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ABSTRACT: Two interacting spin sublattices are observed for 5.1 nm
Fe (4.6%) CdSe quantum dots giving rise to a superparamagnetic
material with a blocking temperature of ∼90 K. The field- and
temperature-dependent 57Fe Mössbauer spectra reveal that the
observed magnetic properties arise from the antiparallel alignment of
two dissimilar, Fe(III)-based spin−lattices. Comparison of the
experimental data with density functional theory calculations suggests
the formation of an ordered minor and major spin−lattice within the
quantum dot (QD) can be ascribed to the antisite pair formation of the
Fe(III) centers around a cadmium vacancy.

The ability to intentionally incorporate a guest ion into a
quantum dot (QD) lattice has been demonstrated using

prenucleated clusters1−3 and by diffusion doping.4−7 The
stochastic incorporation of isovalent (M(II)) and aliovalent
(M(III), M(I)) metal ion guest ions into binary QDs, while
challenging, can lead to immensely tunable materials.8−11 In
such QDs, emergent electronic,12−14 plasmonic,15−18 opti-
cal,19−21 and magnetic22−31 properties are observed due to the
formation of subgap donor states in the electronic band
structure. When the guest ion is magnetic, dilute magnetic
semiconductor quantum dots (DMSQDs) can be prepared
where the exchange interactions are influenced by quantum
confinement.23−29 Isovalent substitution by Mn(II) results in
magnetic exchange interactions moderated by the presence of
carriers associated with the surface of the QD.26 While many of
the studies to date have focused on isovalent doping, aliovalent
ion doping with Cu(I), Cr(III), Fe(III), and Eu(III) has also
been reported in the literature. It has been suggested that such
aliovalent ion clusters allow charge balance by the formation of
antisite dimer pair inclusions (M2Se3) in the QD lattice.32−35

Iron is an interesting guest metal for a II−VI semiconductor
QD, as it is capable of incorporating as isovalent (Fe(II)) or
aliovalent (Fe(III)) and may occupy either the tetrahedral
cation site or the octahedral hole in a II−VI lattice. The
presence of iron guest ions was reported to lead to room-
temperature ferromagnetism (RT-FM) in FeCdSe36 and
FeZnO37,38 QDs. In FeZnO, the RT-FM was assigned by
electronic structure calculations to formation of a half-metallic
system.39 In our recent study on FeZnSe QDs, a priori DFT
calculations revealed the Fe(III) centers localize as antisites,

forming ferrimagnetic spin clusters within the QD lattice. The
antisite pairing results in complex antiferromagnetic−ferro-
magnetic interactions accounting for the observed RT-FM
behavior.35 In analogy to the results on FeZnSe QDs, phase
segregation arising from the low solubility of Fe(III) centers in
II−VI lattices has been shown to produce local spin clusters in
single-crystal Fe-doped ZnO.40

This work was undertaken to (i) probe the oxidation state
and the preferred site occupied by the Fe dopant in the CdSe
lattice; (ii) analyze the local magnetic exchange interactions
between dopant ions; and (iii) use density functional theory
(DFT) to assess the nature of the exchange interactions
between two dopant sites and how these are affected by
changes in site occupancy and internuclear distance. In this
Article, we report on the experimental data and DFT
calculations of a spherical 5.1 ± 0.7 nm Fe(III)-CdSe QD.
From the fitting of the Mössbauer data at low T, the Fe is
incorporated at 4.6%, and the oxidation state is 75% Fe(III)
and 25% as a disordered Fe center that cannot be definitively
assigned as Fe(III) or Fe(II) by Mössbauer spectroscopy. The
Fe(III) consists of two ordered spin sublattices that are
magnetically coupled. The field-dependent Mössbauer spectra
recorded at 4.2 K reveal a field-dependent first-order FM−
AFM (Type II) metamagnetic transition. Temperature- and
field-dependent DC-magnetic susceptibility measurements
confirm that the FeCdSe QDs exhibit a superparamagnetic
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(SPM) transition at 90 K with a low coercivity of 800 Oe at 5
K. This transition is assigned as arising from magnetic
interactions between a major and minor spin component
associated with antisite pairing of aliovalent ions generating a
nucleated center within the QD. DFT-VASP calculations were
performed to develop a geometric spin model, to explain the
observed temperature- and magnetic-field-dependent magnetic
behavior. The DFT calculations support antisite pair formation
with a Cd vacancy (VCd) to compensate charge imbalance
resulting in two distorted tetrahedral sites for the Fe centers
that are antiferromagnetically (AFM) coupled. The antisite
pair formation appears to produce an ordering in the lattice
when aliovalent ions are incorporated. The results support our
previous studies on Fe-doped ZnSe QDs35 where RT-FM
arises through phase segregation of dopant ions. This phase
segregation leads to the formation of local spin clusters within
a quantum confined lattice.

