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New concepts
Magnetite Fe3O4 nanocrystals (NCs) are well-known for their 
utility in a myriad of biomedical applications from drug delivery 
to contrast agents for magnetic-resonance imaging. They are also 
magnetic-recording media and ferrofluids for speakers, or 
separating agents for treatment of heavy-metal-contaminated 
water. But, has a potential application space been overlooked? 
Are they useful as something other than a magnetic nanoparticle? 
We show for the first time that Fe3O4 NCs can possess another 
useful property—plasmonic character. This is possible because 
Fe3O4 is a degenerate semiconductor, and like other such 
semiconductors it can achieve carrier concentrations >1019 cm–

3—sufficient to support a localized surface plasmon (LSP) when 
stimulated by light resonant with the plasmon frequency. The 
Fe3O4 NC LSP resonances are size-tunable over at least 1287-1738 
nm, thus encompassing the technologically significant 
telecommunications window. Using a simple sandwich structure, 
we show that a layer of Fe3O4 NCs when separated by a thin 
dielectric spacer from a layer of PbS/CdS quantum dots (QDs) 
emitting in a telecom band causes a strong Purcell effect, with 
Purcell factors reaching ~50. This unique demonstration of a 
purely material plasmonic effect in the infrared rivals results for 
noble-metal plasmonic-NCs paired with visible-light emitting QDs. 
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Developments in the field of nanoplasmonics have the potential to advance applications from information processing and 
telecommunications to light-based sensing. Traditionally, nanoscale noble metals such as gold and silver have been used to 
achieve the targeted enhancements in light-matter interactions that result from the presence of localized surface plasmons 
(LSPs). However, interest has recently shifted to intrinsically doped semiconductor nanocrystals (NCs) for their ability to 
display LSP resonances (LSPRs) over a much broader spectral range, including the infrared (IR). Among semiconducting 
plasmonic NCs, spinel metal oxides (sp-MOs) are an emerging material with distinct advantages in accessing the 
telecommunications bands in the IR and affording useful environmental stability. Here, we report the plasmonic properties 
of Fe3O4 sp-MO NCs, known previously only for their magnetic functionality, and demonstrate their ability to modify the 
light-emission properties of telecom-emitting quantum dots (QDs). We establish the synthetic conditions for tuning sp-MO 
NC size, composition and doping characteristics, resulting in unprecedented tunability of electronic behavior and plasmonic 
response over 450 nm. In particular, with diameter-dependent variations in free-electron concentration across the Fe3O4 NC 
series, we introduce a strong NC size dependency onto the optical response. In addition, our observation of plasmonics-
enhanced decay rates from telecom-emitting QDs reveals Purcell enhancement factors for simple plasmonic-spacer-emitter 
sandwich structures up to 51-fold, which are comparable to values achieved previously only for emitters in the visible range 
in couples with conventional noble metal NCs.  

Introduction
Light impinging on a metallic nanocrystal (NC) induces free 
electrons to oscillate collectively, creating a localized surface 
plasmon (LSP). The LSP causes greatly enhanced coupling 
between the incident light and the metal matter, which can be 
used in applications requiring either a significant enhancement 

of the intensity of the electromagnetic field, e.g., chemical 
sensing, or the confinement of light beyond the diffraction limit, 
e.g., plasmonics-augmented optical communications.1–5 Due to 
the high bandwidth of light, photonic circuits are an important, 
ultrafast alternative to nanoelectronics for information 
transmission. However, conventional optical components 
cannot be optimally miniaturized for high-density on-chip 
packaging without somehow circumventing the diffraction limit 
of light. Nanoscale plasmonic structures and materials are 
sought that could be coupled with photon sources to bring 
optical circuitry to the for communicating information with light 
is the telecommunications window from 1260 to 1625 nm. The 
LSP resonances (LSPRs) of the metallic NCs do not reach this 
spectral window. The high and nonadjustable carrier 
concentrations (1022–1023 cm–3) characteristic of metals cause 
LSPRs to lie in the visible spectrum, with limited adjustment 
possible based on particle size and shape to ~1200 nm.2,6

