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Lead halide perovskite quantum dots (QDs), the latest generation of colloidal QD family, exhibit 

outstanding optical properties which are now exploited as both classical and quantum light sources. 

Most of their rather exceptional properties are related to the peculiar exciton fine-structure of band-

edge states which can support unique bright triplet excitons. The degeneracy of the bright triplet 

excitons is lifted with energetic splitting in the order of millielectronvolts, which can be resolved 

by the photoluminescence (PL) measurements of single QDs at cryogenic temperatures. Each 

bright exciton fine-structure-state (FSS) exhibits a dominantly linear polarization, in line with 

several theoretical models based on the sole crystal field, exchange interaction and shape 

anisotropy. Here, we show that in addition to a high degree of linear polarization, the individual 

exciton FSS can exhibit a non-negligible degree of circular polarization even without external 

magnetic fields by investigating the four Stokes parameters of the exciton fine-structure in 

individual CsPbBr3 QDs through Stokes polarimetric measurements. We observe a degree of 

circular polarization up to ~38%, which could not be detected by using the conventional 

polarimetric technique. In addition, we found a consistent transition from left- to right-hand 

circular polarization within the fine-structure triplet manifold, which was observed in magnetic 

field dependent experiments. Our optical investigation provides deeper insights into the nature of 

the exciton fine-structures and thereby drives the yet-incomplete understanding of the unique 

photophysical properties of this novel class of QDs, potentially opening new scenarios in chiral 

quantum optics.  
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Circular dichroism is the phenomenon of differential absorption of right- and left-hand circularly 

polarized light.1 The effect is observed in the absorption bands of chiral molecules whose 

symmetry does not allow them to be superimposed on their mirror image.2 While circular 

dichroism probes the ground-state properties of materials, circularly polarized luminescence is 

defined as the right- or left-hand circularly polarized emission and provides information about the 

luminescent excited state.3 Circularly polarized emission and circular dichroism are found in 

inherently chiral systems like chiral molecules,4,5 chiral supramolecular assemblies,6 lanthanide 

ion complexes,7 transition metal complexes,8 chiral biomolecular systems,9 or chiral quantum dots 

(QDs)/rods.10 Moreover, chirality of an emitter can be induced by the attachment of chiral 

ligands,11,12 or by a surrounding chiral matrix/solvent,13 leading to the preferred 

emission/absorption of left- or right-hand circularly polarized light. Differential light-matter 

interaction of left- and right-hand circularly polarized light can also be induced by static magnetic 

fields.14 While non-magnetic methods are primarily used to investigate structural and 

stereochemical information, magnetically induced circular dichroism and especially circularly 

polarized luminescence can give important insight into the electronic structure of the emitters.15 In 

low-temperature magneto-optical measurements on single emitters e.g., QDs, the type of 

polarization (linear or circular) elucidates optoelectronic fine-structure properties of excited 

states.16–18 Although chiroptical phenomena are extensively studied for fundamental research, 

there is also a growing interest in advanced photonic technologies that exploit the differential 

emission/absorption of right- and left-hand circularly polarized light,5 such as ellipsometer-based 

tomography19 or novel LED20 and display technology.21 Moreover, circularly polarized 

luminescence of quantum emitters is central to the promising field of chiral quantum optics,22 with 

potential applications in quantum-information processing23 and quantum simulation.24 

Material system 

Cesium lead halide (CsPbX3) perovskite QDs are a rapidly emerging class of colloidal QDs due to 

their outstanding optoelectronic properties.25–27 The crystal structure of CsPbX3 perovskite is 

characterized by a three-dimensional network of corner-sharing PbX6 octahedra (X=Br, Cl, I) with 

the Cs+ filling the void, exhibiting an orthorhombic structure at low temperature, as shown in left 

panel of Figure 1a. With fluorescence quantum yields (QY) approaching unity and a wide 

tunability of the emission wavelength,28,29 this type of QDs can be utilized in various applications, 

such as quantum light sources,30–32 solar cells,33 lasers,34 displays,35 and even scintillators.36 

Specifically at cryogenic temperature, a non-degenerate bright triplet state with three orthogonal 

dipoles and high oscillator strength has been discovered.18,26,37,38 In addition, the CsPbBr3 QDs 

show fast radiative lifetime (~100 ps) with the exciton dephasing time on the order of several tens 

of picoseconds,30,39–42 which enables coherent light-matter interaction.43 

High-resolution transmission electron microscope (HRTEM) image of one CsPbBr3 QDs sample 

is displayed in the right panel of Figure 1a. These cuboidal QDs possess a side length of 14.0 ± 

1.1 nm and a photoluminescence (PL) QY of 62% in solution at room temperature. In Figure 1b, 

we show an exemplary PL spectrum of a single CsPbBr3 QD at cryogenic temperature (4 K), 

exhibiting doublet exciton fine-structure with an energy splitting of Δ = 0.75 ± 0.08 meV. As 

shown in many reports,18,25,26,38,42,44,45  fine-structure states (FSS) of perovskite QDs possess a high 

degree of linear polarization, which is typically analyzed by tracking the transmitted PL intensity 

through a linear polarizer at varying angles. The result of such a measurement is depicted in Figure 
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1c (for the QD displayed in Figure 1b), where two sublevels exhibit a linear polarization profile 

along crossed orientation. The solid lines represent the sin2 fits for the PL intensity trajectory of 

each FSS peak, from which we could extract the degree of linear polarization, 𝐷𝑂𝐿𝑃 = (𝐼𝑚𝑎𝑥 −
𝐼𝑚𝑖𝑛)/(𝐼𝑚𝑎𝑥 + 𝐼𝑚𝑖𝑛). For this QD, we obtained a DOLP of 82.9 ± 2.2% and 78.6 ± 4.8% for the 

low- and high-energy emission peaks (FSS1, FSS2), respectively. It should be noted that, in many 

cases, the above formula is mistakenly used as a measure of the absolute degree of polarization. 

However, this is only true if the light does not possess any circularly polarized component. To 

distinguish between unpolarized and circularly polarized light, more sophisticated polarimetric 

techniques e.g., Stokes polarimetric measurements, are required, from which the four Stokes 

parameters provide a complete description of different polarization states of light.  

Measurement technique and setup 

In general, the polarization state of electromagnetic field can be fully described by four measurable 

quantities known as Stokes parameters I, M, C, and S.46,47 To analyze the four Stokes parameters 

from the PL of our QDs, we used a combination of quarter-wave plate (λ/4) and linear polarizer in 

the detection path as shown in Figure 2a. As depicted in the inset of Figure 2a, ϕ is the angle 

between the vertical (y-axis) and the fast axis of the quarter-wave plate (λ/4), and α is the angle 

between the vertical (y-axis) and the transmission axis of the polarizer. By measuring the 

transmitted light intensity while rotating a polarization optical element, one can determine the 

degree of linear and circular polarization, orientation, and handedness of the light field.48 To 

measure the Stokes parameters with the above-described setup, there are two equivalent 

techniques: measuring the transmitted intensity while rotating either the polarizer,49 or the quarter-

wave plate.50 We used the latter one because it is advantageous for not causing additional artifacts 

with the intrinsic polarization dependence of a grating-based spectrometer. Then the detected 

intensity as a function of the quarter-wave plate angle, 𝜙, is:48 

𝐼(𝜙) =
1

2
[𝐼 + (

1

2
𝑀 ⋅ cos(2𝛼) +

1

2
𝐶 ⋅ sin(2𝛼)) ⋅ (1 + cos(𝜉))] +

1

2
[𝑆 ⋅ sin(𝜉) sin(2𝛼 − 2𝜙)] +

1

4
[[𝑀 ⋅ cos(2𝛼) − 𝐶 ⋅ 𝑠𝑖𝑛(2𝛼)] cos(4𝜙) + [𝑀 ⋅ sin(2𝛼) + 𝐶 ⋅ cos(2𝛼)]sin(4𝜙)] ⋅

(1 − cos(𝜉))(1)  

Here, 𝜉  is the retardation phase fixed as 𝜉 =
𝜋

2
(for the λ/4-waveplate), 𝛼  is the angle of the 

polarizer, and 𝐼  is the total intensity of the light beam. Correspondingly, the ratios 
𝑀

𝐼
 and 

𝐶

𝐼
 

represent the degree of linear polarization in horizontal, vertical direction and diagonal 

(+45°, −45°)direction, respectively. Similarly, 
𝑆

𝐼
 represents the degree of circular polarization. In 

specific, the analyzed light is right-hand circularly polarized (RHCP) if 
𝑆

𝐼
> 0, and left-hand 

circularly polarized (LHCP) if 
𝑆

𝐼
< 0. Based on these Stokes parameters, the degree of linear 

polarization is defined as 𝐷𝑂𝐿𝑃 =
√𝑀2+𝐶2

𝐼
 and the total degree of polarization is defined as 

𝐷𝑂𝑃 =
√𝑀2+𝐶2+𝑆2

𝐼
.  