■ RESULTS AND DISCUSSION
Preparation and Characterization of FeCdSe. Spherical

5.10 ± 0.66 nm FeCdSe passivated by hexadecylamine was
isolated from the solvothermal synthesis through the
aggregated growth through cluster reformation of
Li4[Se4Cd10(SC6H5)16] in the presence of FeCl2.

1 The
reactions are carried out at 220 °C to ensure no S-ion
incorporation arising from surface-mediated thiophenol
decomposition pathways.41 Fe incorporation at 4.6 wt % is
confirmed by inductively coupled plasma mass spectrometry
(ICP-MS) and corresponds to ∼20 Fe atoms per CdSe QD on
average. The use of a molecular cluster as a single-source
precursor to achieve guest ion incorporation in II−VI QDs has
been previously reported for a wide range of isovalent and
aliovalent cation substitution reactions.1−3,24−27,32

The size and the size distribution of the isolated QDs were
measured by TEM image analysis of 300 QDs (Figure 1A). As
shown in Figure 1B, the formation of a wurtzite crystal motif
was observed by powder X-ray diffraction (JCPDS card 77-

23077). Scherrer analysis of the (100) pXRD, Figure 1B,
agrees with the TEM size measurement. TEM fringe analysis
confirms the assignment of wurtzite with observed d-spacings
of 0.20 nm for the (103) plane, 0.36 nm for the (100) plane,
and 0.33 nm for the (101) plane. No evidence of impurity
phase contamination by FexSey, FeSexOy, FexOy, or CdFe2O4 is
observed in the pXRD data or in the TEM fringe analysis. In
the pXRD the (100) peak is not observed to shift due to Fe
incorporation into the lattice. The lack of a shift is inconsistent
with Vegard law analysis for substitutional doping42 and may
indicate phase segregation or dimer pair formation as reported
in Cu(I), Cr(III), and Eu(III) incorporation into CdSe
QDs.32−34 The formation of dimers or larger clusters was
postulated to reduce lattice strain and compensate for charge
imbalance in FeZnSe QDs.35 Figure 1C shows the optical
absorption and photoluminescence (PL) data collected for the
FeCdSe dissolved in toluene. The optical absorption spectra
have clearly defined excitonic features, while the PL arises from
CdSe bandgap emission but is strongly quenched (<1% QY,
quantum yield), a common feature in transition-metal-doped
(TM-doped) CdSe QDs.42

HF-EPR Spectroscopy. The iron site can incorporate at a
substitutional site on a Td cation site or interstitial at an Oh
hole in the lattice. In addition, Fe(II) and Fe(III) are able to be
incorporated into II−VI binary semiconductors.30,31,35,36,43,44

Figure 2 shows the high-frequency EPR (HF-EPR) spectrum
recorded at 240 GHz, 290 K. The EPR spectra consist of a
single asymmetric resonance centered at g = 2.018 ± 0.03. The
spectrum could be simulated considering a single Fe(III)
species with S = 5/2 including spin-dipolar broadening due to
Fe(III)−Fe(III) spin interactions within the lattice. The
observed g-value and the lack of fine structure (D) are
consistent with reported g-values for Fe(III) incorporation at a
Td substitutional ion site with observed line broadening arising
from Fe(III)−Fe(III) dipolar interactions with lat-
tice.30,31,36,43,44 The observed asymmetric line-shape is
ascribed to the deviation from Td symmetry.

Figure 1. (A) TEM micrograph with selected 4.6% FeCdSe QDs circled for easy identification. Lattice d-spacing is indicated in the image size
fringe analysis with d-spacing. QD size distribution from TEM analysis of 300 QDs indicating the size is 5.10 ± 0.66 nm is shown in inset. (B)
Powder X-ray diffraction (Cu Kα), and (C) optical absorption (dashed line) and photoluminescence (solid line) spectra of 4.6% FeCdSe QDs.
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57Fe Mo ̈ssbauer Spectroscopy. Mössbauer spectroscopy
was utilized to obtain a definitive assignment of the oxidation
state of the Fe dopant sites. Figure 3A,B shows a series of field-
and temperature-dependent 57Fe Mössbauer spectra recorded

for FeCdSe QDs dispersed in eicosane. Eicosane was used to
reduce the complications arising from QD−QD interactions
and to impede the field-induced reorientation of QDs. The
field-dependent Mössbauer spectra were measured with the
magnetic field applied parallel to the propagation direction of
the 14.4 keV γ rays.
The field-dependent, 57Fe Mössbauer spectra recorded at 4.2

K, including the zero-field spectrum, were best simulated
considering three spectral components. Two components
belong to a magnetically ordered, Fe(III)-based phase that
accounts for ∼75% of the Fe present in the sample. The third
is associated with a disordered phase that is best described
using parameters that are suggestive of iron(II) ions.47 A
summary of the parameter values used to simulate the zero-
field spectrum recorded at 4.2 K is provided in Table 1. The
disordered phase might have arisen either from heterogeneous
Fe(III) centers at the surface, a surface-localized oxide phase,
or, possibly, Fe(II) originating from the formation of surface
defect centers. In a recent report, the presence of both Fe(II)
and Fe(III) sites was observed in FeZnO QDs. In this case the
Fe(II) was associated with the photoexcited population of a
low-lying charge transfer electronic state that could be
reversibly populated.31

The nature of the magnetically ordered phase was assessed
by analyzing the field- and temperature-dependent data
(Figure 3, Supporting Information Figures S1 and S2). In

Figure 2. Experimental (black) and simulated (red) HF-EPR
spectrum recorded at 240 GHz, 290 K for the 4.6% Fe-doped CdSe
QDs.

