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ABSTRACT: One of the most prominent signatures of transition-
metal doping in colloidal nanocrystals is the formation of charge
carrier-induced magnetization of the dopant spin sublattice, called
exciton magnetic polaron (EMP). Understanding the direction of EMP
formation, however, is still a major obstacle. Here, we present a series
of temperature-dependent photoluminescence studies on single
colloidal Mn2+:CdSe/CdS core/shell quantum dots (QDs) performed
in a vector magnetic field providing a unique insight into the
interaction between individual excitons and numerous magnetic
impurities. The energy of the QD emission and its full width at half-
maximum are controlled by the interplay of EMP formation and
statistical magnetic fluctuations, in excellent agreement with theory.
Most important, we give the first direct demonstration that anisotropy
effectshypothesized for more than a decadedominate the direction of EMP formation. Our findings reveal a pathway for
directing the orientation of optically induced magnetization in colloidal nanocrystals.

KEYWORDS: Single nanocrystal, transition-metal doping, exciton magnetic polaron, magnetization fluctuation, quantum dot anisotropy,
vector magnetic field

Recent advances in chemical synthesis enable the design of
tailored, high-quality nanocrystals with small size

dispersions, a wide variety of shapes, and complex geo-
metries.1,2 One of the most enduring challenges in this field has
been the use of controlled doping, that is, replacing individual
atoms in the crystal matrix by impurities, to control the
physical properties of such nanocrystals.3−6 Dopants may act
as emission centers, affecting the luminescence of the host
material.7−16 Introducing open-shell transition-metal ions such
as cobalt or manganese into nonmagnetic semiconductors
endows the host nanocrystals with magnetic functional-
ities.17−25 Exchange interactions between the localized
magnetic moments of the dopants’ d electrons and the
magnetic moments of the delocalized charge carriers (s-type
electrons and p-type holes) result in giant magneto-optical
responses.26,27 This development was boosted by the
prediction of huge exchange fields in colloidal quantum dots
(QDs),28 making room-temperature applications feasible.
Indeed, giant Zeeman splittings have been observed up to
room temperature in various colloidal nanocrystals.6,29,30

Among the most intriguing consequences of the pronounced
sp−d exchange interactions is the spontaneous alignment of
the dopant magnetic moments mediated by photogenerated
charge carriers in the host QDs,31−34 the so-called exciton
magnetic polaron (EMP) formation. In colloidal QDs, these

EMPs have been demonstrated to be stable up to room
temperature31 and even accessible by electrical charge carrier
injection.35 Another fundamental consequence of the finite
number of magnetic dopants inside a colloidal QD is the
occurrence of thermodynamic spin fluctuations, modifying, for
example, EMP formation32 and carrier spin dynamics.33

Until now, EMP formation in doped nanocrystals has only
been investigated in nanocrystal ensembles,31−34 where
unavoidable inhomogeneous broadening effects cover funda-
mental physical properties due to distributions of nanocrystal
shape, size, composition, and orientation within the ensemble.
As an example, anisotropic EMP formation has been
theoretically predicted36,37 and used to explain long relaxation
times of optically excited EMPs in Mn2+-doped CdSe QDs,31,32

but such anisotropy has never been directly observed
experimentally.
In a very limited number of cases, experiments on transition-

metal-doped colloidal nanocrystals have been extended to
single QD studies, mostly focusing on the luminescence of the
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internal dopant ligand field transition12,38 and its intermit-
tency.39−41 In addition, fine structure effects of excitonic
luminescence caused by individual Mn2+ dopants in single
nanocrystals have been addressed.42 This limited body of
experimental literature is quite surprising in two aspects: First,
single nanocrystal spectroscopy gave valuable input for the
research on undoped semiconductor nanocrystals, for example,
by revealing luminescence blinking caused by a statistical
redistribution of charge carriers,43,44 their impact on radiative
recombination dynamics,45 and spectral diffusion,46 as well as
the control of these effects via core/shell architectures.47 In
addition, electric field-induced Stark shifts,48 fine structure
splitting due to s−p exchange,49 and their tuning in a magnetic
field,50 or multiexciton emission51,52 have been studied, among
others. Second, single QD spectroscopy has been applied to
epitaxially grown semiconductors doped with transition metals,
demonstrating coupling between excitons and individual
dopants53−56 and revealing EMP formation57−60 as well as
spin fluctuations57,61−63 in a highly anisotropic system
characterized by strong quantum confinement along the
growth axis and a rather weak one perpendicular to it.
In this work, we present magneto-photoluminescence (PL)

spectroscopy studies of EMP formation in single colloidal
Mn2+:CdSe/CdS QDs with wurtzite crystal structure (see
Supporting Information). Statistical fluctuations of the Mn2+

magnetization are found to be the source of a pronounced
broadening of single QD emission line width at low
temperatures. A distinct shift in energy with temperature and
magnetic field, combined with a characteristic change in full
width at half-maximum (FWHM), is observed for a series of
individual QDs. The uniquely detailed set of data gained for
single QDs is described well by a theoretical model considering
the interplay of EMP formation and thermodynamic spin
fluctuations. Most interesting, unambiguous signatures of
anisotropy effects on both the direction and stability of EMP
formation and on statistical fluctuations of the Mn2+ spins are
found. By applying a three-dimensional (3D) vector magnetic
field, we demonstrate that EMP formation can be manipulated,
that is, stabilized (increase of EMP binding energy) or
destabilized (decrease of EMP binding energy), by varying
the angle between the external magnetic field and a dominant
anisotropy axis of the nanocrystals. This EMP stabilization and
destabilization in addition affect thermodynamic spin fluctua-
tions visualized by a corresponding decrease and increase of
the excitonic line width, respectively.
Results and Discussion. Mn2+-doped CdSe/CdS nano-

crystals (core diameter: 5.8 nm, total diameter: 11.9 nm) with
an average dopant concentration of xMn = 0.9% were
synthesized for single QD experiments by diffusion dop-
ing.6,20,32 Undoped CdSe/CdS QDs with similar core/shell
structure were prepared as a reference (see SI for further
information). Both samples use giant CdS shells to minimize
the overlap of the hole wave function with surface trap states,
while attracting the electron via Coulomb interaction close to
the core. Surface traps are often reported to induce PL
intermittency and spectral diffusion.46,47,64 Details about
sample fabrication for spatially resolved PL experiments can
be found in the SI.
Figure 1 depicts the temperature-dependent PL spectra of

