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The surface of nominally diamagnetic colloidal CdSe nanoplatelets can demonstrate para-
magnetism owing to the uncompensated spins of dangling bonds (DBSs). We reveal that by
optical spectroscopy in high magnetic fields up to 15 Tesla using the exciton spin as probe of
the surface magnetism. The strongly nonlinear magnetic field dependence of the circular po-
larization of the exciton emission is determined by the DBS and exciton spin polarization as
well as by the spin-dependent recombination of dark excitons. The sign of the exciton-DBS
exchange interaction can be adjusted by the nanoplatelet growth conditions.

The surface of colloidal nanocrystals (NCs) greatly controls their optical and electronic proper-
ties making the surface chemistry critically important in nanocrystal research and applications. ™3
Undercoordinated surface atoms with excess electrons, which in colloidal synthesis are often metal
cations, either rearrange themselves by surface reconstruction or adsorb surfactant ligands4* The
ligands are used to control the colloidal synthesis, increase the NC solubility, screen the NCs from
environment, and stabilize their surface by saturating dangling bonds of the surface atoms.%*? They
influence surface trap states and thereby control photoluminescence quantum yield 54 Not every
dangling bond can be passivated due to steric hindrance, as the ligand diameter typically exceeds
the lattice constant of NC material and due to poor interaction of a facet with the ligands. An elec-
tron transfer from the d-shell of a surface atom to the ligand can provide surface magnetism 1214
Also the spins of unpassivated dangling bonds can contribute to it. The spins of surface atoms
act similar to spins of magnetic impurities in diluted magnetic semiconductors > and may in-
fluence crucially the optical, electronic and magnetic properties of colloidal NCs 2819 Nominally
diamagnetic NCs may demonstrate paramagnetic behavior and giant magneto-optical effects.

Here, we study the surface spins in colloidal quasi-two-dimensional nanoplatelets (NPLs) based
on CdSe semiconductor. These emerging nanostructures have an atomically controlled thickness of
a few monolayers, providing remarkable optical properties with narrow emission lines of neutral and
charged excitons?"2!' The interaction of confined excitons with the dangling-bond spins (DBSs)
provides a nanoscopic tool for monitoring surface magnetism. In particular, the exciton spin
polarization in magnetic field and the radiative recombination of dark excitons are strongly modified
due to the exchange interaction with DBSs. We use high magnetic fields up to 15 T to measure
the degree of circular polarization (DCP) of exciton photoluminescence and the exciton spin and
recombination dynamics at cryogenic temperatures. In contract to a pure diamagnetic behavior,
we find a strongly nonmonotonic magnetic field dependence of DCP, which sign changes for NPLs
synthesized in air or argon atmosphere. This allows us to identify two mechanisms resulting from
the exciton interaction with the surface spins. The first one is an additional Zeeman splitting
of the exciton states, which is similar to the giant Zeeman splitting effect in diluted magnetic



semiconductors. The second one is provided by the spin-dependent recombination of the dark
excitons 1%22 Beyond considering these two mechanisms in an external magnetic field, the developed
model approach has to account for different NPL orientations relative to the field in the NC
ensemble, to obtain an accurate modeling of the experimental data.

Experimental results

Low-temperature photoluminescence (PL) spectra of the studied NPLs are shown in Fig. .
The bare core CdSe NPLs with 4 monolayers (MLs) thickness show two well-resolved emission
lines corresponding to recombination of neutral and negatively charged excitons (trions).?Y The
CdSe/ZnS NPLs has a broader peak red-shifted from the CdSe NPLs due to electron spread into
the shells. It is valuable in CdSe/CdS NPLs,%¥ but also relevant for CdSe/ZnS NPLs, despite the
higher barriers.#*
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FIG. 1: PL spectra and recombination dynamics. a, PL spectra of bare core CdSe NPLs (4 ML
thickness), synthesized in argon (red) and in air (blue), and of CdSe/ZnS core/shell NPLs. The exciton and
trion emission maxima are marked by arrows. Sample parameters are given in Table[l] b, PL decays at the
maximum of exciton line of Sample 1 measured at different magnetic fields. Inset: decay times, 7\ and 71,
as functions of magnetic field. Symbols are experimental data, lines are calculations according equation @
using AEar = 4.6 meV, I'x = 10 ns~!, g, = 1.7 and fit parameter § = 7 /2.

Figure shows the exciton recombination dynamics in Sample 1, for other samples see Sup-
plementary Section The short decay component, which dynamics is resolution limited to
0.3 ns, corresponds to the bright exciton lifetime contributed by its recombination and relaxation
to the dark exciton. The long component 71, = 114 ns is the dark exciton emission %2> Accurate
fitting shows that in Samples 1 and 2 the exciton decay has three components (Supplementary
Sections , . The middle decay time 7 = 11 ns corresponds to NPLs with a finite non-
radiative recombination rate 'y, which is nearly independent of temperature and magnetic field,
so that 1/my = 1/7, + I'yy. The PL decay in Sample 3 is multi-exponential, evidencing that the
broad PL band is contributed by exciton and trion emission (Supplementary Sections . The
magnetic field dependences of 71, and 7y in Sample 1 are shown in the inset of Fig. [Ip. Both times
shorten with increasing field, which is explained by a shortening of the radiative recombination
time of dark exciton due to admixture of bright exciton states“®2’ (
Section .

