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Photoelectron spectra of the Mn,,” anion clusters (n = 2—-16) are obtained by anion photoelectron
spectroscopy. The electronic and geometrical structures of the anions are computed using density
functional theory with generalized gradient approximation and a basis set of triple-{ quality. The
electronic and geometrical structures of the neutral Mn, clusters have also been computed to
estimate the adiabatic electron affinities. The average absolute difference between the computed and
experimental vertical detachment energies of an extra electron is about 0.2 eV. Beginning with n = 6,
all lowest total energy states of the Mn,,~ anions are ferrimagnetic with the spin multiplicities which
do not exceed 8. The computed ionization energies of the neutral Mn,, clusters are in good agreement
with previously obtained experimental data. According to the results of our computations, the binding
energies of Mn atoms are nearly independent on the cluster charge for n > 6 and possess prominent
peaks at Mn;3 and Mn;3™ in the neutral and anionic series, respectively. The density of states obtained
from the results of our computations for the Mn,,~ anion clusters show the metallic character of the
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anion electronic structures. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4926943]

. INTRODUCTION

A single Mn atom with the effective electron configuration
of 3d°4s® possesses a large total spin magnetic moment of
5 Bohr magnetons (ug); therefore, it might be anticipated
that Mn,, clusters possess larger total spin magnetic moments
than corresponding Fe, clusters. However, this is true only
for smaller Mn,, clusters. A ferro- to ferri-magnetic transition
occurs at n = 5 in the neutral clusters.!> The transition was
found to depend on the cluster charge, since the transition
value of n changes3’5 from 6 to 3 for Mn,~ and Mn,",
respectively. In order to stabilize ferromagnetic states of larger
Mn,, clusters, one can use their encapsulation inside shells
composed of magnetic or nonmagnetic® atoms or doping
them.”

The total spin magnetic moment of the gold-coated
[Mn ;3@ Auyg] cluster is® 44 ug, whereas the total spin magnetic
moment of free-standing Mn;; is only 3 ug. However, the
value of 44 pp still corresponds to a ferrimagnetic state of
Mnj;~ and its ferromagnetic state would have a total spin
magnetic moment of ~65 (13 x 5) pug. Much higher total spin
magnetic moments per atom can be obtained by using Mn as
a coating material, e.g., in a Co;3@Mny cluster whose total
spin magnetic moment is 113 ug.’ Since the total spin magnetic
moment of free-standing Coy3 is 27 ug,'” the Mn shell adds
86 up, which is somewhat smaller than the sum of total spin
magnetic moments of 20 free Mn atoms. Adding a single Mn
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atom to a magnetic or nonmagnetic cluster results!'~'® in an

increase of the total cluster spin magnetic moment by 3-5 ug,
whereas adding a single 3d-metal atom'” to Mn; or a nitrogen
atom'® to Mn,, can increase their total spin magnetic moments
by an order of magnitude.

Manganese is widely used for doping semiconductor
quantum dots (QD). It was found'>? that Mn-doped QDs
possess magnetic size-dependent properties similar to those of
dilute magnetic semiconductors, which can be advantageous
in spintronic applications.?! Magnetic properties of Mn-doped
CdSe QDs were probed by EPR over a wide range of QD
diameters.’>>3 The EPR spectra of Mn-doped CdSe QDs
with low concentrations of Mn contain sextet features which
correspond to the total spin magnetic moment of 5 pug and
oxidation state of +2 for the dopant atoms.

Homogeneous Mn clusters have received considerable
attention from both experimentalists and theoreticians. On the
experimental side, photoelectron spectra were obtained for
Mn,~, n = 3-8,* and Mn;3~,> whereas energies of electron
detachment from neutral Mn,, clusters have been measured?®
in the range 7 < n < 64. Stern-Gerlach experiments were
performed for Mn, clusters in two ranges: 11 < n < 9977
and 5 < n < 22.2 The largest differences in total magnetic
moments per atom for a Mn, with respect to its Mn,_;
and Mn,,; neighbors were observed for n =13 and 19.
Optical spectra were obtained” for the Mns* trimer, and
dissociation energies were measured**3! for Mn,,* in the range
of2<n<7.

