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Polarized emission of CdSe nanocrystals in
magnetic ﬁeld: the role of phonon-assisted
recombination of the dark exciton†
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Victor F. Sapega,b Vadim Kh. Kaibyshev, b Mikhail A. Prosnikov,c
Peter C. M. Christianen,c Aleksei A. Onushchenkod and Manfred Bayer a,b
The recombination dynamics and spin polarization of excitons in CdSe nanocrystals synthesized in a glass
matrix are investigated using polarized photoluminescence in high magnetic ﬁelds up to 30 Tesla. The
dynamics are accelerated by increasing temperature and magnetic ﬁeld, conﬁrming the dark exciton
nature of low-temperature photoluminescence (PL). The circularly polarized PL in magnetic ﬁelds reveals
several unusual appearances: (i) a spectral dependence of the polarization degree, (ii) its low saturation
value, and (iii) a stronger intensity of the Zeeman component which is higher in energy. The latter feature
is the most surprising being in contradiction with the thermal population of the exciton spin sublevels.
The same contradiction was previously observed in the ensemble of wet-chemically synthesized CdSe
nanocrystals but was not understood. We present a theory which explains all the observed features and
shows that the inverted ordering of the circularly polarized PL maxima from the ensemble of nanocrystals
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is a result of competition between the zero phonon (ZPL) and one optical phonon-assisted (1PL) emission
of the dark excitons. The essential aspects of the theoretical model are diﬀerent polarization properties of
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the dark exciton emission via ZPL and 1PL recombination channels and the inhomogeneous broadening
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of the PL spectrum from the ensemble of nanocrystals exceeding the optical phonon energy.

1.

Introduction

For a few decades, colloidal semiconductor nanocrystals (NCs)
have been the focus of intensive research. Due to the continuous progress in technology, nanocrystals with diﬀerent sizes,
shapes, compositions, and surface properties have been
synthesized.1–8 Understanding their optical, electrical and
chemical properties has led to applications in various fields,
such as light-emitting diodes,9,10 laser technology,11 fieldeﬀect transistors,12 solar cells,13,14 biological labels,15,16 etc.
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For direct bandgap semiconductor NCs, e.g. made up of
CdSe, CdTe or InP, most of the optical properties can be
explained within the exciton fine structure model.17–20 In ideal
spherical NCs, the band-edge exciton state 1S3/21Se is eightfold degenerate. 1S3/2 is the lowest quantum size level of the
holes and is four-fold degenerate with respect to its total
angular momentum components. 1Se is the lowest quantum
size level of the electrons, which is doubly degenerate with
respect to its spin components. However, due to the NC shape
asymmetry, the intrinsic crystal field, and the electron–hole
exchange interaction, the degeneracy is lifted resulting in the
formation of five exciton states. In the case of wurtzite CdSe
NCs, the two lowest states are a typically optically forbidden
(dark) exciton state |F〉 (angular momentum projection along
the NC quantization axis ±2) and a higher-lying optically
allowed (bright) exciton state |A〉 (momentum projection ±1).19
The presence of the bright and dark excitons allows one to
explain the recombination dynamics, spin dynamics, and
magneto-optical properties, taking into account also the
Zeeman eﬀect.17,21–27
CdSe NCs are a test bed for investigation of colloidal NCs;
therefore, their optical properties have been extensively
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studied. External magnetic fields have been used as a powerful
tool not only to address magneto-optical properties and spindependent phenomena, but also to identify the exciton energy,
spin structure and mechanisms responsible for recombination
of the dark excitons. In particular, the following magnetooptical properties in external magnetic fields of wet-chemically
synthesized colloidal CdSe NCs were reported: shortening of
the dark exciton lifetime,17,28 circular polarization of photoluminescence (PL),21,22,29,30 exciton fine structure splitting
including the Zeeman eﬀect in single NCs,25,31 anisotropic
exchange interaction,32,33 and electron spin coherence.34,35 All
these make the colloidal NCs promising for spintronics and
quantum information applications based on the spin-dependent phenomena. No magneto-optical study has been performed so far on CdSe in the glass matrix.
Studies on the circularly polarized PL of CdSe-based NCs in
the magnetic field22,29 revealed a puzzling behavior: with
increasing field the σ− polarized PL, which is stronger in intensity compared to the σ+ component, shifts to higher energy
than the σ+ polarized emission. This contradicts with the
expectation for the thermal population of the exciton spin sublevels split in the magnetic field. Later, the same contradiction
was reported for colloidal CdTe NCs.24 This contradiction,
however, is absent in fluorescence line narrowing (FLN) experiments and in measurements of single NCs, i.e. for the experimental conditions when the inhomogeneous broadening of
the PL due to NC size dispersion in the ensemble is
suppressed.25,29 In the FLN experiments, pronounced optical
phonon-assisted recombination of the dark exciton was
observed.17,28,29,36–38 Under nonresonant excitation, the lowtemperature PL of the NC ensemble is contributed by zero
phonon and optical phonon-assisted exciton emission, which
form overlapping bands due to NCs of diﬀerent sizes.17,37 In
ref. 22 and 29, the contradiction with respect to the energy
shift was tentatively assigned to the interplay between diﬀerent
emission channels of the dark exciton. However, a corresponding theoretical model has not been proposed so far.
For the present magneto-optical study, we choose CdSe NCs
which are synthesized in a glass matrix. One of the motivations is to compare their magneto-optical properties with
those of the wet-chemically synthesized CdSe NCs. Further
reasons are based on the simpler experimental situation,
namely the simpler surface conditions due to the absence of
organic ligand passivation, long-term stability due to the
matrix encapsulation, and the ideally random orientation of