Polarized PL in magnetic field. Due to the large bright-dark exciton splitting, the PL
at low temperatures is determined by the recombination of dark excitons. In applied mag-
netic field, the dark exciton spin sublevels |+2) split due to Zeeman effect by the energy
AFERr(B,0) = AEr(B)cost = grupB cos, where gp is the dark exciton g factor, up is the Bohr

Methods and Supplementary



TABLE I: Parameters of CdSe (Samples 1 and 2) and CdSe/ZnS (Sample 3) nanoplatelets. ¢ data taken
from ref. 211

Sample Sample 1 Sample 2 Sample 3
Synthesis atmosphere argon air argon
CdSe thickness, ML 4 4 4
ZnS shell thickness, ML - - 5
Lateral dimensions, nm? 8 x16% 49x24 18 x18
Emission photon energy (T' = 300 K), eV 2.420 2.439 1.983
Emission photon energy (T' = 4.2 K), eV 2.497 2.529 2.025
FWHM of exciton line (T' = 4.2 K), meV 16.5 21.9 92.5
Shift between emission lines (T'= 4.2 K), meV ~ 20° 26 broad band
Light-heavy hole splitting, meV 157¢ 146 220
™ (T=42K, B=0T), ns 1141 1141 -

7, (T=42K,B=0T), ns 114+5 11445 -
%=1/, (T=42K,B=0T), ns"! 0.009 0.009 -
Ty =1/mv — 1/, ns™! 0.083 0.083 -
Ta, ns~! 10 8 0.4
AFEr (two-exponential fit), meV 50+£0.5* 5.0+£0.5 3.9+0.5
AFEr (three-exponential fit), meV 46+0.5 46+0.5 -

magneton and 6 is the angle between the NPL quantization c-axis, which is normal to the NPL
surface, and the direction of magnetic field?®. At low temperatures (kT < AFEp(B) with k be-
ing Boltzmann constant) the lower Zeeman sublevel is dominantly populated, and the emission
is circularly polarized. The spin projection of the lowest Zeeman exciton sublevel determines the
polarization sign (Fig. ) In Sample 1, in a magnetic field the lowest sublevel has spin projection
|—2), so that the o~ polarized emission has higher intensity (Fig. )

The degree of circular polarization (DCP) of PL is defined as

_ It -1t

Pe(t) = EOEYE0)

(1)
at a specific moment of time ¢, where I and I~ are the intensities of o1 and o~ circularly polarized
emission. The time-integrated and equilibrium DCP are denoted as P and P:Y, respectively. As
the Zeeman splitting AFEp(B) varies with magnetic field, the population of the exciton Zeeman
sublevels changes correspondingly to the Boltzmann distribution function. One expects that P
increases with magnetic field up to the saturation level P52t which depends on the NCs orientation
in the ensemble:

AEg(B)
2kT
98 32

PY(B) = P tanh (2)
Such behavior is typically observed in colloidal NCs.

The experimental values of P and P:? measured for Sample 1 at the exciton maximum of
2.497 eV are plotted in Fig. ,d. Note that the exciton spin relaxation time 74 < 1 ns (Sup-
plementary Section is considerably shorter than the exciton lifetime 7 and the dynamical
factor 7/(7 + 75) ~ 13! Let us consider PY4(B) at T = 4.2 K. It reaches a high value of —50%
at B = 2.5 T and then decreases to —27% at 15 T. Two facts differ this dependence from our
expectations according to equation . First, the very fast initial shift is described by gr = 5
at T =42 K and gr = 3.5 at T = 7 K if we assume P5*' = —1. This is considerably larger
than gr = 2 in the studied NPLs (see Methods) and has unusual temperature dependence of g
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FIG. 2: Exciton polarization in Sample 1. a, Scheme of the optical transitions between the dark exciton
state |2}, which is split in magnetic field into two spin sublevels (gr > 0), and the unexcited ground state
of the crystal |G). At cryogenic temperatures, the lowest spin state |—2) has higher occupation, and the
emission is o~ circularly polarized. b, Time-integrated PL intensity of ¢~ (blue) and o* (red) circularly
polarized emission components in magnetic field of B = 15 T. Time-integrated DCP (green) is calculated
according to equation . PPt at 2,497 eV is marked by the horizontal dashed line. ¢, d, Magnetic
field dependences of the time-integrated DCP, Pi"* and equilibrium DCP, P9, at various temperatures

c

measured at the exciton PL maximum of 2.497 eV. Symbols are experimental data, curves are calculations
with parameters given in Table 1 and Methods. For modeling the contribution of the spin-dependent
recombination is excluded (T'gy, = 0).

factor. Second, instead of saturation with increasing magnetic field it strongly decreases. With
increasing temperature the maximum becomes less pronounced and for 7" > 10 K the DCP turns
into a monotonic increase with saturation. It is evident, that additional mechanisms controlling
the exciton spin polarization are involved. The most reliable candidate is related to surfaces mag-
netism provided by the dangling bond spins, which has been demonstrated experimentally in CdSe
NCs™ The physics here has close analogy with diluted magnetic semiconductors, where the carrier
exchange with localized spins of magnetic Mn?* ions results in giant Zeeman splitting™®, which
competes with the intrinsic splitting.??