Special attention was paid by theoreticians to the neutral
Mn;3 cluster which was found®”=® to possess a slightly
distorted icosahedral geometrical structure and a total spin
magnetic moment of 3 pg. Smaller neutral Mn,, have also been

©2015 AIP Publishing LLC
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the subject of a number of studies.’***> Bobadova-Parvanova
et al.** and Kabir er al.** have considered the Mn,, series in
the ranges of 2 < n < 13 and 2 < n < 20, respectively. Non-
collinear magnetic effects were studied*’ for small Mn,,
clusters (n = 2-7) using density functional theory within both
Local-Spin Density Approximation (LSDA) and generalized
gradient approximation (GGA). The states of Mn,, clusters
with a noncollinear ordering of local total spin magnetic
moments appear at n > 6 and such states are marginally below
the states with a collinear ordering in total energy. The largest
collinear-noncollinear difference of 0.18 eV was found for the
Mny cluster,*® whereas the lowest total energy states of larger
Mn,, clusters with n = 13, 15, and 19 are found to be collinear.

This work is aimed at a systematic study of the electronic
structure of the Mn,,” cluster anions in the range of 2 < n < 16.
Experimental data have been obtained using laser anion
photoelectron spectroscopy and their interpretation was based
on the results of our density functional theory computations.
We also optimized both neutral Mn,, clusters in order to
evaluate the adiabatic electron affinities and singly positively
charged Mn,,* clusters in order to compare ionization energies
of the neutrals with previous experimental data. We also
plotted theoretical total densities of states for some selected
Mn,,~ clusters using the results of computations for the
corresponding lowest total energy states and compared them
with the experimental spectra of these clusters.

Il. EXPERIMENTAL METHODS
A. Photoelectron spectra of Mn,~

Anion photoelectron spectroscopy is conducted by cross-
ing a mass-selected beam of negative ions with a fixed-
frequency photon beam and energy-analyzing the resultant
photoelectrons. It is governed by the energy-conserving
relationship, hv = Egg + Ex g, where hy is the photon energy,
E g is the electron binding (transition) energy, and E g is the
electron kinetic energy.

Manganese cluster anions, Mn,~, were produced and
characterized on our pulsed photoelectron instrument. They
were generated in a laser vaporization ion source by focusing a
pulsed (10 Hz), second harmonic (532 nm) beam of a Nd: YAG
laser onto a continuously rotating, translating manganese rod.
Ultra-high purity He carrier gas was used in the pulsed
valve with a backing pressure of ~150 psi. The resultant
anions were then extracted into a linear time-of-flight mass
spectrometer, mass-selected by a mass gate, decelerated by a
momentum decelerator, and photodetached by a Nd: YAG laser
operated at the third harmonic (355 nm, 3.49 e V). The resultant
photoelectrons were analyzed by a magnetic bottle electron
energy analyzer with a resolution of 35 meV at Exg =1 eV.
The photoelectron spectra were calibrated against the well-
known photoelectron spectrum of Cu™.

lll. CALIBRATION OF COMPUTATIONAL METHODS

In order to gain insight into the dependence of compu-
tational results on the basis and method used, we performed
calibration calculations for the Mn, ™ anion. Assignment of the
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ground state of neutral Mn, dimer is challenging and is still
under debate. The lowest total energy state of the dimer was
found to possess the spin multiplicity of 11 if computed using
density functional theory methods,*-3! whereas Hartree-Fock
based studies®>’ have predicted a singlet 'E," state to be
the ground state of Mny. The latter is in agreement with
an early experimental ESR study which predicted a singlet
antiferromagnetic state for the dimer.’®

Detachment of an electron from Mn, results in the
formation of the '>Z," ground state of the Mn,* cation.”
No experimental data are available on the nature of the
Mn,~ anion; therefore, we tested its states with 25 +1 =2
and 10, which are found to have the lowest total energies
among ferrimagnetic and ferromagnetic states, respectively.
We optimized the Mn—Mn bond length and computed vertical
electron detachment energies (VDEs) of both states using 10
methods and the 6-311+G(3df) basis set.5” Computations on
the ferrimagnetic 2S + 1 = 2 state have been performed with
broken symmetry.