Table 1

the NC quantization axis in the glass-based NC ensemble
which allow us to make an easier model description. The wetchemically grown and glass-based NCs diﬀer by their surface
conditions. In the first case, a NC is passivated using organic
ligands, in the second case is surrounded by a glass matrix.
Our study shows that the magneto-optical properties of the
dark excitons in both cases are similar and not aﬀected by the
diﬀerence in the NC surrounding media.
In this paper, we study CdSe NCs in glass with diameters
varying from 3.3 nm up to 6.1 nm and investigate the recombination dynamics and spin polarization properties of excitons
in strong magnetic fields up to 30 T. We find experimentally
the same contradiction between intensities and energies of the
circularly polarized PL as reported for wet-chemically prepared
CdSe NCs, and a strong spectral dependence of the circular
polarization degree. We develop a theoretical model accounting for the contributions of both zero phonon emission (ZPL)
and first optical phonon-assisted emission (1PL) of the dark
excitons, which allows us to describe all experimental
signatures.

2. Experimental results and modeling
2.1.

Time-integrated and time-resolved photoluminescence

We studied four samples with CdSe NCs synthesized in a silicate glass matrix (see Methods). The sample parameters are
given in Table 1. Their photoluminescence (PL) spectra
measured at T = 4.2 K are shown in Fig. 1a. The quantum confinement enhancement with reducing NC diameter shifts the
emission band to higher energies from 2.017 eV for D6.1 up to
2.366 eV for D3.3. The full width at half maximum (FWHM) of
the PL spectra is about 100 meV, which is caused by the dispersion of NC sizes. Absorption spectra are shown and compared with the PL in Fig. S1.† The Stokes shift between the
exciton resonance in absorption and PL maximum is also sizedependent, it is larger in smaller NCs, e.g. 89 meV in D3.3 and
only 22 meV in D6.1.
The low-temperature PL in the studied samples is dominated by exciton recombination, which has a characteristic
decay variation with temperature and magnetic field. This
allows one to distinguish neutral and charged excitons in the
NCs.40–42 Taking sample D6.1 as a representative example, we
show in Fig. 1b the recombination dynamics at various temperatures. With increasing temperature from 2.2 to 20 K, the

Parameters of CdSe NCs in glass measured at T = 4.2 K

Sample

D3.3

D4.1

D4.9

D6.1

NC diameter (nm)
PL FWHM (meV)
PL peak energy (eV)
Absorption peak energy (eV)
Stokes shift (meV)
Bright–dark splitting from PL decay (meV)
Bright–dark splitting from FLN (meV)

3.30 ± 0.17
120
2.366
2.455
89
3.9
—

4.10 ± 0.21
99
2.210
2.267
57
4.3
8.4

4.9 ± 0.25
96
2.111
2.160
49
2.6
7.5

6.1 ± 0.31
101
2.017
2.039
22
0.9
3.5
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Fig. 1 Photoluminescence and recombination dynamics. (a) PL spectra of the studied CdSe NCs measured at T = 4.2 K. (b) Recombination dynamics
measured for sample D6.1 at various temperatures, B = 0 T. (c) Recombination dynamics measured for sample D6.1 at B = 0 and 17 T, T = 2.2 K.
(d) Scheme of exciton energy levels. |A〉, |F〉, and |G〉 denote the bright and dark exciton states, and crystal ground state, respectively. ΔEAF is the
bright–dark splitting. γ0 is the zero-temperature relaxation rate from the bright to the dark exciton state. γ0NB is the thermal activation rate of the
reverse process. ΓA and ΓF are the recombination rates of the bright and dark excitons. (e) Temperature dependence of the long component of the
PL decay, τLong, for all samples at B = 0 T. The lines are ﬁts with eqn (S5†). (f ) Magnetic ﬁeld dependence of τLong at T = 4.2 K for all samples. The
lines show the averaged lifetime of the dark exciton calculated with eqn (S23†) in a randomly oriented ensemble of NCs as described in ESI
section S4.2.† The color codes in panels (e and f ) are same as in panel (a).