Alternatives to metals have been sought to address this lack of 
spectral tunability, as well as other deficiencies of metals.6–9 In 
particular, degenerately doped semiconducting nanomaterials 
exhibit plasmonic character when electrons in the conduction 
band reach carrier concentrations >1019 cm–3. This lower carrier 
density compared to metals allows the LSPRs of plasmonic 
semiconductors to be tuned to short-wavelength infrared 
(SWIR; 1.4-3 μm) and even mid-wavelength infrared (MWIR; 3-
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8 μm) spectral ranges. Furthermore, being doping-level 
dependent, plasmonic behavior can be modulated through 
synthetic control, or even dynamically, post-synthesis, e.g., 
photo- or electrochemically.7 Metal oxide, nitride and 
chalcogenide semiconducting nanomaterials have now been 
demonstrated to support true LSPRs and to do so from the 
visible to the MWIR.6,7,10,11

Despite these advances in nanomaterial plasmonics, the 
principal materials studied to date exhibit limited dopability and 
environmental stability. Namely, simple metal oxides, e.g., 
In2O3, ZnO, CdO, are not amenable to p-type doping, while Cu 
chalcogenides, which can be used to access p-type doping, are 
unstable. The oxides are n-type due to the valence band 
maximum being dominated by O2– 2p states, which permits only 
limited p-type doping as generated deep-lying holes are 
strongly localized on oxygen sites. p-type doping in Cu-based 
materials depends on Cu vacancies, where Cu is notoriously 
mobile, affording limited long-term stability.11

An alternative class of semiconducting metal oxide may hold the 
key to both dopability and stability—spinel metal oxides (sp-
MOs). sp-MO systems can provide multiple doping modes for 
controlling free carrier density.12 Namely, the sp-MO structure 
possesses the general formula, A2BO4. Commonly, A3+ and B2+ 
cations occupy octahedrally (Oh; ½ occupied) and tetrahedrally 
(Td; 1/8 occupied) coordinated sites, respectively, in a cubic 
close-packed framework of O2– anions. An unusual self-doping 
is possible by effects of structural disorder and off-
stoichiometry. The former entails the A3+ and B2+ cations 
swapping sites (known as antisite defect pairs), while the latter 
results from a change in the 2:1:4 ratio of elements (involving 
crystal-structure vacancies, interstitial defects or antisites).
Motivated by theoretical studies of intrinsically doped sp-
MOs,12 as well as a demonstration by Manna and co-workers of 
tunable LSPRs for Ga2FeO4 sp-MO NCs,13 we investigate the 
potential for magnetite Fe3O4 sp-MO NCs to exhibit plasmonic 
behavior, where iron is present in two oxidation states—
(Fe3+)2Fe2+O4. Ga2FeO4 and Fe3O4 adopt the so-called inverse 
spinel structure in which the octahedral sublattice is shared by 
equal proportions of A3+ and B2+ cations, while the 
tetrahedrally-coordinated sites are filled by A3+ rather than B2+ 
cations (Fig. 1(a)). One potential scenario for off-stoichiometry 
in Fe3O4 is the formation of cation vacancies on B sites, which 
would result in an increase in the ratio of Fe3+ to Fe2+. 
Here, we show that chemical modification of the magnetite 
structure can indeed induce an LSPR, and, significantly, we 
demonstrate that a thin film of Fe3O4 NCs can cause a large 
modification to the spontaneous emission rate of coupled 
PbS/CdS quantum dots (QDs). Specifically, we utilize a 
comprehensive suite of analytical methods to structurally and 
optically characterize the Fe3O4 NCs to establish correlations 
between NC size, crystalline phase and composition and LSPR 
properties of peak position and width, including accounting for 
spontaneous formation of maghemite (Fe2O3) shells on the 
Fe3O4 core. Theoretical modeling is performed to understand 
the mechanism of the LSPR response in Fe3O4 NCs and to extract 
carrier density as a function of synthetic parameters. Although 
Fe3O4 NCs are well-studied for their magnetic properties, there 

remains a gap in understanding pertaining to optical and 
electronic properties, with little insight into the impact of 
stoichiometry despite the important role this can play in sp-MO 
systems. Finally, the Fe3O4 sp-MO NCs are assembled into 
hybrid layered structures with infrared-emitting colloidal QDs 
to quantify distance-dependent Purcell enhancement, which 
has previously only been documented for metallic-plasmonic 
NC and emitter couples active in the visible spectral range.14–18

Results and discussion
To establish correlations between optical properties and 
particle structure, we synthesized Fe3O4 NCs for a range of 
particle sizes through facile modification of synthetic 
parameters (see ESI for detailed methods).13,19,20 Transmission 
electron microscopy (TEM) was used to characterize size and 
shape of the prepared nanoparticles. A population of 200 NCs 
was analyzed in each case to obtain a statistically representative 