Within our selection, density functional theory (DFT) is
presented by the BPW91,5162 PW91,% BLYP,** and PBE®
methods with GGAs to the exchange-correlation functional
along with the PZKB® and TPSS®" methods with the
t-dependent gradient-corrected exchange-correlation func-
tionals. The hybrid Hartree-Fock-DFT group is presented
by the B3LYP®® and B3PW91 methods, whereas long-range
corrected methods are presented by the CAM-B3LYP% and
®B97XG"" methods. All our computations are performed
using the GAUSSIAN 09 suite of programs.”!

The results of computations are presented in Table I.
As can be seen, all methods predict the high-spin state to
have the lowest total energy, except for the CAM-B3LYP
method which predicts a "%, state to be unstable with

TABLE I. Vertical detachment energies (VDE) for two states of the Mny™
anion and the difference in total energies of the states.?

Initial state of Mn;~ 105,~ 28 +1=2
Final state of Mn, 9%, M, 2S+1=1  2S+1=3 AEy’
Method Tonization energy

Semilocal DFT
BPW91 121 0.74 0.95 1.04 0.31
PWO1 1.69  0.82 0.88 1.22 0.32
PBE 1.20  0.78 0.64 1.21 0.33
BLYP 146 0.79 0.74 1.22 0.27
TPSS 1.20  0.67 0.91 1.11 0.32
PKZB 1.64  0.50 0.68 1.21 0.32

Hybrid DFT

B3LYP 1.60  0.89 0.56 1.46 0.20
B3PWI1 171 082 0.50 1.51 0.20
CAM- B3LYP Unbound 0.34 1.63 ...
wB97XD 1.65 1.06 0.43 1.49 0.19
Experiment 0.38 + 0.08¢

2All values are in eV, the smallest values to be compared to the experimental value are
given in bold.

YThe difference in total energy of two anion states AEy= E;(2S+1=2)
= Elot(lozgi)‘

“This work.
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TABLE II. Comparison of vertical detachment energies of an extra electron computed using different methods

and basis sets with experiment for Mn,,~ (n=3-7).2

Mnj3~ Mny~ Mns~ Mng~ Mny~
Method Basis\2S +1 15 20 23 8 3
BPWO1 6-311+G* 1.33 1.70 1.54 1.46 1.49
6-311+G(3df) 1.33 1.72 1.56 1.46 1.49
cc-pVTZ 1.29 1.69 1.52 1.45 1.47
PKZB 6-311+G* 1.19 1.48 1.29 1.23 1.44
6-311+G(3df) 1.19 1.54 1.31 1.23 1.43
cc-pVTZ 1.14 1.47 1.26 1.20 1.55
TPSS 6-311+G* 1.26 1.60 1.48 1.34 1.44
6-311+G(3df) 127 1.63 1.51 1.34 1.46
cc-pVTZ 1.22 1.60 1.46 1.32 1.41
Expt.P 1.13 £ 0.08 1.49 £ 0.08 1.48 +0.08 1.73 £ 0.08 1.75 £ 0.08

2All values are in eV, the smallest values to be compared to the experimental value are given in bold.

