.

To determine the actual values of 8] at various magnetic
fields, we analyze the energy splittings between two pairs of
outermost X>~ PL lines associated with S, = 5/2 and —5/2.
None of these lines is involved in the anticrossing in the
studied field range, which allows us to precisely determine
their energies based on the data from Fig. 4(a). We first
focus on the difference between squared energy splittings
AE(5/2,B)2 — AE(—S/Z,B)z, which is shown in Fig. 4(b).
According to Eq. (7), such a difference should exhibit a
linear field dependence with a slope independent of §/° and
defined by 108ymn g . This prediction is perfectly reproduced
by the experimental data, which confirms that neither the
ion-related exchange splitting Sy, nor the excitonic g factor
is affected by the magnetic field. The linear fit together with
the analysis of the zero-field splitting of X?>~ emission lines
enable us to independently obtain the values of both Sy
and g. By substituting them into Eq. (7), we extract the
field dependence of 8 from the measured energy splittings
between the pairs of X~ lines associated with S, = +5/2. The
obtained dependence is presented in Fig. 4(c). As previously
indicated, we observe a clear decrease of |8f | with the
magnetic field. The decrease is almost linear with a slope
of a(87") ~ —35 peV/T, which corresponds to a reduction
of [87"| to about 40% of its zero-field value at B = 10 T.
The physical origin of the observed variation of ! is most
probably related to the modification of the carrier wave
function induced by the magnetic field. From this point of
view, a relatively large change of 87" splitting confirms that
the dominant contribution to this splitting comes from the
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long-range intershell electron-hole exchange interac-
tion [35,40,41], as only this contribution is sensitively de-
pendent on the actual shape of the carrier wave function.
Interestingly, signatures of the 8/ field dependence appear
also in the experimental data obtained previously for non-
magnetic CdTe QDs, which were presented in Fig. 5(b) of
Ref. [28]. However, in the absence of the magnetic ion, the X2
emission to the singlet state consists of only two lines, and the
splitting between them does not provide sufficient information
to unequivocally identify the effect of ;" variation with the
magnetic field.

The above-determined parameters characterizing the
X2~-Mn?* complex are obtained solely from the energies of
X%~ PL lines related to S, = 45/2. To demonstrate that the
same parameters can be also used to describe the magnetic
field dependence of the whole X?~ PL spectrum, we perform
a numerical simulation of the expected field evolution. The
energies of X?>~ optical transitions to the electron-singlet final
states are computed based on numerical diagonalization of
the previously introduced X?>~ Hamiltonian. It describes the
spin properties of the X?>~ complex, but it does not account for
effects such as the diamagnetic shift. Therefore, to facilitate the
comparison with the experimental data, we include in our cal-
culations a phenomenological shift of the mean X*>~ emission
energy in the magnetic field, which is visible in Fig. 4(a). Fi-
nally, to reproduce the change of the X?>~ PL intensities related
to field-induced ion spin orientation [11], we also introduce an
effective Mn?" spin temperature, which is assumed to be 35 K.
The intensity of each X?>~ emission line is thus calculated as
a product of oscillator strength and the Boltzmann term cor-
responding to occupancy of the Zeeman-split ion spin states.
The result of such a simulation performed without additional
fitting parameters is presented in Fig. 4(d). A perfect overall
agreement with the experiment confirms the self-consistency
of our model and correct interpretation of all observed effects.

Remarkably, apart from §°-related anticrossings, the field
dependence of the X?~ PL spectrum does not feature any other
anticrossing. This observation constitutes a second important
difference between the X*~ and the neutral exciton, as in the
latter case several additional anticrossings typically appear
at various magnetic fields [11,21-23]. In the particular case
of the studied QD, the X magneto-PL presented in Fig. 5(a)
demonstrates five anticrossings visible around B =6 Tin o~
circular polarization. Each of them involves a bright exciton
corresponding to the ion spin projection of S, < 5/2 and a
dark exciton with the ion spin projection increased by 1.
Such states are coupled by isotropic electron- Mn** exchange
interaction, which gives rise to the observed anticrossings
when the zero-field splitting 5y between bright and dark states
is compensated by the Zeeman effect. The energy splitting at
each of the anticrossings is thus directly related to the exchange
integral AS between the s-shell electron and the Mn** ion,
which is determined to be about —60 eV for the presented
dot. In general, another set of anticrossings could also arise due
to the hole- Mn>* exchange in the presence of the valence-band
mixing [23,25], however the strength of this mixing was found
to be negligible in the case of the studied QD.

