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ABSTRACT: Traditionally computational methods have been
employed to explain the observation of novel properties in
materials. The use of computational models to anticipate the
onset of such properties in quantum dots (QDs) a priori of
their synthetic preparation would facilitate the rapid develop-
ment of new materials. We demonstrate that the use of
computational modeling can allow the design of magnetic
semiconductor QDs based on iron doped ZnSe prior to the
preparation of the sample. DFT modeling predicts the
formation of multinuclear Fe clusters within the 10% Fe
doped ZnSe QD to relieve lattice strain leading to the onset of
competing ferromagnetic (FM)−antiferromagnetic (AFM) interactions, or in effect spin frustration, between the local spins. The
magnetic properties when iron is incorporated into a 1.8 nm ZnSe QD are computationally analyzed using standard density
functional theory (DFT) simulations, and the resultant spin and Fe localization models are experimentally evaluated using
SQUID, 57Fe Mössbauer, and electron paramagnetic resonance (EPR) spectroscopy. The observation that the experimental
results agree with the DFT predicted behavior demonstrates the value of using modeling when targeting a desired material
property.

The observation of magnetic exchange in nonmagnetic
semiconductors when doped with paramagnetic ions has

long attracted researchers to them as potential materials for
quantum computing and spintronic applications.1−7 The onset
of magnetic coupling in dilute magnetic semiconductor
quantum dots (DMSQDs) is known to be dependent on the
presence of carriers3 and ion clustering.4,8 Recent interest in
iron doped II−VI lattices has arisen due to the report of unique
optical and spin glass magnetic behavior.9−13 In ZnFe2O4

spinels, the formation of interacting Fe(III) tetrahedral spin
clusters due to low Fe(III) solubility was observed resulting in
spin frustration analogous to Kagome lattices.14 Similar
aggregation of Fe(III) was recently observed in Fe doped
ZnSe nanobelts.8 In Fe(III)-doped ZnO, room temperature
ferromagnetism was reported,15 while in Fe doped into CdSe
quantum dots (QDs) a ferromagnetic to spin glass transition at
low temperature occurs.16 The observed magnetic behavior in
iron doped ZnO was accounted for by the presence of mobile
carriers coupling the spin centers in the lattice, as described
within the polaron percolation theory using dynamical mean-
field theory (DMFT) modeling.17 Density functional theory
(DFT) while traditionally used to explain an observed property
in an isolated material can also be used to predict the likelihood

of spin interactions arising from iron clustering providing a
route to choose a target dilute magnetic semiconductor prior to
its synthesis. A recent study on iron doped CdSe clusters
(FenCd9−nSe9) reported iron center clustering can impact the
magnetic interactions of the dopants.18 With the advancement
in density functional theory, computational codes are robust
enough to allow even larger clusters to be modeled to ascertain
the magnetic properties of a specific size and composition prior
to their preparation.18−20

In this manuscript, we utilize the readily available DFT codes
using the Generalized Gradient Approximation (DFT-GGA) to
evaluate Fe doped ZnSe. DFT calculations were performed on
two (ZnSe)34 cluster models representing surface (when sliced
along the ⟨0001⟩ lattice plane) and core (when sliced along the
⟨1120 ̅⟩ lattice plane) of the (ZnSe)68 cluster which is a cluster
analogue of a 1.8 nm ZnSe QD. The DFT-GGA model
indicates the formation of competing ferromagnetic−antiferro-
magnetic (FM-AFM) interactions, or in effect spin frustration,
between the local iron centers for as little as six Fe incorporated
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onto Zn sites for the Zn68Se68 cluster. The FM-AFM
interactions are predicted to generate a ferrimagnetic material
due to formation of spin triangles within the lattice. The
prediction provided by the computational models was directly
compared to experimental data on nearly analogous syntheti-
cally prepared spherical 1.8 ± 0.7 nm Fe0.1Zn0.9Se QDs having a
wurtzite structure. Temperature, field, and frequency depend-
ent magnetic data measured by SQUID are consistent with the
DFT models. Field-dependent 57Fe Mössbauer further confirms
the computational modeling and can be fit to the presence of
two distinct sublattices that are antiferromagnetically coupled.
The results of the study show that the use of readily available
DFT computational approaches prior to synthesis can steer
materials design when targeting dilute magnetic semiconductor
quantum dots (DMSQDs).

