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ABSTRACT: The polarization of photoluminescence emitted
from anisotropic nanocrystals directly reflects the symmetry of
the eigenstates involved in the recombination process and can
thus be considered as a characteristic feature of a nanocrystal.
We performed polarization resolved magneto-photolumines-
cence spectroscopy on single colloidal Mn2+:CdSe/CdS core−
shell quantum dots of wurtzite crystal symmetry. At zero
magnetic field, a distinct linear polarization pattern is observed,
while applying a magnetic field enforces circularly polarized
emission with a characteristic saturation value below 100%.
These polarization features are shown to act as a specific
fingerprint of each individual nanocrystal. A model considering
the orientation of the crystal c ⃗ axis with respect to the optical axis
and the magnetic field and taking into account the impact of magnetic doping is introduced and quantitatively explains our
findings. We demonstrate that a careful analysis of the polarization state of single nanocrystal emission using the full set of
Stokes parameters allows for identification of the complete three-dimensional orientation of the crystal anisotropy axis of an
individual nanoobject in lab coordinates.
KEYWORDS: single nanocrystal spectroscopy, polarization, Stokes polarimetry, nanocrystal orientation, Mn2+:CdSe/CdS,
excitonic magnetic polaron, magnetization fluctuation

The information carried by the polarization state of light
is harnessed in a wide variety of applications, ranging
from emerging modern technologies such as quantum

information technology1−6 or spintronics7−9 to material
characterization of organic10,11 or inorganic matter.12 A
particularly intriguing aspect is its use in optical spectroscopy
on nanoscale materials, such as two-dimensional transition-
metal dichalcogenides,13−15 one-dimensional (1D) nano-
wires16 and zero-dimensional quantum dots (QDs),17−19

because the polarization encodes the fingerprint of the
electronic eigenstate symmetry.20 A prominent example is
the emergence of linearly polarized photoluminescence (PL),
for example, induced by a break of rotational symmetry in
colloidal QDs (cQDs),21 by strong shape anisotropies in
quantum rods,22 or by the crystal structure in lead halide
perovskites.23,24 Circularly polarized PL, on the other hand, is
widely used to access the magnetic-field-dependent state
splitting in undoped23,25−32 as well as in doped QDs.33−42

This state splitting is evidenced by a spectral shift of the right
circularly polarized (σ+) and the left circularly polarized (σ−)

PL and causes an increase of the degree of circular polarization
with magnetic field because of the resulting state occupation.
Thus, circularly polarized PL is considered as a particularly
effective tool for probing magnetic-field-dependent changes of
the eigenstate symmetry.43

In undoped cQDs, however, large magnetic fields are
typically necessary to reach polarization saturation even at
low temperatures because of the small g-factors. Magnetically
doped cQDs like Mn2+:CdSe cQDs, in contrast, exhibit huge
effective g-factors44−46 due to the sp−d exchange interactions
between the delocalized charge carriers of the host material (s-
type electrons and p-type holes) and the localized magnetic
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moments of the dopants’ d electrons. These exchange
interactions lead to giant magneto-optical responses44,47 and
strong circularly polarized emission even at small magnetic
fields,48 resulting in the observation of giant Zeeman splittings
up to room temperature.45,49,50 In case of a careful adjustment
of the bandgap with respect to the internal 4T1−6A1 Mn2+

transition,51 such materials can exhibit the formation of a
spontaneous collective magnetization of the dopant magnetic
moments in the presence of an electron−hole pair, mediated
by the exchange field between the dopant magnetic moments
and the host charge carriers. This so-called excitonic magnetic
polaron (EMP) formation has been observed in a variety of
DMS systems, ranging from quantum wells52−55 and self-
assembled QDs56,57 to cQDs.35,58−60 While it is commonly
agreed that the exchange field is strong enough to drive the
Mn2+ magnetization close to saturation at cryogenic temper-
atures, magnetic fluctuations inhibit the saturation of the
degree of circular polarization at small magnetic fields.35,60

Saturation values of the degree of circular polarization of
100% are usually found for epitaxially grown samples exhibiting
EMP formation such as quantum wells52−55 and self-assembled
QDs.56,57 Surprisingly, for colloidal nanostructures, such as
nanoplatelets36,38,40 and cQDs with wurtzite crystal structure,
saturation values below 100% are consistently found.35,59

Similarly, saturation values of the degree of circular polar-
ization below 100% have been observed in undoped CdSe
cQDs26,61,62 and were attributed to the anisotropy of the cQDs
induced by the wurtzite c  axis. Reports to date are restricted to
ensemble investigations on colloidal nanostructures, which
lead to an averaging of nanocrystal orientation, thus hiding
polarization fingerprints of individual species.
Here we report on polarization resolved magneto-PL

spectroscopy of single wurtzite Mn2+:CdSe/CdS core−shell
cQDs. We find a distinct linear polarization pattern at zero
magnetic field typical for each nanocrystal and circularly
polarized PL evolving in a magnetic field with a characteristic
saturation of the degree of circular polarization below 100%.
Model calculations evidence how the orientation of the crystal
c  axis plays a crucial role for the polarization emitted from each
single cQD. We demonstrate the need to measure the full set
of Stokes parameters for describing the complete polarization
state of the single cQD PL and show how these parameters can
be used to determine the three-dimensional (3D) orientation
of a single nanoobject in the fixed lab reference frame.