Fig. 1 (a) A view of the inverse spinel Fe3O4 unit cell. (b) Vis-NIR absorption curves 
of Fe3O4 NCs dispersed in TCE. Arrow indicates changes in intensity and shape of 
the spectra with increasing particle size: 8.2 ± 1.6 (red), 9.2 ± 2.5 (orange), 18.2 ± 
4.3 (green), and 20.7 ± 4.5 nm (navy). All spectra are normalized at 500 nm. (c) 
Dependence of the LSPR maximum on particle size. (d) LSPR peak wavelength 
plotted as a function of the solvent refractive index for Fe3O4 NCs with different 
particle sizes: 8.2 ± 1.6 (red), 6.3 ± 1.8 (blue), 8.5 ± 2.8 (yellow), and 7.3 ± 4.0 nm 
(gray). The dashed lines show linear fits. (e) Plots of (h)2 vs. photon energy with 
corresponding values for optical bandgap energy, Eg, of the direct transition for 
Fe3O4 NCs with different particle sizes: 18.2 ± 4.3 (green), 9.2 ± 2.5 (orange), 8.2 ± 
1.6 (red), and 6.3 ± 1.8 (blue). Open circles are measured data; solid lines are linear 
fits. (f) Eg as a function of NC size.
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size distribution, from which an average particle size, d, was 
determined (Table S1 and Fig. S1, ESI†). The obtained NC sizes 
vary from 5.2 ± 1.1 nm to 23.5 ± 3.6 nm depending on the choice 
of specific synthetic parameters (Table S1, ESI†).
The LSPR has not been described previously for magnetite NCs, 
but is, in fact, clearly visible in absorption spectra. Its basic 
characteristics, as well as tunability and dependencies on NC 
size and solvent properties, are shown in Fig. 1. First, absorption 
spectra of Fe3O4 NCs dispersed in tetrachloroethylene (TCE) 
show an absorption peak in the NIR region with a maximum 
wavelength (max) ranging from 1287 nm (0.96 eV) to 1738 nm 
(0.71 eV). This corresponds to the LSPR frequency. Both the 
peak position and peak shape depend on NC size (Fig. 1(b, c); 
Table S1, ESI†). Specifically, the LSPR peak shifts toward higher 
wavelengths and becomes broader, substantially decreasing in 
intensity, with increasing particle diameter (Fig. 1(b, c)). 
Second, the optical response of Fe3O4 NCs is also sensitive to the 
surrounding medium, i.e., solvent in which nanoparticles are 
dispersed. A redshift in max is observed with increasing solvent 
refractive index (Fig. 1(d)). This is a distinctive feature of an LSPR 
and has been reported for different types of plasmonic 
materials ranging from metals to other classes of 
semiconducting plasmonic materials.21,22 The Fe3O4 NCs show a 
sensitivity factor (SFaverage)—defined as the shift of the LSPR 
peak wavelength per unit change in refractive index of the 
surrounding medium—of 132. This value is lower than the ones 
previously reported for semiconducting plasmonic materials 
active in the NIR range: WO3-x, SF = 280; MoO3-x, SF = 260, and 
Cu2-xS, SF = 350.22–24 Interestingly, for Fe3O4 NCs SF increases 
with increasing NC size (Fig. 1(d) and S2, ESI†). The sensitivity 
factor for gold and silver nanoparticles is known to be 
dependent on geometric parameters, i.e., aspect ratio in that 
case,25,26 but such size and shape effects have yet to be 
established for semiconducting plasmonic NCs. Our results 
suggest that geometric considerations also play a role in the 
case of doped semiconductors.
The absorption onset in the visible-NIR range, which is directly 
related to the semiconductor optical bandgap (Eg), also depends 
on NC size. The value of the Eg can be estimated from the plot 
of (h)2 versus photon energy h, where  is the absorption 
coefficient (Fig. 1(e) and Table S1, ESI†). By extrapolation of the 
linear region of these plots to the zero intercept, we find that 
the optical band gap increases from 0.76 eV to 1.3 eV with a 
decrease in NC size. This absorption onset is not affected by a 
change in solvent refractive index (Fig. S3, ESI†), in contrast with 
the LSPR peak position. For semiconducting NCs, the change in 
optical bandgap value with changes in size are typically 
associated with the quantum confinement effect. However, for 
degenerately doped semiconducting NCs optical bandgap also 
depends on free carrier concentration. In this case, an apparent 
increase in bandgap values is described by the Moss-Burstein 
effect, such that a higher number of free electrons leads to 
partial filling of the conduction band. This scenario would lead 
to the conclusion that the observation of an increasing of the 
bandgap energy with decreasing NC size means that the smaller 
NCs are characterized by a higher number of free electrons. For 
nonstoichiometric magnetite nanoparticles, an excess of free 

