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1 Introduction

Magnetism of single-doped paramagnetic tin
clusters studied using temperature-dependent
Stern—Gerlach experiments with enhanced
sensitivity: impact of the diamagnetic ligand
field and paramagnetic dopantf

Filip Rivic®* and Rolf Schafer

In this work, the magnetic properties of tetrel clusters SnyTM, which are singly doped with transition
metals (TM), are investigated. On the one hand, the number of tetrel atoms (N = 11, 12, 14 and 17 with
TM = Mn) is varied; on the other hand, different transition metals (N = 14, TM = Cr, Mn, Fe) are studied.
Magnetic deflection experiments under cryogenic conditions show that the variation of the number of
tetrel atoms strongly changes the magnetic properties of the Mn-doped clusters. It is observed that
SnipMn, SnigMn and Snyi4Mn partially show super-atomic behaviour, while spin relaxation occurs in
Sn;zMn. Magnetic deflection experiments at higher nozzle temperatures were carried out for the first
time enhanced by a second parallel-aligned Stern—Gerlach magnet to achieve larger deflections. The
resulting temperature-dependent one-sided deflections are quantitatively analysed using Curie's law and
show that Sn;;Mn possesses the highest magnetic moment of these clusters, followed by Sn;,Mn and
SnysMn. Sni4Mn shows the lowest magnetic moment. The replacement of Mn by Cr in Sn;4Mn leads to a
diamagnetic singlet, ie., the magnetic moment of Cr in Sni4Cr is completely quenched. The
replacement of Mn by Fe in turn leads to a paramagnetic species, whereby Sni4Fe is most likely present
as a triplet. On this basis, the geometrical and electronic structures are analysed using quantum
chemical calculations, indicating an arachno-type structure for Sni4Cr, Sni4Mn and Sni4Fe, which has
already been predicted in the literature for Sij4Cr. This is experimentally confirmed by deflection of
molecular beams with an electric field under cryogenic conditions, suggesting that the arachno-type
geometry is crucial for the overall stability of the transition-metal-doped tetrel clusters Sn;4,TM with
TM = Cr, Mn, Fe.

demonstrated by paramagnetic nitrogen defects in the dia-
mond lattice, which are used as magnetosensors or can also

The interplay between geometric structure and magnetic pro-
perties is crucial for applications of nanomaterials in sensor
technology, catalysis and spintronics.’™ Paramagnetic single-
atom-doped tetrel clusters as nano-systems are ideal models for
understanding the influence of particle size on the magnetic
behaviour.*” Since the pure tetrel clusters are diamagnetic,
doping with a transition metal makes it possible to prepare
magnetic cluster compounds in a targeted manner. The
fact that such compounds have great application potential is
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have applications in quantum cryptography as emitters in a
solid-state-based single photon source.®® In order to investigate
the intrinsic magnetic behaviour of the doped tetrel clusters,
i.e., without environmental influences, Stern-Gerlach deflec-
tion experiments can be used.**™**

The internal temperature of the clusters is an important
factor, especially influencing the magnetic response.®'**® Only
a single-sided deflection of the cluster beam due to spin
relaxation is generally observed, if the clusters are vibrationally
excited. In contrast, deflection experiments under cryogenic
conditions can also enable the observation of super-atomic
behaviour.®'>'® This directly permits the determination of
the spin multiplicity 25 + 1 and the g-factor of the investigated
cluster species. However, it must be noted that for clusters with
a spin quantum number § > 1/2, zero-field splitting (ZFS) can
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also influence the observed magnetic response.’>*" Depending
on the sign and magnitude of the ZFS, only a part of the
magnetic states Mg is accessible under cryogenic conditions.
This means that if the zero-field splitting energy is comparable
or even larger than the internal thermal energy of the clusters,
only a sub-ensemble of the spin states is occupied. Therefore,
investigation of the magnetic behaviour over the widest possi-
ble temperature range is desirable. Furthermore, the observed
one-sided deflection at high temperatures is still an important
indicator, since, on the one hand, the value of g?S(S + 1) can be
determined from an observed linear behaviour'® enabling
information about the g-factor and the multiplicity to be
obtained without the observation of super-atomic behaviour
and, on the other hand, deviations from this linear behaviour
with the reciprocal temperature might also reveal the impor-
tance of zero-field effects.

