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Abstract: We report the research results of polynuclear complexes consisting of 3d-4f mixed-metal
cores that are maintained by acetate ligands and multidentate Schiff base ligands with structurally
exposed thioether groups. The presence of the latter at the periphery of these neutral compounds
enables their anchoring onto substrate surfaces. Specifically, we investigated the electronic and
magnetic properties as well as the structural arrangement in (MnsMnV L3} with Ln = Dy, Yb
coordination complexes using various complementary methods. We studied the electronic and atomic
structure of the target compounds using the XAS and XES techniques. The molecular structures of the
compounds were determined using density functional theory, and the magnetic data were obtained as
a function of the magnetic field. Using the XMCD method, we followed the changes in the electronic
and magnetic properties of adsorbed magnetic compounds induced by the reaction of ligands through
interaction with the substrate. The complexes show antiferromagnetic exchange interactions between
Mn and Ln ions. The spectroscopic analyses confirmed the structural and electronic integrity of
complexes in organic solution. This study provides important input for a full understanding of the
dependence of the magnetic properties and the molecule-substrate interaction of single adsorbed
molecules on the type of ligands. It highlights the importance of chemical synthesis for controlling
and tailoring the magnetic properties of metalorganic molecules for their use as optimized building
blocks of future molecular spin electronics.

Keywords: magnetic complexes; magnetic properties; X-ray spectroscopy; density functional theory

1. Introduction

Magnetic molecules are envisaged as functional units in molecular and supramolec-
ular spintronic devices for future information technology. An essential first step in the
implementation of the molecular systems in devices is the study and control of the molecule—
electrode interfaces. Specifically, the electronic, magnetic, and structural properties of the
molecules depend critically on their interaction with metallic electrodes. Charge transfer
and hybridization can modify their electronic structure and thereby influence the molecular
magnetic moment. In extreme cases, the molecule can decompose upon adsorption. Thus,
it is a priori unclear if and to what extent the geometric, electronic, and magnetic properties
inherent to the molecule in the gas phase are modified upon adsorption. It can influence the
spin state, the magnetic anisotropy, and, via Kondo screening, also the effective magnetic
moment. Here, we propose to study the change in the local atomic, electronic, and magnetic
structure of adsorbed magnetic molecules induced by an in situ reaction of the ligands
which modifies the interaction with the substrate.
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Metal-based coordination compounds containing paramagnetic metal ions are in-
tensively studied in many fields of research [1-3]. Nowadays, manganese is one of the
preferred transition metals to use as a building part of molecular magnets due to its general
tendency to form molecules with a high-spin structure and significant spin anisotropy due
to the presence of Jahn-Teller distortion around Mn ions [4,5]. The large spin values in
Mn-based compounds result from the ferri- or ferromagnetic spin interaction and/or spin
frustrations that prevent preferred spin alignments. Such ferromagnetic interactions can
originate from ligands or structural characteristics that provide ferromagnetic interactions
between metal centers.

Lanthanide metals are ubiquitous in technology and are used in various fields in-
cluding optical fibers, alloys, luminescent devices, high temperature superconductors,
permanent magnets, and catalysts [6-8]. In addition, recent discoveries have revealed the
potential of lanthanides in the magnetism of individual atoms [9,10]. The advantage of
using lanthanide atoms in the synthesis of single molecular magnets (SMMs) is that they
create an energy barrier to the relaxation of magnetization due to the combination of a large
spin multiplicity of the ground state and a strong Ising-type magnetic anisotropy [11,12].
Additional features, such as the electropositive nature of rare earth metals with uniform
chemical properties and the ability to select a rare earth metal with a specific ion size, can
lead to the ability to customize the properties of these compounds [13].

Considerable interest has been paid to the 3d-4f heteronuclear complexes, which
behave like molecular magnets, due to their rich physical properties and potential applica-
tions [14-16]. It is expected that the magnetic properties of 3d-4f complexes will differ from
those of transition metal ions due to the large angular momentum of lanthanide atoms,
and that magnetic interactions between 3d and 3d, 3d-4f, and 4f-4f ions in heterometallic
complexes are quite complex, especially for those with high nuclearity. Such combinations
of metals can result in high-spin ground states via the presence of 3d metal ions in com-
bination with the large single-ion anisotropy specific of 4f ions. Despite the anisotropy
that is usually efficiently introduced by the rare earth ions, a potential quenching of SMM
properties in 3d-4f heteronuclear complexes can be explained by the very weak coupling
between 4f-4f ions compared to that of 3d-3d ions [17]. It was recently demonstrated that
the observation of SMM behavior cannot be described using only spin and anisotropy
parameters; the general symmetry of the complex should be carefully considered, in partic-
ular, with the orientation of the anisotropy axes with respect to lanthanide ions [18,19]. A
recently published study of two Schiff base compounds shows that the enhancement of
SMM properties in 3d-4f heteronuclear complexes requires a strong exchange interaction
between the metal sites, and the presence of both 3d and 4f ions in one system may reduce
this interaction [20]. Therefore, to better understand and make an independent assess-
ment of the influence of molecular geometry and the type of metal ions on the magnetic
properties of heteronuclear 3d-4f complexes, it is necessary to study the wide spectrum of
such combinations.