electrons could be accounted for by a higher ratio of Fe2+:Fe3+ 
cations. As we show below, this is in fact the case for the smaller 
NCs in our study.
The electronic origins of the LSPR feature in the Fe3O4 NCs were 
investigated using density functional theory (DFT). Band 
structures of the stoichiometric and off-stoichiometric bulk 
Fe3O4 inverse spinel were calculated (Fig. S4–S6, ESI†). As 
described above, for the stoichiometric case, Td sites are 
occupied by Fe3+ ions while Oh sites are occupied by 50% Fe2+ 
and 50% Fe3+ ions ordered in a specific configuration. Off-
stoichiometric Fe3O4 is simulated by adding or removing 
electrons from the supercell. Added extra electrons tend to 
either localize or delocalize on the octahedral sublattice (with 
the delocalized configuration slightly lower in energy, 0.10 
eV/formula unit). A localization of an added electron on an Fe3+ 
ion leads to an additional Fe2+ ion, thereby increasing the 
relative ratio of Fe2+/Fe3+ ions on the octahedral sublattice 
compared to the stoichiometric case. In the electronic band 
structure, this gives rise to an additional filled electronic band 
at the top of the valence band near the Fermi level. On the other 
hand, a delocalized configuration leads to a more conventional 
n-type doping behavior with the Fermi energy shifted to the 
bottom of the conduction band. The computed electronic band 
structures for both off-stoichiometric cases are shown in Fig. S5 
and S6 (ESI†), along with the localized and delocalized electronic 
charge density plots. In contrast to the electron-addition case, 
removal of any extra electrons from the stoichiometric 
supercell results in systematic removal of the electronic bands 
corresponding to the Fe2+ ions in the valence band edge, as a 
result of the conversion of Fe2+ to Fe3+ ions at the Oh sites. 
Furthermore, as a result of this oxidation-state switching, 
removal of electrons should not lead to a p-type doping 
behavior. Finally, our computations also confirm Fe vacancies 
on Oh sites as a particularly low formation energy point defect 
(see Fig. S7, ESI†). This is consistent with previous studies 
showing that cation vacancies play a key role in the structural 
transformation from magnetite to maghemite.27,28 
Altogether, these results indicate that the observed LSPR 
response in Fe3O4 likely occurs by delocalization of the 
electronic charge density from the Fe2+ ions to the Oh sites. We 
note that this conclusion is further supported by the past 
spectroscopic observations reporting a gradual and complete 
flattening of UV-vis-NIR absorption spectra as Fe2+ ions in 
magnetite nanoparticles were systematically oxidized to Fe3+.29 
Additionally, we employed a combination of characterization 
techniques to correlate the observed behavior and theoretical 
description of the NC plasmonic response directly with changes 
in structure and composition. The sp-MO crystal structure was 
confirmed by powder X-ray diffraction (PXRD), with all patterns 
exhibiting the characteristic peaks of the A2BO4 spinel structure 
(space group ; Fig. 2(a)). We note, however, that 𝐹𝑑3𝑚
magnetite Fe3O4 exhibits a PXRD pattern that is very similar to 
maghemite -Fe2O3. In fact, refinement of the PXRD patterns 
here reveals lattice parameters that are intermediate between 
the two phases, i.e., lattice parameter a lies between ~8.39 and 
~8.38, while for a purely magnetite or maghemite structure a = 
8.397 or 8.330, respectively. The observed maghemite 
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Fig. 2 (a) XRD patterns of Fe3O4 NCs with different particle size: 5.2 ± 1.1 nm 
(purple) and 9.2 ± 2.5 nm (orange). Standard line patterns are shown for 
magnetite (JCPDS No. 19-0629, black) and maghemite (JCPDS No. 39-1346, gray). 
(b) Dependence of characteristic FTIR peak on particle diameter. (c) Magnetization 
curve measured at 50 K for 9.2 ± 2.5 nm Fe3O4 NCs. (d) Dependence of saturation 
magnetization, Msat, on particle size. 