■ RESULTS AND DISCUSSION

Density Functional Theory Calculations. Using DFT-
GGA methods, the geometric and magnetic properties of
[FenZn68−nSe68] (n = 0−6) was modeled as a cluster analogue
(Figure 1Ai/ii) of a 1.8 nm FexZn1−xSe QD. The iron
incorporation and resultant structural perturbation were energy
minimized for sequential addition of Fe centers on Zn sites.
The cluster is calculated as a neutral cluster with the Fe atom
occupying a Zn site prior to energy minimization. In order to
validate the DFT modeling, natural bond order (NBO)
calculations were performed to analyze the bonding behavior
and charge distribution. The DFT calculations indicate a charge
much smaller than +2 or +3 due to the covalency of Fe−Se and
Fe−Fe bonds (Supporting Information Figure SI 6). To
optimize calculation time, the calculations are carried out on
two smaller (ZnSe)34 clusters representative of a surface and
core of the (ZnSe)68 cluster. The two (ZnSe)34 clusters
represent a four-layer wurtzite projection sliced along the
⟨0001⟩ projection (Figure 1B) using a 2-layer motif referred to
as the boron nitride (BN) model in earlier studies and the
⟨1120 ̅⟩ direction (Figure 1C).21 When sliced along the ⟨0001⟩
plane, the four unique cation sites are a hexagonal body (H),
hexagonal edge (HE), rhombic site (R), and birhombic site

(R′) (Figure 1B). In the ⟨1120̅⟩ slice, a tetrahedral core site
(B), a tetrahedral convex (T1) and tetrahedral concave (T2)
surface site, and a trigonal site at the cluster edges (Tr) can be
identified (Figure 1C). Using these discrete sites, a simple
naming protocol is implemented to distinguish the Fe
occupation site, number of Fe atoms at the site, and layer for
the inclusion ({no. ions × site} − layer). The (4R′-2HE-2)
motif (projected in Figure 1A(i)) has six Fe where four ions
occupy the birhombic R′ site and two occupy the hexagonal
edge (HE) site sitting on the internal second layer of the
cluster. The (6T1-1) structure (Figure 1A(ii)) corresponds to
six Fe ions occupying tetrahedral convex sites at the surface of
the cluster.
As the Fe center is introduced into the lattice, geometric and

electronic changes arise due to lattice strain and the low
solubility of Fe in ZnSe.22 The magnitude of the geometric
effect will depend on the site of occupation. The Fe can exist as
single ion defects (occupying core sites within the lattice or
surface bound sites) or form pairs or higher nuclearity clusters
on antisites. Antisite pairs are anticipated to result in large local
geometry distortion to minimize energy. The favorability of
substitution of Fe onto the tetrahedral Zn cation site in ZnSe is
calculated from the binding energy per atom (Eb)

=
+ + −

E
xE mE nE E

n
[ (Zn) (Se) (Fe)] (Zn Se Fe )

2b
at at at x n m

where x, n, and m are the number of Zn, Fe, and Se atoms,
respectively. Eat is the atomization energy in eV to yield a value
of Eb in eV/atom.
The lowest energy geometry-optimized structures for six iron

incorporations are shown in Figures 1A for (4R′-2HE-2) and
(6T1-1) motifs. The DFT minimized structures for Fe
incorporation at all possible sites for interacting and non-
interacting Fe centers into [FenZn34−nSe34] (n = 1, 2, 3, 4, 6)
are available in Supporting Information Figures SI 2−7. The
energy difference between clustered and nonclustered incor-
poration of Fe with increasing number of iron atoms in
[FenZn34−nSe34] can be seen by inspection of Figure 1D. With
increasing Fe content, the energetics for incorporating Fe

