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Carrier multiplicationis a process whereby a kinetic energy of a carrier
relaxes via generation of additional electron-hole pairs (excitons).

This effect has been extensively studied in the context of advanced
photoconversion as it could boost the yield of generated excitons. Carrier
multiplicationis driven by carrier—carrier interactions thatlead to
excitation of a valence-band electron to the conduction band. Normally, the
rate of phonon-assisted relaxation exceeds that of Coulombic collisions,
which limits the carrier multiplication yield. Here we show that this
limitation can be overcome by exploiting not ‘direct’ but ‘spin-exchange’
Coulombinteractions in manganese-doped core/shell PbSe/CdSe
quantum dots. In these structures, carrier multiplication occurs via two
spin-exchange steps. First, an exciton generated in the CdSe shell is rapidly
transferred toaMn dopant. Then, the excited Mnion undergoes spin-flip
relaxation via a spin-conserving pathway, which creates two excitons

inthe PbSe core. Due to the extremely fast, subpicosecond timescales

of spin-exchange interactions, the Mn-doped quantum dots exhibit an
up-to-threefold enhancement of the multiexciton yield versus the undoped
samples, which points towards the considerable potential of spin-exchange
carrier multiplicationin advanced photoconversion.

During carrier multiplication (CM) a high-energy, ‘hot’ electron or
hole relaxes within the same band by creating new electron-hole (e-h)
pairs'. This occurs viaone or moreimpact ionization events whereby
apre-existing valence-band electronis excited to the conduction band
viaan Auger-type collision with a high-energy carrier. In principle, CM
canimprove the performance of optoelectronic, photovoltaic (PV)
and photocatalytic devices because due to this process, the quantum
efficiency of the photon to e-h pair conversion (Q.,) becomes greater
thanone’ ", Inthe case of PVs, this would boost the photocurrent and,
asaresult, the power conversion efficiency could reach 44.4% instead
of 33.7% in the case of Q,, =1 (refs. 14-16).
Duetorestrictionsimposed by energy and translational momen-
tum conservation, in bulk semiconductors, the photonenergy (hv; his
thePlanck constant, and vis the photon frequency) required to trigger

CM s at least four bandgaps (£,) and typically is much higher®”*®. As
aresult, for most PV-relevant semiconductors, the onset of CM (hv,;
Uy, is the photon frequency at the CM threshold) is too high for this
effect to provide adiscernible contribution to a photocurrent. Due to
the relaxation of the translational momentum conservation”, the CM
thresholdis reducedinzero-dimensional semiconductor quantum dots
(QDs)* %, In particular, in colloidal PbSe QDs, the CM onset is below
3E, (ref.5), versus >6.5E, inbulk PbSe (refs. 9,18). A further decreasein
hv,, has been obtained using specially engineered PbSe/CdSe (ref. 23)
and PbS/CdS (ref. 24) hetero-QDs, for which the CM threshold drops to
~2E,—thatis, it reaches the energy-conservation-defined limit.
Another important characteristic of CM is the e-h pair creation
energy, £, = (dQ./dhv)™ (ref. 25). The inverse of ¢, defines the steep-
ness of the Q., growth, implying that for afixed photon energy, smaller
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Fig.1| Auger recombination and impactionization inundoped and Mn-
doped QDs. a, Impact ionization (left) can be thought of as the inverse of Auger
recombination (right); GSis the ground state, and X and X* are the band-edge
and the hot-exciton states, respectively. During Auger recombination, the
energy of one exciton is transferred to the other, which leads to the formation
of ahot-exciton state (right). In the course of impactionization, a hot exciton
loses its kinetic energy by creating a new exciton (left). b, The 1S TA dynamics
ofthe undoped CdSe QDs obtained using 2.4 eV excitation and two different
pump fluences, (N,;,) = 0.03 (black) and 3 (red). The higher pump intensity trace
exhibits afastinitial component (-82 ps time constant) due to multi-carrier
Auger recombination. The inset shows the extracted Auger dynamics obtained
by subtracting tail-normalized high- and low-pump-fluence traces
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(8ais the difference between TA signals for the different (N,,) values). ¢, The same
measurements as inb, applied to the Mn-doped sample ((N,;,) = 0.1and 2), reveal
considerably faster dynamics arising from spin-exchange Auger recombination
(note a100-fold difference in the overall time spansin c and b). Based on the
‘extracted’ Auger decay (inset), the characteristic time constantis 340 fs.d, An
‘excitonic’ representation of spin-exchange Auger recombination (left) and spin-
exchange CM (right). In the first process, the energy released during spin-flip
relaxation of the excited Mnion (Mn*), £, is transferred to the QD band-edge
exciton, leading to the formation of a hot exciton. During spin-exchange CM,

the Mnion excited via capture of a hot exciton (step 1) relaxes by generating two
band-edge excitons (step 2).
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values of ¢, lead to higher Q... Based on previous research, &, is con-
trolled by theinterplay between the energy gain rate (r,, ;) and energy
lossrate (r,,s,) associated with, respectively,impactionizationand pho-
nonemission®.In particular, near the CM threshold, &, = E,(Fioss/ Fgain,i)»
where rgin i = Eg/T; and Fios = Eppon/Tonons Tii IS the characteristic time of
a Coulombic collision (impact ionization), and E,,, and 7., are the
characteristic phonon energy and the phonon emission time, respec-
tively’>”. Inbulk semiconductors, the minimal value of ,,,is -3E,, (ref. 25),
suggesting that energy losses outpace energy gainsby at least afactor
of three. Together with the high CM threshold, this greatly limits the
practical utility of the CM process.

Interestingly, while demonstrating areduced CM threshold, QDs
do notexhibitan appreciable reductionin &., compared to bulk solids>.
In particular, as was pointed out in the literature?, zero-dimensional
confinement leads to a synchronous increase in the rates of both the
Auger interactions underlying CM and the competing intra-band
energy losses (likely also assisted by Auger-type processes®”*®). As a
result, the relationship between r,,, ;and i, is not appreciably modi-
fied by quantum confinement and still remains unfavourable for the
CM process. Therefore, while properly designed QD PVs exhibit a dis-
cernible CM contributionto a photocurrent, the overallimprovement
in power conversion efficiency is fairly small’. This suggests that the

primary challenge in harnessing CM for practical photoconversionis
thereductionof g,

In the present work we tackle this challenge by exploiting not
standard (spin-insensitive) but spin-exchange Coulomb interactions.
In particular, recent studies of Mn-doped CdSe QDs demonstrate that
energy transfer fromanexcited Mnion (Mn*) to carriers residing inQD
intrinsic states is extremely fast (-100 fs timescale), which allows for
theejectionof ahotelectron outside the dot prior toits coolingto the
band edge**”. The estimated energy gainrate reaches very high values
of more than10 eV ps™, and as a result, it overshoots the energy loss
rate by afactor of approximately seven (refs. 26,29). This is adramatic
departure from the standard situation when rg,;, i/1ioss < 0.3, which is
expected tolead to the enhanced CM.