RESULTS AND DISCUSSION

Ensemble of cQDs. Mn2+:CdSe/CdS cQDs with a dopant
concentration of 3% were synthesized by diffusion doping
methods detailed previously (see Supporting Information for
general sample analysis).35,45,46,60 Figure 1a depicts the
polarization resolved magneto-PL spectra of an ensemble of
Mn2+:CdSe/CdS cQDs, dropcast onto a silicon substrate, at T
= 4 K. These cQDs exhibit strong EMP formation, as discussed
in the Supporting Information. Starting from B = 0 T, where
the right circularly polarized (Iσ+) and left circularly polarized
(Iσ−) PL intensities are identical, Iσ+ (black to blue)
continuously increases with B, while Iσ− (black to red)
decreases. However, even at B = 5 T, Iσ−does not vanish.
Interestingly, we find no energy splitting between the σ+ and
σ− components of the PL spectra in Figure 1a within the
resolution of the experiment. This observation is in
pronounced contrast to the oppositely directed energy shift
for σ+ and σ− polarized PL typically observed in epitaxially
grown QDs, which is usually explained by two involved states
of opposite spin orientation, leading to two Zeeman split
branches.48,53,63−65

Plotting the integrated intensities normalized to its value at
B = 0 T (Figure 1b) reveals a saturation of Iσ+ and Iσ− at 170%
and 30% of their starting values, respectively. Note that the
sum of Iσ+ and Iσ− is constant, hinting toward a magnetic field-
induced redistribution of populations between two emissive
states of different symmetry. From the integrated intensities,
we determine the degree of circular polarization, ΔI/I = (Iσ+ −
Iσ−)/(Iσ+ + Iσ−), plotted in Figure 1c. For small magnetic field
strengths (B < 1 T), ΔI/I(B) increases steeply, followed by a
saturation behavior at about 70% for high magnetic fields. In
literature, saturation values of 100% have been reported in
DMSs with EMP formation such as quantum wells52−55 or self-
assembled QDs56,57 and even in epitaxially grown DMS QDs
in the absence of EMP formation.48 On the other hand, finite
saturation values between 50% and 80% have been published
for colloidal DMS nanoplatelets36,38,40 as well as for wurtzite
cQDs with EMP formation.35,59 One similarity between all
these systems is the presence of an axis of anisotropy, which is
either introduced by the growth mechanism or by the crystal
structure. A major difference, however, is the orientation of this
axis of anisotropy: It is predefined by the growth mechanism in
epitaxial quantum wells and self-assembled QDs but randomly

Figure 1. (a) Magneto-PL spectra of σ+ (black to blue) and σ− (black to red) polarized ensemble PL, collected at 4 K. (b) Integrated intensity
of right circularly polarized emission (Iσ+, blue) and left circularly polarized emission (Iσ−, red) normalized to the corresponding value at B =
0 T, and (c) ΔI/I as a function of the applied magnetic field. The dashed line shows the result for a simulation using a model of isotropic
EMP formation.35
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oriented in ensembles of cQDs and colloidal nanoplatelets.
Thus far, for colloidal DMS nanocrystals, no conclusive
explanation has been given for the saturation of ΔI/I <
100%. However, it has been hypothesized35,59 that anisotropy
effects, which are averaged due to the random orientation of
the crystal c  , may play a role in determining ΔI/I, similar to the
case of undoped cQDs.26,61,62

Single cQDs. Acknowledging that the individual anisotropy
axes, caused, for example, by crystal and/or shape anisotropy,
are oriented arbitrarily in an ensemble of cQDs, we conducted
confocal polarization-resolved micro-PL spectroscopy on
selected single Mn2+:CdSe/CdS core−shell cQDs at 4 K.
Figure 2a plots the PL of a single cQD (cQD #1) in absence
and presence of a magnetic field of 5 T. The spectra exhibit a
dominant feature at 1.982 eV and a weaker one, shifted by 26
meV to lower energies. These features are unambiguously
assigned to the zero phonon line (ZPL) and its first phonon
replica due to the simultaneous emission of a photon and a
longitudinal optical phonon (1-LO).66,67 The broad full width
at half maximum (fwhm) of about 8.5 meV is caused by
magnetic fluctuations and has been discussed elsewhere.60 The
energetic position of the ZPL at 5 T shows a clear red shift of 7
meV with respect to its position at 0 T. Surprisingly, and in
accordance with our observations in the ensemble PL, we find
no spectral shift between the σ+ and σ− polarized PL
components at 5 T (see Figure 2b), although the ratio Iσ+/
Iσ− ∼ 10, that is, the PL emission at 5 T is strongly circularly
polarized.
To verify the strong circular polarization, a combination of a

quarter wave plate with its fast axis oriented horizontally
relative to the table (defined as α = 0°) and a rotatable
analyzing linear polarizer was used. Figure 2c plots the
corresponding normalized angular dependence I(α) of the
integrated spectral intensity, where α is the angle of the
analyzer transmission axis with respect to the table plane. In
this configuration, the quarter wave plate converts σ+ (σ−)
polarized light into linearly polarized light, detected at an angle
of +45° (315°, i.e., −45°). After passing the quarter wave plate,
I(α) exhibits the dumbbell-shaped profile expected for
dominantly linearly polarized light. This demonstrates the
strong circularly polarized character of the PL before passing
the quarter wave plate. Identifying Iσ+ = I(45°) and Iσ− =

I(135°), we find a value for the circular polarization degree of
ΔI/I = 78% at 5 T. Figure 2d compares ΔI/I(B) for cQD #1
and the ensemble. ΔI/I(B) rises much steeper for cQD #1
than for the ensemble and saturates at higher values. This
result suggests that the slope and the saturation value are
individual signatures of a cQD and its particular orientation on
the substrate.
We emphasize that the lack of an energetic splitting between

the σ+ and σ− polarized components of the PL at B = 0 T (see
Figure 2b) is quite surprising. In fact, in self-assembled single
DMS QDs both with and without EMP formation, energetic
splittings between the σ+ and σ− ZPL have been observed. In
the absence of EMP formation, the large energy splitting of 20
meV/T has been attributed to the giant Zeeman splitting
induced by the magnetic field due to strong sp−d exchange
interactions between the dopant d electrons and the host
charge carriers.48 In the case of EMP formation, the smaller
energy splitting of 3 meV/T has been attributed to EMPs,
formed either parallel or antiparallel to the magnetic field
direction.39,65 A similar energy splitting between Iσ+ and Iσ− is
observed below 2 T, and even a slight blueshift of Iσ− with B is
obtained (see Figure 2e), suggesting that in this regime the PL
stems from the two EMP states as discussed above. For higher
magnetic fields, the red shift observed for both, Iσ+ and Iσ− with
respect to B = 0 T is similar, although the intensity is quite
different (see Figure 2b). We therefore hypothesize that at
high magnetic fields, σ+ as well as σ− components of the PL are
actually emitted from one and the same EMP state (see
Supporting Information for a detailed discussion). This is quite
surprising as a magnetic field of 5 T is expected to lead to a
complete depopulation of the upper Zeeman branch and the
PL should be fully circular polarized.
To explain the unsual polarization properties of the PL in

Mn2+-doped single nanocrystals, it is therefore necessary to
consider the state occupation due to the Zeeman splitting of
the contributing states, the magnetic doping, and the crystal
anisotropy. It is instructive to start by subsequently describing
the magnetic-field-dependent state occupation for undoped
cQDs, the impact of magnetic doping and magnetic
fluctuations, and the consequence of EMP formation on the
polarization state of the emission in wurtzite cQDs.

