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ABSTRACT: Controlling the spin degrees of freedom of photogenerated
species in semiconductor nanostructures via magnetic doping is an emerging
scientific field that may play an important role in the development of new spin-
based technologies. The current work explores spin properties in colloidal CdSe/
CdS:Mn seeded-nanorod structures doped with a dilute concentration of Mn2+

ions across the rods. The spin properties were determined using continuous-wave
optically detected magnetic resonance (ODMR) spectroscopy recorded under
variable microwave chopping frequencies. These experiments enabled the
deconvolution of a few different radiative recombination processes: band-to-
band, trap-to-band, and trap-to-trap emission. The results uncovered the major
role of carrier trapping on the spin properties of elongated structures. The
magnetic parameters, determined through spin-Hamiltonian simulation of the
steady-state ODMR spectra, reflect anisotropy associated with carrier trapping at
the seed/rod interface. These observations unveiled changes in the carriers’ g-
factors and spin-exchange coupling constants as well as extension of radiative and spin−lattice relaxation times due to
magnetic coupling between interface carriers and neighboring Mn2+ ions. Overall, this work highlights that the spin degrees of
freedom in seeded nanorods are governed by interfacial trapping and can be further manipulated by magnetic doping. These
results provide insights into anisotropic nanostructure spin properties relevant to future spin-based technologies.
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M odifing the magnetic and magneto-optical proper-
ties of nanostructures by incorporating magnetic
impurities in bulk, epitaxial, or strain-grown semi-

conductors has been extensively explored.1−6 Diluted magnetic
semiconductors (DMS), incorporating magnetic impurities at
substitutional positions in nominally diamagnetic hosts,7,8 have
also gained high significance in the arena of colloidal
semiconductor nanostructures over the last two decades.
Colloidal DMS nanostructures such as quantum dots,9−14

ribbons,15,16 and nanoplatelets17,18 of II−VI, III−V, IV−VI,
and I−III−V semiconductors have been explored. The
exceptionally strong size confinement in colloidal nanostruc-
tures engenders strong spin-exchange coupling between
magnetic dopants and the injected or photogenerated carriers
of the host. Numerous studies have examined doping with
transition-metal cations (e.g., Mn2+) whose unpaired d-orbital
spins interact with s- and p-type carriers, leading to the well-
known sp−d spin-exchange interactions,6,19−22 which cause
mutual spin alignment of host and dopant spins. Phenomena
involving sp−d exchange interaction include optical detection

of magnetization fluctuations,23−25 photoinduced exciton-
magnetic polaron formation,10,24,26,27 giant band-edge Zeeman
splittings, and elongation of carrier spin-coherence
times.5,11,28−32 Moreover, formation of core/shell hetero-
structures enables tunability of the above-mentioned phenom-
ena as a function of mutual spacing between host and dopant
spins.17,33−37 Overall, the ability to tailor carrier spin properties
in size-confined systems governs their potential utility in
quantum computation,38,39 spintronics,40,41 and spin-light
emitting diodes.42

The present study discusses the incorporation of Mn2+ ions
into asymmetric core/shell QD/nanorod heterostructures,
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referred to here as seeded-nanorods (sNRs). The undoped
structures exhibit efficient luminescence, with a reduced Auger
rates43,44 relative to those in the parent seed colloidal quantum
dots.45,46 The electronic properties of sNRs are tuned through
change in composition and length-to-width aspect ratio.47,48

However, the character of the sNRs’ electronic structure has
been a matter of concern for many years, showing either a
type-I49,50 or type-II51−53 configuration across the core−shell
interface, which can also be tuned by an external electric
field.51 For CdSe/CdS sNRs, various studies have proposed a
degeneracy of the core and shell conduction band edges but a
large potential barrier of ∼0.7 eV in the valence band.51−53

Such a configuration localizes the hole within the CdSe seed
but permits delocalization of the electron across the entire
structure (namely, a type-II configuration). Other reports using
scanning tunneling spectroscopy49 or quasi-continuous photo-
luminescence48 have shown a positive barrier of 0.3 eV of
confining electrons within the seed, emanating from a strong
electron−hole Coulomb interaction (resulting in type-I
configuration). All the above-mentioned studies signify a
dominant regulation of the electronic structure by the seed
diameter, wherein a transition from type-II to type-I
configuration entails a threshold diameter of 2.8 nm in
relatively thin-shell nanostructures.48 With the exception of
giant-shell nanostructures, the rod dimensions have only a
minor influence, presumably stemming from the extremely
small exciton Bohr radius (<3 nm) in CdS. Notably, the
elongated shape and partial charge separation in the type-II
alignment endow CdSe/CdS sNRs with improved conductivity
for optoelectronic devices (e.g., photovoltaics or photo-
catalysis).54−58

Whereas the optical and electrical properties of sNRs have
been meticulously researched in recent years, there remains a
dearth of fundamental research exploring the spin degrees of
freedom in such nanostructures. Two seminal reports exposed
the exciton fine structure of sNRs and discussed spin flip
processes within the exciton manifold.59,60 Another related
work reported the investigation of spin properties in simple
rods and in undoped core/tetrapod heterostuctures.61,62 Only
one report revealed spin and magneto-optical properties of
diluted magnetic sNRs.63 None of the above studies dealt with
the influence of the core−shell interface on the spin degrees of
freedom in these elongated structures, nor did they disclose the
interaction of magnetic dopants with trapped carriers at
interface sites.
Herein, we investigate the magneto-optical properties of

undoped and Mn2+-doped CdSe/CdS sNRs with seed

diameters of 3.1 nm and rod dimensions of 30 nm × 4 nm.
A dilute concentration of Mn2+ ions is incorporated in the rod
region, and these doped sNRs are denoted as CdSe/CdS:Mn
sNRs. The magneto-optical properties were determined using
continuous-wave optically detected magnetic resonance
(ODMR) spectroscopy. These investigations have revealed
localization of photogenerated carriers either at the core or
around the core−shell interface, and hence a type-I
configuration of CdSe and CdS band edges. The results have
also uncovered a dominant spin coupling between electron and
hole carriers at these interfaces with nearby Mn2+ ions.
Furthermore, frequency-modulated ODMR measurements
have allowed differentiation among overlapping recombination
emission events, and supply the radiative and spin−lattice
relaxation times associated with each emissive excited state.
The long radiative and spin relaxation times observed at
interface sites are significant for practical applications. The
scientific findings in this work shed light on important aspects
of spins in nanoscale heterostructures.

