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ABSTRACT

Europium chalcogenide alloys, EuSiSe; ., have been synthesized in both the solid-state
and as colloidal nanoparticles; and the composition, structure, magnetism, and optical band gaps
have been characterized. The goal was to observe the consequences of selenium concentration
on the electronic structure as evidenced by the optical and magnetic properties, and whether
these properties are maintained in the nanomaterials. Both solid-state and nanoparticle alloys
obey Vegard’s law with a systematic change in cell constant as confirmed by the powder X-ray
diffraction. The bulk materials form homogeneous alloys that exhibit a linear change in both
magnetic and optical properties as a function of composition. A synthetic method to prepare
nanoalloys with a wide range of S:Se ratio has been developed. The nanoalloys are
homogeneous, and EDS mapping of single nanoparticles indicates relatively uniform S and Se
composition across the nanocrystals. The magnetic properties of the nanoparticles appear to
parallel those in the solid-state. Although the composition is an effective tool to tune to the
optical band gap in the solid-state alloys with a linear change in E, with composition, the
nanoparticle optical band gaps appeared to be shifted, which we attribute to the presence of an
amorphous selenium phase. The study of the properties of colloidal alloys highlights the

importance of the mechanism of nanoparticle formation to control composition and purity.

INTRODUCTION
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The europium chalcogenides comprise an unusual class of magnetic semiconductors that
spans from ferromagnetism (EuO, EuS) to antiferromagnetism (EuTe). ' In between, EuSe has a
more complex magnetic phase diagram, exhibiting metamagnetism (antiferromagnetic at low
fields and ferromagnetic at high fields) that reflects the close competition between ferro and
antiferromagnetic coupling. The trend in properties are thought to be due to the Eu-Eu distances
and changes in bonding down the periodic table that alter the electronic structure in systematic
ways. The europium chalcogenides have been of interest because of the highly coupled
magnetic, electronic, and optical properties, where a change in one can affect the others. As a
result, they exhibit a range of properties including spin filtering effects,” giant
magnetoresistance,” large magneto-optical Kerr rotations,” and the recently discovered giant
magnetocaloric effects.”™® Each of these properties are notable for underlying fundamental
questions in physics, and significantly, provide insight and inspiration for next generation solid-
state devices with potential to use both spin and conductivity (spintronics) or to interconvert

information between light, magnetism and conductivity.

Our initial studies of nanostructured EuS were motivated by the relationship between
ferromagnetic coupling and the electronic band gap (Eg),7 and the possibility to tune both using
particle size.® The band gap (E,) in europium chalcogenides has long been observed to correlate
with magnetic properties and the ferromagnetic materials exhibit a shift in the E, at the magnetic
ordering temperature due to conduction band splitting.” The connection between the
ferromagnetic ordering temperature, T, and the band gap has been modeled through the
exchange integral J; (for ferromagnetic coupling), which decreases as the E, increases. "
Although decreasing the size of the EuS nanoparticles did decrease the ferromagnetic ordering
temperature,’ neither our group nor others have observed strong spectroscopic evidence of
optical band gap changes with particle size.'''> We postulate this to be a consequence of the
small estimated Bohr radius (< 2nm) and the difficulty in preparing very small nanoparticles.
Band gap tuning arises from changes in the dispersion of the valence and conduction bands,'®
and the lack of size-dependent optical properties suggests modest changes to the density of states
diagram. This could be because the band edge is defined by a ground state that even in the bulk

is quite narrow (f band), or because the bonding is more ionic than related II-VI materials.

Solid solutions or composition alloys provide an alternative to particle size for tuning the

band gap, particularly for applications where the optimized band gap requires very small
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dimensions or quantum confinement is not observed. Semiconductor alloyed nanoparticles have
gained attention as a promising method for tuning band gap and valence band energies.'” Band
gap tuning with constant nanoparticle size has been demonstrated for most II-VI semiconductors,
including both cation alloys (e.g. Cdl_xZnXS)18 and anion alloys (e.g. CdS;xSey). % Both types
of alloys exhibit composition-tunable emission. Importantly, alloys have become a useful tool for
adjusting band edges to control the flow of electrons in materials of interest for solid-state
devices including photovoltaics, such as the low-cost CuZZnSn(Sl_XSeX)fO or PbS,Se;.>' The
variation in properties as a function of composition provides important insight into the bonding
and band structure. For example, some semiconductors exhibit a simple linear change in E, with
composition. However, if the valence and conduction band energies are significantly oft-set (or
there is lattice mismatch),** the band gap can exhibit a ‘bowed’ effect as a function of
composition. These differences connect the bonding and crystal chemistry to changes in the
density of states. Generally, it appears that the alloyed nanoparticle optical band gaps parallel
the same relationship with composition, whether linear or bowed, as the bulk materials.”> There
are no reports of the optical properties of bulk EuS;Se; alloys. The band gap of europium
selenide (1.78 eV) is measurably larger than europium sulfide (1.65 eV), thus we were interested
to see how the band gap varies as a function of composition and how the magnetic properties

change.

