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Abstract 

We report spin-polarized transient absorption for colloidal CdSe nanoplatelets as functions of 

thickness (2 to 6 monolayer thickness) and core/shell motif. Using electro-optical modulation of 

co- and cross-polarization pump-probe combinations, we sensitively observe spin-polarized 

transitions. Core-only nanoplatelets exhibit few-picosecond spin lifetimes that weakly increase 

with layer thickness. Spectral content of differenced spin-polarized signals indicate biexciton 

binding energies that decrease with increasing thickness and smaller values than previously 

reported. Shell growth of CdS with controlled thicknesses, which partially delocalize the electron 

from the hole, significantly increases the spin lifetime to ~49 picoseconds at room temperature. 

Implementation of ZnS shells, which do not alter delocalization but do alter surface termination, 

increased spin lifetimes up to ~100 ps, bolstering the interpretation that surface termination heavily 

influences spin coherence, likely due to passivation of dangling bonds. Spin precession in magnetic 

fields both confirms long coherence lifetime at room temperature and yields excitonic g-factor. 
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Colloidal II-VI semiconductor nanoplatelets (NPLs) constitute attractive candidates for a 

wide variety of optoelectronics owing to their unique band structure that derives from quantum 

confinement along a single direction in addition to narrow absorption and emission linewidths that 

arise from perfect ensemble thickness control with well-defined surface facets.1-5 This material 

class, along with other morphologically similar semiconductors such as two-dimensional (2D) 

halide perovskites, have garnered interest for their unique spin polarization properties owing to 

highly controlled material features including tailored thickness of the inorganic semiconductor 

and, for the II-VI materials, established routes to replace synthetic organic ligands with dielectric 

inorganic shells.6-10 In addition to tuning quantum well thickness, altering particle surface 

characteristics and controlling electron-hole overlap offer routes to influence spin-depolarization 

pathways, such as through interaction with surface dangling bonds, which may yield increased 

spin coherence lifetimes of benefit to spintronics.11-13 

A recent study of colloidal 2D CdSe nanoplatelet quantum wells upon excitation with a 

circularly polarized pump and cross-polarized probe revealed a short-lived induced absorption at 

lower-energy wavelengths than the ensemble absorption feature.2 The red-shifted absorption arises 

from Coulombic stabilization of biexcitons that show selectivity for the cross-polarized pump-

probe combination over the period of time for which pump-induced spin polarization is preserved. 

Relatedly, co-polarization of circular pump and probe leads to delayed growth of lower-energy 
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differential induced absorption during the period in which scattering randomizes spin. Such 

spectral features enable characterization of lifetimes and mechanisms for spin-depolarization of 

photogenerated excitons that can help to develop understanding regarding fundamentals of exciton 

dynamics in these materials.5, 9, 10, 14 

In this report, we perform circularly-polarized transient absorption spectroscopy on CdSe 

NPLs as well as CdSe/CdS and CdSe/ZnS core/shell NPLs in order to discern trends regarding the 

lifetime of spin-polarization upon increasing particle thickness or shell layer thickness. We observe 

that as NPL thickness increases from three to six monolayers (MLs) in core-only structures, the 

spin coherence lifetimes increase proportionally, but fitted lifetimes remain less than 2 ps; the 2ML 

CdSe NPL sample behaves anomalously, which may relate to appreciably altered lattice properties 

of this thinnest sample. Circularly polarized TA spectra for these structures convey biexciton 

binding energies when compared to static absorption, and here are found to be smaller than 

previously suggested. Spin-polarization lifetimes increase appreciably upon addition of CdS shell-

layers to tens of picoseconds. CdS shell growth simultaneously yields surface modification in 

addition to reduced electron-hole overlap, both of which may increase spin lifetimes. Remarkably, 

we find that a single ZnS monolayer shell that does not appreciably alter electron-hole overlap also 

increases spin polarization lifetime significantly, suggesting the key importance of competing 

surface bonding effects that perhaps dominate electron-hole pair delocalization. Transient Faraday 

rotation measurements in static magnetic fields further confirm that observed signals arise from 

spin polarization, and precession frequencies afford exciton g-factor. These findings show that 

NPL morphology plays an appreciable role in stabilizing exciton spin orientation and can serve to 

decrease the availability of spin-decay pathways in ways that warrant further examination to 

achieve technological benefit.  

