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PROPERTIES OF TRANSITION METAL SUBSTITUTED ZINC SULFIDE HEXAMERS AND
DODECAMERS

Stefano Poggio®, Brendan Wang?, Ursula J. Gibson® and Joseph J. BelBruno®

2 Department of Chemistry, Dartmouth College, Hanover NH 03755 USA
® Department of Physics, Norwegian University of Science and Technology, 7491 Trondheim Norway

ABSTRACT
Density functional theory was used to study the structural and electronic properties of

endohedrally- and substitutionally-doped ZngSs and Zn¢,S1; clusters with first-row
transition metal atoms. Generally, the lowest energy electronic state of the cluster is that
with the maximum multiplicity (Ti and Cr are exceptions). Substitutionally-doped
clusters have greater binding energies for both cluster sizes, providing an indication that
similar doping will be preferred in the bulk material as well. The results are relevant to

thin films of doped ZnS in which cluster formation is likely.
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INTRODUCTION

Chalcogenide clusters have been widely studied in our group as well as those of
other researchers.[1-7] However, ZnS clusters have received less attention than, for
example, those of ZnO. In particular, substitutional and endohedral doping of ZnS
clusters of varying sizes is a concept that has not been fully developed or understood.
Indeed, the study of these clusters could provide valuable information regarding the
doping of the bulk material without the high computational cost of the direct calculation
of doped semiconductor properties. If we restrict the discussion to clusters with high
symmetry, then the lowest stoichiometric molecules are ZngSg and Zn12,S12. The
symmetry of these clusters allows for both endohedral interaction (the equivalent of
interstitial doping in the bulk material) and substitutional interaction in which the
transition metal (TM) atom replaces a zinc atom in the cluster structure.

Recent research involving ZnS may be grouped into three classes: (1) bulk studies,
(2) applications to nanostructures and (3) clusters. Our interest is localized in the last of
these groups, but since the results may be important to the bulk material, we review all
three categories and compare our results to any relevant previous work. Zhang, et al.[8]
reported on a first principles calculation of first row TM atom ion doping of wurtzite ZnS
and observed a partially filled intermediate band for Cr, Ni and Fe, but not Mn or Co.
They also reported that the stability of the wurzite and zinc blende forms of the
semiconductor were approximately identical. Thin films of transition metal doped ZnS
are typically polymorphic, with disordered intergrain regions [9,10], suggesting that
cluster calculations may be a suitable method for elucidating the electronic and optical
properties of this material. Xie[11], also based on first principles, studied the magnetic
properties of Cr, Mn, Fe, Co and Ni doped ZnS and observed that doping with Cr, Fe
and Ni resulted in half-metallic materials, while the remaining doped ZnS materials were
semiconducting. Tablero[12] reported on the calculation of the ionization energies of TM
doped ZnS and noted that doping has little effect on the lattice parameters. Akai and
Ogura [13] also studied the half-metallic doped semiconductor and its magnetic

properties.
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Not surprisingly, semiconducting ZnS nanostructures have received considerable
attention in the research community. TM-doping of ZnS quantum dots[14,15], Mn-, Cu-,
Cr-, Ni- and Fe- doping of ZnS nanowires[16], TM-doping of cubic ZnS
nanoparticles[17-20] and ZnS nanocrystals[21] have been reported. The magnetic and
electronic properties of these nanostructures are varied and dependent on the physical
identity of the transition metal atom.

The literature on TM- doped ZnS clusters has been limited to Zn2S12 and Zn46S+s
material and primarily to computational studies. Matxain and co-workers have been
leading the computational effort, doping the twelve-mer with both first[22,23] and
second row[24] transition metal atoms. In addition, they have characterized the
transition states connecting endohedral and surface doped structures. Other
researchers[25] have examined the magnetic properties of singly and doubly transition
metal doped ZnS.

In this report, we examine the structural and electronic properties of endohedrally-
and substitutionally-doped ZnS hexamers and dodecamers with the goal of extracting
information that may be applied to the general properties of the bulk semiconductor.
We approach this computationally, using the PBE functional with a triple zeta plus

double polarization basis set in the absence of any symmetry constraints.