(a) a single undoped CdSe/CdS QD and (b) a single Mn2+-
doped CdSe/CdS QD (QD #1). The PL of the undoped QD
exhibits a narrow zero phonon line (ZPL) with a FWHM of
1.1 meV (limited by the spectral resolution of our experimental

setup), in agreement with literature values for comparable
excitation intensities of ≤10 Wcm−2.65 A weak phonon replica,
related to the simultaneous emission of a longitudinal optical
(LO) phonon, is observed red-shifted by 26.5 meV from the
ZPL, as commonly reported in the literature.66,67 The ZPL
shows an increase of the FWHM and a red shift with increasing
temperature, the latter being characteristic for the temperature
dependence of the band edge emission in most semi-
conductors.68 In contrast, the Mn2+:CdSe/CdS single QD
exhibits a significantly broadened ZPL with a FWHM of
6.3 meV at 4 K. Interestingly, the phonon replica is shifted by
27.3 meV with respect to the ZPL and exhibits higher intensity
compared to the undoped reference QD. This difference may
indicate enhanced coupling between the LO phonon and the
exciton, possibly related to the introduction of lattice
distortions because of the doping and/or the specific shape
of the nanocrystals (see Figure S1). Most important, the
energy shift with temperature observed in the doped QD
strongly deviates from its undoped counterpart, showing a blue
shift between 4 and 40 K followed by a red shift when the
temperature is further increased. In addition, a significant
change of the emission line width is observed with raising
temperature.
To investigate the temperature-dependent shift of the PL

energy, ΔEPL, of the single QDs more thoroughly, the peak
energy values are extracted from the data in Figure 1 and
summarized in Figure 2a. The undoped CdSe/CdS QD is
discussed first to establish a reference for the intrinsic
contributions to ΔEPL(T), known as Varshni shift. To preclude
statistical variations for the undoped reference, four individual
undoped QDs were measured. The averaged data are displayed
as gray dots in Figure 2a.
The temperature-dependent shift of the band gap for

undoped semiconductors is commonly ascribed to a mixture
of crystal volume expansion (minor influence) and electron−
phonon interaction (major influence).68 It is usually fit to fully
empirical68 or semi-empirical formulas, as introduced by
O’Donnell and Chen:71

Figure 1. PL spectra of (a) an undoped CdSe/CdS single QD and (b)
a single Mn2+:CdSe/CdS doped QD (QD #1) at different
temperatures. Dashed lines serve as a guide to the eye to indicate
the shift of the emission maximum. Dotted lines mark the energy
position of the ZPL at T = 4 K.
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ω= − ℏ
−ωℏ( )

W T W S( ) (0 K) 2
1

exp 1
k T

g,intrinsic g,intrinsic OC

B (1)

where ΔWg,intrinsic(T) = Wg,intrinsic(T) − Wg,intrinsic(0 K) is the
energy shift of the band gap with respect to the value at 0 K,
SOC is a dimensionless coupling constant indicating the
strength of the electron−phonon coupling, and ⟨ℏω⟩ is an
average phonon energy. Fitting the data of the undoped single
QDs in Figure 2a to eq 1 yields SOC = 2.05 and ⟨ℏω⟩ = 14.2
meV. These values are slightly smaller than those found in
literature for bulk CdSe (SOC,ref = 2.5 ± 0.4, ⟨ℏω⟩ref = 16.7 ±
4.4 meV, averaged over all CdSe values in ref 72), but are in
good agreement with the trend discussed in ref 73 for CdSe
QDs coated with large CdS shells.
ΔEPL(T) of QD #1 is strikingly different from the behavior

observed for undoped QDs, with an energy blue shift of 17
meV between 4 and 40 K (see red dots in Figure 2a), clearly
deviating from the intrinsic red shift of the band gap with
increasing temperature (see gray dots in Figure 2a). After a
turnover between 40 and 70 K, the energy shift of the PL
maximum of QD #1 starts to follow the red shift observed in
the undoped analogue. Similar results in colloidal Mn2+:CdSe
nanocrystal ensembles have been interpreted as evidence of
EMP formation.31,32,35 In EMPs, the Mn2+ magnetic moments
couple with the exciton spin via sp−d exchange interactions,
represented by the exchange field Bexc. Under the influence of
Bexc, the Mn2+ spin ensemble is aligned with the exciton spin,
leading to a spontaneous magnetizationMMn, thus reducing the
system’s energy by the polaron energy EEMP. As the
temperature rises, thermal disorder and magnetic ordering
compete against each other, weakening the magnetization and
decreasing EEMP, leading to a blue shift of the PL energy as
observed here between 4 and 40 K.

