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Magnetic properties of small- and nano-sized iron doped gold clusters are calculated at the level of second
order multireference perturbation theory. We first assess the methodology for small AugFe and Au,Fe
clusters, which are representative of even and odd electron count systems. We find that larger active
spaces are needed for the odd electron count system, AusFe, which exhibits isotropic magnetization
behaviour. On the other hand, the even electron count system, AugFe, exhibits strong axial magnetic
anisotropy. We then apply this methodology to the tetrahedral and truncated pyramidal nano-sized
AugoFe (with S = 3/2) and AujgFe (with S = 2) clusters. We find that face substitutions result in the most
stable structures, followed by edge and corner substitutions. However, for AujgFe, corner substitution
results in strong magnetic anisotropy and a large barrier for demagnetization while face substitution
does not. Thus, although corner and face substituted AusgFe have the same spin, only corner substituted
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1 Introduction

Small- to nano-sized gold clusters show considerably different
properties compared to bulk gold." Remarkable structural
variations, such as two dimensional flakes, and three dimen-
sional compact, cage and tube structures have been found.*”
Gold clusters usually exhibit small (S = 0, 1/2) spin quantum
numbers, leading to closed shell or doublet electronic ground
states but doping them with a transition metal atom can lead to
open-shell clusters with significantly higher spin-quantum
numbers.®*™* For example, Tam et al.> investigated the struc-
ture and stability of transition metal doped golden pyramids
Au;0M (M = Cr, Mn, Fe) at the level of generalized gradient
density functional theory (DFT). All systems show higher
ground state spin quantum numbers, while the structural
modifications are minor. Similar findings have also been re-
ported by Wang et al.** and Yang et al.'® for golden cages con-
taining a centrally trapped transition metal atom (M@Au,, and
M@Au,,4). Doping a gold cluster with a transition metal atom
therefore provides an opportunity to combine the structural
diversity of gold clusters with the unique properties of high-spin
systems. We note that experimental evidence of Au,,Fe,, (m = 1-
35, n = 1-3) structures has been found by Mawale et al. using
mass spectrometry after laser desorption ionization of a gold-
iron nanoflower.*
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AujgFe can act as a single nanoparticle magnet.

Single molecule magnets (SMMs) can be seen as a special
class of open-shell systems with distinct properties. For
example, the first investigated SMM, the dodecanuclear
manganese acetate cluster [Mn;,0,,(CH3;CO0);4(H,0),]-2CH;-
COOH -4H,0"'*"® exhibits a ground state spin quantum number
of S = 10 and can be magnetized by an external magnetic field.
Once the field is switched off, the system relaxes via various
channels back to the initial non-magnetized state. Character-
istic for SMMs is a high relaxation barrier, which significantly
slows the demagnetization process at low temperatures. The
higher the demagnetization barrier, the longer the magnetiza-
tion can be retained, which increases the potential for infor-
mation storage and other applications. The demagnetization
barrier is proportional to |D|S** where S is the spin quantum
number and D is the axial zero-field splitting (ZFS) parameter.
Together with the rhombicity parameter, E/D, these enter the
field-free part of the spin-Hamiltonian. If complemented with

the field-dependent part, the spin-Hamiltonian can be written
a5:2021
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where S are spin operators while g, B, and g are the Bohr
magneton, the external magnetic field, and the g-tensor,
respectively. The latter quantity, which describes the interaction
with the external magnetic field, can be written as g = 1g. + Ag
where g, is the g-value for the free electron and Ag are the shifts.
The spin-Hamiltonian describes the splitting of the (25 + 1)
manifold of the electronic ground state, which results from
spin-orbit and spin-spin interactions.** As outlined by Atana-
sov et al.,*® besides large S, SMM candidates should have large D
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(with negative sign) ensuring that the barrier for demagnetiza-
tion is large. Also, they should have a small rhombicity
parameter ensuring that “tunneling” through the demagneti-
zation barrier is slow. As such, to assess the capability of an
open-shell system to be used as a potential SMM, it is necessary
to calculate the ZFS parameters. Finally, we note that the two
requirements for SMM characteristics result in a large axial
magnetic anisotropy of the system (which can be checked by
inspecting eqn (1), for D < 0, E/D = 0).