A different, but also non-monotonous behavior is observed for Sample 2 (Fig. , blue): com-
pared to Sample 1, the DCP has the opposite sign in low magnetic fields. It increases first to +15%
at B =3 T and then decreases with crossing zero polarization at B. = 8.2 T and reaching —11%
at 15 T. With temperature increase, the DCP decreases and becomes close to zero at T' > 15 K
(Fig. ) The critical magnetic field B, first shifts to higher values and decreases above T'= 12 K
(Fig. , inset). The non-monotonous DCP is not unique for the two samples shown here, but is
typical for bare core CdSe NPLs (Supplementary Fig. [S5b).

The polarization properties of the negatively charged excitons in Samples 1 and 2, which emis-
sion is shifted to lower energies by 20 — 26 meV from the exciton line, are very different from the
exciton. Trion DCP has a weak monotonic increase reaching —7.5% and —10% at B = 15 T in
Samples 1 and 2, respectively (Fig. ) The negatively charged exciton consists of two electrons in
a singlet state with zero total spin and a hole, which Zeeman splitting controls the trion DCP. The
negative DCP is in line with trion properties in CdSe/CdS NPLs with thick shells.?? The small
and monotonous trion DCP let us conclude that the hole exchange interaction with surface spins is
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FIG. 3: Exciton and trion polarization in different samples. a, Time-integrated DCP P"(B) of
exciton in Samples 1 (red squares), 2 (blue circles), and 3 (green triangles). The critical magnetic field B,
for P = 0 is marked by a circle. b, Exciton P"*(B) at various temperatures in Sample 2. Inset: Critical

magnetic field as a function of temperature. ¢, Time-integrated DCP of trion in Samples 1 (red) and 2
(blue).

very weak. An obvious reason for that is small overlap of the hole wave function with the surface
states, as hole is strongly localized in CdSe core due to its heavy mass.

It is instructive to modify CdSe NPLs by ZnS shells. It strongly decreases the electron overlap
with surface states, but also changes the surface itself, which is not Cd-terminated anymore. Indeed,
DCP in Sample 3 of CdSe/ZnS NPLs differs from Samples 1 and 2. It shows linear increase reaching
—0.30% at B = 15 T (Fig. [3h, green triangles and Supplementary Fig. [S5k). Note that about 80%
of the emission from Sample 3 is contributed by excitons (Supplementary Section . This
comparison strongly supports our conclusion that in CdSe NPLs the electron-DBS exchange is
responsible for the exciton interaction with surface spins.

Theoretical consideration and discussion

We turn to theoretical model of exchange interaction between the dark exciton and the surface
spins to understand the drastically different DCP in Samples 1 and 2. Illustrations in Fig. [4]
demonstrate the key features of the model, and comparison with experiment for Sample 1 is given
in Fig. 2

Exciton Zeeman splitting. According to equation , DCP of the dark exciton reflects
the exciton spin polarization caused by its Zeeman splitting. The exciton Zeeman splitting is
contributed by an exchange field created by the surface spins polarized in external magnetic field%2:

AEr(B,0) = [gruB + 2Eppan(B)] cos§ = AEp(B) cosf . (3)

Here E, is the exciton-DBS exchange interaction energy, pap, = (ny, —nd,)/(ng, + ng,) is the
spin polarization of the dangling bonds with né“b (ng,) being the surface density of the dangling
bonds with spin parallel (antiparallel) to the magnetic field direction?? Hereafter, we assume that
pap = tanh(gapup B/2kT) with g factor gq, = 2 typical for surface paramagnetic centers in CdSe.**
In low magnetic fields (gapppB < 2kT) splitting is given by AEr(B) ~ (gr + Epgan/kT)pusB. If
gr and Ep,gq1, have the same signs, the exchange field of surface spins increases the exciton Zeeman
splitting. In case of opposite signs, it decreases the splitting and can even change its sign if
lgr| < |Epgan/kT|. However, due to saturation of pqp with increasing field, the A Er(B) scales non-
monotonically with B, crossing zero at By = 2|Eppgb|/|gr|up and changing sign (Supplementary
Fig.[S6h). Examples of AEp(B) dependencies modeled with Eq. for different E, are shown in
Supplementary Fig. [S6h,b.



DCP in horizontal NPLs. The exciton Zeeman splitting is maximal for the horizontally
oriented NPLs for magnetic field applied perpendicular to the substrate, i.e. parallel to the c-
axis (case § = 0 in Fig. ) Exciton-DBS interaction affects the DCP from horizontal NPLs,
Prv(B) = (LE — I )/(LE + I ) via its contribution to AEr(B). In addition, electron-DBS
interaction provides efficient mechanism of radiative recombination for the dark exciton by si-
multaneous flip of the electron spin in an exciton and a dangling bond spin 27 The mechanism
efficiency depends on the number of DBSs oriented opposite to the electron spin. In zero mag-
netic field the DBSs have no preferable orientation and the dark exciton states |£2) have the
same radiative recombination rate Ffffr(O) = F% = I'g + I'qp. Here I'yy, is the DBS-assisted re-
combination rate and I'y is the recombination rate acquired through other activation mechanisms,
e.g. by interaction with phonons. In magnetic field the rates Fﬁfr and F}:er become different:22
I52(B) = T'r(B) + Lap[1 £ pan(B)] = T'% + T2 £ Typpan(B), where T'r (TE) is the total (acquired)
radiative recombination rate in magnetic field not related to DBSs.