The overall temperature-dependent energy shift of the PL
maximum of the single Mn2+:CdSe/CdS QD emission can thus
be written as

Δ = Δ +

= Δ −

E B T W T E B T

W T V M B T B

( , ) ( ) ( , )

( ) ( , )

PL g,intrinsic EMP

g,intrinsic eff Mn exc (2)

where Veff is the effective volume occupied by the exciton. The
magnetization can be described with a modified Brillouin
function for a paramagnetic spin ensemble and reads as

i

k
jjjjjj

y

{
zzzzzzμ

μ
=

+
+

M B T x N g S
g B B

k T T
( , )

5 ( )

2 ( )Mn Mn 0 B Mn eff 5/2
B Mn exc

B s 0 (3)

where xMn is the dopant concentration, N0 is the number of
cations per volume, 5/2 is the Brillouin function for the Mn2+

S = 5/2 system, T0 and Seff ≤ 2.5 are the antiferromagnetic
temperature and the effective manganese spin, respectively, μB
is the Bohr magneton, kB is the Boltzmann constant, and gMn =
2 is the gyromagnetic ratio of Mn2+. B and T are the
experimentally controlled magnetic field and bath temperature,
respectively. The spin temperature entering the magnetization
is approximated by Ts = T + ΔTs, where ΔTs is a zeroth-order
correction accounting for the difference between the Mn2+ spin
temperature and the bath temperature of the crystal. ΔTs stems
from heating of the Mn2+ spin ensemble, for example, due to
spin−flip scattering between the optically generated electron−
hole pairs and the Mn2+ spin system.60,61 Using the commonly
applied “exchange box” model, the exchange field can be
written as61,74

α β
μ

= + =
−

B B B
N N
V N g2exc exc

el
exc
h 0 0

eff 0 Mn B (4)

where N0α (N0β) is the electron−dopant (hole−dopant)
exchange constant and Bexc

el (Bexc
h ) is the electron−dopant

(hole−dopant) exchange field. Thus, inserting eqs 3 and 4 into
eq 2 and using the parameters obtained from fitting the data of
undoped QDs, the temperature dependence of ΔEPL can be
simulated, using Veff, xMn, and ΔTs as fit parameters.
In Figure 2a, the simulated data using the parameters xMn =

1.73%, Veff = 30.4 nm3 (corresponding to an effective spherical
exciton diameter of 3.9 nm), and ΔTs = 4.3 K are shown (red
dashed curve). T0 = 1.1 K and Seff = 2.3 are obtained from
interpolating data from ref 75. The calculations reproduce the
experimental data (red symbols) very well. For clarity, the
green dashed curve plots the EMP energy contribution to eq 2,
with respect to the value at T = 0 K. The value of xMn = 1.73%
is reasonable as an overall manganese concentration of 0.9% of
the doped core−shell QDs has been measured via inductively
coupled plasma atomic emission spectroscopy (ICP-AES), and
the Mn2+ concentration varies statistically from dot to dot. Due
to strong confinement of the hole wave function, the effective
exciton volume should be approximately 36% of the core
volume,34 corresponding to Veff,expected = 35 nm3, in very good
agreement with the value used in the simulation. From eq 4,
these results yield an exchange field of Bexc = 11.9 T, which falls
in the range (between 8 and 17 T) of values reported for
similar Mn2+:CdSe QDs.31,32,34,35 The additional spin heating
ΔTs = 4.3 K also closely resembles values found in literature
(e.g., 4.4 K for self-assembled CdMnSe QDs61 and 8 K − 14.5
K for self-assembled CdMnTe QDs60). For simplicity, we
assume an overlap between the carrier wave functions with the
doped regions equal to unity, which may result in a slight

Figure 2. (a) Temperature-dependent PL shift ΔEPL of QD #1 (red)
and undoped single QDs (gray, averaged over four QDs). The dashed
gray line indicates the fit of the data of undoped QDs to eq 1. The
dashed red line shows the simulated overall shift for QD #1 described
by eq 2. The green dashed curve illustrates the EMP contribution to
eq 2. (b) ZPL FWHM of QD #1 (red) compared to the average of
four undoped single QDs (gray). The data of undoped single QDs
were fitted using eq 5 (black dashed curve). The red dashed curve
shows the simulation result for QD #1, using eq 7 with the same
parameters as used in (a). The contribution of the fluctuation
broadening according to eq 6 is shown by the green dashed line. The
high-temperature limit, that is, neglecting EMP formation, is
calculated according to eq 8 and indicated as a black dotted line.
The data of QD #1 in (a) and (b) were fitted simultaneously to eqs 2
and 7, using N0 = 17.82 nm3,69 N0α = 0.23 eV,70 and N0β = −1.27
eV.70
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overestimation of the effective exciton volume, since the
electron wave function is delocalized into the undoped CdS
shell. Because the contribution of the s−d exchange interaction
is only about 15% of the total sp−d exchange interaction, we
estimate the error introduced by neglecting the finite overlap
of the electron wave function with the magnetic dopants in
deriving Veff to be ≤10%. From this analysis, we conclude that
ΔEPL(T) of QD #1 is unambiguously correlated with the
formation of an EMP. These results represent the first
observation of an EMP in a single colloidal QD.
In Figure 2b, the extracted temperature-dependent FWHM

of the undoped reference QD (gray dots) and QD #1 (red
dots) are depicted. Again, the undoped reference is analyzed
first to distinguish intrinsic line broadening effects from the
contributions introduced by the dopants. Commonly, the
change of the FWHM with temperature in undoped semi-
conductors is related to homogeneous broadening due to
dephasing of the exciton by phonon scattering, as described by
eq 5:76

= Γ + Γ + Γ
−ωℏ( )