The central aim of this paper is the ab initio determination of
the ZFS parameters (and, as such, magnetic anisotropies) for
iron doped gold clusters. Several studies have investigated
transition metal doped gold clusters using DFT.*'* These
studies focused on predicting stable structures and their spin
quantum numbers. On the other hand, several studies exam-
ined magnetic properties of transition metal complexes, i.e.,
a transition metal ion surrounded by a primarily organic
framework, with wave function based, multireference pertur-
bation theory methods.*** In addition, Aravena et al. studied
transition metal ions in an inorganic polyoxometalate envi-
ronment.”® To our present knowledge, our study is the first to
report calculations of magnetic properties of transition metal
doped gold clusters at the level of multireference perturbation
theory. In particular, we use an approach based on SA-
CASSCF”’/NEVPT2 (ref. 28-31) (state averaged complete active
space self-consistent field/second order n-electron valence
perturbation theory) as implemented in the ORCA program?®
(for a detailed description, see the ESIt). The outcomes of these
ab initio calculations are connected to the spin-Hamiltonian by
an effective Hamiltonian method.?*** Further, we use the ab
initio results to calculate direction-dependent magnetizations
in order to assess the magnetic anisotropy. The initial struc-
tures are obtained using density functional theory with the
revIPSS** and B3LYP* functionals for gold and iron-doped gold
clusters, respectively (see ESIt for further details on the theory,
the resulting optimized geometries and spin densities). In all
calculations, scalar relativistic effects have been taken into
account by using the respective effective core potentials.

In the following section, the results are divided into two
parts: (I) small AugFe and Au,Fe clusters, which represent even
and odd electron count systems, are used to examine the
methodology and critical calculation parameters. (II) Nano-
sized truncated pyramidal Au,gFe and tetrahedral Au,¢Fe clus-
ters, which represent realistic and thermodynamically stable
models. Finally, we summarize the results and provide an
outlook for future investigations.

2 Results & discussion
2.1 AugFe & Au,Fe - active space dependence

As mentioned in the Introduction, we begin by examining the
central parameters of the CASSCF method, the size and
composition of the active space, for two small test systems:

(1) Au,Fe, which represents clusters with an odd number of
electrons, is derived from a three dimensional Aug cluster
(Fig. 1(a)). One gold atom was substituted and the resulting
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(a) Aug (b) AusFe
(c) Auy (d) AugFe

Fig. 1 Left: The revTPSS/def2-TZVP optimized gold clusters are
shown. The iron doped clusters were obtained by replacing one gold
atom with an iron atom. The structures were optimized (B3LYP/def2-
TZVP) for all reasonable spin states. The most stable (S = 2 for AugFe
and S = 3/2 for Au,Fe) structures are shown on the right.

geometry was optimized for several spin states. The most stable
(S = 3/2) geometry is shown in Fig. 1(b).

(2) AugFe, which represents clusters with an even number of
electrons, is derived from a three dimensional Au, cluster
(Fig. 1(c)). Again, one gold atom was substituted and the
resulting geometry was optimized for several spin states. The
most stable (S = 2) geometry is shown in Fig. 1(d).

Using these optimized geometries, we calculated electronic
ground and excited states for both systems with the SA-CASSCF/
NEVPT2 method for several active spaces, which are denoted as
CAS(M,N) where M is the number of electrons that are distrib-
uted over N spatial orbitals. For the even electron count system,
AugFe, state averaging was done over 5, 45 states having a spin
quantum number of § = 2, 1, respectively. These numbers
represent the complete manifold of configuration state func-
tions arising from 6 electrons in the five iron 3d orbitals. States
with higher spins (S = 3) would require charge transfer type
excitations, which are expected to have significantly higher
energies. This was confirmed by a test calculation for CAS(8,7)
(see below).

The situation is different for the odd electron count system,
Au,Fe. Here an extra electron, originating from the additional
gold atom, gives rise to three scenarios: (I) the electron stays in
a delocalized 6s-type orbital interacting with the six 3d elec-
trons. (II) The 6s electron is transferred into one of the localized
3d orbitals, resulting in seven 3d electrons. (III) A 3d electron is
transferred from the iron into a delocalized 6s-type orbital,
leaving five 3d electrons. It is expected that larger active spaces
are needed to describe these scenarios appropriately. Further,
from a computational and methodological point of view, not all
possible states should be included in the calculation. Therefore,
we only include 5, 20, and 20 states for S = 5/2, 3/2, and 1/2,
respectively. Our decision to include only a subset of all
possible excited states is justified by the following two
considerations:

(1) The total number of possible states for an active space
with 6 orbitals and 7 electrons (CAS(7,6)) is already 300.*® Due to
the state averaging procedure, the ground state wavefunction is
described less accurately. In addition, the multireference

This journal is © The Royal Society of Chemistry 2019
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perturbative treatment of each state becomes rather cumber-
some. Of course, this problem increases exponentially for larger
active spaces.

(2) As shown by Atanasov et al.*® it can be expected that
higher lying excited states contribute less to the zero-field
splitting parameters, because of prefactors that include
inverse excitation energies.

In addition, a second approach with seven electrons in only
five d-orbitals has been tested. One assumes that the spin
polarization arises only from the magnetic dopant. All possible
states can be included in this case, however, the drawback of
this approach is that only S = 3/2 and S = 1/2 states are possible.
This not only excludes the possibility of a S = 5/2 ground state,
but also neglects couplings between S = 3/2 and S = 5/2 states
which might be important.