THEORETICAL METHODS AND COMPUTATIONAL DETAILS

Calculations were performed using the spin-unrestricted formalism of the Amsterdam
Density Functional program suite (ADF2013).[26-28] The exchange-correlation
interaction utilized the generalized gradient approximation with the Perdew-Burke-
Ernzerhof (PBE) functional[29] and the ADF-parameterized triplet zeta plus double
polarization basis (TZ2P) set. [30]. Structures are fully optimized without any symmetry
constraints and all possible spin multiplicities were treated. Only results for the
multiplicity of the lowest energy clusters are reported below. The endohedral and
substitutional hexamers were optimized with a gradient of 10~ hartree/A and energy
change of 10 hartree, the default values in ADF. The convergence parameters for the
dodecamers were 10™ hartree/A on the gradient and 5x10™° hartree on the energy, with

a geometry step of 102 A. The singlet state of Zn{;S+,Ti was optimized with a gradient
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of 10” hartree/A, while the remaining parameters were the same as for the
substitutional clusters. Frequency calculations confirm that the reported geometries are
indeed stationary states. Mulliken population analysis is used to determine charge and
spin densities on each atom.

The stability of a cluster is conventionally described by the binding energy, which is

defined as

Ebinding = Ecluster — ZEatoms,

where Epinging is the calculated binding energy, Equster is the total energy of the zinc
sulfide cluster and the summation is over the atomic energy of all of the cluster atoms.

Negative binding energies reflect a stable conformation.

RESULTS and DISCUSSION

For computational comparison, the electronic properties of the parent clusters, ZngSs
and Zn12S12, were determined. The binding energies were 31.2 eV and 66.5 eV, while
the HOMO-LUMO gaps were 2.59 eV and 3.36 eV, respectively for the hexamer and
dodecamer. The differences between the cluster gaps and the band gap of bulk ZnS are
readily ascribed to the effect of size-the HOMO-LUMO gap trends towards the band gap
value as the cluster size grows larger.

Hexamers. The ground state geometry was considered for endohedral, TM@ZnsS,
and substitutional, ZnsSeTM, doping. All possible spin states, based on the total electron
distribution within the cluster, were examined and only the lowest energy state for the
molecule is reported here. For the hexamers, the lowest energy endohedral cluster had
the maximum transition metal atom spin state consistent with the atom present in a
pseudo-symmetric field exerted by the ZnS cluster and for all of the hexamers, the
endohedral TM atom was located at the center of the cluster.The symmetric field
assumption is consistent with the optimized geometry where the endohedral metal atom
is located at the center of, for most of the hexamers, a minimally distorted molecular
cluster. The optimized endohedral geometries are similar to the geometry of the parent

cluster, but the presence of the TM atom at the center of the cavity causes small
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distortions. The cavity space in the parent hexamer cluster is essentially the Zn-S inter-
ring distance of 2.46A and the TM atom, depending upon its size and spin density has
the potential to modify that spacing. Interestingly, the structure of the two rings
comprising the ZnS hexamer shell is significantly distorted when the transition metal
atom is Ni or Cr. This indicates that these two metals have a more significant
interaction with the atoms in the ZnS shell. Coincidentally, these are the two transition
metals in which the 4s electrons are unpaired, with the second nominally 4s electron
located in a 3d orbital: the configurations are 4s3d° and 4s3d°, respectively for Cr and
Ni. The geometries for these clusters exhibit rings that are elongated compared with
the remaining clusters in the series; one of the Zn-S-Zn bond angles is increased, a
second is reduced and the TM-S and TM-Zn distances are shorter than in the other
clusters, except for a single TM-S distance that is greater than 3A, indicating no
transition metal-sulfur interaction with this particular atom. The effect is evident in Figure
1,where the nickel doped and iron doped structures are shown as examples of this ring

elongation and typical behavior, respectively, with the parent cluster. All of the

Zn686Ni

Zn5$6V Zn6S6

Figure 1. Representative structures for the endohedrally and substitutionally doped
zinc sulfide hexamer clusters, along with the parent cluster.

bondlengths are presented in Table 1. The TM-S and TM-Zn distances are, as expected,
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dependent upon the specific TM atom. However, with the exception of Ti, the effect of
the endohedral TM atom is to increase the Zn-S intra-ring distance to approximately
~2.4A from ~2.3A, while the inter-ring Zn-S bondlength remains effectively unchanged.

The substitution of a divalent transition metal for a Zn®* in the hexamer also results in
a cluster with the maximum spin multiplicity, except for the Ti- and Cr- complexes. The
lowest energy Ti-substituted cluster is a singlet, while the lowest energy Cr-cluster is a
quintet. For the substitutionally doped clusters, the inter-ring distance is essentially
identical to that of the parent cluster, ~2.48A. The TM atom does have an effect on the
ring in which it is situated. The TM-S bondlength is approximately constant below Z = 25,
and then again constant, at a slightly (~4%) smaller value, for larger Z. The S-TM-S

bond angle is approximately 142° across all of the transition metals, but significantly

Table 1. Bondlengths/bond angles for the doped zinc sulfide hexamer clusters.