T TFWHM ( )
1

exp 1
k T

intrinsic 0 AC LO
LO

B

(5)

where Γ0 is an inhomogeneous offset, for example, caused by a
finite resolution of the experimental setup or by charge
fluctuations, ΓAC is a constant related to the coupling of the
exciton to acoustic phonons, and ΓLO describes coupling to the
longitudinal optical phonons with energy ℏωLO. Because ℏωLO
= 26.5 meV is extracted directly from Figure 1,
FWHMintrinsic(T) of the undoped QD can be fitted with the
remaining three parameters (see black dashed curve in Figure
2b), yielding Γ0 = 0.98 meV, ΓAC = 49 μeV/K, and ΓLO = 26.1
meV. These values are close to values found in literature for
experiments on an ensemble of colloidal CdSe QDs (ΓAC = 20
μeV/K and ΓLO = 30 meV).77 To the best of our knowledge,
these parameters have not been reported for single colloidal
CdSe QDs, so far.
Turning to the line broadening of QD #1, we find a distinct

difference to the undoped reference, namely an enhanced
emission line width and a strong increase of the broadening
with temperature (see red dots in Figure 2b). More specifically,
even at the lowest temperature (T = 4 K), the FWHM of QD
#1 (∼6.3 meV) exceeds the FWHM of the undoped reference
(1.1 meV) considerably and increases very steeply with an
anomalous negative curvature up to a FWHM of 17 meV at 40
K. In this temperature regime, the major contribution to the
increase in FWHM for the undoped QDs is due to acoustic
phonon scattering, leading to a line width broadening of just
1.7 meV with respect to the value measured at 4 K. For
temperatures above 40 K, the slope of the FWHM(T) curve of
QD #1 decreases, while even at 100 K, its FWHM still exceeds
the undoped reference by almost a factor of 3.
Previously, a broadening of the ZPL line width in

magnetically doped QDs grown by epitaxy has been correlated
to statistical spin fluctuations within the Mn2+ ensemble.63

These fluctuations stem from the statistically varying
occupation of the six possible spin projections sMn,z = ±5/2,
±3/2, ±1/2 of each individual Mn2+ ion, leading to
fluctuations of the magnetization with variance ⟨MMn

2 ⟩.
Considering the EMP equilibrium state and making use of
the fluctuation dissipation theorem,78 these fluctuations induce
a broadening of the luminescence line width:63

=
+

+

B T k TB V
dM B T

dB
FWHM ( , ) 8 ln(2)

( , )
B B

T T

fluct B s exc
2

eff
Mn

exc

s 0

(6)

The total temperature dependence of the FWHM is now
calculated in a first approximation by summing up the intrinsic
contribution FWHMintrinsic(T) due to phonon broadening
(obtained by fitting the data from the undoped reference to eq
5) and the contributions of spin fluctuations FWHMfluct(B,T):

= +B T T B TFWHM( , ) FWHM ( ) FWHM ( , )intrinsic fluct
(7)

Importantly, no new parameters are introduced to describe
the line width broadening of QD #1 with temperature. The red
dashed curve in Figure 2b shows the result of simulating the
line width according to eq 7 for QD #1 using the same
parameters as for the simulation of ΔEPL(T) (see Figure 2a),
while the green and gray dashed curves show the contributions
of FWHMfluct(T) and FWHMintrinsic(T), respectively. The
precise measurement of ΔEPL(T) and FWHM(T) in single
Mn2+-doped QDs makes it possible to use one parameter set to
fit both energy shift and line width broadening over a large
temperature range simultaneously with Veff, xMn, and ΔTs as
the only fit parameters. An excellent agreement with the
experiment is obtained, including the steep increase of the
FWHM up to 40 K due to spin fluctuations. Note that in
contrast to ΔEPL(T), FWHM(T) is very sensitive to the
parameter ΔTs, essentially offsetting FWHM at 4 K. The
observed negative curvature of FWHM(T) is revealed to be
caused by the contribution of the Mn2+ magnetization
fluctuations (green dashed curve), converging toward a value
of 16.5 meV for temperatures above 80 K, where EMP
formation is more and more suppressed by the thermal energy.
The impact of statistical magnetic fluctuations on emission line
widths in the absence of EMP formation, which can be caused
either by too weak exchange interactions (i.e., low exchange
fields, high temperatures) or by too fast exciton recombination,
has been described for self-assembled QDs exhibiting small
confinement and weak sp−d exchange interactions.79 In this
case, the exciton recombination probes the instantaneous
magnetization of the Mn2+ ensemble at the moment of
photoexcitation. Since all possible spin projections sMn,z =
±5/2, ±3/2, ±1/2 for each Mn2+ ion are probed with the same
probability, the time average of the expectation value ⟨MMn⟩ is
zero. However, the variance of the spin projections is nonzero
with ⟨sMn,z

2 ⟩ = 35/12 for each Mn2+. This variance leads to a
finite variance ⟨MMn

2 ⟩ and therefore to a fluctuation broadening
of the PL line width in the absence of EMP formation:79

i
k
jjj y

{
zzzα β= −‐ N V

x N V N NFWHM 8 ln(2)
1 35

12
1
2

1
2Thigh

0 eff
Mn 0 eff 0 0 (8)

The black dotted line in Figure 2b represents the value
calculated using eq 8 with the same parameters used in the
simulations discussed above. Importantly, this formula implies
no temperature dependence and can be regarded as the high
temperature limit of eq 6.80 At lower temperatures, the
magnetic polaron in fact suppresses the fluctuation broadening
due to spin alignment driven by the large exchange field Bexc.
To complete our picture of EMP formation and magnet-

ization fluctuations in individual transition metal doped
nanocrystals, single QD PL studies in an external magnetic
field of variable strength and orientation have been performed.
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In Figure 3a,b magnetic field-dependent PL spectra of a second
nanocrystal (QD #2) are shown for T = 4 K and T = 16 K,

respectively. Similar to QD #1, the ZPL of QD #2 also exhibits
an energy blue shift and an increase in FWHM with rising
temperature, indicating the observation of EMP formation. For
both temperatures, the ZPL shifts to lower energies under the
influence of a magnetic field, as highlighted by the dashed lines.
The changes in energy and FWHM of the ZPL with magnetic
field are extracted from the spectra and shown in Figure 3 c,d
as blue and red dots for T = 4 K and T = 16 K, respectively. At
B = 0 T, the blue shift ΔEPL (∼4.0 meV) and the line width
increase ΔFWHM (∼2.9 meV) between T = 4 K and T = 16 K
are smaller than observed in QD #1. This comparison
emphasizes the uniqueness of each individual QD with respect
to, for example, dopant concentration and exciton volume (and
thus exchange field).
Under the influence of an external magnetic field of B = 5 T