In Table 1, the first nonrelativistic excitation energy, Ex, the
axial ZFS parameter, D, the rhombicity parameter, E/D, and the
shifts of the g-tensor are listed for different calculation set-ups.
Starting with Au,Fe (upper part of Table 1), five different active
space compositions have been examined. For the smallest
possible active space, (a)-CAS(7,6), which consists of seven
electrons in six orbitals (five 3d orbitals and one 6s orbital), it
was not possible to converge the calculation to a reasonable
result. This minimum active space was therefore augmented
with 2 and 4 Au 6s-type orbitals, leading to (b)-CAS(9,8) and (c)-
CAS(11,10), respectively. E., is found to be similar for both
calculations at around 2900 cm . Including more excited states
((d)-CAS(9,8)) or a second d-shell ((e)-CAS(7,11)) leads to
a slightly reduced energy gap. Finally, also the results of the (f)-
CAS(7,5) do not deviate significantly from all the other calcu-
lation setups. For all calculations, a ground state spin quantum
number of S = 3/2 and a rather small absolute axial ZFS
parameter is found. This, and the fact that all shifts of the g-
tensor are quite close together, indicate a dominant isotropic
magnetization behaviour. The values for the rhombicity
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parameter vary but, for such small |D| values, this is not
surprising. We conclude that larger active spaces are necessary
to appropriately describe the odd electron count system. The
active space (c)-CAS(11,10) is sufficiently large while still
computationally feasible and will therefore be used for further
investigations. In addition, we will compare the results to
calculations of the second “d-only” (f)-CAS(7,5) approach.
Similar calculations can be done for the even electron count
system, AugFe. The results are shown in the lower part of Table
1. Set-up (a)-CAS(6,5), represents the minimum active space
size, consisting of five iron 3d orbitals with 6 electrons. For the
set-ups (b) to (d), the active spaces are systematically expanded,
by including one occupied and one unoccupied, delocalized
valence orbital which both have dominant Au 6s character. For
these set-ups, the ground state spin quantum number is § = 2,
in accordance with the B3LYP calculations. The first excitation
energies vary, but no trend can be found with respect to
increasing active space size. Similarly, the axial ZFS parameter
and the rhombicity parameter vary slightly as a function of the
active space size. A higher multiplicity state was included in the
fifth set-up, (e)-CAS(10,9), which, due to its high energy, has
a negligible influence on the ZFS parameter. Finally, a second d-
shell was included in the active space, resulting in set-up (f)-
CAS(6,10). Again, only minor changes of a few wave numbers
are observed. The qualitative result is similar for all tested set-
ups: a large negative axial ZFS parameter in combination with
a small rhombicity parameter, E/D, indicates a large axial
magnetic anisotropy. This is supported by the shifts for the g-
tensor, where one component (Ag,.) is much larger than the
other two. We conclude that, for the system with an even elec-
tron count, the smallest active space, (a)-CAS(6,5), captures all
essential effects and is therefore used for further investigations.
The values shown in Table 1 demonstrate that the two
systems exhibit very different properties. For example, for AucFe
a high absolute axial ZFS parameter of 45 cm™ " with a negative

Tablel The first nonrelativistic excitation energy (E.), the axial ZFS parameter (D), the rhombicity parameter (E/D), and the shifts for the g-tensor
are calculated with different the active space sizes in the SA-CASSCF/NEVPT2 approach. In the first column the active space CAS(M,N) is given,
where M and N are the numbers of electrons and spatial orbitals, respectively. The second column labels the character of orbitals in the active
space. The number of states included in the calculation is given in the third column. We use the following terminology: for a calculation with N(S;,

S2.53) =
is indicated by boldface

[N, No, Nz, N; represents the number of included states with spin quantum number S;. The ground state spin quantum number (here S,)

orbitals # of states N({S}) Eex [em™] D[em™'] E/D g-Shifts [Agey, Agyy, Mgz

Au,Fe

(a)-CAS(7,6) 5x 3d, Aug N(5/2, 3/2, 1/2) = [5, 20, 20] — — — —

(b)-CAS(9,8) Aug, 5x 3d, 2x Aug N(5/2, 3/2, 1/2) = [5, 20, 20] 2801.1 —2.39 0.089 [ 012, 0.12,0.13]
(c)-CAS(11,10) 2x Aug, 5x 3d, 3x Aug N(5/2, 3/2, 1/2) = [5, 20, 20] 2947.0 1.36 0.147 [ 0.10, 0.12,0.12]
(d)-CAS(9,8) Aug, 5x 3d, 2x Aug N(5/2, 3/2, 1/2) = [5, 40, 40] 2611.5 —1.47 0.212 [ 0.12, 0.12,0.14]
(e)-CAS(7,11) 5x 3d, 5x 4d, Aug N(5/2, 3/2, 1/2) = [5, 20, 20] 1656.7 —3.86 0.003 [ 0.35, 0.35,0.45]
(f)-CAS(7,5) 3d N(3/2, 1/2) = [10, 40] 1853.4 —1.66 0.005 [ 0.36, 0.36,0.41]
AugFe