Colloidal NPLs, synthesized according to previously published methods,1-5, 15 were 

dispersed in hexane for presented optical measurements. Steady-state absorption spectra of the 2.5, 

3.5, 4.5, 5.5, and 6.5 ML CdSe NPLs (herein referred to as 2CdSe, 3CdSe, 4CdSe, 5CdSe, 6CdSe, 

respectively) and CdSe/CdS core/shell NPLs with a 5CdSe core and 1, 3, or 6 ML CdS shell 

thickness (referred to as 5CdSe/1CdS, 5CdSe/3CdS, 5CdSe/6CdS, respectively) are shown in 

Figure 1. As the core-only NPL thickness increases, the lowest energy absorption transition 

redshifts (Figure 1a), while the CdSe/CdS core/shell particles further redshift from the core-only 

spectrum (for the same 5CdSe NPL core) with increasing shell-layer thickness as quantum 

confinement and dielectric confinement decrease (Figure 1b).  

We performed transient absorption experiments using a 35 fs, amplified titanium:sapphire 

laser with a 2 kHz repetition rate. Pump pulses produced with an optical parametric amplifier were 

circularly-polarized using an achromatic zero-order waveplate, maintained at fluences 

corresponding to ~0.1 excitons per NPL on average, and made coincident on the sample together 

with mechanically time-delayed, circularly-polarized white light probe pulses. In order to 

minimize exciton spin-decay via hot carrier relaxation, samples were excited with pump 

wavelengths near respective absorption onset energies, typically about 10 nm blue of the band-

edge transition and with less excess energy than the exciton binding energy (which spans 400 meV 

for thin cores down to 50 meV for thicker core/shells).16-19 Appreciably higher energy photon 

excitation reduced observed spin-polarized signal amplitudes. Figure 2a shows the experimental 

configuration and representative transient absorption spectral maps versus pump-probe time-delay 

measured for the 5CdSe NPL sample. For cross-polarized data (Figure 2b), we observe a photo-

induced absorption (PIA) feature near 553 nm that is initially intense and decays within several 

picoseconds. In the co-polarized TA spectral map (Figure 2c), the PIA is notably weaker initially 
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but becomes stronger within the first few picoseconds. This low-energy PIA feature is consistent 

with previous reporting and confers spin-selective excitation of the singly excited, spin polarized 

exciton to a biexciton state and spin depolarization arising from flipping of either spin in the 

exciton.8, 10, 20  

To isolate spin-polarized features in the TA maps, transient data was collected using a 

mechanically chopped pump pulse that was co-polarized with the probe and then subtracted from 

separately measured cross-polarized data (Figure 2d). Manual subtraction of the independently 

collected datasets does successfully highlight spectral and temporal features related to spin 

polarized transitions but is also subject to appreciable noise in quantitative analyses of the exciton 

dynamics. To improve signal to noise, reduce data acquisition time, and implement a single 

multichannel detector for the probe pulses, we performed transient absorption measurements by 

replacing the typical mechanical chopper with an electro-optic inserted into the pump pulse train 

(see Figure 2a) set to produce half wave rotation at 1 kHz. Co- and cross-polarized pump-probe 

data were thus collected for immediately sequential pump pulses, not only eliminating the need to 

routinely collect probe-only spectra, but also decreasing background noise introduced from 

fluctuations in the pump or probe intensity over experimental lab time. Using this approach, we 

were able to directly generate polarization-differential transient spectral maps of the spin-

dependent photophysical behaviors, as shown in Figure 2e.  