We were motivated to synthesize the bulk EuS,Se;« alloys to determine the optical
properties, but the lack of optical data highlights the paucity of studies of europium chalcogenide
alloys of any combination (S, Se, or Te). One of the advantages of investigating nanomaterials
of EusS is the depth of the literature on the bulk solid-state material, which includes detailed
measurements of the optical, electronic and magnetic properties.”* These studies inform our
understanding of nanoscale EuS. The limited investigations of alloys have been narrowly
focused on magnetic studies as seen for EuSel_XTeX,25 and EuS,Se; .2’ Alloy composition is
also used commonly to interrogate magnetocaloric materials,”® and is of particular interest for
EuS,Se; x because of differences in the magnetic phase diagrams of the end members. It would
be significant if composition may be used to simplify the complex magnetic phase diagram of
EuSe, because it would aid in understanding the magnetocaloric effect in these materials. The

order of the magnetic transitions, whether first order paramagnetic-ferromagnetic (seen in EuS),
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or second order antiferromagnetic-ferromagnetic (like EuSe), has a strong effect on entropy

change and refrigerant capacity.”

An important challenge for nanoscale synthesis is to translate the tools from the solid-
state, such as doping and solid solutions, to nanoscale materials. This work also reports the first
synthetic route to prepare EuSiSe; x alloyed nanoparticles. The synthesis of EuS nanoparticles

7,12,30-32 3334 and others have lead the

has been reported by several groups, while Hasegawa
development of EuSe nanoparticles.>>® The use of the dithiocarbamate ligand as a source for
the sulfur component and diphenyl-diselenophosphate for selenium were obvious choices given
the demonstrated utility in the syntheses of the end members. However, we discovered these
precursors presented challenges to forming alloys across the full composition range due to the
differing reactivity of the S and Se precursors.

We believe the study of solid-state and nanoparticle materials is synergistic, and report
here the solid-state synthesis of EuS,Se; from x =0-1 as well as the optical and magnetic
properties of the bulk material as a function of composition. In addition, we have synthesized
alloyed nanoparticles and provide detailed composition and structural characterization using X-
ray diffraction and Transition Electron Microscopy (TEM), and Energy Dispersive Spectroscopy
(EDS) of both line scans of single particles and elemental mapping of large collections of
nanocrystals. While the magnetism corresponds well to solid-state alloys, our initial attempts to

investigate the optical properties have been hindered by the presence of an amorphous impurity.

EXPERIMENTAL SECTION

Chemicals. Sulfur powder (99.998%), selenium powder (-100 mesh >99.5%), oleylamine (OLA,
70%, technical grade), hexadecylamine (HDA, 90%), 1-octadecene (ODE, 90%), diethylamine
(>99.5%), diphenylphosphine (98%), diethylammonium di-ethyl, dithiocarbamate (97 %), 2,2’-
bipyridine (99 %), and europium (III) chloride hexahydrate (99.9%) were purchased from
Sigma-Aldrich. Europium powder (99.9%) was obtained from Alfa Aesar, sulfur powder
(99.998%) and selenium powder (-100 mesh, >99.5%) were obtained from Sigma-Aldrich. All

metals were kept in N, atmosphere glovebox and used as received.
Nanoparticle Precursors.

Eu(S;CNEt);Bpy. Europium tris-diethyldithiocarbamate bipyridine, Eu(DTC);Bpy, was
synthesized as reported previously. Briefly, Europium (III) chloride hexahydrate was dissolved

in 2-propanol and added to a vigorously stirred solution of diethylammonium
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diethyldithiocarbamate and 2,2’-bipyridine in acetonitrile at room temperature. The orange-red
precipitate was collected via vacuum filtration and washed with ice-cold acetonitrile. FTIR: v

(C-N)= 1483 cm™, v (C-S) =997 cm".

[Et,NH;][Se,PPh;]. The synthesis of diethylammonium diphenyldiselenophosphinate, or
Et,NH,-DSP, was adapted from the analogous synthesis of [(PhCH,CH;),PSe;][R,NH;]. Briefly,
diphenylphosphine and selenium powder were mixed in dry, degassed EtOH under N,
atmosphere. Diethylamine was added via syringe and the reaction heated to 60 °C for
approximately 1 hour until the selenium powder had all reacted. The product precipitated upon
cooling and was collected via vacuum filtration and washed with ice-cold Et,;O. FTIR; 1544
(W), 1433 (s), 1088 (m), 751(m), 691(m), 534(s), 514(s), 472(m), 450(m).

Eu(oleate)s. was prepared following the procedure of Dickerson.’’ Briefly, Europium (1)
chloride hexahydrate and three-equivalents of sodium oleate were dissolved in a mixture of 1:1:2
deionized water: ethanol: hexanes and refluxed for 4 hours. The organic phase was separated and
washed three times with deionized water. Removal of the solvent under vacuum afforded
Eu(oleate); as a translucent solid. FTIR (v cm™): 3005(w), 2923 (s), 2853 (sh), 1544, 1455,
1311, 722.