decay time of the long component, τLong, shortens from 212 ns
down to 58 ns. The temperature dependence of τLong for all the
studied samples is given in Fig. 1e. One can see that the decay
times shorten with increasing temperature as a result of
thermal activation from the dark exciton to the bright exciton
state. A similar behavior is observed when external magnetic
field is applied; in Fig. 1c, the long component measured at
T = 2.2 K shortens from 212 ns down to 119 ns with increasing
field up to B = 17 T. The magnetic field dependence of τLong
for all studied samples is given in Fig. 1f.
This is the typical behavior for exciton emission in CdSe
NCs and can be well explained with the diagram as shown in
Fig. 1d (a detailed scheme of the exciton levels is given in
Fig. S13a†). The optically forbidden dark state |F〉 with angular
momentum projection ±2 is the exciton ground state. The
closest optically allowed bright state |A〉 with angular momentum
projection ±1 is shifted to higher energy by the bright–dark
splitting ΔEAF.17 The fast component of the PL decay
is provided by the recombination of bright excitons with rate
ΓA and their rapid thermalization to the dark state with rate
γ0(1 + NB), where γ0 is the spin–flip rate, NB = 1/[exp(ΔEAF/kBT )
− 1] is the Bose–Einstein phonon occupation at temperature T.
The long component corresponds to the dark exciton recombination with rate ΓF. With an increase in temperature, the dark
excitons are activated to the bright state. In the case of a one-
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phonon process, the activation rate is given by γ0NB. The shortening of the long component in a magnetic field is due to the
mixing of bright and dark exciton states by the field component perpendicular to the NC quantization axis.17,40 These
properties allow us to uniquely assign the long decay
component τLong to the recombination of the dark excitons.
More information about the PL decay fitting is given in ESI
section S2.†
The analysis of the τLong temperature dependence allows us
to evaluate the bright–dark splitting ΔEAF (see ESI section
S2†). The corresponding fits are shown by the solid lines in
Fig. 1e, and the evaluated ΔEAF values are given in Table 1. In
Fig. S6c,† we compare the ΔEAF values with the literature
data17,37–39 and a good consistency is found. However, ΔEAF in
D3.3 is deviating from the general trend, which may point
toward a slightly prolate shape of the CdSe NCs.43 The ΔEAF
values determined from fluorescence line narrowing (see ESI
section S2.3†) are found to be larger compared to the values
determined from the τLong temperature dependence. Two
explanations for this discrepancy were proposed: (i) The ΔEAF
values determined from the τLong temperature dependence
correspond to the true values of the bright–dark splitting,
while the ΔEAF values from FLN can show an additional energy
shift due to polaron formation,44 (ii) The ΔEAF values determined from the τLong temperature dependence correspond to

This journal is © The Royal Society of Chemistry 2021
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2.2.

Polarized exciton emission in strong magnetic fields

Let us turn to the main focus of this paper, i.e. the polarized
exciton emission in strong magnetic fields. Fig. 2a (left axis)
shows circularly polarized PL spectra of the sample
D6.1 measured at T = 4.2 K and B = 30 T. One can see that compared to the black spectrum at B = 0 T, the intensity of the σ−
component (blue) is increased, while it is decreased for the σ+
component (red). The green line in Fig. 2a (right axis) shows
the spectral dependence of Pint
c , which is larger at the high
energy side (−0.63), decreases around the PL peak energy, and
remains nearly constant (−0.53) at the low energy side. This is
quite unusual as one does not expect to have a considerable
spectral dependence of the dark exciton g-factor, gF, within the
emission line. In fact, as shown below (Table S3†), gF is about
constant for all studied NCs covering a much larger spectral
range.
Fig. 2b shows the magnetic field dependence of the timeintegrated degree of circular polarization (DCP), Pint
c , measured
at the PL maximum. It is expected that in the ensemble of NCs
with randomly oriented c-axis (the case for NCs in glass), the
DCP saturation value should reach −0.75.21 However, as one
can see in Fig. 2b, this is obviously not the case, Pint
c does not
reach −0.75 and has a clear size-dependence. At B = 30 T, Pint
c =
−0.56 in D6.1 and −0.66 in D3.3.
Fig. 3a–d show the magnetic field dependence of the polarized PL intensity. The σ− polarized component increases
monotonously with the magnetic field and the σ+ polarized
component remains almost constant after an initial decrease.
Most surprising are the spectral shifts of the σ+ and σ− polarized components (Fig. 3e and f ). For neutral excitons, it is
expected that the PL maximum of the stronger component, i.e.
σ−, shifts in the magnetic field to lower energy, as the lower
energy spin state of the exciton has the higher thermal population. This expectation is shown by the dashed lines for the
sample D6.1 in Fig. 3e (more details will be given below), but
the experimental shift of the PL maximum demonstrates a very