TM@ZneSs None Ti \) Cr Mn Fe Co Ni
r,Zn-S, A 2.29 2.65 2.38 2.40 2.40 2.36 2.35 2.34
2.46 2.64 2.44 248 2.44 2.42 2.42 2.41
r, TM-S, A - 2.42 264 250/3.08 2.71 2.79 2.75 2.58/3.13
r, TM-Zn, A - 2.72 270 2.63/269 2.66 2.50 249 2.56/2.36
<S-Zn-S, ° 142 114 114 120/111 118 126 127  114/135
<S-TM-S, ° 93 126 125  109/130 121 112 111 118/96
ZnsSgTM None Ti V Cr Mn Fe Co Ni
r, Zn-S, A 2.29 2.28 2.29 2.29 2.28 2.29 2.29 2.29
2.46 2.49 2.48 2.46 2.47 2.46 2.47 2.47
r, TM-S, A - 2.35/2.41 2.31/2.35 2.36/2.39 2.35 2.26/2.40 2.23/2/39 2.24/2.33
r, TM-Zn, A 2.84 2.67 2.85 2.87 2.73 2.70 2.81
<S-Zn-§, ° 142 144 146 143 142 142 141 141
<S-TM-S, ° 93 130 134 148 134 139 136 129

greater than the 93° angle in the parent cluster. A representative structure, ZnsSgV, is

shown Figure 1 and additional structural information is provided in Table 1.
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Table 2 contains electronic data for both the endohedral and substitutional clusters.

The binding energy and the HOMO-LUMO gap were calculated for all multiplicities of

the doped clusters and the results are shown in Table 2 for the lowest energy clusters.

The endohedral clusters all have the maximum spin multiplicity, a trend also followed by

the substitutionally doped clusters with the exception of Ti and Cr, which in the hexamer

case, have the lower and unexpected singlet and quintet multiplicities, respectively. The

binding energies for the substitutionally doped clusters are greater than those for the

endohedrally doped molecules, indicating the substitutional doping is preferred in

Table 2. Binding energies, in eV, HOMO-LUMO gaps in eV, Mulliken spin densities,
charges and binding energy differences, in eV, for the doped zinc sulfide hexamer

clusters. Spin multiplicities, 2S+1, of the lowest energy clusters are shown in
parentheses; endohedral Ti and Cr exhibit different spin states shown in the body of the

table.

ZngSg, Dopant | None(1)  Ti(3) V(4) Cr(7) Mn(6) Fe(5) Co(4) Ni(3)
(endohedral)

Ebinding -31.2 -34.3 -34.4 -30.4 -31.2 -32.7 -33.7 -32.4
HOMO-LUMO 2.59 0.68 0.75 0.49 1.01 0.63 1.06 0.98
TM spin density - 1.65 2.88 3.75 4.39 2.72 1.60 0.51
TM charge - 0.17 0.23 0.07 0.28 0.16 0.16 0.15
(substituted) Ti(1) Cr(5)

Ebinding -31.2 -35.8 -35.7 -33.0 -33.5 -34.3 -34.6 -33.3
HOMO-LUMO 2.59 0.43 0.78 0.86 2.00 0.10 0.45 0.76
TM spin density - 0.00 2.94 4.02 4.65 3.40 2.26 1.25
TM charge - 0.26 0.27 0.28 0.33 0.17 0.11 0.14
Esub_ Eendo = '15 '1.3 '26 '23 '1.6 '09 '09

clusters and, speculatively, over interstitial doping in the bulk material. Both sets of TM-

containing clusters have greater binding energy than the parent cluster reflecting the

stronger TM-S over the Zn-S interaction. The HOMO-LUMO gaps for the TM-containing
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clusters are less than that of the ZngSe cluster and there is no coherent pattern when
comparing the endohedral and substitutional TM-clusters. A smaller HOMO-LUMO gap,
relative to the bulk band gap, is usually attributed to the quantum size effect, with the
HOMO-LUMO gap trending towards the bulk band gap as the cluster increases in
diameter for larger clusters. A larger gap is reflective of greater chemical stability,
indicating that the Mn@ZneSs and ZnsSgMn clusters are the most chemically stable of
the endohedral and substituted hexamer clusters, respectively, explored in this study.