Figure 3. (A) Variable-field, 4.2 K 57Fe Mössbauer spectra and (B) variable-temperature, zero-field spectra recorded for the 57FeCdSe QDs. The
4.2 K spectra are deconvoluted into three distinct components. Two components belong to a magnetically ordered phase (red and blue), and the
third is magnetically disordered (green), see text. The vertical arrows of the 1 T, 4.2 K spectrum highlight the field-induced decrease in the
intensities of the ΔmI = 0 lines, i.e., the occurrence of a metamagnetic transition. The solid red lines of the temperature-dependent spectra are
simulations obtained considering a single spectral component that accounts for ∼75(5)% spectral area. The vertical dotted lines illustrate the
temperature-induced change in the observed magnetic hyperfine splitting.
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this case, it was imperative to consider the situation of
magnetic QDs in contact with a neighboring magnetic QD.
The energy of the system with respect to the QD volume (V)
can be written in the presence of an applied field Bapp as

E UV MV K MB Msin cos cos2
app ex cθ φ ω= + + (1)

The first term describes the magnetic anisotropy where U is
the magnetic anisotropy energy constant, and θ describes the
angle between the easy axis of magnetization and the
magnetization vector of the QD. Since the FeCdSe QDs are
ferrimagnetic U is a composite quantity that accounts for the
anisotropies of both magnetic sublattices and the exchange
interaction between them. The second term accounts for the
Zeeman energy of the particle such that MV is the magnetic
moment of the particle, and φ describes the angle between its
magnetization vector and the applied field, Bapp. Finally, the
third term describes the exchange interaction of the QD under
consideration with a neighboring particle with a magnetization
Mc. For this term, ω describes the angle between the
magnetization vectors of the two particles. The Zeeman
interaction of ferro- or ferrimagnetic QDs is expected to be
considerably larger than both the magnetic anisotropy and the
interparticle exchange interactions even for fields as small as 1
T.
Field-Dependent Mössbauer Data. The field-dependent

Mössbauer spectra (Figure 3A, Supporting Information Figure
S1) show that applying a magnetic field leads to the
disappearance of the second and fifth lines and to a clearly
observed separation of the sextet observed in zero-field into
two individual components. Thus, the 8 T (4.2 K) spectrum of
Figure 3A clearly shows two patterns with unequal spectral
areas and unique magnetic hyperfine splittings. The observed

field dependence can be rationalized using the approach of
Mørup et al.48

i
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where B0 is the internal field observed in zero applied field, Bapp
is the applied magnetic field, Bobs is effective magnetic
hyperfine field observed for a particular applied field value,
MV is the magnetic moment of the particle, and kBT is
Boltzmann energy. The Bobs and B0 values of eq 2 could be
easily extracted from the experimental magnetic hyperfine
splitting using the WMOSS software (See Co., formerly Web
Research Co., Edina, MN; see the Experimental Section).
Plotting the values of Bobs vs Bapp from 0 to 8 T in Figure 4A
confirms that the observed hyperfine splitting is linearly
dependent on the applied field with a slope of +1.02 for the
major and −0.97 for the minor component. While the
hyperfine splitting of the major component decreases with
the applied field, for the minor component the hyperfine
splitting increases with the applied field.
The relative intensities of the six lines of a spectrum

originating from a random distribution of Fe sites with uniaxial
magnetic properties, such as that observed in zero-field, are
given by 3:x:1:1:x:3 where x = 2. However, for a finite angle θ
between the hyperfine field and the γ rays x = 4 sin2 θ/(1 +
cos2 θ). Thus, the change in the intensities of the observed
resonances originates from a field induced-alignment of the
local Fe moments with the applied field, i.e., metamagnetic
transition. The separation of the magnetic hyperfine splitting
pattern into two unequal components is indicative for the
presence of two distinct magnetic sublattices. For high-spin
Fe(III) ions the hyperfine coupling tensor that describes the
interaction between the nuclear and electronic spins is

Table 1. Hyperfine Splitting Parameters Derived from the Analysis of the 4.2 K Spectra Recorded for the FeCdSe QDs

phase component δ [mm/s] ε [mm/s] B0 [T] dB [T] %

ordered major 0.48(1) −0.05(5) 52.3(8) 1.8(5) 42(2)
minor 0.36(2) 0.05(5) 50.9(5) 1.2(2) 28(2)

disordered n.a.a 0.6(1) −0.4(1) 47.2(9) 6(2) 25(3)
an.a.: not applicable.