The resulting DCP of horizontal NPLs accounting for the spin-dependent recombination and

the Zeeman splitting contributed by the DBSs reads (Supplementary Section [S5 B))

hor __ —pex(I'r + Tab) + pablab )
¢ I+ Tab(1 = pexpab)

Equation is valid for the time-dependent, time-integrated or equilibrium DCP, if one considers

the time-dependent, time-integrated or equilibrium exciton polarization pex = (pp —pp)/(Pp + Dy ),

where pif are occupation probabilities pfFE of the dark exciton Zeeman sublevels. In case of the fast

exciton spin relaxation, time-integrated pey coincides with equilibrium value pey = tanh(AEw/2kT)

even in the presence of the spin-dependent recombination (Supplementary Section .

In absence of the spin-dependent radiative recombination (I'qp, = 0), the DCP is proportional to
the exciton polarization: PP = —p, contributed by the exciton-DBS exchange. Its magnetic field
dependencies in horizontal NPLs are shown in Fig. [4p for different exchange energies: £, = 1.2, 0,
and —0.55 meV. The corresponding ordering of exciton Zeeman sublevels are shown schematically
in the inserts. For E, = 0 meV (green) AEp(B) is just the intrinsic Zeeman splitting of the dark
exciton with gp = 2, which positive value results in a negative P'*. E, = 1.2 meV (red) corre-
sponds to a ferromagnetic exchange of the dark exciton with the DBSs, which increases AEr(B)
and, correspondingly, P'". For an antiferromagnetic exchange with E, = —0.55 meV (blue), in
weak magnetic fields the exchange with DBSs is stronger than the intrinsic Zeeman splitting and
the order of exciton spin levels is reversed giving rise to positive P'". However, the non-monotonic
dependence of AER(B) results into non-monotonic dependence of P''(B) with changing sign at
B. = By.

The spin-dependent radiative recombination (I'g, # 0) affects the DCP and for large values of
Ian/TF equation (4) leads to PP" = (pap, — pex)/(1 — pexpan). The DCP of horizontal NPLs with
account for I'gy, # 0 according to equation are shown in Supplementary Figure The effect
of T'qp # 0 on P'" is dramatic for the case of small or negative values of E,, but very small for
E, =1.2 meV.

DCP in Sample 1. One can see in Fig. dp that P2°" at E, = 1.2 meV increases monotonically
reaching saturation level PP — —1 at large magnetic fields. In experiment smaller and non-
monotonous DCP is observed in Sample 1. The DCP saturation can be reduced by account of the
vertical NPLs with § = 7/2 that may exist in stacks and deliver unpolarized contribution to PL
because of zero Zeeman splitting. The resulting DCP of the NPL ensemble is

o Ihor(B) or
PC(B) B Ihor(B) + Iver(B) Ch

Here Iyor(Iyer) is the complete PL intensity from horizontal (vertical) NPLs. The depolarization
factor A is responsible for the reduction of the DCP saturation value P$2%. It was found to be field

(B) = A(B)P*(B). ()
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FIG. 4: Concept and theory. a. Modeled DCP of horizontally oriented NPLs at T = 4.2 K with
gr = 2 and different E, = 1.2 meV (red), 0 meV (green), and —0.55 meV (blue). Insets show schemat-
ically corresponding exciton Zeeman splittings. b. Depolarization factor A(B) = Inor/(Ihor + Iver) =
2Thor/ (2T hor + Mlver) with 7 = 1. c. Equilibrium DCP of NPL ensemble P24(B) = A(B)PM*(B). d.
Schematic presentation of exciton Zeeman sublevels in external magnetic field. The Zeeman splitting is
large in horizontally oriented NPLs (left), and zero in vertically oriented ones (right). The emission of the
latter is accelerated in magnetic field due to mixing with bright states. e, f. Magnetic field dependence of
Phor(B) in ensemble of horizontal NPLs at temperatures of 4, 5, 6, 7, and 8 K (arrows show temperature
increase), gr = 2. e: No spin-dependent recombination of the dark exciton (Igp/T'% = 0), E, = —0.55
meV. f: Strong spin-dependent recombination (Tqp/T% = 0.91), E, = —0.1 meV. Insets show corresponding
temperature dependence of critical magnetic field.

independent for the trion emission in CdSe/CdS NPLs%®. For the dark exciton PL, the magnetic
field dependence of the depolarization factor A(B) = 2o (B)/[2Tor(B) 4+ nl'ver(B)] arises via
different field dependencies of the exciton radiative recombination rates I'ho;(B) and Iye (B) in
horizontal and vertical NPLs, while the lifetimes 71,1 are the same in both orientations (Methods
and Supplementary Section . Here 7 is the ratio of photoexcited vertical and horizontal NPLs.

The field dependence of the depolarization factor A(B) is shown in Fig. . It is calculated with
Thor(B) = Ty and Ty (B) = To+T'F (B, /2) from equation (6]) with parameters for Sample 1 from
Table 1, go = 1.7 and n = 1, corresponding to equal concentrations of horizontal and vertical NPLs.
The decrease of A(B) with growing magnetic field is caused by the magnetic-field-induced increase
of Tyer(B). The cumulative effect of P''(B) and A(B) for equilibrium polarization is shown
in Fig. 4i Ic Note, that for Pe%(B) only NPLs with lifetime 7, should be considered. Important
here is that for £, > 0 the DCP becomes non-monotonic due to the decrease of A(B). Also the
absolute values are reduced compared to P''(B) in Fig. l The ratio of vertical to horizontal
NPLs, characterized by 7, controls the maximum DCP value and the saturation value P52 in high
magnetic fields (Supplementary Fig. , which allows one to evaluate 7 from the measured P:*(B).