Solid-State Reactions of EuS,Se;. The quartz tubes (10 mm inner diameter) were purchased
from Chemglass, and 8-inch long tubes closed by melting the quartz. The tubes were graphitized
by wetting the inner walls with acetone and decomposing it by heating the tube using an
acetylene/natural gas torch. In a N, glovebox, stoichiometric amounts of Eu powder, S powder,
and Se powder were mixed and ground in an agate mortar and pestle to make 200 mg of powder.
The graphitized quart tubes were charged with the powdered mixture and sealed under vacuum.
The reactions were heated in a Lindberg/Blue M box furnace with the following heating profile:
room temperature to 90°C at 4°C/min, 90°C to 400°C at 1°C/min, 400°C to 880°C at 2°C/min,
maintain 880°C for 48 hours, and finally cooled to room temperature at 7°C/min. After the
reaction, the tubes were broken open inside the glovebox and stored under N, atmosphere at all
times.

Nanoparticle Reactions of EuS,Se;x. In a 3-necked round bottom flask fitted with a
thermocouple for temperature control and reflux condenser, hexadecylamine (2.5 g, 10.4 mmol)
and 1-octadecene (5.0 mL, 25.1 mmol) were degassed under vacuum at 120°C for 1 hr. Ina

glovebox with a N; atmosphere, Eu(Et,NCS,);Bpy (250 mg, 0.334 mmol), and different ratios of
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DSP (11.1 mg, 0.027 mmol-75.6 mg, 0.181 mmol) were dissolved in 3.0 mL of oleylamine. The
HAD/1-ODE solution was placed under N, and heated to 330°C and then the
Eu(Et,NCS;);Bpy/DSP in oleylamine were injected via syringe. The color change was
immediate upon injection, and the reaction was allowed to stir for 1 hr. The reaction was then
cooled from 330°C to room temperature and hexanes introduced to disperse the nanocrystals and
decanted into a centrifuge tube to remove solid hexadecylamine. Nanoparticles were
precipitated with EtOH and collected by centrifugation at 4500 rpm for 10 minutes. The pellet
was redispersed in hexanes and the precipitation and centrifugation procedure was repeated a
total of 4 times to wash the nanocrystals. The nanoparticles were re-suspended in ~5 mL of

hexanes.

Characterization. Powder X-ray diffraction (PXRD) patterns were collected on a Rigaku
Ultima IV diffractometer equipped with a high-speed DTEX Silicon-strip detector using Cu Ko
radiation at a scan speed of 1°/min, at 40 kV/44 mA. Cell constants were calculated from
Rietveld refinements with GSAS-II. Samples were prepared for Transition Electron Microscopy
by drop-casting nanoparticle samples dispersed in hexanes onto amorphous carbon-coated Cu
grids. High-resolution TEM (HRTEM) and energy dispersive X-ray spectroscopy (EDS)
analyses were performed on a JEOL JEM-2100F FEG TEM operated at 200 kV at the Advanced
Imaging and Microscopy Lab in University of Maryland. Diffuse-reflectance UV-VIS spectra of
solid-state bulk samples were obtained by diluting in PMMA using a Cary 5000 UV Vis-NIR
spectrometer. The bandgap energies were determined by plotting In(A) vs. energy (Urbach plot)
and taking the intersection of the linear fits of the baseline and the absorption edge using
MATLAB. ICP-MS measurements were conducted on diluted nitric acid digested samples of
solid nanocrystals and was run on an Agilent 7700 series ICP-MS with Ar plasma. Magnetic
Susceptibility was obtained on an MPS 3 SQUID magnetometer with field cooled samples at
1000 Oe for solid-state samples, or 5000 Oe for nanoparticles, from the Magnetic Measurement
Facility of the University of South Carolina. The magnetic ordering temperature (theta) was

determined by plotting 1/chi vs. T from 50 to 300 K and taking the x-intercept.

RESULTS/DISCUSSION

Solid-State Reactions. The solid-state synthesis of europium chalcogenides is facilitated by the

simplicity of the Eu-S and Eu-Se phase diagrams.”® Notably, the stability of the divalent state of
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europium in the chalcogenide lattice reduces the number of potential impurity phases, and the
relatively low melting point of europium (826°C) allows for simple silica sealed tube reactions.
Few other compounds with close compositions exist, for example, Eu, X3 for X =S or Se do not
appear in the phase diagrams. Although there is a stable mixed-valent EusS,*’ and a divalent
metamagnetic EuSe, phase,”’ we have not observed either in any of our reactions. Care must be
taken to exclude inadvertent oxygen, as small amounts can lead to oxychalcogenide (Eu,0,S/Se)

4142 The conditions for the solid-state synthesis of the EuS-EuSe alloys was adapted

impurities.
from the literature,” and the products were crystalline and single-phased based on powder X-ray
diffraction. A characteristic indication of alloying is that the cell constants vary linearly with
composition, according to Vegard’s law. As outlined by Hume Rothery rules, alloys or true solid
solutions form when the end members are close in size, electronegativity, and valence.* Based
on the systematic shift of the (200) peak, illustrated in Figure 1, the increase in selenium causes
an increase in the cell constant as expected for the larger anion. The peak width and symmetry
of the diffraction peaks indicate that the materials are homogeneous. The ICP-MS is challenging
for the detection of sulfur,” so we used the ratio of Eu:Se to confirm composition and found that
the compositions were often 2-4% higher in selenium than expected based on reactant
stoichiometry. We attribute this to differences in volatility of the reagents. In Figure 2, the linear
relationship between cell constant from GSAS refinement, plotted versus % selenium based on
ICP, demonstrates that these materials follow Vegard’s law. We include the data for this graph in
a table that summarizes the ICP, and GSAS fits in Supporting Information (S1, as well as

diffraction patterns in S2-S9).