Anticrossings of a similar nature are also expected to occur
for the X?>~. In such a case, there are naturally no dark
states, however their role is played by the X?>~ states with
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FIG. 5. (Color online) (a) Magnetic field dependence of the
neutral exciton PL spectrum for the QD2 detected in two circular
polarizations. (b) The simulation of the field evolution of X>~ PL
spectrum in o~ polarization under an assumption that the exchange
interaction between the Mn?>* ion and the p-shell electron is equally
strong as the ion exchange with the s-shell electron. In the calculation,
we used )" = 0.3 meV and g7 = —0.2, while all other parameters
were the same as for the simulation presented in Fig. 4(d). (c) The
actual o~ polarized magneto-PL of the X*~ measured for the QD2.
For better visibility of the anticrossings, in the case of each presented
map, the energy axes of the PL spectra were shifted depending on the
magnetic field, so that the relative energy of the leftmost emission
line is the same for all fields.

a parallel orientation of p-shell electron and s-shell hole spins
(see Fig. 2). As was shown in Sec. III, such states cannot
recombine to the two-electron singlet state as long as they
are not mixed with the antiparallel X>~ states. This mixing
is induced by the exchange interaction AZ SG7 between the
Mn** ion and the p-shell electron, which should result in a
series of anticrossings in the X?~ magneto-PL. Importantly,
given that the structure of the X>~ and X Hamiltonians is
exactly the same, the difference between the anticrossings
observed in both cases stems only from different values of
the Hamiltonian parameters. In particular, the anticrossings
for the X?~ are expected to occur at lower magnetic fields
due to smaller zero-field splitting between antiparallel and
parallel X~ states, §)" < 8y. More specifically, neglecting the
effects of the anisotropic electron-hole exchange, the field
corresponding to the anticrossing between | TTL Y .S;) and

| TLi U ,S; + 1) states of X*>~ can be expressed as

85"+ 36mn + AV(S. + 1)
(gvn — &)1

where gy, = 2.0 is the g factor of the Mn>" ion [20,42,43].
Using typical values of §)° = 0.3 meV and |g)'| < gmn for
CdTe QDs [30,44] as well as assuming that |AY| < |AS|, we
obtain the expected values of B, for the studied QD. They vary
from about 2 to 5 T, and thus they remain in the experimentally
accessible range. This simple analysis is confirmed by exact
numerical simulation of the X?~ magneto-PL performed for
an overestimated value of A equal to Af. The result of such
simulation is presented in Fig. 5(b). The anticrossings between

B.(S;) = , ®)
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TABLE 1. The values of the parameters describing the carrier-ion and intershell electron-hole exchange interactions for the X?>~ complex
determined for five different CdTe/ZnTe QDs containing single Mn>* ions (in the case of the QD1, only the zero-field properties were analyzed).
The carrier-ion exchange integrals for the X are provided for reference. The exchange energies are given in p.eV, while the slope a(8/*) of |87

decrease with the magnetic field is expressed in ueV/T.