Herein, we report on the characterization of two polynuclear complexes consisting
of 3d-4f mixed-metal cores, which are maintained by acetate ligands and multidentate
Schiff base ligands (L-SMe-) with structurally exposed thioether groups (-SMe). The
presence of the latter at the periphery of these neutral molecules enabled the anchoring of
antiferromagnetic (AFM) molecules to substrate surfaces. We use the improved structural,
thermal, and redox stability of the molecular magnets to achieve their intact deposition
from the solution onto the metallic electrodes and, eventually, to follow the changes in the
key magnetic characteristics of anchored individual molecules. This knowledge is required
in order to engineer electrically accessible metal complexes (molecular spin qubits, spin
transistors, etc.) for future compact and energy-efficient nanodevices.

We also demonstrate how systematic studies supported by a combination of X-ray
spectroscopy techniques, such as X-ray absorption spectroscopy (XAS), X-ray emission
spectroscopy (XES), and X-ray magnetic circular dichroism (XMCD), with theoretical analy-
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sis using density functional theory (DFT) to develop an understanding of the interactions
within molecular magnets.

2. Results and Discussion
2.1. X-Ray Crystal Structure

The synthesis procedure and the detailed structure description of similar heptanuclear
manganese—ytterbium complexes is described in [21]. In the resulting geometry, all four
manganese ions are coordinated in a distorted octahedral fashion, where the three Mn(II)
ions are in a NOjs coordination mode and form a triangle with non-binding Mn'!. . .Mn'%.
The Mn(IV) ion is in the center of this triangle; its coordination environment is saturated
by six oxygen atoms and the non-binding Mn'.. Mn!V. The eightfold Og-coordinated
Dy(III) ions form a triangle above the Mn(II)-triangle, which is shifted and smaller with
non-binding Dy...Dy. This Dy-triangle is capped by a discrete hydroxyl group with a
Dy-O(H) bond. The three ps-oxygen atoms form a triangle between the manganese and
dysprosium layer and connect these. Altogether, this leads to a structure of twisted triangles
of dysprosium(Ill) and manganese(Il) ions (see Figure 1).

Figure 1. Molecular structure of the {Mn!l;Mn!VDy!!l3} coordination complex. Color code: C of
acetates, green; C of the Schiff base ligand L-SMe™, gray; Dy, turquoise; Mnl, pink; MnlV, purple; N,
blue; O, red and S, yellow. H atoms and solvent molecules are omitted for clarity.

2.2. Mn K-Edge XAS

To verify the atomic structure around the absorbing atom, we compared the experi-
mental Mn K-edge spectra measured at the P64 beamline [22] of the PETRA-III synchrotron
(see Section S.2 for the experimental details) with a multiple scattering theoretical simula-
tion using FDMNES code [23]. Figure 2a,b show the comparison of the experimental Mn
K-edge XANES spectrum with the theoretical spectra of the {Mn'l;Mn!VDy!"'3} coordina-
tion complex calculated under the Green's formalism in the muffin-tin approach. For the
calculation of XAS spectra, the geometrical structure of the {Mn';Mn!VDy!!'3} coordination
complex derived directly from XRD data has been used (atomic coordinates are presented
in the Supporting Information). Due to the presence of heavy Dy atoms, both dipole
and quadrupole approximations as well as relativistic effects have been included in the
calculated model. The theoretical XAS spectra calculated for each of the four Mn ions have
been normalized to the intensity of the main line and are shown in Figure 2a. The spectrum
of the higher oxidized Mn** ion (red curve) is shifted to the higher energies relative to
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the other three spectra of Mn?* ions. The inset in Figure 2a shows that the feature a in the
theoretical spectra of Mn?* and Mn** ions splits into two main contributions, a’ and a”,
with the distinct energy difference given by the core-hole potential. The weighted total
spectrum of the spectra of the four Mn atoms is shown in Figure 2b together with the
experimental one. The pre-edge feature a at ~6539—-6544 eV is observed in both experimen-
tal and theoretical spectra and originates from local and non-local transitions of Mn ions
in a distorted octahedral environment. Local transitions are typical for complexes with
octahedral symmetry around the absorbing atom, and they involve electronic transitions
from the 1s core levels to the empty 3d levels. In case of broken inversion symmetry,
the metal 3d and 4p states mix and direct dipole transitions into the 4p character of the
3d band, which can appear as non-local transitions. Features b and c can be attributed
to the transitions of the 1s core electron to the 4p;,, and 4p3,, unoccupied levels with
a contribution from the Mn** absorption line. The higher energy region d refers to the
transitions to the unoccupied hybrid metal-ligand states. It is worth noting that the Mn
K-edge XANES spectrum in Figure 2b calculated in a multiple scattering mode shows very
good agreement with the experimental spectrum, which proofs the correctness of the used
atomic model for the {Mn"sMn!VDy!"3} coordination complex.
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Figure 2. (a) Theoretical Mn K-edge XANES spectra of four manganese atoms of the (MnTl;MnV D5}
coordination complex; (b) comparison of the experimental Mn K-edge spectrum with a total spectrum
of all four nonequivalent Mn atoms; (c) Fourier transforms of Mn K-edge k3 weighed EXAFS.
Mnl...Mn4 are the numbers of the Mn atoms according to Figure 1.