(a)-CAS(6,5) 5x 3d N(2, 1) = [5, 45] 447.6 —45.11 0.030 [-0.02, 0.13,0.93]
(b)-CAS(8,7) Au, 5x 3d, Aug N(2, 1) =[5, 45] 183.0 —60.71 0.003 [-0.10, —0.01, 1.10]
(c)-CAS(10,9) 2x Aug, 5x 3d, 2x Aug N(2, 1) =[5, 45] 413.7 —50.93 0.008 [-0.03, 0.04, 0.94]
(d)-cAs(12,11) 3x Aug, 5x 3d, 3x Aug N(2,1) =[5, 45] 391.0 —48.23 0.010 [-0.02, 0.04, 0.90]
(e)-CAS(10,9) 2x Aug, 5x 3d, 2x Aug N(3,2,1) =1, 5, 45] 483.2 —44.99 0.039 [-0.02, 0.12, 0.89]
(f)-CcAS(6,10) 5x 3d, 5x 4d N(2, 1) = [5, 45] 395.5 —42.81 0.020 [-0.02, 0.11, 0.92]

This journal is © The Royal Society of Chemistry 2019
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sign and a very small rhombicity parameter of 0.03 is observed
(for set-up (a)-CAS(6,5)). The resulting axial magnetic anisotropy
is also reflected in the reported shifts for the g-values, where one
shift is significantly larger than the other two (which are close to
zero). The system is easily magnetized along one preferred
orientation and, furthermore, it exhibits a high demagnetiza-
tion barrier of |[D|S*> = 180 cm™'. On the other hand, Au,Fe has
a small axial ZFS parameter, which indicates more isotropic
magnetization behaviour. This is supported by the shifts for the
g-values, which are quite close together. Therefore, demagneti-
zation is expected to occur significantly faster.

2.2 AucFe & Au,Fe - zero-field splitting & magnetizations

In order to examine the properties of AugFe and Au,Fe in more
detail, we explicitly simulate the influence of an external
magnetic field. This is shown in the upper and lower parts of
Fig. 2, which correspond to Au,Fe and AucFe, respectively. Each
cluster, as well as three coloured arrows (each indicating one
direction of the magnetic field) are shown in the insets (b) and
(d). The dependence of the state energies and calculated
magnetizations as a function of the external magnetic flux
density is shown in insets (a) and (c). The colour of each
magnetization graph corresponds to the colour of one arrow on
the right to illustrate the direction of the external field. Each
energy data point is coloured by its Boltzmann population, from
0 (black) to 1 (red), at a temperature of 10 K.
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Fig. 2 Relative state energies (solid lines with bullets) and magneti-
zations (solid lines) for the AusFe (top) and AugFe (bottom) are shown
as a function of an external magnetic field. The principal axes of the g-
tensor (calculated with the spin-Hamiltonian formalism) have been
used as directions, which are indicated by coloured arrows on the right
and correspond to one magnetization. Each energy data point is
coloured by its Boltzmann population, from O (black) to 1 (red), at
a temperature of 10 K.
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For Au,Fe, shown in the upper part of Fig. 2 (insets (a) and
(b)), the S = 3/2 electronic ground state splits into two degen-
erate Mg = +3/2 and Mg = £+1/2 magnetic states, independent of
the value of E/D (Kramers theorem?’). As expected from the
small |D| value, the energetic separation is small. Further
splitting is observed upon interaction with the external
magnetic field. The three directions correspond to the principal
axes of the g-tensor (i.e., where the g-tensor is diagonal). The
axes are then chosen such that their corresponding principal
values fulfil g, > g, > gxx- The relative state energies vary with
the magnetic field, and a magnetization is observed. As ex-
pected from the calculated shifts of the g-values and the small
|D| value, an almost perfect isotropic magnetization behaviour
is found.

For AugFe, shown in the lower part of Fig. 2 (insets (c) and
(d)), the behaviour is quite different. As expected from the
negative value of D, the magnetic ground states exhibit Mg = £2
followed by Ms = £1 and Mg = 0. The magnetic ground states
(Mg = £2) are almost perfectly degenerate, a small energetic gap
can be observed for Mg = +1, which is due to the small but non-
negligible value of the rhombicity parameter, E/D. Switching on
an external magnetic field leads to two different observations,
which are dependent on the orientation of the field:

(1) For a magnetic field along a direction parallel to the main
anisotropic axis, there is a strong splitting of the Mg = +2 and
M = +1 states as shown on the right panel of inset (c) in Fig. 2.
As a function of the external magnetic flux density, the formerly
equally populated magnetic ground states exhibit increasingly
different Boltzmann populations and the magnetization
increases dramatically.

(2) For a magnetic field along a direction perpendicular to
the main anisotropic axis, very different behaviour is expected
and observed, as shown in the middle and left panels of inset (c)
in Fig. 2. The relative energies depend much less on the external
magnetic flux density. As such, the Boltzmann populations are
essentially constant, and no significant magnetization is
observed.