RESULTS AND DISCUSSION

The synthesis procedures of undoped and doped sNRs are
described in the Supporting Information, while the structural
characterization, composition, and basic optical properties of
sNRs are outlined as follows. The crystallographic structure
and morphology of the nanocrystals were identified using
transmission electron microscopy (TEM). An illustrative TEM
image of an assembly of CdSe/CdS:Mn sNRs is displayed in
Figure 1a, indicating an average seed-diameter of 3.1 nm,
embedded in 30 nm × 4 nm CdS rods that deviate slightly in
length from the undoped sNRs (32 nm, see Figure S1(a)),
presumably due to kinetic inhibition of the rod growth by the
impurities. The top and bottom insets in Figure 1a show a
high-resolution TEM (HR-TEM) image of a single sNR and a
Fourier transform (FT) pattern of the image, respectively. The
FT pattern discloses the existence of a wurtzite structure.
Energy dispersive X-ray (EDX) maps obtained via scanning
TEM (STEM), using 60 keV electron beam, are displayed in
Figure 1b, and complementary observations, upon the use of
200 keV are shown in Figure S2. The maps of Cd and S (in
both Figure 1b and S2) show homogeneous distributions
across the rod, while the Se map shows a bright spot close to
one of the ends, revealing the position of the CdSe seed. The
Mn map (visible only under 60 keV operation) shows sparsely
spread atoms, supporting a relatively low doping concen-
tration. A Mn concentration of 1.2% was determined by

Figure 1. Structural, morphological and compositional properties: (a) A TEM image of an assembly of CdSe/CdS:Mn sNRs. Insets: A HR-
TEM image of a single sNR (top) and a corresponding Fourier transform pattern (bottom); (b) STEM-EDX maps of the representative
elements in a single CdSe/CdS:Mn sNR; (c) room-temperature ESR spectrum of an assembly of CdSe/CdS:Mn sNRs, recorded with 9.4
GHz microwave radiation.
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inductively coupled plasma atomic emission spectroscopy
(ICP-AES) analysis.
The Mn2+ dopants were examined using ground-state

electron spin resonance (ESR) spectroscopy. A representative
X band (9.4 GHz) ESR spectrum of CdSe/CdS:Mn sNRs
recorded at room temperature is shown in Figure 1c. The
broad spectrum is split into six hyperfine signals. This
pronounced sextet is primarily related to a resonance transition
between electron spin states of a Mn2+ ion, ms(1/2)↔ ms(−1/
2), which is split by the hyperfine interaction with nuclear
spins (when I = 5/2). The g factor extracted from the ESR
spectrum (g = 2.001) is in accordance with that of a covalently
bonded Mn2+ ion in a II−VI compound at a substitutional
position.64 The hyperfine splitting constant (A) equals (69 ±

2) × 10−4 cm−1, compatible with the value found in bulk
wurtzite CdS:Mn65,66 but deviating from that of wurtzite
CdSe:Mn (62 × 10−4 cm−1)67 and of a surface site (85 × 10−4

cm−1).68 The broad background line in the ESR spectrum may
be due to unresolved Mn-atomistic transitions (e.g., ± 5/2 ↔

± 3/2) in randomly oriented rods and/or to Mn−Mn spin-
dipole coupling.
The absorption and photoluminescence (PL) spectra of

CdSe/CdS sNRs recorded at room temperature are shown in
Figure 2a. The absorption spectrum includes two separate
band-edge regions as highlighted by the shaded backgrounds,
referring to the CdSe and CdS constituents from low to high
energies, respectively.47 The scale of CdSe spectral regime is
expanded 20 times relative to that of the CdS edge. The PL
spectrum is comprised of a single asymmetric band just below
the CdSe absorption onset, generated by photoexcitation
above the CdS band-edge energy (Eex = 3.06 eV) with a low
excitation power (0.24 J/cm2).

The room temperature absorption and PL spectra of CdSe/
CdS:Mn sNRs are plotted in Figure 2b and show only minor
differences from those of the undoped sNRs. A PL spectrum
excited nearly in resonance with the CdSe band edge is shown
in Figure S1(b), revealing a similar response to that recorded
under nonresonant excitation, hence suggesting the absence of
direct recombination from the CdS constituent.
PL spectra of undoped and doped sNRs monitored at a

cryogenic temperature (2.17 K) are shown in parts c and d,
respectively, of Figure 2, where both spectra show a relatively
sharp band around 2.1 eV and an additional weak and wide
band at lower energies. The PL components (the colored area
under the curve) in (c) and (d) were isolated by recording the
spectra with a tunable band-pass (green) or with a low-pass
filter (red). The mentioned color notations are used hereafter
for classifying the spectral regimes. The PL decay curves of the
undoped and doped sNRs recorded at 2.17 K, for green and
red bands, are displayed as insets of Figure 2c,d. Those decays
were fitted to a biexponential function (see Figure S3) with fast
and slow components. The origins of the fast component,
although only a minor contribution, are discussed in the SI. A
fit to the dominant components in the green spectral regime
revealed a lifetime of 15.6 ns in undoped sNRs and 38.1 ns in
doped sNRs, viz., illustrating free or bound excitonic
characteristics, whereas the red spectral region fit exhibits
dominant components with lifetimes of 514 and 634 ns in the
undoped and doped sNRs, respectively (see best fit in Figure
S3). Such long decay times, along with a huge Stokes shift of
∼330 meV below the exciton extrema, allows association of the
red bands with trap-recombination processes. Further exten-
sion of a lifetime in the doped sNRs with respect to undoped
ones, is associated either with the interaction of photo-