Figure 4. (A) 4.2 K, field-induced and (B) zero-field, temperature-dependent changes in the magnetic hyperfine splitting observed for the
57FeCdSe QDs (○). The solid lines are linear fits obtained using eqs 2 and 3, see text. The dotted horizontal line corresponds to the observed
hyperfine splitting of the magnetically disordered phase. The error bars account for the fwhm of the hyperfine field distribution determined from
the simulations of the experimental data.
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expected to be essentially isotropic and to be negative.
Therefore, together with the change in the intensities of the
observed ΔmI = 0 resonances (the two middle, second, and
fifth lines), the decrease in the hyperfine splitting demonstrates
that the magnetic moment of the larger sublattice is aligned
parallel to the applied field. At the same time the field-induced
increase in the splitting of the minor component shows that
the magnetic moment of this sublattice is found antiparallel to
the applied field. In turn, these observations clearly
demonstrate that a ferrimagnetic ordered phase with a collinear
spin arrangement exists within the FeCdSe QD.
Temperature-Dependent Mössbauer Data. The temper-

ature-dependent behavior of the Mössbauer spectra at 0 T is
shown in Figure 3B and Supporting Information Figure S2.
The sextet observed at 4.2 K broadens with increasing

temperature but does not collapse to a doublet over the
temperature range measured. The observed, temperature-
dependent behavior is typical of magnetic nanoparticles
involved in long-range dipolar interactions, where magnetically
interacting nanoparticles have been reported to exhibit a
gradual broadening of the observed resonances with increasing
temperature.45,46 The broadening is accounted for by
considering the spontaneous fluctuations of the magnetization
between the two orientations parallel to the easy axis, i.e.,
superparamagnetic relaxation. These fluctuations are known as
collective magnetic excitations and lead at low temperatures to
a linear decrease in the observed magnetic hyperfine splitting.
The persistence of the sextet at room temperature is

surprising, as a collapse to a doublet in Fe-doped In2O3 a
doublet has been reported.49 For a superparamagnetic system a

Figure 5. DC-SQUID susceptibility measurements, (A) field cooled (FC) and zero-field cooled (ZFC), (B) magnetization, AC-susceptibility (C)
in-phase, and (D) out-of-phase plots, (E) Arrhenius and (F) μeff plots for 5 nm, 4.6% FeCdSe QDs.
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doublet arises when the magnetization of the individual
nanoparticles or QDs exhibits a flip rate higher than the
nuclear Larmor precession. This leads to the averaging out of
the magnetic hyperfine interactions and, thus, to a two-line
spectrum, that is, a quadrupole doublet. For the FeCdSe QD
sample investigated here no doublet could be detected even at
200 K. The lack of a quadrupole doubled together with the
temperature-induced decrease in the magnitude of the
magnetic hyperfine splitting can be rationalized by considering
the effects of interparticle magnetic interactions. A review of eq
3 suggests that to a first approximation these interactions lead
to an effective increase in the energy barrier and thus to a
lower relaxation rate.
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In Figure 4B, a plot of |Bobs| vs T allows the sum of exchange
and magnetic anisotropy (2UV + KexMMc) to be evaluated.
The slope of the temperature-induced change in the magnetic
hyperfine splitting is −46.1 mT/K yielding a value for the
effective energy barrier of the system as defined by the sum of
the exchange and magnetic anisotropic energies of ∼15 cm−1.
Although the investigation of a series of samples with different
QD concentrations might allow for the determination both of
the magnitude of interparticle exchange interactions and of the
anisotropic exchange constants, the high nonresonant
absorption of the 14.4 keV by the heavy Cd and Se nuclei
renders such systematic studies quite difficult.
Magnetic Properties of FeCdSe. To probe the spin