Equation ([5)) allowes us to model Ps%(B) and P,"*(B) in Sample 1 measured at different temper-
atures (Fig. ,d). Details and parameters are given in Methods and Supplementary Sections



At low temperatures the exciton-DBS interaction increases the DCP slope in weak fields
and the strongly non-monotonic behavior is obvious. It softens with increasing temperature due
to decrease of the exciton (pex) and DBS (pqp) polarizations. In the modeling we use only few
fitting parameters and there is not much freedom of choice for their values as they control different
features of the DCP dependence. In particular, the best fit is received with g, = 0. We conclude
that the DCP in Sample 1 is dominated by the exciton-DBS exchange contribution to the Zeeman
splitting, while the DBS-assisted exciton recombination is not important.

Spin-dependent recombination in Sample 2. Strongly non-monotonic and sign-reversal
DCP dependence on magnetic field in Sample 2 (Fig. ) is characterized by the critical field
B. = 82T at T = 4.2 K, where the exciton DCP vanishes. It can be modeled within two
approaches distinguished by the role of spin-dependent recombination. The first one disregards it
(Tap = 0) and requires E, = —0.55 meV (Fig. ) In this case at B. = By = 2|Ep|pan/gr s,
also AFp=0, and, consequently, pex = 0. The exchange contribution decreases with increasing
temperature due to depolarization of surface spins. As a result, B, = By should shift to smaller
values (Supplementary Fig. and Fig. [4, inset). This is, however, in contradiction with the
experimental appearances of Sample 2, shown in Fig. for Pin® and Supplementary Fig. for
P9, The second approach, shown in Fig. , accounts for the finite spin-dependent recombination
(Pap/T% = 0.91) and requires a smaller E, = —0.1 meV. For I'qy, # 0, B. # By and is no longer
determined by the condition AER = 0, but by pex = papLan/(Tr + Tap), as not only the exciton
polarization, but also its spin-dependent recombination dynamics are involved. Importantly, in this
case the temperature dependence of B, looks very different, shifting with increasing temperature
first to higher fields, then turns around and decreases (Fig. , insert). This is in good agreement
with the experimental results from Fig. Bb. Therefore, we conclude that in Sample 2 the DCP
dependencies are controlled by the strong DBS-assisted spin-dependent recombination.

It is worth noting, that in Sample 2 the positive sign of DCP in weak fields is provided by the
spin-dependent recombination. In its absence, at £, = —0.1 meV the DCP should be negative,
as 2|Eplpap < grpsB and AER > 0 at all magnetic fields and temperatures (Supplementary
Fig. [S6h,b,c) with the order of levels the same as for E, = 0 (Fig. [4h, inset). As one can see in
Supplementary Fig. [S7b, in case of a small exciton-DBSs exchange splitting (2|Ep|pap < grupB)
and gr < gqp, the spin-dependent recombination determines the DCP sign.

The CdSe NPLs in Samples 1 and 2 differ not only by the role of the spin-dependent recombi-
nation for their exciton polarization, but also by the type of exciton-DBS exchange, i.e. the sign
of E,. It is ferromagnetic in Sample 1 synthesized in argon atmosphere, but antiferromagnetic in
Sample 2 prepared in air. Obviously, different surface states are responsible for that, whose origin
still has to be disclosed. Note, that two different types of surface paramagnetic centers were iden-
tified by electron paramagnetic resonance on CdSe micropowders prepared in vacuum and in air.24
They were tentatively assigned to intrinsic vacancies of Cd or Se surface atoms and to absorbed
oxygen or water.

Conclusions

We have demonstrated experimentally that colloidal nanoplatelets made of diamagnetic CdSe
semiconductor have paramagnetic surface spins. They can be detected optically via the dark exciton
photoluminescence. Being polarized in external magnetic field the surface spins provide additional
Zeeman splitting of the exciton states, as well as contribute to exciton spin-dependent radiative
recombination. We have developed a theoretical formalism to account for these two factors in
the circular polarization degree of exciton emission in magnetic field. Modeling of the data has
allowed us to estimate the values of the exchange constants and exciton recombination rates and to
establish their dependence on the synthesis conditions of the CdSe nanoplatelets. Their preparation
in argon or air atmosphere results in different types of surface states interacting either ferro- or
antiferromagnetically with the dark excitons. In the latter case the spin-dependent recombination is




crucial. The comparison with the charged exciton in bare CdSe nanoplatelets and with the exciton
in core/shell CdSe/ZnS nanoplatelets evidences that the electron interaction with the surface spins
is the key factor for the observed effects. The demonstrated experimental approach to surface
magnetism can be extended to study chemically or physically modified nanocrystals, e.g., by their
interaction with magnetic substrates or magnetic nanocrystals. Spin functionalization of surfaces
in colloidal structures is important for their use as nanomagnetic markers. Another promising
application field may arise from the combination of surface magnetism with chiral organic ligands.

