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ABSTRACT: We present a joint experimental and theoretical
study on double iron atom doped germanium clusters, Fe,Ge, ™ (n
= 3—12). The experimental photoelectron spectra of cluster anions
are reasonably reproduced by theoretical simulations. The low-lying
structures of the iron-doped semiconductor clusters are obtained by
using an ab initio computation-based genetic-algorithm global
optimization method. We find that the smaller-sized Fe,Ge,” (n =
3—8) clusters adopt bipyramid-based geometries, while the larger
ones (n > 9) adopt polyhedral cagelike structures with one interior
Fe atom. Interestingly, starting from n = 8, the most stable anionic
clusters Fe,Ge,” exhibit structures that are different from that of
their neutral counterparts Fe,Ge,. Robust ferromagnetic interaction n
is found between the two doped iron atoms in the neutral clusters
Fe,Ge,, while the total spin moment always remains at 4 g for all the neutral double iron atom doped germanium clusters up to
n = 12. This behavior is in stark contrast to the magnetic quenching behavior typically observed in germanium clusters doped
with a single Fe atom.
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1. INTRODUCTION stabilizing Ge cagelike structures. For example, Wang et al®
Doping, the intentional incorporation of impurities into synthesized an intermetalloid cluster CoGe,o" with th";'
materials, is a widely used strategy to modify or tune physical Archimedean pentagonal prismatic structure. Zhou et al.
properties of semiconductor materials. Doping selected iron- performed experimental measurements and reported another
group atoms into a semiconductor solid may induce local pentagonal prismatic Zintl ion, FeGe,,*~, whose cage structure
ferromagnetism and yield a so-called dilute magnetic semi- can encompass an interstitial iron atom. Among other
conductor' for potential spintronic applications. Analogous to experimental techniques, photoelectron spectroscopy and

doping bulk materials, doping iron-group atoms into semi- mass spectroscopy are two common tools employed to study

conducttor clusters c;:'n also ir;trct)duFe tlocal spin tr'nomenzt, 3and TMGe,~ clusters.*”'” TM dopants in the latter include 3d-TM
convert a nonmagnetic nanocluster into a magnetic one. (Cr—Mn, Cu, and Zn), 4d-TM (Y=Nb), and 5&-TM (Lu—Ta).

Among various semiconductor clusters, germanium clusters _ _ o
Recently, RuGe,” (n = 3—12), AuGe,” (n = 2—12), TiGe,” (n

have attracted increasing attention due in part to the n ~
expectation that germanium is a potential alternative to silicon =2-12), VGe,” (n = 3-12), and CoGe,™ (n = 3—11) duffffg

in some special sectors of the microelectronic industry.”* Over have also been experimentally studied by the Zheng group.
the past 10 years, many experimental and theoretical studies of
unary transitional metal (TM)-doped germanium nanoclusters, Received: January 30, 2017
TMGe,, have been reported."'® The major focus of most Revised:  February 28, 2017
previous experimental studies was placed on producing and Published: March 3, 2017
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On the theoretical side, the structural evolution and
electronic properties of TMGe, clusters, such as WGe, (n =
1-17),"” have been intensively studied, and the critical size of
We-encapsulated Ge, structures and the fullerene-like W@Ge,,
clusters emerge at n = 12 and n = 14, respectively. For NiGe, (n
= 1-20), CuGe, (n = 2—13), XGe;s”~ (X=Cu, Au), and
MnGe, (n = 2—15) clusters, the critical size to form TM-
encapsulated Ge, clusters is n = 10."*7>" On the basis of the
anion photoelectron spectroscopy in combination with density
functional theory (DFT) calculations, VGe, (n = 3—12),"*
CoGe, (n = 2—11),** and RuGe, (n = 3—12)"" clusters have
been studied, from which the structural evolution from
exohedral to endohedral geometries was suggested. Theoretical
studies also predicted that TM-doped germanium clusters tend
to possess higher magnetic moments than the silicon
counterparts. For example, CrGe, clusters™ up to n = 13 are
magnetic with high spin multiplicity (quintet or septet),
whereas CrSi, are nonmagnetic clusters.”* MnGe, and CoGe,
(n = 1-13) clusters’ entail 1 or 3 pp magnetic moments,
contrary to the magnetic quenching in MnSi, (n= 1—15)25 atn
= 8 and CoSi, (n = 2—14)** at n = 7. Tang et al.”’ studied the
geometric, optical, and magnetic properties of the endohedral
Ge,M (M = Sc—Ni) clusters using the relativistic all-electron
DFT method. They found that the magnetic moments of
Ge,M vary from 1 to S pp. Single Fe atom doped germanium
clusters, FeGe, (n = 1—8) and FeGe, (n = 9—16), have been
independently studied using DFT calculations by two research
groups.”””” Magnetic moments of most clusters are stable at 2
Hg, except for n = 9, 13, 14, and 15 whose magnetic moments
are quenched.