Here we use Mn-doped core/shell PbSe/CdSe QDs to demonstrate
thatspin-exchangeinteractionsindeed open anew, highly efficient CM
pathway. This pathway includes two steps: very fast spin-exchange exci-
tation transfer fromthelight-harvesting CdSe shell toaMn dopant, fol-
lowed by spin-flip relaxation of Mn*accompanied by generation of two
excitons in the PbSe core. We also detect weak signatures of radiative
decay of Mn*leading to the formation of aPbSe-core excitonand anear-
infrared (NIR) photonwhose energy is defined by the difference between
the energy of the Mn spin-flip transition and the PbSe-core bandgap.
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Fig.2|Spin-exchange CM. a, Spin-exchange CM (SE-CM) in Mn-doped PbSe QDs.
Spindirections are shown by short, black single-sided arrows. Spin-conserving
transitions are shown by red arrows. Due to spin conservation, the biexciton
produced via relaxation of the excited Mn ion is acombination of adark and
abright exciton (spins1and O, respectively) in two different L valleys of PbSe
(L,and L,). The final biexciton state comprises two band-edge electrons with
co-aligned spins, which isimpossible in a single-valley semiconductor due to
Pauli exclusion. b, An excitonic representation of spin-exchange CM in Mn-doped
PbSe/CdSe core/shell QDs. An exciton generated in the CdSe shell (X¢gs.) initiates
thefirst step of spin-exchange CM, which is formation of the excited Mn state
(Mn*) due to CdSe-Mn spin-exchange energy transfer (step 1). During step 2, Mn*
undergoes spin-flip relaxation by creating two excitons in the PbSe core (Xpys.)
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via the spin-exchange process depictedin a. ¢, A schematic depiction of QD
synthesis. Mn dopants are incorporated into preformed PbSe QDs via diffusion
doping. The CdSe shellis formed using a controlled cation exchange reaction
during which the original cations in the peripheral region of the QD are replaced
with the Cd**ions. d, A typical TEM image of Mn-doped PbSe/CdSe core/shell
QDs (scale bar, 5 nm). Inset shows a higher magnification view of anindividual
QD, which displays a clear core/shell structure (scale bar,2 nm). e, Absorption
(Abs.; blue) and dual-band PL (red and black) spectra of the Mn-doped PbSe/
CdSe QDs (sample Mn-1). The NIR (black; Avpye. = 0.83 €V) and visible-range (red;
hvcgse =2.38 €V) PLbands are due to emissions from the PbSe core and the CdSe
shell, respectively (inset).

Spin-exchange Auger recombination
Impactionization is often described as inverse Auger recombination
(Fig. 1a). Being closely related, these two processes are characterized
by theinterdependent energy gain rates (rg, ; and ry,, , respectively),
implying that theincrease in r,,, , should translate into the increased
I'inii- TO €lucidate the scale of a potential enhancement in ry,, ; due to
spin-exchange interactions, we conducted a comparative analysis of
Auger decay in undoped and Mn-doped CdSe QDs with a thin protec-
tive CdS shell of approximately one semiconductor monolayer. The
doped and undoped QDs had asimilar overall radius 0of2.2-2.4 nm. The
contentofinternalMnionsinthe doped sample was -1% of all cations.

To study the Auger dynamics, we apply a femtosecond tran-
sient absorption (TA) experiment to probe the evolution of the
pump-induced band-edge (1S) absorption bleaching (Aa;; Methods).
The pump photon energy (hv,) used in these measurementsis 2.41 eV.
Based on the TA dynamics of the undoped QDs (Fig. 1b), the biexciton
Auger lifetime (z,) is ~-82 ps, which agrees with previous studies of
CdSe QDs of comparable sizes*. Using this value and the QD bandgap
of 2.13 eV (determined from the position of the 1S absorption peak;
Supplementary Fig. 1), we obtain an Auger energy-gain rate due to
standard, ‘direct’ Coulomb interactions of 0.026 eV ps™.

The dynamics of the Mn-doped samples are dramatically differ-
ent (Fig. 1c). Even at sub-single-exciton pump levels when (N,,) = 0.1
({N,n) is the average number of photons absorbed per dot per pulse),
the 1S bleach decay is extremely fast (the initial 110 fs component is
followed by 2.8 ps decay), which reflects the ultrafast spin-exchange
energy transfer from the intrinsic QD exciton state to the Mn dopants
(the faster and slower time constants correspond to the internal and

surface-located dopants, respectively)**?. In the Mn ground state,
the spins of all five 3d electrons are co-aligned, which corresponds to
atotal spin of 5/2 (°A, configuration)*. Due to energy transfer from the
QD, Mn undergoes a transition to the excited 3/2 spin state wherein
one of the 3d electron spinsis flipped (Supplementary Fig. 2a depicts
this process using a ‘spin-exchange’ representation®). Based on the
pump photon energy used in these measurements (2.41 eV), excita-
tion transfer creates the *T, state of the *T,, manifold whose energy is
Evnri=2.1eV.Another excited, higher-energy Mn state of relevance to
the present study is *T, (its energy is Ey, 1, = 2.55 eV). Its involvement
will be discussed later in the context of CM measurements.

The fast subpicosecond component, which reflects the QD-Mn
interactions, becomes more pronounced in the regime of multiexciton
excitation (Fig. 1c). In particular, when (N,;,) = 2, approximately half of
the1Sbleach decays withthe 340 fs characteristic time, whichisacon-
sequence of the spin-exchange Auger recombination of a hybrid state
comprising anintrinsic QD exciton (X) and an excited Mnion®. During
this process, Mn* undergoes spin-flip relaxation to the ground state
accompanied by a spin-conserving energy transfer to a QD exciton,
whichis promoted to a higher-energy, hot-exciton state (XMn* > X*Mn;
Fig.1d, left). InSupplementary Fig. 2b, this process is depicted using a
‘spin-exchange’ representation.