Based on Equation (1), we could predict the intensity modulation for differently polarized light as 

a function of the λ/4-waveplate angle, ϕ. In Figure 2b, the calculated intensity modulation for fully 
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linearly polarized light along the horizontal and vertical direction (upper panel) and fully left- (σ+) 

and right-hand (σ-) circularly polarized light (lower panel) are shown. Figure 2c shows the same 

for fully linearly polarized light along the +45°/-45° direction (upper panel) and elliptically 

polarized light (lower panel). For all cases, the degree of polarization was assumed to be 100% 

and exclusive (e.g., if DOLP = 100%, DOCP = 0%). The curves for purely-circularly polarized 

light are π-periodic, whereas purely linearly polarized light exhibits a periodicity of π/2, which 

enables a clear distinction between the linear and circular polarization components. From the phase 

and intensity of the linear component, it is possible to extract the orientation and degree of linear 

polarization. Elliptically polarized light includes the components of both linear and circular 

polarization, and consequently, shows a combination of π/2- and π-periodicity. In particular, the 

elliptically polarized light shown exemplarily in Figure 2c is characterized by a degree of linear 

polarization of 𝐷𝑂𝐿𝑃 =
√𝑀2+𝐶2

𝐼
= 84.0%, and a degree of circular polarization of 𝐷𝑂𝐶𝑃 =

|𝑆|

𝐼
=

54.2%, with a total degree of polarization of 𝐷𝑂𝑃 = 100%. Since 
𝑆

𝐼
< 0, the circularly polarized 

component is left-handed.  

A critical aspect to address before performing the polarimetric measurements is to test if the setup 

introduces any arbitrary modulation, e.g., unwanted birefringent phase shifts occurring often when 

the light passes through optical coatings. In this regard, each optical element in the detection path 

should be tested in order to safely exclude experimental artifacts.51,52 For the setup calibration, we 

guided a laser beam at 532 nm (near the QD emission wavelength) with a well-defined polarization 

through the cryostat to mimic the optical path of the QD’s PL: through a microscope objective 

followed by all the optical elements in the detection path, including beam-splitter, long-pass filter, 

mirrors and lenses. Consequently, the transmitted laser light was analyzed through a rotating λ/4-

waveplate and a fixed polarizer as a function of the λ/4-waveplate angle, ϕ. For more details of the 

setup, please see the Supporting Information. First, with a combination of linear polarizer and λ/4-

waveplate in the excitation path, we confirmed a well-defined linear and circular polarization 

prepared from our laser output (Figure 2d and S1a for the setup scheme). Next, we analyzed this 

well-defined light by guiding it through the optical components (PL detection path), as mentioned 

above (Figure 2e and S1b for the setup scheme). By fitting the intensity traces with Equation (1), 

we could quantify 
𝑆

𝐼
 (DOCP) and DOLP from the Stokes parameters and compare these values 

before and after going through the detection path of our experimental setup. The prepared laser 

light originally exhibiting either near-unity DOLP (100%) or DOCP (99.7%) maintained the 

DOLP and shows only a very marginal change (1.4%) on DOCP after passing through the detection 

path, respectively. Thus, we validated that our setup introduces negligible modification to the light 

field passing through, and that the polarization properties can be analyzed free from significant 

experimental artifacts (at least within the error range of ±1.4%).  

Hereafter, we investigated the polarization properties of the exciton FSSs of individual CsPbBr3 

QDs at 4 K, utilizing the well-calibrated setup for Stokes polarimetric measurements. We found 

that these perovskite QDs, capped with non-chiral zwitterionic ligands, exhibit a substantial degree 

of circularly polarized emission that may reach up to ~38%, which is technically not possible to 

detect via the standard polarimetric method. Our optical investigation provides deeper insights into 

different polarization components of the exciton fine-structure that have been poorly studied up to 

now, which may potentially open new research in chiral quantum optics based on inexpensive, 

solution-processable, and wavelength-tunable all-inorganic perovskite QDs. 
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Measurement results 

In Figure 3a and c, we show two examples of single CsPbBr3 QDs exhibiting clear FSSs with two 

and three emission peaks, respectively, measured without polarizer or λ/4-waveplate (see 

corresponding PL time-series in Figure S2a and S2c). During the PL time-series measurements, 

on timescales of tens of seconds, we do not observe significant changes of the emission intensity 

due to fluorescence blinking,25,53–55 which ensure the solidity of Stokes polarimetric 

measurements. During the Stokes polarimetric measurements, to resolve all the emission peaks 

and average out intensity fluctuations, we set an integration time of 5 s and 10 s for the QD in 

Figure 3a and c, respectively.  From low to high emission energies, we denote the exciton fine-

structure states as FSS1, FSS2 for doublet and FSS1, FSS2, FSS3 for triplet. The QD exhibiting 

two emission peaks in Figure 3a showed a fine-structure splitting energy of Δ = 0.46 ± 0.03 meV. 

For the QD in Figure 3c, we observed the splitting energy between FSS1 and FSS2 of Δ12 = 0.50 

± 0.01 meV and the splitting energy between FSS2 and FSS3 of Δ23 = 0.84 ± 0.01 meV. 

To analyze the polarization state of the individual emission peaks, we recorded the PL spectra as 

a function of ϕ (see Figure S2b and S2d) and fitted the evolution of peak intensity (integrated peak 

area) with respect to ϕ using multi-Gaussian functions with the FWHM of each peak as shared free 

parameter for each individual QD. For example, for the two QDs displayed in Figure 3a and c, the 

fitted linewidths (FWHM) were 0.21 ± 0.01 meV and 0.22 ± 0.01 meV, respectively (Figure 3b, 

d). From the traces, it is visible that all the exciton FSSs of the two single QDs exhibit a noticeable 

degree of circular polarization (component of π-periodicity), especially in comparison to the purely 

linear-polarized laser light as displayed in Figure 2b. Similar results were observed for other 

individual QDs as well (Figure S3, S4). 

To quantify the four Stokes parameters: I, M, C, S, we fitted the peak intensity trace with Equation 

(1), where we left the Stokes parameters as free parameters and constrained the polarizer angle, α, 

and the retardation-plate phase, ξ, within a small range around the experimental values. For a 

reliable fit result, we carried out the global fit of emission peaks of each individual QD with shared 

value of α and ξ among the FSSs. Figure 4a shows S/I values from all the FSSs of the two QDs 

displayed in Figure 3, with respect to the energy difference of the fine structure peaks from FSS1. 

In principle, the detected light has a right-hand circularly polarized (RHCP) component if  
𝑆

𝐼
> 0 

and a left-hand circularly polarized (LHCP) component if  
𝑆

𝐼
< 0. These two QDs show a degree 

of circular polarization (
|𝑆|

𝐼
) around 0.1-0.4. Over a wide range of QD emission energy (indicating 

QD of different sizes), 
𝑆

𝐼
 values remain rather constant, as shown in Figure 4b. Therefore, we 

conclude that all measured fine-structure emission peaks possess a non-negligible amount of 

circularly polarized component with an average value of 
|𝑆|

𝐼
 = 0.16 ± 0.03. Interestingly, 

𝑆

𝐼
 values 

change sign among FSS, indicating that the handedness of circular component is flipped with 

respect to the adjacent energy state. The same observations apply to all the studied QDs as shown 

in Figure 4b and Figure 4c (upper panel). The observation that within the same QD, some of the 

FSSs emit σ+(LHCP) light and others σ-(RHCP) light typically appears when external magnetic 

fields are present,18,27 which however was not the case in our experiments.  