Most theoretical efforts thus far have been devoted to
understanding single TM atom doped semiconductor clusters,
while much less effort has been devoted to the effects of
multiple TM atoms on the magnetism of doped semiconductor
clusters.**™*° For Fe, a single atom carries a magnetic moment
of 4 yi, whereas the bulk solid possesses a magnetic moment of
2.2 py/atom below the Curie temperature.*>”” With multiple
Fe atoms as dopant, higher magnetic moments are expected in
clusters than in the bulk. Single Fe atom doped germanium
clusters FeGe, (n = 1—16) are shown to exhibit magnetic
moments of either zero or 2 pz. Would two Fe atoms in the
germanium clusters still keep the ferromagnetic coupling, and
how does the total magnetic moment of the clusters evolve
with added Fe atoms? For Fe,Ge, only Qiang et al.’®
investigated the stable structures and magnetic moments of
small-sized neutral Fe,Ge, clusters with n = 1—8 using DFT
calculations.

Although many theoretical studies have predicted intriguing
properties, such as magnetism through metal doping into the
semiconductor clusters,” to our knowledge, no direct
experimental measurement on the magnetism of metal-doped
semiconductor clusters has reported in the literature. In this
article, we report an extensive search for the lowest-energy
structures of the anionic and neutral Fe,Ge, (n = 3—12)
clusters using an ab initio based genetic algorithm. The
electronic properties and magnetic properties of the identified
lowest-energy clusters are analyzed by taking advantage of the
measured photoelectron spectra. Our results show that double
Fe atom doped germanium clusters can maintain high magnetic
moments to avoid the magnetic quenching behavior typically
seen in single Fe atom doped germanium clusters.
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2. EXPERIMENTAL AND THEORETICAL METHODS

2.1. Experimental Methods. The experiments were
carried out using a home-built apparatus consisting of a laser
vaporization cluster source, a time-of-flight mass spectrometer,
and a magnetic-bottle photoelectron spectrometer, which has
been described before.”> The Fe—Ge cluster anions were
generated in the laser vaporization source by laser ablation of a
rotating and translating disk target (13 mm diameter, Fe:Ge
mole ratio 1:2) with the second harmonic (532 nm) light
pulses from a Nd:YAG laser (Continuum Surelite II-10), while
helium gas with ~4 atm backing pressure was allowed to
expand through a pulsed valve (General Valve Series 9) into the
source to cool the formed clusters. The generated cluster
anions were mass-analyzed with a time-of-flight mass
spectrometer. The cluster anions of interest were size-selected
with a mass gate and decelerated by a momentum decelerator
before being crossed with the laser beam of another Nd: YAG
laser (Continuum Surelite 1I-10, 266 nm) at the photodetach-
ment region. The photoelectrons were energy-analyzed by a
magnetic-bottle photoelectron spectrometer. The resolution of
the magnetic-bottle photoelectron spectrometer was about 40
meV at electron kinetic energy of 1 eV. The photoelectron
spectra were calibrated with the spectra of Cu™ and Au™ ions
taken at similar conditions.

2.2. Theoretical Methods. The low-energy structures of
the Ge—Fe alloy clusters were globally searched using our own
comprehensive genetic algorithm (CGA) code® incorporated
with DFT calculations (CGA-DFT). The more details of CGA
can be found in a recent review article.”” As one of the most
widely adopted global optimization algorithms, GA and its
variations have been intensively used in cluster science.*”** The
validity and efficiency of the present CGA-DFT scheme have
been well demonstrated in our previous studies on alloy
clusters such as Na—8i,** V—8i*>** Pt—Sn,* Au—Ag,46 and
Si—B* clusters.

All cluster isomers were fully relaxed based on DFT
optimization (without any symmetry constraint) with double
numerical basis including p-polarization function (DNP) and
the Perdew—Burke—Enzerhof (PBE) functional within the
generalized gradient approximation® (GGA). Self-consistent
calculations were done with a convergence criterion of 107
hartree on the total energy and real-space orbital cutoff of 6 A.
The structures were fully optimized with a convergence
criterion of 0.002 hartree/A on the forces. Many spin
multiplicities were considered to account for magnetic behavior
of the Fe atom with partially filled 3d orbital. All computations
were done using the program DMol® 7.0.*>°

To ensure credibility of the present DFT methodology, we
have used Fe, and Ge, dimers as well as bulk solids of Fe and
Ge as benchmark systems. The Fe, dimer has a 3 pg magnetic
moment on each Fe atom, consistent with the previous ab initio
calculation®>? and also in good agreement with the
experimental value of (3.3 + 0.5) pp.>> The calculated Fe—Fe
bond length is 2.04 A, in excellent agreement with the
experimental value of 2.02 + 0.02 A.>* Similarly, the theoretical
Ge—Ge bond length of 2.43 A is nearly the same as 2.44 A from
experiment.”> From our DFT calculations, the vibrational
frequencies of Fe, and Ge, dimers are 325 and 263 cm™", which
compared reasonably well with experimental data of 300 + 15°°
and 286 + 5% cm™!, respectively. The calculated binding
energies of Fe, and Ge, dimers are 0.86 and 1.46 eV/atom, also
in line with the experimental data of 0.82 + 0.3°° and 1.32 eV/
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atom,” respectively. In addition, the equilibrium Ilattice
constants of iron (in body-centered cubic structure) and
germanium (in diamond structure) solids are 2.858 and 5.78S
A, respectively, and the cohesive energies for Fe and Ge solids
are 4.29 and 3.27 eV/atom, respectively. For comparison, the
experimental lattice constants are 2.866 and 5.657 A for Fe and
Ge solids,”” and the corresponding cohesive energies’" are 4.28
and 3.85 eV/atom, respectively. Overall, our PBE/DNP scheme
can describe the structural and bonding properties of Fe and Ge
systems quite well.