There have been many theoretical studies investigating the
geometric structure and magnetic properties of tetrel clusters
doped with transition metals, especially for silicon.>™** Inter-
estingly, for some of the transition-metal-doped clusters, a
complete quenching of magnetic moment has been predicted.
On the one hand, photoelectron spectroscopy studies on anio-
nic cluster systems were able to partially confirm predictions
concerning the geometric structure.>”>*® On the other hand,
the magnetic behaviour of tetrel clusters doped with transition
metals has been investigated using X-ray magnetic circular
dichroism (XMCD), which also revealed the quenching of
high-spin states for endohedral doping.*> An experimental
validation of the predicted magnetic behaviour for neutral
clusters is still pending. However, it must be noted that the
magnetic deflection of the model nano-systems investigated
here, in which only one paramagnetic centre is present, is
extremely small and thus the precise investigation of the
magnetic deflection behaviour is a major challenge. Therefore
here, for the first time, magnetic experiments are carried out
with two consecutively positioned parallel-aligned Stern-Ger-
lach deflectors in series in order to increase the effect and,
thus, make the magnetic deflection more accessible experimen-
tally. The results show that the magnetic behaviour depends
sensitively on the size of the tetrel cluster cage and the transi-
tion metal. Exemplary experiments on single Mn-doped tetrel
clusters with 11, 12, 14 and 17 tin atoms, and on single
Fe-doped and Cr-doped species with 14 tin atoms, are pre-
sented here to demonstrate the influence of cluster size and
paramagnetic dopant on the geometrical structure and the
magnetic properties.

2 Methods

2.1 Stern-Gerlach experiments

The experimental setup is already described in detail elsewhere
in the literature,"**”*® therefore only a brief overview is given
here. The molecular beam is generated in a pulsed (10 Hz) laser
vaporization source by focusing a frequency-doubled Nd:YAG
laser onto a rotating and translating alloyed target rod
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containing 5 atom% Mn, Fe or Cr in tin. By feeding He gas to
the emerging plasma through a pulsed valve, clusters are
formed in an agglomeration chamber and thermalized together
with the He in a cryogenic nozzle. This nozzle can be cooled
down to Thozze = 16 K and higher temperatures can be adjusted
using a heater cartridge. The cluster beam then expands
through a double-skimmer into high-vacuum and passes up
to three collimating slits. The experiments at Ty, = 16 K were
carried out with a single Stern-Gerlach magnet (length
140 mm). Two collimators with a width of 400 pm and a third
collimator with a width of 200 pm, located directly in front of
the magnet, are used. At higher nozzle temperatures, a second
Stern-Gerlach magnet (75 mm) mounted 300 mm in front of
the first magnet is introduced. Here, only two collimators with
a width of 200 pm are utilized, both in front of the first magnet.
Each Stern-Gerlach magnet is characterized by a two-wire
geometry’*° and the direction of both magnetic field gradients
is parallel-aligned to maximize the beam deflection in the
z-direction. The deflection is probed by a scanning slit along
the z-axis and the clusters are then ionized by a F, excimer laser
(7.9 eV). The laser beam is widened by a plane-concave lens to
avoid two-photon absorption. Afterwards, the clusters are
detected in a time-of-flight mass spectrometer. At every posi-
tion, which is approached in random order, a mass spectrum
averaged over 150 single-shots without an applied field is
recorded at first. Then, at the same position, the magnetic
field(s) is (are) applied and another mass spectrum is recorded
directly afterwards. This procedure is done 2-3 times per
position within the course of the measurement of one beam
profile.

To improve the significance of the beam profiles, several
experimental runs are displayed together. This is especially
important for the quantitative interpretation of the magnetic
deflection of the beam at higher nozzle temperatures. Since
here the expected deflection is very small, up to 15 beam
profiles are recorded for one nozzle temperature to minimize
the statistical errors originating from scattering of the data
points. However, in order to do this, the deflection d, has to be
transformed into the time-averaged magnetic dipole moment
in field direction [imag.. For the deflection experiments in
which only a single Stern-Gerlach magnet is used, the proce-
dure is already explained in the literature.">*" In the case of the
magnetic deflection with two parallel-aligned Stern-Gerlach
magnets, jimag,. can be calculated by

Hmag - _

d.mv 2 dB\ !
g [(Iar? g2 dz) (1)
( — lA,llA,z) + < . )

—— + gl
> + IB,1/B2

2

with cluster mass m, field length I, ; of the first magnet A, field
length Iy, of the second magnet B, the drift length between
both magnetic fields /4 5, the drift length after magnet B I , and

dB dB
the magnetic flux gradient T Please note that o Was cali-

brated with the Bi atom'* and is the same for both magnets.
The velocity of the cluster in the flight direction v, is measured
using a mechanical shutter based on a hard disk drive.*?
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By measuring the deflection at higher nozzle temperatures, the
temperature-dependent magnetic response of the cluster can
be interpreted using the Curie law with*®*

ﬁll]‘(l VZ
. £ =g’ S(S+1)-U(T),
B
(2)
_ g B
3kpT

with (T

Orbital contributions to the magnetic moment and thus devia-
tions from pure spin magnetism are taken into account by
introducing an effective spin quantum number S, which is
why the g-factor then deviates from the value of the free
electron.*™** Since the internal temperature T is not directly
accessible from our experiments, Ty, iS used to analyse the
magnetic deflection data. As will be shown, the assumption
that T = Tyoze is valid for Tz > 90 K.