Figure 2. Optical properties of undoped and doped sNRs: (a, b) Absorbance (dashed lines) and PL (bold lines) spectra of CdSe/CdS (a) and
CdSe/CdS:Mn sNRs (b), recorded at room temperature. The shaded areas differentiate between optical transitions in the CdSe (low energy)
and in CdS (high energy) constituents. (c, d) PL spectra of sNRs as in (a, b), respectively, recorded at 2.17 K. The overlapping green and red
bands correspond to the spectra recorded through different optical filters. Insets: PL decay curves of the green and red emission bands.
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generated carriers with Mn dopants9,69 or linked to self-
trapping of carriers produced by a distortion around the
dopants. Additionally, the PL spectra of doped and undoped
sNRs were further examined under the influence of an external
magnetic field (B0) while monitoring two opposing circularly
polarized (σ±) components. A plot of degree of circular
polarization (DCP) versus strength of the applied magnetic
field (from 0 to 8 T) is given in Figure S4. The DCP curve of
undoped CdSe/CdS sNRs presents a negative slope, while that
of CdSe/CdS:Mn sNRs is initially nonlinear with a plateau of
positive values. Such a behavior is a reflection of the sp−d
interaction in the presence of a magnetic dopant.
A Mn2+ ion has a high-spin alignment of its five d-electron

spins, with a total spin momentum of SMn = 5/2 (and

projections mS = ±5/2, ±3/2, ±1/2). A hole carrier (at band-
edge p-orbital) undergoes a spin-exchange interaction with
these Mn2+ electrons, while an electron (at band-edge s-
orbital) involves a potential (or kinetic s−d)70 interaction with
Mn2+ electrons.3 Moreover, trapped carriers are anticipated to
experience an efficient spin interaction with neighboring Mn2+

ions due to the conjoint surrounding and long-lived excited
state, as often found in bulk semiconductors.1,3 The study here
accomplished a comprehensive analysis of different spin
interactions of band-edge or trapped carriers with the
surrounding, through ODMR spectroscopy.
An ODMR spectrum is a plot of a differential change in the

emission intensity (ΔPL/PL) versus a magnetic resonance
parameter (e.g., strength of an external magnetic field).71−74 An

Figure 3. Continuous-wave ODMR observations: (a, b) ODMR spectra of CdSe/CdS (a) and CdSe/CdS:Mn sNRs (b), monitored at the red-
emission regions under Voigt configuration; (c) ODMR spectra of CdSe/CdS:Mn sNRs, monitored in red-emission region under Faraday
configuration; (d) ODMR spectrum of CdSe/CdS:Mn sNRs, monitored at the green-emission region under a Voigt configuration; (e, f)
spectral dependence (SD) ODMR spectra of CdSe/CdS (e) and CdSe/CdS:Mn sNRs (f), recorded under magnetic resonance conditions
(see text). The used chopping frequencies in each case is labeled on the corresponding panels. The dashed lines are best fit Gaussians to the
spectra, while the blue lines in panels (a)−(d) correspond to the simulated spectra.
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ODMR spectrum resembles a ground-state ESR spectrum,
except that the magnetic resonance events take place in the
excited state and the resulting change in magnetization is
observed through an optical signal. A scheme of the
experimental setup is given in the Figure S5. The sample
was positioned within a microwave (MW) cavity at the center
of an external magnetic field (B0), and this unit was embedded
into a cryostat (operating at 2.17 K). The cavity was coupled
to a MW source with a sinusoidal frequency of υMW = 10.76
GHz, where in the B1 field (⊥B0) of MW induces magnetic
resonance transitions. Simultaneously, the sample was
irradiated with a continuous-wave optical beam. The differential
emission intensity from the undoped or doped sNRs was
monitored selectively at different spectral regimes as per the
color scheme in Figure 2c,d and detected under a Voigt
(B0⊥kexcitation) or a Faraday (B0||kexcitation) alignment (without/
with circularly polarized detection). The MW amplitude was
chopped with a square-wave modulator, which acted as a
reference signal to the measured emission via a lock-in
amplifier. Interestingly, the MW chopping frequency also had a
significant influence on the appearance of the ODMR
spectrum. This experimental factor was used for deconvoluting
overlapped luminescence features as well as for determining
radiative/nonradiative and spin-relaxation rates. Furthermore,
ΔPL/PL reflects the mechanism by which a magnetic
resonance transition perturbs the radiative transition (quench-
ing versus enhancement).75−77 While an ODMR spectrum
involves a plot of ΔPL/PL versus B0 in a fixed spectral window,
plotting ΔPL/PL versus a spectral dependence (SD) at a fixed
magnetic resonance condition (BMax, υMW) provides comple-
mentary information.71

