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ABSTRACT: EuS and related ferromagnetic semiconductors have long
been model materials for spintronic device functionality because of their
ability to generate highly spin-polarized electrical currents. Although the
low Curie temperature (TC) of EuS limits practical implementation of
such devices, the TC of bulk EuS can be raised by n-doping with
trivalent impurity ions such as Gd3+. Such doping introduces free
conduction-band electrons that strengthen the magnetic exchange,
raising TC. In EuS nanostructures, analogous doping has also been
explored. Paradoxically, such nanostructures also have a tendency to
show native Eu3+ ″impurities″. It is unclear what impact these impurities or non-native trivalent impurities may have on magnetic
ordering. Here, we report spectroscopic, magnetic, and redox-chemical studies aimed at assessing the role of trivalent impurities in
the ferromagnetism of colloidal EuS nanocrystals. Combining postsynthetic redox chemistry with optical and electron paramagnetic
resonance (EPR) spectroscopic measurements, we show that reduction of native Eu3+ impurities to Eu2+ increases the overall
magnetization below TC and simultaneously decreases TC by ∼7%, with no evidence of free conduction-band electrons at any stage.
The data suggest that some of the newly formed Eu2+ ions participate in the ferromagnetic ordering despite having a different
coordination environment than the Eu2+ ions of the as-synthesized nanocrystals (e.g., surface vs core Eu2+), and we hypothesize that
surface-localized charge compensation and the very negative EuS conduction-band-edge potential prevent n-doping in these
nanocrystals. These results demonstrate postsynthetic chemical modulation of the ferromagnetism of colloidal EuS nanocrystals and
additionally provide a well-controlled assessment of the contribution of trivalent impurity ions to this magnetism.

■ INTRODUCTION

Europium(II) monochalcogenides are a classic group of
magnetic semiconductors, displaying rich magnetic ordering
ranging from ferromagnetism for EuO and EuS to metamag-
netism for EuSe and antiferromagnetism for EuTe.1 EuS in
particular displays a high degree of electron-spin polarization in
transport measurements, making this material a model system
for exploration of spintronic technologies such as spin filters
and spin valves.2−4 The low Curie temperature of EuS (TC =
16.6 K)1 limits its practical use, but aliovalent doping, typically
with Gd3+ (also S = 7/2), has been shown to increase TC in
both bulk1 and nanocrystalline EuS.1,5,6 Aliovalent doping
generates delocalized conduction-band (CB) electrons that
enhance the indirect interlanthanide exchange coupling,
thereby stabilizing ferromagnetic ordering.1,5−7 The correlation
between free carriers and TC in Eu1‑xGdxO films grown by
MBE was demonstrated by resistivity measurements,8 and
spectroscopic signatures of free carriers by mid-infrared (mid-
IR) intra-CB absorption1,9−13 and a temperature-dependent
red-shift of the interband absorption edge10,11 have provided
independent support for this mechanism. TC enhancement has
additionally been observed for doping with nonmagnetic
trivalent lanthanides such as La3+ or Lu3+ in EuO, but these

ions appear to also cause magnetic disorder.14 The magnetism
becomes more complicated when the dopant is redox active,
such as Sm3+/2+. In bulk Sm-doped EuO, Sm is trivalent,
introducing free electrons and increasing TC.

15 In bulk Sm-
doped EuS, however, Sm is divalent and only decreases the
overall magnetization through spin dilution.16 By changing the
lattice anion, therefore, the Sm oxidation state is changed and
its influence on the material’s magnetic properties is different.
This comparison suggests the intriguing possibility that redox
transformations of europium itself (for which both Eu2+ and
Eu3+ are often readily accessible) may possibly influence the
magnetic and optical properties of nominally undoped

europium chalcogenides, providing a new entry into tunable
magneto-electronic properties in this class of magnetic
materials.
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Colloidal EuS nanostructures have been explored as
promising solution-processable low-dimensional magnetic
semiconductors that can be interfaced with other materials
and whose magnetic properties can potentially be tuned by
controlling nanocrystallite size, shape, and surface chemis-
try.17−23 The high surface-to-volume ratios of such nanostruc-
tures present complications in terms of stability, crystallinity,
and the general difficulty of controlling the speciation of
surface ions and ligands. In particular, as-synthesized EuS
nanocrystals (NCs) frequently show partial oxidation of Eu2+