Paper
diﬀerent behavior. First, for the D6.1, D4.9 and D4.1 samples,
the σ+ component shifts to lower energy and second, the splitting between σ+ and σ− is several times larger than expected
(Fig. 3e–g). In the sample D3.3, both components shift initially
to higher energy and the σ+ component lowers its energy for
fields above 15 T (Fig. 3h).
2.3.

Model description

In order to resolve the contradiction between intensities and
energies of the polarized PL, we extend the theoretical model
for the circular polarized emission from an ensemble of randomly oriented nanocrystals first developed in ref. 21. The
extension accounts for the linearly polarized contribution
coming from the dark exciton recombination assisted by
optical phonons. For the spectrally broad PL bands in CdSe
NCs of about 100 meV width, which is four times the optical
phonon energy in CdSe (26 meV in bulk), the PL is composed
of the ZPL emission of the dark excitons from NCs of one size
and optical phonon-assisted emission of the dark excitons
from smaller NCs, as illustrated in Fig. 4a. The contribution of
acoustic phonon-assisted recombination of the dark excitons
cannot be resolved within the ZPL line; however, it is can be
seen by single nanocrystal spectroscopy.46 The ZPL emission
usually has properties of a two-dimensional dipole, indicating
the activation of the ±2 dark exciton through an admixture
with the ±1L,U bright excitons (see Fig. 4d).47 However, the
specific mechanism of the ZPL recombination is still under
debate.48–50 It was shown in ref. 48 that the dark exciton
recombination with the assistance of optical or acoustic
phonons results in predominantly linearly polarized emission,
corresponding to the admixture of the 0U bright exciton
(Fig. 4c). Thus, the ZPL and phonon-assisted emission have
diﬀerent spatial distribution profiles of the emission, which
are determined by the relative orientation between the direction of the light propagation and the direction of the anisotropic c-axis of wurtzite CdSe nanocrystals.17,47,48 In the case of
a randomly oriented ensemble of nanocrystals, all these
factors modify the magnetic field and spectral dependences
of Pint
c .

Fig. 2 Polarized photoluminescence in magnetic ﬁeld. (a) (left axis) σ− (blue) and σ+ (red) circularly polarized emission, measured at B = 30 T for
sample D6.1. The black spectrum at B = 0 T is shown for comparison. (right axis) Green and red-dashed curves show the experimental and calculated spectral dependence of the time-integrated DCP, respectively. The orange curve is the function fZPL(E) and the cyan curve is the calculated PL
spectrum at B = 0 T, which accounts for the ZPL and 1PL contributions. (b) Magnetic ﬁeld dependences of Pint
c (B) measured at the PL maximum in
all samples. Lines are ﬁts with eqn (1) and (3).
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Fig. 3 Photoluminescence intensity and spectral shifts in magnetic ﬁelds. (a–d) PL intensity of the σ+ (red) and σ− (blue) polarized PL as functions of
the magnetic ﬁeld in the CdSe NCs. (e–h) Magnetic ﬁeld dependences of the corresponding PL peak energies. For all panels, the symbols correspond to the experimental data, and the lines show the modeling results. Dashed lines in panel (e) show the Zeeman splitting of the dark exciton
spin sublevels −2 (blue) and +2 (red) in a nanocrystal with the c-axis parallel to the magnetic ﬁeld direction. We note that the energy of ±2 states at
B = 0 T is taken the same as the PL maxima position for the sake of demonstrativeness. Relative positions of ±2 energy state distribution maxima and
polarized PL maxima in the applied magnetic ﬁeld are shown in Fig. S15.†

The modeling results presented in Fig. 2 and 3 are based
on the consideration of the ZPL and one optical phononassisted line (1PL) contributions to the PL. The contribution of
the linearly polarized recombination of the dark exciton with
assistance of acoustic phonons is considered in ESI section
S4.† Our task is to calculate the σ+ and σ− polarized PL spectra
and the spectral dependence of Pint
c . For this purpose, we sum
the ZPL and 1PL contributions, which have diﬀerent spectral
distributions, and average them over the random orientation
of the hexagonal c-axis in an ensemble of NCs:

I + ðE; BÞ ¼

ð1
0

þ

X

Ii;ZPL + ðxÞfZPL ðE  δEi ðx; BÞÞ
i¼+2
Ii;1PL + ðxÞf1PL ðE  δEi ðx; BÞÞ:
dx

ð1Þ

Here, E is the spectral energy, δE±2(x, B) = ±gFμBBx/2 are the
Zeeman shifts of the ±2 dark exciton states, x = cos θ with θ
being the angle between the c-axis of the nanocrystal and the
magnetic field applied in the Faraday geometry. The explicit
forms of Ii,ZPL±(x) and Ii,1PL±(x) are given in ESI section S4.†
Functions fZPL(E) and f1PL(E) describing the inhomogeneous
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broadening of ZPL and 1PL emission due to size dispersion of
NCs are determined as follows:


0
1
ðE  EZPL
Þ2
pﬃﬃﬃﬃﬃ exp 
;
2w2
w 2π


0
1
ðE  E1PL
Þ2
f1PL ðEÞ ¼ pﬃﬃﬃﬃﬃ exp 
2
2w
w 2π
¼ fZPL ðE þ ELO Þ:

fZPL ðEÞ ¼

ð2Þ

Here, E0ZPL corresponds to the energy of the ZPL in QDs at
the maximum of the size distribution, ELO = 26 meV is the
energy of the optical phonon in CdSe, and w is the standard
deviation. The function fZPL(E) used for the fitting of the
experimental data for the D6.1 sample is shown in Fig. 2a by
the orange line. The cyan line in Fig. 2a models the PL spectrum at B = 0 T with accounting for the 1PL contribution.
Using eqn (1), we calculate the DCP spectral dependence as:
Pcint ðE; BÞ ¼

I þ ðE; BÞ  I  ðE; BÞ
:
I þ ðE; BÞ þ I  ðE; BÞ

ð3Þ

The fit parameters are: the dark exciton g-factor gF, the
characteristic energy of interaction ε which results in the
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Fig. 4 Concept and theory. (a) Schematics representing the ZPL and 1PL contributions in an inhomogeneous ensemble of NCs. (b) Fine structure of
the 1S3/21Se exciton. Dashed lines show the dark excitons, and solid lines show the bright excitons. The properties of the ±2 dark exciton emission
are acquired via the admixture of (c) the 0U bright exciton and (d) the ±1L,U bright excitons. The spatial proﬁles of the emission intensity are plotted
as functions of the angle θ between the c-axis of a nanocrystal and the direction of light propagation. Green and orange arrows show the orientation
of one-dimensional and two-dimensional dipoles with respect to the c-axis of a NC. Calculated σ− (e) and σ+ (f ) polarized PL spectra for sample
D6.1 (solid lines) at T = 4.2 K and B = 30 T. Dashed (dash-dotted) lines show the contributions from the −2 (+2) dark exciton state. Vertical dashed
line shows the position of the PL maximum at B = 0 T.

admixture of the dark and ±1L bright exciton states in the zero
magnetic field, the ratio of the 1PL and ZPL recombination
rates at zero magnetic field χ0, and a phenomenological parameter c1PL, which determines an increase in the 1PL recombination rate in the magnetic field, while an increase in the ZPL
recombination rate in the magnetic field is described within
second order perturbation theory.17,48 The parameter χ0 can be
estimated independently from the ratio of the 1PL to ZPL
intensities measured in fluorescence line narrowing experiments. Typically, this ratio is of the order of unity.17,28,29,36–38
The FLN spectra for samples D4.1, D4.9 and D6.1 are shown in
Fig. S7.† Fitting of the magnetic field dependence of the long
decay time (Fig. 1f ) imposes a restriction on the χ0, ε and c1PL
values. Finally, the linked sets of parameters χ0, ε and c1PL
together with gF are used for joint fitting of the magnetic field
dependences of Pint
c , the intensities and maxima positions of
the σ− and σ+ polarized PL.
2.4.

