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Structural and Magnetic Properties of CoGe,” (n=2-11)
Clusters: Photoelectron Spectroscopy and Density

Functional Calculations

Xiao-Jiao Deng, Xiang-Yu Kong, Xi-Ling Xu, Hong-Guang Xu,* and Wei-Jun Zheng*™

A series of cobalt-doped germanium clusters, CoGe, ”° (n=2-
11), are investigated by using anion photoelectron spectrosco-
py combined with density functional theory calculations. For
both anionic and neutral CoGe, (n=2-11) clusters, the critical
size of the transition from exo- to endohedral structures is n=
9. Natural population analysis shows that there is electron
transfer from the Ge, framework to the Co atom at n=7-11

1. Introduction

Germanium clusters have attracted much attention because
germanium has high carrier mobility and has potential applica-
tions in high-speed electronics."? Metal-doped germanium
clusters have also been investigated by theoretical calculations
and are believed to have potential applications in many
fields.® Unlike carbon atoms, germanium atoms prefer to in-
teract with each other through sp® hybridization; thus, pure
germanium clusters are not able to form cage structures.
Some theoretical and experimental studies suggested that the
doping of transition metals (TMs) could improve the stabiliza-
tion of the cage structures of germanium-based clusters and
tailor their properties at the same time.®'?-?1 Moreover,
stable TM-doped germanium clusters may be used as building
blocks for cluster-assembled materials.* >3

It has been reported that cobalt-doped germanium nanoma-
terials have low resistivity, high thermal stability, and room
temperature ferromagnetism; this results in potential applica-
tions in effective on-chip interconnects and nanoelectrodes for
highly integrated nanoelectronic devices, spintronic devices,
and field-emission displays.®'® Investigating the structural
and electronic properties of cobalt-doped germanium clusters
may provide valuable information for developing cobalt/ger-
manium materials, as well as their applications in electronic
and magnetic materials. There have been several experimental
and theoretical studies on cobalt-doped germanium clusters.
Zhang et al. generated Co—Ge clusters by laser vaporization
and observed a relatively strong CoGe,,” signal in the mass
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for both anionic and neutral CoGe,, clusters. The magnetic mo-
ments of the anionic and neutral CoGe, clusters decrease to
the lowest values at n=10 and 11. The transfer of electrons
from the Ge, framework to the Co atom and the minimization
of the magnetic moments are related to the evolution of
CoGe, structures from exo- to endohedral.

spectrum.*” Li etal. investigated the structure of CoGe,,

through density functional theory (DFT) calculations and sug-
gested that the most stable structure of CoGe,,” was a D, bi-
capped tetragonal antiprism and the second most stable struc-
ture was a G, tetracapped trigonal prism.”! Subsequently, the
CoGe,>~ cluster anion was synthesized and cocrystallized with
the anion [Co(CgH;,),]” in the compound [K(2,2,2-crypt)],-
[Co@Ge,,]-[Co(CgH,,),]-toluene (2,2,2-crypt=4,7,13,16,21,24-
hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane), and single-crystal
X-ray structural characterization suggested that CoGe,;>~ ex-
hibited a D,, pentagonal prismatic structure.”” The structural
and magnetic properties of CoGe, (n=1-13) clusters were also
investigated by Jing et al."? and Kapila et al."” through DFT
calculations. Recently, Uta etal. conducted a DFT study on
Co@Ge,,* with charges ranging from —5 to + 1, and predicted
a singlet C;, polyhedral structure for Co@Ge,,” and a singlet
pentagonal prismatic structure for Co@Ge,,*".”® Compared
with the number of theoretical studies, there have been very
few experimental studies. Regarding the electronic properties
of cobalt-doped germanium clusters, there is no experimental
data available.

Because photoelectron spectroscopy is a very useful and
straightforward technique for exploring the electronic struc-
tures of clusters, herein, we investigated CoGe,” (n=2-11)
clusters by using mass-selected anion photoelectron spectros-
copy experiments combined with DFT calculations to provide
more detailed information about the structural and electronic
properties of CoGe, clusters.