Figure 2. PL of a single cQD at 4 K. (a) Normalized PL spectra (without polarization resolution) in the presence and absence of a magnetic
field of 5 T. (b) Normalized PL spectra for σ+ and σ− polarization at 5 T. (c) Integrated PL intensity I(α) of cQD #1 using a quarter wave
plate with its fast axis horizontal to the table (defined as angle α = 0°) and a rotatable linear polarizer with transmission axis at an angle α.
Each radial tick equals an intensity step of 0.25. The shaded area serves as a guide to the eye. (d) ΔI/I(B) for cQD #1 (symbols) compared
to the ensemble data (dashed line). (e) Normalized magnetic-field-dependent spectra of σ+-polarized (black to blue) and σ−-polarized (black
to red) PL of cQD #1. Spectra have been stacked along the y axis for clarity.
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Degree of Polarization for Undoped CdSe cQDs. For
undoped CdSe cQDs, the relevant optically active excitonic
states for the PL emission are the ones dominated by their
heavy hole (HH) |±3/2⟩ and electron |∓1/2⟩ states. Here, the
excitonic states are split in a magnetic field by the intrinsic
Zeeman splitting ΔEZ,int, which is on the order of 0.1 meV/
T.61 As the magnetic field increases, the energy splitting
between the two spin split branches with opposite symmetry
increases, leading to a change in state occupation. In case the
spin flip rate between these states exceeds the recombination
rate significantly, the relative contributions of these states to
the PL signal can be deduced assuming thermal equilibrium at
the moment of exciton recombination, described by a
Boltzmann distribution with ΔEZ,int as the energetic separation
of the states. For undoped cQDs with wurtzite symmetry, the
total angular momentum of the HH state is constrained
parallel to the crystal c  axis with opposite projections
corresponding to the |±3/2⟩ states. As a consequence, the
emitted light from excitons including these states has opposite
helicity, depending on the angle θ between the crystal c  axis
and the direction of observation k  . The relative intensities of σ+
and σ− emitted light are then given by26,61,62

I (1 cos( ))3/2, 1/2
2θ∝ ±σ

|+ − ⟩
±

(1a)

I (1 cos( ))3/2, 1/2
2θ∝ ∓σ

|− + ⟩
±

(1b)

where we imply recombination of holes in the |±3/2⟩ states
with electrons in the |∓1/2⟩ states. Combined with the
occupation of the Zeeman split states due to the Boltzmann
distribution, the ensemble average over all possible angles of
crystal orientation with respect to the observation axis
theoretically yields a saturation value of ΔI/I ∼ 75%, which,
depending on the cQD size and material, can only be reached
at extremely high magnetic fields on the order of 50 T or
higher.61 It should be noted that here, the direction of the
charge carrier’s angular momentum at the moment of radiative
recombination is of fundamental importance for the PL
polarization.
The Case of Magnetically Doped cQDs. In magnetically

doped cQDs exhibiting sp−d exchange, an analogous approach
can be used by replacing the intrinsic Zeeman splitting with the
giant Zeeman splitting, which can be written as ΔEsp−d =
geffμBB,

44−46 with μB representing the Bohr magneton. Here, all
exchange effects are included in the effective gyromagnetic
ratio geff, which can reach values up to 1180 at low
temperatures and small magnetic fields.45,46 Such large
exchange interactions yield Zeeman splittings up to several
tens of meV/T. Due to the very effective ordering of the Mn2+

spins in a magnetic field at low temperatures, the giant Zeeman
splitting increases rapidly with B (paramagnetic behavior),
leading to a much more sensitive change in state occupation
with B and therefore to a steeper increase of ΔI/I(B)
compared to the undoped (diamagnetic) case.48 Note that
the state occupation, and thus the degree of circular
polarization, in undoped and doped cQDs is determined by
the Zeeman splitting at the moment of radiative recombina-
tion, which is usually described by a thermal equilibrium
Boltzmann distribution in cases where the spin relaxation rate
exceeds the recombination rate.
Magnetically Doped cQDs with EMP Formation:

Isotropic Case. To derive the polarization degree of cQDs
with EMP formation, one has to consider the complete

formation process, including the EMP direction. In case of
EMP formation, the collective alignment of the Mn2+ magnetic
moments inside the effective exciton volume Veff is driven by
the internal exchange field B exc = B excel + B exch with orientations
given by the direction of the charge carriers’ total angular
momentum (see Supporting Information). In Mn2+-doped II−
VI QDs, it is commonly assumed that the instantaneous
direction of the Mn2+ magnetization M f = M Mn(t = 0) at the
moment of exciton creation determines the direction of EMP
formation, leading to an isotropic model of EMP formation.
Due to the quantum mechanical nature, the Mn2+ magnet-
ization is subject to fluctuations in magnitude and direction,
and has to be described by the joint probability distribution
function Φ(M Mn) (see Supporting Information for details),
describing the chance to find a certain value for M Mn. Using
this framework, the PL polarization can be calculated using eqs
1a and 1b, where the angle θ is now given by the angle
between the EMP direction and the magnetic field direction. In
Faraday geometry, that is, direction of light propagation k  and
magnetic field B are parallel, ΔI/I can then be calculated by35

I I
M M M I I M M M

M M M I I M M M
/

d d d ( ) ( , , )

d d d ( ) ( , , )
x y z x y z

x y z x y z

∫
∫

Δ =
− Φ

+ Φ

σ σ

σ σ

+ −

+ −
(2)

The dashed line in Figure 1c shows the result for a
simulation using literature parameters for similar cQDs (see
Supporting Information). Apparently, this model of isotropic
EMP formation consequently overestimates the increase of
ΔI/I for small magnetic fields and cannot explain the
saturation ΔI/I < 100% at high magnetic fields in cQDs.35

Therefore, a model explicitly incorporating anisotropy effects
needs to be developed.