2.2 Beam deflection by an electric field

In order to interpret the results from the beam deflection
experiments using a magnetic field, it is necessary to investi-
gate the geometric structure of the clusters. For this, cryogenic
beam deflection experiments using an electric field are a
suitable and established method.*> The experimental routine
and the interpretation of the results in combination with the
classical trajectory simulation is already described in detail in
the literature,”™® so that here also only a brief overview is
given. The beam deflection profile of a rigid cluster with a non-
zero electric dipole moment is broadened in an inhomoge-
neous electric field compared to the beam profile without a
field. Additionally, an overall shift occurs due to the electronic
polarizability.*®

For a quantitative analysis, profiles of beam deflection by an
electric field can be simulated based on geometric structures
given by quantum chemical calculations.*” Then, a discrimina-
tion of potential structural isomers is feasible by comparing the
simulated deflection profiles to the experimental ones.***%>°
The simulated profiles are generated using a classical trajectory
consideration of the rotational dynamics in the electric field
considering the moments of inertia, and the electric properties.
For this, a canonical ensemble of 5000 particles is generated
assuming a rotational temperature of Tgro = 20 K, which is
appropriate for a nozzle temperature of Tyoz1e = 16 K.*” Taking
the spatial components of the electric dipole moment y,, u, and
U, into account, the dipole moment distribution function can
be obtained by solving the equations of motion in the electric
field.*>*®*® A beam profile is then generated by convolution of
this distribution function with a Gaussian function, which is
fitted to the experimental data without an applied field.

3 Results

3.1 Influence of the number of tin atoms on the magnetic
response

In Fig. 1 the results of the beam deflection experiments using a
magnetic field are shown for the SnyMn clusters with N = 12,
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11, 17 at Tpoze = 16 K (top) and Thozze = 100 K (middle).
By fitting a Gaussian function at higher T}, to both profiles
with and without the magnetic fields as shown for the profiles
at Thozzle = 100 K, the temperature-dependent deflection of the
molecular beam can be determined. The magnetic moments
Pmag,-» Which were calculated from the deflection d, according
to eqn (1), are plotted against the reciprocal nozzle temperature
as shown in eqn (2) (bottom).

The beam deflection profile of Sn;;Mn at low nozzle tem-
peratures splits into 6 components indicated by a black dashed
line in Fig. 1. The g-factor determined from the splitting of the
components is based on calibration with a Bi atom***”*! and is
about g = 2.0. The focusing of the components at fipag,; < 0 and
the defocusing of the components in the gradient direction are
a consequence of the two-wire field and can be taken into
account quantitatively using a simulation based on the Wigner
function formalism.>” Sn;,Mn is a special system because it has
I, symmetry.”*® Therefore, it shows no ZFS and has a low spin-
orbit (SO) coupling™ so that the g-factor is close to the value
of the free electron. Because of this, it possesses a low spin-
rotation (SR) interaction overall.'®** The spherical symmetry
results in a low density of states in the rotational Zeeman
diagram and the few avoided crossings that the cluster is
passing within the magnetic field are traversed diabatically
(no spin flips), due to the low SR interaction, so that super-
atomic behaviour is observed for clusters that are not vibra-
tionally excited.'>'®* At high nozzle temperatures, the situa-
tion changes fundamentally because vibrations are thermally
excited; since (a) deviations from the I, symmetry lead to
dynamic ZFS and (b) the density of states increases strongly
due to vibrational excitation.'®****** Quantum chemical cal-
culations of the Sn;,Mn cluster predict the lowest vibrational
mode at approximately 65 cm ','® ie., if the clusters are
thermalized in the source, spin relaxation is expected to be
observed starting from a nozzle temperature of about 50 K,
as a result of spin flips due to the higher number of avoided
crossings.

This is exactly what the experiment shows: e.g. at Ty = 100 K,
only a one-sided deflection of approximately 110 pum is
observed. From this shift, the magnitude of the magnetic
moment y, = g+/S(S+ 1)ug can be obtained using eqn (2).
The plot of fimag, based on this equation shows linear beha-
viour for Sn;,Mn. The extracted value of po/ug = 4.9 + 0.2 agrees
very well with the low-temperature behaviour, ie., S = 5/2 and
g = 2.0, if it is assumed that the internal temperature T of the
cluster is equal to the nozzle temperature 7Tq,,e. LOOking at
this the other way around, this implies that the clusters in the
molecular beam are well thermalized by the cluster source and
also that the assumption T = Tyozz1e fOr Thozze > 90 K is valid.