Figure 3a shows the dynamic behavior of the spin-selective biexcitonic PIA across CdSe 

core-only samples as a function of increasing NPL thickness. These kinetic traces were then fit to 

single exponential decays to evaluate spin coherence lifetimes (Table S1). Over the range of 

increasing NPL thickness from 3CdSe to 6CdSe, spin-polarized decay lifetime increases from just 

0.24 (±0.01) ps for 3CdSe up to 1.76 (±0.12) ps for 6CdSe, as shown in Figure 3b (data plotted to 

longer time-delays appears as Figure S1). A conceivable origin of this trend may be the reduced 

prominence of surface atoms as NPL thickness increases that present surface spins which cause 

depolarization.  Notably, the 2CdSe does not fit the otherwise systematic trend, instead exhibiting 

similar dynamic behavior as 5CdSe, suggesting that other contributing factors in the generation of 

long-lived spin-polarized species impact the particularly thin 2CdSe NPLs. Thinner NPLs, and 

especially 2CdSe experiences appreciable strain in comparison to thicker NPLs that feature more 

internal bonding, which conceivably could disrupt the otherwise systematic trend.21-23 At the same 

time, the >3 eV energy gap of 2CdSe may play a role if exciton wavefunctions begin to permeate 

the high potential barrier of the organic surface.22 This  thickness dependence for core-only 

samples  conveys lifetimes that are short and comparable to those recently reported for 2D 

perovskite spin-polarized lifetimes versus inorganic layer thickness.7 Xiang et. al. reported fast, 

sub-picosecond decay components as evidence of hole spin-flips in CdSe with longer-lived spin 

polarization arising from particles that lack rapid hole trapping,10 but relied on examining 

differences in dynamics for other exciton transitions that we did not observe. Notably, hole 

trapping has been implicated to occur on similar timescales as our observations24 and could 

deleteriously affect excitonic spin polarization. 

In addition to spin coherence decay lifetime, differential spin-polarized transient spectral 

maps show clear changes between the lower-energy PIA in comparison to the heavy hole static 

absorption feature as a function of thickness, with a shift from the static peak that relates biexciton 

binding energy and an increased linewidth possibly arising from relative spatial position of the 

second electron hole pair created by the probe20 (see Figure 3c). We find that attractive biexciton 

binding energy reaches ~50 meV in the 2CdSe core-only NPLs and decreases to ~15 meV in the 

6CdSe core-only NPLs (Figure 3d). Reduction of biexciton binding energy is expected as particle 
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thickness increases and trends in the direction of bulk-like behavior.25 Such biexciton binding 

energies for 4CdSe have been estimated at up to 45 meV in the literature,8 based in part on 

observation of biexciton-derived gain and lasing redshifts. However, we note that amplified 

spontaneous emission appears at energies prescribed by optical gain but is also influenced by 

optical loss from reabsorption. Measurements of binding energy reported in this report suffer less 

from the latter-described influence and relate a smaller value that is consistent both with other 

experimental data for 4CdSe26, 27 and theory,25 further highlighting the role of reabsorption from 

small Stokes shifts in gain and lasing efforts. 

Figure 4 shows the spin-polarized dynamic behavior of CdSe/CdS core/shell NPL samples 

that were synthesized using the same 5CdSe core. Spin polarization lifetimes increase significantly 

for these core/shell structures. Decay kinetics are well-described by biexponential fitting with 

lifetimes τ1 and τ2 (see Fig. S2) for each sample exhibiting a rapid, ~1 ps process and a longer-

lived, up to ~49 ps lifetime (see also Table S2). This longer decay component indicates a 

significant extension of spin-polarized exciton lifetime relative to the core-only samples. The τ2 

lifetime increases sub-linearly with CdS shell thickness, which suggests diminishing influence on 

the preservation of spin polarization with both increased total volume of the nanostructure and 

increased average distance to the organic interface. Quantum confinement, it should be noted, also 

changes sub-linearly with shell layer thickness. Increases of the exciton spin coherence lifetime 

clearly arise from features of the core/shell morphology, but a challenge to mechanistic 

interpretation is that the core/shell system differs in multiple ways from the core-only particles. 