This work.

respect to dissociation. The VDEs corresponding to the
19%,~ — "I, (neutral ground state) are to be compared to
the experimental value of 0.38 + 0.08 eV. The closest value is
provided by the PKZB method, where the difference from the
experimental value when taking into account the uncertainty
bars is 0.04 eV. Among the GGA-DFT methods, the lowest
value of 0.74 eV obtained at the BPWO1 level of theory is
above the experimental top boundary value by +0.27 eV. The
TPSS value is between the BPW91 and PKZB values, whereas
the values obtained using HF-DFT methods are larger than
the BPWO91 value. Therefore, we choose the BPW91, TPSS,
and PKZB methods for further testing on Mn,,~ in the range
of 3<n<T.

Table II presents the results of computations using these
three methods and three basis sets: 6-311+G*, 6-311+G(3df),
and cc-pVTZ’?> which contains much more primitives than
Pople’s basis sets. The geometries were optimized at each
method-basis combination followed by the VDE calculations.
If the initial state of an anion is not a singlet and has the
spin multiplicity of M, then the final neutral states have
the spin multiplicities of M + 1, where the sign depends on
which spin representation the ejected electron belonged to.
The computed VDEs presented in Table II correspond to the
smallest VDE value obtained for a given anion. As can be
seen, the dependence on the basis set is quite small especially
in the BPWO1 case. The BPW91/6-311+G* values are within
0.01-0.04 eV of the values obtained using the cc-pVTZ
basis set. The PKZB values are closer to the experimental
values for Mn3~, Mnys~, and Mnj;~, but significantly smaller
than the experimental values for Mng~. On the whole, the
BPW91 method appears to be more consistent than the other
two methods. Therefore, the rest of our computations was
performed using the BPW91/6-311+G* approach. It is worth
noting that the BPW91 method was found to be more stable
in harmonic vibrational frequency computations’® than some
other density functional theory with generalized gradient
approximation (DFT-GGA) methods.

For each Mn,~ anion, we performed a search of its
optimal geometric structure and total spin using a number of
guess structures obtained in previous computations on Mn,,

and its ions. For n = 14-16, we used additional geometrical
structures obtained in our previous work on Fe, and Fe,”
clusters.”* Geometrical structures found for a couple of
lowest total energy states of a given anion have been used
as initial geometries in optimizations of the corresponding
neutrals and cations. A search for the lowest total energy
ferrimagnetic state is rather complicated, because there are
a large number of possible orientations of the local total spin
magnetic moments. For example, the number of possible spin-
up and spin-down distributions of the local spin magnetic
moments in an antiferromagnetic singlet of Mny¢ is C(16,8)
= 12870.

When searching for the lowest total energy states we used
spin-up and spin-down combinations produced in computa-
tions on singly and doubly charged ferrimagnetic states of
a given species. In addition, we moved back and forth in
the spin multiplicity using previously optimized states with
smaller or larger spin multiplicities as guesses. Each geometry
optimization was followed by an analytical second derivatives
calculation of the harmonic vibrational frequencies in order
to confirm that the optimized geometry corresponds to a
minimum. The convergence threshold for total energy was set
to 1078 eV and the force threshold was set to 1073 eV/A. Local
total spin magnetic moments on atoms were obtained using
natural atomic orbital (NAO) populations computed using the
Natural Bond Orbital (NBO) suite.”>

IV. RESULTS AND DISCUSSION

Figure 1 presents a mass spectrum of the Mn,~ cluster
anions generated in this study and Figure 2 shows the anion
photoelectron spectra of Mn,,~, n = 2-16 measured in this
work. These photoelectron spectra show photodetachment
transitions from the ground state of each of these mass-
selected manganese cluster anions to the ground and excited
vibronic states of their corresponding neutral clusters. The
lowest electron binding energy (Epg) peak/band in each
spectrum reflects a transition from the anion ground state to
the neutral ground state, and as such it provides the electron
affinity for that particular manganese cluster size. Higher Egg
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FIG. 1. A mass spectrum of the manganese cluster anions, Mn,,”.

peaks reflect transitions from a given ground state Mn,,~
cluster anion to various excited electronic/vibronic states of
the corresponding neutral Mn,, clusters. All of these transitions
are vertical in that they access the neutral (final) states at the
geometry of the anion from which they came.