The Sn;,Mn cluster is characterized by a spherical shape
with low spin-rotational coupling.”'®® The other systems that
were examined differ in contrast to Sn,;,Mn: on the one hand,
they are not spherical rotors.” As a result, the density of states
in the rotational Zeeman diagram increases by approximately 2
orders of magnitude because the degeneracy of the rotational
levels is partially lifted.'"® On the other hand, ZFS is also
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Fig. 1 Experimental results from the different experiments of beam deflection by a magnetic field on SnyMn with N = 12, 11, 17 (from left to right) at
Thozzte = 16 K (top), and at Thozze = 100 K (middle) for the exemplary deflection experiments at higher nozzle temperatures. The profiles are displayed
without (grey diamonds) and with (red circles) applied magnetic field(s). A Gaussian function is fitted to the data without an applied field in both
experiments (grey solid line), but only at high Tjo,21e. @ Gaussian function is also fitted to the beam profile with the magnetic field switched on (red dashed
line) to determine the beam deflections quantitatively. In the case of the Sn;,Mn cluster, a fit function consisting of 6 Gaussian profiles (one for each
possible Ms state) is displayed additionally (black dashed line). The magnetic moments umaq - (black squares), which were calculated from the deflection
d, according to eqn (1), are plotted against the reciprocal nozzle temperature as shown in eqn (2) (bottom). The nozzle temperature ranges from 90 to
240 K and the value of the magnetic flux density B is 1.3 T in all experiments. From these so-called Curie plots, the slope of g°S(S + 1) is obtained by linear
regression (red solid line) and is also listed in the upper left corner. Theoretical curves (gray solid lines) for different spin quantum numbers S are also

shown as a guide, with the g-factor set equal to the value of the free electron.

expected to appear for clusters possessing non-cubic symmetry
with § > 1/2, which makes an additional contribution to the
SO coupling. This, in turn, additionally contributes to the SR
interaction and the avoided crossings are preferably passed
through adiabatically (spin flips).>*** Both effects make the
observation of super-atomic behaviour less likely. However, if
the magnitude of the ZFS is larger than the internal thermal
energy of the cluster, then at low T4, Only a sub-ensemble of
the different M states is sufficiently populated, so that again
the observation of super-atomic behaviour is facilitated. In this
case, the temperature-dependent study of the magnetic

This journal is © the Owner Societies 2024

behaviour is particularly important because with increasing
Thozzle, all Mg states gradually become accessible, which would
result in a deviation from the Curie behaviour.

Based on this, Sn;;Mn is considered. The most probable
structure of Sn;;Mn is deduced from the Sn;,Mn icosahedron
with one vertex missing, resulting in a Mn-centered single-
capped pentagonal anti-prism, i.e., a symmetrical rotor with Cs,
symmetry.” At 1ow Tpozse, about half of the clusters behave
super-atomically, the other half already shows Curie behaviour.
However, individual super-atomic components cannot be resolved.
This suggests that most of the super-atomically behaving clusters
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have already undergone a spin flip in the magnet. This makes it
particularly difficult to observe the clusters with Mg = £S since they
traverse the most avoided-crossings in the same range of the
experienced magnetic field, due to their highest slopes in the
rotational Zeeman diagram compared to the other states.'®>*
Therefore, the beam profile would appear to be cut off at the left
and right edges. Assuming that all super-atomic components are
visible, the comparison with Sn;,Mn indicates that the spin
quantum number S is smaller than 5/2, since otherwise the g-
factor would have to be in turn significantly smaller compared to
Sn;,Mn. If the Sny;Mn is present as a quartet with S = 3/2, then the
g-factor is approximately 2.0. In principle, a value of S = 1/2 cannot
be ruled out, but here the g-factor would be approximately equal to
6, which is very unlikely. For a cluster with S = 3/2 and non-cubic
symmetry, ZFS results. The uniform smearing of the molecular
beam shows that the components with Mg = £3/2 and +1/2 are
similarly intense and therefore equally populated, so that the ZFS
must be significantly lower than the thermal energy of approxi-
mately 10 cm ™. Also at higher Ty, the beam profile indicates
that the magnitude of the magnetic moment yu, is lower for
Sn;;Mn compared to Sn;,Mn. Assuming the same spin multi-
plicity for both species, the g-factor of Sn;;Mn would again be
much lower than that of Sn;,Mn. With S = 3/2, one gets a value of
g=2.3 = 0.2 at high temperatures, and thus a consistent picture in
combination with the measurement at 16 K emerges. A value of
S =1/2 can be excluded here as well because otherwise the g-factor
would have to be extremely large again. Since about 50% of the
clusters behave super-atomically at low temperatures, the g-factor
should indeed be close to the value of the free electron, because
only then will the SO coupling, and thus the SR interaction and
ZFS, be weak. Otherwise, it would be difficult to understand why
even for a symmetrical rotor about 50% of the clusters behave
super-atomically.