Figure 1. (A) (i) Geometry and spin energy minimized structure for the 4R′, 2HE-2, and the (ii) 6T1- 1[Fe6Zn62Se68] cluster with the Se sites in
yellow, Zn in blue, and Fe(III) in red. The unique sites within the cluster are labeled and shown projected along the (B) (ZnSe)34 cluster along the
⟨0001⟩ lattice plane and (C) (ZnSe)34 cluster along the ⟨1120̅⟩ lattice plane. (D) Plot of atomistic energies for increasing Fe incorporation into the
cation sites in the [Zn68Se68] for a random distribution.
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randomly onto the cation sites suggests a nonstochastic
distribution of Fe ions within the lattice is energetically
favorable for n ≥ 3. Substitution at non-neighboring Zn sites is
less favorable by 0.024 eV/atom, 0.034 eV/atom, and 0.047
eV/atom in the case of three, four, and six Fe-substitutions,
respectively. A value of n = 3 corresponds to 5% doping of the
cations in a 1.8 nm QD. Energetically the observation of
increase in nuclearity with each substitution is not surprising, as
the solubility of Fe in ZnSe is low22 and previous studies have
empirically suggested doping of aliovalent ions into a II−VI
lattice will lead to clustering to lower lattice strain and
compensate for charge.8,14,23

For a single Fe (n = 1), the calculated energies for cation site
substitution are in the order Tr < T1 < B < T2 in ⟨1120 ̅⟩; while
for ⟨0001⟩ the order is R′ < R < H < HE. Substitution at the
birhombic R′ site is energetically most favorable by
approximately ∼0.02 eV relative to the other sites. In the
case of n = 2, all possible Fe sites in [Fe2Zn32Se34] producing 20
geometrically distinct models were considered, including spin
multiplicities M between 1 and 9 (M = (2S + 1)). The lowest
energy configuration occurs for the cluster H-21 (21 indicates
that the first substitution is on the bottom layer and the second
one is on the top layer) having a M = 9. In this configuration,
the iron atoms move toward one another by 1.0 Å favoring Fe−
Fe pairing when incorporated into the lattice. Note, the non-
neighboring substitutions (>3.5 Å separation) are higher in
energy by 0.61 eV. For three substitutions (n = 3) there are 34
possible Fe sites of incorporation to be considered. The lowest
energy motif is for the states with triple birhombic substitution
geometry 3R′ with M = 11. The 3R′ motif is significantly lower
in total energy for all spin multiplicities than the states of its
energetically closest neighbors. For 3R′, more spin density is
localized on a Se shared by the three Fe centers, resulting in
favorable Fe−Fe interactions. For n = 4, the lowest energy
motif occurs for 4R′ (M = 9) where the Fe ions cluster and
form a defined tetrahedron where three of the total Fe spins are
up and the fourth is down, creating frustration in the spin−
lattice. Although not calculated, similar results are expected for
n = 5.
For n = 6, the relative energies for the lowest energy

structures, the surface localized (6T1-1), and the internal
inclusion (4R′-2HE-2) motifs are shown in Figure 2A. The
spin projections are shown for (4R′, 2HE-2) (M = 1, 3, 9, 15,
and 23) and for (6T1-1) (M = 1, 3, 7, 13) in Figure 2B,C. The
bold arrows in Figure 2 represent the spin direction for each Fe
ion. The energy minimum for the n = 6 Fe inclusion occurs at
M = 1 and 3 for (4R′, 2HE-2) and at M = 3 for (6T1-1). The
spin configuration in (6T1-1) is +0.26 eV higher in energy than
in the (4R′, 2HE-2), suggesting formation of an inclusion at
the surface. The M = 1 and 3 spin motifs in (4R′, 2HE-2) are
anticipated to result in competitive AFM-FM spin interactions
that may lead to a spin frustrated system arising from the
combination of two distinct AFM coupled sublattices,
reminiscent of a Kagome lattice arrangement.24

Evaluating the DFT Model. The expected evolution of an
interacting magnetic sublattice in FenZn1−nSe QDs arising from
the formation of iron clusters occupying sites similar to the
lowest energy DFT-GGA can be evaluated for synthetically
prepared 1.8 nm FexZn1−xSe QDs (x = 0.01, 0.05, 0.1). The
samples were prepared using a single source cluster based
doping protocol previously established by our lab.25 Due to the
difficulty in TEM imaging of ZnSe (low z-number), complete
characterization data (TEM, pXRD, ICP-MS) is provided for