3. RESULTS AND DISCUSSION

3.1. Anionic Fe,Ge,,” (n = 3—12) Clusters. 3.1.1. Growth
Behavior of Fe,Ge,™ (n = 3—12) Clusters. The lowest-energy
structures of Fe,Ge,” (n = 3—12) clusters obtained from CGA-
DFT search are displayed in Figure 1, along with some
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Figure 1. Low-energy structures of Fe,Ge,~ (n = 3—12) clusters. For
each cluster size, several low-energy isomers marked as b, ¢, and d plus
energy difference relative to the lowest-energy one (marked as a). The
symmetries are given in parentheses. Green and purple balls represent
Ge and Fe atoms, respectively.

important structural isomers for discussion. The ground-state
structure of Fe,Ge;~ with spin multiplicity of sextet is of C
symmetry with one Fe atom capped on the quadrangle. The
average Ge—Ge and Fe—Ge bond lengths of the quadrangle are
2.59 and 2.35 A, respectively, while the Fe—Fe bond length is
2.71 A. For the Fe,Ge,  cluster, its ground-state structure of
octet spin state is a face-capped square bipyramid with C,,
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symmetry (4a in Figure 1). The metastable structure of isomer
4b (octet) with C, symmetry resembles the ground-state
structure, while its energy is only 0.01 eV higher than that of 4a.
The Fe—Fe bond length of the ground-state structure is 2.42 A,
while it is 2.44 A in the metastable 4b structure. Isomer 4c, with
spin multiplicity of sextet, is 0.44 eV higher than 4a in energy,
and its structure looks like a “boat” based on the triangular
pyramid.

For Fe,Ge;™, the ground-state structure with spin multiplicity
of sextet is based on a triangle bipyramid with two Ge atoms
caped on its two faces. The metastable isomer Sb (sextet) is an
unclosed pentagonal bipyramid capped with two Fe atoms and
lies 0.1 eV higher in energy. Sc (doublet) isomer is a face-
capped square bipyramid with one Ge atom decorated on one
face, while its energy is 0.26 eV higher than that of the ground-
state structure. The lowest-energy structure of Fe,Ge,~ (sextet)
has D;; symmetry and is a hexagonal bipyramid with two Fe
atoms on the top sites of the pyramid separately. The
metastable isomer 6b (sextet), which looks like one Ge atom
capping on another face of the Sc structure, is 0.27 eV higher in
energy with C,, symmetry.

For Fe,Ge,”, the ground-state structure 7a with spin
multiplicity of sextet is a distorted hexagonal bipyramid with
one Ge atom decorated on it, having a C; symmetry, while the
isomer 7b (doublet) is based on a pentagonal bipyramid with
two Ge atoms capped on two faces separately. Its total energy is
0.54 eV higher than that of 7a configuration. For Fe,Geg™, the
lowest-energy structure 8a (sextet) and its isomers 8c and 8d
are all based on the pentagonal bipyramid with the added three
atoms decorated on different faces, while the structure 8b of
sextet state with C,, symmetry is two quadrilateral bipyramids
side-by-side, with the added one Ge atom decorated on the
Fe—Fe bond side. The 8a and 8b isomers of Fe,Geg~ differ by
only 0.002 eV in energy. 8c and 8d are 0.29 and 0.33 eV higher
in energy compared to 8a, respectively.

Among the low-energy isomers of Fe,Ge,~ cluster (all with
spin multiplicity of sextet), 9a is based on pentagonal
bipyramid, which can be built upon the 8a configuration by
adding an extra Ge atom. The metastable isomers 9b and 9c are
cagelike structures with one Fe atom in the cage center. The
difference between 9b and 9c is the placement of the added one
Fe atom. In 9b, the Fe atom makes up the pentagon on top
with other four Ge atoms, which also leads to an open
quadrangle on the bottom; while in 9c¢, the Fe atom on the
vertex of the pentagon constitutes a closed cage structure with
C, symmetry. The isomer 9d can be viewed as capping one Ge
atom on the configuration of 8a. Compared with the ground
state, the energy difference is 0.02, 0.14, and 0.48 eV for 9b, 9,
and 9d, respectively.