Modeling of experimental results

Results of modeling for magnetic field dependences of Pint
c at
the energy of zero magnetic field PL maximum are shown by
the lines in Fig. 2b. We find that low values of Pint
c at B = 30 T
are caused by the contribution of the predominantly linearly
polarized 1PL emission of dark excitons. This contribution is

This journal is © The Royal Society of Chemistry 2021

found to be stronger in large nanocrystals (Table S3†), resulting in a smaller saturation value of the DCP, and is consistent
with the relative intensities of the 1PL and ZPL emission determined from FLN (see Fig. S7†).
Besides the saturation of the DCP in high magnetic fields,
the 1PL emission causes the DCP spectral dependence (calculation is shown by the orange dashed curve in Fig. 2a). The
reason is the weaker relative intensity of the 1PL emission at
the high-energy side of the PL spectrum due to the small
number of NCs that can provide this contribution. The pronounced spectral dependence of the DCP in large NCs correlates with its low saturation level, i.e. with the strong 1PL emission (Fig. S18†).
We turn now to the modeling of the intensities and
maxima positions of the σ+ and σ− polarized PL. The calculated
magnetic field dependences of the PL intensities (Fig. 3a–d)
are in good agreement with the experimental data for all the
studied samples. In a randomly oriented ensemble of NCs, the
emission of σ+ polarized photons from the predominantly
populated −2 dark exciton state results in the saturation of the
σ+ PL intensity at a level of 0.4 of the zero-field intensity. This
is observed for all the studied samples (Fig. 3a–d).
The ability of the dark exciton states to emit both σ− and σ+
polarized light also explains the energy shifts of the polarized
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PL maxima in a magnetic field. The spectral maximum of σ−
polarized PL (solid line in Fig. 4e) is determined by the
relationship between the σ− polarized emission from the −2
(dashed line) and +2 (dash-dotted line) states. In a magnetic
field, the ZPL emission from the −2 state dominates, and the
PL maximum shifts toward higher energy. This behavior is
observed in all the studied samples (Fig. 3e and h). Similarly
(Fig. 4f ), the spectral maximum of σ+ polarized PL is determined by the emission from the −2 and +2 states. In high
magnetic fields, the 1PL emission from the −2 state dominates, and the PL maximum shifts to lower energy. Thus, positions of polarized PL maxima to a large extent are controlled
by the emission of the −2 state: ZPL in the case of σ−, and 1PL
in the case of σ+.
For comparison, the Zeeman splitting of the dark exciton
spin sublevels −2 (blue) and +2 (red) in a nanocrystal with the
c-axis parallel to the magnetic field direction is presented in
Fig. 3e by the dash lines. One can see that it is much smaller
than the diﬀerence of PL maxima energies and also results in
reversed order (see also Fig. S15†).
The developed model allows us to describe all unusual features of the polarized PL in CdSe NCs by accounting for the
superposition of the ZPL and 1PL emission of the dark excitons. It is important to note that the model is universal and
can be readily applied to describe the properties of the wetchemically grown NCs. Their magneto-optical properties are
very similar to what we have found in CdSe NCs in glass.22,29
This allows us to conclude that the spectral shifts of the polarized emission in magnetic fields are controlled by the mechanism suggested in this paper and are weakly dependent on the
surface conditions. However, the surface can be strongly modified by the growth conditions and post-growth treatment in
the wet-chemically grown NCs. Furthermore, in this case, the
splitting of the PL lines in magnetic fields can be additionally
contributed by the surface states.