Fe0.1Zn0.9Se, while selected data is provided for the other
samples (Supporting Information Figures SI 8 and SI 9). The
Fe(III) doping levels are validated by ICP-MS (Table SI 1).
Iron doping corresponds to an on-average incorporation of one
Fe(III) center at 1%, three at 5% and six at 10%.
For the Fe0.1Zn0.9Se sample, the TEM images reveal spherical

particles with a size distribution of 1.8 ± 0.7 nm for a limited
sample size. The structure of the QD is wurtzite based on
pattern fitting of the pXRD data. Scherrer broadening analysis
of pXRD data average crystallite size agrees with the TEM
image (1.8 nm) for Fe0.1Zn0.9Se. Scherrer analysis of the other
samples was therefore used to assign the size of the x = 0.01
and 0.05 samples to 1.8 nm (Supporting Information Figure SI
8).

Fe(III) Site Analysis. In the prepared FexZn1−xSe QDs
where x = 0.01, 0.05 and 0.1, the site of occupation of the iron
centers is assigned by analysis of high frequency electron
paramagnetic resonance (HF-EPR, 240 GHz). The EPR spectra
were measured on powdered samples for FexZn1−xSe at room
temperature. For the three samples, the HF-EPR data in Figure
3A exhibit two overlapping Lorentzian absorption features with
distinct g-values. The observed spectra are broad with respect

Figure 2. (A) Plot of relative energy vs spin multiplicity for 4R′, 2HE-
2, and 6T1-1 clusters. (B and C) Structural projections identify the
individual Fe substitutional site and spin orientation.
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to what you might expect for Fe(III) impurities. This might be
due to strong crystal strain and/or dipolar and exchange
coupling.
The EPR is assigned to Fe(III) centers in the QD and

consists of two prominent features whose intensity is
concentration dependent. In the Supporting Information
Figure SI 10 the full frequency sweep for the 5% Fe sample
is shown between 0 and 12T, where no new features are
observed, as would be expected for the presence of an
octahedral species (g = 4.2, signal at H = 4.08 T at 240 GHz).26

Figure 3B shows simulated and experimental spectra for
Fe0.1Zn0.9Se. The EPR spectral components can be simulated
by two overlapping spectral components arising from two
unique Fe(III) centers (S = 5/2, I = 0 ground state) in the QD
samples. From the simulations of the EPR spectra g1 (g1 ∼
2.045) is observed to be the dominant site and is invariant with
iron concentration, while the g2 value is dependent on the
concentration of iron (g2

x=0.01 = 2.0587, g2
x=0.05 = 2.02687,

g2
x=0.1 = 2.0119). The intensity for site 2 (g2) to the EPR

spectra increases with increasing Fe(III) content in Figure 3.
Two Fe(III) sites have been observed by EPR by Singh et al.

and Singhal et al. for iron doped CdSe and iron doped indium
oxide nanoparticles, although the nature of the sites was not
analyzed.16,27 In comparison Watanabe observed by single
crystal measurements on iron doped II−VI systems that the

EPR was assigned as Fe(III) on a tetrahedral site with an
associated Vcation pair site.

28 The two g values are assigned as a
normal cubic symmetry Td site (g1 = 2.0587) and a trigonally
distorted Td site (g2 = 2.0119) based on comparison to the
literature.26−29 The observation of two g values in the EPR data
is consistent with the DFT predictions for (4R′, HE-22) where
the pair of iron centers was observed to occupy two unique
sites that are distorted from pure Td symmetry by relaxation of
the Fe−Fe by 1.0 Å toward each other in the modeled cluster.