to Eu3+,20,22 generally assumed to occur predominantly in
amorphous surface layers.18,24,25 To the extent that such Eu3+

ions can be considered as aliovalent impurities, they should
behave similarly to the Gd3+, Sm3+, or other trivalent dopants
described above. Although the presence of such Eu3+ is widely
recognized, their effect on the magnetism of EuS nanostruc-
tures has not yet been addressed.
The research reported here aims to answer two main

questionsfirst, do Eu3+ impurities in EuS NCs introduce free
charge carriers, as observed with other trivalent dopants in bulk
EuS? Second, can the oxidation state of these Eu3+ ions be
controlled postsynthetically, thereby modulating the magnetic
properties of the NCs? To address these questions, we used
chemical reductants to tune the Eu3+/Eu2+ ratios in colloidal
EuS NCs, and we characterized the resulting NCs using optical
and electron paramagnetic resonance (EPR) spectroscopies.
We show that the Eu3+ impurities in as-synthesized NCs are
not charge-compensated by excess CB electrons, and we
hypothesize that their excess positive charges are instead
compensated by localized surface counter-charges. Addition-
ally, we demonstrate for the first time that it is possible to
reduce these native Eu3+ ions to Eu2+ in free-standing colloidal
EuS NCs. This reduction does indeed have a modest but
clearly detectable impact on the NC magnetism, reducing TC

by ∼7% (from 16.1 to 15.0 K) and increasing the
magnetization below TC. Spectroscopic and magnetic evidence
suggests that the newly formed Eu2+ ions also order
ferromagnetically, in part, but also that they have a slightly
different coordination environment than the Eu2+ ions present
in the as-synthesized NCs, possibly due to surface proximity.

■ EXPERIMENTAL METHODS

General Considerations. Unless otherwise stated, all measure-
ments and synthetic manipulations were performed using standard
Schlenk techniques under a dinitrogen atmosphere or in a glovebox
under an atmosphere of purified dinitrogen. Anhydrous tetrahy-
drofuran (THF) was purified through an alumina column pressurized
with Ar.
Chemicals. Unless otherwise stated, all chemicals were used as

purchased without further purification. Anthracene (99%), decame-
thylcobaltocene (CoCp*2), mercury (≥99.99%), naphthalene (99%),
1-octadecene (ODE, 90%), oleylamine (OLA, 70%), and trioctyl-
phosphine (TOP, >97%) were purchased from Sigma-Aldrich. 2-
Methyltetrahydrofuran (2-MeTHF, anhydrous, ≥99.0%, Sigma-
Aldrich) was further dried over sodium benzophenone and distilled
before use. Diethylammonium diethyldithiocarbamate ((NH2Et2)-
(S2CNEt2), >97%) was purchased from TCI America. Europium(III)
chloride hexahydrate (EuCl3·6H2O, 99.9%) was purchased from
Strem Chemicals. Sodium and potassium metal were purchased from
AlfaAesar. Acetone (Fisher, ACS) was dried by reflux over anhydrous
CaSO4 and distilled before use. Hexanes (Fisher, ACS) were dried
over sodium benzophenone and distilled before use. 2-Propanol and
acetonitrile were purchased from Fisher.
Synthesis of Sodium Anthracenide. Excess sodium metal was

spread in a scintillation vial to make a mirror. Anthracene (0.1 mmol)

was then added followed by 5 mL of THF. The mixture was stirred
overnight to form a 0.02 M sodium anthracenide (Na[ANT])
solution. Sodium naphthalenide (0.02 M, Na[NAP]) and potassium
anthracenide (0.02 M, K[ANT]) were made analogously.

Preparation of Na(Hg). Na(Hg) (0.5%) was prepared by
dissolving Na metal (0.0388 g) in Hg metal (5 mL). The sodium
metal was added slowly because the reaction is highly exothermic.