For Fe,Ge;,”, the most stable structure is a distorted
icosahedron with an endohedral Fe atom (sextet). The
metastable isomer (10b of quartet) is an Fe-center pentagonal
prism capped with the remaining one Fe atom on a vertex,
whose energy is 0.03 eV higher than that of the ground-state
structure. The isomer 10c (sextet) is 0.14 eV higher than 10a,
and its Fe-center cagelike structure can be described as one
pentagonal pyramid on the bottom of a hexagonal pyramid. In
Fe,Ge,, ", the lowest-energy structure with C, symmetry (11a of
quartet) is obtained by adding one Ge atom on 10b. Its total
energy is 0.096 eV lower than that of isomer 11b (quartet). The
structure of 11b can be viewed as a pentagonal pyramid and
hexangular pyramid fusing together to construct an open
cagelike configuration with one interior Fe atom. Note that the
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Figure 2. Photoelectron spectra of low-lying isomers of Fe,Ge,” (n = 3—12) from experiment (upper panels in black) and theory (lower panels in
blue). The simulations were conducted by fitting the distribution of the transition lines with unit-area Gaussian functions of 0.07 eV.

icosahedron isomer 11c (octet) is 0.42 eV higher in energy than
the ground-state isomer 11la.

The ground-state geometry of Fe,Ge;,” (with spin multi-
plicity of quartet) is obtained by adding two Ge atoms on the
top of 10b separately. It is 0.08 eV lower than the isomer 12b
(doublet) with two closer adding Ge atoms. While the structure
of 12¢ (quartet) by adding two Ge atoms on one side is 0.11 eV
higher than the ground-state structure. In general, all these
Fe,Ge,,” isomers are based on an Fe-center pentagonal prism
with one Fe atom on top like a cap.

Overall, in the low-lying structures of Fe,Ge,” (n = 3—12)
clusters, Fe atoms tend to bond with each other instead of
being separated by Ge atoms because the Fe—Fe bond is
stronger than the Fe—Ge bond. For all Fe,Ge,” clusters
considered, the lengths of Fe—Fe bonds are in the range of
2.271-2.441 A, moderately shorter than bond lengths of Fe—
Ge (2.351-2.766 A) and Ge—Ge (2.510—2.797 A). The
smaller Fe,Ge,~ clusters with n = 4—8 adopt bipyramid-based
structures, while one interior Fe atom starts to appear from n =
9. The spin-multiplicity for the ground-state structures of
Fe,Ge,” are mostly sextet, except for Fe,Ge,~ with octet and
Fe,Ge,,” and Fe,Ge,;,” with quartet.

3.1.2. Photoelectron Spectra from Experiment and Theory.
The photoelectron spectra of Fe,Ge,” (n = 3—12) measured at
266 nm photons are presented in the upper panels (black
curves) of Figure 2, and the lower panels (blue curves) are the
corresponding spectra from theoretical simulations. In each
experimental spectrum, the vertical detachment energy (VDE)
denotes the transition from the ground electronic state of the
anionic cluster to the same structure of the neutral one, and the
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adiabatic detachment energy (ADE) is the difference in total
energy between the anionic cluster and the neutral cluster in
their optimized geometries. The other peaks with higher
binding energy denote transitions to excited electronic states of
the neutral clusters. On experimental photoelectron spectrum,
one can determine the VDE from the peak maximum of the
first feature and ADE from the leading edge of the first feature.
The theoretical VDEs and ADEs of these low-lying isomers are
summarized in Table 1 along with the experimental values for
comparison.

As shown in Figure 2, the spectrum of Fe,Ge;™ reveals two
relatively sharp peaks at 2.14 and 2.82 eV followed by an
extended and congested feature beyond 3.3 eV. The theoretical
VDE (1.92 eV) of the lowest-energy structure is slightly lower
than the experimental value (2.14 eV). The overall simulated
spectrum is in good agreement with the experimental spectrum,
leaving only a small shift of the simulated spectrum to lower
binding energy. In the measured spectrum of Fe,Ge,”, five
peaks are seen at 2.07, 2.50, 2.78, 3.42, and 4.02 eV. The
isomers 4a and 4b have very small energy difference, and their
computed VDEs are 2.27 eV. The simulated spectrum for the
ground-state structure (4a) coincides well with the exper-
imental spectrum, but the contribution from isomer 4b cannot
be ruled out, because 4a and 4b are nearly degenerate in energy,
even after including zero-point correction by using Gaussian
09%” (see Table S1). For Fe,Ges™, a total of five peaks, 2.50,
2.98, 3.17, 3.61, and 4.02 eV, are observed. The theoretical
VDE is 2.26 eV, and the non-negligible shoulders appearing
first in the simulated curve results in a VDE that is smaller than
the experimental VDE. The metastable structure (Sb), which is
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Table 1. VDEs and ADE:s of the Isomers for Fe,Ge,” (n =3—
12) Clusters Estimated from Experimental Photoelectron
Spectra and Theoretical Calculation