Using the measured spin-exchange Auger lifetime (7, s = 340 fs),
we can estimate the energy gain rate from the ratio of £y, and 7, ¢,
whichyields-6 eV ps™. Thisis avery considerable (more than 200-fold)
enhancement versus a standard Auger process, suggesting that the
energy gain rate achieved with impactionization can alsobe enhanced
viathe involvement of spin-exchange Coulomb interactions.
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QD design for spin-exchange CM

To enable spin-exchange CM, one needs to realize the regime wherein
the excited Mnion decays by producing two excitons without violat-
ing either energy or spin conservation. To ensure energy conser-
vation, the Mn*energy must be at least twice the QD bandgap (Fig. 1d,
right). To ensure spin conservation, the overall spin of the final
biexciton must be equal to the difference in spins of the °A, and *T,,
states (ASy,, = 5/2 - 3/2=1). These two conditions can, in principle,
be satisfied with PbSe QDs, which have been extensively studied in
the context of ordinary CM*7*1%1820_PpSe is a narrow-gap material
with a bulk bandgap of 0.27 eV. Using properly sized QDs, E, can be
tuned to be a desired fraction of the Mn* energy (for example, Ey;, 1,/2
orless). Furthermore, the PbSe band structure features four equivalent
L valleys comprising band-edge excitons with spins S =0and1 (‘bright’
and‘dark’ excitons, respectively)****. In this case, the spin conservation
requirement can be met if Mn* decays to create a biexciton composed
of, for example, a dark and a bright band-edge exciton. These two
excitons must reside in two different L valleys as Pauli exclusion does
not allow same-spin electrons or holes to occupy the same band-edge
level (Fig. 2a).

One potential problem in the above scheme is weak exchange
coupling in Mn-doped PbSe QDs (hole and electron exchange para-
metersare, respectively, N, =-0.08 eVand N,a = 0.02 eV (refs. 35,36);
here, a and  are the corresponding exchange constants and N, is the
number of cations per unit semiconductor volume), which may not
allow for efficient capture of a hot exciton by the Mnion (process 1in
Fig.1d, right). To mitigate this potential complication, we have chosen
analternative system, which s core/shell PbSe/CdSe QDs, the structures
previously studied in the context of ordinary CM?. We hypothesize
that in Mn-doped PbSe/CdSe QDs, the CdSe shell will serve as both a
light-harvesting antenna and a highly efficient sensitizer of Mn ions
(Fig. 2b). Indeed, as evident in Fig. 1c, in Mn:CdSe QDs, exciton trans-
fer to a Mn ion occurs on the ultrafast (-100 fs) timescale, whichis a
consequence of the large strength of the Mn-CdSe exchange coupling
(NoB=-1.27 eV and N,a = 0.23 eV)**%. This will ensure a high efficiency
of the first step of spin-exchange CM, the hot-exciton capture by the
Mn dopants (hv, > X*c4se > Mn*; Fig. 2b). Inthe second step, Mn* relaxes
to the ground ®A, state by generating a bright and a dark excitonin the
PbSe core (Xppse,0 and Xpyse 1, respectively), that is, Mn* > Xppse 0 + Xpose,s
(Fig.2a,b). The second step should not be hampered by weak Mn-PbSe
coupling, as acompeting channel of Mn* relaxation viaa direct *T,—°A,
spin-flip transitionis very slow and occurs on millisecond timescales®**°.

Inthe proposed scheme, the Mn dopant serves as a spin-exchange
mediator, which enables the conversion of an original exciton gener-
ated in the CdSe shell into two lower-energy excitations in the PbSe
core. This motif of ‘two for the price of one’ is somewhat similar to
oneexplored recently in the context of ‘quantum cutting’in Yb-doped
perovskite QDs*"*? wherein an original QD exciton is converted into
two excited impurity ions whose deactivation occurs via emission of
two NIR photons.

Synthesis and characterization of Mn-doped
PbSe/CdSe QDs

To prepare Mn-doped PbSe/CdSe QDs, we applied a diffusion
doping approach (Methods)****. Briefly, we fabricated PbSe QDs
using procedures described in the literature* and then reacted
them with Mn-acetate, which led to the incorporation of magnetic
impurities into the QD surface layer, followed by their diffusion into
the QD interior. Then we used a standard cation exchange reaction
tointroduce Cd into a peripheral region of the QD****. This resulted
in the formation of a CdSe shell of a controlled thickness accompa-
nied by the shrinking of the PbSe core (Fig. 2c and Extended Data
Fig.1). Based on our modelling of diffusion doping followed by cation
exchange (Extended Data Fig. 2), the distribution of Mnions peaks at
the CdSe-PbSe interface and gradually falls off towards the centre
of the PbSe core. As aresult, Mnions exhibit good exchange coupling
to both an electron and a hole, as both carriers are preferentially
core localized®*°.

Most of the spectroscopic results reported in the following were
collected for a QD sample labelled Mn-1. Based on transmission elec-
tron microscopy (TEM) measurements (Fig. 2d), it contains highly
monodisperse, nearly spherical particles with a well-defined core/
shell structure. The overall QD radius (R) and the shell thickness (k) are
3.9 nmand 1.6 nm, respectively. These parameters yield the aspect ratio
p=h/R=0.41.The Mn contentis1.6% of all cations, which corresponds
to~67 ions per dot on average.

Based on the photoluminescence (PL) spectra (Fig. 2e), the band-
gap of these QDs (defined by the spacing between the conduction and
valence band-edge states of the PbSe core) is 0.83 eV. To elucidate the
effect of £, on the studied spin-exchange processes, we prepared three
additional Mn-doped samples with £,=0.91,1.18 and 1.27 eV (samples
Mn-2, Mn-3 and Mn-4, respectively). Furthermore, we synthesized
an undoped reference sample whose dimensions and spectroscopic
characteristics closely matched those of the Mn-1sample. Detailed
spectroscopicand TEM characterizations of these additional samples
can be found in Extended Data Fig. 3, Supplementary Figs. 3-5 and
Extended Data Table1.

Aswas previously observed for high-aspect-ratio, undoped PbSe/
CdSe QDs?, the Mn-1 sample exhibits dual-band emission due to
band-edge transitions associated with the PbSe and CdSe QD compo-
nents, whose energies are hvyye. = 0.83 eV and hvys. = 2.38 eV (Fig. 2e).
The lowest of these energies defines the QD bandgap: £, = Avp,s.. The
dual-band spectraare also observed for three other studied Mn-doped
samples (Extended Data Fig. 3).