dynamics of the anticipated Fe(III) clustering AC and DC-
magnetic susceptibility and magnetization measurements were
performed. The interpretation of the FeCdSe QD field-
dependent Mössbauer in terms of a ferrimagnetic material
arising from the presence of competing AFM spin sub lattices
(type II AFM) would explain the earlier report of RT-FM in
FeCdSe without half-metal formation.36,37 The magnetic
properties of the FeCdSe QD were measured by temperature-
and field-dependent DC-magnetic susceptibility (Figure 5A,B).
The DC-magnetic susceptibility data confirms the FeCdSe
sample is a room-temperature magnet (0.001 emu/g). The
observation of RT-FM confirms the earlier published reports of
FeCdSe QDs.36 A broad blocking temperature is observed
between 90 and 100 K in the ZFC vs FC susceptibility plot.
Figure 5B shows the field-dependent magnetic susceptibility at
5 K which exhibits asymmetric hysteresis loops with a
coercivity (Hc) of 500 G. Plotting the temperature-dependent
coercivity (Supporting Information Figure S3) indicates that
the hysteresis approaches an asymptote at 90 K. The
temperature-dependent hysteresis is consistent with blocking
behavior of superparamagnetic (SPM). SPM behavior is
confirmed by measuring the frequency-dependent AC-
magnetic susceptibility data at 100 Oe (Figure 5C,D). In the
AC-susceptibility data an out-of-phase component (χ″) with a
frequency-dependent (60−100 K) and a frequency-independ-
ent (35 K) feature is observed. The frequency-independent
feature at 35 K is only observable in the AC-susceptibility
measurement. The frequency-dependent relaxation time vs
temperature data analyzed using the Mydosh criteria, Φ =
ΔTf/TfΔ(log ω), yields a value of Φ of 0.14 confirming the
existence of a SPM magnetic phase. In the Mydosh formula Tf
is the temperature at which the maximum in χ″ (T) occurs,
ΔTf is the difference in Tf between frequencies ωi and ωf, and

Δ(log ω) is the difference between the log of the measuring
frequencies.50

Analysis of the AC-susceptibility data allows us to estimate
the energy required to flip the spin in the single-domain
materials (Ea) and magnetocrystalline anisotropy (K) using the
Stoner−Wohlfarth theory Ea = KV sin2 θ, where K is the
magnetocrystalline anisotropy, V is the volume of the QD, and
θ is the angle between the magnetization direction and the easy
axis of the QD. As shown in Figure 5E plotting the relaxation
lifetime (τ) vs 1/T yields the energy barrier for spin relaxation

(Ea) via the Arrhenius equation, ( )exp E
T0
a

B
τ τ= , where τ0 is

the characteristic reversal attempt time, and Ea/kB is the
magnetic reversal energy barrier. The average spin relaxation
lifetime (τ) can be extracted from the AC-susceptibility data,
since τ is calculated as 1/(2πυ), where υ is the frequency of the
AC measurement. The high-temperature (300−250 K) fit of
1/χ vs T (Supporting Information Figure S4) yields a Curie
constant of 0.19 emu K/g and Weiss temperature of θ = −104
K implying the presence of AFM exchange coupling in the
lattice. Obtained value of Curie constant is close to 0.17 emu
K/g obtained using C = 0.125μeff

2. The AFM exchange would
explain the asymmetry in the field-dependent susceptibility
measurements, as the existence of a coexisting FM and AFM
exchange interactions in different domains would yield
exchange bias behavior in the data. A fit of χT vs T yields a
μeff value of 1.16 μB/ion, Figure 5F, which is lower than the
predicted value for a high-spin Fe(III) center on the Td cation
site (μeff = 1.73 μB/ion), implying the presence of considerable
AFM interactions in the sample. The observation of an AFM
interaction observed in the magnetic susceptibility data
suggests that the Fe(III) ions are strongly interacting in the
lattice, consistent with the conclusion from the Mössbauer data
analysis.

Origin of the Interacting Magnetic Spin Sublattice.
The spin−spin interactions observed between Fe(III) ions that
lead to RT-FM observed in the magnetic susceptibility
measurements can be interpreted in terms of formation of
antisite iron dimers in the lattice to accommodate charge
imbalance. The dimer formation can be realized as follows. We
first calculate formation energies with DFT as implemented in
the Vienna ab initio simulation package (VASP)51,52 for four
possible formation sites for the Fe(III) ion: an interstitial
tetrahedral site, an interstitial octahedral site, a tetrahedral
cation site, and a surface Td cation site.5 The formation energy
is given by Eform = E(SC*) − E(SC) − ∑iΔniμi + q(EF + Ev +
ΔV) where E(SC*) and E(SC) are the total energies of the
supercell with and without the Fe impurity, respectively.53 The
atoms of the nanocluster are grown in a colloid and are
considered to be in contact with particle reservoirs of Cd, Fe,
and Se. The Δni in the third term accounts for ions of Cd
removed from or Fe added into the cluster, and μi is the
chemical potential of each ion species. The last term is
included to account for the exchange of electrons between the
nanocluster and the electron reservoir. Since the ordered phase
consists of only Fe(III), as determined from the Mössbauer
spectra, we take q to be the charge of Fe(III). EF is the Fermi
level, Ev is the energy of valence band maximum (VBM), and V
is the correction due to the distortion of the VBM due to the
charged Fe impurity. Since only one oxidation state of Fe(III)
is assumed here, we assume the last term to be almost equal for
all the sites and can be ignored in relative energy calculation,
and the results are given in Table 2. The results show that site
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occupation at surface is most favorable, followed by interstitial
site and least favorable at interior substitution site since it
involves the kicking out of Cd for Fe to replace it.
The evolution of ferrimagnetism can be ascribed as follows.