in Faraday geometry, EPL(B) exhibits a red shift of ΔEPL(B) ∼
−4 meV with respect to the B = 0 T value due to magnetic
field-induced spin ordering.58 This result indicates that in QD
#2 the EMP exchange field is not strong enough to completely
saturate MMn even at T = 4 K, because in the case of an
extremely strong exchange field, the magnetization would be
saturated and EEMP would not depend on B. At T = 16 K,
EPL(B) exhibits an enhanced red shift of ΔEPL(B) = −6 meV
between B = 0 T and B = 5 T, since a higher temperature
drives the magnetization further away from saturation, where
the influence of the magnetic field on the spin ordering is
larger. For the FWHM, a decrease with applied magnetic field
is observed for both temperatures, which is consistent with
partial suppression of spin fluctuations by increased magnetic
order.
The data of ΔEPL(B) and FWHM(B) can be fit to eqs 2 and

7 for both temperatures. Figure 3c,d shows the result of the
simultaneous fit of all four curves, yielding xMn = 0.8%, ΔTs =
5.8 K, and Veff = 49 nm3, corresponding to an effective
spherical exciton diameter of 4.6 nm and Bexc = 7.3 T. It should
be noted that not only the magnetic field dependence but, by
considering the offset between the T = 4 K and T = 16 K
curves, also the temperature dependence of ΔEPL(B,T) and

FWHM(B,T) are implicitly fitted as well. With these results,
we demonstrate how an external magnetic field stabilizes EMP
formation against thermal disorder, as reflected in the energy
gain (red shift) and the narrowing of the FWHM.
Performing magneto-PL studies on several individual QDs

reveals a surprising finding: Although usually a red shift with
magnetic field is obtained at low temperatures, in some cases,
the magnetic field has no effect or even causes a blue shift of
the ZPL energy (see Supporting Information, Figure S5 for
statistics). Figure 4a shows ΔEPL(B) for three different single

QDs, measured at 4 K. Two of the QDs (QD #1 and QD #2)
have already been discussed. While QD #2 shows a red shift,
that is, a stabilization of its EMP with magnetic field (increased
EEMP), QD #3 shows no net shift between B = 0 and B = 5 T,
and QD #1 shows a distinct blue shift, that is, a destabilization
of the EMP in an external magnetic field (decreased EEMP).
Note that in the absence of EMP formation, increasing the
magnetic field always leads to a red shift of the ZPL. Such red
shifts stem from the giant Zeeman effect and are commonly
observed in diluted magnetic semiconductors.70

The puzzling blue shift of the ZPL in Figure 4a cannot be
explained with the theory presented so far. To resolve this
discrepancy, the theoretical description needs to be generalized
as follows: The magnetic moments of the Mn2+ ions can be
aligned by both an external magnetic field B⃗ and the exchange

field ⃗ = ⃗ + ⃗B B Bexc exc
el

exc
h

(see eq 3). The direction of M⃗Mn is

then given by the direction of the total field ⃗ = ⃗ + ⃗ΣB B Bexc. In
the isotropic case, it is usually assumed that electron and hole
spin align along the direction determined by the instantaneous
direction of the randomly fluctuating Mn2+ magnetization,
which can be directed by an external magnetic field, and EMP

Figure 3. (a) Magnetic field-dependent PL spectra of QD #2 at (a) T
= 4 K and (b) T = 16 K. The dashed lines are guides to the eye and
mark the ZPL position at B = 0 T, while the magnetic field is varied
up to B = 5 T in Faraday geometry. (c) Magnetic field-dependent
energy shift ΔEPL(B,T) with respect to the ZPL position at B = 0 T
and T = 4 K and (d) magnetic field-dependent FWHM extracted from
(a) and (b). Dots represent experimental data at T = 4 K (blue) and
T = 16 K (red), and solid lines show results of a simultaneous fit of all
four curves, using eqs 2 and 7.

Figure 4. (a) PL energy shift with magnetic field in Faraday geometry
for QDs #1, #2, and #3 at 4 K. (b) Simulation of the influence of the
angle θ between the hole exchange field B⃗exc

h and the external magnetic
field B⃗ using eq 9. The schematics illustrate the two limiting cases of a
QD exhibiting a hole exchange field parallel (i.e., θ = 0°) and
perpendicular (i.e., θ = 90°) to B⃗. In the latter case, the Mn2+

magnetization is directed along ⃗ + ⃗B Bexc
h

. (c) Schematic of the EMP
energy surface, warped by an axial asymmetry into the z-direction,
where contour lines represent lines of equal Mn2+ magnetization.
Starting from the EMP equilibrium energy at B⃗ = 0 T (black dot), the
influence of applying B⃗ parallel (red arrow) and perpendicular to the
anisotropy axis (blue arrow) on the equilibrium EMP energy is
illustrated. (d) ZPL energy shift between B = 0 T and B = 5 T in
Faraday geometry for QD #1 (dots) at three different temperatures.
Corresponding simulations are added (dashed lines) with the same fit
parameters as extracted from Figure 2, now using eq 9 with θ = 80°.
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formation occurs. Then, the directions of M⃗Mn, ⃗Bexc
el
and ⃗Bexc

h
are

expected to be colinear and given by the direction of B⃗ in the
experimental situation, where the PL data are recorded by
averaging over lots of excitation events. In that case, magnetic
field, magnetization, and exchange field can be considered as
scalars (eqs 2−4, 6, and 7 ).
If, however, exchange field and magnetization are not