CM measurements

In our experimental studies of spin-exchange CM, we monitor
the dynamics of the band-edge PbSe-core states using transient
PL and TA spectroscopies. In particular, we use a distinctive fast
multiexciton Auger decay component to detect CM and to evaluate
its efficiency*>294%,

Fig.3|CM measurements of undoped and Mn-doped PbSe/CdSe core/shell
QDs. a, Time-resolved intensity of the NIR PbSe-core emission for the Mn-doped
(Mn-1, red) and the undoped (Un, black) QDs at low (solid symbols) and high
(open symbols) pump fluences (top panel; (N,;,) = 0.01and -0.5, respectively).
These dynamics were measured using pump photons with asub-CM-threshold
energy (hv,=1.20 eVand 1.55 eV for the doped and the undoped samples,
respectively). The traces are normalized so as to match the long-time tails. The
symbols are raw data, and the lines are traces obtained via a deconvolution
procedure to account for the 58 ps IRF. The higher pump-intensity traces
develop afastinitial component that is absent in the dynamics recorded using
the low pump level. The fast PL component (middle panel; symbols; isolated via
subtraction of high- and low-pump-intensity traces) is due to the Auger decay

of bi-excitons. It exhibits exponential dynamics with time constant 7y = 170 ps
(dashed line), which is the same for the doped and undoped samples. The exciton
multiplicity ((NVy)) calculated from the A/Bratio of the ‘deconvolved’ PL traces as

afunction of (N,,) (symbols; bottom panel) is fitted using the Poisson statistics
of photon absorption events (line; bottom panel). b, A similar set of data but
obtained using 3.1 eV excitation, whichis above the CM threshold. As distinct
from a, even the lowest intensity traces exhibit a fast bi-excitonic component
(top) whose time constant (middle) is similar to that obtained using low photon
excitation. Another distinction is a strong deviation of the measured (Ny)
(symbols; bottom panel) from the Poisson dependence (solid black line; bottom
panel). In particular, the low-(N,,,) limit is greater than1, a typical signature of
CM. Based on these data, multiexcitonyields are 48% and 75% for the undoped
and doped samples, respectively. ¢, The PbSe-core NIR PL dynamics of doped
samples Mn-3 (left) and Mn-4 (right) also exhibit a pronounced bi-excitonic
component despite the use of low, sub-single-exciton pump levels (V) <0.1).
This points towards highly efficient CM. hv,, is the PL detection energy, which
defines the bandgap of the QDs probed in the CM measurements.
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First, we quantify biexciton Auger lifetimesin our core/shell sam-
ples via pump-intensity-dependent PL measurements conducted with
pump photons of low energy (Av, < 2E,), for which CMis not energeti-
cally possible. InFig.3a (top), we display the PL dynamics for the Mn-1
sample (red symbols) and the reference undoped QDs (black symbols),
obtained using hv,=1.2 eV and 1.5 eV, respectively. In these measure-
ments, Auger recombination manifests as afast initial component that
developswhen (N,,) = 1(opensymbolsinFig. 3a, top).Since its lifetime
is comparable to the temporal resolution of our PL measurements
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(the width of the instrument response function, IRF, is 58 ps; Sup-
plementary Fig. 6), we use the deconvolution with the IRF to obtain
a‘true’ shape of the PL time transients (lines in Fig. 3a). Based on the
deconvolved dynamics,inboth the doped and theundoped sample, the
biexciton Auger lifetimeis ~170 ps (Fig. 3a, middle), whichis consistent
with previous measurements of undoped PbSe/CdSe QDs>.

Further evidence that theinitial fast signal is due to bi-excitons is
obtained from the analysis of the average exciton multiplicity ((Ny);
the number of excitons per dot in a subensemble of photoexcited
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Fig. 4| CM efficiencies inundoped and Mn-doped QDs. a, Multiexciton yields
(7xx) as afunction of photon energy normalized by the bandgap (hv,/E,). The data
from the present study are shown by red (Mn-doped QDs) and black (undoped
QDs) symbols; circles and squares are the PL measurements, and stars are the

TA measurements. Labels 1to 4 are sample numbers for the Mn-doped QDs.

The PLand TA data were obtained using hv, = 3.1eV and 2.41 eV, respectively.

The blue triangles show the CM measurements of undoped PbSe/CdSe QDs from
ref. 23 (the error bars are from the same work). CM efficiencies of core-only PbSe
QDs are schematically shown by green shading (refs. 3,48*). b, An excitonic
representation of spin-exchange CM for samples Mn-1and Mn-3 in the case of
3.1eV excitation. This process occurs via activation of the Mn ion via exciton

transfer from the CdSe shell (step 1or1’) followed by Mn* relaxation, which
creates a biexciton in the PbSe core (step 2 or 2’). In the case of 3.1 eV excitation,
the energy of a photogenerated hot exciton is sufficiently high to excite both
the *T,and *T, states of the Mnion (the *T, state can also be excited via capture
of aband-edge exciton following hot-exciton cooling). In sample Mn-1, spin-
exchange CM can be driven by both the *T,—°A, and *T,—°A, spin-flip transitions.
However, in sample Mn-3, which has a higher bandgap, spin-exchange CM can
be driven only by the higher-energy *T,—°A, transition. Due to the larger number
of spin-exchange CM pathways, sample Mn-1shows a higher CM efficiency than
sample Mn-3 (a).

QDs*). This quantity can be determined from the ratio of the early
(A) and late (B) time PL signals (Fig. 3a, top) using (Ny) = (4/B+2)/3
(refs. 47-49). In the case of standard Poisson statistics of photon
absorption events, (Ny) = (N)(1-e (")), where (N) is the average
per-dotnumber of photogenerated excitons, which without CMis equal
to (N,). For both the doped and undoped samples, the measured (Ny)
closely follows the Poisson dependence (Fig. 3a, bottom), confirming
that the fast initial PL component is due to multi-excitons generated
viaabsorption of multiple photons from the same pump pulse.

Next, we conduct the same measurements using higher-energy
3.1eV pump photons (Fig. 3b). In this case, the fast bi-excitonic compo-
nent is present even at the lowest pump levels ((N,,) < 0.05), a typical
signature of CM. Furthermore, the measured exciton multiplicity (sym-
bolsinFig.3b, bottom) strongly deviates from the Poisson dependence
(black solid line in Fig. 3b, bottom), again as expected for CM when
bi-excitons are generated by single photons**’.

The value of (Ny) in the limit of vanishingly small pump powers
yields Q... Based on a linear extrapolation of (Ny) measured for the
reference sample, Q., = 1.48 =148%. This corresponds to the biexciton
yield (7¢x = Qe — 1) 0f 48%, in line with previous measurements of PbSe/
CdSe QDs for the similar Av,/E, ratio of 3.8 (ref. 23). Interestingly, for
the doped Mn-1sample, nyy is increased to 75% (Q., = 175%), despite a
slightly lower value of hv,/E, (3.7). The CM enhancementis also observed
for other QD sizes with alarger bandgap (Fig. 3c). For example, for the
Mn-doped QDs with £, =1.2 eV (sample Mn-3; Fig. 3¢, left), njyx = 42%. This
isafactor of approximately three higher than the r, value previously
measured for the similarly sized, undoped PbSe/CdSe QDs>.

To verify the results of the PL measurements, we conducted TA
studies of the Mn-doped and undoped samplesusing1.2 eVand 2.41 eV
pump photons that correspond to an excitation below and above the
CMthreshold, respectively (Extended DataFig.4). For the Mn-1sample,
these measurements reveal more than twofold CM enhancement versus
the undoped QDs (Fig. 4a, red and black stars, respectively), which is
comparable to the enhancement observed in the PL measurements.