Figure 3a portrays the ODMR spectrum of undoped CdSe/
CdS sNRs recorded in a Voigt configuration, while monitoring
a red band, using a chopping frequency of 1840 Hz. The
spectrum has a negative sign when monitored in-phase with
respect to the turn-on time of the MW, leading to a ΔPL/PL
of −0.5 × 10−4 to −5.0 × 10−4. The spectrum itself comprises
of two resonances centered around 0.40 and 0.41 T (see fit
Gaussians), with average g-Lande ́ factors of 1.941 and 1.903,
respectively. Such g-factor values deviate substantially from
those of carriers at the valence or conduction band edges,
suggesting the involvement of a trapped carrier in the
recombination emission. The spectrum in Figure 3b is retained
upon increasing the MW power (see Figure S6), thus
excluding magnetic coupling to multiple excitons or spin
saturation effects. Furthermore, the negative signal as well as its
shape stayed intact up to nearly 8000 Hz (vide inf ra). Under
these conditions, negative signals imply a quench of
luminescence intensity due to magnetic resonance transitions
in the excited state. Figure 3b depicts the ODMR spectrum of
the CdSe/CdS:Mn sNRs, recorded in a Voigt configuration by
monitoring the red band in Figure 2d with a MW chopping
frequency of 240 Hz. The spectrum consists of a few different
components (Gaussian fits are shown as thin lines): a sharp
negative resonance resembling that in the undoped sample; a
broad negative band with a weak fine structure; and a broad
and weak resonance at low field. Certainly, the ODMR
spectrum of the doped sNRs differs considerably from that of
the undoped sNRs, presumably due to the interaction of
photogenerated carriers with nearby Mn2+ spins. This
assumption will be corroborated below using a spin
Hamiltonian simulation of the spectrum. Simulated spectra
of both undoped and doped sNRs ODMR resonances are

Figure 4. Spin diagram models, demonstrating the magneto-optical transitions: (a) Spin manifold representing the band-to-band or trap-to-
band recombination emission, involving valence band hole with angular momentum Jhh = 3/2 and conduction band or trapped electron with
spin momentum S(t)e = 1/2. (b) Spin manifold representing the trap-to-trap recombination emission, involving trapped electron and trapped
hole each with spin momentum Ste,th = 1/2. The wavy arrows represent radiative transitions. The yellow arrows indicate magnetic resonance
transitions that either quench or enhance the radiative emission intensity. Anticipated ODMR spectra involving luminescence enhancement
(an unthermalized process) are shown below the diagrams.
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represented as blue bold lines in Figure 3a,b. Figure 3c shows
the ODMR spectrum of CdSe/CdS:Mn sNRs monitored in
the red spectral regime using a chopping frequency of 240 Hz
with a Faraday alignment and detection at two different
circular polarization directions. The spectra resemble that of
the Voigt configuration (Figure 3b) with minor intensity
variations between the circular polarized components. Most
importantly, the random orientation of sNRs in the examined
specimen leads to reduced polarization ratio by a factor of (1 ±
cos θ)2 (θ is the angle between external magnetic field the c-
axis of wurtzite structure).78 The similarity of the circular
polarized components to the spectra recorded under a Voigt
alignment indicates that the latter is mainly composed of a sum
of polarized emission events, but with additional weak
contribution from forbidden transitions at low field regions.79

Figure 3d displays the ODMR spectrum of an exciton
(green) band in CdSe/CdS:Mn sNRs recorded in the Voigt
configuration, which was detectable only with low chopping
frequencies <90 Hz. The spectrum consists of a dominant
positive resonance due to enhancement of luminescence
intensity upon MW radiation. It is worth noting that the
exciton transition in undoped sNRs did not present any
ODMR signal in either the Voigt or the Faraday configuration.
Parts e and f of Figure 3 depict the spectral dependence

ODMR (SD-ODMR) curves of undoped (e) and doped (f)
sNRs, respectively. Such curves are generated by scanning the
PL spectra under the influence of: a magnetic resonance
condition, Bmax of the corresponding ODMR resonances,
experimental υMW, and chopping frequency of 240 Hz. The
corresponding PL curves are drawn for comparison in each
figure. Comparing panels (e) and (f) reveals an intensity
quench in the red spectral regimes and enhancement in the
exciton regime of the doped sNRs, but a lack of magnetic
resonance events in the exciton region of the undoped sNRs.
The trends shown in Figure 3e,f further supports the
appearance of negative and positive resonance signals in
Figure 3a−d.
Following the observations in Figure 3, a qualitative model

can be presented. Referring to the discussion in the
introduction, the sNRs under consideration possess a type-I
electronic configuration, and thus the radiative processes occur
in the CdSe seed or/and at the seed-rod interface. Exciton
(green) emission involves recombination between a heavy-hole
(hh) with angular momentum of Jhh = 3/2 (projections, mhh =
± 3/2) and an electron with a momentum Se = 1/2
(projections, me = ± 1/2). The red deep emission band refers
to a trap-to-band or/and trap-to-trap recombination. The
plausible recombination routes and their manipulation by
magnetic resonance transitions are drawn schematically in
Figure 4.
The scheme in Figure 4a illustrates a spin manifold based on

a heavy hole (mhh) and a free or trapped electron (m(t)e) with
electron−hole exchange (J(t)e‑hh). The 4-fold degeneracy of a
band-edge exciton is lifted by the application of an external
magnetic field, B0. Following excitation above the energy band
gap, the manifold states become equally populated. The
emission takes place from the bright states ⟨±3/2, ∓1/2⟩ (red
wavy arrows) and, after a delay, also from the dark states ⟨±3/
2, ±1/2⟩ (not shown). Consequently, a depletion of the bright
states’ population opens a route for magnetic resonance events,
converting population from the dark states to the bright ones
(yellow arrows). Under these circumstances two possible
scenarios exist. In the case of a fast recombination emission