Furthermore, we calculated the degree of linear polarization (DOLP) and the degree of total 

polarization (DOP) and plotted in the middle and lower panels of Figure 4c, respectively. FSS1, 
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FSS2 and FSS3 are represented by red, green and blue bars, respectively. Overall, we observed 

that the DOCP of single QD emission can reach up to ~38%. As for the DOLP, it mostly ranged 

from 60% to at most 100%, consistent with many experimental studies based on standard 

polarization measurements which reported a high degree of linear polarization, however not 

always reaching 100%.26,30,56 Lower values of DOLP could be attributed to the unresolved peaks 

for doublets, low intensity-to-noise for the weak peaks within a triplet and fluctuating emission 

intensity. The total degree of polarization (DOP) often reached near-unity values, suggesting that 

the DOCP and DOLP fully describes the polarization properties of the exciton FSSs, without 

unpolarized components.  

In conclusion, our results prove that even in the absence of external magnetic fields, the single QD 

emission possesses a considerable portion of circularly polarized component, in addition to the 

dominant linearly polarized component, that was already proposed by Isarov et al.57 in magneto-

optical studies. We could exclude potential chromatic retardation effects introduced by our 

experimental setup, since we observed a clear sign change of 
𝑆

𝐼
 within an energy window of only 

a few millielectronvolt within the FSS manifold, after a complete calibration of our setup.  

Discussion 

There are several possibilities for the observed circularly polarized PL in a QD. Circular dichroism 

and circularly polarized luminescence in QD could for example arise from the introduction of 

chiral ligand molecules that may impose their enantiomeric structure on the surface of the QD,58–

61 which was also shown for perovskite QDs.62 Also, bulk and two-dimensional perovskite 

materials are known to exhibit circular dichroism if activated by chiral molecules.63–66 

Furthermore, circular dichroism was observed in intrinsically chiral QDs, possibly due to the screw 

dislocations.10 We can safely exclude both the above-mentioned effects for the circularly polarized 

luminescence observed in this work, since the QDs in our sample were stabilized with non-chiral 

zwitterionic ligands. Moreover, such effects do not explain the observed opposite handedness of 

the FSS emission lines. Neugebauer et al.67 showed that a linear dipole can possess partially 

circularly polarized component in the non-propagating near-field part of k-space. According to this 

study, if the evanescent longitudinal spin component68 was coupled from the near-field to a 

propagating wave by an optically denser medium, it should be detected as circularly polarized light 

in the far-field.67 However, the QDs in our measurement were embedded in a polystyrene layer, 

erasing an abrupt change of the refractive index at QD’s vicinity, which excludes this effect. 

Another possibility is that the coherent coupling of two resonant non-parallel dipoles would also 

lead to the emission of circularly polarized light. Since the FSSs are non-degenerate and 

(potentially) thermally populated (no coherent state), coherent coupling among the FSSs can also 

be ruled out. A similar effect with coherent coupling was also predicted to arise in QD molecules, 

where two resonant QDs were coupled.69 However, the simultaneous spectral diffusion of FSS 

peaks (see Figure S1a) proves that we were detecting single QDs and not two separate, resonant 

QDs, since the two separate QDs would exhibit independent spectral diffusion trajectories.  

Meanwhile, a recent work70 stated that circular dichroism should also be observable in non-chiral 

metal halide perovskites, due to a combination of an in-plane symmetry breaking, Rashba splitting, 

and the effect of the exciton momentum. As discussed earlier, the investigated QDs possess an 

edge length of ~14 nm and therefore lie in the so-called weak confinement regime. Hence, we do 

not expect the exciton to have a constant momentum that would induce circular dichroism or 



 7 

circularly polarized emission. On the other hand, the Rashba field itself could be responsible for 

the circularly polarized component of the fine-structure split states, as recently reported for layered 

perovskite compounds.57,71,72 The Rashba effect occurs as a result of an inversion-symmetry 

breaking in combination with strong spin-orbit coupling.73 In perovskite QDs this effect was 

originally considered to be responsible for the large zero-field fine-structure splitting observed in 

cryogenic PL experiments.26,37 The [PbBr6]
4- structure is mainly responsible for the electronic band 

structure and therefore is also responsible for the strong spin-orbit coupling, whereas a 

displacement of the inorganic Cs+-ion can induce an inversion asymmetry.74 Charge carriers in 

perovskite materials should therefore experience a momentum-dependent effective magnetic 

field,75 which could result in mixing of bright and dark states76 or a reduction of the overall 

symmetry,18 even in absence of external magnetic field. This may explain why the detected PL of 

individual FSS was elliptically polarized and the observed change of polarization handedness 

within the FSS manifold with the lowest energy state emitting σ--polarized light, similar to those 

results when the external magnetic field was applied.18 An additional factor could be a reduction 

of the point symmetry at the level of individual QDs. D2h (the point group related to Pnma) has 

C2v as a potential point subgroup (4 symmetry operations instead of 8), which can induce circular 

dichroism. A quantitative description requires a more refined theoretical model, where the 

presented experimental results should serve as motivation and stimulus for further developments.  

Conclusion 

In conclusion, we investigated the polarization properties of the bright exciton FSS at cryogenic 

temperature by experimentally determining their Stokes parameters. In addition to the dominant 

linearly polarized component, the emitted light consistently exhibited a non-negligible fraction of 

circular polarization. Moreover, we observed both LHCP and RHCP light for different FSSs within 

a given QD. Our results provide an important puzzle piece to gain a complete understanding of the 

exciton fine-structure of perovskite QDs. Beyond the zero-field regime investigated here, future 

magnetic-field-dependent measurements of the Stokes parameters could provide additional insight 

into the evolution of the bright triplet exciton states at higher fields. Furthermore, this elaborate 

Stokes polarimetric measurement technique can be applied to other types of (quantum) emitters77,78 

or chiral nanostructures79,80 to close gaps and consolidate the understanding of their photophysical 

properties with potential application in chiral quantum optics. 

 

 

ASSOCIATED CONTENT 

Supporting Information.  

In the Supporting Information, we present the PL time-series and the PL spectra of the QDs in the 

main text as a function of the retardation plate angle. Furthermore, we show PL spectra and their 

integrated emission as a function of the retardation plate angle for five more QDs (QD#1, QD#3, 

QD#5, QD#8, QD#10 in Figure 4). 

 



 8 

NOTES: 

The authors declare no competing financial interest. 

 

AUTHOR INFORMATION 

ORCID: 

Virginia Oddi:  0009-0005-3962-3664 

Chenglian Zhu:  0000-0001-8638-6925 

Michael A. Becker:  0000-0003-2042-9384 

Dmitry N. Dirin:  0000-0002-5187-4555 

Taehee Kim:   0000-0001-9426-1006 

Rainer F. Mahrt:  0000-0002-9772-1490 

Jacky Even:   0000-0002-4607-3390 

Gabriele Rainò:  0000-0002-2395-4937 

Makysm V. Kovalenko: 0000-0002-6396-8938 

Thilo Stöferle:  0000-0003-0612-7195 

 

ACKNOWLEDGMENT   

C.Z., G.R., T.S. acknowledge funding from the Swiss National Science Foundation (Grant No. 

200021_192308, “Q-Light – Engineered Quantum Light Sources with Nanocrystal Assemblies”). 

V.O., T.S. and R.F.M. acknowledge funding from the EU H2020 MSCA-ITN “PERSEPHONe” 

(Grant No. 956270). This work was also supported by the Air Force Office of Scientific Research 

and the Office of Naval Research under award number FA8655-21-1-7013. 

 

REFERENCES 

(1) Atkins, P. Elements of Physical Chemistry, 4th ed.; Oxford University Press, 2005. 

(2) Bruice, P. Y. Organic Chemistry, 4th ed.; Pearson Education Books, 2003. 

(3) Riehl, J. P.; Richardson, F. S. Circularly Polarized Luminescence Spectroscopy. Chem. Rev. 

1986, 86 (1), 1–16. https://doi.org/10.1021/cr00071a001. 

(4) Emeis, C. A.; Oosterhoff, L. J. The N‐π* Absorption and Emission of Optically Active trans‐

β‐Hydrindanone and trans‐β‐Thiohydrindanone. J. Chem. Phys. 1971, 54 (11), 4809–4819. 

https://doi.org/10.1063/1.1674756. 

(5) Sánchez-Carnerero, E. M.; Agarrabeitia, A. R.; Moreno, F.; Maroto, B. L.; Muller, G.; Ortiz, 

M. J.; de la Moya, S. Circularly Polarized Luminescence from Simple Organic Molecules. 

Chem. – Eur. J. 2015, 21 (39), 13488–13500. https://doi.org/10.1002/chem.201501178. 