Methods

Samples. We studied three batches of CdSe-based NPLs: (i) Sample 1 contains bare core CdSe
NPLs with 4 monolayers thickness being synthesized in argon atmosphere, (ii) Sample 2 consists of
bare core CdSe NPLs, also with 4 ML thickness synthesized in ambient conditions, and (iii) Sample
3 contains core/shell CdSe/ZnS NPLs with the same core thickness surrounded by 5-ML-thick ZnS
shells from both sides. The sample parameters are given in Table [l Sample 1 was characterized
comprehensively in ref. 21 additional data for Samples 2 and 3 (TEM images, room temperature
absorption and emission spectra, recombination dynamics at low temperatures) are given in the
Supplementary Section For CdSe NPLs most of the surface atoms are located in the planar
surfaces, which are [100]-oriented with Cd-terminated facets,* only a small fraction is on the side
facets of 1 nm width, i.e. most of surface atoms are Cd. Additionally, results for two further
CdSe NPLs with 5 ML (Sample 4, in argon) and 4 ML (Sample 5, in air) are given in Supporting
Information.

Samples 1 and 4 were synthesized according to the protocol reported in ref. 20/ in argon atmo-
sphere. Samples 2 and 5 were synthesized in ambient conditions and differ by lateral dimensions.
In a typical synthesis conducted under air, 70 mg of cadmium myristate and 24 mg of elemental
selenium were added to a vial containing 7 mL of ODE. This mixture was heated, under stirring on
a hot plate, to 210°C and kept at this temperature for 10 minutes. Next, 90 — 180 mg of cadmium
acetate was added, and the mixture was kept at 210°C for another 8 min. Finally, the mixture
was cooled to 160°C using an air flow, 1 mL of oleic acid was injected, and the vial was further
cooled to room temperature. CdSe nanoplatelets were separated from the synthesis byproducts by
selective precipitation and centrifugation, and finally suspended in hexane. All CdSe NPLs were
passivated by oleic acid.

Optical measurements. Concentrated NPL solutions were drop-casted onto a quartz plate
and mounted on top of a three axis piezo-positioner in the variable temperature insert (2.2—70 K) of
a liquid helium bath cryostat. External magnetic fields up to 15 T, generated by a superconducting
solenoid, were applied in the Faraday geometry, i.e. parallel to the light propagation direction. The
PL was excited by a laser diode (405 nm, 3.06 eV) in cw or pulsed mode (pulse duration 50 ps,
repetition rate varied between 0.8 and 5 MHz). The laser beam was focused into a spot with 200 pum
diameter. The signal was collected through the same lens, dispersed by a 0.55-m monochromator
with 600 or 1800 grooves/mm, and detected either by a liquid-nitrogen-cooled charge-coupled-
device (CCD) camera or by an Si avalanche photodiode connected to a conventional time-correlated
single-photon counting setup. The temporal resolution of the time-resolved measurements was
0.3 ns. For polarization-resolved measurements the PL was analyzed by a combination of a quarter-
wave plate and a linear polarizer.

Modeling details.

a. Exciton recombination dynamics in magnetic field. The observed magnetic field
dependencies of the dark exciton lifetimes 7\ and 7y, in the Sample 1, see the insert in Fig. [Ib, are
described by 1/7;, = T + I'B(B,0) and 1/my = 1/71, + Ty, where I'B(B, 0) is the radiative rate
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acquired in a magnetic field not parallel to the c-axis, e.g., for the vertical NPLs (case § = 7/2 in
Fig. ), via admixture of the bright exciton state:20/27:36

BB sin 6 2
Q”B> Ty (6)

Here I'y is the radiative recombination rate of the bright exciton, ge is the in-plane electron g
factor. The parameters used are: 6 = /2, F% = 0.009 ns~ !, T’y = 0.083 ns™!, AEAr = 4.6 meV,
I'a = 10 ns~! (Table [I) and go = 1.7 from ref. 37. The details and data for other samples are
discussed in the Supplementary Section We assume that in zero magnetic field 71, and
correspond to two NPL subensembles, where recombination of the dark exciton is either purely
radiative or has both radiative and nonradiative channels. The subensemble with 7y can be
associated with NPLs in stacks: It was reported that NPL stacking results in a 10-fold decrease
of quantum yield compared to isolated NPLs®® Among possible reasons for the decrease is the
energy transfer between NPLs in stacks delivering excitons to NPLs with nonradiative centers,
as the inter-platelet distance is only 5 nm? Transfer times of 6 — 10 ps were reported4¥ The
nonradiative centers can be deep trap states, 4143 surface imperfections, etc. The relative PL
intensity of the middle component, Iyg/(Iy; + I1.), increases as B? (Supplementary Section ,
indicating an increase of the radiative quantum yield of dark exciton in the subensemble with the
nonradiative decay channel.

Typically, the drop-casted NPLs have two preferable orientations on the substrate: vertical
NPLs with c-axis parallel to the substrate plane, which are known to exist in stacks, and horizontal
NPLs with c-axis perpendicular to the substrate plane with the magnetic field applied perpendicular
to the substrate. These two orientations correspond to angles § = 7/2 and 0, respectively.

