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ABSTRACT: Colloidal InP core nanocrystals are taking over CdSe-based Hyperfine interactions
nanocrystals, notably in optoelectronic applications. Despite their use in
commercial devices, such as display screens, the optical properties of InP
nanocrystals and especially their relation to the exciton fine structures remain
poorly understood. In this work, we show that the ensemble magneto-optical
properties of InP-based core/shell nanocrystals investigated in strong magnetic
fields up to 30 T are strikingly different from other colloidal nanostructures.
Notably, the mixing of the lowest spin-forbidden dark exciton state with the
nearest spin-allowed bright state does not occur up to the highest magnetic fields
applied. This lack of mixing in an ensemble of nanocrystals suggests an anisotropy
tolerance of InP nanocrystals. This striking property allowed us to unveil the slow
spin dynamics between Zeeman sublevels (up to 400 ns at 15 T). Furthermore, we show that the unexpected magnetic-
field-induced lengthening of the dark exciton lifetime results from the hyperfine interaction between the spin of the
electron in the dark exciton with the nuclear magnetic moments. Our results demonstrate the richness of the spin physics
in InP quantum dots and stress the large potential of InP nanostructures for spin-based applications.
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olloidal semiconductor nanocrystals (NCs) with
‘ quantum confinement in all three dimensions, also

called quantum dots (QDs), attract interest because of
the bright luminescence at room temperature that can be
spectrally tuned by their size. For the visible spectrum, CdSe
NCs have been the work horse, as surface passivation with
(Cd,Zn)(S,Se) shells has increased the photoluminescence
(PL) quantum yield (QY) up to almost unity, and their narrow
emission band can be tuned over the entire visible spectrum.
For applications in which Cd-containing nanocrystals are
restricted by the EU RoHS directive, InP QDs form a
believable alternative. Recently, synthesis methods for colloidal
InP nanocrystals have been developed on the basis of cheap
and safe In and P precursors, which allow the production of
NCs on a large scale.'™ Furthermore, suitable inorganic shells
that contain Zn, Cd, S, and Se have been developed that
increased the PL QY from nearly zero to values up to 60%."
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This would enable applications of InP QDs as labels in biology,
as phosphors in large-scale lighting, lasers, and quantum
optics.”~'" Nevertheless, experimental studies on the optical
properties of colloidal InP QDs remain scarce, and the
understanding of their PL properties has remained limited. For
example, the origin of the emission lines observed in
fluorescence line narrowing (FLN) spectra of InP QDs has
remained unexplained for decades.'' Furthermore, the proper-
ties of the dark exciton state (spin dynamics, recombination
mechanism, activation mechanism) have not been unveiled,

but they are of paramount importance in the perspective of
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using colloidal InP QDs in spin-based applications such as
memories, Q-bits, or to design a spin-preserving environment.