(τrad ∼ ns), particularly with respect to a slow spin-relaxation
time (T1 ∼ ms), thermalization via Boltzmann distribution is
excluded. Then magnetic resonance transitions enhance the
luminescence intensity. On the contrary, a slow recombination
emission allows thermalization among the states on a time
scale of <100 ps,59 and consequently, magnetic resonance
transitions reverse their direction; thus, a quenching of
luminescence intensity occurs. In other words, the observation
of either positive (enhancement) or negative (quenching)
ODMR signal reflects the competition between the recombi-

nation rate and the spin−lattice relaxation rate (
T

1

1

), assuming

negligible contributions from other factors such as exciton
dissociation or intersystem crossing between the dark and
bright states.76,80 A probable spectrum is given at the bottom
of Figure 4a, showing spin-flip processes of electrons alone
(arrows 1 and 2). In the case of a large J(t)e‑hh value, those
transitions will be resolved; otherwise, their envelope will be
detected. Note that a direct flip of a heavy hole projection is
forbidden by the need for momentum conservation. Also, it is
equally important that a trapped electron (te) at a defect site
seizes a spin momentum Ste = 1/2, and therefore, both band-
to-band and trap-to-band recombination follow the same
routes as shown in Figure 4a, probably with different radiative
rates. The situation is more complex for trapped hole (th) and
electron (te) pairs that are involved in trap-to-trap recombi-
nation, the spin diagram of which is given in Figure 4b. In most
cases, a trapped hole (th) acquires a spin momentum of Sth =
1/2, different from that of a valence band edge; thus, a spin-flip
transition for both the electron and a hole can take place and
each may be split by spin-exchange, Jte‑th. Accordingly, the
radiative transitions in Figure 4b are marked by the red-wavy
arrows, and magnetic resonance transitions are shown by the
yellow arrows. For simplicity, Jte‑th is presented here as a scalar
variable, but anisotropy in an exchange interaction may exist as
well. As will be discussed in the simulations below, a small
contribution by such anisotropy is included under a broad-
ening factor. A possible spectrum for Jte‑th ≠ 0 is shown at the
bottom of the diagram of Figure 4b for an unthermalized
situation. But the thermalization among spin states can alter
the relative intensities of the resonance transitions or invert
their sign from positive to negative. Furthermore, when Jte‑th is
small, the fine details fade (dashed line in the anticipated
spectrum). Finally, an ODMR spectrum of an exciton
recombination basically appears as a negative signal if a
magnetic resonance event happens at a nearby shunting
nonradiative state, when the latter depletes the excitonic state’s
population. Such a case is in contrast with the observation in
Figure 3d, and therefore, this scenario is not discussed further.
From the schemes shown in Figure 4, most of the

experimental observations can be explained. The ODMR
spectrum monitoring the red band emission in undoped sNRs
(Figure 3a) is composed of two overlapping features: (1) A
trap-to-band recombination that involves a trapped electron
and a band-edge heavy hole. In this case, magnetic resonance
flips the electron spin alone and leads to a relatively narrow
signal (for small Jte‑th). The negative sign suggests thermal-
ization, in agreement with the long lifetime of the emission
(see inset in Figure 2c). (2) A trap-to-trap recombination
involving trapped electron and hole, with a long recombination
time that allows thermalization. The spin flip of each carrier is
only partially resolved, due to small Jte‑th, as well as due to
broadening by a distribution of electron−hole distances
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(pronounced as a distribution of Jte‑th values) as well as
anisotropy in the value of Jte‑th. Such broadening is often
observed in ODMR spectra of donor−acceptor recombination
processes in bulk and nanoscaled semiconductors.79 The g-
factors of the trapped carriers’ resonances in this study are
compatible with nearly free spins and differ substantially from
those of band-edge carriers in these materials. Notably, the
trap-to-band and trap-to-trap processes may share the same
localized electron. Previous ODMR studies of core/shell
interfaces in colloidal quantum dots suggested the occurrence
of a few different stoichiometric defects, including VCd2+ and
VS0 vacancies that can accommodate single holes and VCd0 and
VS2− vacancies that can accept single electrons. Those defects
result from tangential or longitudinal strains81 that lead to twin
boundaries or edge dislocations.82 Ultimately, the g-factor of a
trapped carrier will be different from that of a band-edge
carrier, and would depend on the local trapping environment.
For example, trapping near heavy metal ions with large spin−
orbit coupling results in g-factors that deviate from that of a
free carrier, whereas trapping next to a chalcogen site leads to
g-factors that approach the value of the free carrier
(2.002).83,84 It is worth noting that carrier trapping at external
surface site cannot be completely excluded. However, the
relatively low temperature growth of the rod (see the SI) tends
to induce large concentrations of defects at the seed-rod
interface, dominating the trapping process. In addition, the
dimensions of the material platform under investigation
possess type-I electronic alignment, thus focusing the carriers
close to an internal interface. Furthermore, the simulation
discussed below exposes g-factor values compatible with
electron trapping around heavy metals, while such a carrier
at an external or surface position is in large part surrounded by
organic ligands. Thus, it is reasonable to assume that the red
recombination emission is dominantly related to trapping
recombination from interface sites.
The ODMR spectrum of the doped sNRs monitored at the

red band (Figure 3b) shows a few components, one of which is
related to the trap-to-band recombination as in the undoped
derivative. However, the trap-to-trap resonance transition
shifted from g = 1.903 to 2.002. The spin-Hamiltonian
simulation (given below) corroborates the attribution of this
shift to a coupling between trapped carriers at interface sites
and neighboring Mn2+ spins. Again, the negative sign of the
ODMR resonance is associated with thermalization involving a
slow recombination time of ∼634 ns in the red-emission
region. The interpretation of the third component in the
spectrum of Figure 3b is not as clear, and this feature is
probably related to a forbidden magnetic resonance transition
with a different spin-relaxation time.
The ODMR spectrum of the green emission of doped sNRs