InFig.4a, we presenta plot of ny versus hv,/E,, which summarizes
theresults of our PL (circles and squares) and TA (stars) measurements

of doped (red) and undoped (black) core/shell samples (also Sup-
plementary Table 1). These data are compared to the literature CM
results for the undoped PbSe/CdSe QDs? (triangles) and core-only
PbSe QDs***’ (green shading). AllMn-doped samples show a consider-
able CMboost compared to not only PbSe QDs but also core/shell QDs.
Importantly, the enhancement is especially large at energies near the
nominal CM threshold (hvy, nom = 2E,). For example, for hv, = 2.6, the
Mn-doped samples show nyy = 42%, while CM is completely absent in
PbSe QDs and 7y is only ~14% in the undoped PbSe/CdSe QDs>.

For deeper insight into the mechanism of spin-exchange CM, we
analyse the energies of the relevant QD and Mn-ion transitions (Fig. 4b).
The minimal photonenergy required todrive ordinary CMis 2E,. In the
case of spin-exchange CM, an additional requirement is that 2E, must be
lower thanthe energy of at least one of the spin-flip transitions of the Mn
ion. Based onthelatter condition, sample Mn-4 (2E, = 2.54 eV) is right
at the threshold of spin-exchange CM (£, 1, =2.55 eV is just slightly
higher than2£,). This might explain the sharp, stepwiseincreaseinthe
CMyield associated with thissamplein the plot of Fig. 4a. We observe a
further modest increase in n7,, for sample Mn-3, which likely occurs due
to thereductionin 2, (to 2.36 V) leading to the increased ‘energetic
driving force’ for spin-exchange CM (defined by Ey, 1, — 2E,).

As illustrated in Fig. 4b and Supplementary Fig. 7, the CM yield
also increases with the increasing number of accessible Mn* spin-flip
transitions capable of driving CM. This, in particular, might contribute
tothe growth of ., observed for sample Mn-1when hv, changes from
2.41eVto3.1eV (Fig. 4a; the red star and the red solid circle, respec-
tively). The first of these energies can access only the £y, 1, transition,
while the second is sufficiently high to excite both the £y, and Ey, 1,
transitions, and both of them caninstigate CM.

Afurtherindication of the enhancement of the CM process due to
spin-exchange interactions is provided by the analysis of the e-h pair
creation energy. The upper bound of this quantity can be estimated
from the ratio of AE = hv, — Aty nom aNd Ny Een < AE/ N« (refs. 48,49).
Applying this expression to samples Mn-1and Mn-4 (Supplementary
Fig.8), we obtain ¢, = 1.8E,and 1.3E,. In the case of Mn-4, the nominal
CM threshold (2E,) is close to Ey,1,, which helps reduce energy losses

Nature Materials | Volume 22 | August 2023 | 1013-1021

1018


http://www.nature.com/naturematerials

Article

https://doi.org/10.1038/s41563-023-01598-x

hy,

PbSe

PL intensity (a.u.)

‘Dark’
exciton

PbSe
d 24 e
E — A A .- A
Mn,T1 S

—— hvy, =
—~ 18 i
E —0— hv, 2
N 2z
§ hVPbSe + hvSE’\ g’
) 2
SRR =
o

0.6 ; , ; , ; ,

0.8 1.0 1.2 1.4

hvpyee (€V)

Fig. 5| Observations of radiative spin-exchange Mn-PbSe-core coupling.

a, The PL spectrum of Mn-doped QDs (sample Mn-1) spanning fromaNIR toa
visible spectral range. The lower-energy part of the spectrum (-0.5 eV to -1.4 eV)
isinstantaneous PL measured using a superconducting single-photon detector
(SSPD) at10 ns after excitation with 1.55 eV, 50 fs pump pulses. Using a time-
resolved SSPD technique, we are able to observe simultaneously along-lived
huvpys. band and a short-lived hvg, feature. The higher-spectral-energy PL (>1.5eV),
which comprises short-lived hvcys. and hvgg, features, is time-integrated emission
measured with a standard Si detector using 3.1 eV excitation. The observed PL
features are fitted to Gaussian bands whose widths (defined as a full-width at
half-maximum) are indicated in the figure. b, An excitonic representation of
radiative channels leading to the hvg;, and hugg, emission features. Steps1’and 1
are excitation of the *T, and *T, states of the Mn ion via exciton transfer from the
CdSe shell. Step 2 or 2’ is Mn* decay to produce a photon and a PbSe-core exciton.
¢, Amorerigorous spin-exchange depiction of the emission pathway leading to

CdSe

Time (ps)

the hug, PL features. Due to spin conservation, decay of the *T, state produces
aspin-1dark PbSe core exciton. d, Spectral energies hvy,s. (black squares) and
hugg (green circles), and their sum (Avpys, + hugg;; orange triangles) as a function
of hups. (based on the measurements of samples Mn-1to Mn-4). e, Streak-camera
measurements of the dynamics of the hvg, PLband (black trace) reveal a fast,
resolution-limited decay component. Based on the deconvolution using the
measured 8 ps IRF (the black linein the inset; the red line is a Gaussian fit; the
grey arrow shows the IRF full width at half maximum), we determine that the
relaxation time constant of the hv, PL feature (zg,) is 3 ps (blue) or shorter

(red; 7o, =1 ps). The use of longer time constants (5 ps and 20 ps; green and
orange traces, respectively) leads to an appreciable deviation of the modelling
from the measurement. The deconvolution procedure also indicates that the fast
decay component is responsible for more than 90% of the overall PL signal. The
dashed and the solid lines are the model traces before and after convolution with
the IRF, respectively.

during the Mn*-to-2Xp,. transition and thereby helps minimize &,
Importantly, the g, value realized with Mn-doped samples is up to
two times lower than that for the undoped core/shell QDs (&, > 2.6E,).

Radiative spin-exchange Mn-to-PbSe core
coupling

A closer inspection of PL spectra of the Mn-doped PbSe/CdSe QDs
reveals two weak NIR bands located between the core-related and
shell-related emission peaks (Fig. 5a and Extended Data Fig. 5).