In zinc blende (ZB) or wurtzite (WZ) CdSe and ZB CdTe
QDs, the eight-fold degenerate lowest exciton is split into five
fine structure levels by the electron—hole exchange interaction,
the intrinsic crystal field, and/or the crystal shape anisotropy."*
The resulting exciton fine structure levels are characterized by
their exciton total angular momentum projection, F = S + M,
where S is the electron spin and M is the angular momentum
of the hole. The lowest exciton level is a F = +2 state (which is
dipole-forbidden for direct radiative recombination, thus
optically dark), followed by higher-energy exciton states, with
F = +1 (which are dipole-allowed, thus optically bright) and F
= 0 (one optically dark and one optically bright)."” For crystals
with ZB or WZ lattice, a magnetic field parallel to the crystal or
to the shape symmetry axis (called g-axis) lifts the exciton spin
degeneracy into Zeeman levels with projections of F = —2 and
F = +2 for the dark state and F = —1 and F = +1 for the bright
state. For B perpendicular to the g-axis, the dark and bright
excitons are mixed, so the dark excitons gain oscillator strength
from the bright excitons.'” Once drop-casted on a substrate,
spherical QDs have their g-axis randomly oriented with respect
to the magnetic field; this means that Zeeman splitting as well
as bright—dark mixing should be observed in ensemble
measurements under a high magnetic field. Thorough studies
performed on CdSe QDs have allowed unveiling the
experimental fingerprints of each configuration in ensemble
measurements. Namely, the Zeeman interactions lift the spin
degeneracy of the fine structure states, which leads to a
splitting of the emission lines in the PL spectra as well as a
buildup of a spin population (up or down delpending on the
sign of the electron and hole g-factors). '® The spin
accumulation is clearly evidenced by the magnetic-field-
induced circular polarization of the PL emission."*™'” By
contrast, the smoking gun of the bright—dark mixing at
cryogenic temperature arises from the nonpolarized PL
properties in the magnetic field. In FLN and single dot PL
spectra, a strong enhancement of the intensity of the zero
phonon line (ZPL), which is attributed to the dark exciton
recombination, was observed with increasing magnetic field
due to the bright—dark exciton mixing.'>'”~" In addition to
these spectral properties, the magnetic-field-induced bright—
dark mixing is unambiguously evidenced in PL decay
measurements. At B = 0 T, the PL decays at cryogenic
temperature occur on two markedly different time scales where
the fast sub-nanosecond time stems from the bright-to-dark
spin-flip limited radiative recombination of the bright exciton
and the long living component from the radiative recombina-
tion of the dark exciton.”””' Applying an external magnetic
field induces a shortening of the long component, which
eventually converges toward the bright exciton radiative
lifetime. To date, these fingerprints have been observed in
many colloidal nanostructures: CdSe,”* CdSe/ZnS,'*"? CdSe/
CdS (dot-in-rod,"*** spherical with thin shell'>'”), CdSe
nano ;aztgelets,zz*’25 spherical CdTe,” and lead halide perov-
skite.””

RESULTS

Here, we report the study of the time-, spectral-, and
polarization-resolved optical properties of ensemble of core/
shell InP-based QDs having various core sizes and shelled by
different materials under magnetic fields up to 30 T. These
thorough studies allow for unveiling the origin of the spectral

lines in FLN spectra that have remained unexplained for
decades. Notably, we show that the lack of a ZPL indicates a
radiative recombination of the dark exciton that is mostly
achieved by a phonon-assisted process. This result is in marked
contrast to the typical FLN spectra of any other colloidal
nanostructures, where a strong ZPL signal is observed.
Strikingly, our results evidence (i) a lack of field-induced
mixing between the bright and the dark states up to 30 T, (ii) a
spin relaxation time comparable to the dark exciton lifetime
(~1 ps), as well as (iii) PL decay lengthening with increasing
magnetic field. Importantly, these features do not depend on
the sample characteristics (core size, shell material). Interest-
ingly, the lengthening of the PL decay with increasing magnetic
field points to a strong interaction between the exciton and
magnetic moments within InP NCs. More specifically, our
results show that the interaction of the spin of the electron
within the dark exciton interacts with nuclear spins rather than
with dangling bond spins at the core/shell interface.
Interestingly, the interaction with nuclear spins vanishes
upon applying a magnetic field because the energy
conservation rule cannot be fulfilled. These results shed light
on the potential use of colloidal InP nanocrystals in spin-based
applications.