(Figure 3d) can be associated with band-to-band recombina-

tion. However, the electron−hole annihilation is delayed by
the interaction with Mn2+ spins or self-trapping due to doping,
marginally following the experimental time response only at
low chopping frequencies. The resonance appears as a positive
signal, similar to the nonthermalized case, suitable for an
exciton recombination according to the models shown in
Figure 4. In contrast to the pronounced green-emission
ODMR signal in the doped sNRs, a magnetic resonance effect
is missing in the green spectral window of the undoped sNRs.
This absence is due to the fast recombination of free excitons
in the undoped sNRs, incompatible with the time-response of
the ODMR experiment.
The ODMR data in Figure 3 were simulated using the

following spin Hamiltonian,34 which includes various magnet-
ization parameters based on the diagrams shown in Figure 4.
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The first four terms in eq 1 correspond to the Zeeman
interactions of (trapped)electron, heavy-hole, trapped-hole,
and Mn2+ spins, respectively, with spin momentums S(t)e, Jhh,
Sth, and SMn and g-factors g(t)e, ghh, gth, gMn. J(t)e‑(t)h, J(t)e‑Mn, and
J(t)h‑Mn represent the (trapped)electron−(trapped)hole,
(trapped)electron−Mn2+, and (trapped)hole−Mn2+ interac-
tions. For simplicity, the S(t)h notation is denoted as either Jhh
or Sth in exchange-coupling terms. The values of J(t)e‑Mn and
J(t)h‑Mn are controlled by the spatial overlap between Mn2+ ions
and the carrier distribution functions. The coupling constants
Je‑Mn and Jhh‑Mn can be evaluated from the expressions

J F R( )
e Mn i

2
α= − | |‐ and J F R( )

hh Mn i3

2= − | |β

‐ , where Fi(R)
2 (i

= e, h) refers to a spherical seed and a Mn2+ ion is positioned at
a distance R from the seed’s center. α and β correspond to the
electron−Mn and heavy-hole−Mn interaction coefficients,
where α refers to s−d coupling and β a p−d interaction, and
the latter has a larger value than the former (those values were
adopted from the literature).3 While the given expression is
suitable for the evaluation of coupling processes with band-
edge carriers, they are not suitable for the evaluation of Jte‑Mn or
Jth‑Mn, so those are left as fitting parameters. The hyperfine term
includes various nuclear fields with hyperfine constants Ai,
dominated by the Mn2+ nuclei but also with some contribution
from rare spin-bearing Cd2+ isotopes of the host lattice. In the
present case, hyperfine interactions were found to be orders of
magnitude weaker than the J-coupling terms, thus having a

Table 1. Spin Hamiltonian Parameters Used for Simulating the ODMR Observations

sNRs/variable
gxx
(t)e = gyy

(t)e

gzz
(t)e a gxx

hh = gyy
hh gzz

hh a gxx
th = gyy

th gzz
th a

Je-hh
(μev)

Je-th
(μev)

J(t)e‑Mn
(μev)

J(t)h‑Mn
(μev)

Ai
(μev)

CdSe/CdS red emission (Voigt detection) 1.99 −0.81 1.94 0.89 0.93

1.92 −0.97 1.74

CdSe/CdS:Mn red emission (Voigt detection) 1.98 −1.04 1.35 1.0 0.93 −0.03 0.19 0.7

1.76 −1.02 1.28

CdSe/CdS:Mn green emission (Voigt detection) 1.99 −0.70 0.89 −0.07 0.327 0.7

1.82 −0.85
ag-factor uncertainty ±0.005−0.01.
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negligible effect on the appearance of the ODMR, but they
may have an important effect on the spin lifetime.
Representative simulations of the ODMR spectra in the
undoped and doped sNRs are shown as blue lines in Figure
3a,b,d. The simulated curves in Figure 3a,b are composed of
two major magnetic resonance transitions; trap-to-band and
trap-to-trap. The simulation of the curve in Figure 3d includes
a single band. The simulation variables for various transitions
are summarized in Table 1.
The variables in Table 1 convey interesting trends: (a) All

Lande ́ g-factors are anisotropic, implying localization at
asymmetric sites, for example, along the core−shell interface.
(b) The electron Lande ́ ge-factors deviate substantially from
that of an electron at the conduction band edge of wurtzite−
CdSe (0.68) nanostructures and instead approach the value of
a free carrier (2.002). The close proximity of the ge values to
that of a free electron reflects trapping at a site free of spin−
orbit coupling, e.g., a neutral metal vacancy surrounded by
chalcogenide ions, as part of the red-emission of undoped and
doped sNRs. (c) The ghh values show some variation but
overall are close to those linked with a valence band hole of
wurtzite-CdSe (0.98−1.09). Hence, the sharp resonance in the
red-emission region in both undoped and doped sNRs is
associated with recombination of an interface-trapped electron
with a valence band hole. (d) The g-factor values of trapped
holes (gth) differ from those of both valence band holes and
free carriers. In addition, they also have strong anisotropy,
suggesting localization at the core−shell interface, at a site
influenced by spin−orbit coupling such as a chalcogenide
vacancy (VS0) next to surrounding metal cations. Thus, the
broad resonances associated with the red emission feature in
the undoped and doped sNRs are due to trap-to-trap
recombination along the interface, while that of the doped
sample is also influenced by carrier-dopant exchange coupling.
As a general statement, the resonance g values as read from the
experimental data, particularly of the broad resonance
transitions, match with the average of the anisotropic factors