Diethylammonium Europium Tetrakis-Diethyldithiocarba-
mate (NH2Et2)[Eu(S2CNEt2)4] (1). (NH2Et2)[Eu(S2CNEt2)4] was
prepared by adapting literature procedures.19 Briefly, (NH2Et2)-
(S2CNEt2) (2.38 g) was added to an Erlenmeyer flask containing 70
mL of anhydrous ethanol under ambient conditions. In a separate
scintillation vial, a stoichiometric amount of EuCl3·6H2O (0.98 g) was
added to 15 mL of anhydrous ethanol. The two solutions were stirred
to yield homogenous solutions. The europium solution was slowly
added to the Erlenmeyer flask to form the red-orange crystals of
(NH2Et2)[Eu(S2CNEt2)4]. The mixture was stirred for 20 min to
allow complete precipitation of 1, which was collected by filtration
and washed with cold anhydrous ethanol several times. 1 was stored
in a desiccator and used within 2 weeks of synthesis.

Synthesis of Colloidal EuS Nanocrystals. In a typical synthesis,
OLA (2.43 mL) was added to a 50 mL three-necked, round-bottom
flask fitted with a reflux condenser and a thermocouple for
temperature control and degassed under vacuum for 30 min at 120
°C. TOP (2.27 mL) was injected into the flask, and the mixture was
degassed for an additional 15 min. The solvent mixture was then
heated to a temperature of 280 °C under nitrogen. In a separate
scintillation vial, 1 (0.11 g) was added to OLA (1.2 mL). This mixture
was stirred to produce a clear red-orange solution. The solution of 1
was injected into the reaction flask at 280 °C and maintained at this
temperature for 1 h under constant stirring. The mixture was cooled
to room temperature and transferred to a nitrogen-filled glovebox for
further purification. The NCs were washed four times by precipitation
with acetone followed by centrifugation and suspension in hexanes.
The worked-up NCs were stored in the glovebox suspended in ∼5 mL
of hexanes, which gave a purple-colored colloidal solution.

Reduction Titrations. EuS NCs of a known concentration were
suspended in a solution of THF and loaded into an air-free cuvette.
For reductions using Na[ANT], K[ANT], Na[NAP], and CoCp2*, a
known amount of reductant solution was titrated in to reduce the
NCs. The progress of the titration was monitored by collecting an
absorption spectrum following each addition of reductant. The
reduction was considered complete when features corresponding to
the reductant appeared in the absorption spectrum. For reduction
using Na(Hg), an amount of Na(Hg) corresponding to 600
equivalents of Na per Eu was added to a solution of EuS NCs in
THF in an air-free cuvette with a Teflon stir bar. The solution was
allowed to mix for several days and monitored by UV−vis−NIR
spectroscopy. For reduction using Na metal, a freshly cut piece of Na
metal was added to a solution of EuS NCs in THF in an air-free
cuvette. The progress of the reduction reaction was monitored by
UV−vis−NIR spectroscopy over a 2-week period.

EPR Measurements. Continuous-wave electron paramagnetic
resonance (EPR) measurements were performed using a Bruker EMX
spectrometer operated at X-band frequencies. The sample and probe
were mounted inside an Oxford Instruments ESR900 continuous flow
cryostat. The temperature was controlled and monitored with an
Oxford Instruments ITC5035 temperature controller and a Cernox
Resistor CX-1050-AA-1.4 L temperature sensor (LakeShore).
Anhydrous 2-MeTHF was used as the solvent because it forms a
high-quality glass. For EPR measurements of reduced EuS NCs, the
reductant (0.02 M Na[ANT] dissolved in 2-MeTHF) was titrated
into a solution of NCs in 2-MeTHF. The progress of the reduction
was monitored by absorption spectroscopy. Once fully reduced, 350
μL of the sample was transferred to an EPR tube for measurement.
For EPR measurements of the native EuS NCs, 350 μL of NC
solution in 2-MeTHF at the same concentration as in the reduced
sample was loaded into an EPR tube. For all EPR measurements,
samples were kept under an N2 atmosphere.