character has been explained previously for a range of NC sizes 
as resulting from the presence of an oxidized surface layer and, 
therefore, indicative of the unintentional formation of a 
magnetite/maghemite core/shell structure.30–32 
The presence of maghemite in the NCs was also assessed using 
FTIR spectroscopy. The different iron oxide phases display 
characteristic bands corresponding to Fe–O stretching 
modes.32,33 In the region from 600 to 500 cm-1, a strong band at 
~570 cm-1 is a feature of magnetite, while in maghemite the 
band is shifted to 590 cm-1 For all the synthesized NCs the 
position of this band is intermediate between magnetite and 
maghemite. Its position shifts closer to that of stoichiometric 
magnetite with an increase in particle size (Fig. 2(b)).
In an attempt to understand this size dependency, we further 
probed magnetite-maghemite character via an assessment of a 
magnetically disordered (dead)-layer compared to magnetite. 
Specifically, magnetization curves were obtained at 50 K using 
vibrating sample magnetometry (VSM; representative curve NC 
magnetization. This measurement is thought to provide insight 
into the thickness of the maghemite shell as it represents shown 
in Fig. 2(c)). The saturation magnetization increases with an 
increase in NC size from 23% of the value for bulk magnetite in 
the case of the small (5.2 ± 1.1 nm) NCs to 90% in the case of 
the very large (23.5 ± 3.6 nm) particles (Fig. 2(d)). Such an 
observation is frequently attributed to a disproportionate 
influence of the maghemite shell in the smaller NCs. Here, we 
calculated the thickness of the magnetically disordered shell 
layer, e, according to a model suggested by Chen and co-
workers (see Methods Section for details; Fig. S8, ESI†).34 The 
maghemite layer thickness was observed to vary, but was 
generally in the range of ~0.5 nm (Table S2, ESI†). Based on the 
relationship between shell thickness and NC diameter in each 
case, the percentage of the total particle volume represented 
by maghemite was determined and found to be large for the 
smallest NCs (e.g., ~60% for 5.2 nm diameter particles; Fig. 3(a)) 
and smaller for the largest NCs (e.g., ~10% for NCs >20 nm in 

diameter). These results are consistent with the results 
obtained by FTIR analysis. Additionally, considering magnetite 
core-size only, the LSPR maximum is still linearly dependent on 
size (Fig. S9, ESI†), confirming that the magnetite structure is 
giving rise to the plasmonic properties.
Next, the magnetite character, or stoichiometry, of the NC cores 
was assessed. Two techniques were used to determine 
Fe2+/Fe3+ ratio in the particles as a whole—Mössbauer 
spectroscopy (MBS, Fig. S10, ESI†) and acidic dissolution. 
Mössbauer spectra were obtained at 120 and 140 K and 
modeled with a Voigt-based hyperfine distribution model.35,36 
Fe2+/Fe3+ ratios obtained by both methods are shown in Table 
S2 (ESI†). Using the determined shell and core volume 
percentages (Fig. 3(a), we calculated the ratio of Fe2+/Fe3+ that 
would be present in the core assuming the shell is pure 
maghemite and the core pure magnetite. These values were 
then compared to values obtained by MBS or acidic dissolution. 
An interesting size trend was observed. Namely, relative to a 
pure magnetite Fe2+/Fe3+ ratio of 0.5, the smallest NCs are Fe2+ 
rich, while the largest NCs are Fe2+ poor (Table S2, ESI†). 
Furthermore, the LSPR peak position follows the trend in core 
Fe2+/Fe3+ ratio—red-shifting with decreasing Fe2+ content (Fig. 
3(b)).
This observation confirms our prediction based on theoretical 
modeling that a decrease in Fe2+ concentration causes changes 
in the dispersive conduction band—shift of the Fermi energy to 
the bottom of the conduction band—that dampens the 
plasmonic response. Taken together, this supports the idea of a 
carrier density-dependent plasmonic response for Fe3O4 NCs if 
the higher number of Fe2+ ions are also associated with a higher 
number of free electrons, and may also explain the observed 
increase in optical bandgap with decreasing particle size.
To more explicitly connect the observed NIR response with free 
carrier concentration, we determined carrier concentration as 
a function of Fe2+/Fe3+ stoichiometry using a combination of Mie 
scattering theory and the Drude model.  Such an approach has 
previously been used to explain experimental LSPR absorption 
spectra of Ga- and Fe-rich Ga2FeO4 spinel NCs.13 Within the 
quasi-static approximation of Mie theory, the absorption of the 
NC solution is described using the Lambert−Beer law as