2.3 AuygFe & Au, Fe - stabilities

We now examine two nano-sized iron doped gold clusters. The
first class of systems is derived from the tetragonal Au,,
cluster®”*® shown at the top of Fig. 3. The three optimized iron
doped Au,oFe clusters are shown underneath in energetic order.
The systems have odd electron counts and all ground states
exhibit a spin quantum number of S = 3/2. The DFT derived
relative energies are given in parenthesis in Fig. 3 and in Table
2. The face substituted system is most stable, followed by the
edge (0.25 eV higher) and corner (0.64 eV higher) substitutions.
The same result is found in the study of Tam et al.**> In Table 2,
we further list the relative energies of the NEVPT2 calculations,
using (c)-CAS(11,10), which support the energetic order of the
B3LYP calculations. For most systems however, NEVPT2
predicts slightly higher relative energies.

The second class of systems is derived from the truncated
pyramid Au,, cluster®® shown at the lower part of Fig. 3. The six
optimized iron doped Au,gFe clusters are shown underneath in

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 The revTPSS/def2-TZVP optimized, pyramidal Au,g structure is
shown at the top. The derived and optimized iron doped clusters are
shown below with increasing relative energies, given in brackets in
units of eV. For all structures, the S = 3/2 spin quantum results in the
most stable geometries. Below the truncated pyramidal Au;g and the
six iron doped clusters are shown analogously. Here, the most stable
clusters are found for the S = 2 spin quantum numbers.

energetic order. The systems have even electron counts and all
ground states exhibit a spin quantum number of S = 2. The face
substituted systems Au;gFe-A and Au,gFe-B are most stable,
followed by the edge (Au,gFe-C and Au,gFe-D, 0.3 eV higher in
energy) and corner (Au;gFe-E and AuygFe-F, 0.1 eV higher in
energy) substitutions. Quite surprising is the large energetic
separation of 0.8 eV between the two corner substituted clus-
ters, which is not observed for the two other substitution
schemes (i.e. face and edge substitutions). Similar to the Au,oFe
systems, the NEVPT2 calculations predict the same energetic
order with slightly higher relative energies.

2.4 Au,gFe & AuyoFe - zero-field splittings and
magnetizations

We now examine the magnetic properties of Au,gFe and Au,oFe.
The first nonrelativistic excited state energy, the axial and
rhombicity parameters, and the shifts of the main g-values for
each system are listed in Table 2. The calculated values for the
AuyoFe systems are all qualitatively different from each other.
The face substituted system, AujoFe-A, has a very small E¢, of

This journal is © The Royal Society of Chemistry 2019

View Article Online

Nanoscale Advances

only 24.7 em ™" and the reported values are therefore given in
parenthesis. Further, the ground state spin quantum number
calculated with the NEVPT2 formalism for this clusteris S = 5/2,
in contradiction to the B3LYP calculations. However, the gap
between the ground S = 5/2 state and the lowest S = 3/2 state is
quite small (only 63.3 cm™'). Calculations with basis set
extrapolation and without state averaging might be needed in
order to give a reliable prediction of the ground state spin
quantum number but this is beyond the scope of the present
paper. For the other two systems this problem does not occur.
For the edge (AujoFe-B) and corner (Au;oFe-C) substituted
systems, we find first nonrelativistic excitation energies of
848 cm™ ' and 3849 cm ™', respectively. Both systems exhibit
a ground state spin quantum number of § = 3/2, in agreement
with B3LYP. The axial ZFS and rhombicity parameters indicate
a small thombic anisotropy (D = —9.5 cm™ " & E/D = 0.197 for
Au,oFe-Band D = 3.4 cm™* & E/D = 0.138 for Au,oFe-C). This is
supported by the shifts of main g-values reported in the last
column of Table 2. For the edge substituted system, Au,Fe-B,
all three values are close to each other (0.16, 0.18, 0.34), with
one slightly larger than the other two. Even more isotropic
values are found for the corner substituted system (0.11, 0.17,
0.19). It is worthwhile to compare the results to the second
approach, i.e. where only d-orbitals have been considered. Most
noteworthy, the qualitative trends are in agreement with the
previously discussed ones. For example, the signs of the D
values are consistent for both setups. However, the absolute
values of D are slightly larger and the rhombicity parameters
differ as well. For both setups, no indications of single molecule
magnet properties are found for all three candidates.

The ground states of the even electron count systems,
AuygFe, all exhibit a spin quantum number of S = 2. Starting
with the most stable face substituted systems, Au;gFe-A and
Au,gFe-B, we find an axial ZFS parameter of —29.5 cm ™' and
19.3 cm ™', respectively. Both have a pronounced rhombicity
parameter which is reflected in the tabulated shifts for the g-
values. For both systems, all three values differ significantly
(Table 2, last column on the right). The two edge substituted
systems, AujgFe-C and Au,gFe-D, which are approximately
0.3 eV higher in energy, exhibit magnetic properties similar to
the face substituted systems although the values for E.. are
higher in energy. Again, a rhombic anisotropy is observed for
both systems (the shifts for the g-values differ for each direction
and a high rhombicity parameter E/D is found).