Magnetic Susceptibility. The temperature dependent AC
and DC magnetic susceptibilities for the 1.8 nm FexZn1−xSe
QDs (x = 0.01, 0.05, and 0.1) are shown in Figure 4. DC
susceptibility measurements on the FexZn1−xSe samples (Figure
4A−C) are complex, exhibiting multiple magnetic transitions.
Concentration dependent divergence between ZFC and FC
data is observed at 100 K for x = 0.01, 120 K for x = 0.05, and
175 K for x = 0.10 FexZn1−xSe samples. A lower temperature
AFM transition below 25 K is observed in all samples. This
allows the assignment of two magnetization events occurring at
<25 K and one between 25 and 175 K. The observed complex
magnetic data can be interpreted in terms of a competitive FM
and AFM coupling coexisting in the sample, and the
experimental observation of coercivity extracted from the
ratio of FC to ZFC data supports the existence of two coupled
magnetic transitions (Supporting Information Figure SI 11).
To analyze the magnetic transitions and the presence of

superparamagnetic (SPM) or spin glass type behavior in the
FexZn1−xSe samples AC susceptibility measurements were
carried out (Figure 4D−I). The AC data clearly distinguishes
two transitions, a frequency independent transition below 50 K
and a frequency dependent transition above 100 K. Fitting of
the frequency dependent transition to the Mydosh criteria30

yields a Mydosh parameter (Φ) value of 0.16 for x = 0.01
indicating SPM behavior at low dopant concentrations. While
Φ = 0.04 for the x = 0.05 and Φ = 0.02 for the x = 0.10 sample
attributes to spin glass type behavior in samples with high
dopant concentrations. The appearance of spin-glass behavior
for concentrations above 5% is consistent with the enhanced
pairing predicted by DFT modeling leading to the observed
concentration dependent freezing temperature above 100 K.
The relaxation rate can be extracted from the out-of-phase

component of the temperature-dependent AC susceptibility
measurements. Figure 4G−I can be fit to the Arrhenius
equation

τ τ=
⎛
⎝⎜

⎞
⎠⎟

E
k T

exp0
a

B

where τ is the average relaxation time, calculated by (1/(2πν),
where ν is the frequency of the AC measurement, τ0 is the
characteristic reversal attempt time, and Ea/kB is the magnetic
barrier energy. The data extracted from the Arrhenius plot
confirms SPM behavior at x = 0.01 with Ea/kB = 263 ± 33 K
and τ0= 4.3 × 10−7 s, while unphysical values of Ea/kB and τ0 for
x = 0.05 and 0.1 (Supporting Information Table SI 2) are
consistent with spin glass behavior. Similar field-dependent
non-Langevin magnetization with a tangential loss in the AC-
magnetic susceptibility indicating SPM was also observed in
previous studies of Mn doped CdSe.31 The observation of spin
glass behavior in the FexZn1−xSe QDs is consistent with earlier
reports for Fe(III) incorporation in II−VI materials.15,26 The
results for the Fe0.1Zn0.9Se QDs can be compared to the
structural model predictions from DFT, allowing that the

Figure 3. (A) Concentration dependence HF-EPR (240 GHz) of 1.8
nm, FexZn1−xSe (x = 0.1, 0.05, 0.01) at 290 K. (B) Simulated (red)
and experimental (black) HF-EPR (240 GHz) spectra, for 1.8 nm
Fe0.1Zn0.9Se at 290 K.
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frequency independent transition is assigned to an antiferro-
magnetic transition with a Neél temperature TN = 4.83 K. The
experimental results are consistent with the presence of two
interacting spin lattices, which is consistent with the DFT-GGA
spin motif as shown for the (4R′-2HE-2) n = 6 motif.
Effective Magnetic Moment. In (4R′-2HE-2), a μeff of 2.83

is anticipated for M = 1 and 3. The temperature dependent
(1.8−300 K) effective magnetic moment (μeff = (8χΤ)1/2) for
the FexZn1−xSe samples is plotted in Figure 5A in units of Bohr
magnetons. A diamagnetic correction to the experimental data
was calculated using Pascal constants.32 The μeff value decreases
at lower temperatures suggesting the onset of partial ordering.
The μeff for Fe0.1Zn0.9Se at 298 K is 4.72 μβ, which is close to
the spin-only value for S = 1−1.5, since μeff = g2S(S + 1) when g
= 2.0. The agreement in μeff is reasonable, as only the two
lowest energy states are considered. Concentration dependence
of μeff was analyzed by calculating and comparing μeff for
different Fe concentrations in FexZnx−1Se where x = 0.01, 0.05,
and 0.1. As shown in Figure 5, μeff decreases exponentially with
increase in concentration. This supports AC-SQUID measure-
ments which indicate that increase in concentration leads to the
formation of local geometries leading to the decrease in μeff.