The use of Vegard’s law to confirm homogeneous alloy formation has been challenged by
examples of thermoelectric materials that exhibited linear changes in cell constant as a function
of composition but electron microscopy revealed the presence of nanostructured phase
separation.”® The nanostructuring supported the low thermal conductivity caused by phonon
scattering by the nanostructure. Examples of nanostructuring include PbS-PbTe alloys, which is
not surprising given the alloys exhibit a miscibility gap,*’ but also unexpectedly for PbS-PbSe.**
This caught our attention as there are striking similarities between the lead and europium
chalcogenides; both exhibit the sodium chloride structure type and the cell constants are
remarkably close (EuS 5.97A, PbS 5.94A, EuSe 6.195 and PbSe 6.12A, EuTe 6.598, PbTe 6.50
A). In fact, this observation has led to many cation-alloy studies of the type Pb;Eu,Q (Q =S,
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Se, Te) investigated for magneto-optical properties and tuning the valence band of the lead
chalcogenides.”! After careful analysis, we do not believe this type of nanostructuring is
present in the EuSiSe; x alloys based on TEM. Because of the linearity of other physical
properties, in addition to the cell constant, vide infra, we believe the EuS-EuSe materials form

compositionally homogeneous solid solution alloys.

Magnetic Properties of Solid-State Alloys. The magnetic properties of the europium
chalcogenides have been well studied and successfully modeled using a Heisenberg model for
the spin structures. One would predict that the EuSSe;.x alloys would have exchange integrals
that systematically shift from EuS (J; =+0.21, J, =-0.11) to EuSe (J; =0.11, J, = -0.09).52 In
simple terms, the coupling generally becomes weaker as the anion size increases with the
ferromagnetic coupling (J;) decreasing more rapidly than the antiferromagnetic coupling (J»).
The coupling is so close in EuSe that antiferromagnetic phases including NNSS and NSNS as
well as NNS types have been reported at low temperatures and fields.”” The exchange integrals
have been proposed to be a function of cation-anion distance as well as the band gap,”* both of
which increase from EuS (a = 5.96A, Eg = 1.65 eV) to EuSe (a = 6.195A, Eg = 1.78 eV).
Interestingly, pressure studies of EuS and EuSe have found that ferromagnetic coupling greatly
increases with pressure while the antiferromagnetic coupling is far less sensitive, which suggests
that the band gap plays a greater role than distance in ferromagnetic coupling.” Previously, the
magnetic properties of bulk alloys were reported for the chi-vs-temperature at a very low applied
field of 80 Oe’® which has the advantage that field-induced ferromagnetism may be neglected.
This provides a simple measure for determining the composition where antiferromagnetic
coupling becomes dominant. This work reported that the decrease in ferromagnetic coupling (as
measured by ®) for EuSiSe;_x was linear from x = 1-0.1, with a more complicated relationship
for x <0.1. We have adopted a similar approach and the data on bulk materials synthesized in
our laboratory concur with these general observations. We observe a reasonably linear shift in
the ® from 16K to 8 K for compositions of EuSSe, « for x = 1-0.1, at fields of 1000 Oe, as
shown in Figure 3. This linear relationship contrasts with another magnetic semiconductor: the
class of chalcospinel of composition CdCr,S4<Sex, where the cell constant also obeys Vegard’s
law but there is a clear ‘bowing’ effect in Tc versus composition.”’ This raises questions as to the
electronic structural differences between these two classes of magnetic semiconductors, and how

these vary with composition. Our high selenium composition alloys appear to have a linear
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increase in the Néel temperature, unlike that reported previously (see inset for Figure 3). This
may be a consequence of the higher field used here. In the future, we are interested in
investigating in greater detail how the concentration of sulfur influences the antiferromagnetic
coupling and whether this can be used to remove various antiferromagnetic phases to determine

the effect on the magnetic entropy.

Optical Properties of Solid-State Alloys. We were interested in the optical band gap as a
function of composition to confirm whether the linear changes in the ferromagnetic ordering
correlate with a linear change in E,, or whether bowing is observed. The electronic structure of
the europium chalcogenides is analogous to compound semiconductors with an anion-centered
valence band and cation-centered conduction band. However, they are distinguished by having a
narrow f band relatively close in energy above the anion band. As a result, the E, has been
reported as the energy difference between the fband to the conduction band. The band diagram
for EuS and EuSe differ primarily in the width or dispersion of the conduction band, comprised
of 5d/6s orbitals. Because there is decreased overlap the conduction band for EuSe is narrower
leading to a larger energy separation or larger Eg. The changes to the width of the conduction
band are systematic, leading to a regular change in the E, (EuO < EuS <EuSe < EuTe). This is
in contrast to the lead chalcogenides which exhibit an anomalous band gap behavior (E, for PbS
> Eg PbTe > Eg PbSe).”® The absorption spectrum™ for both single crystals and thin films of
europium chalcogenides exhibit two transitions: the first corresponds to a 41 (3S+5) to 5d ('F;
multiplet) band followed closely by a second transition due to the 47'to 6s band.**°' To
investigate the optical properties, we used room temperature UV-visible diffuse reflectance of
powders. Our data for the solid-state alloys do not exhibit a pronounced energy minimum
between the two absorption regions but both transitions are observed. Because the 4f band width
1S so narrow, the transition occurs between localized states and delocalized conduction band
(5d/6s), thus the absorption edge has an exponential shape as described by the empirical Urbach

relation.®""%?