We will first discuss the geometrical structures and spin
magnetic moments of the lowest total energy states in the
Mn,,~ and Mn, series. Next, we will compare the results
of our computations on the electron affinities and ionization
energies to the experimental data. The total density of states
(DOS) computed for several Mn,,~ anions will be compared to
the corresponding electron photodetachment spectra. Finally,
we consider binding energies in the neutral and anionic
series.

A. Geometrical configurations and magnetic
moments

The geometrical structures and total spins of Mn clusters
in the range of 2 < n < 6 presented in Figure 3 are similar
to those found previously, except for Mng where different
local total spin magnetic moments are obtained in the lowest
total energy state with the spin multiplicity of 9. The
distribution of the local spin magnetic moments in Figure 3
is the same as obtained by Bobadova-Parvanova et al.** In
addition to the previous results, we performed optimizations
within actual symmetry constraints of the clusters and have
obtained spectroscopic states in both neutral and anionic
series. Optimizations of larger clusters have been performed
without symmetry constraints.

Figure 4 presents the geometrical structures obtained
for the lowest total states of the Mn,~ and Mn,, clusters
in the range of 7 <n < 11. The cluster growth proceeds
by adding Mn atoms to the pentagonal bipyramid structure
of Mn;. During the growth, atoms with spin-down local
total spin magnetic moments are arranged in such a way as
to form an octahedron in both Mn;; and Mn;;”. The spin
multiplicities of the neutral and its anion differ by one in all
pairs except for n = 7, where the difference is 3. Comparison
of the corresponding bond lengths between an anion and its

J. Chem. Phys. 143, 044306 (2015)
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FIG. 2. The anion photoelectron spectra of the mass-selected manganese
cluster anions, Mn,,~, n = 2-16. These spectra were all measured with 355 nm
photons.

neutral parent generally shows small relaxations in the bond
lengths. The anion bond lengths are sometimes shorter than
the corresponding bond lengths of the neutral as can be seen
from comparison of bond lengths in Mn;; and Mn;; .

The geometrical structures of Mn;, and Mnj,™ possess
different topologies and the difference in their spin multi-
plicities is 3 (see Figure 5) and atoms with spin-down
total magnetic moments form octahedrons. Both Mn;3 and
Mn, 3~ possess distorted /;, geometrical structures with similar
distributions of local total spin magnetic moments obtained
in the previous work. Similar to the Fejs—Fej4~ pair, the
geometrical structures of the Mn4—Mn;4~ pair are formed by
adding a Mn atom to a top triangle of an icosahedron. When
adding one more Mn atom, a serious reconstruction of Mn 4~
is observed. Almost all Mn,, and Mn,,~ possess a number of
isomers which are within 0.1-0.3 eV of the total energy of
the ground state. The Mn;s—Mn;s~ pair present a special case
where the states with the spin multiplicities of 6 (Mn;s) and
5 (Mn,;57) are practically degenerate in total energy with the
states with the spin multiplicities of 28 (Mn;s) and 27 (Mn;s™).
The dependence of geometrical shape on the spin multiplicity
is shown in Figure 6 for the Mn;¢—Mn ¢~ pair. As can be
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FIG. 3. Geometrical structures and local spin magnetic moments for the
lowest total energy states of the neutral and charged Mn,, clusters, n =2-6.
Bond lengths are in angstrdms and local spin magnetic moments are in Bohr
magnetons.

seen in the figure, the geometrical shape can be significantly
modified by changes in the spin multiplicity or charge. In
addition, a state with a different geometrical topology may
have a lower total energy than states with geometrical struc-
tures derived from the geometry of the lowest total energy
states.