Chemistry of Materials pubs.acs.org/cm Article

https://dx.doi.org/10.1021/acs.chemmater.0c03020
Chem. Mater. 2020, 32, 8633−8640

8634



XPS Measurements. All XPS spectra were recorded on a Surface
Science Instruments S-Probe photoelectron spectrometer. This
instrument has a monochromatized Al Kα X-ray source that was
operated at 20 mA and 10 kV and a low-energy electron flood gun for
charge neutralization. Samples were drop-cast from solution onto
silicon substrates and prepared under a nitrogen atmosphere. The X-
ray analysis area was ∼800 μm across. Pressure in the analytical
chamber during spectral acquisition was <5 × 10−9 torr. Pass energy
for survey and detailed spectra was 150 eV. Data point spacing was 1.0
eV/step for survey spectra and 0.4 eV/step for detailed spectra. For
high-resolution spectra, pass energy was 50 eV and data point spacing
was 0.065 eV/step. The take-off angle was 0°. Service Physics Hawk
v7 data analysis software was used to calculate the elemental
compositions from peak areas and to fit the peaks of the high-
resolution spectra. An inelastic scattering (Shirley) background was
used in the analysis.
General Characterization. Unless otherwise noted, UV−vis−

NIR absorption spectra were collected using a Varian Cary 5000 or an
Agilent Cary 5000 spectrophotometer on THF solutions of NCs.
NIR-IR measurements were performed using a Nicolet 8700 FTIR
instrument. Samples were prepared for powder X-ray diffraction
(XRD) by depositing NCs from solution onto a silicon substrate, and
data were collected using a Bruker D8 Discover diffractometer. TEM
samples were prepared by drop casting suspensions of NCs onto 400
mesh carbon-coated copper grids from TED Pella, Inc. and dried
under an inert atmosphere. TEM images were obtained using a FEI
TECNAI G2 F20 microscope operated at 200 kV. Size distributions
were determined by analysis of >300 individual NCs. Elemental
compositions were determined from nitric-acid-digested NC samples
using inductively coupled plasma−atomic emission spectroscopy
(ICP-AES) with a PerkinElmer 8300 spectrometer. Photolumines-
cence measurements were performed on drop-coated films of NCs
sandwiched between quartz disks and mounted in a closed-cycle
helium cryostat. A 405 nm diode laser was used for excitation, and the
emission was detected using a liquid-nitrogen-cooled CCD mounted
on a monochromator.

■ RESULTS AND DISCUSSION

The synthesis of colloidal EuS NCs was adapted from previous
reports19 and relies upon the high-temperature decomposition
of an europium(III) dithiocarbamate precursor (see Methods).
The in situ reduction of the Eu3+ precursor during synthesis is
believed to be facilitated by the ligand and the oleylamine used
as a solvent. Incomplete reduction is likely the source of some
of the Eu3+ found in the final NCs (vide infra). To minimize
any further oxidation or hydrolysis over the course of our
experiments, the NCs were prepared, purified, and handled
under rigorously air-free conditions unless otherwise noted.
Figure 1 summarizes the general characterization of

representative as-synthesized EuS NCs. The absorption
spectrum plotted in Figure 1a shows a broad band centered
at 500 nm. This band corresponds to the f−d(t2g) transition of
Eu2+ and is considered the band gap of the material.1 Figure 1b
shows powder X-ray diffraction data collected for the same EuS
NCs. These data index well to the expected pattern for EuS
(PDF# 01-071-4399) and reveal no additional crystalline
phases. Figure 1c,d shows a TEM image of the sample and the
associated size histogram. These data show that the NCs are
approximately spherical in shape with an average diameter of
5.4 ± 1.1 nm. At this size, the particles are larger than the
reported Bohr radius of ∼1.8 nm and do not display quantum
confinement effects.26 Overall, these NCs are thus similar to
those described previously.19

Figure 2 plots X-ray photoelectron spectroscopy (XPS) data
collected for the as-prepared EuS NCs deposited onto a silicon
substrate. The survey scan in Figure 2a shows a large C 1s

signal that was used for energy referencing. A large O 1s signal
is also observed, but because of the substrate it cannot be
determined whether this signal arises in part from the NC
capping ligands or from the NCs themselves. Figure 2b plots
high-resolution XPS data in the S 2p region. The majority of
the signal (94%) is from S2− associated with the NCs. There is
a small (6%) signal at 166.6 eV that is assigned to residual
SO3

2−, most likely from oxidation of the diethyldithiocarba-
mate ligands used during synthesis. Figure 2c plots a high-
resolution scan of the Eu 3d5/2 region. Two bands are observed
in this region, a lower-energy band that is fit to two Gaussian
functions centered at 1122.9 and 1125.0 eV and assigned to
Eu2+ and a higher-energy band centered at 1133.7 eV that is
best fit by one Voigt function, corresponding to Eu3+. Both
assignments are consistent with the literature.27 The Eu2+

intensity only accounts for 24% of the total Eu 3d5/2 signal.