VDE:s (eV) ADE:s (eV)
isomer theo. exptl. theo. exptl.
Fe,Ge;™ 3a 1.92 2.14 + 0.08 1.82 1.89 + 0.08
Fe,Ge,~ 4a 2.27 2.07 + 0.08 2.18 1.77 + 0.08
4b 2.18 2.10
4c 2.00 191
Fe,Ges™ Sa 2.26 2.50 + 0.08 2.16 225 + 0.08
Sb 2.51 241
Fe,Geys™ 6a 2.90 2.82 + 0.08 2.48 2.56 + 0.08
6b 2.73 248
Fe,Ge,” 7a 2.86 3.13 + 0.08 2.80 2.90 + 0.08
7b 2.46 2.31
Fe,Geg™ 8a 2.93 3.11 + 0.08 2.84 2.85 £ 0.08
8b 3.06 293
8c 2.87 2.69
8d 2.89 2.77
Fe,Gey™ 9a 3.11 3.11 + 0.08 2.88 2.85 + 0.08
9b 2.88 2.79
9¢ 3.01 2.76
9d 2.87 2.76
Fe,Ge,;w  10a 266 320 +008 250  2.82 + 0.08
10b 3.07 2.90
10c 2.67 2.76
Fe,Ge,,~  1la 321  330+008 306  2.83 + 008
11b 2.85 2.71
llc 2.88 2.39
Fe,Ge,,”  12a 310  337+008 325 299 + 0.08
12b 2.92 2.73
12¢ 3.25 3.11

higher in energy than Sa by 0.1 eV, has theoretical VDE of 2.51
eV, and its simulated photoelectron spectrum is consistent with
the experimental one. Hence, both isomers likely coexist in the
cluster beam, and both contribute to the experimental
spectrum.

In the spectrum of Fe,Geys”, there are three overlapping
peaks at 2.82, 3.12, and 3.42 eV, followed by one high peak at
4.20 eV. The calculated VDE is 2.90 eV for the lowest-energy
configuration (6a), which is consistent with the experimental
value (2.82 €V). The simulated spectrum of isomer 6a also
agrees very well with the experimental one. Isomer 6b is much
less stable than 6a, and its simulated photoelectron spectrum
indicates that it is unlikely to exist in experiment. For Fe,Ge,",
its spectrum shows five major peaks at 3.13, 3.42, 3.69, 3.84,
and 4.30 eV. The first peak of simulated spectrum is located at
2.86 eV, which is smaller than the experimental value, while the
following peaks generally reproduce the experimental features
well. For comparison, its isomer 7b with even smaller VDE
(2.46 eV) and the simulated photoelectron spectrum does not
agree with the experimental one. Therefore, we suggest isomer
7a to be the most probable one observed in experiment.

The experimental spectrum of Fe,Geg™ appears congested
and broad, which consists of five peaks centered at 3.11, 3.40,
3.68, 3.94, and 4.18 eV, respectively. The calculated VDEs of
two low-lying isomers 8a and 8b are 2.93 and 3.06 eV,
respectively. Although the VDE of isomer 8b is closer to the
experimental value (3.11 €V) than isomer 8a, 8b may coexist
with 8a in the cluster beam, as the simulated photoelectron
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spectrum of 8a appears to coincide with the experimental
spectrum Dbetter.

In the spectrum of Fe,Gey™, a low peak arises at 3.11 eV,
followed by an intense peak beyond 4.1 eV. The predicted VDE
of isomers 9a, 9b, and 9c are 3.11, 2.88, and 3.01 eV,
respectively. The energy differences of 9b and 9c with respect
to isomer 9a are only about 0.02 and 0.14 eV, respectively. On
the basis of the simulated photoelectron spectra in Figure 2, the
experimental spectrum of Fe,Ge,™ is more likely contributed by
a mixture of the three isomers. Similar to Fe,Ge,”, the
spectrum of Fe,Ge;,~ shows two peaks; one is at 3.20 eV, and
the other broad and intense peak is beyond 3.8 eV. The
theoretical VDE (2.66 €V) of the ground-state structure 10a is
substantially lower than the experimental value. This may be
associated with the very weak peak at ~2.7 eV in the
experimental spectrum. The metastable structures, 10b and
10c, are higher in energy than 10a by only 0.03 and 0.14 €V,
respectively, and their theoretical VDEs are 3.07 and 2.67 eV.
Their simulated spectra appear to contribute to the
experimental spectrum as well. Hence, the three low-lying
isomers may coexist in the cluster beam.

Only one broad feature is revealed for Fe,Ge,;~. The
calculated VDE is 3.21 eV for the lowest-energy isomer 1la,
which is reasonably close to the experimental value (3.30 eV).
When compared with the experimental spectra, the contribu-
tion from metastable isomer 11b cannot be neglected. They are
nearly degenerate to coexisting in the experiment. The
experimental spectrum of Fe,Ge,” is similar to that of
Fe,Ge;;”. The energy difference among its isomers is very
small. The computed VDEs are 3.10, 2.92, and 3.25 eV for 12a,
12b, and 12, respectively. The theoretical VDE of isomer 12¢
is much closer to the experimental value (3.37 eV) than isomer
12a and 12b. The experimental spectrum with less sharp
features is likely contributed by the combination of simulated
spectra of all three isomers. Thus, all three isomers may coexist
in the cluster beam. In general, the experimental spectra of all
Fe,Ge,” clusters are reasonably reproduced by the theoretical
simulated spectra.