𝐴 =
𝑁 𝜎 𝐿

log (10) ,

Fig. 3 (a) Percent of total particle volume that is maghemite shell. (b) Dependence 
of LSPR peak position on magnetite character of the NC core—Fe2+ rich (reduced) 
or Fe2+ poor (oxidized). 
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where N and L represent the number density of NCs in solution 
and the path length of the cuvette, respectively. The frequency 
dependent absorption cross section σ(ω) depends on the 
dielectric constant of the solvent  as well as the frequency 𝜀𝐻

dependent dielectric function of the material  and can be 𝜀𝑝(𝜔)
expressed as

𝜎(𝜔) =
4𝜋𝜔𝑅3 𝜀𝐻

c 𝐼𝑚[ 𝜀𝑝(𝜔) ― 𝜀𝐻

𝜀𝑝(𝜔) + 2𝜀𝐻],

with R, c and ω representing the NC radius, speed of light and the 
optical frequency, respectively. Following the Drude model, the 
frequency dependent dielectric function of the material  can be 𝜀𝑝(𝜔)
described by 

𝜀𝑝(𝜔) = 𝜀∞ ― [ 𝜔𝑝
2

𝜔2 + 𝑖𝛾𝜔],

where  is the high frequency electronic contribution to the 𝜀∞

total dielectric function,  is the free carrier damping constant, 𝛾
and  is the plasma frequency, with n, e,  and 𝜔𝑝 = 𝑛𝑒2/𝜀0𝑚 ∗ 𝜀0

being carrier density, electron charge, vacuum dielectric 𝑚 ∗

permittivity and charge carrier effective mass, respectively.  𝜀∞

and  were extracted from the DFT calcuations. The 𝑚 ∗

dependence of the two most important parameters, namely the 
charge density n and the damping constant , on the absorp- 𝛾
tion profiles is depicted in Fig. 4(a) and 4(b), respectively. Here, 
it is evident that a lower charge density leads to a broader 
absorption peak with the peak maximum shifted to larger 
wavelengths, while an increased damping constant manifests as 
a decreased peak height at a fixed wavelength. Fig. 4(c) 

Fig. 4 Parametric dependence of (a) charge density n (n = α × 3.79·1022 cm-3) and 
(b) damping constant γ (γ = β ×1.35 eV) on the fitted LSPR absorption profiles for 
NCs with Fe2+/Fe3+ ratio in excess compared to stoichiometric magnetite (NCs with 
4.5 nm core). (c) Experimentally-measured and fitted LSPR absorption profiles 
obtained by employing the Mie theory and the Drude model for NCs with different 
core magnetite character: from relatively reduced (purple; 5.2 nm core) to 

relatively oxidized (red; 9.2 nm core). Charge density, n, and damping constant, γ, 
are shown for each.