Figure 1. Characterization of colloidal EuS nanocrystals. (a)
Absorption spectra collected at room temperature. The band centered
at 500 nm corresponds to the f−d(t2g) transition of Eu2+. (b) Powder
X-ray diffraction data collected for EuS NCs drop-cast on a silicon
substrate (red) and corresponding literature pattern for cubic EuS
(black, PDF# 01-071-4399). The NC data match the expected peak
pattern. (c) TEM image of EuS NCs, with the scale bar representing
20 nm. (d) Size distribution of NCs shown in (c) determined by
measuring >300 nanocrystals, and Gaussian fit, yielding a mean
diameter of 5.4 ± 1.1 nm.

Figure 2. X-ray photoelectron spectroscopy (XPS) of EuS nanocryst-
als deposited on a silicon substrate. (a) Survey scan of EuS NCs. The
C 1 s peak was used for energy referencing. (b) High-resolution
spectra of the S 2p region. (c,d) High-resolution spectra in the Eu
3d5/2 and 4d regions, respectively. The peaks are deconvolved by
simultaneously fitting an inelastic background (black dash). The
convolved fit is plotted in gray.
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Figure 2d plots the spectrum in the Eu 4d region, showing
three major peaks and a clear shoulder. This region is more
complicated than the 3d5/2 region, and this intensity is fitted
using four Voigt functions taking into account asymmetry. The
two lower-energy peaks from the 4d region (127.2 and 132.7
eV) are assigned to Eu2+ and account for 44% of the signal, i.e.,
a fraction greater than that found for the Eu 3d5/2. These peaks
are asymmetric because of splittings caused by the neighboring
4f electrons.27,28 The two higher-energy peaks (135.5 and
141.0 eV) are assigned to Eu3+ and account for 56% of the
total Eu 4d signal. The extensive NC oxidation observed here
is similar to what has been reported for other EuS NCs, as
determined by X-ray magnetic circular dichroism20 and Eu-151
Mössbauer22 spectroscopies.
The discrepancy in the relative Eu2+ content between the

3d5/2 and 4d spectral regions results from the difference in
inelastic mean-free paths (IMFPs) of electrons in these two
energy regions. The 3d5/2 electrons, with their lower kinetic
energy, have an IMFP that is approximately half that of the 4d
electrons. This difference causes measurements in the 3d5/2
region to be more sensitive to the NC surfaces than
measurements in the 4d region, especially after attenuation
through the surrounding organics. In general, XPS is a surface-
sensitive technique, and even the lower-energy 4d spectra
selectively probe the NC surfaces. Nonetheless, taken together,
these measurements indicate that these NCs have highly
oxidized surfaces (>50% Eu3+), with the degree of oxidation
decreasing closer to the NC core. These results alone cannot
fully differentiate between a gradient mixture of Eu3+ and Eu2+

within the EuS lattice or a “core/shell” structure consisting of a
EuS core surrounded by, for example, an amorphous oxidized
shell (e.g., Eu2O2S). Despite the high Eu3+ levels indicated by
XPS, absorption spectra show now indication of Eu3+ at room
or low temperatures; however, weak Eu3+ f−f emission is
detected in the low-temperature photoluminescence spectrum
of the NCs (see the Supporting Information).
To evaluate the influence of these Eu3+ ions on the NC

magnetism, we sought to use an external reducing agent that
could modify their valency. Solutions of EuS NCs in THF were
treated with various reducing agents while monitoring the
absorption spectra. Moderately strong reductants29 such as
decamethylcobaltacene (−1.94 V vs Fc+/Fc) and Na(Hg)
(−2.36 V vs Fc+/Fc in THF) had no effect on the NC spectra
(see the Supporting Information). Stronger reductants such as
sodium anthracenide (Na[ANT], −2.47 V vs Fc+/Fc) did
cause significant spectral changes, however, causing growth in
the characteristic EuS absorption band at ∼500 nm. Figure 3a
plots absorption spectra of EuS NCs collected during the
course of anaerobic reduction with Na[ANT]. Each spectrum
in the series corresponds to an addition of 0.1 equivalents of
Na[ANT] per Eu. The sharp absorption bands between 300−
400 nm that appear after the first addition of Na[ANT] come
from the redox product, anthracene, and the feature at ∼740
nm that appears in the absorption spectrum after the final
addition of Na[ANT] comes from the [ANT]•‑ radical
(anthracenide). Combined with the EuS NC absorption at
∼500 nm, these distinct spectral features are useful for
monitoring the reaction progress.
The spectral changes in Figure 3a are summarized in Figure