These features are not present in the PL of the undoped samples
and, therefore, are likely associated with emission pathways involv-
ing Mn dopants. Interestingly, their energies (hvg, and hug, for the
lower- and higher-energy bands, respectively are close to the energy
difference between the Ey,1; (Eynr) transition and the PbSe band-
gap (4, = Eynm2 — Eg). For example, in the case of the Mn-1sample,
hvg, =1.28 eVand hvg, =1.82 eV, while A;; =1.27 eVand 4;,=1.72 eV. The
close correspondence between hvg, , and 4, , suggests that the NIR
features arise from the radiative spin-exchange transitions whereby
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the Ey,r; and Ey, 1, states decay by generating a photon and a dark
PbSe-core band-edge exciton: Mn*p, , > hugg , + Xppse1 (Fig. 5b,c). One
might expect that the spin-exchange channel also produces excited
PbSe-core states. Such additional radiative pathways are likely respon-
sible for the increased broadening of the hAv, , bands (330-350 meV)
compared to that of the hvye feature (236 meV; Fig. 5a).

Three other Mn-doped core/shell samples also exhibit spin-
exchange NIR bands whose energies are linked to the difference of the
energy of the excited Mn ion and the PbSe-core bandgap (Fig. 5d and
Supplementary Fig. 9). Interestingly, in samples Mn-3 and Mn-4, for
which hvpys. is greater than £y, /2, the hvgg, feature is located at lower
energies than the hv,,s. band, whichis opposite to the situation for the
two other doped samples with a smaller bandgap.

ThePL excitation measurements of the hvg, band indicate thatitis
activated via photoexcitation of the CdSe shell (Extended Data Fig. 6).
This substantiates our original concern that the Mn-PbSe exchange
coupling may not be sufficiently strong to ensure efficient capture of a
hot exciton by the Mnion, whichmotivated the use of core/shell PbSe/
CdSe structures instead of core-only PbSe QDs.

Spin-exchange CM timescale

While being clearly discernible inappropriately scaled PL spectra, the
hvg, and hug, features are very weak, and their relative PL quantum
yield versus the PbSe emission is less than 4%. This implies that Mn*
de-excitation occurs primarily non-radiatively via spin-exchange CM
(Fig.2a,b). Hence, the dynamics of the hvg, (or hvg,) band canbe used
to quantify the timescale of the spin-exchange CM process.

To monitor the dynamics of the Avg, band, we use a NIR streak
camerawith 8 pstemporal resolution (Methods). An example of these
measurements is displayed in Fig. Se (black line). The recorded trace
exhibits a fast, resolution-limited decay whose amplitude is ~150% of
thelong-time slow background. To model theinitial fast relaxation, we
use a convolution of single exponential decay (dashed lines in Fig. 5e)
with the 8 ps IRF (inset of Fig. 5e). Using a decay constant of 3 ps or
shorter, we can accurately reproduce the measurement (solid blue
and red traces in Fig. 5e). This suggests that the spin-exchange CM
timescale is very short (<3 ps), which explains the high efficiency of
this process.

Discussion

To summarize, we demonstrate Mn-doped core/shell PbSe/CdSe
QDs wherein magnetic ions act as highly effective mediators of
spin-exchange interactions between CdSe and PbSe QD compo-
nents. This opens a new CM pathway whereby the excited Mn ion
undergoes spin-flip relaxation accompanied by the generation of
two core-based excitons. We also detect signatures of radiative
spin-exchange Mn-PbSe-core coupling that manifests as weak NIR
emission features residing between the core and shell emission bands.
Due to the spin-exchange contribution to the CM process, Mn-doped
QDs exhibit a considerable reduction in the e-h pair creation energy
compared to the undoped structures, which translates into an up-to-
threefold enhancement of the CMyield at near-CM-threshold photon
energies.

The observed effectis expected tolead to an appreciableincrease
in the power conversion efficiency of PV devices (Supplementary
Section1).It canalso be exploitedinsolar photochemistry. The unique
feature of spin-exchange CMisits ability to generate two e-h pairs colo-
calized in both the time and spatial domains. This could be especially
useful in the case of multi-step, multi-electron/hole chemical reac-
tions, in which one of the rate-limiting factors is a ‘wait time’ between
sequential reduction (oxidation) steps. An overall conclusion of our
studiesisthat the use of spin-exchange interactions represents a viable
approachforboosting the efficiency of CM to levels that can make this
phenomenon of relevance to practical photoconversion in PVs and
photoinduced chemistry.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
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Methods

Materials

Lead(ll) oxide (PbO, Alfa Aesar, 99.99%), selenium shot (Se, Alfa Aesar,
99.999%), selenium powder (Se, Alfar Aesar, 200 mesh, 99.999%),
manganese(ll) acetate tetrahydrate (Mn(ac),-4H,0, Strem, 99.999%),
cadmium oxide (CdO, Aldrich, 99.99%), oleic acid (OAc, Aldrich,90%),
oleylamine (OAm, Aldrich, 70%),1-octadecene (ODE, Aldrich, 90%), tri-
octylphosphine (TOP, Aldrich, 97%), diisobutylphosphine (DIP, Strem,
97%), diphenylphosphine (DPP, Aldrich, 98%) and tetrachloroethylene
(TCE, Aldrich, 99%) were used as received without additional purifica-
tion. Allsyntheses of QDs were performed under inert conditions using
standard Schlenk-line and glove box techniques.

Synthesis of PbSe QDs

PbSe QDs were synthesized using reported methods with modifica-
tion®. Inatypical procedure, 2 M Se precursor solution in TOP (TOP-Se)
was prepared by dissolving Se shot (7.896 g) in TOP (50 ml) and by
stirring for 20 h in a glove box. PbO (892.8 mg), OAc (4 ml) and ODE
(10 ml) wereloaded in athree-neck flask and degassed at120 °Cunder
vacuum for 1 h. The temperature was increased to 220 °C under a N,
atmosphere, and a solution containing 2 M TOP-Se (1 ml), TOP (2 ml)
and DIP (0.1 ml) was swiftly injected into the flask. The reaction was
keptat200 °Cfor10 minand then quenched by removing the heating
mantle. The size of the PbSe QDs was controlled by varying the amount
of injected TOP and the growth time. The QDs were purified twice by
precipitating with a hexane/ethanol mixture solvent and redispersing
in hexane.

Doping of preformed PbSe QDs with manganese

We applied a diffusion doping procedure to incorporate manganese
into the preformed PbSe QDs****. Mn(ac),-4H,0 (245 mg), ODE (1.5 ml),
OAm (1.25 ml) and OAc (0.6 ml) were loaded into a three-neck flask
and degassed at 120 °C under vacuum for 1 h. The purified PbSe QDs
in hexane were added into the flask at 60 °C, and then hexane was
removed completely under vacuum. The Mn incorporation was per-
formed at 140 °C under N, by injecting 0.1 M TOP-Se (79 mg Se power
and 100 mI TOP) dropwise for1 min. The Mn content in the QDs (up to
7% of all cations) was controlled by the amount of added TOP-Se (up to
0.05 mmol). Thereaction was quenched by cooling to room tempera-
ture with a water bath. The QDs were purified twice by precipitating
with ethanol.