We estimated the band gap using the intersection of 2 fitting lines to determine the
onset of the absorption (see Supporting Information S12).* Based on this, as seen in Figure 4,
the band gap shift appears to be linear from EuS to EuSe, supporting our conclusion that the bulk
materials form true homogeneous alloys. The lack of bowing was of interest, and while there
does not seem to be uniform agreement on the factors that contribute to the bowing parameter,

64,65

differences in the cell constant (or lattice strain), electronegativity,® and ionicity are

ACS Paragon Plus Environment



Page 11 of 33

oNOYTULT D WN =

Chemistry of Materials

important considerations.”*** As argued for PbS,Se., the small lattice mismatch supports the
band gap linearity in the S-Se alloys, whereas a greater difference in cell constants would be
expected to enhance bowing.”' Although we have not investigated the temperature dependence of
the absorption spectrum, it is possible to determine the room temperature Urbach energy, which
reflects the effect of disorder on the band edge due to factors such as temperature, structure, and
composition.67 The energy follows the Urbach relation: a(vh) = apexp(hv/E,), where ay is a
constant, hv is the photon energy, and E, is the Urbach energy. A plot of In(at) vs hv can be fitted
with a straight line, and the reciprocal of the slope of this linear region is E,. We anticipated that
the bulk materials would exhibit larger average Urbach energies for intermediate alloy
compositions due to compositional disorder. Unfortunately, the Urbach energies determined
from our diffuse reflectance data were fairly large, indicative of a broad absorption peak (~600

meV), with no trends in composition.

Nanoparticle Reactions. The synthesis of nanoscale EuS and EuSe both depend on the
reduction of Eu(Ill) to Eu(Il), using a chalcogenide-containing, ligand.®® In the case of EuS
nanoparticles, the synthesis employs a single source precursor, Eu(S,CNEt;);Bpy in oleylamine
(as the solvent and capping ligand). '**'"%*° Although oleylamine has been reported to be
reducing,”’ we attribute the reduction of europium to the reducing ability of the dithiocarbamate
ligand. One evidence to explain the oxidation-reduction chemistry is that the products of the
solid-state thermolysis of Eu®"(S,CNEt,);Bpy, produces reduced europium in Eu*'S as well as
the oxidized ligand, dithiuram, as one of the products observed in the GCMS. The role of the
ligand here is clear in that the reaction of tri-octylphosphine sulfide, or TOPS, with Eu(IIl) in
oleylamine does not produce EuS. We have followed the debate on the formation of PbSe
nanoparticles in which the reaction of Pb(oleate), and TOPSe requires the presence of
diphenylphosphine to form PbSe. The role of diphenyl phosphine has been proposed to be either
to reduce lead’ or, conversely, to promote the dissociation of the metal-oleate complex.”” We
note that Pb° has been observed (but only after the time to form nanoparticles)”” and that the
reduction of Cd*" to Cd° has been proposed for reactions of CdMe, and R;PE (E =SS, Se, Te).”*
The role of the oxidation state is of interest for the formation of these metal chalcogenide
nanoparticles,”” and is relevant here given that the reduction potentials for Pb*"/Pb” (E° = -0.126)

and Cd*"/Cd° (E° = -0.40) bracket the reduction potential for Eu®"/Eu®" (E° =-0.35 V).”*”” One

10
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might anticipate that reagents effective for these metals would be of utility for forming europium

chalcogenides.

By contrast to EuS, the most commonly used ligand for the synthesis of EuSe is the di-
phenyl-diselenophosphinate, Ph,PSe, (R = phenyl). " O’Brien has pioneered the use of the
dialkyl-diselenophosphinato complexes with transition metals as single source precursors to form

a variety of nanomaterials.**®!

Interestingly, depending on the analog of the ligand and the metal,
either the transition metal selenide or phosphide can be produced.** To prepare EuSe
nanoparticles, separate salts of europium and the di-selenophosphinate are injected together,
because the stable Eu(Se,PPh;); complex has been elusive in our hands (although it has been
recently structurally characterized).* The in situ reaction of KPPh,, Se, and EuCls injected in
hexadecylamine also leads to EuSe nanoparticles. These reactions clearly echo the chemistry
observed in the formation of CdSe from the reaction of Ph,HP=Se with cadmium carboxylates in
primary amines, in which [Ph,PSe;] is observed.* An alternative ligand likely to lead to EuSe
would be to use a di-selenocarbamate, R,NCSe;" structurally close to the dithiocarbamate. The

di-selenocarbamate complexes have been prepared and used in nanoparticle synthesis;®

however, this ligand requires the syntheses of CSe,, which is both toxic and odorous.