3

Discussion

From the fitting of the magnetic field dependences of the
DCP, we find that the g-factor of the dark exciton gF ≈ 1.7 is
almost independent of the NC diameter. For colloidal CdSe
nanocrystals with a diameter of 5.7 nm, gF = 1.7 was determined in ref. 21. gF = 1.3 was estimated in ref. 30 for CdSe NCs
with diameters of 3.5–5 nm. This value is smaller than gF ≈ 4
obtained from theoretical estimations17 and gF = 2.7 from a
single CdSe/ZnS nanocrystal study.25 In ESI section S4.5,† we
demonstrate the results of fitting with the assumption of an
additional linearly polarized contribution to the ZPL emission,
which can be associated with acoustic phonon-assisted recombination of the dark exciton. In this case, we extract gF ≈ 2.5,
almost independent of the NC diameter. Accounting for the
2PL and 3PL, emission can further improve the agreement of
experiment and theory for gF and for the energy positions of
the σ+ polarized PL maximum in the sample D3.3 (Fig. 3h) in
low magnetic fields.
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The dark exciton g-factor comprises the electron, ge, and
hole, gh, g-factors as17 gF = ge − 3gh. The size dependence of ge
is well known for CdSe NCs34,35,51 (Fig. S26†). This allows us to
evaluate the hole g-factor as gh = (ge − gF)/3. Using the gF
values determined from the fitting with the linearly polarized
contribution to the ZPL, we find gh ≈ −0.45 and without it gh ≈
−0.15 for NCs with diameters of 4–6 nm (Fig. S27†). It is
smaller than the theoretically estimated value of gh ≈ −1 from
ref. 17 and 52. However, the first value is close to gh ≈
−0.56 measured in giant shell CdSe/CdS colloidal nanocrystals
from the polarized PL of negative trions.40
The values of the dark exciton g-factor used for the modeling of experimental data in Fig. 2 and 3 are obtained in the
assumption of thermal equilibrium between the ±2 states.
However, the spin relaxation between these states requires a
change in the exciton total spin projection by ΔF = 4. If the
rate of this process is much slower than the dark exciton lifetime, the populations of the ±2 states are determined by the
relaxation from the bright ±1 exciton states. As shown in ESI
section S4.7–8,† the fitting of the experimental dependences
in this case results in larger values of the dark exciton g-factor,
which are close to the theoretical estimations. The spin relaxation time, or spin dynamics, is often evaluated from the rise
of the degree of circular polarization in the magnetic field.21,22
However, such evaluation might be complicated in the case of
an ensemble with a nonmonoexponential PL decay.53 We have
presented the analysis of the DCP dynamics in ESI section S3,†
showing that in any case it is faster than the dark exciton
recombination and there is not much of a diﬀerence
between the time-integrated and saturated DCP values.
However, as this time is of the order of the relaxation time
from the bright to the dark exciton state (the first time component in the PL decay), it is not possible to conclude whether
the DCP rise and the population of the dark exciton sublevels
is determined by the spin relaxation between ±1 and ±2 states.
Further clarification of this question is beyond the scope of
this paper.
In previous publications, a saturation value of the DCP in
high magnetic fields lower than −0.75 was associated with
nonradiative recombination of the dark excitons,21 partial activation of the dark exciton recombination via an admixture of
the 0U bright exciton resulting in linearly polarized ZPL emission,54 or the presence of prolate and oblate nanocrystals in
the same ensemble.24 Accounting for the linearly polarized
dark exciton emission assisted by optical phonons is in line
with the first two explanations. Here, we show that consideration of the 1PL emission of the dark excitons besides the saturation of the DCP in high magnetic fields determines the
DCP spectral dependence. Similar to the samples studied in
the present paper, the DCP increase towards the high energy
part of the PL spectrum was previously observed for CdSe/CdS
dot-in-rods54 and CdTe NCs.24 Recently, it was also reported
for InP NCs,26 where also the strong phonon-assisted emission
of dark excitons was observed. We suggest that the developed
theory of the circular polarized PL with account of the
phonon-assisted recombination of dark excitons can explain
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these and other experimental observations for diﬀerent ensembles of colloidal nanocrystals.
We introduce a phenomenological magnetic field-induced
increase of the 1PL recombination rate. This increase is
required for the modeling of the experimentally observed σ−
and σ+ polarized PL maxima positions. Note that within our
model, the σ− and σ+ polarized PL maxima from the ensemble
have the inverted ordering with respect to the exciton Zeeman
splitting; however, both shift to higher energies if the 1PL
recombination rate is constant in the external magnetic field.
Within the second-order perturbation theory, the external
magnetic field results only in an increase in the ZPL recombination rate.17,48 An increase in the 1PL recombination rate in
the external magnetic field, as well as in the recombination
rate with the assistance of two or three optical phonons,
requires consideration of higher-order corrections to the
recombination rate and will be presented elsewhere. It should
be noted that some additional influence on the shift of the
polarized PL maxima can come from the Förster energy transfer between NCs in dense ensembles.22,24 It results in spectral
diﬀusion towards lower energy due to the exciton transfer
from smaller to larger NCs. These remarks indicate that the
analysis of the polarized PL of dark excitons in ensembles of
CdSe nanocrystals is a complicated task due to multiple
recombination channels with diﬀerent energy and polarization
properties of the emitted light.

4 Conclusions
In summary, the spin polarization of excitons in CdSe NCs
embedded in a glass matrix has been studied experimentally
in strong magnetic fields up to 30 T. Several unusual features
in circularly polarized emission spectra have been found: a low
saturation of the degree of circular polarization combined with
a pronounced spectral dependence and large and inverted
spectral shifts between the oppositely polarized PL components. This puzzling behavior is similar to those of earlier
reports on wet-chemically grown CdSe NCs. We have developed
a model that takes into account the cumulative contribution of
the zero phonon and one optical phonon-assisted emission of
dark excitons to the emission spectra of the NC ensemble.
This model describes well all unusual experimental findings
and can be readily extended to other colloidal nanocrystals,
whose inhomogeneous broadening exceeds the optical
phonon energy.