3b. The EuS f−d(t2g) absorption at ∼500 nm increases until
∼0.4 equivalents of Na[ANT] has been added, in parallel with
growth of anthracene absorption. Because Eu3+ is effectively
optically silent at these concentrations, these data are

consistent with reduction of Eu3+ to Eu2+ by anthracenide,
forming anthracene as the reaction byproduct. Beyond ∼0.4
equivalents, the EuS f−d(t2g) absorption plateaus, and at 0.5
equivalents, absorption from anthracenide appears. Observa-
tion of this anthracenide absorption suggests that the reaction’s
equivalence point has been reached. The amount of reductant
required to reach the equivalence point is thus ∼0.5
equivalents per Eu ion, a value consistent with the observation
by XPS (Figure 2) that ∼50% of the Eu is Eu3+. For
comparison, the f−d(t2g) absorption increases by ∼44% over
the course of the same reduction reaction (Figure 3).
The f−d(t2g) band also blue-shifts slightly (∼50 meV total)

with added Na[ANT]. This shift contrasts with the red-shifts

Figure 3. Chemical reduction of EuS nanocrystals using sodium
anthracenide (Na[ANT]). (a) Absorption spectra of EuS NCs with
different amounts of the reductant Na[ANT] added. The peaks
corresponding to anthracene, EuS f−d(t2g), and anthracenide are
labeled. (b) Absorbance values of the EuS f−d(t2g) band (∼500 nm),
the anthracene band (377 nm), and the Na[ANT] band (727 nm)
from panel (a), plotted vs equivalents of anthracenide. (c) Fermi level
of the reaction mixture from (a), determined using eq 1. The Fermi
level becomes more negative as Na[ANT] is added. (d) Absorption
spectra of the as-prepared EuS NCs (black), the same nanocrystals
when maximally reduced (red, ∼0.5 equivalents Na[ANT]), and the
same nanocrystals after subsequent reoxidization by exposure to air
(blue). After air oxidation, the as-prepared EuS nanocrystal
absorption spectrum is recovered quantitatively, with the other
spectral changes attributable to oxidation of anthacenide to
anthracene.

Chemistry of Materials pubs.acs.org/cm Article

https://dx.doi.org/10.1021/acs.chemmater.0c03020
Chem. Mater. 2020, 32, 8633−8640

8636



observed when CB electrons are introduced into these
magnetic semiconductors in bulk.10,11 The NCs show no
new intra-band absorption in the mid-IR after reduction (see
the Supporting Information), confirming the absence of
delocalized CB electrons. Instead, the f−d(t2g) blue-shift is
interpreted as reflecting a different coordination environment
around some or all of the newly formed Eu2+ ions relative to
lattice Eu2+ in EuS. For example, these newly reduced Eu2+

ions could be exposed to surface-capping ligands at the NC
surfaces or could reside in an oxysulfide shell, resulting in a
slightly smaller d(t2g) ligand-field splitting and hence causing
the observed blue-shift of the f−d(t2g) transition.
As an equilibrium outer-sphere redox reaction, the Fermi