Magnetically Doped cQDs with Anisotropic EMP
Formation: Case of Zero Magnetic Field. We therefore
establish a model for describing the PL polarization
considering anisotropy effects. Note that the direction of any
axis of anisotropy is by default specific to each single cQD in
lab coordinates. It is therefore necessary to start the description
at a single particle level and move toward an ensemble by
averaging afterward. B excel is commonly assumed to be directed
by M⃗Mn due to the isotropic orbital s character of the electron
wave function.68 However, even in the fully formed EMP state,
B exch can be constrained by an axis of anisotropy in wurtzite
cQDs.60 This constraint is thought to be caused by the strong
anisotropic orbital p character of the hole wave function. The
consequences of this strong anisotropic behavior of the hole
exchange field for the initial mechanism of EMP formation,
and ultimately the PL polarization degree, are therefore
discussed in the following.
As B exch is constrained by the cQD anisotropy axis, it is

reasonable to assume that this constraint is already established
at the moment of exciton generation, that is, at t ≈ 0. A
plausible source of the dominant anisotropy axis in wurtzite
cQDs is the crystal c  axis (see Supporting Information for a
discussion of relevant energy scales). Then, the direction of the
hole exchange field is respectively given by B exch ∥ c  and B exch ∥
−c  . This first-order criterion is then superimposed with the
second order influence of minimizing the p−d exchange energy
for the hole Ep−d(t ≈ 0) = −VeffM f · B exch . It is therefore
energetically favorable for the hole to align its exchange field in
the direction that yields an energy gain ΔEp−d < 0, that is, the
direction with positive projection (M f · B⃗exc

h ) > 0. In other
words, while the crystal c  axis predefines two possible

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.1c04451
ACS Nano 2021, 15, 13579−13590

13582

https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c04451/suppl_file/nn1c04451_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c04451/suppl_file/nn1c04451_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c04451/suppl_file/nn1c04451_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c04451/suppl_file/nn1c04451_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c04451?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


directions of B exch , the initial direction of the fluctuating
magnetization M f at the moment of exciton generation
determines the preferred case out of those two.
Scheme 1 illustrates the suggested EMP formation process

for one photoexcitation event. In the case depicted here, the
instantaneous magnetization M f is oriented toward the top-left
at the moment of photoexcitation and c  is oriented to the top
right. Then the magnetization component in the direction of c  ,
Mc = M f · c  , is positive. Therefore, the state with B exch parallel to
c  is energetically favored, and the subsequent HH relaxation
leads to B exch parallel to c  under the assumption that the HH
spin relaxation is fast compared to EMP formation. Note that
for another excitation event, where Mc is negative, the

relaxation would occur into the state with B exch antiparallel to
c  . The electron, on the other hand, has an isotropic character
and can either relax into the direction of M f to maximize the
energy gain by magnetic s−d exchange interaction or (if |M f| is
small) relax into the direction of B exch to maximize the energy
gain due to the electron−hole s−p exchange interaction. After
the hole is relaxed with B exch ∥c  or B exch ∥−c  , the Mn2+ spins align
into the direction of B exch , and the EMP is formed. During the
EMP formation, the magnetization reaches saturation, and the
energy of the electron−hole pair is lowered by the EMP
binding energy, splitting the |±3/2⟩ states substantially in
energy and preventing thermal occupation of the upper state.
Therefore, the problem of predicting EMPs formed with either

Scheme 1. Illustration of the Suggested EMP Formation Process for a Single Excitation Event at B = 0 Ta

aThis schematic depicts the EMP formation for a randomly chosen case of Mc = M f ·c  > 0 at the moment of photoexcitation (t = 0).

Figure 3. (a) Probability distribution P(Mc) of the magnetization along the c ⃗ direction at B = 0.5 T. The blue and red shaded areas
correspond the probabilities of HH relaxation into the |−3/2⟩ and |+3/2⟩ states, respectively. (b) Calculated change of the probability
distribution P(Mc) in a magnetic field applied along z ⃗ for θ = 0° and (c) θ = 65° at different magnetic field strengths. (d) Probability of
detecting different PL polarization from recombination of a |+3/2⟩ hole and a |−1/2⟩ electron for a cQD with its c ⃗ axis displaced by an angle
θ from the direction of light propagation k⃗ (k⃗∥z)⃗. (e) Simulated ΔI/I(B) for five differently oriented cQDs. (f) Comparison of ΔI/I vs B for
cQD #1 (blue symbols) with three different simulations for a single cQD using θ = 55°(blue dotted line), 60°(blue solid line), and 65° (blue
dashed line) as well as ensemble data shown in Figure 1 (black symbols) in comparison with a simulation for the whole ensemble of cQDs
(black line). For parameters used in the simulations, see Supporting Information.
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the |+3/2⟩ or |−3/2⟩ HH state, from which finally the PL
polarization can be derived, is reduced to determining the
probability for Mc > 0 based on the statistics given above.
Magnetically Doped cQDs with Anisotropic EMP