colinear, the full vector form of the above-mentioned equations
needs to be used. This would imply an anisotropy in the
nanocrystals, constraining, for example, the wave function of
the hole, which is dominated by its anisotropic p-character. If a

magnetic field ⃗⊥ ⃗B Bexc
h

is applied, a strict constraining of the
hole wave function in the direction of the anisotropy axis
would result in g⊥ = 0. Such a behavior is, for example, known
for the heavy hole in bulk CdSe in the wurtzite crystal
structure,69 where the c-axis forms the anisotropy axis. In
literature, similar arguments have been used to explain the
dependence of the PL polarization degree in undoped CdSe
QDs on magnetic fields up to 60 T.81,82 Under this
assumption, the hole total angular momentum and thus the

hole exchange field ⃗Bexc
h
are not necessarily aligned along B⃗, and

M⃗Mn is neither directed parallel to ⃗Bexc
h

nor parallel to B⃗, but
instead oriented along B⃗Σ (see cartoon in Figure 4b). Since the
electron wave function is dominated by its isotropic s-

character, we assume ⃗ Σ⃗B Bexc
el

. Then, the sum of B⃗ and ⃗Bexc
h

dictates the direction of Σ⃗B , and the modified EMP energy is
given by61

ϕ

⃗ = − ⃗ · ⃗ + ⃗

= − | ⃗ | | ⃗ | + | ⃗ |

E B T M B B V

V M B B

( , ) ( )

( cos( ) )

EMP Mn exc
el

exc
h

eff

eff Mn exc
el

exc
h

(9)

where ⃗ ⃗ = ⃗ · | ⃗ |Σ Σ ΣM B T B B M B T( , ) / ( , )Mn Mn is the modified

version of eq 3 and ϕ the angle between ⃗Bexc
h

and M⃗Mn. Note
that ϕ changes monotonically with increasing magnetic field
strength if and is therefore not easily accessible in an
experiment. Therefore, in order to be compatible with the
experimental situation, we define an angle θ between the

external magnetic field B⃗ and the hole exchange field ⃗Bexc
h
which

does not change if the magnitude of the external field is varied.
Figure 4b shows a simulation using the parameters previously
extracted by fitting the temperature series of the emission of
QD #1 (see Figure 2) for three different angles θ = 0°, 45°,
and 90°, that is, different orientations of the QD anisotropy
axis with respect to the external magnetic field. For the
simulations, xMn, ΔTs, and Veff as extracted for QD #1 (see
Figure 2) are used. The simulation of ΔEPL(B) in fact displays
fundamental differences for different θ, namely a blue shift for
θ = 90°, no significant shift for θ = 45°, and a red shift for θ =
0°, in qualitative agreement with the data shown in Figure 4a.
In contrast to the magnetic field-induced red shift of the ZPL
energy explained above, a blue shift, that is, a decrease of the

EMP binding energy, can only take place if B⃗ and ⃗Bexc
h
are not

collinear. Considering the angle dependence of eq 9, such a
blue shift can be ascribed to the monotonic increase of ϕ with

|B⃗| (largest for θ = 90°, i.e. ⃗⊥ ⃗B Bexc
h
), leading to a decreased

projection of ⃗Bexc
h

onto M⃗Mn (decrease of cos(ϕ)) and thus a
decrease of the EMP binding energy EEMP with |B⃗|.

Figure 4c illustrates the dependence of the EMP potential
energy surface on M⃗Mn, warped by an axial asymmetry, where,
as an example, the anisotropy axis is chosen to be directed
along the spatial z direction. In this example, the magnetization
is not fully saturated at B⃗ = 0 T after EMP formation, that is,
the corresponding EMP equilibrium state (black dot) is not
located on the outermost contour line. Applying a magnetic
field B⃗ into the direction of the anisotropy axis enhances the
magnetization |M⃗Mn| and thus causes the EMP equilibrium
state to move downhill along the red arrow. Thus, a
stabilization of the EMP state occurs due to an increase of
the EMP binding energy by the applied field. While applying a
magnetic field B⃗ perpendicular to the anisotropy axis also
slightly enhances the magnetization, M⃗Mn is now directed along
B⃗Σ and therefore displaced away from the anisotropy axis when
|B⃗| is increased. This causes the EMP equilibrium state to move
uphill along the trace of the blue arrow, that is, a destabilization
of the EMP state occurs due a reduction of the EMP binding
energy. The observation of a magnetic field-induced blue shift,
a missing energy shift, and a red shift of the ZPL energy in
cases of QD #1, QD #2 and QD #3, respectively, may thus be
assigned to the three cases of the individual QDs, having their
anisotropy axes differently oriented with respect to the
magnetic field direction. In colloidal QDs, a preferential axis
for EMP formation has, to the best of our knowledge, not been
observed so far, even though it has long been hypothesized to
explain the EMP formation dynamics in Mn2+-doped CdSe
QDs.31,32

A second fundamental consequence of the directional
dependence of eq 9 is the influence of temperature on the
results of a magnetic field series. Recall that in the case of QD

#2, where ⃗Bexc
h

is parallel to B⃗ (or close to it), d|ΔEPL|/dB
increases with temperature (see Figure 3c) due to the fact that
the increase in temperature drives the magnetization away
from saturation, increasing the possible magnetization gain by

application of B⃗. In contrast, in the case of QD #1, where ⃗Bexc
h
is

apparently almost perpendicular to B⃗, we find a fundamentally
different behavior as shown in Figure 4c. Here, the blue shift
with magnetic field observed at T = 4 K decreases with
increasing temperature and turns into a red shift for T ≥ 25 K.
While, as discussed above, the influence of B⃗ on the
magnetization gain (i.e., EEMP gain) is temperature dependent,

the evolution of ϕ and thus the projection term ϕ| ⃗ |B cos( )exc
h

of

⃗Bexc
h

onto M⃗Mn in eq 9 is temperature independent. Therefore,
at low temperatures, where the magnetization is almost