level (EF) of the solution in which the NCs are reduced can be
determined from the Nernst equation (eq 1).30 Here, the
concentration of anthracene is measured spectroscopically
using the known extinction coefficients of the bands between
300−400 nm (see the Supporting Information). The standard
reduction potential of anthracene is taken as −2.47 V vs
Fc+/Fc in THF.29 Figure 3c plots EF measured in this way vs
the equivalents of added anthracenide. As Na[ANT] is added,
the Fermi level becomes increasingly negative, ultimately
reaching ca. −2.43 V vs Fc+/Fc at the equivalence point. There
is no discernible occupation of the EuS CB, meaning the NC
band-edge potential is more negative than this potential. This
result is consistent with the fact that the most negative
potential measured here is ∼300 mV more positive than the
literature CB-edge potential of bulk EuS, −2.7 ± 0.3 V vs Fc+/
Fc.31 Similar results are obtained with even stronger
reductants, however, including alkali naphthalemide (−3.10
V vs Fc+/Fc) and sodium metal (−3.04 V vs Fc+/Fc),29 that
should be sufficiently more negative than the bulk band-edge
potential to inject CB electrons. The band-edge potentials of
colloidal EuS NCs have not been measured previously, but
those of other colloidal NCs are known to be very sensitive to
surface dipoles, shifting by as much as ±500 mV for different
surface chemistries in the case of CdSe NCs32−34 for example.
The absence of CB electrons in these EuS NCs even when
reacted with such strong reductants likely reflects a similar
effect here.

=

= ° −
[ ] − [ ]

[ ]

E V E V

E

( ) ( )

0.02568 ln
Anthracenide Anthracene

Anthracene

F cell

total added

(1)

Collectively, these data indicate that potentials more
negative than ca. −2.36 V vs Fc+/Fc are required to reduce
Eu3+ to Eu2+ in these NCs and that the EuS NC CB-edge
potential is several 100 mV more negative than this Eu3+/2+

potential. Because of the very negative potentials involved, the
reduced NCs are themselves very strong reductants. Con-
sequently, EuS NCs reduced by these methods are not stable
in air. Upon exposing a solution of reduced EuS NCs to air, the
increased f−d(t2g) absorbance is lost and the f−d(t2g) band
red-shifts back to its starting energy (Figure 3d). Other than
the presence of anthracene, the resulting spectrum is essentially
indistinguishable from that collected before reduction. This
similarity suggests that the NC reduction is fully reversible
i.e., no degradation or other irreversible transformations occur.
This conclusion is supported by TEM measurements, which
also show no discernible NC degradation after reduction with
Na[ANT] and re-oxidation by air (Supporting Information).

The effect of Eu reduction on the EuS NC magnetism was
then probed using variable-temperature CW X-band EPR
spectroscopy. As non-Kramers ions with a nonmagnetic (J = 0)
ground state, Eu3+ ions are generally EPR silent;35 therefore,
any EPR signal is attributable to Eu2+. Figure 4a plots
representative EPR spectra of EuS NCs reduced with
Na[ANT], measured at different temperatures. EPR spectra
of the corresponding as-prepared NCs and absorption spectra
indicating complete reduction are provided in the Supporting
Information. The EPR intensity is greatest at the lowest
temperature (5 K), and it decreases as the temperature is
raised. At the highest temperature (80 K), the spectrum is very

Figure 4. EPR data from the as-prepared and reduced EuS NCs. (a)
Representative EPR spectra of reduced EuS NCs collected at 5, 16,
and 80 K. Linewidth narrowing in the vicinity of the critical region
(∼16 K) is apparent. The inset plots a zoom-in of the 80 K spectrum.
(b) Proportional magnetization (from double-integration of the EPR
spectrum) plotted vs temperature for the as-prepared (black dots) and
fully reduced (red triangles) EuS NCs. Na[ANT] was used as the
reductant. Curie temperatures of 16.1 and 15.0 K for the as-prepared
and reduced EuS NCs, respectively, are determined from the minima
in the first derivative of the magnetization data (inset). (c) Peak-to-
peak linewidth (ΔBpp) plotted vs temperature. Ferromagnetic-
resonance and paramagnetic-resonance regions are indicated.
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weak. The EPR spectra in Figure 4a are plotted as dχ”/dH.
Integration of these spectra thus yields the EPR susceptibility,
χ”, with further integration giving a value proportional to
magnetization, αM. Figure 4b plots αM vs temperature for the
as-prepared and reduced NCs. Both samples show a low-
temperature plateau followed by a rapid drop at higher
temperature characteristic of a ferromagnetic-to-paramagnetic
transition. Figure 4c plots the dependence of the EPR
linewidth, ΔBpp, on temperature for the as-prepared and
reduced NCs. Upon warming from 5 K, the linewidth narrows
until a similar critical temperature, beyond which it broadens
again. This behavior is also characteristic of ferromagnetic-to-
paramagnetic phase transitions.36−41 The resonance of the as-
prepared NCs broadens significantly more than that of the
reduced NCs in the ferromagnetic resonance region. We
attribute this difference to the presence of Eu3+ in the former.
Eu3+ has significant orbital angular momentum that leads to
very fast spin−lattice relaxation, which broadens the
ferromagnetic resonance linewidth.42 Similarly, the Lande ́ g-
factor increases as the temperature is raised beyond the critical
region (see the Supporting Information), as observed for bulk
EuS.43 By all measurements, the critical temperature of the
reduced NCs is lower than that of the as-prepared (oxidized)
NCs.
The Curie temperatures of these NCs are determined from