Formation: Case of Finite Magnetic Field. With B ∥z  ,
the orientation of a single cQD with crystal axis c  with respect
to z  is characterized by its polar angle θ between c  and z  . The
above framework can then be used to determine the number of
EMPs formed in either the c  or − c  direction by determining
the probability of Mc > 0 and the probability of Mc < 0. It is
instructive to first consider the special case of c  ∥z  , that is, θ =
0°. Then, Mc is given by Mz, and the task is simply to
determine the probability of finding M f with positive
component Mz along z  , using the probability distribution
P(Mz), which describes only the z component of M f instead of
the full joint probability distribution Φ(Mx,My,Mz):
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Then, the portion of HH relaxation with B exch pointing to the
positive z  direction, and hence subsequent EMP formation in
this direction, is obtained by summing the probability K for Mz
> 0, that is:
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The corresponding portion of HH relaxation with B exch

pointing in the negative z direction and subsequent EMP
formation in this direction is given by the integral with limits
(−∞,0), or, since P(Mz) is normalized, simply by (1 − K).
Figure 3a plots P(Mc) = P(Mz) for θ = 0° at B = 0.5 T and T =
4 K. The red and blue shaded areas nicely visualize P(Mc > 0)
and P(Mc < 0) and thus the relaxation probability for the HH
with B exch ∥c  and B exch ∥−c  , respectively. The inset schematically
shows the donut-like shape of the heavy hole wave function
with total orbital momentum projections Jz = ± 3ℏ/2.
To visualize the influence of the magnetic field, Figure 3b

depicts P(Mc) for different magnetic fields applied in z  -
direction. With increasing magnetic field, the distribution is
shifted toward positive values of Mz and narrowed. The shift
indicates an increase in the time averaged expectation value of
the magnetization ⟨Mc⟩ = ⟨Mz⟩, and the decrease of the fwhm
corresponds to a suppression of fluctuations ⟨δMc

2⟩ = ⟨δMz
2⟩.

From Figure 3b, it becomes obvious that the probability that
Mc > 0 grows with applied magnetic field, making relaxation
into the HH state |+3/2⟩ with B exch ∥c  increasingly likely. For
magnetic fields larger than 2 T, practically all EMPs are formed
along the positive z  direction, which, as we will discuss below,
corresponds to a saturation of the PL polarization.
Before the consequences for the PL polarization are

considered, the general case of a cQD with crystal orientation
c  ∦ z  , that is, θ ≠ 0° needs to be discussed. In this case, Mc =
cos(θ)Mz and the probability to find M f with positive
component along c  can be found in a similar way as before,
but with a modified version of eqs 3 and 4. Without an
electron−hole pair present, the axial anisotropy splitting for the
Mn2+ spins in wurtzite CdSe cQDs has previously been
determined by means of electron paramagnetic resonance
spectroscopy.69 The axial zero-field splitting parameter D was
found to be smaller than 0.01 cm−1. Therefore, the total the

Mn2+ ground-state zero-field splitting of 6D is in the order of
only a few percent of the thermal energy kBT at 4 K, and thus
the Mn2+ spin orientation at 4 K is not influenced by the
crystal anisotropy. Hence, the joint probability distribution
Φ(Mx,My,Mz) is independent of θ and describes a 3D Gaussian
distribution, which, in the presence of a magnetic field in z  
direction, is displaced along z  and narrowed. In analogy to the
approach above, the probability of finding Mc > 0 for c  ∥ z  is
described by a 1D probability distribution P(Mc), reflecting the
probability of magnetization along c  . The modified version of
eq 4 describing the probability of EMP formation in the
direction of c  is then given by (see Supporting Information for
details):
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where ⟨δM∥
2⟩ and ⟨δM∥

2⟩ are the magnetic fluctuations parallel
and perpendicular to the magnetic field. To demonstrate the
consequences of a finite angle θ ≠ 0°, Figure 3c plots P(Mc)
for an angle of θ = 65° with the same parameters as used for
the case of θ = 0° in Figure 3b. The reduced shift of P(Mc) as
well as the reduced narrowing with magnetic field are clearly
visible, leading to a significant change in the probabilities of
HH relaxation with B exch directed along c  and thus a reduced
probability of EMP formation in this direction. This results in a
finite probability of EMP formation along −c  even at 5 T.
Thus, increasing the angle θ mitigates the influence of the
external magnetic field, leading to a weaker dependence of the
probability of EMPs formed along c  , and thus to a more
gradual increase of ΔI/I(B).
We note the similarity between this model of constrained

EMP orientation to the case of undoped cQDs, where the
direction of the total angular momentum during HH relaxation
is also determined by the crystal c  axis. In this latter case, the
probability of excitons with total angular momentum along c  or
−c  is given by the thermal occupation of the Zeeman split
electronic states and described by the equilibrium Boltzmann
distribution. Such a thermal occupation cannot be used for the
fully formed EMP state because of the very large energies
involved. Instead, eq 5 has to be used to give the magnetic field
dependent relative intensities of PL emitted from EMPs
oriented along c  or −c  for any given cQD orientation,
characterized by its polar angle θ.
It is commonly recognized that the helicity of emitted

photons during the recombination process is a direct result of
the preservation of angular momentum. For example,
recombination of a hole in the |+3/2⟩ state with total angular
momentum projection Jz = +3ℏ/2 and an electron in the |−1/
2⟩ state with total angular momentum projection − ℏ/2 yields
a photon with angular momentum + ℏ, that is, a σ+ polarized
photon. Due to the conservation of angular momentum, the
reference axis of this photon, however, is given by the reference
axis of the recombining electron−hole pair, in our case the
crystal c  axis of the cQDs. As a a consequence, the observation
of the photon yields an elliptical polarization that depends on
the angle between c  and the observation direction k  . Since all
experiments are conducted in Faraday geometry, that is,
k  ∥B ∥z  , this angle is given by the polar angle of the crystal c  
axis, θ. Figure 3d plots the angle dependence of the PL
polarization for the recombination of a |+3/2⟩ HH with a |−1/
2⟩ electron. While for θ = 0° the emission is purely σ+
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polarized, it becomes completely σ− polarized for θ = 180°. For
intermediate angles, the polarization becomes elliptical and
even dominantly linear for θ = 90°.
We therefore expect the PL polarization degree after EMP

formation along the +c  axis, that is, after relaxation of the HH
into the |+3/2⟩ state, to exhibit the same angle dependence as
given by eqs 1a and 1b. Then, the total intensities for σ+ and σ−

polarized light have contributions from EMPs formed along c  
(called I↑↑

σ±) as well as from EMPs formed along −c  (called I↑↓σ±),
that is, Iσ+ = I↑↑

σ+ + I↑↓
σ+ and Iσ− = I↑↑

σ− + I↑↓
σ−. The PL intensity I↑↑

emitted from EMPs is proportional to the probability of EMP
formation parallel to c  and therefore given by K, and it has
contributions from both helicities I↑↑