For the horizontally oriented NPLs, I'E(B,0) = 0 [equation (6)] and I'r(B) = Ty. Even for
tilted NPLs with 6 = 7/6, the decay time 71, would exceed 25 ns in B = 15 T. The experimentally
observed PL decay (Fig. ) does not contain such a long component at B = 15 T. This may indicate
a strong coupling or energy transfer between the horizontally and vertically oriented NPLs, resulting
in the same life time for both orientations. An efficient Forster energy transfer was indeed reported
in NPLs #5840 Apn analysis of the mechanisms resulting in the same magnetic field dependencies of
the exciton life times in vertical and horizontal NPLs in our ensembles is beyond the scope of this
article and will be presented elsewhere. For further modeling of the magnetic field dependencies of
Ihor(B) and Iyer(B) used in equation and, thus, of the depolarization factor A(B), we simply
assume the same exciton lifetimes in horizontal and vertical NPLs.

With this assumption, the resulting DCPs, P.\(B) and P.p,(B), in the subensembles with
lifetimes 7y and 71, respectively, can be found as (see Supplementary Sections [S5 C}, |S5 D], [S5 E)

21 0r (B . .
hor (5) PYE \(B) = A PR v (B) - (7)

P B) =
e, (B) oy (B) + . mLver (B) M)

Here 71, and ny are the ratios of photoexcited vertical and horizontal NPLs with long lifetimes 7
and 71, respectively.

b. Equilibrium and time-integrated DCP. For the modeling and fitting of the DCP we take
exciton g factor gr = ge — 3gn ~ 2, being composed of the electron and hole g factors: ge ~ 1.757
and gp &~ —0.1. This hole g value is in agreement with the trion DCP in Sample 1 (Supplementary
Section and with the theoretical value??. For the depolarization factor we use parameters for
sample 1 given in the Table 1.

The equilibrium DCP, P59, corresponds to the DCP saturation at times ¢ > 7. Therefore, it
is contributed by NPLs with 71, only and P:%(B) = P.1,(B). To obtain a better fit of the data
for PYY(B) in Fig. , we additionally allow a weak field dependence of the spin-independent
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radiative rate in the horizontal NPLs T'r(B) = T'g +7T'B(B, 7/2), where 7 is a fitting parameter.
Such dependence can be caused by the coupling to the excitons in vertical NPLs, by a small tilt
angle for the horizontal NPLs. The best fit shown by lines in Fig. [2d is achieved with the parameters
used also for Figs. E|a—c, where £, = 1.2 meV and v = 0.16. The use of v # 0 softens the decrease
of the depolarization factor with B (Supplementary Fig.|Sg|), allowing for a larger saturation value
of the DCP.

The best fit of the DCP data in Sample 1 shown in Fig. [2d is obtained without accounting for the
spin-dependent recombination (I'qp, = 0). When the DBS-assisted spin-dependent recombination
(Tap # 0), the total radiative recombination rate of the dark exciton in horizontal NPLs is given
by Thor(B) = I'r(B) + L[l — pex(B)pan(B)]. In the case pex(B)pan(B) > 0 this results in the
prolongation of the exciton life time in magnetic field instead of shortenning. The effect of the spin-
dependent radiative recombination on the exciton life time is similar to the effect of its nonradiative
counterpart considered in the pioneering paper on spin-dependent recombination on silicon surface
by Lepine 44 Note, that the spin-dependent nonradiative recombination affects the exciton lifetime
and its polarization pex.2® but maintains the direct proportionality between DCP and pey 29 In
contrast, the spin-dependent radiative recombination additionally affects the DCP (see equation
and Supplementary Section .

Model calculations of the P; in sample 1 with Igp/T% = 0.5 and Tqp/I'% & 1 are less reliable
(Supplementary Fig. . As shown in Supplementary Figure , the effect of T'qp,/T'% # 0 on
Phor for E, = 1.2 meV is very small. However, Iqp,/ FDF = 0 in this case sharpens the decrease of
the depolarization factor with magnetic field.

For the time-integrated DCP, the contributions of the two subensembles with long and middle
lifetimes result in (Supplementary Section [S5 E)

PC7L(B) + PC7M(B)IM/IL
1+ IM/IL ’

where I\ /I1, = Apymv/ALTL is the ratio of time-integrated intensities of the subensembles with 7y
and 11, (see Supplementary Section . It can be seen from equations 7, that the difference
between Pe4(B) and P"*(B) < P{4(B) is caused by the relation P\ < P.p, that can be provided
by two factors: (i) a smaller DCP Pchﬁ/f < Pckjﬁr in horizontal NPLs and (ii) a larger number
of vertical NPLs in the subensemble with lifetime 7\ (v > 7). Fitting of the experimental
dependencies for P (B) as presented in Fig. 2c was performed with ny = 1.3, = 1, gr = 2,
Fap =0, ym = 7. = 0.16, E, = 1.2 meV for the subensemble with 71, and £}, = 0 meV for the
subensemble with 7.

Data availability. The data that support the plots within this paper and other findings of

this study are available from the corresponding author upon reasonable request.

PM(B) = (8)
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S1. ADDITIONAL DATA FOR SAMPLES 2 AND 3: TEM, ABSORPTION AND
EMISSION SPECTRA

Transmission electron microscopy (TEM) images of samples 2 and 3 are shown in Figs.
and , respectively. The CdSe NPLs of Sample 2 have lateral dimensions of 4.9 x 24 nm?, i.e.
carriers are weakly confined in the smaller lateral direction. This partially explains the blue shift
of the emission line compared to the one in Sample 1 having lateral dimensions of 8 x 16 nm?.
One can see in Fig. that the CdSe NPLs of Sample 2 have two preferential orientation: either
vertical (in stacks) or horizontal. The CdSe/ZnS NPLs of Sample 3 have lateral dimensions of
about 18 x 18 nm? and the total thickness of 14 monolayers (MLs), being composed of 4 ML CdSe
core and 5 ML ZnS shells on both sides. In the center of Fig. one can see thin dark stripes
corresponding to CdSe/ZnS NPLs vertically standing on their edges. These core/shell NPLs avoid
stacking and tend to lay horizontally.