showcases the fitting profiles as a function of the 
experimentally determined Fe2+/Fe3+ stoichiometry of several 
different NCs. In each case, the calculated concentration of free 
charge carriers is found to be on the order of 1022 cm−3, which 
is well within the range of those typically found in degenerately 
doped semiconductors.37 More importantly, our fits confirm a 
correlation between the Fe2+/Fe3+ ratio and the charge carrier 
density, with a higher charge carrier density observed in the 
case of a higher Fe2+ content in the core.
As discussed above, the development of alternative plasmonic 
materials with LSPRs in the infrared could be potentially useful 
for the enhancement of light emission from quantum emitters 
that photoluminesce at telecommunication wavelengths. Lead
chalcogenide QDs are emitters capable of producing 
photoluminescence (PL) at these wavelengths, but they suffer 
from non-optimal light-emission properties. Namely, while it is 
possible to synthesize these QDs with high quantum yields 
(QYs), lead chalcogenide QDs are invariably characterized by 
long radiative lifetimes (order of a microsecond). This translates 
to slow photon cycling from excitation to emission and back to 
excitation again, resulting in low brightness at the single-QD 
level compared, e.g., to visible-light-emitting CdSe QDs 
forwhich emission decays in only nanoseconds.38 Also, 
detectors at this wavelength range are not optimized for single-
photon detection. Access to plasmonic NCs with telecom LSPRs 
could help address these issues by enhancing the rate of the 
radiative decay of excitation. Emission enhancement in the 
visible spectral range has been demonstrated for QDs paired 
with metallic plasmonic NCs, e.g., Au and Ag. For example, Ag 
NCs were prepared as a layer on a solid substrate to which a 
polymer spacer was added prior to deposition of a thin layer of 
CdSe QDs.14 The spacer layer is used to limit non-radiative 
energy or charge transfer from quantum emitters to plasmonic 
nanocrystals.39 In this case, an enhancement factor of 24 was 
determined for an optimal spacer thickness of 5 nm. For similar 
systems, enhancement ranged from 2.7 to 24.14–18 
Here, we replace metal NCs with Fe3O4 NCs and CdSe QDs with 
PbS/CdS QDs (Fig. 5(a)). For optimal coupling, we use QDs 
whose PL wavelength overlaps with the sp-MO LSPR (Fig. 5(b)). 
The distance between QDs and NPs was precisely tuned by 
changing the thickness of the spacer layer from 2.5 to 20 nm. 
Rather than a polymer spacer that can have inconsistent 
thickness after deposition and can influence QD lifetime due to 
the passivation of surface defects (Fig. S11, ESI†),40,41 we 
selected two different types of amorphous chalcogenide 
materials—Ge23Sb7S70 (GSS) and Ge2Sb2Se4Te (GSST)—and 
aluminum oxide (AlOx) as spacer layers. These materials were 
chosen because they are deposited with precision via single-
source thermal evaporation (GSS/GSST)42,43 or atomic layer 
deposition (AlOx)44–47 at near or at room temperature, which 
avoids damage to the sp-MO NC layer. Importantly, plasmonic 
properties of the Fe3O4 NCs were preserved in their thin-film 
form with only a slight shift in the plasmonic response toward a 
longer wavelength due to the change in average dielectric 
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constant in the medium surrounding the NCs (from solution to 
air to chalcogenide; Fig. S12, ESI†). Furthermore, amorphous 

Fig.5 (a) A schematic representation of Fe3O4 thin film coated with spacer layer 
and PbS/CdS deposited on the surface. (b) The normalized absorption spectrum 
of Fe3O4 suspended in TCE (blue dashed line) and emission spectrum of NIR-
PbS/CdS QDs (solid red line). (c) Fluorescence decays of QDs on a 2.5 nm GSS layer 
(red) and coupled to Fe3O4 NC thin film separated by 2.5 nm GSS layer (blue). Black 
solid lines are fits of decay. (d) The Purcell factor as a function of spacer thickness 
for GSS spacer material. (Dashed line is a guide to the eye). (e) Calculated Purcell 
factor (ratio of total decay rates) for an array of Fe3O4 NCs between two disks as 
shown in the inset with different spacers GSS (red), GSST (blue), and Al2O3 (gray). 
(f) Calculated ratio of the radiative decay rates for the same system with and 
without Fe3O4 NC layer for GSS (red), GSST (blue), and Al2O3 (gray).

chalcogenides are characterized by tunable broadband 
transparency in the IR (Fig. S13 and S14, ESI†). 
Time-resolved PL (tr-PL) spectroscopy was employed to 
quantify the enhancement in spontaneous decay of the QDs, 
i.e., plasmonic Purcell effect. PL lifetimes for QDs on the spacer 
material with and without an underlying layer of Fe3O4 NCs 
were compared for the full range of spacer-layer thicknesses. PL 
decay curves show a spacer-thickness-dependent enhancement 
of the PL decay rate for QDs in the presence of Fe3O4 NCs for all 
used spacer materials (Fig. S15, ESI†). The maximum shortening 
of average lifetime values was observed at spacer thicknesses 
of 2.5 and 7.5 nm for chalcogenide material (GSS and GSST) and 
AlOx spacers, respectively. In particular, decay curves for QDs 
applied to a 2.5 nm thick GSS spacer with and without the 
underlying sp-MO NC layer are shown in Fig. 5(c). In this case, 
the calculated Purcell enhancement factor, defined as the ratio 
of the PL decay times in the absence and presence of the Fe3O4 