(6) Kumar, J.; Nakashima, T.; Kawai, T. Circularly Polarized Luminescence in Chiral Molecules 

and Supramolecular Assemblies. J. Phys. Chem. Lett. 2015, 6 (17), 3445–3452. 

https://doi.org/10.1021/acs.jpclett.5b01452. 



 9 

(7) Luk, C. K.; Richardson, F. S. Circularly Polarized Luminescence of Terbium (III) Complexes 

in Solution. Chem Phys Lett 1974, 25, 215. 

(8) Hilmes, G.; HG, B.; FS, R. Optical Activity of the 4A2 – 2E Transitions in Cr(En)33+. Opt. 

Act. 4A2-2E Transit. CREN33 1977. 

(9) Beychok, S. Circular Dichroism of Biological Macromolecules. Science 1966, 154 (3754), 

1288–1299. https://doi.org/10.1126/science.154.3754.1288. 

(10) Mukhina, M. V.; Maslov, V. G.; Baranov, A. V.; Fedorov, A. V.; Orlova, A. O.; Purcell-

Milton, F.; Govan, J.; Gun’ko, Y. K. Intrinsic Chirality of CdSe/ZnS Quantum Dots and 

Quantum Rods. Nano Lett. 2015, 15 (5), 2844–2851. https://doi.org/10.1021/nl504439w. 

(11) Katzin, L. I. Absorption Spectral and Circular Dichroic Studies of Complexes of Hydroxy 

Acids with Praeseodymium Ion. Inorg. Chem. 1968, 7 (6), 1183–1191. 

https://doi.org/10.1021/ic50064a027. 

(12) Tohgha, U.; Deol, K. K.; Porter, A. G.; Bartko, S. G.; Choi, J. K.; Leonard, B. M.; Varga, K.; 

Kubelka, J.; Muller, G.; Balaz, M. Ligand Induced Circular Dichroism and Circularly 

Polarized Luminescence in CdSe Quantum Dots. ACS Nano 2013, 7 (12), 11094–11102. 

https://doi.org/10.1021/nn404832f. 

(13) Brittain, H. G.; Richardson, F. S. Solvent Induced Circularly Polarized Emission from 

Fluorescein. J. Phys. Chem. 1976, 80 (23), 2590–2592. https://doi.org/10.1021/j100564a012. 

(14) Long, G.; Jiang, C.; Sabatini, R.; Yang, Z.; Wei, M.; Quan, L. N.; Liang, Q.; Rasmita, A.; 

Askerka, M.; Walters, G.; Gong, X.; Xing, J.; Wen, X.; Quintero-Bermudez, R.; Yuan, H.; 

Xing, G.; Wang, X. R.; Song, D.; Voznyy, O.; Zhang, M.; Hoogland, S.; Gao, W.; Xiong, Q.; 

Sargent, E. H. Spin Control in Reduced-Dimensional Chiral Perovskites. Nat. Photonics 

2018, 12 (9), 528–533. https://doi.org/10.1038/s41566-018-0220-6. 

(15) Richardson, F. S.; Riehl, J. P. Circularly Polarized Luminescence Spectroscopy. Chem. Rev. 

1977, 77 (6), 773–792. https://doi.org/10.1021/cr60310a001. 

(16) Bayer, M.; Ortner, G.; Stern, O.; Kuther, A.; Gorbunov, A. A.; Forchel, A.; Hawrylak, P.; 

Fafard, S.; Hinzer, K.; Reinecke, T. L.; Walck, S. N.; Reithmaier, J. P.; Klopf, F.; Schäfer, F. 

Fine Structure of Neutral and Charged Excitons in Self-Assembled In(Ga)As/(Al)GaAs 

Quantum Dots. Phys. Rev. B 2002, 65 (19), 195315. 

https://doi.org/10.1103/PhysRevB.65.195315. 

(17) Biadala, L.; Louyer, Y.; Tamarat, Ph.; Lounis, B. Band-Edge Exciton Fine Structure of Single 

CdSe/ZnS Nanocrystals in External Magnetic Fields. Phys. Rev. Lett. 2010, 105 (15), 157402. 

https://doi.org/10.1103/PhysRevLett.105.157402. 

(18) Fu, M.; Tamarat, P.; Huang, H.; Even, J.; Rogach, A. L.; Lounis, B. Neutral and Charged 

Exciton Fine Structure in Single Lead Halide Perovskite Nanocrystals Revealed by Magneto-

Optical Spectroscopy. Nano Lett. 2017, 17 (5), 2895–2901. 

https://doi.org/10.1021/acs.nanolett.7b00064. 

(19) Jan, C.-M.; Lee, Y.-H.; Wu, K.-C.; Lee, C.-K. Integrating Fault Tolerance Algorithm and 

Circularly Polarized Ellipsometer for Point-of-Care Applications. Opt. Express 2011, 19 (6), 

5431–5441. https://doi.org/10.1364/OE.19.005431. 

(20) Kim, Y.-H.; Zhai, Y.; Lu, H.; Pan, X.; Xiao, C.; Gaulding, E. A.; Harvey, S. P.; Berry, J. J.; 

Vardeny, Z. V.; Luther, J. M.; Beard, M. C. Chiral-Induced Spin Selectivity Enables a Room-

Temperature Spin Light-Emitting Diode. Science 2021, 371 (6534), 1129–1133. 

https://doi.org/10.1126/science.abf5291. 

(21) Schadt, M. Liquid Crystal Materials and Liquid Crystal Displays. Annu. Rev. Mater. Sci. 

1997, 27 (1), 305–379. https://doi.org/10.1146/annurev.matsci.27.1.305. 



 10 

(22) Lodahl, P.; Mahmoodian, S.; Stobbe, S.; Rauschenbeutel, A.; Schneeweiss, P.; Volz, J.; 

Pichler, H.; Zoller, P. Chiral Quantum Optics. Nature 2017, 541 (7638), 473–480. 

https://doi.org/10.1038/nature21037. 

(23) Kimble, H. J. The Quantum Internet. Nature 2008, 453 (7198), 1023–1030. 

https://doi.org/10.1038/nature07127. 

(24) Georgescu, I. M.; Ashhab, S.; Nori, F. Quantum Simulation. Rev. Mod. Phys. 2014, 86 (1), 

153–185. https://doi.org/10.1103/RevModPhys.86.153. 

(25) Rainò, G.; Nedelcu, G.; Protesescu, L.; Bodnarchuk, M. I.; Kovalenko, M. V.; Mahrt, R. F.; 

Stöferle, T. Single Cesium Lead Halide Perovskite Nanocrystals at Low Temperature: Fast 

Single-Photon Emission, Reduced Blinking, and Exciton Fine Structure. ACS Nano 2016, 10 

(2), 2485–2490. https://doi.org/10.1021/acsnano.5b07328. 

(26) Becker, M. A.; Vaxenburg, R.; Nedelcu, G.; Sercel, P. C.; Shabaev, A.; Mehl, M. J.; 

Michopoulos, J. G.; Lambrakos, S. G.; Bernstein, N.; Lyons, J. L.; Stöferle, T.; Mahrt, R. F.; 

Kovalenko, M. V.; Norris, D. J.; Rainò, G.; Efros, A. L. Bright Triplet Excitons in Caesium 

Lead Halide Perovskites. Nature 2018, 553 (7687), 189–193. 

https://doi.org/10.1038/nature25147. 

(27) Tamarat, P.; Bodnarchuk, M. I.; Trebbia, J.-B.; Erni, R.; Kovalenko, M. V.; Even, J.; Lounis, 

B. The Ground Exciton State of Formamidinium Lead Bromide Perovskite Nanocrystals Is a 

Singlet Dark State. Nat. Mater. 2019, 18 (7), 717–724. https://doi.org/10.1038/s41563-019-

0364-x. 

(28) Protesescu, L.; Yakunin, S.; Bodnarchuk, M. I.; Krieg, F.; Caputo, R.; Hendon, C. H.; Yang, 

R. X.; Walsh, A.; Kovalenko, M. V. Nanocrystals of Cesium Lead Halide Perovskites 

(CsPbX3, X = Cl, Br, and I): Novel Optoelectronic Materials Showing Bright Emission with 

Wide Color Gamut. Nano Lett. 2015, 15 (6), 3692–3696. https://doi.org/10.1021/nl5048779. 