Room temperature absorption and emission spectra of bare CdSe NPLs (Sample 2) and core-
shell CdSe/ZnS NPLs (Sample 3) are shown in Figs. and [SIH, respectively. In the absorption
spectra of both samples, two peaks corresponding to the heavy-hole and light-hole excitons are
clearly seen. They are separated from each other by 146 and 220 meV in Samples 2 and 3,
respectively. The full width at half maximum (FWHM) of the emission line in Sample 2 is 57 meV,
and its maximum has a Stokes shift of 17 meV from the absorption peak. In Sample 3 these values
are 98 meV and 40 meV, respectively. It is a characteristic feature of NPLs that the addition of
the shell results in a broadening of the exciton lines.

S2. EXCITON RECOMBINATION DYNAMICS AND BRIGHT-DARK ENERGY
SPLITTING

A. Three-level model

In bare core CdSe NPLs, as well as in core/shell CdSe/ZnS NPLs the emission at low tempera-
tures originates from excitons, see Fig.[Th. Usually, the following three-level system is considered for
describing the exciton recombination dynamics in colloidal NCs (Fig. ): the two lowest states of
the exciton fine structure with momentum projections £2 (“dark” excitons, dipole-forbidden tran-
sition |F)) and +1 (“bright” excitons, dipole-allowed transition |A)), and the unexcited crystal
state |G). The bright and dark states are separated by the exchange energy AFEar of several meV.
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FIG. S1: Characterization of Samples 2 and 3. Top: Transmission electron microscopy (TEM) images.
Bottom: Room temperature photoluminescence (red) and absorption (blue) spectra. Heavy-hole (hh) and
light-hole (lh) exciton absorption peaks are marked by black arrows. a, b, 1.2-nm-thick CdSe NPLs (Sample
2). ¢, d, core/shell CdSe/ZnS NPLs (Sample 3).

Within this model, the time-resolved PL at low temperatures is expected to show a bi-exponential
decay with a short and a long-lived component with corresponding times 7g,ort and 71,. The short
component is determined by radiative recombination of the bright exciton described by the rate I'a
and its energy relaxation into the dark exciton state described by rate vg. The long component cor-
responds to the dark exciton recombination with rate I'r at low temperatures, when kT << AFEap.
At elevated temperatures, when the dark exciton can be activated to the bright state, I't, is a func-
tion of I'a, I'r and AFar, which allows one to evaluate AFar from the temperature dependence
of T'L(T'). This approach was discussed in detail in ref. 21, where Sample 1 and two other NPL
samples are comprehensively analyzed. The values of I'r, evaluated from two-exponential fits to
the data are shown by the filled red circles in Figs. and . Their fits with equation (S1)) are
given by the dashed lines.

AE AFE
T'a +Tr + qpcoth (ﬁ) - \/(I‘A —TI'r + 70)2 + 73 sinh ™2 (T;F)

T(T) = + (S1)

2 2kT

Most colloidal nanostructures can be treated by this approach. Even if small deviations from
a bi-exponential behavior are present, they do not significantly affect the accuracy of the AFEsp
evaluation. Below we show that although Samples 1 and 2 exhibit three-exponential decays, AFEap
obtained from these fits are almost the same as from bi-exponential fits. Even Sample 3, which
exhibits a multi-exponential behavior, can be also treated with this simple model.

B. Temperature-dependent time-resolved PL in Samples 1 and 2

In ref. 21 the PL decay of CdSe NPLs was fitted with a two-exponential function, which gives a
reliable evaluation of the long decay time 7y,. In fact, the PL decay I(¢) across the whole temporal
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FIG. S2: Photoluminescence decay vs temperature. a, Three-level model: |A) and |F) are bright and
dark exciton states, and |G) is unexcited crystal state. More details are given in ref. 21l b, Temperature
dependence of the long component decay rate I'y, for Sample 1, obtained from two-exponential fit (red
symbols) and three-exponential fit (green symbols) of the PL decay. Blue symbols correspond to middle
decay rate from three-exponential fit. Blue curve describes decay rate I'y; = I', 4Ty, in the subensemble with
a nonradiative recombination channel. The curves are fits with AEAp = 5.0 meV (red) and AEar = 4.6 meV
(green and blue). Recombination dynamics at different temperatures for Sample 1 can be found in Fig. 4a
of ref. 21l ¢, PL decays at the maxima of exciton line of Sample 2 at various temperatures. d, Long and
middle component decay rates I'r, (green) and I'y (blue) in Sample 2 as function of temperature. Long
decay component of two-exponential fit is presented by red circles. Lines are fits with equation (2) in ref. 211
The resulting I'p, 71, = I'p L and AEap are given in Table m e, PL decays at maxima of exciton line of
Sample 3 measured at various temperatures. f, Long component decay rate I'y, in Sample 3 as function
of temperature. Lines are fits with equation (2) in ref.