2. Results and Discussion
2.1. Experimental Results

The photoelectron spectra of CoGe,” (n=2-11) clusters taken
with =266 nm (4.661 eV) photons are plotted in Figure 1.
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Figure 1. Photoelectron spectra of CoGe,” (n=2-11) clusters recorded with

A=266 nm photons.

The vertical detachment energies (VDEs) and adiabatic detach-
ment energies (ADEs) of these clusters obtained from the pho-
toelectron spectra are listed in Table 1. The VDEs were estimat-
ed from the maxima of the first peaks. The ADEs were deter-
mined by drawing a straight line along the leading edge of
the first peaks to cross the baseline of the spectra and adding
the instrument resolution to the electron binding energy (EBE)

values at the crossing points.

Table 1. Experimentally observed VDEs and ADEs from the photoelectron

spectra of CoGe,” (n=2-11) clusters.
Cluster VDE [eV] ADE [eV]
CoGe,~ 1.96£0.08 1.56+£0.08
CoGe;~ 2.124+0.08 1.85+£0.08
CoGe,~ 2.384+0.08 2.104+0.08
CoGe;~ 2.64+0.08 2.42+0.08
CoGe,~ 2.86+0.08 2.71+0.08
CoGe,~ 2.8440.08 2.65+40.08
CoGeg™ 3.39+0.08 3.05+0.08
CoGe,™ 3.4440.08 3.00+0.08
CoGe,y~ 3.63+0.08 2.784+0.08
CoGe;;~ 3.38+0.08 3.114+0.08
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The spectrum of CoGe,” shows two resolved peaks centered
at 1.96 and 2.71 eV, and two barely resolved peaks centered at
3.33 and 3.60 eV, respectively. As for the spectrum of CoGe; ™,
there are two relatively weaker peaks centered at 2.12 and
2.66 eV, and two large peaks at 3.37 and 3.98 eV, respectively.
There is also a shoulder at about 3.00 eV. The spectrum of
CoGe,  exhibits at least five peaks centered at 2.38, 2.63, 3.06,
345, and 3.74 eV. With respect to CoGe;, it has a peak cen-
tered at 2.64 eV and a small shoulder at the low binding
energy side, followed by three unresolved broad peaks at 3.25,
3.77, and above 4.0 eV. In the spectrum of CoGe,~, there are
two small peaks centered at 2.86 and 3.23 eV, and two large
peaks centered at 3.77 and 4.03 eV. The spectrum of CoGe,”
has three peaks centered at 2.84, 3.32, and 4.11 eV. In the spec-
trum of CoGeg™, there are three discernible peaks centered at
3.39, 3.80, and 4.18 eV; the first peak has a small shoulder at
3.06 eV. There are two distinguishable peaks centered at 3.44
and 4.05 eV and an additional one beyond 4.2 eV in the spec-
trum of CoGe, . The spectrum of CoGe,,” displays two re-
solved peaks centered at 3.63 and 4.33 eV, respectively. For the
spectrum of CoGe,,”, four barely resolved peaks centered at
3.38, 3.65, 4.19 eV, and above 4.4 eV can be observed.

2.2. Theoretical Results

The typical low-lying isomers of CoGe,” (n=2-11) clusters ob-
tained from DFT calculations are presented in Figure 2, with
the most stable ones on the left. The relative energies of these
isomers, as well as their theoretical VDEs and ADEs, are sum-
marized in Table 2. The Cartesian coordinates of these isomers
are available in the Supporting Information, SI.

2.2.1. CoGe,”

The most stable isomer of CoGe,  cluster (2A; Figure 2) is a tri-
angle with G,, symmetry. Isomer 2B has a structure similar to
that of 2A, but with different spin multiplicities, and it is
0.83 eV higher in energy than 2A (Table 2). The linear structure
(2C) with the cobalt atom located at one end is much less
stable in energy than isomer 2A by 1.04 eV, and its calculated
VDE (2.50eV) is much higher than the experimental value
(1.96 eV). The theoretical VDE of isomer 2A (1.86 eV) is in good
agreement with the experimental value. Therefore, we suggest
that isomer 2A is the most probable structure detected in our
experiments.