σ+ and I↑↑
σ−, while the

intensity I↑↓ is proportional to (1 − K) with contributions from
I↑↓
σ+ and I↑↓

σ−. Collecting all contributions and weighting them
with the probability of EMP formation in the corresponding
direction gives the intensities Iσ+(θ) and Iσ−(θ) emitted from a
single cQD:
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where A is a constant. Using eqs 6a and 6b, the magnetic field
dependence of ΔI/I can be calculated for a single cQD with
orientation θ of the c  -axis with respect to the laboratory z  -axis.
Figure 3e plots simulated ΔI/I(B) curves for five differently
oriented single cQDs, as illustrated by the inset scheme.
Comparison of the five curves yields two major features: First,
only cQDs with θ = 0° yield a saturation value of ΔI/I = 100%,
while for those with θ between 0° and 90°, a saturation value
between 100% and 0% can be achieved. This result is a direct
consequence of the mixed σ+ and σ− emission from each state.
In the limit of high magnetic fields and for 0° < θ < 90°, where
only EMPs with B exch ∥c  are formed, the PL intensity is given by
I↑↑ with right and left circularly polarized contributions I↑↑

σ+ and
I↑↑
σ− depending on the polar angle θ. This situation leads to
saturation values of ΔI/I < 100%. Therefore, the saturation
value of ΔI/I(B) purely depends on the polar angle θ, that is,
the orientation of the c  axis of the cQD with respect to the z  

direction but not on any other specifics of the material system
such as cQD size, dopant concentration, shape anisotropy, etc.
The second important observation relates to the changing
slope ΔI/I(B) with θ. This flattening is a direct consequence of
the mitigated influence of the magnetic field onto the
magnetization components along c  , leading to a slow increase
of ⟨Mc⟩ = cos(θ)⟨Mz⟩ and a reduced suppresion of fluctuations
⟨δMc

2⟩, as discussed in the Supporting Information. Therefore,
much stronger magnetic fields are needed to reach polarization
saturation for large polar angles θ than for small values of θ.
Note that the finite saturation value as well as the reduced
slope for low magnetic fields differs for each single cQD
orientation. Averaging over all possible directions thus enables
the simulation of the expected ΔI/I(B) curve for the ensemble.
The black solid line in Figure 3f depicts such a simulation and
shows extremely good agreement with the ensemble data
(black symbols) presented in Figure 1 (see Supporting
Information for details).
As noted above, once polarization saturation is reached by a

sufficiently strong magnetic field, the saturation value of ΔI/I
of a cQD only depends on the polar angle θ. Thus, the
simulated ΔI/I(B) traces can be used to determine the polar
angle θ of a real cQD with respect to the lab z  direction on the
substrate surface. Figure 3f compares the data of cQD #1 (blue
symbols) with three simulated ΔI/I(B) traces (blue lines) for
single cQDs with θ = 55° (dotted), θ = 60° (solid) and θ = 65°
(dashed) (see Supporting Information for detailed simulation
parameters). We find very good agreement between the
experimental data of cQD #1 and the simulation of ΔI/I(B)
for θ = 60°. Additionally, the simulated saturation value
strongly depends on the polar angle θ. This result
demonstrates how the saturation value of ΔI/I(B) can be
used as an elegant and relieable tool to determine the
orientation of a single cQD on a substrate with respect to the
optical axis. Note that this idea is not limited to the special case
of cQDs with EMP formation but rather can be used to
determine the orientation of any anisotropic cQD or similar
nanostructure with appropriate electronic structure. Magneti-
cally doped cQDs are just a particularly attractive model
system because of the comparably small magnetic fields needed
to achieve saturation.
Figure 4a shows ΔI/I(B) of four different single cQDs. First,

the curves exhibit different saturation values for high magnetic

Figure 4. (a) ΔI/I(B) of four different single cQDs at 4 K. The inset shows a histogram of ΔI/I saturation values for several single cQDs. (b)
Integrated intensity I(α) for cQD #1 at B = 0 T (black) and B = 5 T (red). (c) Comparison of I(α) for three single cQDs at B = 0 T. ϕ′ marks
the linear polarization orientation angle for the corresponding single cQD. Shaded areas in (b) and (c) serve as guides to the eye. (d) Degree
of linear polarization (black), degree of circular polarization (red), and total degree of polarization (blue) for single cQD #1 obtained from
measurements of the full Stokes parameters at each magnetic field strength.
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fields between 60% and 80%, suggesting different polar angles
θ for each of these cQD’s crystal orientations, in agreement
with the model above. Interestingly, within a data set of 17
single cQDs, no cQDs with a saturation value below 50% were
found (see inset in Figure 4a). This result could be a
consequence of preferred cQD orientation due to the single
cQD sample preparation, where each single cQD is in contact
with the substrate surface, in contrast to the ensemble, where
nearly all cQDs are surrounded by other cQDs and a matrix of
organic ligands. Because the CdS shell is strongly faceted (see
TEM images in Figure S1 of the Supporting Information), a
true random orientation of the cQD crystal orientation is
therefore likely inhibited.
The second important feature of the ΔI/I(B) traces is the

fact that at zero magnetic field nonzero ΔI/I values varying
between +5% and −5% are observed. This deviation from zero
is found to be different for each individual cQD, suggesting a
hidden influence, which to the best of our knowledge has not
been addressed in literature so far. Following the argumenta-
tion given above, the observation of a circularly polarized
photon with its angular momentum direction tilted by an angle
θ from the observation direction can be either detected as
being σ+, σ−, or linearly polarized (π). Our experiments are
conducted in Faraday geometry. This suggests that the single
cQD emission, in addition to the above-discussed circularly
polarized contributions, also comprise a linearly polarized PL
component Iπ. An analogue consideration is known for the
emission from the exciton fine structure state ±1L in wurtzite
cQDs, where a linearly polarized PL component with an
angular dependence I±1L