The core/shell samples experience reduced electron-hole wavefunction overlap for this 

combination of materials and reduced quantum and dielectric confinement in addition to altered 

CdSe interface chemistry. The quasi-type-II energy level alignment of the CdSe/CdS conduction 

bands permits electron delocalization into the CdS shell layer whereas holes nominally remain 

within the CdSe core.13 Such delocalization could serve to reduce exchange interaction of the 

electron with the hole that can facilitate spin relaxation.28 At the same time, isolated spins of 

dangling bonds and charges at the inorganic-organic interface may offer fast, efficient spin 

relaxation,9, 29, 30 but the nearly-matched lattices  at the inorganic-inorganic interface can largely  

reduce the importance of such relaxation processes.  

To evaluate influences on CdSe/CdS core/shell spin lifetimes, we also prepared 5CdSe/ZnS 

core/shell NPLs with 1 or 3 ZnS monolayers. These structures, for which shells were carefully 

grown via colloidal atomic layer deposition using a fixed 5CdSe core,5, 15 lack appreciable 

delocalization of either charge-carrier into this wider gap shell as noted by the absorption spectra 

shown in Figure 5a. ZnS shell growth does appreciably alter the surface bonding in comparison to 

organic ligand surface termination. Interestingly, the 5CdSe/1ZnS core/shell sample presented 

markedly slower spin depolarization relative to the core-only sample as shown in Figure 5b, with 

a significant amplitude ~100 ps lifetime as well as additional still longer-lived low-amplitude 

components (see Fig. S3 for biexponential fits and Table S3 for fit parameters). Upon continuing 

growth to a 3ZnS monolayer shell, lifetime decreases to ~21 ps perhaps influenced as strain builds 

up with the thicker, small-lattice-spacing shell. Overall, the significant lifetime increase suggests 

that removal of the proximal organic surface termination or passivation of dangling surface bonds 

for the core/shell structure serves to increase spin lifetimes in both the CdSe/CdS and CdSe/ZnS 

systems, consistent with theoretical investigations of Rodina et al.21,22 Additionally, this finding 

suggests that the hole spin relaxation mechanism is not centrally important, as this charge remains 

contained within the CdSe core for the latter core/shell. 
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Finally, we performed transient Faraday rotation measurements in different magnetic 

fields31 for the 5CdSe/1ZnS sample. Magnetic field causes the spin polarization to oscillate with 

the Larmor precession frequency associated with E=gBB. In these experiments field-induced 

oscillations occur and we find the oscillation frequency scales linearly with magnetic field strength 

with y-intercept near zero (~230 MHz). By fitting the period of oscillation versus field we obtain 

an excitonic g-factor of 1.83 that relates contributions of the electron and hole. This value is similar 

to other reports of exciton g-factor as studied using pump-orientation-probe measurements, such 

as in work by Feng et. al.,32 and further confirms that the long lifetime observed indeed conveys 

spin coherence. 

The spin-depolarization of these states can occur through various mechanisms, including 

hot carrier relaxation and inelastic collisions with the nanoplatelet surface, that result in rapid spin-

polarization decay. There are several common spin-depolarization mechanisms in 

semiconductors.6, 9, 13 In the Elliot-Yafet (EY) mechanism, spin-depolarization occurs through 

momentum scattering while the Bir-Aronov-Pikus (BAP) mechanism becomes operative in 

materials where hole concentration is high and exchange scattering with electrons is possible. The 

relevance of these mechanisms in bulk materials is often dictated by the availability of phonon 

coupling (in the case of EY) and exchange scattering (in the case of BAP) pathways as affected by 

temperature, carrier mobilities, and morphology. However, quantum confinement of nanoparticles 

can result in local structure-induced magnetic fields, such as at the surface,9, 29, 30 which boosts the 

dominance of Dyakonov-Perel (DP) pathways that are enabled in structures without inversion 

symmetry and supported by extended electronic states. Synthetic manipulation of the particle 

morphology, such as increasing the nanoplatelet thickness or replacing an organic ligand with a 

more perfectly matched shell layer, alters characteristics of the particle surface, in some cases 

reducing electron-hole overlap for CdSe/CdS, but in the case of CdSe/ZnS chiefly moves spins of 

organic ligand termination further from the spin-polarized exciton and reduces the rate of dominant 

spin-depolarization pathways. Increasing ZnS shell thickness likely increases strain and may 

introduce cracks in the shell, altering the energy landscape, though this requires more 

investigation. 