(29) Nedelcu, G.; Protesescu, L.; Yakunin, S.; Bodnarchuk, M. I.; Grotevent, M. J.; Kovalenko, 

M. V. Fast Anion-Exchange in Highly Luminescent Nanocrystals of Cesium Lead Halide 

Perovskites (CsPbX3, X = Cl, Br, I). Nano Lett. 2015, 15 (8), 5635–5640. 

https://doi.org/10.1021/acs.nanolett.5b02404. 

(30) Utzat, H.; Sun, W.; Kaplan, A. E. K.; Krieg, F.; Ginterseder, M.; Spokoyny, B.; Klein, N. D.; 

Shulenberger, K. E.; Perkinson, C. F.; Kovalenko, M. V.; Bawendi, M. G. Coherent Single-

Photon Emission from Colloidal Lead Halide Perovskite Quantum Dots. Science 2019, 363 

(6431), 1068–1072. https://doi.org/10.1126/science.aau7392. 

(31) Lv, Y.; Yin, C.; Zhang, C.; Yu, W. W.; Wang, X.; Zhang, Y.; Xiao, M. Quantum Interference 

in a Single Perovskite Nanocrystal. Nano Lett. 2019, 19 (7), 4442–4447. 

https://doi.org/10.1021/acs.nanolett.9b01237. 

(32) Kaplan, A. E. K.; Krajewska, C. J.; Proppe, A. H.; Sun, W.; Sverko, T.; Berkinsky, D. B.; 

Utzat, H.; Bawendi, M. G. Hong–Ou–Mandel Interference in Colloidal CsPbBr3 Perovskite 

Nanocrystals. Nat. Photonics 2023, 17 (9), 775–780. https://doi.org/10.1038/s41566-023-

01225-w. 

(33) Akkerman, Q. A.; Gandini, M.; Di Stasio, F.; Rastogi, P.; Palazon, F.; Bertoni, G.; Ball, J. 

M.; Prato, M.; Petrozza, A.; Manna, L. Strongly Emissive Perovskite Nanocrystal Inks for 

High-Voltage Solar Cells. Nat. Energy 2016, 2 (2), 1–7. 

https://doi.org/10.1038/nenergy.2016.194. 

(34) Yakunin, S.; Protesescu, L.; Krieg, F.; Bodnarchuk, M. I.; Nedelcu, G.; Humer, M.; De Luca, 

G.; Fiebig, M.; Heiss, W.; Kovalenko, M. V. Low-Threshold Amplified Spontaneous 



 11 

Emission and Lasing from Colloidal Nanocrystals of Caesium Lead Halide Perovskites. Nat. 

Commun. 2015, 6 (1), 8056. https://doi.org/10.1038/ncomms9056. 

(35) Zhang, X.; Sun, C.; Zhang, Y.; Wu, H.; Ji, C.; Chuai, Y.; Wang, P.; Wen, S.; Zhang, C.; Yu, 

W. W. Bright Perovskite Nanocrystal Films for Efficient Light-Emitting Devices. J. Phys. 

Chem. Lett. 2016, 7 (22), 4602–4610. https://doi.org/10.1021/acs.jpclett.6b02073. 

(36) Chen, Q.; Wu, J.; Ou, X.; Huang, B.; Almutlaq, J.; Zhumekenov, A. A.; Guan, X.; Han, S.; 

Liang, L.; Yi, Z.; Li, J.; Xie, X.; Wang, Y.; Li, Y.; Fan, D.; Teh, D. B. L.; All, A. H.; 

Mohammed, O. F.; Bakr, O. M.; Wu, T.; Bettinelli, M.; Yang, H.; Huang, W.; Liu, X. All-

Inorganic Perovskite Nanocrystal Scintillators. Nature 2018, 561 (7721), 88–93. 

https://doi.org/10.1038/s41586-018-0451-1. 

(37) Sercel, P. C.; Lyons, J. L.; Wickramaratne, D.; Vaxenburg, R.; Bernstein, N.; Efros, A. L. 

Exciton Fine Structure in Perovskite Nanocrystals. Nano Lett. 2019, 19 (6), 4068–4077. 

https://doi.org/10.1021/acs.nanolett.9b01467. 

(38) Amara, M.-R.; Said, Z.; Huo, C.; Pierret, A.; Voisin, C.; Gao, W.; Xiong, Q.; Diederichs, C. 

Spectral Fingerprint of Quantum Confinement in Single CsPbBr3 Nanocrystals. Nano Lett. 

2023, 23 (8), 3607–3613. https://doi.org/10.1021/acs.nanolett.3c00793. 

(39) Becker, M. A.; Scarpelli, L.; Nedelcu, G.; Rainò, G.; Masia, F.; Borri, P.; Stöferle, T.; 

Kovalenko, M. V.; Langbein, W.; Mahrt, R. F. Long Exciton Dephasing Time and Coherent 

Phonon Coupling in CsPbBr2Cl Perovskite Nanocrystals. Nano Lett. 2018, 7546–7551. 

https://doi.org/10.1021/acs.nanolett.8b03027. 

(40) Liu, A.; Almeida, D. B.; Bonato, L. G.; Nagamine, G.; Zagonel, L. F.; Nogueira, A. F.; 

Padilha, L. A.; Cundiff, S. T. Multidimensional Coherent Spectroscopy Reveals Triplet State 

Coherences in Cesium Lead-Halide Perovskite Nanocrystals. Sci. Adv. 2021, 7 (1), eabb3594. 

https://doi.org/10.1126/sciadv.abb3594. 

(41) Sun, W.; Krajewska, C. J.; Kaplan, A. E. K.; Šverko, T.; Berkinsky, D. B.; Ginterseder, M.; 

Utzat, H.; Bawendi, M. G. Elastic Phonon Scattering Dominates Dephasing in Weakly 

Confined Cesium Lead Bromide Nanocrystals at Cryogenic Temperatures. Nano Lett. 2023, 

23 (7), 2615–2622. https://doi.org/10.1021/acs.nanolett.2c04895. 

(42) Zhu, C.; Boehme, S. C.; Feld, L. G.; Moskalenko, A.; Dirin, D. N.; Mahrt, R. F.; Stöferle, T.; 

Bodnarchuk, M. I.; Efros, A. L.; Sercel, P. C.; Kovalenko, M. V.; Rainò, G. Single-Photon 

Superradiance in Individual Caesium Lead Halide Quantum Dots. Nature 2024, 626 (7999), 

535–541. https://doi.org/10.1038/s41586-023-07001-8. 

(43) Rainò, G.; Becker, M. A.; Bodnarchuk, M. I.; Mahrt, R. F.; Kovalenko, M. V.; Stöferle, T. 

Superfluorescence from Lead Halide Perovskite Quantum Dot Superlattices. Nature 2018, 

563 (7733), 671–675. https://doi.org/10.1038/s41586-018-0683-0. 

(44) Pfingsten, O.; Klein, J.; Protesescu, L.; Bodnarchuk, M. I.; Kovalenko, M. V.; Bacher, G. 

Phonon Interaction and Phase Transition in Single Formamidinium Lead Bromide Quantum 

Dots. Nano Lett. 2018, 18 (7), 4440–4446. https://doi.org/10.1021/acs.nanolett.8b01523. 

(45) Yin, C.; Chen, L.; Song, N.; Lv, Y.; Hu, F.; Sun, C.; Yu, W. W.; Zhang, C.; Wang, X.; Zhang, 

Y.; Xiao, M. Bright-Exciton Fine-Structure Splittings in Single Perovskite Nanocrystals. 

Phys. Rev. Lett. 2017, 119 (2), 026401. https://doi.org/10.1103/PhysRevLett.119.026401. 

(46) Stokes, G. G. On the Composition and Resolution of Streams of Polarized Light from 

Different Sources; Proceedings of the Cambridge Philosophical Society : Mathematical and 

physical sciences; Cambridge Philosophical Society: Cambridge, 1852. 

(47) McMaster, W. H. Polarization and the Stokes Parameters. Am. J. Phys. 1954, 22 (6), 351–

362. https://doi.org/10.1119/1.1933744. 



 12 

(48) Berry, H. G.; Gabrielse, G.; Livingston, A. E. Measurement of the Stokes Parameters of 

Light. Appl. Opt. 1977, 16 (12), 3200–3205. https://doi.org/10.1364/AO.16.003200. 

(49) Berry, H. G.; Curtis, L. J.; Ellis, D. G.; Schectman, R. M. Anisotropy in the Beam-Foil Light 

Source. Phys. Rev. Lett. 1974, 32 (14), 751–754. 

https://doi.org/10.1103/PhysRevLett.32.751. 