The Sn;;Mn cluster does not show any super-atomic beha-
viour at low temperature, but only a shift and a tailing of the
beam profile in the direction of the gradient is visible. The
latter indicates the presence of a fraction of rotationally-cold
clusters, i.e., clusters in such low rotation states that no avoided
crossings can occur when traversing the magnets.'®*” However,
the vast majority of the clusters already show Curie behaviour
at Thozte = 16 K, which means that many spin flips occur and
only a one-sided deflection of the molecular beam becomes
visible. The difference compared to Sn;;Mn may be due to the
fact that Sn;;Mn is an asymmetrical rotor’ and/or has an
increased SR interaction as a result of significant ZFS or SO
coupling. At higher Ty,,,1, @ stronger deflection is observed in
comparison to Sn;,Mn. Assuming a sextet spin state (S = 5/2)
for Sn;;Mn, g & 2.3 results. If the clusters are present with
S = 7/2, the g-factor is about g = 1.5. Based on the experimental
data, no distinction can be made between these two possibi-
lities. In both cases, however, there are significant deviations in
the g-factor from the value of the free electron, which indicates
the presence of a strong orbital contribution to the magnetic
moment. Whether this is a result of ZFS cannot be clarified
with the current data. However, the presence of an octet state in
a single transition-metal-doped tetrel cluster would be very
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unusual and could only be explained by additional unpaired
electrons on the cage of the Sn atoms.

The variation of the number of ligands, i.e., the number of
tin atoms, has already shown that the cluster magnetism
depends very sensitively on the number of diamagnetic host
atoms. If super-atomic behaviour is observed in at least some of
the clusters for the spherical Sn;,Mn and the symmetrical
Sn;;Mn, this is not the case for the asymmetrical Sn;;Mn. If
the spin state of Sn;,Mn, and probably also of Sn;;Mn, is of a
sextet multiplicity, it is very likely for Sn;;Mn to be in a quartet
state when comparing the slopes of the Curie plots. Further-
more, while the g-factors for Sn;,Mn and Sn,;Mn are close to 2,
the g-factor of Sn;;Mn is significantly different from the free
electron value, so that for Sn;;Mn an additional orbital con-
tribution has to be taken into account.

3.2 Influence of the paramagnetic dopant

In Fig. 2 the results of the beam deflection experiments using
a magnetic field are shown for the Sn;,TM clusters with
TM = Mn, Fe and Cr (left to right) at Toz1e = 16 K (top) and
Thozzle = 100 K (middle). The temperature-dependent deflection
of the molecular beam are displayed as magnetic moments
Fmag,-» Which were calculated from the deflection d, according
to eqn (1) and are plotted against the reciprocal nozzle tem-
perature as shown in eqn (2).

The Sn;;Mn cluster differs significantly in its magnetic
behaviour from the cases discussed so far. At low Tyq,z1e, about
two-thirds of all clusters are super-atomic, the rest show Curie
behaviour. A g-factor of g = 2.0 can be extracted from the well-
resolved two super-atomic components. The fact that only two
components are observed means that either a doublet is pre-
sent or, if Sn;,Mn has a spin multiplicity of S > 1/2, the value
of the ZFS is so large that at low temperatures only the two
energetically lowest states with Mg = +1/2 are thermally occu-
pied. However, on one hand, since the ZFS is closely related to
SO coupling and thus in turn to SR coupling, one would expect
for a spin isomer with S > 1/2 and ZFS that most of the avoided
crossings in the rotational Zeeman diagram are passed adiaba-
tically, i.e., with a spin flip taking place, so that the observation
of super-atomic behaviour is very unlikely. Therefore, a cluster
with a doublet ground state and cubic symmetry, i.e., a sphe-
rical rotor without ZFS, would most likely explain the low-
temperature magnetic behaviour. At higher 7},,,,, only a small
single-sided deflection of the beam profile is visible. The typical
deflection of about 14 um can only be observed here thanks to
the improved experimental setup with the two magnets con-
nected in series. However, the deflection at high temperatures
appears to be a bit too large for a pure doublet state, especially
if g = 2 from the measurement at T, = 16 K is taken into
account. The linear dependence of the magnetic moment
in eqn (2) on the reciprocal nozzle temperature is also not
observed. On the contrary, finag,, appears to be approximately
independent of the nozzle temperature. A possible explanation
for this would be that a cluster with S > 1/2 in combination
with a ZFS that is larger than the internal thermal energy of the
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Fig. 2 Experimental results from the different experiments of beam deflection by a magnetic field on Snij4TM with TM = Mn, Fe and Cr (left to right) at
Thozzte = 16 K (top), at Thozze = 100 K (middle) for the exemplary deflection experiments at higher nozzle temperatures, and the resulting Curie plots
(bottom). For further details, refer to Fig. 1. Please note that the listed slope of the linear fit function to the temperature-dependent deflection of Sny4Fe is

extracted without considering the data point at Thozze = 200 K.

cluster is present. Then, at low Ty, the majority of the
clusters would not only be in the vibrational ground state,
but also exclusively in states with Mg = £1/2. Through thermal
excitation at higher Ty, the clusters would not only be
flexible, i.e., vibrationally excited, but also the other spin states
with |Mg| > 1/2 would be occupied. Due to the temperature
dependence of these occupation numbers, deviations from the
Curie behaviour result and the magnetic moment remains
approximately constant in the temperature range in which
the states with |Mg| > 1/2 become noticeably occupied.
This is because at higher Ty, States with larger magnetic
moments contribute to the overall magnetic response. How-
ever, this means that the ZFS constant D must be significantly
larger than +10 cm ™. Please note that the ZFS constant has to
be positive, since at values of D < 0, the states with the highest
possible |Mg| are occupied first.>! A fit to the experimental data,
taking the temperature-dependent population of the Mg states

This journal is © the Owner Societies 2024

(with S = 5/2) into account and assuming a Boltzmann distribu-
tion function, yields a ZFS value of about D = 90 cm™* (cf, the
ESIT). Alternatively, it would also be conceivable that there are
two spin isomers: a doublet as a ground state, which is solely
present at low temperatures, and a spin isomer with § > 1/2
that becomes populated with increasing temperature. However,
in this case, the two isomers must be quasi-degenerate in
energy so that the higher-energy isomer becomes thermally
populated from around 140 K on.