g g g( )
xx yy zz

2 2 2
2{ }+ + . (e) The electron−hole exchange

coupling (J(t)e‑(t)h) in most cases is relatively small (∼1.0
μeV), reflecting a small overlap between band-to-trap or trap-
to-trap carrier distribution functions, and as expected it is
smaller than the value of ∼4 meV reported for a pure excitonic
process.59 The anisotropy of the exchange term as well as
distribution of electron−hole spatial distances, are compen-
sated in the simulation by use of a distribution function of
J(t)e‑(t)h values. (f) The carrier−dopant coupling constants are
in the range of 100 μeV, mostly showing stronger coupling of
the hole with respect to that of the electron (as generally found
in II−VI semiconductors). The strong coupling is associated
with proximity between interface-trapped carriers and Mn2+

dopants. Simple evaluation of the number of Mn2+ ions in
close proximity to the interface is given in the SI, revealing ∼21
dopant ions out of 1718 metal sites. Such a dilution supports
the assumption considered in the simulation for the interaction
of a single Mn2+ ion with a single trapped carrier at the
interface. The simulations of the ODMR spectra of doped
sNRs were extremely sensitive to the values of J(t)e‑Mn and
J(t)h‑Mn and their distribution (due to anisotropy or carrier−
Mn2+ distance), broadening the trap-to-trap magnetic reso-
nance (see test cases at the Figure S7) and washing out the
carrier−Mn2+ fine structure splitting. The hyperfine coupling is

close to that of Mn2+ in the ESR spectrum, with a small
influence on the ODMR spectral appearance.
The discussion until this point has focused on identification

of the recombining carriers under steady-state conditions.
However, temporal information can also be gained by
following the dependence of the ODMR spectral shape on
the applied MW chopping frequency.34 Figure 5a shows a

contour map of a set of ODMR spectra monitored at the red-
emission of the doped sNRs, recorded in the Voigt orientation
in-phase (IP) and out-of-phase (OP) with respect to the MW
“on” time. Those ODMR data sets reveal evolution of the
spectrum’s appearance with a change in chopping frequency.
Selected raw data are displayed in Figure 5c, while a full set of
the raw data is given in Figure S8(a). Following the in-phase
evolution, the change in chopping frequency allows deconvo-
lution of various components underneath a wide spectral
envelope: a sharp band that was assigned to the trap-to-band

Figure 5. ODMR dependence on the MW chopping frequency: (a,
b) contour plots of the ODMR spectra of CdSe/CdS:Mn (a) and
CdSe/CdS (b) sNRs, monitored at the red-emission region with
Voigt alignment at 2.17 K, under various MW chopping
frequencies in-phase (IP) and out-of-phase (OP) with the on-set
of MW radiation; (c, d) spectra cuts from the plots in (a, b),
respectively, under a few selective MW chopping frequencies in IP
(solid) and OP (dashed); (e,f) plot of the ODMR intensity versus
the MW chopping frequency for CdSe/CdS:Mn (c) and CdSe/CdS
(d) sNRs, based on the data shown in (a, b) and those in Figure
S8. A best fit to the chopping frequencies for undoped (left) and
doped (right) sNRs bestowing eq 2.
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recombination maintained a negative sign up to the highest
chopping frequency; a broad band that was assigned to the
trap-to-trap recombination experienced a drastic intensity
reduction with increased chopping rate and eventually turned
into a positive signal at the highest chopping frequencies; a
third band at low magnetic field (centered at 0.27 T) was
revealed at the highest chopping rate and is tentatively assigned
as a forbidden transition. Figure 5b shows a contour plot of
ODMR spectra of the undoped sNRs recorded in the Voigt
alignment, while a few cut spectra at selected chopping
frequencies are shown in Figure 5d. The full set of row data
associated with the contour plot in Figure 5b is presented in
Figure S8(b). The best-fit Gaussians to the in-phase curves
illustrate occurrence of two events. The out-of-phase bands in
Figure 5a,b are dominated by positive wide bands that are
nearly a mirror image of the features recorded in-phase, despite
the sharp trap-to-band recombination. Figure S8(c) depicts a
few ODMR spectra of the red-emission region in the doped
sNRs monitored under Faraday alignment at a few different
chopping frequencies. The in-phase curves in Figure S8(b)
resemble that of Figure 5b, except for the absence of the low-
field band, supporting its assignment as a forbidden transition
that is allowed in the Voigt configuration. Figure S9 displays
the chopping frequency dependence of the green-emission
ODMR in the doped sNRs.
Figure 5e,f present plots of the integrated intensity over the

entire ODMR spectrum versus the chopping frequencies of the
red-emission in undoped (e) and doped (f) sNRs. It is
noteworthy that the output of the lock-in detection mainly
preserves the lowest Fourier component of a square-wave, and
the latest is related to a transient measure of an ODMR signal
by a Fourier transformation. Accordingly, the trends in Figure
5e,f were simulated by a kinetic model according to the
following equations76

dn
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G Cn k n n k n Fn

k n F n
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where nt and ns are the populations of triplet and singlet (dark
and bright) spin sublevels, respectively; Gt and Gs are the
generation rates for singlet and triplet pairs; dt and ds are
dissociation rates; rt and rs are the recombination rates; kMW

describes the rate of the magnetic resonance transitions; kISC is
the intersystem-crossing rate (spin mixing term); F is a Fermi−
Dirac thermal distribution function, and ΔE refers to a
resonance transition energy. These kinetic equations were
solved according to the procedure given in ref 76.
A best fit to the chopping frequencies is shown by the thin

lines in Figure 5e,f. The fit parameters are listed in Table 2. A
few variables, like kISC, ds, dt, and rt, were found to be negligible
with respect to other dominant factors, corroborating the
model shown in Figure 4. The similarity between the trends in
panels (e) and (f) suggests a common electron−hole
recombination process in undoped and doped sNRs. However,
the additional carrier−Mn2+ coupling in the doped sNRs is
manifested as a shift in the extrema points: The in-phase