(50) Clarke, D.; Ibbett, R. N. A Three-Channel Astronomical Photoelectric Spectropolarimeter. J. 

Phys. [E] 1968, 1 (4), 409. https://doi.org/10.1088/0022-3735/1/4/310. 

(51) Kitzmann, W. R.; Freudenthal, J.; Reponen, A.-P. M.; VanOrman, Z. A.; Feldmann, S. 

Fundamentals, Advances, and Artifacts in Circularly Polarized Luminescence (CPL) 

Spectroscopy (Adv. Mater. 44/2023). Adv. Mater. 2023, 35 (44), 2370316. 

https://doi.org/10.1002/adma.202370316. 

(52) Lightner, C. R.; Desmet, F.; Gisler, D.; Meyer, S. A.; Perez Mellor, A. F.; Niese, H.; 

Rosspeintner, A.; Keitel, R. C.; Bürgi, T.; Herrebout, W. A.; Johannessen, C.; Norris, D. J. 

Understanding Artifacts in Chiroptical Spectroscopy. ACS Photonics 2023, 10 (2), 475–483. 

https://doi.org/10.1021/acsphotonics.2c01586. 

(53) Becker, M. A.; Bernasconi, C.; Bodnarchuk, M. I.; Rainò, G.; Kovalenko, M. V.; Norris, D. 

J.; Mahrt, R. F.; Stöferle, T. Unraveling the Origin of the Long Fluorescence Decay 

Component of Cesium Lead Halide Perovskite Nanocrystals. ACS Nano 2020, 14 (11), 

14939–14946. https://doi.org/10.1021/acsnano.0c04401. 

(54) Efros, A. L.; Nesbitt, D. J. Origin and Control of Blinking in Quantum Dots. Nat. 

Nanotechnol. 2016, 11 (8), 661–671. https://doi.org/10.1038/nnano.2016.140. 

(55) Seth, S.; Mondal, N.; Patra, S.; Samanta, A. Fluorescence Blinking and Photoactivation of 

All-Inorganic Perovskite Nanocrystals CsPbBr3 and CsPbBr2I. J. Phys. Chem. Lett. 2016, 7 

(2), 266–271. https://doi.org/10.1021/acs.jpclett.5b02639. 

(56) Liu, J.; Hu, F.; Zhou, Y.; Zhang, C.; Wang, X.; Xiao, M. Polarized Emission from Single 

Perovskite FAPbBr3 Nanocrystals. J. Lumin. 2020, 221, 117032. 

https://doi.org/10.1016/j.jlumin.2020.117032. 

(57) Isarov, M.; Tan, L. Z.; Bodnarchuk, M. I.; Kovalenko, M. V.; Rappe, A. M.; Lifshitz, E. 

Rashba Effect in a Single Colloidal CsPbBr3 Perovskite Nanocrystal Detected by Magneto-

Optical Measurements. Nano Lett. 2017, 17 (8), 5020–5026. 

https://doi.org/10.1021/acs.nanolett.7b02248. 

(58) Elliott, S. D.; Moloney, M. P.; Gun’ko, Y. K. Chiral Shells and Achiral Cores in CdS 

Quantum Dots. Nano Lett. 2008, 8 (8), 2452–2457. https://doi.org/10.1021/nl801453g. 

(59) Moloney, M. P.; Gun’ko, Y. K.; Kelly, J. M. Chiral Highly Luminescent CdS Quantum Dots. 

Chem. Commun. 2007, No. 38, 3900–3902. https://doi.org/10.1039/B704636G. 

(60) Gallagher, S. A.; Moloney, M. P.; Wojdyla, M.; Quinn, S. J.; Kelly, J. M.; Gun’ko, Y. K. 

Synthesis and Spectroscopic Studies of Chiral CdSe Quantum Dots. J. Mater. Chem. 2010, 

20 (38), 8350–8355. https://doi.org/10.1039/C0JM01185A. 

(61) Gérard, V. A.; Freeley, M.; Defrancq, E.; Fedorov, A. V.; Gun’ko, Y. K. Optical Properties 

and In Vitro Biological Studies of Oligonucleotide-Modified Quantum Dots. J. Nanomater. 

2013, 2013, e463951. https://doi.org/10.1155/2013/463951. 

(62) Kim, Y.-H.; Zhai, Y.; Gaulding, E. A.; Habisreutinger, S. N.; Moot, T.; Rosales, B. A.; Lu, 

H.; Hazarika, A.; Brunecky, R.; Wheeler, L. M.; Berry, J. J.; Beard, M. C.; Luther, J. M. 

Strategies to Achieve High Circularly Polarized Luminescence from Colloidal Organic–

Inorganic Hybrid Perovskite Nanocrystals. ACS Nano 2020, 14 (7), 8816–8825. 

https://doi.org/10.1021/acsnano.0c03418. 



 13 

(63) Dang, Y.; Liu, X.; Sun, Y.; Song, J.; Hu, W.; Tao, X. Bulk Chiral Halide Perovskite Single 

Crystals for Active Circular Dichroism and Circularly Polarized Luminescence. J. Phys. 

Chem. Lett. 2020, 11 (5), 1689–1696. https://doi.org/10.1021/acs.jpclett.9b03718. 

(64) Ahn, J.; Ma, S.; Kim, J.-Y.; Kyhm, J.; Yang, W.; Lim, J. A.; Kotov, N. A.; Moon, J. Chiral 

2D Organic Inorganic Hybrid Perovskite with Circular Dichroism Tunable Over Wide 

Wavelength Range. J. Am. Chem. Soc. 2020, 142 (9), 4206–4212. 

https://doi.org/10.1021/jacs.9b11453. 

(65) Abhervé, A.; Mercier, N.; Kumar, A.; Das, T. K.; Even, J.; Katan, C.; Kepenekian, M. 

Chirality Versus Symmetry: Electron’s Spin Selectivity in Nonpolar Chiral Lead-Bromide 

Perovskites. Adv. Mater. Deerfield Beach Fla 2023, 35 (51), e2305784. 

https://doi.org/10.1002/adma.202305784. 

(66) Liu, S.; Kepenekian, M.; Bodnar, S.; Feldmann, S.; Heindl, M. W.; Fehn, N.; Zerhoch, J.; 

Shcherbakov, A.; Pöthig, A.; Li, Y.; Paetzold, U. W.; Kartouzian, A.; Sharp, I. D.; Katan, C.; 

Even, J.; Deschler, F. Bright Circularly Polarized Photoluminescence in Chiral Layered 

Hybrid Lead-Halide Perovskites. Sci. Adv. 2023, 9 (35), eadh5083. 

https://doi.org/10.1126/sciadv.adh5083. 

(67) Neugebauer, M.; Banzer, P.; Nechayev, S. Emission of Circularly Polarized Light by a Linear 

Dipole. Sci. Adv. 2019, 5 (6), eaav7588. https://doi.org/10.1126/sciadv.aav7588. 

(68) Bliokh, K.; Bekshaev, A.; Nori, F. Extraordinary Momentum and Spin in Evanescent Waves. 

Nat. Commun. 2014, 5, 3300. https://doi.org/10.1038/ncomms4300. 

(69) Tepliakov, N. V.; Vovk, I. A.; Shlykov, A. I.; Leonov, M. Yu.; Baranov, A. V.; Fedorov, A. 

V.; Rukhlenko, I. D. Optical Activity and Circular Dichroism of Perovskite Quantum-Dot 

Molecules. J. Phys. Chem. C 2019, 123 (4), 2658–2664. 

https://doi.org/10.1021/acs.jpcc.8b12041. 

(70) Sercel, P. C.; Vardeny, Z. V.; Efros, A. L. Circular Dichroism in Non-Chiral Metal Halide 

Perovskites. Nanoscale 2020, 12 (35), 18067–18078. https://doi.org/10.1039/D0NR05232A. 

(71) Zuri, S.; Shapiro, A.; Kronik, L.; Lifshitz, E. Uncovering Multiple Intrinsic Chiral Phases in 

(PEA)2PbI4 Halide Perovskites. J. Phys. Chem. Lett. 2023, 14 (21), 4901–4907. 

https://doi.org/10.1021/acs.jpclett.3c00685. 