π (θ) ∝ sin2(θ) was found.20

Figure 3d shows the dependence of the π-polarized PL
component, which is zero at θ = 0° and 180° and has its
maximum value at θ = 90°. This behavior can be understood
by recognizing that the electric field of circularly polarized PL
emitted from the EMP state rotates in the plane perpendicular
to c  . For θ = 90°, that is, k  ⊥ c  , the far field thus appears partly
linearly polarized. Therefore, eq 7 complements eqs 6a and 6b:

I I I A K B K B

A

( ) 2 ( , )sin ( ) (1 ( , ))sin ( )

2 sin ( )

2 2

2

θ θ θ θ θ

θ

= + = [ + − ]

=

π π π
↑↑ ↑↓

(7)

This consideration results in a PL signal consisting of σ+, σ−,
and π components. Noticeably, because I↑↑

π = I↑↓
π , the overall

component Iπ is expected to be independent of magnetic field.
We measure the π polarized PL emission by measuring I(α)
with no quarter wave plate inserted into the optical beam.
Without a quarter wave plate, circularly polarized components
pass the analyzing linear polarizer by 50%, independent of the
analyzer angular position α. Therefore any intensity change in
the angular profile is due to a π polarized PL component.
Figure 4b plots the angular dependence I(α) of the integrated
PL intensity for cQD #1 in presence and absence of a magnetic
field.
With no external magnetic field applied (black dots), I(α)

exhibits an elongated shape with its maximum and minimum
values at analyzer positions of α = 25° and 115°. The
elongated shape is characteristic of the angular distribution of
PL comprising a weak π polarized component superposed with
a stronger circularly polarized component. The angular
intensity dependence I(α) at B = 5 T matches the intensity
dependence at B = 0 T very nicely in shape as well as in
orientation, suggesting no change of the linear polarized PL
component with magnetic field. This result shows that the π-

polarized component of the PL is independent of the
distribution of EMPs formed along c  or −c  .
The degree of linear polarization is defined from the half

axes a and b of the polarization ellipse as ΔIlin/Ilin = (Ia − Ib)/
(Ia + Ib). From the minimal and maximal values of I(α), we
estimate the degree of linear polarization as ΔIlin/Ilin = 15%,
clearly proving the partly π polarized character of the PL from
cQD #1. The orientation angle ϕ′ of the polarization ellipse
with respect to α = 0° is given by an angle of maximum
intensity, that is, ϕ#1′ = 25° in case of cQD #1. To test whether
the angle of ϕ#1′ is particular for cQD #1, Figure 4c compares
I(α) for three single cQDs at B = 0 T. We find intensity
profiles I(α) with individual strengths of the linear polarization
contributions, ΔIlin/Ilin = 15%, 29% and 42% for cQDs #1, #5,
and #6, respectively. From eq 7, the strength of linearly
polarized contributions is expected to depend on the polar
angle θ between the crystal c  axis and the light propagation
direction k  ∥z  . Therefore, the different strength of π-polarized
PL components, that is, the different ΔIlin/Ilin, is a direct
consequence of the individual polar angle θ between the crystal
axis c  and the z  direction for each single cQD. The intensity
profiles I(α) exhibit different linear polarization angles ϕ#1′ =
25°, ϕ#5′ = 135°, and ϕ#6′ = 115° for cQDs #1, #5, and #6.
Thus, every cQD seems to exhibit a specific orientation of its
linear polarized PL, which explains the characteristic deviation
of ΔI/I from zero at B = 0 (see Figure 4a and discussion of
Figure S5 in the Supporting Information).
One elegant way to get the complete polarization state of the

emission is to measure the full Stokes parameters (S0, S1, S2,
S3), defined by S0 = ExEx* + EyEy*, S1 = ExEx* − EyEy*, S2 = ExEy*
+ EyEx*, and S3 = i(ExEy* + EyEx*).

70 Here Ex,y* are the complex
conjugates of the complex electric field amplitudes Ex,y in x  and
y  directions. From the Stokes parameters, the exact degree of
linear polarization (DLP), degree of circular polarization
(DCP), and degree of total polarization (DOP) can be

calculated by DLP S S S/1
2

2
2

0= + , DCP = S3/S0, and

DOP S S S S/1
2

2
2

3
2

0= + + . Additionally, the polarization
angle ϕ′ is given by ϕ′ = 0.5 atan(S2/S1), offering very
convenient access to ϕ′.
We therefore set up the appropriate Mueller matrices

describing our experiment and measured the Stokes parame-
ters as described in literature.70 Figure 4d plots the DLP, DCP,
and DOP for single cQD #1. We first note that in case of cQD
#1, the DCP trace is very similar to the trace of ΔI/I. The
DCP, however, starts exactly at zero for B = 0 T, while ΔI/I
has a value of 2.5% at B = 0 T. This finding demonstrates the
advantage of using the DCP derived from the Stokes
parameters as compared to simply using ΔI/I. We additionally
find that the DLP does not significantly change with B, in
agreement with our conclusions earlier. The DOP on the other
hand changes from being dominated by the DLP at zero field
to being controlled by the DCP at high magnetic fields.
Determining ϕ′ from the Stokes parameters yields ϕ#1′ = 30°,
in close agreement with the value found from measuring the
full angular intensity distribution I(α). Note that for the
measurement of the Stokes parameters, merely four measure-
ments are needed, significantly improving the efficiency of the
experiment. These results represent the measurement of the
complete polarization state for single cQD emission and
showcase a robust method to characterize the polarization state
for mixed polarization emission in (single) colloidal nano-
structures.
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The full 3D orientation of the crystal c  axis is given by its
polar angle θ with respect to the lab z  direction and by the
azimuthal angle ϕ describing the angle between the projection
of c  onto the xy plane and the x  direction of the substrate (see
Scheme 2). The polar angle θ can be extracted from the
measured DCP at high magnetic fields, while the azimuthal
angle ϕ can be derived from the linear polarization angle ϕ′
using ϕ = ϕ′ − 90°. Thus, the complete crystal 3D orientation
of a single cQD in the lab coordinates can now be determined
to a high degree of accuracy by accessing the full polarization
state of QD emission and extracting θ and ϕ. Using the above
given values of θ = 60° from Figure 3f and ϕ′ = 25° from
Figure 4b, we can calculate the normalized vector describing
the c  axis of cQD #1 as

c (sin( )cos( ), sin( )sin( ), cos( ))