All of the TM atoms exhibit a small Mulliken charge. Also, the data in Table 2 show
that, like endohedral carbon fullerene complexes in which the endohedral atom retains
its free-space spin density, the TM atoms in the endohedral hexamers almost all have
spin densities approximately equal to the number of unpaired electrons in the free atom.
This observation, that the spin density is localized on the TM atom, indicates that the
metal atom is not chemically interacting with the zinc sulfide cluster and is effectively
trapped, even in such a small molecular cage. The two endohedral TM cluster
exceptions are those for Cr and Ni. On a percentage basis, the transfer of spin density
away from the metal atom is most significant for these two TMs, presumably, due to
electronic interactions with the cage. This interaction was presaged by the structural
data in Table 1, in which both of these hexamer clusters caused significant geometric
distortions relative to the structure of parent cluster. The charge on the transition metal
is relatively constant for Ti through Mn and again, although slightly lower, for Fe through
Ni. There are no computational or experimental data for the hexamer clusters,

precluding any comparison.

Dodecamers. The ground state geometry was also considered for the larger endohedral
TM@Zn+2S+2 and substitutional Zn11S12TM clusters. Table 3 presents the distinguishing
geometric features of the clusters; the location of the transition metal atom for the
endohedral clusters and the bondlengths/bond angles involving the TM atom for the
substituted 12-mers. Table 4 shows the binding energies of both sets of clusters along
with their HOMO-LUMO gap and the Mulliken population analysis. We found, consistent
with the hexamer results, that the lowest energy endohedral geometry included the TM

atom with the highest possible spin multiplicity. The transition metal atom in the
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endohedral clusters did not universally remain at the center of the cluster after structural

optimization. In particular, the Ti, V, Ni and Fe atoms in the TM@Zn12S+2 clusters were

Table 3. Geometric parameters for the lowest energy12-mers: location of the TM atom
from the center of the cage for TM@Zn+1,S12 and TM-S bondlengths/S-TM-S bond
angles for the substituted cluster.

TM@Zn412S12 | None Ti \' Cr Mn Fe Co Ni
(endohedral)

Location, A - 1.07 1.10 0.04 0.03 1.08 0.04 1.40
(substituted)

Zn11S12TM Zn-S

S-TM, A 2.34 2.25 2.38 2.38 2.39 2.30 2.29 2.26
2.34 2.25 2.38 2.33 2.39 2.30 2.29 2.26
2.25 2.33 2.35 2.34 2.32 2.25 2.20 2.20
<S-TM-§, ° 98 108 98 94 97 101 100 102
130 125 123 119 128 129 130 124
130 125 123 147 128 129 129 124

V@Zn12S12 Ni@Zn12S12

Zn12S12 Zn11S12Fe
Figure 2. Representative structures for the endohedrally and substitutionally doped zinc
sulfide dodecamers, along with the parent cluster.
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optimized to a geometry with the TM atom located approximately 1A away from the
center of the cluster. In the remaining clusters, the Cr, Mn and Co atoms were
essentially located at the origin. The geometry of the ZnS portion of the cluster in these
endohedral complexes was unperturbed relative to the parent cluster. The structural
results are mostly consistent with the single previous study that examined the set of
endohedral cluster geometries.[22] The shift of the endohedral atom was slightly less in
that study and the Co atom was found to shift, whereas in our study, the Co atom
remains at the origin and the Fe atom shifts off center. The difference may possibly be
attributed to the difference in theoretical model, but Matxain’s group used transition
metal atoms with the maximum possible number of unpaired electrons, while we
maximized the spin on the cluster as a whole. The parent cluster, Fe@Zn1,S+, and
Co@Zn12S+2 cluster geometries are shown Figure 2 as representative samples. The
transition metal atom substituted dodecamer clusters maintain the approximate
symmetry of the parent cluster, however, the TM-S bondlengths and bond angles do
undergo slight changes, in agreement with Chen’s results.[25] We note that there are
two distinct bondlengths in the parent molecule; 2.34A and 2.25A. Table 4 shows that
the doubly equivalent TM-S bondlength increases across the transition metal period
starting at Ti to a maximum at Mn followed by a decrease to nickel, while the remaining
bondlength begins with an significant increase over the parent molecule for Ti and
decreases across the entire period. Bond angles, with the exception of those in the Cr-
substituted structure, which has three very different bond angles compared with the
other clusters with only two unique angles, are not significantly different from those of
the parent cluster.