2.2.2, CoGe;

For the CoGe;™ cluster, the lowest energy isomer, 3A (Figure 2),
is a planar rhombus. The theoretical VDE of isomer 3A
(2.30 eV; Table 2) is consistent with the experimental value
(2.12 eV). The tetrahedral (3B) and bent rhombus (3C) struc-
tures are higher in energy than 3A by 0.45 and 0.60 eV, respec-
tively. The existence of isomers 3B and 3C in the experiments
can be ruled out because they are much less stable. Thus,
isomer 3A is the most probable isomer observed in our experi-
ments.
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Figure 2. Optimized geometries of the low-lying isomers of CoGe,” (n=2-
11) clusters. The relative energies to the most stable isomers are shown.

2.2.3. CoGe,”

The most stable isomer of the CoGe,  cluster (4A; Figure 2)
can be seen as a distorted square pyramid with the cobalt
atom at the square base. Isomer 4B is a triangular bipyramid,
and it is 0.25 eV less stable than 4A in energy. Isomer 4C can
be described as a Ge atom interacting with one edge of
a bent CoGe; rhombus. The calculated VDEs (2.37, 2.21, and
2.33 eV ; Table 2) of these isomers are close to the experimen-
tal value (2.38 eV), but the energy of isomer 4C is higher than
that of 4A by 0.46 eV. Therefore, the existence of isomer 4C in
the experiments can be excluded. We suggest that isomer 4A

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 2. Relative energies of the low-energy isomers of CoGe,” (n=2-11)
clusters, as well as their VDEs and ADEs obtained by DFT calculations.

Isomer Symmetry State AE VDE [eV] ADE [eV]
[eV]
Theor Exptl Theor Exptl
CoGe,” 2A G, A 0 186 196 185 156
2B C A 0.83 1.12 1.02
20 ¢ A 1.04 250 246
CoGe;” 3A G, A 0 230 212 221 185
3B G, A 045 1.92 1.86
3¢ G A 0.60 2.09 1.71
CoGe,” 4A C A 0 237 238 222 210
4B G, A 025 221 2.00
4C G A 046 233 1.93
CoGe;~ 5A G A 0 2.96 264 244 242
58 G, A 024 255 2.28
5 G, A 041 258 2.03
CoGe,™ 6A G, A 0 283 286 264 271
6B °A 0.10 297 248
6C G, A 0.17 3.19 3.09
6D G, A 076 2.28 1.92
CoGe,” 7A C, A 0 272 284 267 265
7B G A 021 298 2.81
7C G A 033 3.08 2.82
CoGeg~ 8A C, A 0 3.09 339 292 3.05
88 G, A 0.11 299 2.83
8C A 021 3.30 2.76
8D (& A 033 3.15 2.78
CoGe,” 9A G, A 0 327 344 316  3.00
9B G, A 0.68 3.83 297
9GP G A 091 327 2.26
CoGe,,” 10A A 0 335 363 315 278
108 G 3A 053 2.89 2.63
10C ¢ A 112 3.00 2.03
CoGe,,” MA G, A 0 327 338 318 3.1
1B ( A 0.17 3.8 3.09
1C G A 027 3.00 2.80

is the major isomer detected in our experiments and isomer
4B may exist with low abundance.

2.24. CoGe;~

For the CoGe;~ cluster, isomers 5A and 5B (Figure 2) are square
bipyramids with the cobalt atom at the square base and
vertex, respectively, and 5B is higher in energy than 5A by
0.24 eV. The VDE of isomer 5A is calculated to be 2.96 eV, close
to the broad peaks near 3.0 eV in the experimental spectrum
of CoGes™ (Table 2). The calculated VDE of isomer 5B is 2.55 eV,
close to the first peak at 2.64 eV and the small shoulder in the
experimental spectrum. Isomer 5C is higher in energy than 5A
by 0.41 eV. Its existence in the experiments can be ruled out.
We suggest that isomers 5A and 5B are the most probable
ones detected in the experiments.