We studied five InP/ZnS samples with InP core diameter
ranging from 2.5 nm to 3.5 nm (for details see ref 21), in
magnetic fields up to 15 T and two InP/ZnS samples in fields
up to 30 T (see Methods). Note that the ZnS is 2 nm thick.
For comparison, we have reported the results obtained with
other InP core/shell samples, with shells composed of ZnSe or
a CdygeZnge;Se alloy (Supporting Information, Figure S1).
Due to the zinc blende crystal structure and the prolate shape
of the InP cores, it can be expected that InP/ZnS nanocrystals
will show an exciton fine structure comparable to that of CdSe-
based QDs, with a dark ground-state exciton that dominates
the optical properties at cryogenic temperature. By contrast
with CdSe QDs, the PL spectra of InP/ZnS QDs are complex
as photons stemming from upper excitonic states, laying 100
meV above the bright—dark doublet, contribute to the PL
signal.”' Therefore, special care should be taken when studying
magnetic-field-induced optical properties of InP/ZnS QDs. To
overcome the limitation of broad and featureless ensemble PL
spectra, it is convenient to use FLN techniques that lead to
emission lines with a full width at half maximum (fwhm) about
1 order of magnitude sharper. In FLN experiments, the closest
line to the laser is commonly referred to as the ZPL. However,
this line is rather composed of a sharp ZPL line together with
an acoustic phonon sideband.”” The FLN spectra obtained on
core/shell InP-based colloidal QDs (Figure 1a) are very similar
to those observed by Micic et al, who studied InP QDs
passivated with hydrogen fluoride.'’ The FLN spectra are
composed of two main peaks shifted from the excitation energy
by about 25 and 58 meV."' By analogy with CdSe, the first
peak, shifted by 25 meV, was attributed by MiCcic et al. to the
ZPL from the dark state. So its shift from the laser was taken as
a reference for the bright—dark splitting, AE,;:."" However,
from our previous report, we obtained a significantly lower
bright—dark splitting (<15 meV) by analyzing temperature
dependence of the PL decay.”" Therefore, none of the lines in
the InP FLN spectra have an energy shift from the laser line
that corresponds either to the LO phonon line in bulk InP (43
meV) or to the bright—dark energy splitting.”" It should be
noted that the value of the LO phonon energy in InP QDs has
been verified by Raman spectroscopy and corresponds to the
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Figure 1. (a) FLN spectra of InP/ZnS nanocrystals with 2.8 nm
diameter at T = 4.2 K and B = 0 T (orange) and 30 T (purple).
The sample is resonantly excited with a laser at 2.33 eV. Inset:
Magnetic field dependence of the normalized integrated PL
intensity. (b) Model of the FLN spectra in InP/ZnS. The lowest
energy peak corresponds to the 1 LO line and is shifted from the
ZPL of the dark exciton by 43 meV. The ZPL is shifted from the
laser line by the bright—dark splitting of 15 meV. The main peak is
attributed to the acoustic phonon sideband. (c) Model of the FLN
spectra in CdSe nanocrystals. The first peak is dominated by the
ZPL of the dark exciton and is separated by 25 meV from the first
LO replica.

bulk value (~43 meV).** Therefore, in our analysis, we assume
that the peak at around 58 meV represents the LO phonon
replica of the dark state emission. The bright—dark splitting is
then given by the relative position of the ZPL to the laser line
(Figure 1b). Here, we find a bright—dark splitting of 15 meV,
in agreement with previous measurement.”' Finally, the main
PL line at ~25 meV is attributed to the acoustic phonon

sideband (Ac), in agreement with a recent study on InP/ZnSe
QDs.’' This attribution allows for solving the apparent
controversy in the bright—dark energy splitting obtained
from FLN spectra and from the temperature dependence of
the PL decay. This finding strongly suggests that, in marked
contrast with CdSe QDs, the radiative recombination of the
dark exciton in InP QDs is almost exclusively phonon-assisted
and the relative weight of the ZPL in the PL spectra is
negligible. This difference is schematically illustrated in Figure
1b,c. The magnetic field dependence of unpolarized FLN
spectra strongly supports these results. Strikingly, Figure la
shows that the FLN spectra hardly depend on the magnetic
field strength up to 30 T (see also Supporting Information,
Figure S2). The slight increase of the peak position stems from
the Zeeman splitting. By contrast with CdSe QDs, the intensity
of the first PL line is not enhanced upon an increase of the
magnetic field, and its intensity remains constant (inset of
Figure la, the change in intensity of the main peak is less than
10%). These striking results, observed on the InP/ZnS QDs
studied here, suggest an absence of magnetic-field-induced
bright—dark mixing and confirm our previous assignment of
the emission line to acoustic and optical phonon replicas. We
emphasize that the absence of bright—dark mixing has only
been reported at the single dot level'®"” and in epitaxially
grown QDs.*”