Initially, we tested Eu(acetate)s, and Eu(oleate); with the appropriate ratio of the
dithiocarbamate (DTC) and di-phenyl-diselenophosphinate (DSP) ligands in oleylamine to
synthesize EuS-EuSe alloys. With europium acetate, the products were large, agglomerated, and
based on the cell constant the selenium concentration was quite large. Elemental selenium was
occasionally observed in the powder diffraction as an impurity in these reactions. The influence
of acetic acid has been reported to increase the size of PbSe nanoparticles in an analogous way. "
Another parallel with other metal chalcogenide nanoparticles syntheses is that the reactivity of
the metal oleate is substantially slower, leading to longer reaction times and reduced nanoparticle
yields.”*”*® Reactions of europium oleate with DTC and DSP produced only EuSe
nanoparticles. In fact, the reaction of Eu(oleate); and the dithiocarbamate ligand results in the
formation of a purple solution, which we associate with the decomposition of precursor to the
proposed EuS ‘monomer’, but no detectable EuS nanoparticles could be isolated. This may
indicate that the reactivity of the precursor is unchanged but that the presence of oleate inhibits

nanocrystal nucleation or growth. "** Although these experiments demonstrate the importance
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of the metal counter ion, acetate or oleate, we discarded both approaches because we were

unable to synthesize sulfur rich nanoparticles alloys.

Nanoparticle Synthesis Control of S:Se. In order to access the full range of nanoparticle
composition for nanoparticles of EuS,Se;.x, we employed the complex Eu(S,CNEt;);Bpy as the
europium and sulfur source with modest additions of the DSP ligand to obtain all of the alloy
nanoparticles reported here. Although we assume the europium dithiocarbamate precursor has
reactivity intermediate between the acetate and oleate, the Se in the product is still much greater
than the relative concentration in solution due to the enhanced reactivity. The ability to form
alloys from such mismatched ligands is unexpected as alloy composition control in nanoparticles
has been found to be greatest when the anion precursor reactivity is balanced.” Generally, an
empirical relationship has been observed between the amount of chalcogen in the nanoparticle
product that is proportional to the precursor concentration and inversely related to the precursor-
chalcogen bond energy.”” Mechanistic studies of the dithiocarbamate precursors in nanoparticle
syntheses have not been reported, but the studies of phosphine precursors is well developed. The
rate of ‘monomer’ formation for II-VI nanoparticle syntheses increases in the order S < Se < Te,
increasing with decreasing P-X bond strength.®' A simple metric, the *'P NMR chemical shifts
(in addition to calculation), has been used to correlate the bond strength to realctivity.92 The
literature value for PhoPSe,” (*'P 8 = 24.02 ppm)™> places it further upfield, corresponding to
more reactive P-Se bonds than the previously investigated R3;P=Se derivatives, including TOP
(tri-octylphosphine). Our chalcogenide ligands may not be comparable, given one has a C-S
bond while the other P-Se, but our results are consistent with literature observation that the

weaker precursor Se bond leads to higher reactivity.

Nanoparticle Alloy S:Se Composition. Given the differences in reactivity of the chalcogenide
precursors, we were careful to look for evidence of composition variation in the nanomaterials.
Based on the systematic shift in the cell constant, both from GSAS refinements as well as the
superposition of the 200 peaks (see Figure 5), we believe that the nanoparticles are homogenous,
and obey Vegard’s law. The composition of the alloyed nanoparticles was evaluated using the
cell constants based on GSAS refinements, ICP of Eu:Se ratios, and composition maps using
Energy Dispersive Spectroscopy (EDS) from TEM for large quantities of nanoparticles taken at
low magnification (Table 1). For the nanoparticles reported here, we only included samples for

which the EDS of large nanocrystal collections were within 2-5% of the EDS composition line
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scans of individual nanocrystals, and within 2-5% of selenium composition determined by the
refinement of cell constants. A comparison of the EDS from elemental mapping (Table 1) with
EDS from individual nanocrystals and ICP-MS can be found in Table S13 (Supporting
Information). Because the cell constants of EuS (a = 5.97A) and EuSe (a = 6.20 A) are so close,
small errors in the refinement translates to a large variation in composition. The ICP-MS
disclosed that several samples had anomalously large amounts of selenium compared to the
refined cell constant. We believe the excess selenium to be amorphous elemental material given
there was no evidence of an impurity in the PXRD. The powder X-ray diffraction patterns for all

of the nanoalloys can be found in Supporting Information (S12-16).

Single Particle Composition. Homogenously alloyed nanoparticles are most frequently
distinguished from gradient alloys or core-shell structures based on the peak shape of the
photoluminescence, which we have not observed in our materials. Alternatively, the peak shape
of the powder X-ray diffraction should also be narrow and symmetric for homogenous alloys,
and the metric used here. As a comparison, using the 200 peaks the average FWHM (0.25°) of
our nanoparticle alloys were systematically wider than the bulk materials (average FWHM of
0.16°). The diffraction data gave Scherrer sizes between 30-50 nm, which is smaller than found
by TEM (30-100 nm depending on the synthesis). Although the nanoparticle peaks are broad,
they appear to be highly symmetric with no evidence of overlapping closely related phases,

which would lead to shoulders or asymmetry.”