3.1.3. Electronic Properties of Fe,Ge,~ (n = 3—12) Clusters
in the Ground-State Structures. To further explore the size-
dependence of the electronic properties of Fe,Ge,™ clusters, the
experimental and theoretical VDEs and ADEs as functions of
the cluster size are plotted in Figure 3. The experimental VDEs
of Fe,Ge,” (n =3—12) are in the range of 2.07—3.37 eV. It can
be seen that the experimental VDE roughly increases with
cluster size. The ADE keeps rising from 1.89—2.56 eV for
Fe,Ge,” (n = 3—6) clusters, and this trend is slow in the range
0f 2.90—2.99 eV as the number of Ge atoms increases from 7 to
12. The theoretical VDEs and ADEs are well consistent with
those of experiments, except at Fe,Ge,,". Indeed, the VDE
(2.66 eV) of the lowest-lying isomer 10a deviates substantially
from the experimental data (3.20 eV); instead, the VDE of the
second lowest-lying one (3.07 eV) is very close to the
experimental value.

3.2. Neutral Fe,Ge, (n = 3—12) Clusters. 3.2.1. Ground-
State Structures and Stability of Fe,Ge, (n = 3—12) Clusters.
In addition to the geometries of Fe,Ge,” (n = 3—12) anion
clusters, we show the ground-state structures of their neutral
counterparts in Figure 4. The numbers on-site are the magnetic
moment of each Fe atom that will be discussed in the next
section. For Fe,Ge, (3 < n < 7), the most stable configurations
are nearly the same as the corresponding anionic clusters. For
Fe,Ge, (3 < n < 5) clusters, we obtain almost the same
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Figure 3. Vertical detachment energies (VDEs) and adiabatic
detachment energies (ADEs) of Fe,Ge,” (n = 3—12) clusters. Black
circles, experiment; blue squares, theory.

configurations as that reported by Qiang et al.** It is worth
noting that, for Fe,Gey, they predicted the metastable isomer
6b of Fe,Ges™ anion as the ground-state structure. From our
calculations, however, its total energy is 0.31 eV higher than
that of the current ground-state structure with D;; symmetry.
Similarly, the lowest-energy structures for both Fe,Ge; and
Fe,Geg clusters from our DFT calculation are 0.05 eV lower in
energy than the previously reported ones.

In the case of Fe,Ge, (n > 8) clusters, the most stable
configurations of the neutral clusters differ from the
corresponding anions, but the trend of structural evolution is
basically the same, that is, forming polyhedral cagelike structure
with one interior Fe atom. For the Fe,Geg cluster, the skeleton
of pentagonal bipyramid resembles that of Fe,Ge;™, but with
one Fe atom decorated on a different location. For Fe,Ge,, a
distorted quadrangle on the bottom and a pentagonal
bipyramid on the top form an open cagelike structure with
one Fe atom in the center, which can be seen as the metastable
structure of Fe,Ge,,~ (10b in Figure 1) losing one Ge atom
from its bottom. In the case of Fe,Ge, it is composed of a
pentagonal bipyramid on the top of a quadrangle bipyramid to
form an Fe-centered closed cage configuration.

The ground-state structures of Fe,Ge,; and Fe,Ge, are both
based on a hexagonal pyramid and a pentagonal pyramid with
one interior Fe atom, while one extra Fe atom capped to form a
closed cage structure for the latter structure. In short, for
Fe,Ge, clusters with n > 10, the ground-state structures are
different from the corresponding anions with skeleton of
pentagonal prism, that is, even one extra electron would affect
the geometric configurations of Fe,Ge, clusters.

To illustrate the structural stability of Fe,Ge, (n = 3—12)
clusters, we plot the binding energies as a function of size n in
Figure Sa. The binding energy per atom gradually increases
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Figure 5. (a) Binding energies, (b) second-order of energy differences
of cluster energies defined by A,E = E(n + 1) + E(n — 1) — 2E(n), and
(c) HOMO—LUMO gaps of neutral Fe,Ge, (n = 3—12) clusters.

with growing number of Ge atoms, suggesting that the
formation of a cluster is more and more favorable as it
becomes bigger. To further examine the relative stability, the
second-order energy differences (A,E) are calculated and
plotted in Figure Sb. Two distinct peaks at Fe,Ges and Fe,Ge |,
indicate that they are more stable than their neighboring sized
clusters. It is also observed that Fe,Ge4 and Fe,Ge are salient

Fe:Ge;, C‘

Fe:G €4, C‘_“.

Fe,Gey, C;

FCZGQ{, C;

Fe,Gey, C,

g

FC:GCH ’ C;

FC:GC] 2s C_..