The lack of mixing is further confirmed by the nearly
constant unpolarized PL decay with increasing magnetic field
(Figure 2a). Strikingly, the PL lifetime remains largely constant
around 1100 ns from 1 to 2 to 15 T and even up to 30 T
(Supporting Information, Figure S3). The lengthening from
850 to 1100 ns upon applying a magnetic field from 0T to 1-2
T will be discussed later. We must stress that a constant PL
decay is only expected in the case of a magnetic field applied
strictly parallel to the quantization axis as the bright and the
dark exciton states are not mixed. In the case of single CdSe
NCs, it was shown that an angle of 25° between the magnetic
field and the c-axis of the nanocrystal is sufficient to induce a
bright—dark mixing.'® Instead, we observe a complete absence
of shortening of the PL decay for all of the InP/ZnS QDs in
ensemble measurement (see Supporting Information, Figure
S4) as well as in InP QDs with ZnSe and (Cd,Zn)Se shells
(Supporting Informations, Figure S5). Therefore, the optical
properties of InP/ZnS QDs in a magnetic field are mostly
determined by the Zeeman interaction. These results allow for
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Figure 3. (a) Polarization-resolved PL spectra of InP/ZnS NCs with a 2.9 nm core diameter at T = 4.2 K for a magnetic field of B = 0 and 15
T together with the spectrally resolved DCP (light gray). Laser excitation at 3.0 eV. (b) Same PL spectrum at 0 T (black) with the
highlighted contributions to the PL spectrum of the upper bright state (green) and the bright—dark doublet (orange). Inset: Detailed
exciton fine structure involved in the PL emission (adapted from ref 21). (c) Magnetic field dependence of the time-integrated DCP at the
spectral position of the upper bright state (green) and the bright—dark doublet (orange).
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Figure 4. (a) Time-resolved PL decay at the maximum of the PL (E = 2.1 €V) (green arrow in panel b) of ensemble of InP/ZnS (same as
Figure 3) at T = 4.2 K and B = 15 T of 6— (blue) and 6+ (red) polarization together with the time-resolved DCP (gray). Solid line is a two
exponential fit with times 7y, = 24 ns and 7j,,, = 400 ns. (b) Corresponding polarization-resolved PL spectra. (c) Time-resolved DCP at

spectral position indicated by arrows in panel b.

studying the magnetic-field-induced polarization, the spin
dynamics, and the g-factors of excitonic states on NC

ensembles.
Figure 3a shows the polarization-resolved PL spectra of the

same InP/ZnS sample at a magnetic field of 15 T together with
the spectrally resolved degree of circular polarization (DCP).
The DCP, P, is defined as

where I*(I”) corresponds to the intensity of the spin-up (spin-
down) polarization. 7y and 74 are the exciton lifetime and the
spin-relaxation time, and g is the Landé g-factor. The DCP is
negative, which indicates a dominant contribution of o-
polarization in the magnetic field.'"*™"*” By contrast with
CdSe NCs, we observe a strong spectral dependence of the
DCP. The DCP in the high-energy part of the PL spectra is
twice the DCP in the low-energy part (Figure 3a). In a

+ - B previous work, we demonstrated that high-energy photons
I"—1 TR 8Hy . . e o

B =— — = tanh| . stem from the spin-relaxation limited radiative recombination

I"+1 Rt T 2k T (1) of excitonic states lying about 100 meV above the bright—dark

10204 DOI: 10.1021/acsnano.9b03384
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doublet (Figure 3b).*" Therefore, the large values of DCP
results from the spin relaxation of the upper bright states,
whereas the low values correspond to the spin relaxation of the
bright—dark doublet.

Figure 3¢ shows the magnetic field dependence of the DCP
at high and low energy of the PL spectrum, where only upper
bright and dark excitons contribute, respectively. Surprisingly,
in Figure 3c, the magnetic field dependence of the time-
integrated DCP shows saturation values around —0.35 (-0.16)
at B = 15 T for the high-energy (low-energy) part of the PL
spectrum. It is noteworthy that a saturation around —1 could
be expected in the framework of pure Zeeman interactions of
spherical zinc blende nanocrystals and of —0.7S for random
orientation of the g-axis in the ensemble of QDs. These results
are in agreement with the spectrally integrated DCP of InP/
ZnS measured up to 30 T and of InP QDs with ZnSe and
(Cd,Zn)Se shells (Supporting Information, Figures S6 and
S7).

The nonlinear rise of the DCP between B = 0 and 8 T
(Figure 3c) indicates that the spin-relaxation time, 75, between
the Zeeman sublevels must be comparable to the lifetime of
the exciton, 7z.'””” In order to get deeper insight into the spin
dynamics, we studied time-resolved degree of circular polar-
ization (TRDCP). Figure 4a shows the polarization-resolved
PL decay at 15 T at the PL maximum of the same InP/ZnS
sample (Eg = 2.1 eV) together with the corresponding
TRDCP. We clearly see that the buildup of the spin
polarization occurs on two markedly different time scales.
The fast initial rise occurs in 24 ns, whereas the relaxation to
the saturation levels, P, = —0.27, is achieved in 400 ns. The
origin of the spin dynamics can hardly be unveiled from the
TRDCP at the PL maximum as bright, dark, and higher exciton
states (Figure 3b) contribute to the PL signal.”'