In order to investigate the influence of the transition metal
on the magnetic behaviour, Sn;,Cr and Sn;,Fe were also
examined, ie., Mn was replaced by the two neighbouring
transition metals in the periodic table of elements.

For Sny,Cr, no magnetic deflection is observed at low and
high Ty0.21¢, SO that the cluster is a singlet in which all electrons
are paired. When comparing Sn,,Cr with Sn;,Mn, it becomes
clear that with the two parallel aligned Stern-Gerlach magnets

Phys. Chem. Chem. Phys., 2024, 26,12982-12992 | 12987


https://doi.org/10.1039/d4cp00890a

Published on 19 April 2024. Downloaded on 2/5/2026 12:45:02 PM.

PCCP

in series it is indeed possible to clearly discriminate the
magnetic deflection of a paramagnetic species with S = 1/2
and g = 2 from a diamagnetic cluster, even though the clusters
examined here have a mass of more than 1500 daltons and
therefore a very small single-sided shift. Based on the observed
behaviour of Sn,,Cr, a doublet ground state for Sn,;,Mn would
be reasonable, if a similar geometric structure exists in both
clusters, since an additional valence electron is simply added
to the diamagnetic cluster by replacing Cr with Mn. When
replacing Mn with Fe, again assuming similar structures,
it would be expected that either a singlet state or a triplet with
S =1 is formed. The behaviour at low Ty, clearly demon-
strates that Sn,,Fe is paramagnetic, although no super-atomic
behaviour is observed. If the outlier at 200 K in the Curie plot is
not taken into account, a triplet state with a g-factor of 2.5 £ 0.2
is most likely to be present for Sn,,Fe. The g-factor therefore
deviates somewhat from the value of the free electron, which
indicates an orbital contribution to the magnetic moment. This
also results in an enhanced SR interaction, so that the avoided
crossings were primarily passed through with spin flips. The
existence of a quintet, S = 2, cannot be completely ruled out.
However, the g-factor would then be significantly lower than 2,
so that an orbital moment would also have to be taken into
account here.

In order to interpret the magnetic behaviour in more detail,
it is necessary to consider the geometric structure of the
clusters. Therefore, electric deflection experiments were carried
out together with quantum chemical calculations for the doped
Sn,,TM species to obtain conclusions regarding the cluster
geometry. The geometric structures are generated by applying
density functional theory (DFT) with the pure-GGA functional
PBE®® and the def2-TZVPP basis set®” using the computational
program Gaussian 16°® and the energies are calculated for
several spin states (S = 2, 1, 0). Afterwards, a frequency analysis
is carried out and the electric dipole moments, as well as the
electronic structures, are calculated. The resulting geometric
and valence electronic structures are shown in Fig. 3(a) and (c),
together with the profiles of electric deflection of the beam
under cryogenic conditions shown in Fig. 3(b).

The influence of a 14-atom tetrel cage on the structure of Cr-
doped clusters has been extensively studied theoretically,
mainly for the lighter tetrel homologous Si. A C,,-symmetrical
structure is predicted quantum chemically for Si;4Cr, which
can be understood as an electron-precise cluster.”* Formally,
the 18 valence electron count for Cr with the electron configu-
ration 4s23d'°4p® is fulfilled in this cluster and a diamagnetic
ground state results in which the magnetic moment of the
chromium is completely quenched. The corresponding struc-
ture can be derived from the arachno-cluster Si,,°, which is
formally endohedrally saturated with a Cr®" ion.>*** Interest-
ingly, the isoelectronic Si;;Mn"' is predicted to possess a
fullerene-like structure with Dj}, symmetry.”® Here too, a singlet
ground state is present. However, infrared spectroscopic stu-
dies of Si;sMn' could not validate this structure.’® XMCD
studies of this cluster show that Si;sMn" is indeed diamagnetic,
i.e., the magnetic moment is completely quenched.* The cluster
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Si;4V~ is also isoelectronic to Sij4Cr. Here, photoelectron
spectroscopic studies again indicate the presence of the arachno
structure with C,, symmetry.>® This structure is also predicted
for the valence-isoelectronic Ge,,Cr.2® The arachno-structural
motif with C,, symmetry also appears to be retained in Ge;,;Mn,
resulting in a doublet spin state.”® Both the «-HOMO and the
a-LUMO are formed from atomic 3d states that are essentially
localized on Mn. However, the hybridization of these Mn
d-states with Ge p-states has to be taken into account. Photo-
electron spectroscopic studies on the isoelectronic Si;,Cr—
are also consistent with the arachno structure with C,,
symmetry.””*® For Si,4Fe, various quantum-chemical investiga-
tions predict an octahedral structure with Oy, symmetry, which
has a singlet ground state,?*?>° j.e., here too the magnetic
moment of the central Fe atom would be completely quenched.
Interestingly, the photoelectron spectroscopy results for the
valence-isoelectronic Ge;,Mn~ are consistent with the arachno-
structural motif, with a triplet ground state now present in which
the spin density is localized almost exclusively on the Mn centre.*'
The theoretical and experimental investigations indicate that the
geometric structure, and thus also the magnetism, depend sensi-
tively on the total number of valence electrons, i.e., the endohedral
transition metal and the charge state of the doped tetrel cluster. In
a theoretical work in which the binding situation of the clusters
was analyzed in detail,*® it is shown how sensitively the geometric
structure reacts to the electron density of the cluster and, there-
fore, how sensitively the predicted electronic structure depends in
particular on the exchange-correlational functionals used. This,
once again, illustrates how important the experimental investiga-
tion of the clusters is for probing the theoretical predictions on
the magnetic properties.