2.2.5. CoGe,~

For the CoGe,~ cluster, isomers 6A and 6B (Figure 2) are pen-
tagonal bipyramids with the cobalt atom at the vertex with dif-
ferent spin multiplicities, and 6B is only 0.10 eV higher in
energy than 6A. Isomer 6B can be considered as a low-lying
electronic excited state of isomer 6A. Isomer 6C can be de-
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scribed as the cobalt atom located on top of the Geg chair-
shaped framework, and it is higher in energy than 6A by
0.17 eV. Isomer 6D is also a pentagonal bipyramid, but with
the cobalt atom at the equatorial ring. The theoretical VDEs of
isomers 6A and 6B (2.83 and 2.97 eV; Table 2) are in good
agreement with the experimental value (2.86 eV). The calculat-
ed VDE of 6C is 3.19 eV, which is very close to the second peak
in the experimental spectrum. The calculated VDE of 6D
(2.28 eV) is much lower than the experimental value. We sug-
gest that isomers 6A and 6B are the most probable structures
observed in our experiments, but the existence of 6C cannot
be ruled out.

2.2.6. CoGe;”

The lowest-lying isomer of CoGe,  cluster (7A; Figure 2) can be
seen as a germanium atom capping a distorted pentagonal bi-
pyramid. Isomer 7B can be described as two germanium
atoms capping two faces of a CoGe; square bipyramid. The
calculated VDE of isomer 7A (2.72 eV; Table 2) is in good agree-
ment with the experimental value (2.84 eV). Isomer 7A is the
most probable isomer detected in our experiment, but the ex-
istence of 7B cannot be ruled out because it is higher in
energy than isomer 7A by only 0.21 eV and its calculated VDE
(2.98 V) is also close to the experimental VDE. The existence
of isomer 7C in the experiments can be ruled out because it is
higher in energy than 7A by 0.33 eV.

2.2.7. CoGeg™

For the CoGeg~ cluster, the most stable isomer (8A; Figure 2)
can be considered as a half-endohedral structure with the
cobalt atom sitting in a boat-shaped Geg; framework. Isomer
8A can also be viewed as two square bipyramids sharing one
face. The same structure was named a tricapped-trigonal prism
by Jing et al."? and Kapila et al."” Isomer 8B has a structure
similar to 8A, but with different spin multiplicities, and it can
be considered as a low-lying electronic excited state of isomer
8A. Isomer 8C can be viewed as a germanium atom capping
a distorted CoGe, pentagonal bipyramid and another germani-
um atom interacting with the cobalt atom on the top. The the-
oretical VDEs of 8A and 8B are 3.09 and 2.99 eV, respectively
(Table 2), which are lower than the VDE of the first feature in
the experimental spectrum, but close to the shoulder at
3.06 eV and the front part of the first feature. The theoretical
VDE (3.30 eV) of isomer 8C is in good agreement with the ex-
perimental value, and it is only 0.21 eV higher in energy than
isomer 8A. The existence of isomer 8D in the experiments can
be ruled out because it is higher in energy than 8A by 0.33 eV.
Therefore, we suggest that isomers 8A, 8B, and 8C coexist in
our experiments.

2.2.8. CoGe,~

With respect to the CoGe,  cluster, the lowest energy isomer
(9A; Figure 2) can be described as a germanium atom capping
the boat-shaped structure of CoGeg~ (isomer 8A). Therefore, it

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

is one step further toward the formation of a fully endohedral
structure. The theoretical VDE (3.27 eV) is very close to the ex-
perimental value (3.44eV; Table 2). Isomers 9B and 9C are
much higher than 9A in energy. Thus, isomer 9A is the most
probable structure observed in our experiments.

2.2.9. CoGe,,

DFT calculations by Li etal. suggested that the most stable
structure of CoGe,,~ was a D,, bicapped tetragonal antiprism,
and the second most stable structure was a G, tetracapped
trigonal prism, which was higher in energy than the D,; struc-
ture by only 2.7 kcalmol™'.®! Uta et al. predicted a singlet G,
polyhedral structure for Co@Ge,, . Herein, we have consid-
ered many initial structures for the CoGe,,” cluster, including
those reported previously. We found the most stable isomer of
the CoGe,,” cluster (10A; Figure 2) formed by the addition of
two germanium atoms over the boat-shaped structure of
CoGeg~ (isomer 8A). Thus, the cobalt atom is fully encapsulated
inside the Ge,, cage. Isomer 10A was named a 1-5-4 layered
structure by Jing etall? and Kapila etal. It can also be
viewed as a cobalt atom at the center of a Geg tetragonal
prism with the other two germanium atoms capping the tet-
ragonal prism from two neighboring side faces.