Regarding observation of biexponential decays of spin-polarized lifetime, we expect that 

such observations point to different electronic scenarios for sub-populations within the ensemble 

with an origin that remains to be investigated. Notably, spin-polarization data for the 5CdSe core-

only sample shown in Fig. 4a does not match that of a different 5CdSe sample shown in Fig. 5b. 

The former shows a few percent amplitude of a longer-lived spin-polarization that is absent in the 

latter sample. The observation for the former offers a prospect of long-lived spin polarization in 

core-only samples if the features of this sub-population might be understood and controlled.  

Spin-polarization of excitons created with circularly-polarized laser pulses in core-only 

CdSe NPLs decay rapidly, occurring on picosecond timescales. Variation in sample morphology, 

such as particle thickness and surface passivation, are shown to impact and increase spin-

depolarization lifetimes, with an increase from τ = 0.24 ps in 3CdSe NPLs to τ = 1.76  ps in 6CdSe 

NPLs. Growth of CdS shells yielded significant increases in spin-depolarization times, with an 

order of magnitude effect for thin-shelled samples of 5CdSe/1CdS NPLs (τ2 = 24 ps) up to τ2 = 

48.6 ps for 5CdSe/6CdS NPLs. Additional measurements conducted on 5CdSe/ZnS samples, 

which do not alter electron-hole overlap would suggest a key role that surface passivation plays in 

maintaining excitonic spin coherence. In particular 5CdSe/1ZnS core/shell samples exhibited 100 

ps lifetime, which is nearly two orders of magnitude longer than those observed in core-only 

samples. Studying these effects provides an important step towards understanding how to generate 
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and maintain long-lived spin-polarized excitonic states in 2D semiconductors. Understanding 

specific spin-depolarization lifetimes and mechanisms will be valuable for the implementation of 

these states and materials in future technologies. 

 

Supporting Information 

The following information is available free of charge. Nanoplatelet synthesis, spectroscopic 

methods, and supplementary spin lifetime data. 
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Figures 

 
Figure 1. Absorption spectra of CdSe Nanoplatelet dispersions in hexane for a) indicated core-

only monolayer thicknesses and for b) a 5CdSe NPL core onto which CdS shells of indicated layer 

thicknesses. 

a 
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Figure 2. a) Schematic of circularly polarized transient absorption experiments. b, c) Transient 

absorption spectral maps for indicated pump and probe circular polarization conditions. d) 

Differencing panel b from panel c highlights time-dependent response of the polarization-

dependent spectral information. e) Replacement of the mechanical chopper with an electro-optical 

modulator directly yielded differential responses of the sample to co-polarized vs cross-polarized 

pump-probe conditions with increased signal to noise. 
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Figure 3. a) Spin polarization lifetime for indicated core-only NPL samples and b) fitted decay 

time constants. c) Biexciton binding energy, Exx, evaluated from the spectral shift of the static 

absorption maximum to that of the transient spin polarized signal. d) Biexciton binding energy 

evaluated for indicated core-only NPL thicknesses spanning 2CdSe to 6CdSe. 
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Figure 4. a) Dynamics of CdSe/CdS core/shell NPL samples that were synthesized using the same 

5CdSe core. Spin polarization lifetimes increase significantly for these core/shell structures. b) 

Spin polarized decay kinetics are well-described by biexponential fitting with lifetimes τ1 and τ2.  
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Figure 5. a) Absorption spectra of core/shell NPLs with a 5CdSe core and either 1 or 3 ZnS shell 

layers. b) Pump-polarization-modulated transient response of the three samples in panel A show 

an appreciable increase in spin polarized lifetime with even 1 layer of ZnS shell growth. c) 

Transient Faraday rotation of a 5CdSe/1ZnS nanoplatelet sample at room temperature shows 

oscillatory behavior with one discernible frequency.  d) For the 5CdSe/1ZnS sample, measurement 

at several different indicated magnetic field strengths (here plotted at 554 nm probe wavelength) 

shows a linear dependence of oscillation frequency (inset), a g-factor of 1.83, and small y-axis 

intercept (230 MHz). 
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