Based on the electric deflection experiments shown in
Fig. 3(b), certain structural motifs can be ruled out. For all
clusters with 14 tin atoms investigated here, ie., Sn;;Mn,
Sny,Fe and Sn,4Cr, a broadening of the molecular beam was
observed with the inhomogeneous electric field applied. There-
fore, polar geometries must be present so that the proposed
octahedral structure for Si;,Fe and the fullerene-like geometry
for Si;,Mn" with Dy, symmetry can definitively be excluded for
Sn,4Fe and Sny,Cr. The quantum chemical analysis of Sn;,Cr
based on the calculations mentioned above identified a singlet
spin isomer, whose geometric structure is based on the
arachno-motif found for Si,,Cr (see Fig. 3(a)).>***** The simu-
lation of the beam broadening with an electric field that is
observed for Sn,,Cr, taking the predicted electric dipole
moment and the moments of inertia into account, can describe
the experimental data in very good agreement. The valence
electronic structure, which is shown in Fig. 3(c), reveals that
9 of the 10 highest occupied molecular orbitals (MOs) are
mainly determined by s, p and d-states localized at the Cr
centre, i.e., Sn;,Cr seems to also be an electron-precise cluster
fulfilling the 18 valence electron count for Cr. However, signi-
ficant hybridization with s and p-states from the Sn atoms takes
place. The energy interval of about 0.7 eV, in which the
18 valence electrons are found, is quite small due to the
compact geometric structure of the Sny,Cr cluster.
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Fig. 3 The geometric and electronic structures of the Sni4TM clusters with TM = Mn, Fe and Cr are illustrated. In (a), the geometric structures for Sny4Cr,
Sni4Mn and Sni4Fe (left to right) given by quantum chemical calculation at the PBE/def2-TZVPP°*7 level of theory are shown. Below the geometric
structure and its designation, the spin quantum number S and the point group are listed. In the last line, the magnitude of the calculated electric dipole
moment e o is shown. In (b), beam deflection profiles at Thoze = 16 K with (blue circles) and without (grey diamonds) an electric field are presented.
A Gaussian function (grey solid line) is fitted to the beam profile with the electric field switched off. The simulated profiles generated by the classical
trajectory simulation (see text) and taking the arachno-structures into account are given as blue dashed lines. In (c), the valence electronic structures of
the clusters are presented, showing spin-unrestricted Kohn—Sham orbitals. The occupied molecular orbitals (MOs) are displayed as black solid lines and
the unoccupied MOs as green dashed lines, with the number of the corresponding orbital labelling it. For the relevant MOs (see text), the shape of the iso-
surface of the molecular orbitals is shown (isovalue 0.03a0~>/2), with the designation underneath, in a perspective that the contribution of the atomic
orbital of the TM is clearly visible. The lowest unoccupied molecular orbital is referred to as the LUMO and the singly occupied molecular orbitals as
SOMO. The arrows indicate the transition of the MOs by exchanging the paramagnetic dopants.
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Since both the magnetic and electrical deflection behaviour
of Sn;,Cr can be explained with the singlet arachno-type
structure, this polar structural motif forms the starting point
for the discussion of Sn;;Mn and Sny,Fe. Indeed the quantum
chemical analysis also reveals arachno-type structures for
Sn;4,Mn and Sn,,Fe (Fig. 3(a)). Here, too, the experimentally
measured electric deflection of the beam agrees satisfactorily
with the simulations taking into account the quantum-
chemically calculated electric dipole moments, even if the
simulated profile of Sn,,Fe underestimates the beam broad-
ening. It should be noted that this may be due to the fact that
the calculation underestimates the electric dipole moment.*®
On the other hand, it is possible that the geometric structure
present in the experiment is more distorted than theoretically
predicted and thus a stronger beam broadening is observed
experimentally. However, the general course of the experi-
mental profile of Sny,Fe is well reproduced by the simulation.
Therefore, both the quantum chemical calculations and the
magnetic data of Sny,Fe at high temperatures suggest the
presence of a triplet state.