The electronic data in Table 4 show some similarities and some differences with
respect to the analogous hexamer data. Just as with the hexamer clusters, the singlet
state of Zn11S+2Ti was found to be lower (by 0.17 eV ) in energy than the corresponding
triplet, which was the ground spin state for the endohedral Ti@Zn+2S12 cluster. Likewise,
the quintet state of Zn41S1,Cr was lower (by 2.30 eV) in energy than the septet. The
binding energies of the endohedral clusters are all less than those of the substitutionally

doped clusters; in agreement with the smaller clusters. In addition, the bond energies of

10
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the substituted clusters are all greater than that of the parent molecule, but the HOMO-

LUMO gaps for the TM-containing clusters are less than that of the parent cluster.

Based on the size of the HOMO-LUMO gap, the Cr@Zn+2S12 and Zn1S12Mn clusters

are the most chemically stable among their respective class of cluster. The endohedral

clusters have very small charges on the TM atoms, which grow larger in moving to the

substituted clusters. Spin density remains, primarily, on the transition metal atom,

however, the heavier TM atom containing clusters, Fe-, Co- and Ni-substituted

dodecamers, exhibit more significant loss of spin density compared to the other clusters.

Table 4. Binding energies, in eV, HOMO-LUMO gaps in eV, Mulliken spin densities and
charges for the doped zinc sulfide dodecamer clusters. Spin multiplicities, 2S+1, are
shown in parentheses.

Zn.,S1,2, Dopant | None(1) Ti(3) V(4) Cr(7) Mn(6) Fe(5) Co(4) Ni(3)
(endohedral)
Ebinding -66.50 -68.87 -69.23 -67.69 -67.49 -68.67 -69.25 -68.47
HOMO-LUMO 3.360 0982 0936 2.167 0475 1.835 0.602 1.280
TM spin density 1.835 3.006 5.402 4.789 3.744 2608 1.488
TM charge -0.185 -0.205 0.139 -0.001 -0.247 -0.010 -0.468
(substituted) Ti(1) Cr(5)
Ebinding -66.50 -70.90 -70.66 -68.08 -68.65 -69.51 -69.77 -68.38
HOMO-LUMO 3.360 1.343 0.752 1.057 2.567 1.008 0.773 0.752
TM spin density 0 3.043 4.043 4.688 3.438 2.343 1.277
TM charge 0.242 0.348 0.271 0351 0.170 0.120 0.140
Esub — Eendo - -203 -143 -039 -116 -0.84 -0.52 0.09

General comments. We noted in the discussion of the hexamers, that one might infer

that the greater stability of the TM-substituted clusters (over the endohedral clusters)

indicated that substitutional rather than interstitial doping would be preferred in the bulk

material. Continuing with the connection of the clusters to bulk properties, Figure 3

presents the energy levels of the highest occupied and lowest vacant orbitals with

reference to the primary atomic contribution to the orbital. In the figure, the highest

occupied MOs and lowest unoccupied orbitals from the ZnS cluster atoms are shown in

yellow and green, respectively. Note that the energy difference between these two

levels does undergo any significant variation across the figure. The absolute HOMOs,

11
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primarily comprised of TM d-orbitals, are shown in red and the unoccupied d-orbitals are
shown in blue. If one treat the levels as would be done in the bulk, that is, consider the
ZnS HOMO as the valence band, the ZnS LUMO as the conduction band and the TM-
orbitals as n-type dopant levels in the band gap, the difference between the highest
energy, occupied TM-orbital and the ZnS LUMO is the doped ‘band gap’. These energy
differences should be related to the photoexcitation of carriers to the conduction band of

ZnS films containing defect structures similar to the clusters presented here. We

3 ZnS Ti V Cr Mn Fe Co Ni
[
I [ ] [ ] I I | —
[ ]
-4
>
o
=
o
5
& —
-5
I | o
| — S
-6 | —
—

-7

Figure 3. Calculated MO energy levels for the TM-substituted dodecamer clusters.

have chosen to use the dodecamer data, since the larger clusters are trending towards
the bulk properties, however, the hexamer data present similar results. The energy
differences calculated for the dodecamer are shown in Figure 4. These results suggest
that vanadium and iron present the opportunity for lower band gaps, while the other
transition metals potentially offer approximately a 25% reduction in the bulk band gap.

The choice of dopant, then, can be based on the compatibility of the total system.

12
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Figure 4. Calculated ‘band gaps’ for the TM-substituted dodecamer clusters.
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