X2 X
Aj, |AZ 167°(0 T a(8) Aj, AL
QDI 3A5 — AP =545 560 - 345 — AS =570
QD2 134 <20 510 -35 107 —60
QD3 206 <30 470 -20 99 —95
QD4 134 <30 450 -20 126 —55
QD5 203 <35 550 ~10 182 —90

antiparallel and parallel X~ states are distinctly visible in the
anticipated field range. They are particularly clear for the PL
lines with the field evolution only slightly affected by 8{". For
example, in the case of the emission line related to S, = 3/2,
a pronounced anticrossing appears at about 2.5 T [it is marked
by a circle in Fig. 5(b)]. The absence of this anticrossing in the
actual experimental data from Fig. 5(c) is a direct fingerprint of
the negligible strength of the exchange interaction between the
Mn?* ion and the p-shell electron. The analysis of the energy
width of the studied PL line in the field range corresponding to
the expected anticrossing allows us to provide an upper bound
for |AY| <20 peV, which is three times smaller than |AS]
previously determined from the X magneto-PL. This finding
implies that the density of the p-shell electronic wave function
at the position of the ion is significantly smaller than the
density of the s-shell wave function [26]. Such a difference
results from the qualitatively different symmetries of these
two wave functions. In particular, the s-shell wave function
has an antinode at the center of the dot, while the p-shell wave
function has a node. Consequently, the negligible density of
the latter wave function at the Mn*" site clearly indicates that
the ion is approximately centrally localized in the studied QD.

All of the main findings of our analysis were indepen-
dently confirmed for several Mn-doped QDs. The parameters
describing the X?>~ and the X determined for all dots are
summarized in Table I. We stress that in the case of each dot
studied in the magnetic field, the measured X2- magneto-PL
revealed two characteristic features demonstrated previously
for the QD2, namely a close-to-linear field-induced decrease
of [87°| and a negligible value of the Mn”*" exchange integral
with the p-shell electron. The former effect is most likely
independent of the presence of the ion in the dot and may
be considered representative for the studied CdTe/ZnTe QD
system. On the other hand, the central position of the ion in
the investigated dots evidenced by |AL| « |A3] is likely to
be related to the employed QD selection procedure, which
is aimed at finding dots exhibiting possibly large ion-related
splitting of X emission lines.

The detailed analysis of the data from Table I reveals also
a notable difference between hole- Mn*>" exchange integrals
for the X*~ and the neutral exciton. In the former case, the
integral is systematically larger for each studied QD, despite
the fact that for both excitonic complexes the hole occupies the
same orbital state. A similar difference in strength of the hole-
Mn>* coupling was previously observed for singly charged

excitons [24]. The origin of this effect is related to the relatively
weak confinement of the hole in a CdTe/ZnTe QD, which can
be significantly increased by the Coulomb interaction with the
electrons residing in the dot. Such additional hole localization
due to the Coulomb attraction is naturally larger for the X>~,
resulting in an increased density of the hole wave function at
the position of the centrally localized Mn>* ion in a dot.

V. CONCLUSIONS

We conclude that regarding the transitions to the singlet
final state, the X2~ - Mn>* complex is formally fully equivalent
to the neutral exciton in Mn-doped QD. Simultaneously,
different values of the exchange parameters for the X*~ open
the possibility to explore a regime that is not available in
the case of the neutral exciton. For example, the exchange
interaction between the X?>~ and the Mn*" ion located in the
center of a QD was shown to be completely determined by
the hole-Mn>* exchange, as the Mn>" exchange with the
p-shell electron was demonstrated to be negligible. Such a
result indicates that simultaneous flips of electron and Mn*"
spins (flip-flops) for the X?>~ should be strongly hindered as
compared to the X, which in turn may result in different Mn2*
spin dynamics induced by both complexes.

By taking advantage of the presence of a Mn”>" ion in a
QD and the resulting splitting of the X>~ emission energies,
we were also able to significantly extend the knowledge of
the excitons in QDs. In particular, detailed analysis of the
magnetic field dependence of the X?~ PL spectrum allowed
us to identify a pronounced field-induced decrease of the
value of [§]"| exchange constant, which was impossible for
nonmagnetic QDs. Moreover, the strength of the hole- Mn*"
exchange was used as a tool to evaluate the local density of the
hole wave function in a QD. On this basis, we evidenced that
the hole localization for the X?>~ complex may be significantly
increased as compared to the X, which is a result of the
Coulomb interaction with two additional resident electrons.
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