Qualitatively, when Cr is replaced by Mn, another valence
electron is available, which occupies the lowest unoccupied MO
(LUMO) of Sn,4Cr. This MO also exhibits a strong contribution
from the 3d states of the central transition metal (¢f. the ESIT).
By increasing the effective nuclear charge through the exchange
of Cr to Mn, this MO gets stabilized and hybridisation with the
s and p-states of tin is significantly increased. When Fe is now
integrated into the cluster, the geometric structure gets slightly
distorted and the o-LUMO of Sn,Mn is energetically stabilized,
which allows the uptake of a second unpaired electron. This
MO is also largely formed by d-states of the transition metal,
which hybridize with s and p-states of the Sn atoms. In order to
energetically stabilize a triplet compared to a singlet state, the
spin pairing energy must outweigh the excitation energy to
form the triplet. Both the quantum chemical calculations and
the magnetic deflection data suggest that a triplet state is
formed for Sn,,Fe. Moreover, the predicted polar arachno-
type geometry of Snj,Fe can explain the measured electric
deflection of the beam sufficiently well considering the pre-
dicted electric dipole moment. Therefore, the investigation of
Sny,4Cr, Sn;,Mn and Sn,,Fe indicates that the substitution of
the transition metals leaves the overall geometric structure of
the cluster skeleton unchanged, but the altered electron count
modifies the magnetic properties. This indicates that, in addi-
tion to the electron count, the most stable geometric structure
is decisive for the overall stability of the clusters.

4 Conclusions

In this work, the magnetic properties of tetrel clusters SnyTM
that are singly doped with transition metals (TM) are investi-
gated. On the one hand, the number of tetrel atoms (N = 11, 12,
14 and 17 with TM = Mn) is varied, and, on the other hand,
different TMs (N = 14, TM = Cr, Mn, Fe) are introduced.
Magnetic deflection experiments under cryogenic conditions
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show that the variation of the number of tetrel atoms strongly
changes the magnetic properties of the Mn-doped clusters.
If parts of Sn;,Mn, Sn;;Mn and Sny,;Mn show super-atomic
behaviour, spin relaxation occurs in Sn;;Mn, so that the beam
profile is only shifted in the field direction. A portion of the
Sn;;Mn clusters with low rotational quantum numbers (rota-
tionally cold clusters) is noticeable as a shoulder in the beam
profile. Magnetic deflection experiments at higher nozzle tem-
peratures were carried out for the first time with two parallel-
aligned Stern-Gerlach magnets connected in series to achieve
larger deflections. At nozzle temperatures above 90 K, only one-
sided displacement of the molecular beam is observed for all
clusters. This displacement, which depends on the nozzle
temperature, is analysed quantitatively using Curie’s law. The
magnetic deflection experiments over the temperature range
examined here show that the magnetic moment strongly
decreases from Sn;sMn to Sn,;,Mn over Sn;;Mn to Sn,,Mn.
Interestingly, the shifts of the molecular beam for Sn;,Mn are
almost independent of temperature. This observation is dis-
cussed in the context of zero-field splitting effects.

We also studied how the replacement of Mn with Fe and Cr
affects the electrical and magnetic behaviour. Electrical deflec-
tion measurements of Sn;;Mn, Sn,,Cr, and Sn;,Fe under
cryogenic conditions demonstrate that all three clusters must
have a polar structure. The arachno-type geometry of Si;4Cr
discussed in the literature is also predicted quantum chemi-
cally for the three Sn clusters and the calculated values of the
electric dipole moments fit well to the electric deflection data
well. The beam deflection experiments using a magnetic field
show that the spin multiplicity of Sn;,Cr, which exists as a
diamagnetic singlet, increases through Sn;,Mn, a doublet, and
further to Sny,Fe, which exists most probably as a triplet.
A quantum chemical analysis of the valence electron structure
indicates that the increasing effective nuclear charge when
exchanging Cr to Mn stabilizes the lowest unoccupied molecu-
lar orbital of Sny,Cr and enables the occupation of the addi-
tional electron in Sn;,;Mn. When Fe is incorporated, the energy
of the o-LUMO in Sn;,Mn is lowered to such an extent that a
triplet ground state is formed. The geometric structure of the
clusters and even the appearance of the relevant MOs change
only slightly when the TMs are exchanged. This indicates that
although the altered valence electron number during the
transition from Sn,,Cr to Sn,,Mn to Sn,,Fe determines the
magnetic properties, the arachno-type geometry is crucial
for the overall stability of the transition-metal-doped tetrel
clusters.
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