The Fe atoms form first on surface sites since the formation
energy is the lowest for the surface substitutional sites. These
Fe sites are most likely far apart in the diluted concentration
range 5−10% for Fe ions in the colloid. To validate this
plausible assumption, the structures were optimized for
ferromagnetic and antiferromagnetic coupling between two
Fe(III) ions with one occupying a substitutional cation site and
the second iron occupying an interstitial site. The calculation
was performed on multiple distances between two iron centers
occupying a cation tetrahedral substitutional site or an
octahedral interstitial site situation. The results of the
calculations (Table 3) support that AFM interactions between
the iron centers are favored, and ferromagnetic coupling is
favorable at larger distances.

In Figure 6, two irons are shown occupying two substitu-
tional sites (Figure 6A) and an interstitial and substitutional
site (Figure 6B). As the nanocrystal is growing iron atoms add
to the surface as substitutional ions and can move to a lower
energy interstitial site. To see the possibility of the ionic
motions, we calculated barrier energies for diffusion of Fe ions
from Td cation site to interstitial site and vice versa as well as
from interstitial to interstitial sites using the nudged elastic
band method as implemented in VASP with a supercell
consisting of 96 atoms as was done in ref 54. The results are
consistent with similar results in the reference for diffusion of
Ag ions in CdSe54−56 and are given in Table 4. The results
show that the energy barrier is much smaller for motion from

Td cation site to interstitial than vice versa consistent with
similar consideration for silver ions in cation exchange with
Cd.54 When the surface substitutional ion sites become core Td
site due to growth of the cluster, they become unstable and
diffuse into interstitial site. A nearby Cd ion can move into the
Td site or it could remain vacant. We ruled out the vacancy
formation as it leads to distortion of the lattice and is not
consistent with the tetrahedral symmetry. The Fe ion at
interstitial site will diffuse to surface via the interstitial route.
The 0.28 eV barrier energy is consistent with similar results in
fast diffusion.54−56 The movement of ions to the surface is also
consistent with the previous argument for self-purification of
quantum dots.57 The Fe ion that moves out to the surface will
couple antiferromagnetically with the Fe ion that has already
been formed on the surface. The arrangement is represented
by an antisite pair in Figure 6B. The antisite pair assumes a
vacancy formation at Cd site (VCd) near the Fe dimers. The
VCd at surface reduces strain in the lattice, providing the
attractive Coulomb interaction to anchor the interstitial Fe
ion58 and relax for charge compensation without large
distortions to the lattice.
The calculated distortion of the antisite iron dimer around a

VCd site is represented in Figure 7. The VCd occupies a surface
site, and the Fe(III) centers occupy a tetrahedral cation
(substitutional) and octahedral (interstitial) site. The Fe ions
energetically favor a pseudo-spinel-like arrangement within the
hexagonal lattice. When the VCd sites are in the interior, the
interstitial octahedral site moves from its initial position
(Figure 6A) by a significantly outward position producing a
distorted tetrahedral interstitial site as represented in Figure
6B. In both cases, the Fe(III) ions appear to occupy distorted
sites around a VCd, which allows the Fe ion to migrate toward
the octahedral interstitial site forming the antisite pair forming
a dimer. The antiferromagnetic coupling with VCd at surface
has a lower energy, with a net moment of 1.25 μB resulting in
ferrimagnetism, in agreement with our experimental results.

■ CONCLUSIONS
This study supports the appearance of RT-FM in FeCdSe QDs
arising from formation of competing AFM iron spin sublattices
through antisite pairing of Fe(III) centers resulting in a
ferrimagnetic interaction. The observed magnetic behavior is
reminiscent of the observed AFM−FM exchange interactions
between a major and minor spin sublattice in ferrites.49 In
nanoferrites, a mixed-spinel structure leads to anion-mediated
superexchange interactions between two magnetic sublattices
that correspond to the tetrahedral and octahedral sites and
thus to the stabilization of a ferrimagnetic ordered state.49 The
magnitude of the exchange interaction is dependent on the
degree of lattice inversion. Considering the close similitude
between the spectroscopic behaviors observed for nanosized
ferrites49 and for FeCdSe QDs, we propose that the Fe-doping
process leads to the formation of an analogous mixed-spinel
phase. Thus, the Fe ions can either displace a Cd(II) cation
leading to a substitutional inclusion with a (A) tetrahedral site
geometry or, the Fe ions can be incorporated interstitially
leading to the formation of a [B] octahedral site. Accordingly,
the minor component of the ordered phase of 57FeCdSe QDs
is associated with the (A), and the major component with the
[B] sites. Using the relative ratio of the spectral areas
determined from the analysis of the 4.2 K spectra, α = 0.66,
the inversion degree can be determined as x = (1 − α)/(1 + α)
≅ 0.2. Considering that the Cd(II) cations have a strong