Mössbauer Measurements. To assess the validity of the
DFT modeling that predicts strong FM-AFM competitive
interactions for the Fe0.1Zn0.9Se sample, field- and temperature-
dependent 57Fe Mössbauer spectra were recorded for a 100%
57Fe-enriched sample of the Fe0.1Zn0.9Se QDs (Supporting
Figure SI 12). The 4.2 K, 0 T spectrum exhibits a slightly
asymmetric sextet with a magnetic hyperfine splitting
corresponding to an internal field of B0 = 51.4(5) T and a
Gaussian distribution in hyperfine fields described by a full
width at half-maximum (fwhm) dB = 4.2(5) T. This
component exhibits an apparent isomer shift, δ = 0.45(3)
mm/s, and a vanishing quadrupolar perturbation, ε = 0.00(8),
along the direction of the internal field. Moreover, this
component accounts for only ∼75(4)% of the iron present in
the sample. The remaining amount is associated with a broadly
distributed, heterogeneous spectral component. Inspection of
Figure 6A shows that the applied magnetic field induces the
splitting of the zero-field sextet into two subcomponents. While
the major component exhibits a linearly dependent decrease,
the minor component exhibits an increase of their magnetic
hyperfine splitting with increasing strength of the applied field
(a slope of +0.93/−0.91 for the major/minor component); see
Figure 6B. The observed behavior suggests that the internal

Figure 4. DC-SQUID susceptibility, FC and ZFC plots for 1.8 nm, and FexZn1−xSe where x = 0.01 (A), 0.05 (B), and 0.1 (C). AC susceptibility in-
phase plots for x = 0.01 (D), 0.05 (E), and 0.1 (F) and AC susceptibility out-of-phase plots for x = 0.01 (G), 0.05 (H), and 0.1 (I) in 1.8 nm
FexZn1−xSe quantum dots.
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field of the major component aligns antiparallel and that of the
minor component parallel to the applied field revealing an
antiferromagnetic coupling between the two magnetic sub-
lattices.33 This behavior also allows us to deconvolute the
individual components of the zero-field spectrum including that
associated with the heterogeneous component; see Supporting
Information Table SI 4. The observed parameter values of the
two sextet subcomponents, of the isomer shifts, are typical of
high-spin Fe(III) ions and suggest that most of the doped iron
ions are found as Fe(III).34 The disordered phase cannot be
definitively assigned as Fe(III) or Fe(II), nor can the site or
location of the disordered iron centers be clearly identified.
While it would be convenient to assign the disordered iron
centers to surface contributions, the disordered iron centers
cannot be assigned as core or surface, as the surface of a 1.8 nm
QD accounts for ∼80% of the QD if a spherical geometry is
assumed.
The zero-field, temperature-dependent spectra recorded for

this sample are indicative of a SPM behavior (Supporting
Information Figure SI 13). Thus, the 293 K, 0 T spectrum
consists of a sextet superimposed over a quadrupole doublet
(Supporting Information Figure SI 13). The quadrupole
doublet accounts for ∼20% of the spectral area and is best
described using an isomer shift δ = 0.14(5) mm/s, a
quadrupole splitting ΔEQ = 0.50(5) mm/s, and a line width
Γ = 0.45(5) mm/s. The sextet and the doublet are associated
with a QD for which their magnetic moment relaxes slower
and, respectively, faster than the rate of the nuclear Larmor
precession (ω = 106 s−1).35−37 Moreover, the temperature-

induced decrease in the magnitude of the magnetic hyperfine
splitting of the sextet can be associated with the occurrence of
collective magnetic excitations. While the effect can also arise
from interactions between QDs, carrying out the Mössbauer
measurements diluted in eicosane will substantially reduce the
effect of this contribution in this study.