A survey of Figures 3—6 shows that the local total spin
magnetic moments on the atoms are around 4 pug. The moments
are mainly due to the difference in the populations of 3d atomic
orbitals of a given atom. Since the o-3d subshell is occupied
by 5 electrons, this means that the 3-3d subshell is occupied
by a single electron. Occupations of 4s and 4p AOs of a given
atom are approximately equal and do not contribute to the

J. Chem. Phys. 143, 044306 (2015)
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FIG. 4. Geometrical structures and local spin magnetic moments for the
lowest total energy states of the neutral and charged Mn,, clusters, n =7-11.
Bond lengths are in angstroms and local spin magnetic moments are in Bohr
magnetons.

local total spin magnetic moment. However, only surface Mn
atoms possess high total spin magnetic moments. If a Mn atom
is inside the cage formed by other Mn atoms (e.g., the central
atom in Mn3), then its total spin magnetic moment sharply
decreases and all 3d electrons can participate in the bonding
with surface atoms.

The spin multiplicities of the lowest total energy states of
Mn,, clusters for n = 3-7 and 13 obtained in the present and
previous work are the same, but it is not so for the clusters
with other n values. Comparison of the spin multiplicities
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FIG. 5. Geometrical structures and local spin magnetic moments for the
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along with the geometrical structures of the states next to the lowest total
energy states of Mnjs and Mn;s~.

obtained in this work with the spin multiplicities obtained by
Kabir et al.** using a pseudopotential plane wave method is
presented in Figure 7. As can be seen from Kabir et al.**
(a) and our (b) curves, our all-electron approach predicts
smaller spin multiplicity values in the range of 8 < n < 16
except for n = 13. Experimental values of the total magnetic
moment u = (28 + L), where L and S are the total angular and
spin moments, respectively, measured>’ for Mn,, clusters are
generally larger than the total spin magnetic moments obtained
from the present computations. Contributions of the orbital
moments to the total magnetic moments have experimentally

J. Chem. Phys. 143, 044306 (2015)
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FIG. 6. Geometrical structures and local spin magnetic moments for the
lowest total energy states of the neutral and charged Mn ¢ clusters along with
the geometrical structures of three excited states.

been measured for the Fe,,, Co,,, and Ni,, clusters and found
to be quite significant.”®’® Therefore, our computed total spin
magnetic moments ought to be smaller than the experimental
values obtained for the total magnetic moments.

B. Electron affinity and vertical electron detachment
energies

Laser detachment of an electron from an anion corre-
sponds to an instant event when the geometry of a neutral
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FIG. 7. Spin multiplicities of the lowest total energy states of the neutral Mnj,
clusters: (a) from Ref. 44 and (b) this work.

produced is unrelaxed (a so-called vertical detachment of an
electron). Theoretically, the electron detachment energy can
be computed as the difference in total electronic energies of
the anion and the neutral formed at the equilibrium anion
geometry according to the equation,

Evpe(Mn)) = E (Mn,,,R,) - Eo®(Mn,,R,), (1)

where R, denotes the anion equilibrium geometry. If the anion
spin multiplicity 25 + 1 > 1, then the final neutral states may
have the spin multiplicity of 25 or 25 + 2. On the contrary, the
adiabatic electron affinity (EA,q) corresponds to the energy
gained due to the attachment of an extra electron. The EAyq
of a neutral species can be computed as the difference in total
energies of the lowest total energy states of an anion and its
neutral parent,

EA(Mn,,) = [E'(Mn,,) + Eg(Mn,,)]
— [Eo'(Mn,) + Eo(Mn),)], 2)

J. Chem. Phys. 143, 044306 (2015)

where E,, is the total Born-Oppenheimer energy and E; is
the zero-point vibrational energy.