The theoretical VDE of 10A (3.35 eV; Table 2) is in reasonable
agreement with the experimental value (3.63 eV). Isomers 10B
and 10C are also endohedral structures. Isomer 10B is a bicap-
ped tetragonal antiprism, similar to the most stable structure
reported by Li et al.,® but with lower symmetry. It is much less
stable than 10A by 0.53 eV in energy, and its calculated VDE
(2.89 eV) is much lower than the experimental value. Isomer
10C is less stable than 10A by 1.12 eV in energy, and its calcu-
lated VDE (3.00 eV) is also much lower than the experimental
value. Therefore, we suggest that isomer 10A is the most prob-
able structure detected in our experiments. The most stable
structure found by us was different from that reported by Li
etal®™ and Uta etal” This is probably because we used
a larger basis set in this study.

2.2.10. CoGe,;,”

The most stable isomer of CoGe,,” cluster (11A; Figure 2) is an
endohedral structure, which can be viewed as a basket-shaped
structure with two germanium atoms forming the handle of
the basket, the other germanium atoms forming the container
part of the basket, with the cobalt atom encapsulated inside
the basket. Isomer 11A was named a 1-4-4-2 layered structure
by Jing etal? and Kapila etal The second most stable
isomer (11B) can be described as a germanium atom capping
a CoGe,, pentagonal prism with the cobalt atom at the center;
its energy is only 0.17 eV higher than that of 11A. The theoreti-
cal VDEs of 11A (3.27 eV) and 11B (3.18 eV) are in agreement
with the experimental value (3.38 eV). Isomer 11C is also an en-
dohedral structure. It is higher in energy than isomer 11A by
0.27 eV, and its calculated VDE (3.00 eV) is much lower than
the experimental value. Thus, it is unlikely for isomer 11C to be
present in the experiments. We suggest that isomer 11A is the
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most probable one observed in our experiments and isomer
11B may also exist.

After investigation of the structures of the CoGe,” (n=2-11)
cluster anion, we also investigated the structures of neutral
CoGe, (n=2-11) clusters; these are presented in Figure 3. The
most stable structures of the neutral CoGe, clusters are very
similar to those of the CoGe,” anions, except that the struc-
tures of CoGeg and CoGey, are slightly different from those of
their anionic counterparts. The lowest energy structure of neu-
tral CoGeg (6A’; Figure 3) is a germanium-capped CoGe; square
bipyramid, whereas that of the CoGe,~ anion (6A; Figure 2) is
a pentagonal bipyramid with the cobalt atom at the vertex.
The other two low-energy structures of neutral CoGeg are pen-
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Figure 3. Optimized geometries of the low-lying isomers of CoGe, (n=2-11)
clusters. The relative energies to the most stable isomers are shown.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

tagonal bipyramids with the cobalt atom at the equatorial ring
(6B’) and the vertex (6C'), respectively. The most stable struc-
ture of neutral CoGeg found herein is similar to that reported
by Jing et al.,"” whereas the second most stable structure of
neutral CoGeg is similar to that reported by Kapila et al." For
CoGe;;, the most stable structure (11A’) can be considered as
a germanium atom capping the most stable structure of
CoGe,, (isomer 10A’), which is slightly different from the 1-4-4-
2 layered structure reported by Jing et al.'? and Kapila et al."”
The second most stable isomer (11B’) is similar to the most
stable structure of the CoGe,;;” anion (11A, basket-shaped
structure), and it is higher in energy than 11A" by only 0.10 eV.