Very different magnetic properties are observed for the
systems highest in energy, i.e., the corner substituted iron doped
gold clusters Au;gFe-E and Au,gFe-F. For both systems, a high
absolute axial ZFS with negative sign is observed. Further, rela-
tively small rhombicity parameters (0.011 & 0.015 for Au,gFe-E
and AuygFe-F, respectively) are found, which indicate strong
axial magnetic anisotropies. The shifts for the g-values also
indicate strong axial anisotropy: for both systems two g-value
shifts are close to zero, while one is significantly larger.

In order to analyze the magnetic anisotropy in more detail, we
calculated magnetizations and relative state energies from the
ab initio calculations (as previously for the small clusters). This is
shown in Fig. 4 for the most promising candidates Au, gFe-E (top)
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Table 2 Relative energies, given in eV and calculated with two different electronic structure methods are listed for the three investigated Au,qFe
and six AuigFe clusters. The systems are labeled from A-C (AujgFe) and A—F (AusgFe) and correspond to the geometries shown in Fig. 3. For
AuigFe and AuioFe, calculations have been done with (a)-CAS(6,5), (c)-CAS(11,10) and (f)-CAS(7,5), respectively. Further, the first nonrelativistic

excitation energy (Eey), the axial and rhombicity parameter, and the shifts for the main values of the g-tensor are given

System E(B3LYP) [eV] E(SA-NEVPT2) [eV] Eex [em™] D[em™] E/D g-Shift [Agyy, Agyy, Mgy
Au,oFe - CAS(11,10)

Au,oFe-A 0.00 0.00 24.7 (9.69) (0.050) ([—1.43, 0.02, 0.32])
Au,oFe-B 0.25 0.34 848.4 —-9.52 0.197 [ 0.16,0.18, 0.34]
AuyoFe-C 0.88 0.90 3848.9 3.37 0.138 [ 0.11,0.17, 0.19]
Au,oFe - CAS(7,5)

AuyoFe-A 0.00 0.00 903.3 38.80 0.03 [ 0.12,0.91, 0.94]
Au,oFe-B 0.25 0.25 1154.1 —20.47 0.31 [ 0.27,0.47,0.72]
AuyoFe-C 0.88 0.42 1839.1 11.31 0.04 [ 0.29,0.47, 0.49]
Au,gFe - CAS(6,5)

Au,gFe-A 0.00 0.00 85.3 —29.52 0.200 [-0.25, 0.59, 0.96]
Au,gFe-B 0.14 0.06 111.1 19.34 0.107 [-0.28, 0.70, 0.85]
Au,gFe-C 0.47 0.76 458.2 —20.96 0.199 [ 0.04,0.31, 0.66]
AuygFe-D 0.52 0.76 508.6 19.49 0.179 [ 0.00,0.42, 0.61]
AuygFe-E 0.60 0.93 714.4 —35.25 0.011 [ 0.07,0.08, 0.73]
Au,gFe-F 1.41 1.79 183.5 —-51.91 0.015 [-0.00, 0.03, 1.08]

and Au,gFe-F (bottom). The geometries and orientations (indi-
cated by coloured arrows) of the external magnetic field are
shown in (b) and (d). Insets (a) and (c) show, for each system, the
relative state energies and magnetizations as a function of the
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Fig. 4 Relative state energies (solid lines with bullets) and magneti-
zations (solid lines) for the AusgFe-E (top) and AugFe-F (down) clusters
are shown as a function of an external magnetic field. The principal
axes of the g-tensor (calculated with the spin-Hamiltonian formalism)
have been used as directions, which are indicated by coloured arrows
on the right and correspond to one magnetization. Each energy data
point is coloured by its Boltzmann population, from 0 (black) to 1 (red),
at a temperature of 10 K.
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external magnetic flux density. Again, note that the colour of one
magnetization corresponds to the colour of one direction of the
magnetic field. For Au,gFe-E, a ZFS in two Mg = +2, two Mg = +1
and one Mg = 0 is observed. For two directions along the prin-
cipal axes of the g-tensor the state energies remain almost
constant with respect to the external magnetic flux density.
However, for one direction, the state energies vary drastically
with increasing external magnetic flux density, as it can be seen
in the right inset of panel (c). The lowest two states (Mg = £2)
vary most with the external flux density, followed by the third
and fourth states (Mg = +1). The fifth state (Mg = 0) shows no
dependence. As a consequence, the ground state is dominantly
populated and the magnetization increases dramatically. For the
second candidate, Au;gFe-F, a similar behaviour is observed.
However, the ZFS is much more pronounced compared to
Au,gFe-E and the direction of main magnetization axis is
oriented differently - almost perpendicular to the base of the
truncated pyramid. For both systems, an impressive and almost
perfect axial magnetic anisotropy is observed and we can esti-
mate the demagnetization barrier to be |[D|$*> = 141.2 cm ™" and
207.6 cm ™! for Au,gFe-E and Au, gFe-F, respectively. Both systems
are therefore candidates for nanomagnets.