Figure 4. Ground-state structures of neutral Fe,Ge, (n = 3—12) clusters and the on-site spin moment in yy of iron atoms.
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on the curve of binding energy. Thus, we conclude the magic
clusters are n = 6 and n = 10 for Fe,Ge, (3 < n < 12) clusters.
The high stability comes from the high symmetry of the cluster
structures; for Fe,Ge,, it is mainly related to the formation of
the closed cage structure.

As shown in Figure Sc, the highest occupied molecular
orbital—lowest unoccupied molecular orbital (HOMO—
LUMO) gaps of Fe,Ge, clusters are all less than 1 eV, and it
presents two patterns of odd—even oscillation with the
exception at n = 7, which is related to the structural evolution
from hollow to core—shell configuration. Fe,Geg, Fe,Ge,, and
Fe,Gey possess relatively smaller gaps compared with their
neighbors. We also compare these gap values (0.10—0.78 eV)
to those of the pure germanium clusters with the same number
of Ge atoms. The gaps of Ge, (n = 3—12) clusters from
previous DFT calculations®® are in the range of 1.2—2.3 eV.
Therefore, doping Ge, clusters with two Fe atoms greatly
reduces the HOMO—LUMO gaps. To understand this effect,
we examine the partial density of states (PDOS) from the
contribution of different orbital components (s, p, and d).
Figure 6 gives the PDOS of some representative Fe,Ge,
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Figure 6. Partial density of states (PDOS) of s, p, and d orbitals for (a)
Fe,Ge,, (b) Fe,Geg, (c) Fe,Ge,, and (d) Fe,Ge,, clusters. The dashed
vertical lines indicate the Fermi level.

clusters (n = 4, 6, 9, 11). Clearly, the electronic states at the
vicinity of the Fermi level originate mainly from p and d states
with only very small contribution from s states. Thus, p—d
hybridization is responsible for the reduction in the HOMO—
LUMO gap upon addition of Fe atoms. The hybridization of Fe
d orbital and Ge p orbital also can be visualized intuitively from
the frontier molecular orbitals in Figure 7.

3.2.2. Charge Transfer and Magnetic Properties of Fe,Ge,
(n = 3—12) Clusters. On the basis of the optimized geometries
of the neutral Fe,Ge, clusters, the charge transfer and magnetic
moments of these clusters are evaluated via the Mulliken
population analysis (MPA), and the results are presented in
Table 2. The on-site magnetic moment of two iron atoms are
marked in Figure 4. As seen in Table 2, the total spin moments
are 4 or 6 py and mainly located on two iron atoms. Obviously,
Fe,Ge, and Fe,Ges own a larger magnetic moment of 6 i,
which is triple that of single Fe atom doping.”® Also for Fe,Ge,
the spin moment rises up to 4 yt5 compared to 0 iy of FeGe,y.”
The on-site magnetic moments of the two iron atoms exhibit
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Figure 7. HOMO and LUMO orbitals of the neutral Fe,Ge, (n = 3—
12) clusters with ground-state structures.

Table 2. On-Site and Total Spin Moments () of Fe atoms
in Fe,Ge, (n = 3—12) Clusters from Milliken Population
Analyses (MPA) and the On-Site Charges of Fe Atoms

spin moment (y5) MPA charge (lel)

cluster Fel Fe2 total Fel Fe2
Fe,Ge, 2399 2.857 4 0273 0310
Fe,Ge, 3.005 3.006 6 0.331 0.331
Fe,Geg 3.0585 3.318 6 0.315 0.312
Fe,Geg 2467 2.465 4 0.378 0.379
Fe,Ge, 2.545 2417 4 0.421 0.333
Fe,Geg 2.951 1.737 4 0.440 0281
Fe,Gey 1.403 2.941 4 0.213 0.468
Fe,Geq 1.402 2.865 4 0271 0.331
Fe,Ge,, 1.289 3.008 4 0327 0.438
Fe,Ge,, 1.931 2532 4 0383 0.401

ferromagnetic coupling. The antiferromagnetic coupling
between Fe atom and Ge atom is observed, which was also
discovered in single Fe atom doped Ge, clusters.””*’
Interestingly, when the cagelike configuration is formed, ie., n
> 8, the spin moment of Fe atom on the surface is obviously
larger than that of the interior Fe atom. What causes the
difference of the on-site magnetic moment? The reason will be
discussed below.