The elemental mapping of individual particles in TEM provides another measure of
composition, but we primarily used it to aid in distinguishing the products’ internal structure as
homogeneous, gradient, or core-shell in composition. To facilitate this, the synthetic reaction
times were held to one hour to obtain large particles (50 nm to 200 nm) which allowed for
detailed composition mapping and line scans. For example, in Figure 6, the elemental mapping
in the TEM of 50 nm EuS, 4Sey ¢ nanoparticles exhibit even distribution of both S and Se. In
Figure 7, two different compositions, one with high sulfur (~EuS s,Seo 15, left) and one with high
selenium (~EuS ,;Seq 79, right), were compared using elemental line scans. For both high and
low sulfur, the intensity was proportional to the composition as expected by the calculated cell
constants. In addition, the composition of the S and Se are fairly even across the crystal, for all
samples reported here. Similar data for all the nanoparticle alloys reported here are included in

the Supporting Information (S18-S21). Based on the EDS of nanoparticles, europium
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concentration was slightly but consistently greater than predicted from stoichiometry, with a ratio
of Eu:(S+Se) that ranged from 1.05-1.39. Typically, when the ratio of cation:anion is unequal,
the higher concentration element is thought to terminate the surface (scaling with size given the

9495 1n our case, we believe that the

changes in surface area to volume ratio with small sizes).
slightly higher europium ratio can be explained by a reduced amount of chalcogen due to

oxidation at the surface.

Nanoparticle Magnetic Properties. The magnetic properties were investigated for three of the
nanoparticle alloys to confirm that the Tc has a similar decrease as a function of Se composition
as the solid-state samples. We used a higher applied field (5000 Oe), so that the potential
presence of unalloyed EuSe would be detected. The presence of pure EuSe should add a
ferromagnetic step in the susceptibility versus temperature at SK, which we did not observe. The
ferromagnetic ordering temperatures ranged from 15 K-9 K for compositions from 30-80%
selenium. These data are included in Figure 3 superimposed with Tc-vs-composition for the
solid-state materials. Although the data is more limited than for the bulk materials, they support
two conclusions about the alloyed nanoparticles. A wide ferromagnetic transition would indicate
nanoparticles with a wide range of composition, but in fact the transitions were sharp leading us
to conclude that the composition was fairly narrow. A measure of the europium oxidation state is
that the measured peg should be close to 7.9 pg, the calculated value for Eu(Il) S =7/2. Based
on our Curie-Weiss plots, the p.g values were somewhat reduced for the nanoparticles (6.89-7.21
ug) compared to the solid-state samples (7.3-7.9 ug), but reasonably close. This is consistent
with our hypothesis that the surface of the nanoparticles is slightly oxidized. The linear variation
of Tc for the nanoparticles, and the close correlation with the solid-state materials support our
composition determination. The magnetic data also confirm there are no magnetic amorphous
impurities. We did not investigate nanoparticles in the range EuSsSe, x for x = 0-0.2, but we did
measure the susceptibility versus temperature for pure EuSe nanoparticles and found a Néel

temperature of approximately 5K as reported for bulk materials at high fields.

Nanoparticle Optical Properties. Typically, photoluminescence is the most widely used
technique for unambiguously determining the optical bandgap; unfortunately, we do not observe
luminescence in our nanomaterials. The lowest energy transition 4/ to conduction band (5dtag)
is indirect, weak, and broad, making the onset of absorbance challenging to determine. Rather

than measure the UV-visible spectra of solution phase nanoparticles, where the large diameters
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caused significant scattering, we dried the nanoparticles and measured the diffuse reflectance
using the same preparation as for the bulk solid-state samples. The nanoparticle optical spectra
were similar to the bulk solid- state samples; however, the absorption edges were found to be
shifted on average to higher energies in the range of 1.74-1.94 eV. This was surprising, given
that quantum confinement is unlikely in such large nanoparticles. There also was no systematic
dependence on composition, as expected from the bulk materials. However, the excess of
selenium from the ICP-MS of our nanoparticles led us to confirm the presence of elemental
selenium in the nanoparticle samples. The most common impurity materials we have observed
in the synthesis of the end members includes the oxychalcogenides (Eu,O,S or Eu,0,Se), or in
the case of EuSe, elemental Se. The oxychalcogenides have quite large band gaps (oxysulfides,”®
E.>4.4 eV, oxyselenides’’ have been calculated to be E, > 3.5 V), and seemed unlikely to be
responsible for shifts in this low energy peak. However, Raman spectroscopy allowed for a
definitive identification of elemental selenium; two samples had amorphous selenium with weak,
broad peak near 250 cm™, while three samples had the 235 cm™ (A mode) of trigonal selenium
and the sample with most Se impurity based on ICP also exhibited the weak 143 cm™ (E mode)