NC layer (FP = spacer-quartz/spacer-on-NPs) was 51 (Fig. 5(d)).48 
Biexponential fitting was applied in all cases, with FP values 
determined using the average  (see ESI† for fitting details). 
Notably, the observed maximum enhancement is >2 times that 
previously reported for plasmonic NC/spacer/QD systems 
active in the visible range.14 Expectedly, with a subsequent 
increase in spacer thickness, the Purcell factor is reduced (Fig. 
5(d)).
We have performed simulations of the Purcell effect associated 
with the Fe3O4 NCs. As illustrated in the inset to Fig. 5(e), a 
cluster of 5x5 spherical plasmonic NCs, each 10 nm in diameter, 
forming a square lattice with the period of 11 nm is placed 
between two dielectric disks, each 282 nm in diameter. The top 
and the bottom disks of varying thickness (to 20 nm) simulate 
the spacer material and the quartz substrate, respectively. A 
transition dipole is placed 4.2 nm above the top disk, which is 
the radius of the PbS/CdS QDs used in the experiment. Using 
the boundary element method implemented into the MNPBEM 
computational toolbox,49 we performed simulations of the 
dipole total and radiative decay rates in the presence of Fe3O4 
NCs and in the absence of an Fe3O4 NC layer. In the simulations, 
the plasmonic NC response was parameterized using the Drude 
model with the parameters listed in Fig. 4(c) for Fe2+/Fe3+ = 0.20 
(red curve). 
The calculated dependance of the Purcell enhancement factor 
on the spacer thickness is shown in Fig. 5(e). Comparing the 
calculation results with experiment (Fig. 5(d) and Fig. S15, ESI†), 
we see a reasonable, order-of-magnitude agreement. The 
calculations clearly show that the GSS spacer facilitates the best 
performance, and this is also observed in the experiment. The 
discrepancies between calculations and experiment, e.g., 
experimentally observed faster decay of the Purcell factor with 
the spacer thickness, can be attributed to the idealizations of 
the adopted model. Specifically, the model does not account for 
the variation of the plasmonic NC sizes and random 
arrangement of the nanoparticles within the layers affecting 
Purcell factor scaling with spacer thickness.
The plasmonic Purcell factor describes enhancement of the QD 
spontaneous decay rate contributed by both radiative and 
nonradiative channels.50 Experimental determination of the 
radiative rate enhancement is a challenging task. Therefore, we 
further employ our simulations to gain an insight into this 
quantity. The ratio of the radiative decay rates with and without 
Fe3O4 NCs is shown in Fig. 5(f). Depending on the spacer 
material, the radiative decay rate enhancement ranges 
between 2% and 30%. Thus, according to this calculation, a 
major contribution to the Purcell factor comes from non-
radiative energy transfer to plasmonic NCs and its subsequent 
dissipation due to the Ohmic losses. Such a behavior is expected 
due to the small size of the Fe3O4 NCs and close proximity of the 
QDs to this layer. However, it is anticipated that synthesis of 
larger Fe3O4 NCs (e.g., up to ~100 nm in diameter) could 
facilitate fabrication of plasmonic nano-antennas with much 
higher radiative rate enhancement than is possible in the 
current thin-film platform.51–54
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Conclusions
The plasmonic properties for a novel class of plasmonic 
nanomaterial—Fe3O4 sp-MOs—have been elucidated. 
Specifically, we showed that magnetite NCs can exhibit LSPRs in 
the NIR, including important telecommunications bands. 
Synthetic modifications, such as use of different solvents and 
surfactants, afford control over NC size and, thereby, enable 
fine-tuning of the plasmonic response. In agreement with 
previous reports, we confirmed that unintentional oxidation of 
Fe3O4 NCs results in the formation of an oxidized maghemite 
shell on top of the magnetite core. Here, we further combined 
structural characterization and theoretical modeling to show 
that NC core size is directly correlated with parameters that 
influence LSPR peak position, i.e., change in Fe2+/Fe3+ ratio. In 
this way, key gaps in understanding of magnetite plasmonic and 
electronic properties were addressed. Finally, we showed that 
it is possible to elicit strong plasmonic enhancement of the 
Purcell factor for IR-emitting QDs. This result points the way to 
an important next step—reaching comparable radiative rate 
enhancements by taking advantage of nano-antenna 
structures, as has been shown for emitters in the visible range.53 

In addition to the favorable plasmonic behavior, we find that 
the LSPR characteristics are maintained over months in solvent-
suspension without any precautions taken with respect to 
storage conditions, and in the solid state, a thin layer of the 
explored chalcogenide spacer material prevented any shifting in 
LSPR peak position of fully air-exposed Fe3O4 sp-MO NC 
monolayer films. Our work validates nanocrystalline Fe3O4 is a 
suitable building block for future plasmonic antennas that can 
be directly active in telecom wavelengths. 
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