CdSeshell growth

PbSe/CdSe core/shell QDs were prepared via a cation exchange reac-
tion”** during which the original cations in the peripheral area of the
QD were replaced with Cd. For undoped QDs, CdO (160.5 mg), ODE
(2 ml) and OAc (1.5 ml) were loaded into a three-neck flask, degassed
at 120 °C for 15 min and then heated to 250 °C under N,. The mixture
was maintained at this temperature until it turned into a colourless
solution. The solution was then dried under vacuum at 120 °C for 1 h.
The purified PbSe QDs (28.6 mg) in TCE were added in the flask at
60 °C, and then TCE wasremoved under vacuum. The cation exchange
was performed by heating this solution at 120 °C under N,. The total
reaction time required to achieve a 1.6-nm-thick shell was 5 h. The
reaction was quenched by removing the heating mantle. The QDs
were purified twice by precipitating with hexane and ethanol. For
Mn-doped QDs, Mn(ac),-4H,0 (183.8 mg) and CdO (96.3 mg) were used
instead of CdO (160.5 mg). Therest of the reaction was the same as for
undoped QDs.

Sample characterization

Optical absorption spectroscopy. Steady-state optical absorption
spectrawere collected using a Perkin-Elmer Lambda 950 ultraviolet—
visible-NIR spectrophotometer. QDs were prepared as a dilute TCE
solution and loaded into a1-mm-thick quartz cuvette.

Steady-state PL spectra. NIR PL spectra were measured using a
home-built PL apparatus comprising a liquid-nitrogen-cooled InSb
detector, a grating monochromator and a 531 nm diode laser for QD
excitation. The laser beam was mechanically chopped, and the signal
was detected using alock-inamplifier coupled to the detector. Visible
PL spectra were recorded with a Horiba Scientific FluoroMax-4 spec-
trofluorometer using 390 nm excitation.

SSPD measurements of PL dynamics. In the time-resolved NIR PL
measurements, QD samples were excited using either the fundamental
(hv,=1.55eV) or second harmonic (hv, =3.1eV) output of aregenera-
tively amplified Ti:sapphire laser (Coherent, Mira oscillator and RegA
amplifier) operating at 250 kHz (pulse width, 50 fs). The PL signal was
spectrally resolved using a 20-nm-bandwidth monochromator and
detected with a single-nanowire SSPD (Quantum Opus, Opus One)
operatingat2.5 K. Atrigger signal was provided by aphotodiode, which
sampled the amplifier output, and time-correlation single-photon
measurements were performed using a PicoHarp (PicoQuant) photon
counting module. The width of the IRF was 58 ps (full width at half maxi-
mum), which was accounted for in the data analyses*. PL maps (time
resolved and spectral energy resolved) were obtained by recording
PL dynamics for a fixed spectral energy, which was varied in 0.03 eV
steps by tuning the monochromator. A series of measurements using
progressively higher excitation fluences were conducted to obtain
QD absorption cross-sections and biexciton lifetimes. Excitation with
hv,=3.1eVatverylow photondensities ((N,,) < 0.1) was used to gener-
atePL traces for measuring CM efficiencies*. Alltime-resolved PL data
were collected for vigorously stirred samples to avoid photocharging
artefacts*.

Streak-camera measurements of NIR PL dynamics. High-resolution
NIR PL dynamics were measured at the Center for Nanoscale Materials
of Argonne National Laboratory. The fundamental output (800 nm,
35 fs pulses at 2 kHz) of a regeneratively amplified Ti:sapphire laser
(Spectra Physics Mai-Tai oscillator, Spectra Physics Spitfire ampli-
fier) was doubled to obtain 400 nm, 30 fs pulses. The 400 nm pump
beam was loosely focused down to a ~700 pm spot onto a QD sample
contained in a quartz cuvette. The sample was continuously agitated
using a magnetic stirrer. The PL signal was spectrally dispersed in a
Czerny-Turner spectrograph and time resolved using a NIR-sensitive
streak camera equipped with ablanking unit (Hamamatsu C5680) syn-
chronized with the Ti:sapphire oscillator. The streak camerawas set to
its highestresolution tomeasure the first 120 ps of the PL decay. The IRF
was measured by recording the scattered 400 nm laser pulses. The IRF
was fitted using a Gaussian profile whose full-width at half-maximum
was 8 ps.

TA measurements. TA measurements of undoped and Mn-doped
core/shell PbSe/CdSe QDs were performed using a pump-probe
set-up based on a regeneratively amplified ytterbium-gadolinium
tungstate (Yb:KGW) femtosecond laser (Pharos, Light Conversion)
that generated ~-190 fs pulses at 1.204 eV with a 2 kHz repetition rate.
A fraction of the laser fundamental output (approximately half) was
used to seed a high-harmonic generator (HIRO HHG, Light Conver-
sion), producing the second harmonic radiation at -2.41 eV, used as a
pump. The remaining half of the fundamental laser output was used
to seed an optical parametric amplifier (Orpheus, Light Conversion),
producing the infrared 0.84 eV probe pulses. The pump beam was
modulated at 1 kHz using an optical chopper. The 0.84 eV beam was
splitbetween the reference and probe channels. The pump and probe
pulses were focused onto the sample so that asmaller spotilluminated
by the probe beam (70 pm diameter) was centred, with the larger spot
excited by the pump beam (150 pm diameter). Pump-probe delay
was tuned using a 4 ns optical delay line. A matching pair of InGaAs
detectors (Thorlabs) were used to measure the intensities of the

Nature Materials


http://www.nature.com/naturematerials

Article

https://doi.org/10.1038/s41563-023-01598-x

reference beam and the probe beam transmitted through the sample.
The detector outputs were fed into differential inputs of a lock-in
amplifier (SRS SR830) synchronized with the chopper in the pump
beam. TA measurements of undoped and Mn-doped CdSe QDs were
performed with a white-light supercontinuum as a probe using the
same set-up and the same procedures as those previously described
inref.29.

TEM images. TEM images were taken using a JEOL 2010 microscope.
TEM samples were prepared by depositing QDs onto a carbon-coated
copper grid from ~10 pl of hexane solution.

Data availability

All data that support the findings of this study are available from the
corresponding author upon request. Source data are provided with
this paper.
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Extended Data Fig. 1| Transmission electron microscopy (TEM) overallradius of the QDs and 6R is the standard deviation. Mn-doped QDs have
measurements of undoped and Mn-doped PbSe/CdSe QDs. The TEM images aslightly larger size than undoped QDs. This is due to addition of Mn-Se units
and size distributions of (a, b) the Mn-doped (sample ‘Mn-1’) and (c, d) the during the diffusion doping process, which leads to the increase of the overall
reference, undoped (sample ‘Un’) PbSe/CdSe core/shell QDs. Red curves are size of the QDs.