(72) Isarov, M.; Tan, L. Z.; Tilchin, J.; Rabouw, F. T.; Bodnarchuk, M. I.; Dijk-Moes, R. J. A. 

van; Carmi, R.; Barak, Y.; Kostadinov, A.; Meir, I.; Vanmaekelbergh, D.; Kovalenko, M. V.; 

Rappe, A. M.; Lifshitz, E. Polarized Emission in II–VI and Perovskite Colloidal Quantum 

Dots. J. Phys. B At. Mol. Opt. Phys. 2017, 50 (21), 214001. https://doi.org/10.1088/1361-

6455/aa8dd4. 

(73) Bychkov, Y. A.; Rashba, E. I. Oscillatory Effects and the Magnetic Susceptibility of Carriers 

in Inversion Layers. J. Phys. C Solid State Phys. 1984, 17 (33), 6039. 

https://doi.org/10.1088/0022-3719/17/33/015. 

(74) Yaffe, O.; Guo, Y.; Tan, L. Z.; Egger, D. A.; Hull, T.; Stoumpos, C. C.; Zheng, F.; Heinz, T. 

F.; Kronik, L.; Kanatzidis, M. G.; Owen, J. S.; Rappe, A. M.; Pimenta, M. A.; Brus, L. E. 

Local Polar Fluctuations in Lead Halide Perovskite Crystals. Phys. Rev. Lett. 2017, 118 (13), 

136001. https://doi.org/10.1103/PhysRevLett.118.136001. 

(75) Manchon, A.; Koo, H. C.; Nitta, J.; Frolov, S. M.; Duine, R. A. New Perspectives for Rashba 

Spin–Orbit Coupling. Nat. Mater. 2015, 14 (9), 871–882. https://doi.org/10.1038/nmat4360. 

(76) Sallen, G.; Urbaszek, B.; Glazov, M.; Ivchenko, E.; Kuroda, T.; Mano, T.; Kunz, S.; 

Abbarchi, M.; Sakoda, K.; Lagarde, D.; Balocchi, A.; Marie, X.; Amand, T. Dark-Bright 



 14 

Mixing of Interband Transitions in Symmetric Semiconductor Quantum Dots. Phys. Rev. 

Lett. 2011, 107, 166604. https://doi.org/10.1103/PhysRevLett.107.166604. 

(77) Xia, F.; Wang, H.; Xiao, D.; Dubey, M.; Ramasubramaniam, A. Two-Dimensional Material 

Nanophotonics. Nat. Photonics 2014, 8 (12), 899–907. 

https://doi.org/10.1038/nphoton.2014.271. 

(78) Braukmann, D.; Glaser, E. R.; Kennedy, T. A.; Bayer, M.; Debus, J. Circularly Polarized 

Zero-Phonon Transitions of Vacancies in Diamond at High Magnetic Fields. Phys. Rev. B 

2018, 97 (19), 195448. https://doi.org/10.1103/PhysRevB.97.195448. 

(79) Poulikakos, L. V.; Thureja, P.; Stollmann, A.; De Leo, E.; Norris, D. J. Chiral Light Design 

and Detection Inspired by Optical Antenna Theory. Nano Lett. 2018, 18 (8), 4633–4640. 

https://doi.org/10.1021/acs.nanolett.8b00083. 

(80) Valev, V. K.; Smisdom, N.; Silhanek, A. V.; De Clercq, B.; Gillijns, W.; Ameloot, M.; 

Moshchalkov, V. V.; Verbiest, T. Plasmonic Ratchet Wheels: Switching Circular Dichroism 

by Arranging Chiral Nanostructures. Nano Lett. 2009, 9 (11), 3945–3948. 

https://doi.org/10.1021/nl9021623. 

  

  



 15 

FIGURES 

 

 

Figure 1: Crystal structure and emission properties of single cesium lead bromide QDs at 4 

K. a, Schematic crystal structure of CsPbBr3 QDs (left) and high-resolution transmission electron 

micrograph of CsPbBr3 QDs (right). b, PL spectrum of a single CsPbBr3 QD at 4 K. The brown 

solid line is the fit of two-Gaussian-peak function. This QD exhibits a doublet exciton with a 

splitting energy of ∆=0.75 ± 0.08 meV. c, Peak-area-intensity of each Gaussian fit as a function of 

linear polarizer angle for the QD displayed in b. Solid lines represent sin2 fits to the data, revealing 

a DOLP of 82.9 ± 2.2% and 78.6 ± 4.8% for FSS1 and FSS2, respectively.  
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Figure 2: Experimental setup and examples of Stokes polarimetric measurements for various 

defined polarizations. a, Schematic of the experimental setup. The inset depicts the basic 

measurement unit consisting of a λ/4-waveplate and a linear polarizer to perform Stokes 

polarimetric measurements. B, Calculated intensity variation for fully linearly polarized light along 

the horizontal (H) and vertical (V) direction (upper panel) and right-hand (σ-) circularly polarized 
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light (lower panel) as a function of the λ/4-waveplate angle, ϕ. c, Calculated intensity variation for 

fully linearly polarized light along the +45°/-45° direction (upper panel) and elliptically polarized 

light (lower panel) as a function of the λ/4-waveplate angle, ϕ. d, Detected intensity variation as a 

function of λ/4-waveplate angle, ϕ. The defined linear (upper panel) and circular (lower panel) 

polarization are obtained from the laser light, generated with a combination of linear polarizer and 

λ/4-waveplate. Solid grey lines represent a fit of Equation (1) to the data from which we retrieve 

a value of DOLP equal to 100% and a 
𝑆

𝐼
 of -99.7% for linear and circular polarization, respectively. 

E, Detected intensity variation as a function of λ/4-waveplate angle, ϕ, for the linearly (upper 

panel) and circularly (lower panel) polarized laser light in d after going through our experimental 

setup. From the fit of Equation (1) to the data, we obtain a DOLP of 100% and a value of 
𝑆

𝐼
 equal 

to -98.3%. Comparing d and e, we prove that our experimental setup produces no or only negligible 

artifacts on the detected results. 
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Figure 3: Stokes polarimetric measurements on exciton FSS in single CsPbBr3 QDs at 4 K. 

a, Photoluminescence spectrum of a single CsPbBr3 QD exhibiting a doublet exciton FSS with a 

splitting Δ. The brown solid line is a two-Gaussian peak fit to the data. b, Peak-area-intensities of 

the doublet exciton fine-structure from Gaussian fits of the QD shown in a, as a function of λ/4-

waveplate angle, ϕ. Solid grey lines represent a fit of Equation (1) to the data. c, PL spectrum of a 

single CsPbBr3 QD exhibiting a triplet exciton fine-structure with splitting Δ12 and Δ23 between 

FSS1 and FSS2 and between FSS2 and FSS3, respectively. The brown solid line is a three-

Gaussian peak fit to the data. d, Peak-area-intensities of the triplet exciton fine-structure from 

Gaussian fits of the QD shown in c, as a function of λ/4-waveplate angle, ϕ, for FSS1 (upper panel), 

FSS2 (middle panel) and FSS3 (lower panel). Solid grey lines represent a fit of Equation (1) to the 

data. 
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Figure 4: Measured Stokes parameters from each of the exciton fine-structure states in 

different single CsPbBr3 QDs. a, Exemplary 
𝑆

𝐼
 values for two QDs exhibiting doublet (open 

squares) and triplet (filled spheres) exciton as a function of fine-structure splitting relative to FSS1, 

displayed in Figure 3a-b and Figure 3c-d, respectively. b, 
𝑆

𝐼
 of all FSSs versus emission energy of 

individual QDs. c, Extracted 
𝑆

𝐼
 values, degree of linear polarization (DOLP) and total degree of 

polarization (DOP) for all the exciton fine-structure peaks in different QDs. The red bars 

correspond to FSS1, and green bars correspond to FSS2. When the complete fine-structure triplet 

was resolved, the blue bar represents FSS3. QD number 2 and 6 are the QDs discussed in the main 

text. The error bars are obtained from the standard errors of the fit parameters when fitting 

Equation (1) to the measured data. 
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I. Materials and Methods 
 

1.1 Chemicals 

Cesium carbonate (Cs2CO3, 99.9%), 1-octadecene (ODE, 90%), 3-(N,N-

dimethyloctadecylammonio) propanesulfonate (ASC18, >99.0%) and oleic acid (90%) were 

purchased from Sigma-Aldrich; lead(II) acetate trihydrate (>99%, for analysis) and bromine (Br2, 

>99%) from Acros Organics; trioctylphosphine (TOP) from Strem; toluene (99.85%, extra dry 

over molecular sieve, AcroSeal®) from Thermo Scientific; and ethyl acetate (EtOAc, >99.7%, 

HPLC grade) from Fisher Scientific. 