Table 2. Relative Formation Energies in Cd90Se90

sites for Fe formation energy (eV)

interior substitution −0.269
tetrahedral interstitial −1.718
octahedral interstitial −1.762
surface substitution −4.185

Table 3. Magnetic Correlations for Ferromagnetic and
Antiferromagnetic Coupling for Two Fe Ionsa

configuration orientation
distance
(nm) ΔE (eV)

magnetic
moment
(μB)

two-surface tetra
substitution
Cd88Se90Fe2

F 1.00 0.000 000 9.0344

AF 1.00 0.005 499 −0.6648
F 1.82 0.000 000 8.8399
AF 1.82 0.008 445 −0.7089

surface substitution and
interstitial
Cd89Se90Fe2

F 0.80 0.000 000 8.0245

AF 0.80 0.034 185 −0.5629
surface substitution and
interstitial
Cd87Se90Fe2

F 0.45 0.012 940 7.0229

AF 0.45 0.000 000 1.2500
interior substitution and
interstitial
Cd87Se90Fe2

F 0.28 0.269 694 7.8510

AF 0.28 0.000 000 0.7304
aThe lower energy of the two orientations is taken as zero energy.
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preference for tetrahedral sites and that they are unlikely to
occupy [B] octahedral sites we arrive at (↑Fe0.8Cd0.2)[↓
Fe1.2□0.8]Se4 where □ denotes a vacancy. The DFT
calculations support the formation of the spin sublattices
arising from formation of Fe(III) antisite pairs coupled to a
VCd, indicating as the Fe concentration increases, ion clustering
of the aliovalent ions likely produces magnetic inclusions. Such
behavior has been suggested to occur for aliovalent doping of
II−VI QDs previously.32,33,35 More importantly the study
reveals the underlying origin for RT-FM reported in II−VI
QDs that have iron inclusions.

■ EXPERIMENTAL SECTION
Chemicals. Hexadecylamine (HDA) (90%, Acros Organics),

FeCl2 (99.9% Acros Organics), 57Fe powder (Cambridge Isotopes),
HCl (37%, Sigma-Aldrich), toluene (99.9%, EMD Chemicals), and
me t h a no l ( 9 9 . 8% , VWR) we r e u s ed a s s upp l i e d .

Li4[Se4Cd10(SC6H5)16] (Cd10 cluster) was prepared as previously
described.1

Synthesis. Hexadecylamine (HDA) passivated Fe-doped CdSe
QDs (∼5 doping %) with a 0.2−0.6 nm size distribution were
prepared by the reaction between the single-source precursor
Li4[Se4Cd10(SC6H5)16] (Cd10) and FeCl2 in HDA. Briefly, the QDs
were prepared by the dissolution of 480 mg (7.47 × 10−5 mol) of
Cd10 in ∼20 mL of HDA at 110 °C under N2 using a Schlenk line. A
0.5 mg portion of FeCl2 was added to the solution, and the reaction
was allowed to stir vigorously for 1 h to induce metal exchange
between the Cd(II) of the cluster and the Fe(III) from the metal salt.
The reaction was then heated to 210 °C (5 °C/min) to induce QD
growth. The temperature was kept below 220 °C to avoid sulfur
incorporation, which has been seen in other studies.41 The size of the
QDs was monitored using UV−vis spectroscopy. Once the desired
size was achieved the solution was cooled to room temperature to halt
further growth. The cooled solid samples were then isolated by
dissolving in ∼10 mL of toluene, followed by precipitated with ∼15
mL of MeOH, and centrifugation. This process was repeated three
times to ensure reagent free particles, and the precipitate was dried
under a vacuum at room temperature. Sequential dissolution/
precipitation steps have been shown to effectively remove unreacted
Fe impurities. To generate 57Fe-doped CdSe for Mössbauer studies,
57FeCl2 was used as the dopant source. The metal salt was synthesized
using 57Fe powder and HCl in MeOH.

The QD size and dispersion was analyzed by TEM for QDs
dispersed on holey carbon (400 mesh) from a toluene solution using a
JEOL-2010 microscope operated at 200 kV. The TEM measurements
confirm the preliminary size obtained using absorption spectroscopy.
Structural analysis and QD size was obtained using pXRD of 10 mg
samples on a Rigaku DMAX 300 Ultima 3 powder X-ray
diffractometer (using Cu Kα λ = 1.5418 Å radiation). The optical
properties of QDs were analyzed using absorption spectra carried out
on a Varian Cary 50 UV−vis spectrophotometer, and photo-
luminescence measurements were performed on a Varian Cary
Eclipse florescence spectrophotometer. The Fe-doping level was
analyzed by inductively coupled plasma mass spectrometry (ICP-MS)
and was found to be ∼4.6% for all samples.