Our EA,q and VDE values for the Mn, and Mn,",
respectively, computed in the whole range of 2 < n < 16 are
presented in Table III. Comparison of the EA,y and VDE
values shows that adiabatic relaxation can be quite large
in the beginning of the series (0.37 eV for n =6) and is
close to 0.1 eV by the end of the series. The smallest of
the two computed VDE values for each species has to be
compared to the experimental values displayed in the last
column. Comparison shows the largest difference between
theoretical and experimental data to be —0.26 eV with respect
to the experimental lowest boundary value for n = 8. At larger
n, the difference is smaller and does not exceed 0.1 eV.

Amazingly, the vertical detachment energies are nearly
independent of the spin multiplicity for larger clusters as
shown in Figure 8 for Mnjs~. As can be seen, total energy
(curve (a)) depends on the spin multiplicity and appreciably
rises at 25 + 1 > 24. However, the VDE energies are all
around the experimental value of 2 eV within the experimental
uncertainty bars of £0.08 eV for both 2S5 and 25 + 2 final states
(curves (b) and (c), respectively).

Figure 9 presents the computed adiabatic electron affin-
ities as curve (a). The curve shows quite a monotonous
character with a slow rise toward larger n values. We have
also computed energies of adiabatic electron detachment
from the neutral Mn,, clusters as the differences in total
energy of the lowest total energy states of Mn,, and Mn,,*.
Our computed adiabatic ionization energies are presented in
Figure 9 together with experimental values?® obtained for the
neutral manganese clusters for n > 6 within the uncertainty
bars of £0.05 eV (curves (b) and (c), respectively). Theoretical
and experimental values are practically the same within
the experimental uncertainty bars, which can be considered

TABLE III. Comparison of vertical detachment energies from the lowest total energy states of the M,,~ anions
computed at the BPW91/6-311+G* level with experiment.?

Vertical electron detachment energies

Adiabatic electron Initial anion state

Final neutral state

Final neutral state

n affinity® 28 +1 28 28 +2 Experiment®
2 0.58 10 1.21 0.73 0.48 +0.08
3 1.27 15 1.75 1.33 1.13 + 0.08
4 1.64 20 2.07 1.70 1.49 +0.08
5 1.36 23 1.92 1.54 1.48 +0.08
6 1.41 8 1.77 1.46 1.73 £ 0.08
7 1.39 3 1.49 1.68 1.75 + 0.08
8 1.34 6 1.41 1.71 1.75 + 0.08
9 1.49 1 1.57 1.80 + 0.08
10 1.68 6 1.83 1.75 1.85 +0.08
11 1.54 3 1.61 1.74 1.90 + 0.08
12 1.66 6 1.92 1.97 1.90 + 0.08
13 1.84 3 2.12 1.92 1.90 + 0.08
14 1.93 6 2.01 2.01 1.95 + 0.08
15 1.88 5 1.98 1.93 1.98 + 0.08
16 1.94 8 2.00 2.07 2.00 + 0.08

2All values are in eV, the smallest values to be compared to the experimental value are given in bold.

bComputational results of this work.
€This work.
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as confirmation of the reliability of the BPW91/6-311+G*
approach used.

C. Binding energies

In order to gain insight into thermodynamic stability of
Mn,, and Mn,~, we have computed the energies of a Mn
atom abstraction in the neutral and anionic series. The binding
energies of Mn,, and Mn,,~ have been computed according to
the equations,

E,(Mn,) = E&\(Mn,,_)) + Eo(Mn,,_;) + E¢(Mn)

- [EZ{(Mn,,) + Ey(Mn,,)], 3)
Ep(Mn,) = Ef(}t(Mnn_l_) + Eo(Mn,,_17) + Ef‘(}t(Mn)
- [ES(Mn,,") + Eo(Mn,,")], 4)

where E, is the total Born-Oppenheimer energy and Ej is the
zero-point vibrational energy. Note that the Mn atom cannot
form an anion”® which results in an interesting relationship
between binding energies of the neutral and anionic clusters.
Subtracting Eq. (4) from (3), one obtains