Comparison of the Mössbauer and DFT Model. The
observed experimental Mössbauer values obtained for the 1.8
nm Fe0.1Zn0.9Se in Supporting Information Table SI 4 can be
directly compared to what would be predicted for Mössbauer
results from the DFT (4R′, 2HE-2) and (6 T1-1) cluster
models by calculating the isomer shift (δ) and hyperfine
coupling (Aij) values using the computational method of
Bochevarov et al.38 The Mössbauer isomer shift and isotropic
hyperfine constants are calculated using the high spin,
intermediate spin, and parallel and antiparallel spin alignments
in [Fe6Zn62Se8]. According to Bochevarov, when using the
BPW91/Partridge-1 basis set39 the Mössbauer isomer shift (δ)
is related to the DFT derived electron density at the nucleus
(ρ), such that δDFT = −0.354372ρ + 4194.389259. The
hyperfine constant (Aij) can then be calculated from the derived
δ v a l u e a n d e l e c t r o n d e n s i t y ( ρ α − β ) ,

δ ρ= π ββ α β−A R( ),ij ij
g gK,contact 8

3 2S K
e K e K where ge is the free-electron

g factor (= 2.0023) and β is the Bohr magneton, gK and βK are
the nuclear g factor and nuclear magneton of the Kth nucleus,
respectively, and ρ(α−β) (RK) is the contact electron spin density
at nucleus K. Comparison of the computational value with

Figure 5. (A) μeff plots for 1.8 nm, FexZn1−xSe (x = 0.1, 0.05, 0.01).
(B) Exponential decrease in μeff with increase in Fe concentration.

Figure 6. (A) Field-dependent 57Fe Mössbauer spectra recorded at 4.2
K for the 1.8 nm, dodecylamine-passivated 57Fe0.1Zn0.9Se nano-
particles. (B) The dependence of the internal field on the applied field
determined at 4.2 K for the two distinct Fe(III) spectral components.
The magnitude of the error bars is determined by the width (dB [T])
of the Gaussian HFD of the respective spectral component.
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experimental data is accomplished by applying the scaler Αexptl

which is 1.81ΑDFT and the conversion factor =
β

T0.7238A
gK K

to

convert from units of MHz to Tesla (T).
Following from the approach of Bochevarov et al.,38 the

lowest energy spin projections for (4R′, 2HE-2) that yield
calculated isomer shifts (δ) would be 0.57 mm/s for S = 1 and
3 and 0.47 mm/s for S = 15, and the isotropic hyperfine
constants (A) are 47.79 T for S = 1, 51.42 T for S = 3, and 7.26
T for S = 7. For (6 T1-1), the calculated isomer shifts (δ) are
0.56 mm/s for S = 3 and 0.66 mm/s for S = 7 and the isotropic
hyperfine constants (A) are 58.40 T for S = 3 and 14.84 T for S
= 7 (Supporting Information Table SI 3).
The experimentally measured and computational predicted

Mössbauer parameters for the spin clusters and the QD sample
are in remarkable agreement. Notably, the experimental data for
the QD is the same as the calculated values for the spin cluster
(4R′, 2HE-2) suggesting that the presence of antiferromagnetic
and ferromagnetic interactions coexisting within the lattice
would lead to spin frustration.

■ CONCLUSIONS
In materials chemistry and physics, the classical approach is to
explain experimental measurements by computational modeling
using simplified structural motifs due to the constraints of the
code. The enhancement of code allows an opportunity to use
computational methods to provide guidance on synthesis to
target a specific material property rather than merely
conformation of results. The continued advancement of
computational methods will soon reach a point where the
potential materials targets for quantum computing, spintronics,
and optoelectronic materials can be evaluated prior to synthetic
preparation. The coupling of in silico predictions provides
guidance in designing a synthetic target to isolate a new class of
dilute magnetic semiconductor quantum dots (DMSQDs)
representing an important breakthrough in the field.
DFT-GGA methods are employed to identify the doping

level of Fe(III) in ZnSe where the onset of competitive AFM-
FM interactions is predicted to arise between Fe(III) centers
due to clustering within the ZnSe QD lattice. The results of the
DFT compared to experimental measurements support the
concept of using advanced DFT calculations. The impact of the
use of DFT-GGA codes in developing DMSQD targets may
lead to a new approach to design effective synthetic libraries to
speed discovery in DMSQDs, an approach reminiscent of
strategies employed for discovery for pharmaceutical research.