3  Summary

In conclusion, we find that the corner substituted systems Au, gFe-
E and Au,gFe-F exhibit a very pronounced axial magnetic anisot-
ropy. For both systems, a large absolute |D| with negative sign and
an almost negligible rhombicity parameter E/D is found. The high
axial anisotropy is further reflected in the shifts for the g-values
and in the explicitly calculated relative state energies and
magnetization (Fig. 4), where the axial anisotropy is demonstrated
impressively. Thus our ab initio calculations indicate that both
systems possess single nanoparticle magnetic properties and are
therefore candidates for further (experimental) investigation. In

This journal is © The Royal Society of Chemistry 2019
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future investigations, other (transition or f-shell) metal substitu-
tions could be examined. Future studies could focus on the
explicit time-dependent demagnetization dynamics. This would
include the evaluation of transition rates between the different
magnetic levels and a temperature-dependent propagation of the
state populations until thermal equilibrium is achieved. Other
interesting questions arise further from couplings of multiple
spin centres (for example, Au;-Fe,) or iron doped gold clusters
bonded to ligands that could be used to tailor the electronic and
magnetic properties of the system. A challenge is to identify
thermodynamically stable clusters out of the huge geometrical
space. Here, global optimization techniques like genetic algo-
rithms* could be very helpful.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

C. Ehlert gratefully acknowledges financial support from the
SOSCIP Consortium (TalentEdge program, Grant number:
224439). 1. Hamilton acknowledges financial support from
NSERC (Discovery and Engage Grants, Grant numbers: 214033,
214481). Both authors thank Compute Canada for providing
computational facilities and technical support.

Notes and references

1 M.-C. Daniel and D. Astruc, Chem. Rev., 2004, 35, 293-346.

2 Gold Clusters, Colloids and Nanoparticles I, ed. D. M. P.
Mingos, Springer, 2014.

3 Gold Clusters, Colloids and Nanoparticles II, ed. D. M. P.
Mingos, Springer, 2014.

4 X. Xing, B. Yoon, U. Landman and J. H. Parks, Phys. Rev. B:
Condens. Matter Mater. Phys., 2006, 74, 165423.

5 P. Pyykko, Angew. Chem., Int. Ed., 2004, 43, 4412-4456.

6 P. Pyykko, Inorg. Chim. Acta, 2005, 358, 4113-4130.

7 P. Pyykko, Chem. Soc. Rev., 2008, 37, 1967.

8 M. Zhang, L.-M. He, L.-X. Zhao, X.-J. Feng and Y.-H. Luo, J.
Phys. Chem. C, 2009, 113, 6491-6496.

9 D. Dong, K. Xiao-Yu, G. Jian-Jun and Z. Ben-Xia, J. Phys.
Chem. Solids, 2010, 71, 770-775.

10 A. Yang, W. Fa and J. Dong, J. Phys. Chem. A, 2010, 114, 4031~
4035.

11 M. Zhang, J. Zhang, T. Gu, H. Zhang, Y. Luo and W. Cao, J.
Phys. Chem. A, 2015, 119, 3458-3470.

12 N. M. Tam, N. T. Cuong, H. T. Pham and N. T. Tung, Sci.
Rep., 2017, 7, 16086.

13 N. M. Tam, N. T. Mai, H. T. Pham, N. T. Cuong and
N. T. Tung, J. Phys. Chem. C, 2018, 122, 16256-16264.

14 L-M. Wang, J. Bai, A. Lechtken, W. Huang, D. Schooss,
M. M. Kappes, X. C. Zeng and L.-S. Wang, Phys. Rev. B:
Condens. Matter Mater. Phys., 2009, 79, 033413.

15 R. M. Mawale, M. V. Ausekar, D. Pavlinak, O. Galmiz,
P. Kubacek and J. Havel, J. Am. Soc. Mass Spectrom., 2016,
28, 215-223.

This journal is © The Royal Society of Chemistry 2019

View Article Online

Nanoscale Advances

16 A. Caneschi, D. Gatteschi, R. Sessoli, A. L. Barra, L. C. Brunel
and M. Guillot, J. Am. Chem. Soc., 1991, 113, 5873-5874.

17 R. Sessoli, D. Gatteschi, A. Caneschi and M. A. Novak,
Nature, 1993, 365, 141-143.

18 T. Lis, Acta Crystallogr., Sect. B: Struct. Crystallogr. Cryst.
Chem., 1980, 36, 2042-2046.

19 The barrier is |D|S*> for integer spin systems, and

1
|D| (52 — Z) for half integer systems.