3. Discussion

Overall, the most stable structures of the small anionic and
neutral CoGe, clusters, with n=2-6, can be considered as
a cobalt atom substituting one of the germanium atoms in the
corresponding Ge,,, clusters, which are similar to the struc-
tures of the small TiGe,” clusters that we investigated previ-
ously.®® The dominant structures of the CoGe, " clusters de-
tected in our experiments are exohedral structures for clusters
with n<7. At n=8, the cobalt atom is half-encapsulated by
a boat-shaped Geg framework, and the cobalt atom is encap-
sulated into the Ge, cage at n=9-11.

We conducted natural population analysis (NPA) on the
anionic and neutral CoGe,, clusters to provide detailed informa-
tion about the electronic properties of these clusters. The
charges on the cobalt atom for the most stable isomers of
anionic and neutral CoGe,, clusters are shown in Table 3. As ob-
served from the results in Table 3, the negative charge is
mainly localized on the Ge atoms for the small CoGe,™ clusters,
with n=2-6, and then there is slight electron transfer from the
Ge, framework to the Co atom at n=7 and 8. For larger clus-
ters, such as CoGe, , CoGe;, , and CoGe;;~, the negative
charge on the Co atom increases significantly, and electron
transfer from the Ge atoms to the Co atom is much more than
that in CoGe,” and CoGeg . Similar to the case of anionic clus-
ters, in the neutral CoGe, clusters, the Ge, framework is nega-
tively charged for cluster sizes with n=2-6, whereas for a clus-
ter size with n=7-11, there is electron transfer from the Ge
atoms to the Co atom and the Co atom is negatively charged.
This indicates that electron transfer from the Ge, framework to
the Co atom is strongly related to the structural evolution of
CoGe, clusters, especially related to the formation of endohe-
dral structures. The natural electron configurations show that
the electrons are distributed on the 3d, 4s, and 4p orbitals of
the Co atom, and the 4s orbital loses some of its electrons,
while the empty 4p orbitals gain electrons; this indicates that
there are strong spd hybridizations for the Co atom in both
anionic and neutral CoGe,, clusters, especially for clusters with
n=9-11. This is in agreement with studies on neutral CoGe,
clusters conducted by Jing et al."™? and Kapila et al.™ as well
as that of WGe, clusters by Wang and Han.”!

Herein, we consider the magnetic properties of CoGe,
(n=2-11) clusters. As displayed in Table 3, for the anions, the
total magnetic moments are 2 g for cluster sizes of n=2-9,

—/0
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Table 3. NPA charges, atomic magnetic moments («,), total magnetic
moments (41), and natural electron configuration of the most stable iso-
mers of CoGe,” (n=2-11) and CoGe, (n=2-11) clusters.
Cluster NPA charge Uy Uco Natural electron

on Co [e] [ug] [ug] configuration on Co
CoGe,™ —0.02 2 2.08 3d7°45°764p° 244"
CoGe;~ 0.01 2 2.08 389045073402
CoGe, —0.07 2 2.00 3d%93450904 0414002
CoGe,~ —0.01 2 2.08 3d7%545°9°4p0 444"
CoGe,~ —0.20 2 1.99 3d%%5450574p0 54402
CoGe,” —0.61 2 1.92 3d%1745°524p087440%
CoGey~ —0.42 2 1.99 3d%%6450534p0 77440
CoGe,~ —1.81 2 1.67 3d%%45°514p"5744%"
CoGe,y -3.11 0 0 3d°49450904 11984402
CoGey~ —2.29 0 0 3d°3245°34p'4544%1°
CoGe, 0.16 3 2.18 3d7%345%724p%17 400"
CoGe, 0.38 3 237 3d77345°724p%744%%"
CoGe, 0.14 1 1.84 3d%01450524 0304102
CoGe; 0.06 1 2.12 3d7%345%584p%404d%0"
CoGe, 0.28 1 1.92 3d79245°514p°3%4¢%%"
CoGe, —0.50 3 2.19 3d®114505340814¢0%
CoGe, —0.38 1 1.95 3d®%8450544p®704¢0%
CoGe, —1.58 3 1.95 3d%5'45°574p 404%™
CoGe,, —2.96 1 1.04 3d°1145%454p2 19402
CoGe,, —2.96 1 0.73 3d°2945°44p'74d°7