The spectral dependence of the TRDCP allows the various
contributions to be separated: the low-energy part of the
spectrum results only from the radiative recombination of the
dark exciton (Figure 4b, orange arrow at 2.00 eV), whereas the
high-energy part mostly results from the radiative recombina-
tion of the higher bright state (Figure 4b, blue arrow at 2.25
eV). The TRDCP measured at E = 2.00 eV (Figure 4c)
corresponds to the spin dynamics of the dark ground exciton,
which can be well reproduced by a single exponential function
with a spin-relaxation time of ~400 ns. This is several orders of
magnitude longer than that in ensemble of CdSe-based
QDs."*'® The slow spin dynamics can, in principle, be due
to the spin relaxation between the dark exciton Zeeman levels,
which requires a simultaneous spin-flip of the electron and the
hole.'® We emphasize that the slow spin dynamics observed for
InP QDs is in line with the absence of magnetic-field-induced
bright—dark mixing. This is in firm contrast to the case of
CdSe QDs, where a fast spin-relaxation time goes hand-in-
hand with bright—dark mixing."* The dark exciton spin-
relaxation time (73 = ~400 ns) is comparable to its radiative
recombination time (7 = 1100 ns), which implies a significant
contribution of the dynamical factor, p = 73/(7g + 75), in the
DCP value even at fields up to 15 T (p = 0.73).

By contrast, the TRDCP at high energy (E = 2.25 eV) shows
that the spin thermalization is achieved mostly within 6 ns. We
attribute this fast spin dynamics to the relaxation from the
upper bright state to lower exciton states, which requires only
one charge carrier spin-flip, rather than between Zeeman levels
that requires a simultaneous spin-flip of both charge carriers.
Note that the remaining long component in the TRDCP is

likely due to residual contribution of the dark exciton line (cf.
Figure 3b). It is noteworthy that this interlevel spin-flip time of
~6 ns is significantly longer under a magnetic field than those
previously reported at 0 T, where a spin-relaxation time of 700
ps was measured.”’

DISCUSSION

Absence of Magnetic-Field-Induced Bright—Dark
Mixing. Above, we presented results that show that a
magnetic field does not mix the spin-forbidden dark and
bright states in InP QDs with ZnS, ZnSe, or (Zn,Cd)Se shells.
We empbhasize that recent results obtained on InP/ZnSe QDs
support the lack of bright—dark mixing.”' The authors could
not observe the fingerprint of the bright—dark mixing. Instead,
they extracted, for various InP core sizes, a nearly constant
bright exciton g-factor (g = 3.5) from the spectral shift of the
PL line with a magnetic field. Importantly, this value
corresponds to the bright exciton g-factor value previously
measured on colloidal InP/ZnS nanocrystals34 and on wurtzite
InP nanowires when B|g-axis.”> This situation is rather
unusual and in strong contrast with, for instance, CdSe-based
QDs. According to the existing theory, bright—dark mixing is
only absent when the magnetic field is parallel to a high-
symmetry axis.'” Note that, in this framework, the dark and the
bright exciton states are respectively attributed to the states
[+2) and |ilL>. Such a situation has occasionally been
observed in single-dot photoluminescence spectroscopy.'® In
QD ensembles, the symmetry axes are randomly oriented and
bright—dark mixing occurs, 102636 Following commonly used
k.p. theory, the mixing appears because the off-diagonal terms
in the Hamiltonian are nonzero when the magnetic field is not
strictly parallel to the g-axis. In this case, the only possibility to
explain an absence of bright—dark mixing lays in the vanishing
of the matrix element which couples the excitonic states.'” We
emphasize that this mixing should depend on the bright—dark
energy splitting and on the electron g-factor and therefore
should be size-dependent, which is in marked contrast with our
results. In fact, no magnetic-field-induced shortening of the
dark exciton lifetime was observed for all InP core sizes and for
different shells (Supporting Information, Figures S4 and SS).
This finding strongly suggests that the lack of bright—dark
mixing is rather due to an intrinsic property of ZB InP
semiconductors.