saturated, the projection term ϕ| ⃗ |B cos( )exc
h

causes a destabiliza-
tion of the EMP (blue shift) with external magnetic field. At
higher temperatures, for example, T > 25 K, the projection
term is overcompensated by the magnetization gain and B⃗ thus
causes a net stabilization (red shift) of the EMP. In the picture
of a warped potential energy surface (Figure 4c), the influence
of a temperature increase is equivalent to moving the B⃗ = 0 T
equilibrium state (black dot) uphill in the direction of the
|M⃗Mn| = 0 origin. While the direction of M⃗Mn is still displaced
away from the anisotropy axis, the application of B⃗
perpendicular to the anisotropy axis increases |M⃗Mn| and
causes a net gain in EEMP, that is, a downhill movement.
Using eq 9 with the same parameters for xMn, Veff, and ΔTs

as extracted from the temperature series depicted in Figure 2,
we simulated the theoretical behavior of QD #1 in a magnetic
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field at three different temperatures using θ = 80°. The results,
displayed as dashed lines in Figure 4 (c), resemble the trend of
the data very well, demonstrating the strength of the model
and underlining the physical considerations about the origin of
this effect.
To directly test our hypothesis of an anisotropy axis

constraining the direction of the hole exchange field in the
nanocrystals, we use the possibility of our experimental setup
to apply a rotating (3D) magnetic field with |B⃗| = 2 T in any
direction with respect to the substrate surface. In the case of a
uniaxial anisotropy, a red shift (stabilization) and a blue shift
(destabilization) would be expected if the magnetic field is
aligned parallel and perpendicular to the axis of anisotropy,
respectively. In this case, the full 3D dependence of EMP
formation on the direction of the magnetic field is

characterized by the projection angle ϕ of M⃗Mn onto ⃗Bexc
h
, or

equivalently, by the angle θ between ⃗Bexc
h
and B⃗, as introduced

above. For these experiments, we define a plane given by the
direction of the anisotropy axis (i.e., direction of the maximum
red shift) and the direction where the maximum blue shift is
observed (i.e., a direction perpendicular to the anisotropy axis),
and we then rotate B⃗ within this plane. Figure 5 illustrates the

rotating magnetic field experiment for single QD #4 (see
Supporting Information, Figure S6, for more statistics). As
depicted in Figure 5a, the maximum blue and red shifts of the
ZPL position with respect to |B⃗| = 0 T were found when the
magnetic field was applied close to the [xlab = 0, ylab = 0, zlab =
1] and [1,1,0] directions, respectively, for QD #4. These
directions were used to define the plane in which the magnetic
field with |B⃗| = 2 T was rotated (green shaded plane in Figure
5b).

Figure 5c,d shows the evolution of the ZPL shift ΔEPL(θ)
and the change in line width ΔFWHM(θ) with respect to |B⃗| =
0 T as the magnetic field is rotated. Starting from θ = 90°, the
energy shift ΔEPL(θ) follows the progression blue−red−blue
with rising θ with a periodicity of Δθ = 180°. With the same
periodicity, the change in FWHM evolves from a broadening
to a narrowing to a broadening and so forth. We interpret
these findings as an angle-dependent stabilization and
destabilization of EMP formation. Hereby, the stabilization,
that is, an enhancement of the EMP binding energy and a
suppression of the magnetic fluctuations, is maximized if the
magnetic field is coaxial with the anisotropy axis (θ = 0° or
180°). A destabilization, that is, a reduced EMP binding energy
and an enhanced fluctuation broadening, occurs if the
magnetic field and anisotropy axes are perpendicular.
Interestingly, the 180° periodicity implies an abrupt
reorientation of the direction of the hole exchange field by
180°, and thus a change in EMP formation direction, as soon
as the projection of B⃗ on the anisotropy axis changes its sign,
that is, at θ = 90° and 270°.
To model this behavior, we use eq 9 and a generalized

version of eq 6, including the influence of transverse and
longitudinal magnetization fluctuations with respect to the
exchange field:61

ϕ δ ϕ δ

⃗ =

· [ | ⃗ | + | ⃗ | + | ⃗ | ]⊥

FWHM B T

V B B M B M

( , )

8 ln(2) ( cos( )) ( sin( ))

fluct

eff exc
el

exc
h 2 2

exc
h 2 2

(10)

The longitudinal and transverse fluctuations of the magnet-
ization are given by61
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Figure 5c,d exhibits the simulations of ΔEPL(θ) and
ΔFWHM(θ) for QD #4 as dotted lines using xMn = 2%,
ΔTs = 0 K, Veff = 58 nm3 (corresponding to an effective
spherical exciton diameter of 4.8 nm and |B⃗exc| = 6.3 T at B⃗ = 0
T). Note that at θ = 90° and 270°, this corresponds to a

maximum angle of ϕ = 20° between M⃗ and ⃗Bexc
h
. The

simulations show good qualitative agreement with the
experimental data and reproduce well the trend of switching
between EMP stabilization and EMP destabilization via the
angle of the external magnetic field with respect to the
anisotropy axis of the QD. Apparently, EMP formation can be
directed by a magnetic field much smaller than the exchange
field.
The conclusion from this analysis of an anisotropy axis

constraining the direction of the hole wave function is
consistent with previous work,81,82 where, for example, in
undoped CdSe QDs, magnetic fields up to 60 T were found to
be insufficient to reach a PL polarization degree higher than
75%.81 The results presented here unambiguously prove the
existence of an anisotropy axis in our doped colloidal QDs, and
they highlight the major importance of this anisotropy for
EMP formation. Such anisotropy has been invoked to explain
EMP formation-reorientation dynamics31 and the finite