As we know, the pure Fe, dimer has a spin moment of 3 yg
per atom.”’ ™’ When the Fe, dimer is doped into a
nonmagnetic germanium cluster, the on-site magnetic moments
become dependent on the coordination environment. The
change of the magnetic moments on Fe atoms mainly stems
from the charge transfer between the Fe atoms and the host
Ge,, cluster. We show the on-site charge of two iron atoms in
Table 2 and observe that the Fe atoms act as electron donors in
all investigated Fe,Ge, (n = 3—12) clusters. To understand
further, we list the charge and spin on valence orbitals of two Fe
atoms and each Ge atom separately in Table S2. The
configurations of valence electrons for free atom are 3d®4s®
for Fe and 4s4p> for Ge. For all Fe,Ge, clusters considered
here, the 3d state gains extra electrons from 4s states, and some
electrons transfer to 4p state. This indicates that internal s—pd
hybridization occurs on the iron atoms. It can be clearly seen

DOI: 10.1021/acs.jpcc.7b00943
J. Phys. Chem. C 2017, 121, 7037—7046


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b00943/suppl_file/jp7b00943_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.7b00943
http://pubs.acs.org/action/showImage?doi=10.1021/acs.jpcc.7b00943&iName=master.img-006.jpg&w=239&h=192
http://pubs.acs.org/action/showImage?doi=10.1021/acs.jpcc.7b00943&iName=master.img-007.jpg&w=239&h=193

The Journal of Physical Chemistry C

that the spin moment on iron atom mainly comes from its 3d
state (see details in Table S2), and the extra electrons gained by
the 3d state will determine the variations of spin moment on it,
i.e,, the fewer electrons it gains, the larger spin moment it has.
For example, for Fe,Ge, and Fe,Geg clusters with relatively
large on-site spin moments of iron atoms, the 3d states of two
iron atoms gain about 0.78 and 0.78 e for the former, 0.74 and
0.71 e for the latter, respectively, which are relatively less than
the others (~0.9 e). This can be related to the core—shell
clusters (n > 8), i.e., the Fe atom on the surface is most likely
to gain fewer electrons for its 3d state which results in a larger
magnetic moment on it. This mainly accounts for its relative
larger on-site magnetic moment (~3 pg).

Besides the internal charge transfer of Fe atom, there is also a
significant internal charge transfer of Ge atom between 4s and
4p states (4s states own about 1.8 e and 4p states have about
2.2 e, as shown in Table S2) as well as the charge transfer
between Fe and Ge atoms. The total magnetic moment of
Fe,Ge, or Fe,Ge; (6 i) is larger than that of the other clusters
(4 pg), which is also related to the variations of induced
magnetic moments on Ge atoms. Thus, there should be a
correspondence between the charge transfer and magnetic
moment. The above detailed discussions suggest that the
charge transfer and hybridization between Fe (4s, 3d) and Ge
(4s, 4p) states can explain the magnetic moments variation in
different sizes of the doped clusters.

3.2.3. Frontier Molecular Orbitals of Fe,Ge, (n = 3—12)
Clusters. To further understand the interaction between Fe
atoms and Ge atoms in the Fe,Ge, clusters, we plot the
HOMOs and the LUMOs in Figure 6. It can be seen that the
frontier molecular orbitals mainly originate from Fe d-orbital
and Ge p-orbital. The Fe,Gey cluster displays distinct p—d
hybridization, thus possessing high stability. For n < 7, the
electron distributions are almost identical for the two Fe atoms,
that is, the interaction from Ge atoms to each Fe atom are
almost equal, which may be the main reason for the comparable
magnetic moment on each Fe atom. In the case of n > §,
cagelike configurations begin to form and the electron
distributions are different for two Fe atoms, meaning that
different interactions from Ge atoms will result in different spin
moments on two Fe atoms.

Overall, the HOMO and LUMO are composed of Fe d states
mixed with Ge p states. The unique p—d hybridization is
responsible for the reduced HOMO—LUMO gap of Fe,Ge, (n
= 3—12) clusters with regard to the pure Ge, clusters and for
the robust magnetic moments of the iron-doped clusters.

4. CONCLUSION

In summary, we systematically investigate the structural and
electronic properties of double Fe atom doped semiconductor
clusters Ge, in the size range of 3 < n < 12. The theoretically
simulated photoelectron spectra of Fe,Ge,” anion clusters
largely reproduce the experimental spectrum. In the exceptional
case of Fe,Ge, 7, the difference between experiment and theory
may be ascribed to the coexistence of two energetically
degenerate isomers. Starting from n > 8, the ground-state
structures of neutral Fe,Ge, clusters are different from those of
the corresponding anions, indicating that one extra electron on
the Fe,Ge, clusters can significantly affect the lowest-energy
structures. We have also searched the most stable structures of
neutral Fe,Ge, clusters and computed their electronic and
magnetic properties. We find that their spin moments are
generally higher than those of the FeGe, clusters. It is
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noteworthy that the double Fe atom doped germanium clusters
are in stark contrast to the quenched magnetic moment for
single Fe atom doped germanium clusters. In particular, Fe,Ge,
and Fe,Geg have magnetic moments of 6 yg, remarkably higher
than the magnetic moments of other sizes. Interestingly, the
magnetic coupling between the two Fe atoms in all the
germanium clusters considered is ferromagnetic, while
antiferromagnetic interactions are also found between Fe
dopants and some Ge atoms. The present results give
important indications of changing the magnetic behavior of
TM-doped semiconductor clusters by changing the number of
TM dopant atoms.
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