Another possibility to explain the lack of shortening is to
consider that the ground exciton is built from a 1S electron and
a 1P/, hole instead of a 1S;,, hole.”” In this 1S.1P;, exciton
model, all of the transitions from the fine structure level are
dipole-forbidden. Therefore, the magnetic field will not affect
the PL decay because all excitonic states are dark. Never-
theless, this model fails to explain several experimental
observations such as the possibility to perform FLN experi-
ments, which require a dipole-allowed transition for the
resonant excitation, or to explain the strong temperature
dependence of the PL decay,”’ which points to the thermal
population equilibration between two levels with strikingly
different oscillator strengths. Finally, the order between the
1S5/, and 1P;, hole level strongly depends on the NC size. In
particular, the 1P;,, hole level is expected to be the ground
hole state for small InP. Therefore, the switching between the
1S3/, and the 1P;,, hole levels should be accompanied by a
striking change in the optical properties in magnetic fields.
However, our results obtained on InP NCs with core sizes
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Figure S. (a) Dark exciton recombination activated by an interaction between electron spin and a spin reservoir. (b) Formation of a
thermodynamic dangling bond magnetic polaron under magnetic field suppresses the spin-flip mechanism. (c) Large energy mismatch in the
Zeeman splitting of electron and nuclei breaks the energy conservation rule and prevents spin-flip mechanisms. (d) For kgT > gigB, the
dangling bond spins are randomized, which enables the spin-flip processes. (e) Spin-flip process is inhibited by the energy conservation rule,
regardless of the thermal energy. (f) Temperature dependence of the long component of the PL decay at 0 T (black) and 2 T (red) of an
ensemble of InP/ZnS NCs (2.9 nm core diameter) filtered around the PL maximum. Solid blue lines are fit (see ref 21), where the bright
exciton decay rate, I'y = 30 us™', and the bright—dark energy splitting, AE = 8 meV, are fixed parameters and the dark exciton decay rate, Iy,
is a fitting parameter. Best fit give ['z = 0.86 us™' for B=2 T and 'z = 1.87 ps™' for B=0 T.

below 2 nm up to 3.5 nm do not show this significant
difference.

The only other possibility to explain the lack of bright—dark
mixing is to consider that the exciton fine structure in InP QDs
is weakly sensitive to shape anisotropy. In this case, the
electron—hole exchange interaction splits the eight-fold
degenerate band-edge exciton into a five-fold degenerate
dark exciton with a total angular momentum of 2 and a three-
fold degenerate bright exciton with total angular momentum of
1."»"% In this framework, the degenerated bright and dark
states are not coupled by the magnetic field. We emphasize
that this situation can only occur for perfectly spherical ZB
QDs or for anisotropic QDs where the anisotropy splitting
vanishes.'> Although the former situation is almost impossible
to achieve at the ensemble level, the latter case might occur for
zinc blende anisotropic QDs for which the light hole to heavy
hole effective mass ratio, f3, is about 0.14.'> We must stress that
this value is very close to the calculated ratio for InP (f =
0.148).>® This results strongly suggest that zinc blende InP-
based QDs host nearly isotropic excitons, regardless of the QD
shape.

Weak Circular Polarization Degree Induced by
Magnetic Field. Compared to CdSe QDs, the saturation
level of the DCP in InP/ZnS QDs is much lower, especially in
the low-energy part of the PL spectra, which is dominated by
the dark exciton recombination. The low DCP values could be
caused by several effects. First, a small dark exciton g-factor
might prevent the buildup of a spin population because the
resulting Zeeman splitting, guyB, is smaller than the thermal
energy even at cryogenic temperatures. Long spin dynamics
also hamper the buildup of a spin population. This
contribution is reflected in the dynamical factor, 73/(7g + 7)
= 0.7. Here, assuming a saturation value of —1 for the DCP,
the dynamical factor only contributes to lower the DCP to
—0.7. Moreover, Rodina et al. showed that the dark exciton
state can couple to the upper bright exciton state 10Y) by