component of doped sNRs exhibits a negative extremum at a
frequency higher than that of the undoped sNRs, compatible
with a longer lifetime. The rs values are compatible with long
red-emission recombination and also with the thermalized case
discussed above.
The spin relaxation time, T1, is extracted from out-of-phase

component (the period after the turn-off of the MW pulse),
shown by the dashed line in Figure 5e,f. The extrema on those
curves refer to a condition where the spin decay process
reaches a steady state just before the arrival of the following
MW pulse, and those points are correlated with 1/T1. Hence,
the out-of-phase trends exhibited a longer spin-relaxation time
in doped sNRs (0.1 μs) with respect to the undoped sNRs
(0.01 μs). The relatively long T1 values are commonly found in
cases where the examined carriers are free from spin−orbit
coupling (SOC), like the trapped carriers in the present case,
which are detached from the orbit effect of the valence band.
The out-of-phase curves are also characterized by a deflection
at a low chopping frequency at zero point, which may be
associated with opposing contributions from the various factors
or equilibrium saturation within the spin manifold. However,
differentiation among these possibilities is unachievable at the
current time.
Overall, analysis of the ODMR chopping-frequency depend-

ence allowed deconvolution of overlapping magnetic events
and enabled evaluation of the radiative and spin−lattice
relaxation rates. The results of this analysis support the
proposed model displayed in Figure 4.

CONCLUSIONS

In summary, the present work has focused on the spin
properties of undoped and Mn2+-doped sNRs prepared via
colloidal procedures, where diluted concentrations of Mn2+

ions were installed within the rod volume. The spin properties
were examined using ODMR spectroscopy at cryogenic
temperatures. The main observations are summarized in a
scheme (Figure 6). The low-temperature PL spectra exposed
two distinguished spectral regimes, associated with exciton
(green) and trap (red) recombination processes. Typical
ODMR observations exposed the following recombination
routes: band-to-band (green arrow) trap-to-band (left-red
arrow), and trap-to-trap (right-red arrow). The related ODMR
spectra (given as insets aside to the arrows) revealed an
unthermalized process (enhancement of luminescence) for the
exciton emission, but a thermalized event (quenching of the
luminescence) for the trap-recombination processes. The
anisotropy of the magnetic parameters for the trapped-
recombination events proposed a localization of carriers
around the seed/rod interface (see illustration above the

Table 2. Kinetic Variables Used for the Simulation of
Frequency-Dependence ODMR

parameters CdSe/CdS CdSe/CdS:Mn

rS 3 × 104 2 × 103

rt 3 × 103 3 × 102

ds 10−3 10−5

dt 10−4 10−6

KISC 10−4 10−6

KMW 2 × 103 103

F 0.25 0.25

GS 2 × 1014 2 × 1014

Gt 2 × 10−13 2 × 10−12
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arrows). A best fit by a kinetic model to the chopping
frequency ODMR dependence (bottom inset) revealed
information about the ratio of radiative to spin-relaxation
rates and showed an extension of the spin relaxation time by
coupling with Mn2+ dopants. Overall, this work has described
interface spin properties in elongated structures and their
manipulation by magnetic doping, with importance for the
implantation of such structures in spin-based technology.

METHODS

Sample Preparation. CdSe/CdS sNRs were prepared following
the synthesis procedure given in ref 47. The method for preparation
of CdSe/CdS:Mn sNRs is described in detail in the Supporting
Information.
General Characterization. The absorption spectra of the

samples were recorded on a JASCO V-570 UV−vis−NIR
spectrometer.
The morphology and size of the sNRs and their composition were

measured via inspection of the TEM images. The samples were
prepared by drop-casting of dilute colloidal suspensions of sNRs in
toluene onto ultrathin carbon film, Cu grids 400 mesh, (Ted Pella,
Inc.) and measured by transmission electron microscope (TEM): FEI
Tecnai G2 T20 S-Twin TEM with 200 kV acceleration voltage. EDX
maps were registered on scanning transmission electron microscope
(STEM) with 60 or 200 kV acceleration voltage: FEI Titan Cubed
Themis G2 60-300 equipped with Dual-X detector (Bruker) with an
effective solid angle of 1.76 sr.
Electron spin resonance (ESR) was used to confirm incorporation

of Mn2+ ions in sNRs at selected position. The ESR spectra were
recorded on a Bruker EMX-10/12 X band (ν = 9.4 GHz) digital ESR
spectrometer equipped with a Bruker N2-temperature controller.
Magneto-optical Measurements. Continuous-wave (cw) PL

and ODMR measurements. Colloidal sNRs were excited using a 405

nm cw-laser diode, and the spectra were collected using a SpectraPro
300i spectrometer, Si-diode, and Ametek 7270 Lock-in Amplifier. The
PL and ODMR measurements were performed inside a Janis 12
CNDT liquid helium cryostat with a Cryomagnetics superconducting
magnet that is controlled by an Oxford IPS 120 power supply.
Microwave (MW) radiation was generated by a HP 83620A source,
which was triggered by a Stanford DG 535 pulse generator. Also, the
output of the MW source was amplified by Narda West 60583 MW
amplifier, as well as by a custom-made MW cavity. See more details in
the SI.

Time-Resolved Measurements. The radiative lifetime (τrad) was
measured by exciting the sample with a PicoQuant LDH-D-C-450
pulsed laser and following the transient PL curves using a Micro
Photon Devices (MPD) avalanche photodiode (APD). The spin-
relaxation time (T1) was extracted indirectly from the MW chopping
frequency dependence of the ODMR spectrum, as discussed in the
text above.
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