the minima in the first derivative of the αM vs T data (Figure
4b, inset). From these data, TC for the reduced EuS NCs is
estimated to be 15.0 K, whereas that of the as-prepared EuS
NCs is 16.1 K, corresponding to a decrease of ∼7% upon NC
reduction. In addition to lowering TC, NC reduction also
causes a ∼7% increase in magnetization (αM) below TC. This
result is consistent with NC reduction generating additional
Eu2+ species that also partially align ferromagnetically with the
core EuS spins. Because no delocalized CB electrons are
present in either oxidized or reduced forms of these NCs, this
shift in TC cannot be attributed to the same carrier-mediated
exchange mechanism as reported for bulk aliovalently doped
EuS.1 Instead, the shift in TC is likely attributable to the
different coordination environment of the newly reduced Eu2+

ions indicated by the spectroscopic data discussed above,
implying a weaker inter-Eu exchange coupling for these Eu2+

ions than within the core EuS lattice. The mechanism by which
TC depends on the presence of trivalent impurity ions in these
NCs is thus fundamentally distinct from that in bulk.

■ CONCLUSIONS

EuS NCs prepared by literature methods were demonstrated
to contain high levels of Eu3+ despite rigorously anaerobic NC
synthesis and handling. These Eu3+ ions could be reduced to
Eu2+ by reacting the NCs with strong chemical reducing
agents. This reduction manifests itself spectroscopically as a
blue-shift of the Eu2+ f−d(t2g) transition and an increase in its
absorbance, suggesting that the redox-active Eu ions are
located predominantly at the NC surfaces and have a slightly
different coordination environment. In bulk, doping EuS with
trivalent lanthanides (e.g., Gd3+) can increase TC by generating
excess CB-like electrons (n doping). In contrast, the data here
suggest that the Eu3+ impurities in the as-synthesized EuS NCs
do not introduce excess CB-like electrons and therefore do not
have the same effect. Rather, reduction from Eu3+ to Eu2+

reduces TC by ∼7%. The experimental shift in TC upon NC
reduction is attributed to differences in Eu2+ coordination that
cause the newly reduced Eu2+ to have weaker inter-Eu

magnetic exchange coupling, an interpretation supported by
the shift in Eu2+ f−d(t2g) transition energies between original
and newly reduced Eu2+ ions. The trivalent Eu3+ dopants also
have a lower magnetic moment than Eu2+ ions, and reduction
from Eu3+ to Eu2+ thus increases the NC magnetic moment
below TC. Notably, the data show no evidence of CB-like
electrons in these EuS NCs, either from the abundant Eu3+

impurities found in the as-prepared NCs or after exposure of
these NCs to strong chemical reductants. The very negative
CB-edge potentials encountered during these redox-titration
measurements highlight the challenge of stabilizing CB-like
electrons in colloidal EuS NCs. In contrast with aliovalent
doping of bulk EuS crystals, the excess positive charges of
aliovalent impurities in colloidal EuS NCs appear to be locally
compensated at the NC surfaces, diminishing the effectiveness
of these ions (or, by inference, also other trivalent impurities)
as electronic dopants compared to bulk. Despite these
differences, the results here demonstrate successful chemical
reduction of colloidal EuS NCs, revealing that the NCs are
stable even to very strong reductants, that this reduction is fully
reversible, and that it indeed allows postsynthetic manipulation
of the magnetism of the EuS NCs, albeit by a different
microscopic mechanism compared to that found in bulk EuS.
These results shed new light on the fundamental physico-
chemical properties of colloidal ferromagnetic EuS NCs and
demonstrate charge-tunable magnetism in such materials for
the first time.
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