1.2 Precursor Syntheses 
Cesium oleate: Cs2CO3 (1.628 g, 5 mmol) and oleic acid (5 mL, 16 mmol) were evacuated in a 

three-neck flask along with 20 mL of ODE at room temperature until the first gas evolution stops, 

heated to 120 °C under vacuum, and then further evacuated for 1 hour at this temperature. This 

yields a 0.4 M solution of Cs-oleate in ODE. The solution turns solid when cooled to room 

temperature and was stored under nitrogen and heated before use.   

Lead-oleate: Lead (II) acetate trihydrate (4.6066 g, 12 mmol) and oleic acid (7.6 mL, 24 mmol) 

were evacuated in a three-neck flask along with 16.4 mL of ODE at room temperature until the 

first gas evolution stops, heated to 120 °C under vacuum, and then further evacuated for 1 hour. 

This yields a 0.5 M solution of Pb-oleate in ODE. The solution turns solid when cooled to room 

temperature and was stored under nitrogen and heated before use.  

TOP-Br2: In a Schlenk flask, TOP (6 mL, 13 mmol) was dissolved in 18.7 ml anhydrous toluene 

and Br2 (0.6 mL, 11.5 mmol) was added dropwise with vigorous stirring. The resulting solution 

was stirred for 1 hour under a nitrogen atmosphere, forming a white-pale yellow viscous solution 

at the end. The solution (app. 0.46 M) was stored under nitrogen and heated before use.  

1.3 CsPbBr3 QD Synthesis 

 107.5 mg ASC18, 2.0 ml Cs-oleate, 2.5 ml Pb-oleate and 5 ml ODE was added to a 100 ml three-

neck round-bottom flask with a stir bar. The reaction mixture was evacuated and refilled with 

nitrogen 3 times, then was heated to 180°C under nitrogen atmosphere followed by the injection 

of 2.5 ml TOP-Br2 with vigorous stirring. The resulting solution was rapidly cooled to room 

temperature using an ice-water bath and subjected to centrifugation at 12.1 krpm for 10 minutes. 

The initial precipitate obtained from this crude solution was size fractioned in multiple cycles by 

adding various amounts of toluene for dispersion (table below). In each cycle, dispersion was 

centrifuged at 12.1 krpm for 10 minutes, followed by collecting the supernatant and redispersing 

the precipitate in toluene again. The supernatants from these cycles were denoted as pfn (where 

n=1, 2, 3, etc.). The supernatant from the 6th cycle (pf6) was washed once with 2 equivalents of 

EtOAc. The resulting precipitate was transferred directly into the glovebox and redispersed in 1 

ml of anhydrous toluene. The final solution was filtered using 0.45 µm syringe filter and used in 

the experiments.  
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2. Sample preparation 
The single QD samples were prepared in a glovebox that is kept under a nitrogen atmosphere. The 

colloidal dispersion with a concentration of ~1 mg/ml was diluted by a factor 100 in toluene (Acros 

Organics, 99.85% extra dry over molecular sieve). The solution is further diluted by another factor 

100 in a 3-mass% solution of polystyrene (ALDRICH, average Mw ~280,000) in toluene, 

whereupon the solution was spin-coated at 3000 rpm. for 60 s onto a crystalline Si wafer covered 

with a 3-µm-thick thermal-oxide layer. 

 

3.1 Characterization of CsPbBr3 solution 
Absorption spectra (UV-Vis): Optical characterizations were performed at ambient conditions. 

UV-Vis absorption spectra of colloidal NCs were collected using a Jasco V670 spectrometer in 

transmission mode. 

Photoluminescence (PL): A Fluorolog iHR 320 Horiba Jobin Yvon spectrofluorometer equipped 

with a PMT detector was used to acquire steady-state PL spectra. NC solutions were measured in 

the same dilutions and solvents as the absorption measurements. 

Transmission electron microscopy (TEM): The images were recorded using a JEOL JEM-

1400+ microscope operated at 120 kV. Images were processed using ImageJ. 

3.2 Single QD optical characterization 
For single-QD spectroscopy, a home-built μ-PL setup was used. Samples were mounted on a xyz 

nano-positioning stage inside an evacuated liquid-helium closed-loop cryostat (MONTANA 

INSTRUMENTS) and cooled down to a targeted temperature of 4 K. Single QDs were excited by 

means of a fiber-coupled excitation laser, which was focused (Gaussian spot with 1/e2 diameter of 

2.4 μm) on the sample by a dry microscope objective (NA = 0.8, 100×). Typical fluences used to 

excite single QDs were in the range 2-6 nJ/cm2. The emitted light was collected by the same 

objective and passed through a 90:10 beam splitter and a long-pass filter at 500 nm. A 

monochromator coupled to an EMCCD (Princeton Instruments, 0.75-m) was used for recording 

the spectra. PL spectra were measured with a grating of 1800 lines/mm, blaze at 500 nm (0.2 meV 

spectral resolution). For the Stokes polarimetric measurement, we used a combination of linear 

polarizer and retardation plate (λ/4-wave) in the detection path.  
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4. Calibration of the setup 
 

Figure S1: a, A well-defined linear and circular polarization of the laser light was prepared by 

using either a linear polarizer or a combination of linear polarizer and λ/4-waveplate. The laser 

polarization state was analyzed through a rotating λ/4-waveplate and a fixed linear polarizer.. 

Transmitted intensity as a function of the λ/4-waveplate angle, ϕ, was recorded by a power meter. 

b, We mimicked the PL optical path to assess the extent of modulation introduced by the optical 

components in the PL detection path. The polarized laser light set in a was sent through the 

cryostat, and then through all the optical components in the detection path of our setup (microscope 

objective lens, BS, LPF, mirrors, and lenses). Then, its polarization state was analyzed through a 

rotating λ/4-waveplate and a fixed polarizer. Again, the transmitted light intensity as a function of 

the λ/4-waveplate angle, ϕ, was recorded by a power meter. 
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II. 2D plot of time-series and Stokes measurements 

Figure S2:  Time-series and spectral diffusion: a, PL time-series of the QD displayed in Figure 

3a, acquired with an integration time of 5 s. b, PL spectra as a function of the λ/4-waveplate angle, 

ϕ, for the QD displayed in Figure 3a, acquired with an integration time of 5 s. c, PL time-series of 

the QD in Figure 3c, acquired with an integration time of 5 s. d, PL spectra as a function of the 

λ/4-waveplate angle, ϕ, of the QD in Figure 3c, acquired with an integration time of 10 s. 
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III. Fitting of Stokes parameters 

Figure S3: Stokes polarimetric measurements on QD#1 and QD#3 with triplet exciton. a, 

Spectrum of QD#1 in Figure 4. Triplet exciton is fitted with the sum of three Gaussian functions. 

b, Peak-area-intensity of the individual FSS of QD#1, extracted from the Gaussian peak fits, as a 

function of the λ/4-waveplate angle, ϕ. c, Spectrum of QD#3 in Figure 4. Triplet exciton is fitted 

with the sum of three Gaussian functions. d, Peak-area-intensity of the individual FSS in QD#3, 

extracted from the Gaussian peak fits, as a function of the λ/4-waveplate angle, ϕ.   
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Figure S4: Stokes polarimetric measurements on QD#5, QD8 and QD#10 with doublet 

exciton. a, Spectrum of QD#5 in Figure 4. Doublet exciton is fitted with the sum of two Gaussian 

peaks. b, Peak-area-intensity of the individual fine-structure peaks in QD#5, extracted from the 

Gaussian peak fits as a function of the λ/4-waveplate angle, ϕ. c Spectrum of QD#8 in Figure 4. 

Doublet exciton is fitted with the sum of two Gaussian peaks. d, Peak-area-intensity of the 

individual fine-structure peaks in QD#8, extracted from the Gaussian peak fits as a function of the 

λ/4-waveplate angle, ϕ. e, Spectrum of QD#10 in Figure 4. Doublet exciton is fitted with the sum 
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of two Gaussian peaks. f, Peak-area-intensity of the individual fine-structure peaks in QD#10, 

extracted from the Gaussian peak fits as a function of the λ/4 angle, ϕ. 

 

 

 

 