20 M. Atanasov, D. Aravena, E. Suturina, E. Bill, D. Maganas and
F. Neese, Coord. Chem. Rev., 2015, 289, 177-214.

21 D. Gatteschi, R. Sessoli and ]J. Villain, Molecular Nanomagnets,
Oxford University Press on Demand, 2006, vol. 5.

22 F. Neese, in Zero-Field Splitting, Wiley-Blackwell, 2004, ch.
34, pp. 541-564.

23 S. E. Stavretis, M. Atanasov, A. A. Podlesnyak, S. C. Hunter,
F. Neese and Z.-L. Xue, Inorg. Chem., 2015, 54, 9790-9801.

24 R. Herchel, L. Vahovska, I. Poto¢nak and Z. Travnicek, Inorg.
Chem., 2014, 53, 5896-5898.

25 B. W. Heinrich, C. Ehlert, N. Hatter, L. Braun, C. Lotze,
P. Saalfrank and K. J. Franke, ACS Nano, 2018, 12, 3172-3177.

26 D. Aravena, D. Venegas-Yazigi and E. Ruiz, Inorg. Chem.,
2016, 55, 6405-6413.

27 B. O. Roos, P. R. Taylor and P. E. M. Siegbahn, Chem. Phys.,
1980, 48, 157-173.

28 C. Angeli, R. Cimiraglia, S. Evangelisti, T. Leininger and
J.-P. Malrieu, J. Chem. Phys., 2001, 114, 10252-10264.

29 C. Angeli, R. Cimiraglia and J.-P. Malrieu, Chem. Phys. Lett.,
2001, 350, 297-305.

30 C. Angeli, R. Cimiraglia and J.-P. Malrieu, J. Chem. Phys.,
2002, 117, 9138-9153.

31 C. Angeli, B. Bories, A. Cavallini and R. Cimiraglia, J. Chem.
Phys., 2006, 124, 054108.

32 F. Neese, Wiley Interdiscip. Rev.: Comput. Mol. Sci., 2017, 8,
e1327.

33 R. Maurice, R. Bastardis, C. de Graaf, N. Suaud, T. Mallah
and N. Guihéry, J. Chem. Theory Comput., 2009, 5,2977-2984.

34 J. P. Perdew, A. Ruzsinszky, G. I. Csonka, L. A. Constantin
and J. Sun, Phys. Rev. Lett., 2009, 103, 026403.

35 A. D. Becke, J. Chem. Phys., 1993, 98, 5648-5652.

36 For a CAS(7,6) the total manifold of possible states is:
6x § = 5/2; 84x S = 3/2; 210x S = 1/2. These values

can be calculated with the following formula:
_25+1 n+1 n+1 .
Din, N, 8§) = <= (N/Z 75) (N/2+S+1)' D is the

number of states, n the number of restricted orbitals, N is
the number of electrons and S the spin quantum number.
For example D(6, 7, 5/2) = 6; D(6, 7, 3/2) = 84; D(6, 7, 1/2)
= 210.

37 J. Li, X. Li, H.-J. Zhai and L.-S. Wang, Science, 2003, 299, 864—
867.

38 P. Gruene, D. M. Rayner, B. Redlich, A. F. van der Meer,
J. T. Lyon, G. Meijer and A. Fielicke, Science, 2008, 321,
674-676.

39 L. B. Vilhelmsen and B. Hammer, J. Chem. Phys., 2014, 141,
044711.

Nanoscale Adv., 2019, 1, 1553-1559 | 1559


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8na00359a

	Iron doped gold cluster nanomagnets: ab initio determination of barriers for demagnetizationElectronic supplementary information (ESI) available. See DOI: 10.1039/c8na00359a
	Iron doped gold cluster nanomagnets: ab initio determination of barriers for demagnetizationElectronic supplementary information (ESI) available. See DOI: 10.1039/c8na00359a
	Iron doped gold cluster nanomagnets: ab initio determination of barriers for demagnetizationElectronic supplementary information (ESI) available. See DOI: 10.1039/c8na00359a
	Iron doped gold cluster nanomagnets: ab initio determination of barriers for demagnetizationElectronic supplementary information (ESI) available. See DOI: 10.1039/c8na00359a
	Iron doped gold cluster nanomagnets: ab initio determination of barriers for demagnetizationElectronic supplementary information (ESI) available. See DOI: 10.1039/c8na00359a
	Iron doped gold cluster nanomagnets: ab initio determination of barriers for demagnetizationElectronic supplementary information (ESI) available. See DOI: 10.1039/c8na00359a
	Iron doped gold cluster nanomagnets: ab initio determination of barriers for demagnetizationElectronic supplementary information (ESI) available. See DOI: 10.1039/c8na00359a

	Iron doped gold cluster nanomagnets: ab initio determination of barriers for demagnetizationElectronic supplementary information (ESI) available. See DOI: 10.1039/c8na00359a
	Iron doped gold cluster nanomagnets: ab initio determination of barriers for demagnetizationElectronic supplementary information (ESI) available. See DOI: 10.1039/c8na00359a
	Iron doped gold cluster nanomagnets: ab initio determination of barriers for demagnetizationElectronic supplementary information (ESI) available. See DOI: 10.1039/c8na00359a