Magnetic Susceptibility Measurements. Magnetization meas-
urements were conducted on 5.1 nm, 4.6% Fe CdSe QDs using a
Quantum Design superconducting quantum interference device
(SQUID) magnetometer; zero-field cooled (ZFC) and field cooled
(FC) measurements were performed under a constant field of 100 Oe
over the temperature range 1.8−300 K. Isothermal field-dependent
magnetization measurements were conducted with magnetic field
varying between 0 and 7 T at 1.8 K.

Figure 6. DFT predictions for the site of occupation for an Fe−Fe pair in Cd87Se90Fe2. The blue atoms are Fe. The second Fe atom has moved
down as seen in part B.

Table 4. Barrier Energies for Diffusion of Fe(III) and Cd
Ions

transitions barrier energy (eV)

Fesub → Feint
a and Cdint → Cdsub 0.02

Feint → Feint 0.28
Cdsub → Cdint and Feint → Fesub 0.55

aint stands for interstitial site, and sub stands for substitutional site.

Figure 7. Distorted tetrahedral interstitial site is occupied by Fe
labeled 1. Brown atoms labeled 1−6 are Se, and the blue ones are Fe.
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Electron Paramagnetic Resonance. High-frequency EPR (HF-
EPR), 240 GHz, measurements were conducted at the Florida State
University National High Magnetic Field Laboratory (FSU-NHMFL)
in Tallahassee, FL. The superheterodyne quasioptical spectrometer
operates at 120, 240, and 336 GHz and is described elsewhere. A
multifrequency high-field pulsed electron paramagnetic resonance/
electron−nuclear double resonance spectrometer was used.58,59

Spectral simulations were performed using the computer program
EPRCALC.
Mo ̈ssbauer. The 57Fe nuclear gamma resonance (Mössbauer)

spectra were recorded using a spectrometer fitted with a Janis 8DT
Super Varitemp flow-type cryostat cooled with liquid helium. The
cryostat had a built in 8 T, American Magnetics superconducting
magnet. The spectrometer was operated in a constant acceleration
mode and used a light source that consisted of 100 mCi 57Co
dispersed in Rh metal foil. This instrument allowed for recording
spectra for temperatures 4.2−298 K and applied fields from 0 to 8 T
at 4.2 K. The external field was applied parallel to the incident γ-
radiation. The absorbers used in this study were obtained by
dispersing 10−15 mg of Fe-doped CdSe QDs in ∼50 mg of eicosane
that was gently warmed to 40 °C followed by cooling to room
temperature (RT). This procedure allowed us to investigate samples
that were magnetically dilute, which were solid at room temperature
and thus were easy to handle. These absorbers were contained in
custom-made Delrin or polyethylene containers. The large non-
resonant absorption of the 14.4 keV photons by the Cd and Se nuclei
required us to use 57Fe isotopically enriched absorbers. The isomer
shift values are reported against the room-temperature centroid of a
standard α-Fe metal foil. The experimental spectra were analyzed
using the WMOSS software (See Co., formerly Web Research Co.,
Edina, MN) in the framework of the Voigt-based model first
described by Rancourt et al.60 An arbitrary distribution of hyperfine
fields (HFD) is described in terms of a sum of individual Gaussian
components. Each component can originate from sum of elemental
spectra that account for different values of the distributed parameters
and have intensities that follow a Gaussian distribution. Each
component is defined by three parameters, namely, p [%], a weight
factor (assuming identical f-recoilless fractions p accounts for the
fraction of the total Fe amount of the respective component); Bobs

[T], the centroid; and dB [T], the width of the Gaussian HFD. In
zero-field the Bobs [T] denotes the B0 of the respective component.
The parameters used to describe the sextet spectra used to represent
the HFD are Γ, the full width at half-maximum (fwhm) of the
intrinsic Lorentzian line-shape; δ, the isomer shift; ε, the electric field
gradient (EFG) tensor component along the internal field; and h1/h3
and h2/h3, the intensity ratios of the outer (1, 6) lines to the inner (3,
4) lines and of the middle (2, 5) lines to the inner (3, 4) lines,
respectively.
DFT Computational Methods. The charge of the Fe(III) is set

in VASP by varying the total number of valence electrons of the
nanocluster. A compensating background charge is added automati-
cally to neutralize the system. The nanoclusters are grown in a colloid
and are considered to be in contact with particle reservoirs of Cd, Fe,
and Se. The computations were performed with projector augmented
wave (PAW) pseudopotentials with default energy cut-offs of 205.744
eV for Cd, 200.930 eV for Fe, and 158.668 eV for Se using the
generalized gradient approximation of Perdew and Wang (PW91) for
the exchange correlation function.61 The supercell computations were
generated in reciprocal space with γ point for Brillouin-zone
integration. A vacuum region of 12 Å was placed around the cluster
to avoid interaction with periodic images. A conjugant gradient
geometry optimization was applied until a convergence criterion of
0.025 eV/Å or less for forces on the ions was obtained. A lower
convergence criterion was tried, but the computations did not
converge at accurate level of precision for such a large cluster.
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