5. Methods
5.1.

Samples

The CdSe NCs embedded in glass were synthesized by the following method, which allows considerable reduction of the
size dispersion of NCs. The batch composition of 61.5SiO2,
15.0Na2O, 10.0ZnO, 2.5Al2O3, 3.0CdO, 4.1Se, 2.6NaF, and 1.3C
(mol%) was used to synthesize the initial glass suitable for the
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precipitation of the cadmium selenide crystalline phase. The
given amount of activated carbon was introduced directly into
the batch in order to provide the required redox conditions of
the synthesis. The glass batch was melted in a laboratory electric furnace at 1400–1450 °C for 3 hours with stirring for
1 hour at the last stage of melting. The glass melt was poured
into graphite molds and annealed in an inertial cooling mode.
The initial glass was slightly yellowish in color and optically
transparent down to light wavelengths in the near ultraviolet.
To isolate the nanostructured CdSe phase, small pieces of the
initial glass were heat-treated under isothermal conditions in a
two-stage treatment mode, which allows preparation of high
quality samples with very low size dispersion of the CdSe
nanocrystals (standard deviation <5% as shown in ref. 55).
Precipitation of wurtzite modification of the CdSe phase was
also evidenced there. Using the data on the kinetics of CdSe
crystallite growth given in ref. 55, we determined the heat treatment condition to prepare CdSe nanocrystals with diﬀerent
diameters in the range from 3.3 nm up to 6.1 nm. We label the
samples with names starting with D followed by their diameter
in nanometers. Four samples were studied, whose parameters
are given in Table 1.
The prepared glass samples with CdSe NCs were examined
by small angle X-ray scattering (SAXS) with an infinitely high
primary beam using Ni-filtered CuKα radiation. We processed
the scattering curves, namely the angular dependence of the
scattered X-ray intensity, using the Guinier plot56 to obtain the
radius of gyration, Rg, of the CdSe crystallites and evaluate the
NC diameters with D = 2.58Rg.
5.2.

Absorption measurements

Low temperature absorption spectra were recorded with an
Agilent Cary 6000i UV-Visible-NIR spectrophotometer combined with a helium flow cryostat. The spectra recorded at
T = 4.2 K are shown in Fig. S1.†
5.3.

Polarized photoluminescence

The samples were placed in the variable temperature insert
(2.2 K to 70 K) of a cryostat so that they come into contact with
helium exchange gas. External magnetic fields up to 17 T were
generated by a superconducting solenoid and applied in the
Faraday geometry, i.e. parallel to the direction of photoexcitation and PL collection. The PL was excited with a continuous wave (cw) diode laser (wavelength 405 nm, photon
energy 3.06 eV). In all PL experiments, the samples were
excited nonresonantly, i.e. well above the exciton emission
energy. Low excitation densities not exceeding 1 W cm−2 were
used to exclude eﬀects caused by exciton–exciton interactions.
The PL was detected in backscattering geometry, dispersed
with a 0.5 m spectrometer, and measured with a liquid nitrogen-cooled charge-coupled-device camera.
5.4.

Time-resolved photoluminescence

A pulsed diode laser (wavelength 405 nm, photon energy
3.06 eV, pulse duration 50 ps, and pulse repetition rate 1 MHz)
was used for excitation. The PL was dispersed with a 0.5 m
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spectrometer and its decay was measured with a Si avalanche
photodiode connected to a conventional time-correlated
single-photon counting module with an overall temporal
resolution of 200 ps.
5.5.

Polarization-resolved photoluminescence

The PL circular polarization degree was analyzed by a combination of a quarter-wave plate and a linear polarizer. Both the
magnetic field and spectral dependences of the circular polarization were measured. The degree of circular polarization
(DCP) of the PL, Pc, is defined by
Pc ðtÞ ¼

I þ ðtÞ  I  ðtÞ
ðtÞ þ I  ðtÞ:
Iþ

ð4Þ

Here, I+(t ) and I−(t ) are the intensity of the σ+ and σ− polarized PL, respectively, measured at time delay t after pulsed
excitation. For cw laser excitation, the measured polarization
degree corresponds to the time-integrated DCP, Pint
c , which is
calculated as
Ð þ
Ð
I ðtÞdt  I  ðtÞdt
Ð
Pcint ¼ Ð þ
:
ð5Þ
I ðtÞdt þ I  ðtÞdt
5.6.

Photoluminescence in magnetic fields up to 30 T

The experiments were performed in the High Magnetic Field
Lab, Nijmegen. The samples were mounted inside a liquid
helium bath cryostat (T = 4.2 K), which was inserted in a
50 mm bore Florida–Bitter magnet with a maximum dc magnetic field of 32 T. The emission of a 405 nm cw diode laser
was focused onto the sample using a lens (10 mm focal
length), and the same lens was used to collect the PL. The
polarized PL was dispersed with a 0.5 m spectrometer and
measured with a liquid nitrogen-cooled charge-coupled-device
camera.
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