(0.36, 0.78, 0.50)

QD 1
Tθ ϕ θ ϕ θ⃗ =

= −
#

(8)

Therefore, the measurement of the polarization angles ϕ and θ
can directly be used to calculate cQD orientation on the
substrate in the x, y, and z coordinates of the lab. This strategy
can in principle be used to determine the crystal orientation in
the lab reference frame for any anisotropic cQD, where one of
the charge carriers’ wave functions exhibits strong anisotropic
character and the axis of anisotropy has sufficiently strong
influence to constrain this charge carriers’ wave function. The
example of magnetically doped cQD provides a powerful
illustration of this methodology due to the small magnetic
fields needed to reach polarization saturation.

CONCLUSION

Single colloidal Mn2+-doped CdSe/CdS cQDs exhibiting EMP
formation were investigated using polarization resolved
magneto-PL spectroscopy. A magnetic field independent
distinct linear polarization pattern is found for each cQD.
While applying a magnetic field, the circular polarization
degree of the PL is demonstrated to change characteristically
for each single cQD, saturating at values <100%. A model
based on the interplay between crystal anisotropy and
magnetic exchange energy, including magnetic fluctuations,
was developed to explain our findings. As a direct consequence

of a dominant anisotropy axis, we found a mixed polarization
of the PL with significant linearly polarized contributions even
at high magnetic fields. From a measurement of the magnetic-
field-dependent full Stokes parameters, the full polarization
state of single cQD emission is extracted, and the degree of
circular, linear, and total polarization is derived. Most
important, we demonstrate that the full polarization state of
single cQD emission can be used as a precise method to
directly determine the crystal c  axis of the cQD in lab
coordinates, a tool for extracting the exact 3D crystal
orientation of a single anisotropic nanostructure by optical
means. While cQDs with EMP formation are a nice material
system to showcase this strategy, our approach is not exclusive
to this material system, but is transferable to a variety of doped
and undoped anisotropic colloidal semiconductor nanostruc-
tures.

METHODS
Sample Preparation.Mn2+:CdSe/CdS cQDs were synthesized as

reported previously.35,45,46,60 For single particle spectroscopy, the
Mn2+:CdSe/CdS cQDs were dispersed in toluene, highly diluted, and
spin-cast onto a SiO2/Si substrate (oxide thickness: 270 nm),
prepatterned with cross markers. Patterning of the substrate was done
via electron beam lithography and thermal evapoaration of Ti/Au and
served as a tool to reliable mark the position of single cQDs on the
substrate, making it possible to find the same individual cQD several
times. The dilution (1:5 × 105) was optimized to yield approximately
one cQD per several μm2 to enable addressing single cQDs.

PL Spectroscopy. Micro-PL spectra were collected using a
confocal microscope setup (Attocube atto CFM I) with a high
numeric aperture objective (Attocube LT APO-Vis, NA: 0.82) inside
a closed cycle cryostat (Tsample = 4.0 K) with the option to apply
magnetic fields up to 5 T in Faraday geometry. To ensure thermal
contact to the reservoir, the samples were surrounded by helium
exchange gas. For the PL experiments, a 532 nm solid-state laser
(Laserglow LRS-0532 DPSS) was used as excitation source (power
density <10 W/cm−2, laser spot size on the sample: 700 nm) in
combination with a laser clean up filter (Thorlabs FLH 532−10) and
an ultrasteep long-pass edge filter (Razor Edge 532-RU). The spectra
were recorded with a liquid nitrogen-cooled charge coupled device
(CCD) camera (Horiba Symphony, back illuminated deep depletion
1-LS) in combination with a monochromator (Horiba Triax 550)
equipped with a 150 mm−1 grating.

Scheme 2. Illustration of (a) the cQD c ⃗ Axis Orientation, Described by the Polar Angle θ and Azimuthal Angle ϕ, and Its
Impact on the Electric Field Orientation of Emitted Linearly Polarized Lighta and (B) the Correlation between the Sample
Orientation in x⃗, y⃗ and z ⃗ Lab Coordinates and the Intensity Pattern during the Measurement.

aNote that the polarization angle ϕ′ of the electric field vector E⃗ in the xy plane is perpendicular to the azimuthal angle ϕ, describing the direction
of c  in the xy plane.
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Polarization Resolved PL Measurements. For polarization
resolved PL experiments, a combination of a quarter wave plate
(Thorlabs AQWP05M-580) and a rotatable linear polarizer (Thorlabs
LPVISC050) were placed into the detection beam. The fast axis of the
quarter wave plate was aligned horizontally (defined as α = 0°) with
respect to the optical table, and σ+ and σ− intensities were recorded
with the linear polarizer at +45° and −45°, respectively. Gauging of
the measurement setup was done by sending unpolarized light
through the detection path (sample to detector).
For measurement of the Stokes parameters, the Mueller matrices of

all optical components were determined by appropriate test
measurements.70 In addition to Iwp(45°) (with quarter wave plate),
three measurements I(0°), I(45°), and I(90°) were recorded without
the quarter wave plate. According to the Mueller matrix describing
our measurement setup, S0 = 1.18(I(0°) + I(90°)), S1 = 1.18(I(0°) −
I(90°)), S2 = 2.35I(45°) − S0, and S3 = 2.47Iwp(45°) − 0.33I(45°) −
1.03(I(0°) − I(90°)).
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