10206

acoustic phonons.”” This coupling is notably responsible for
the low DCP values in CdSe/CdS dot-in-rod nanostruc-
tures."*® In the case of a lack of bright—dark mixing and a
dominant coupling to acoustic phonons, as observed in InP/
ZnS QDs, the dark exciton polarization properties will be given
by the 10Y) state which shows linear polarization. This latter
effect explains the low DCP values observed here in InP/ZnS
as well as in InP/ZnSe QDs’' and in a previous report by
Langof et al.”*

Dark Exciton Lifetime Lengthening with Magnetic
Field. First, we emphasize that this lengthening has been
observed on all InP QDs, regardless of the shell (ZnS, ZnSe, or
CdygeZngo;Se) or the InP core size. Such a lengthening implies
the canceling of a recombination mechanism of the dark
exciton that is sensitive to an external magnetic field. Amon:
the recombination pathways identified for the dark exciton,’
only the mechanisms involving flip-flop of the electron spin
with a spin reservoir can be sensitive to the magnetic field. This
mechanism is compelled by the spin conservation criterion
which can be fulfilled by different means (Figure Sa).
Typically, these spin interactions are described by the
hyperfine (HF) interactions.””*" In the literature, two main
spin reservoirs have been identified: surface dangling bond
spins (DBS) in II-VI colloidal nanocrystals'®** and nuclear
spins.”~** Opposite from other nanostructures, all ions in InP
have a magnetic moment and InP/ZnS QDs have trap states at
the interface,21 so that electrons in colloidal InP/ZnS QDs
might interact with both reservoirs.

In the case of DBS reservoir, a magnetic field leads to the
thermodynamic formation of a dangling bond magnetic
polaron which prevents the electron spin flip-flop assisted
mechanism from occurring;“’46 therefore, it induces a
lengthening of the radiative recombination of the dark exciton
(Figure 5b)."® By contrast, the Zeeman splitting of nuclei spins
is more than 3 orders of magnitude smaller than that for the
electron. Hence, the flip-flop mechanism between the spin of
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the electron and the nuclear spins in a magnetic field is
prevented because the energy conservation rule cannot be
fulfilled (Figure Sc). The vanishing of this mechanism when
the magnetic field is applied also leads to a lengthening of the
dark exciton lifetime.

Therefore, at temperature such that kT < g.pB, where g, is
the electron Landé g-factor, both flip-flop mechanisms are
canceled by the magnetic field and their respective
contribution cannot be disentangled. Given the intrinsic nature
of both reservoirs, the situation can be clarified by increasing
the temperature such that k3T > g.ppB. In this case, the spin-
flip between electrons and nuclei remains forbidden under a
magnetic field, regardless of the temperature (Figure Se). The
long decay rate of the PL decay with and without magnetic
field will display a similar temperature dependence. Namely,
the dark exciton recombination rate is temperature-independ-
ent. By contrast, the thermal energy randomizes DB spins
which reactivates the flip-flop mechanism with the electron
spins (Figure 5d).* It was shown that this mechanism induces
a strong temperature dependence of the dark exciton
recombination rate even for thermal energy smaller than the
bright—dark splitting.

In Figure Sf, we unambiguously show that the long
component of PL decay, I';, at B = 0 and 2T follows the
same temperature dependence. Both were simulated using the
standard bright—dark exciton model®® with the same set of
parameters (bright exciton radiative lifetime and the bright—
dark splitting)”" except for the dark exciton radiative lifetime.
The lack of temperature dependence of the long decay rate
excludes a dominant contribution of a dangling-bond-assisted
mechanism in the radiative recombination of the dark exciton.
This result shows that, in InP/ZnS QDs, the spin of the
electron within the dark exciton is efficiently coupled to the
nuclear spin bath. This flip-flop mechanism, which enables the
radiative recombination of the dark exciton at 0 T, is canceled
once an external magnetic field is applied. We must stress that
this finding is supported by the magnetic field dependence of
the Zeeman splitting observed in InP/ZnSe QDs, which shows
characteristic features of HF interactions: the nonlinear rise of
the Zeeman splitting at a weak magnetic field due to an
Overhauser field."” These striking properties might affect the
spin coherence in InP QDs but might further be used to
optically probe the local magnetic field.