Figure 5. (a) Illustration of the rotating magnetic field experiment on
QD #4. The QD ZPL energy shows a maximum blue shift with
respect to |B⃗| = 0 T when applying a magnetic field B⃗ close to the [x =
0, y = 0, z = 1] direction in lab coordinates. Rotating the magnetic
field perpendicular to [0,0,1] leads to a red shift of the ZPL energy
with respect to |B⃗| = 0 T, which is maximized for the [1,1,0] direction.
(b) Schematic of the angle-dependent magneto PL measurement on a
single anisotropic QD (red dot). The previously found directions of
maximum red shift ([1,1,0]), i.e. the presumed direction of B⃗exc

h , and
maximum blue shift (close to [0,0,1]) are used to span the plane
(green shaded) in which the magnetic field with |B⃗| = 2 T is rotated..
The rotation is characterized by the angle θ between B⃗ and the [1,1,0]
direction. (c) ZPL energy shift and (d) change of FWHM of QD #4
with respect to |B⃗| = 0 T when rotating B⃗(θ) in the plane spanned by
the lab [1,1,0] and [0,0,1] directions. |B⃗| = 2 T and T = 4 K are kept
constant during the experiment. Dotted black lines show simulations
using eqs 9 and 10 with xMn = 2%, Veff = 58 nm3, and ΔTs = 0 K.
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maximum PL polarization32 of colloidal magnetically doped
QDs, but has never previously been identified experimentally.
The most prominent sources of anisotropy in QDs are the
ones introduced by the wurtzite crystal lattice with an energy
splitting Δint ≈ 24 meV83 and the shape anisotropy due to
distortions of the spherical QD shape with an energy splitting
Δsh. While the former is a uniaxial anisotropy, the latter may
include more than one symmetry axes and is dependent on the
magnitude of the distortion (i.e., the ellipticity in the case of a
uniaxial distortion) and the QD size. In our case, the
Mn2+:CdSe cores are only slightly ellipsoidal (see Supporting
Information Figure S1), so that we expect Δint > Δsh for the
investigated QDs with core diameter of 5.9 nm.83 Additionally,
the magnetic field-dependent PL energy shift shown in Figure
5 hints toward a periodicity of Δθ = 180°, that is, a uniaxial
symmetry rather than a triangular (Δθ = 120°) or multi-axial
symmetry. Although we cannot reliably identify the main
source of the anisotropy, we therefore hypothesize the crystal
asymmetry of the wurtzite lattice to be the main source for
constraining the direction of the hole wave function.
Conclusion. In summary, temperature and magnetic field-

dependent confocal PL spectroscopy was used to unravel the
formation of EMPs in single colloidal QDs for the first time.
The absence of a statistical variation of size, shape and crystal
orientationtypical in an ensemble of nanocrystalsprovides
unique insights into the role of anisotropy in EMP formation
and magnetic fluctuations. The single QD PL line width is
strongly influenced by fluctuations of the Mn2+ spin ensemble,
leading to an unusually steep increase of the FWHM with
temperature. Detailed modeling of the temperature-dependent
ZPL energy shifts and the corresponding line width broadening
allows extraction of key parameters including Veff, xMn, and spin
heating ΔTs for single QDs. Experiments in a 3D vector
magnetic field reveal both stabilization and destabilization of
the EMP that are unique for each single QD and that are
reflected by a corresponding change in energy and FWHM of
the ZPL depending on the direction of the applied magnetic
field. QD anisotropy was identified as the source of this
behavior, constraining the direction of the hole exchange field
within the QD and consequently directing the orientation of
EMP formation. Our findings not only demonstrate the
fundamental impact of anisotropy on the physical properties of
doped colloidal nanocrystals but also indicate a promising
pathway to control the directionality of optically generated
magnetism in colloidal nanocrystals.
Methods. μ-PL Spectroscopy. μ-PL spectra were recorded

using a confocal microscopy setup (Attocube attoCFM I,
microscope LT-APO-Vis, NA: 0.82), inserted into a closed
cycle cryostat (Tsample = 4.0 K) with the option to apply
magnetic fields up to 5 T in Faraday geometry or, alternatively,
up to 2 T in any arbitrary direction. The sample is surrounded
by He exchange gas, ensuring the thermal coupling between
the QDs and the environment. Optical excitation was
conducted with a 532 nm solid-state laser (Laserglow LRS-
0532 DPSS) in combination with a laser clean up filter
(Thorlabs FLH532-10) and an ultrasteep long-pass edge filter
(Razor Edge 532-RU), using excitation power densities of <10
W/cm−2. Spectra were recorded using a liquid nitrogen-cooled
charge coupled device (CCD) camera (Horiba Symphony II,
back illuminated deep depletion 1-LS) in combination with
monochromator setup (Horiba Triax 550), equipped with a
600 mm−1 grating. Integration time for all measurements was
held constant at 300 s.
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Christodoulides, J.; et al. Mn2+-Doped CdSe/CdS Core/Multishell
Colloidal Quantum Wells Enabling Tunable Carrier−Dopant
Exchange Interactions. ACS Nano 2015, 9, 12473−12479.

(23) Yang, J.; Muckel, F.; Baek, W.; Fainblat, R.; Chang, H.; Bacher,
G.; Hyeon, T. Chemical Synthesis, Doping, and Transformation of
Magic-Sized Semiconductor Alloy Nanoclusters. J. Am. Chem. Soc.
2017, 139, 6761−6770.
(24) Yang, J.; Muckel, F.; Choi, B. K.; Lorenz, S.; Kim, I. Y.;
Ackermann, J.; Chang, H.; Czerney, T.; Kale, V. S.; Hwang, S. J.; et al.
Co2+-Doping of Magic-Sized CdSe Clusters: Structural Insights via
Ligand Field Transitions. Nano Lett. 2018, 18, 7350−7357.
(25) Muckel, F.; Delikanli, S.; Hernańdez-Martínez, P. L.; Priesner,
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