Eb(Mnn) - Eb(Mnni) = EAad(Mnn—l) - EAad(Mnn)~ )

This relationship is reflected in Figure 10, where the neutral (a)
and anionic (b) binding energies are close to each other if there

=0—(a) -@-(b) =&—(c)
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FIG. 9. Neutral Mn,, clusters: (a) computed adiabatic electron affinity, (b)
computed ionization energies, (c) experimental ionization energies are from
Ref. 26.
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FIG. 10. Neutral Mn,, clusters: (a) energies of a single Mn atom abstraction,
(c) atomization energies. Singly negatively charged Mn,,~ clusters: (b) ener-
gies of a single Mn atom abstraction, (d) atomization energies.

is no jump in the E'A,q consecutive values. On the whole, the
anions are more stable than the corresponding neutrals except
for n values of 5 and 11. A higher stability of the anions
can also be confirmed by the results of computations on the
atomization energies performed according to

Eqom(Mni*7) = [KEg(Mn) — { Eg(Mn* ") + Eo(Mn, ")} /k
=% "FE,(Mn,), 6)

where the binding energy of a single Mn atom in the right hand
side summation is assumed to be zero. The anion atomization
curve (d) is somewhat above the neutral atomization curve
(c), which confirms a slightly higher stability of the anions on
average.

D. Density of states

Total and partial DOS computed for the lowest total
energy states of the Mn,~ clusters for selected values of
n=2,4,6,8, 10, 14, and 16 along with the DOS of an
isomer of Mn;s~ are presented in Figure 11. One can see
that contributions of the spin-up (or o) and spin-down (or 3)
constituents for larger clusters are of about same magnitude,
which can be related to the ferrimagnetic nature of the
corresponding electronic states. The Fermi level shifts to
smaller energies as n increases and there is no gap in the
DOS. The latter reflects a metallic character of the electronic
structure in the Mn,,~ clusters. The total density of states can
be compared®” to the experimental spectra in Figure 2. As can
be seen, there is a general resemblance between a total DOS
and the corresponding photoelectron spectrum.

V. SUMMARY

This work presents a combined study of the Mn,,~ anion
clusters in the range of n from 2 to 16 by experimental
and theoretical methods. On the experimental side, we used
anion photoelectron spectroscopy and DFT-GGA on the
theoretical side. For each anion and its neutral parent, we
explored a number of possible geometrical structures and
spin configurations. The neutral and singly negatively charged
Mn,, clusters have been previously studied using different
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methods for selected n values, whereas a systematic study of
the Mn,,” series in the whole range of 2 < n < 16 is reported
for the first time. In order to choose a method of calculations,
we tested 10 methods with semilocal and hybrid exchange-
correlation functionals on Mn,™ and chose three methods:
BPWOI1, PKZB, and TPSS, then we performed further testing
on the Mn,~ clusters with n = 3-7 using three basis sets:
6-311+G*, 6-311+G(3df), and cc-PVTZ. Based on the results
of these test computations, the BPW91/6-311+G* approach
has been used for the manganese clusters with n > 7.

The Mn,,” anion clusters possess a number of isomers with
different geometrical structures and a large number of different
local spin couplings at a given spin multiplicity 25 + 1 for
each state with a particular geometrical structure. Therefore,
one needs a target which has to be reached while searching
for the lowest total energy state. The anion photoelectron
spectroscopy proved to be very useful in our search for these
states. For smaller n values, the computed vertical ionization
energies from the lowest total energy of the Mn,~ anion
clusters differ from the corresponding experimental values by
less than 0.26 eV within the experimental uncertainty bars of

Arb. Units
o r
)
Arb. Units

-1 3 -5
-10
E =-0.49 eV
-20
Energy (eV)

+0.08 eV. As n increases, both computed and experimental
values nearly match each other. Therefore, one can anticipate
that the anion states found in the present work are close to the
states corresponding to the global minima.
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