CONCLUSION

The optical properties of InP/ZnS QDs under a magnetic field
show a marked difference compared to II-VI-based colloidal
nanostructures. The weak ZPL in FLN spectra indicates that,
in InP/ZnS QDs, the radiative recombination of the dark
exciton is mostly achieved by a phonon-assisted mechanism
with a dominant contribution of acoustic phonons. Moreover,
our results demonstrate an absence of bright—dark mixing
induced by magnetic field up to 30 T which points to an
anisotropy tolerance of InP. This striking situation on
ensemble allows investigating in details the mechanism
involved in the dark exciton recombination and the spin
dynamics. In particular, we show a long spin dynamics,
comparable to the dark exciton radiative lifetime. We further
evidence that, in colloidal InP QDs, hyperfine interactions
between the electron spin and the nuclear spins at 0 T enable
the radiative recombination of the dark exciton. This work
highlights the richness of the spin physics in III-V colloidal
nanostructures. We believe this work will stimulate theoretical

studies on the optical and electronic properties of InP-based
colloidal nanostructures. In addition, our results will
undoubtedly lead to further investigations on the possibilities
to manipulate and store spins in III-V colloidal materials.

METHODS

Sample Preparation. InP/ZnS core/shell QD samples were
synthesized following the method reported in ref 21. InP/ZnSe and
InP/(Zn,Cd)Se core/shell QD samples were synthesized following
the method reported in refs 4 and 48. The QD samples were washed
by precipitation with methanol, isolated by centrifugation, and
redispersed in octadecene. To achieve a QD film, the solution was
deposited using a drop-cast method on a crystalline silicon substrate
for FLN measurements and on a quartz substrate for PL and time-
resolved PL measurements.

PL and Time-Resolved Photoluminescence (TrPL). The TrPL
and polarized PL measurements were performed on a QD ensemble
drop-casted on a quartz substrate. In the TrPL measurements, the
excitation was provided by a picosecond pulsed diode laser operating
at 405 nm (pulse width 100 ps). To ensure the complete decay of the
excitonic population, a repetition rate of the laser below 200 kHz,
controlled by the laser driver internal clock, was kept for all samples.
The average count rate was kept below 2% of the laser repetition rate.
This low excitation fluence was used in order to maintain single-
photon statistics and avoid multiexciton formation. The TrPL signal
of the QD ensemble was either spectrally integrated on all the
wavelengths (Nijmegen, field up to 30 T) or spectrally selected
through a monochromator (Dortmund, field up to 15 T). The PL
signal was detected by an avalanche photodiode connected to a single-
photon counter (time-correlated single-photon counting).

Polarized PL measurements were performed in static (and time-
resolved) configuration, using the same excitation source, in
continuous or pulse wave mode. The excitation was circularly
polarized with the use of a linear polarizer and a Babinet Soleil
compensator. The PL light was guided through a single grating
spectrometer (300 grooves/mm grating) and detected by a liquid-
nitrogen-cooled charge-coupled device in the static configuration and
by an avalanche photodiode connected to a single-photon counter
(time-correlated single photon counting) in the time-resolved
configuration. The emitted photons were detected in crossed and
copolarization relative to the laser polarization by using a linear
polarizer and a lambda-quarter wave plate. Cut-off optical filters were
used in excitation and detection for both PL and TRPL experiments.

Fluorescence Line Narrowing Measurements. For these
experiments, the samples used were QDs in glass cuvettes or in
films on crystalline silicon substrate (see Sample Preparation). The
samples in the film were mounted in a titanium sample holder on top
of a three-axis piezo-positioner. The FLN measurements were
performed using a narrow excitation source, achieved by using a
tunable jet stream dye (Rhodamine 6G) laser. This monochromatic
laser beam was circularly polarized by means of a linear polarizer and
a Babinet Soleil compensator. The laser beam was focused on the
sample by a singlet lens (10 mm focal length). The same lens was
used to collect the PL emission and direct it to the detection setup
(backscattering geometry). The samples and optical probe were
mounted inside a liquid-helium bath cryostat. The FLN signal was
guided through a 0.3 m long single grating spectrometer (300
grooves/mm grating) and detected by a liquid-nitrogen-cooled
charge-coupled device. The emitted photons were detected in crossed
polarization relative to the laser polarization by using a linear polarizer
and a lambda-quarter wave plate. Cut-off optical filters were used in
excitation and detection.
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