and 0 g for cluster sizes of n=10 and 11. For the neutral
CoGe, clusters, the total magnetic moments are 3 pg for n=2,
3,7, and 9, and 1 g for n=4, 5, 6, 8 10, and 11. For both
anionic and neutral CoGe, clusters, the magnetic moments de-
creased to the lowest values at n=10 and 11, and this tenden-
cy is in agreement with previous DFT calculations on
CoGe,"*™ and the investigation into Si,Co (n=10-12) clusters
conducted by Li et al.*” The minimization of the magnetic mo-
ments at n=10 and 11 is also in agreement with the formation
of endohedral structures in CoGe, clusters and is consistent
with the results for the CrSi,” (n=3-12) clusters reported by
Kong et al.” From Table 3, we can see that the total magnetic
moments are mainly contributed to by the cobalt atom be-
cause the local magnetic moments on the cobalt atom are
close to the total magnetic moments in general. The minimiza-
tion of the magnetic moments for these clusters can be as-
cribed to charge transfer from the germanium atoms to cobalt
atom and strong spd hybridizations of the cobalt atom. For
CoGe, with n=4-6, and 8, the total magnetic moments are
slightly smaller than the local magnetic moments on the
cobalt atom because some local moments of the germanium
atoms align antiferromagnetically to that of the cobalt
atom.!'?™

4. Conclusions

The geometrical structures and electronic and magnetic prop-
erties of CoGe,” (n=2-11) clusters were investigated by
using anion photoelectron spectroscopy and DFT calculations.
The critical size of the transition from exo- to endohedral struc-
tures was n=9. The NPA showed that the negative charges
transferred from the Ge, framework to the Co atom for both

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

anionic and neutral CoGe, clusters with n>7. The total mag-
netic moments of anionic and neutral CoGe, clusters were
mainly contributed to by the local magnetic moments of the
Co atom, and the magnetic moments decreased to the lowest
value at n=10 and 11. For both anionic and neutral CoGe,
clusters, there were strong spd hybridizations for the Co atom,
especially for the clusters with n=9-11. The NPA charge distri-
butions and the change in the magnetic moments were relat-
ed to structural evolution.

Experimental Section

The experiments were conducted on a homemade apparatus
equipped with a laser vaporization cluster source, a time-of-flight
mass spectrometer, and a magnetic-bottle photoelectron spec-
trometer, as described elsewhere.*” The CoGe,” (n=2-11) cluster
anions were generated in the laser vaporization source by laser
ablation of a rotating translating disk target (13 mm diameter; Co/
Ge molar ratio of 1:4) with the second harmonic of a nanosecond
Nd:YAG laser (Continuum Surelite II-10). Helium gas with about
4 atm back 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
the time-of-flight mass spectrometer. The cluster anions of interest
were selected with a mass gate, decelerated by a momentum de-
celerator, and crossed with the beam of another Nd:YAG laser
(Continuum Surelite 11-10, 266 nm) at the photodetachment region.
The electrons from photodetachment were energy-analyzed by the
magnetic-bottle photoelectron spectrometer. The photoelectron
spectra were calibrated with the spectra of Cu™ and Pb~ recorded
under similar conditions. The resolution of the magnetic-bottle
photoelectron spectrometer was about 40 meV at an electron ki-
netic energy of 1 eV.

Geometry optimizations of CoGe, ™ (n=2-11) clusters were per-

formed by using DFT with the spin-unrestricted B3PW91 exchange-
correlation functional™™* and 6-311+G(d) basis sets, as imple-
mented in the Gaussian 09 package.“® For all clusters, many initial
structures were constructed by Co substitution or Co capping of
pure Ge, clusters, or based on the structures of TM-doped Ge,
clusters reported in the literature.%1%'31521.26 AJ| geometries were
optimized without any symmetry constraints. Harmonic vibrational
frequencies were calculated to make sure that the structures corre-
sponded to real local minima, and the zero-point vibrational
energy corrections were included for the relative energies of iso-
mers. The charges and magnetic moments were evaluated by NPA
by using the natural bond orbital (NBO) version 3.1 program'’->%
implemented in the Gaussian 09 package.“
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