■ EXPERIMENTAL SECTION
Chemicals. Dodecylamine (DDA) (90%, Acros Organics), FeCl3,

(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 e d a s s u p p l i e d .
Li4[Se4Zn10(SC6H5)16] (Zn10 cluster) was prepared as previously
described.
Synthesis. Dodecylamine (DDA) passivated FexZn1−xSe QDs (x =

0.01, 0.05, and 0.1) were prepared by lyothermal growth of the doped
QD using Li4[Se4Zn10(SC6H5)16] in the presence of the transition
metal salt (FeCl3).
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Briefly, the QDs were prepared by the dissolution of
Li4[Se4Zn10(SC6H5)16] in ∼20 mL of HDA at 110 °C under N2
using a Schlenk line. To the solution 1, 5, and 10 mol % of FeCl3 was
added, and the reaction was allowed to stir vigorously for 1 h to induce
cation exchange between the Zn2+ of the cluster and the Fe(III) from
the metal salt. The reaction was then heated to 210 °C (50 °C/min)

to induce QD growth. The temperature was kept below 220 °C to
avoid sulfur incorporation. 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 precipitation with ∼15 mL of MeOH and centrifugation.
This process was repeated three times to ensure reagent free particles,
and the precipitate dried under a vacuum at room temperature.
Sequential dissolution/precipitation steps have been shown to
effectively remove unreacted Fe impurities. To generate 57Fe doped
ZnSe for Mössbauer studies, 57FeCl3 was used as the dopant source.
The metal salt was synthesized using 57Fe powder and HCl in MeOH.

Magnetic Susceptibility Measurements. Magnetization meas-
urements were conducted on 1.8 nm FexZn1−xSe doped ZnSe 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 of 1.8−300 K. Isothermal field
dependent magnetization measurements were conducted with
magnetic field varying between 0 to 7 T at 1.8 K.

Electron Paramagnetic Resonance. High frequency (240 GHz)
EPR measurements were conducted at the Florida State University
National High Magnetic Field Laboratory (FSU-NHMFL) in
Tallahassee, FL. The superheterodyne quasi-optical 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.40,41

Spectral simulations were performed using the computer program
SPIN.

Mössbauer Spectroscopy. 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 a 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 iron-doped ZnSe QDs in ∼50 mg of eicosane
that was gently warmed to 40 °C followed by cooling to 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 nonresonant absorption of the 14.4
keV photons by the Zn 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 developed by Rancourt et al.42 This
approach allows for the description of an arbitrary hyperfine field
distribution (HFD) in terms of a discrete sum of individual Gaussian
components. Each Gaussian component can be understood as
originating from a large sum of elemental spectra with intensities
that follow a Gaussian distribution and differ from one another in the
values of a particular parameter. Furthermore, each Gaussian
component is defined by three parameters, namely, p [%], a weight
factor which, assuming identical f-recoilless fractions, represents the
fraction of the total iron amount that is accounted for by the respective
component. Furthermore, Bobs [T] and dB [T] account for the
centroid and the width of the Gaussian HFD. In zero-field the Bobs [T]
denotes the B0 of the respective component. Several additional
parameters are used to describe the elemental sextet spectra
comprising the HFD: 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 height 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.
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DFT-GGA Computational Methods. The two-layer and four-
layer wurtzite models has been employed to theoretically validate mass
spectrometry results on magic number clusters in ZnSe. In the DFT
calculations the spin-polarized density functional theory (DFT)
calculations were performed using the GAUSSIAN 09 suite of
programs.43 The BPW91 exchange-correlation functional, which is
composed of Becke exchange44 and Perdew−Wang correlation,45 was
used. All atoms were treated at the all-electron level using the 6-
311+G* basis set of triple-ζ quality in the case of Zn46 and Def2-
TZVP for Fe (10s7p4d1f) and Se(10s7p4d1f).47 The convergence
threshold for total energy was set to 10−8 eV and force threshold
was set to 10−3 eV/Å. Test studies have shown that the BPW91
method provides a mean unsigned error in atomization energies which
is similar to the errors obtained when using more recently developed
exchange-correlation functionals.48
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Further details of DFT-GGA computational methods,
magnetic data, Mossbauer data, and materials character-
ization data are provided in Figures SI 1−13 and Tables
SI 1−4 (PDF)
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