Gaussian fits of size distributions shown by black vertical bars. R is the average
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Extended Data Fig. 2| Mn-doped PbSe/CdSe core/shell QDs. a, A schematic
depiction of aMn-doped PbSe/CdSe QD. b, An exemplary TEM image of a QD
from one of the Mn-doped PbSe/CdSe QD samples (sample Mn-1). The PbSe
coreradius (r) is 2.3 nm, the CdSe shell thickness (k) is 1.6 nm, and the overall

QD radius (R) is 3.9 nm. ¢, The absorption (top) and emission (bottom) spectra
ofthe Mn-doped PbSe/CdSe QDs as a function of duration of a cation exchange
reaction (¢.;) leading to formation of the CdSe shell (red and orange traces). The
spectraof the original undoped PbSe QDs are shown in black. The spectra of
Mn-doped PbSe QDs before cation exchange are shown in green. After doping
with Mn, the PL of the PbSe QDs is completely quenched. It is recovered after the
formation of the CdSe shell. The progressive increase of the CdSe-shell thickness
leads to the shrinkage of the PbSe core, which manifests as a blue shift of the PL

o

Mn concentration

0 0.59 1
QD radius (R)

spectrum and the band-edge absorption feature. Inset: Mn content as a function
of t.¢. d, Modeling of diffusion doping of PbSe QDs using Fick’s 2" law of diffusion
leads to aMn distribution shown by the black line. The diffusion parameters
areselected so as to yield the total content of Mn ions of 8% (defined by the area
under the black trace), which corresponds to the experimental situation in the
case of sample Mn-1. Then, we assume that during cation exchange, Cd* replaces
the original cations within the shell region. The resulting distribution of Mn
ionsis given by the red trace. Based on the area under this trace, the Mn content
isreduced to 2%, which s close to the experimental value of 1.6%. This analysis
suggests that the distribution of the Mnions is peaked at the core/shell interface
and gradually decays towards the PbSe core centre.
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Extended Data Fig. 3| Dual-band emission spectra of Mn-doped PbSe/CdSe QDs. PL spectra of the Mn-doped samples: (a) Mn-2, (b) Mn-3, (c) Mn-4. All samples
show dual-band emission originating from the core (black) and the shell (red) of the PbSe/CdSe QDs.
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Extended DataFig. 4| Transient absorption (TA) measurements of carrier
multiplication (CM) inundoped and Mn-doped PbSe/CdSe QDs. Pump-
fluence-dependent femtosecond TA measurements of band-edge bleach
dynamics in Mn-doped (sample Mn-1; a, ¢, d, f) and undoped (sample Un; b, c,
e, f) PbSe/CdSe QDs probed at hw,,,,p,. = 0.84 eV (AAis the pump-induced change
insample absorbance). The measured transients are normalized so as to match
the long-time tails. These measurements were conducted using pump photon
energies hv,=1.2 eV (a-c)and 2.41 eV (d-f), which corresponded to excitation
below and above the CM threshold, respectively. In both cases, TA dynamics
develop afast Auger decay component at higher pump levels, which is consistent
with generation of multiexcitons. However, only for the 2.41-eV excitation, the

fast Auger component persists in the limit of sub-single-exciton pump levels,
whichis asignature of CM. In the case of hv,=1.2 eV, for both doped and undoped
samples (c; red and black symbols respectively), the exciton multiplicity ((Ny))
derived from the analysis of the early- and late-time TA amplitudes tends to1in
the limit of low pump fluences, indicating no CM. However, the same analysis

for the case of hv, =2.41 eV indicates (Ny) of 1.23 and 1.5 for the undoped (f; black
squares) and doped (f; red circles) samples, respectively. This is a signature of
CM. The biexciton yield in the Mn-doped sample (175 = 50%) is more than twice as
large asin the undoped sample (r4x = 23%). Dashed lines in “c’ and ‘f” are linear fits
to the data.
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Extended Data Fig. 5| Transient photoluminescence (PL) measurements

of the undoped and Mn-doped PbSe/CdSe QDs. Two-dimensional plots
oftime- and spectrally-resolved PL of Mn-doped QDs (sample Mn-1) (a) and
reference, undoped QDs (b). These data were collected using excitation with
hv,=3.1eVand (N,;,) <0.1.In addition to the band-edge NIR emission from the
core (hupyse = 0.83 eV), the Mn-doped sample exhibits a higher-energy NIR band
at1.28 eV (hug), whichis absent for the undoped sample. This band emerges
due to radiative spin-flip relaxation of the excited Mn ion which produces a NIR
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photon and a PbSe-core-based exciton (see main article). Instantaneous emission
spectra ofthe doped (c) and the undoped (d) sample obtained from “a’and ‘b’,
respectively, by ‘slicing’ the two-dimensional plots at 10 ns. These spectra have
been corrected for energy-dependent sensitivity of the detection system used in
the measurements. The experimental spectraare fitted to Gaussian bands whose
centres yield the positions of the PbSe core emission (hvp,s., red) and the spin-
exchange band (hvg,, green). The Mn-doped QDs show both the hvy,s. and hvgg,
features, whereas the undoped QDs exhibit only the hvp,s. band.
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Extended Data Fig. 6 | The PL excitation spectrum of the spin-exchange hv,;, band. The intensity of the hvs;, PL band (sample Mn-1) as a function of hv, for constant
excitation level (N,,,) <1(greensquares). This dependence shows asharp onset at ~2.36 eV (dashed red line), whichiis close to the energy of the CdSe-shell-based
exciton (hvcgs. =2.38 V).
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Extended Data Table 1| Structural and spectroscopic characteristics of the undoped and Mn-doped QDs

Sample 2R (nm) h (nm) p=h/R  hypse(eV)  hvcase(eV)  hvsei(eV)
Mn-1 7.71 £ 0.61 1.59+£0.13 0.41 0.83 2.38 1.28
Mn-2 6.59+0.57 1.57+0.12 0.48 0.91 237 1.19
Mn-3 4.64+028 1.37+0.24 0.59 1.18 2.06 0.94
Mn-4 3566030 091+£0.13 0.51 1.27 2.10 0.81

Un 7.42+0.56 1.55+0.16 0.42 0.82 - -

0

Size characteristics and PL energies of the Mn-doped (Mn-1to 4) and the reference, undoped (Un) PbSe/CdSe core/shell QDs studied in the present work. Here, R is the overall QD radius, h is
the CdSe-shell thickness, p is the aspect ratio defined as p=h/R, hv,,s. and hvs, are the spectral energies of the PbSe-core and CdSe-shell emission bands, and hvg, is the spectral energy of
the spin-exchange PL.
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