198

peak as noted in Table The range of E, for nanoparticles of trigonal Se (1.6 eV-1.99 eV

depending on the morphology),”” ! is unfortunately quite close to the range of band gap for the
EuS-EuSe alloys (1.65 eV-1.78 eV). Similar discrepancies in the band gap energy of
Cu,ZnSnSe, materials have been reported for materials that appear phase pure by powder X-ray

diffraction contain small amounts of ZnSe impurity. 102

Nanoparticle Formation. The question of whether the nanoparticles are homogeneous alloys or
not has implications for the physical properties measured and also for the mechanism of
nanoparticle formation, an important area of investigation. We have been unable to study the
detailed formation of monomer, nucleation and growth, using in situ photoluminescence as
commonly done for II-VI nanoparticles (our materials do not exhibit photoluminescence).
However, we can make some inferences based on analysis of our products. When the anion
reactivity is not balanced, the mismatch in reactivity often leads to gradient alloys, as observed in
CdSeTe nanoparticles.”> The composition can be homogenized by heating above some distinct
‘alloying temperature’ for cation alloys. ' In order to gain insight into the formation of the
alloyed nanoparticles, we have plotted the percent composition (i.e. (Se/S + Se)*100) of

selenium in the product versus the percent Se in the reactants as shown in Figure 7. Clearly, very
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small increases in solution selenium cause a large incorporation of Se in the product
composition. This curve is similar to that observed for PbSe-PbTe nanoparticle alloys in that
solution concentrations of the more reactive Te precursor between 0-20% produces products with
the full range of Te up to PbTe.”® One of the challenges with the alloys of lead chalcogenides is
that both particle size and composition affect E,, while for the europium chalcogenides, we have
shown that the optical properties are only a function of composition. However, the presence of
the Se impurity is a concern for interpreting the optical data of the nanoparticles. The need for
pure alloyed nanoparticles provides motivation to further elucidate the mechanism of

nanoparticle formation in the europium chalcogenides.

The focus of nanoparticle mechanistic studies is dominantly on the chalcogenide
precursor because the metal concentration can be independently controlled. *'** In fact, kinetic
control over ligand decomposition has been highly successful in producing remarkable size

105.19 ©\fych of the mechanistic data can be fit into the

control for a wide range of nanoparticles.
La Mer mechanism of nucleation and growth, which is distinct from Ostwald ripening in that the
reaction rate depends on three steps: precursor reaction, nucleation, and nanocrystal growth.'"’
However, we note that unlike the EuS and EuSe nanoparticles we have investigated, we observe
some Eu-S-Se nanomaterials that are more rectangular than cubic, which may indicate
aggregative nanocrystal growth.'”® One of the challenges here is that the ligands must be able to
reduce the Eu(Ill), limiting the classes of potential reagents. Although we observe many
similarities with the synthesis of II-VI semiconductor nanoparticles, an important distinction is
the reduction chemistry of europium and whether the environment can be manipulated to control

this. We believe this is key to the formation of europium chalcogenide alloyed nanoparticles,

and also key to the synthesis of new divalent lanthanide nanomaterials.
CONCLUSIONS

The solid-state synthesis of bulk EuSSe, .« alloys from the elements leads to highly
crystalline and pure alloys. The properties of these materials change as expected in terms of cell
constants that increase with increasing the larger Se anion, as well as systematic variation in
ferromagnetic magnetic coupling and optical properties. The band gap as a function of
composition was determined to be linear, indicating that the band structures of the two materials,
EuS and EuSe, are minimal. Based on the evidence from bulk materials, we anticipate that it

should be possible to select the optical band gap or magnetic coupling in the nanoparticle alloys
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by targeting a specific S:Se ratio. We believe that the presence of elemental selenium impedes
analysis of the optical band gap of the nanomaterials. Although our synthetic method is the first
to demonstrate EuS,Se; x alloyed nanomaterials, greater synthetic control, without impurities,
will be required to prepare nanoparticle alloys with a distinct range of band gap. The analysis of
our materials leads us to believe that the nanoparticle alloys are homogeneous, but it raises
questions as to the rate of monomer formation, nucleation, and whether a wider range of
chalcogen sources might lead to better-matched reactivities and, thus, more controlled

compositions.
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Table 1. Summary of reactant and product composition in EuSSe nanoparticles

Sample | %Se | %Se | Eu:S+Se | %Se | %Se Cell wR | GOF | Scherrer | Eg
react | ICP EDS EDS | GSAS | Constant | (%) Size (eV)
(A) (nm)
NR544 | 2.6 | 23.1 1.3 13(2) | 14.5(1) | 6.002(2) | 2.83 | 2.5 41 1.74
NR536 | 4.6 | 379 1.05 | 28(2)|27.9(1) | 6.031(3) | 3.43| 3 30 1.78*
NRS545 | 7.5 | 49.8 1.15 | 48(2) | 44.8(2) | 6.072(4) | 3.13 | 2.6 34 1.77
NR549 | 9.2 | 61.5 1.39 | 54(3) | 55.2(2) | 6.120(5) | 2.97 | 2.3 28 1.78*
NRS550 | 11.0 | 143.6 1.13 64(2) | 67.1(2) | 6.124(4) | 3.13 | 2.8 30 1.88*
NRS51 | 13.3 | 94.1 1.2 79(2) | 78.7(1) | 6.151(3) | 245 | 1.9 37 1.94*

*Exhibited presence of trigonal Se.
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