For materials without long-range order, such as molecules, the Fourier analysis of
the extracted EXAFS oscillations is often the only practical way to gain insight into the
local environment around Mn ions. The module of Fourier-transformed Mn K-edge EXAFS
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being a prototype of the partial pair distribution function of atoms around the absorbing
atom provides information about the distances between Mn and the atoms of the nearest
coordination shells with the accuracy of the phase correction (which is calculated by FEFF
and accounted for in the fitting). Figure 2c shows the module of the Fourier transform
(MFT) of the experimental Mn K-edge EXAFS spectrum. The uncorrected MFT phase
of K-edge EXAFS for the {Mn'';Mn!VDy'"3} coordination complex shows two peaks at
2.2 and 2.6 A, corresponding to Mn-O and Mn-N coordination shells, respectively. The
prominent peaks at the distances around 3.1 and 3.6 A are related to the Mn-Dy and Mn-Mn
coordination shells. It is clearly seen that the Fourier transforms (FTs) of the experimental
EXAFS spectra of the {Man,MnIVDyIHg,} and {Mn’sMn!VYb"5} coordination complexes
are similar and coincide with the FTs calculated by EXAFS for each of the four types of
Mn atoms averaged over them (Mn;®!). The shape of the FT peak at 3.0 A is mainly
determined by scattering from metal atoms—three Mn and three Dy—around Mn1(IV) at a
close distance from each other (3.1-3.2 A). Unlike tetravalent manganese, around divalent
manganese atoms (Mn2, Mn3, and Mn4), the Mn and Dy/Yb atoms have a wide range of
interatomic distances, varying from 3.2 to 3.98 A (for example, Mn4-Mn1 at 3.2 A, Mn4-Dy3
at3.56 A, Mn4-Mn1 at 3.58 A, and Mn-Dy3 at 3.99 A). As a result, two peaks appear on the
FTs at 2.8 and 3.4 A, with a noticeably smaller amplitude compared to a similar but single
peak at 3.0 A around Mn1.

2.3. Mn L) 3—Edge XAS

L, 3 XAS has been applied to probe excitations into unoccupied states with mainly the
Mn 3d character of {(Mn''sMn!VDy!"3} and {Mn"3Mn!VYb!!3} coordination complexes and
the reference Mn-based compounds, as shown in Figure 3. The two main features at 640.9 eV
(b) and 653.2 eV (f) originate from the resonance excitation of the 2p3,, (L3) and 2p;,, (L2)
core levels of Mn ions. The peak position and shape of L, 3 XAS spectra directly depend
on the local geometry and electronic structure around Mn ions, providing information
on their valence states. Figure 3 shows a comparison of the Mn L, 3-edge XAS spectra of
the {Mnl;MnVDy!"'3} coordination complex with those of the reference Mn compounds
with a similar organic environment and various Mn valence states: Mn?*acetylacetonate
(Mn(acac)y), Mn3+acetylacetonate (Mn(acac)3), and Mn** oxide (MnO5) (all samples were
purchased from Sigma Aldrich). All spectra were measured at the RGBL beamline of the
BESYY II synchrotron (Berlin, Germany) [24] under the same experimental conditions
(see Section S.2 in the Supporting Information for details). Although our Mn L; 3-edge
XAS spectra are generally consistent with previous reports, plotting the spectra of oxides
together delivers systematic information on the valence, spin states, and covalence of the
materials. The Mn L, 3-edge XAS spectrum of the {Mn''sMn!VDy"!3} coordination complex
appears to be very similar to the spectrum of the Mn?* compound (features a—d) despite
the region at around 647 eV (feature e). The presence of Mn** ions increases the overall
background and contributes to the position of the white line and to the shape of the feature
d at 643 eV on the spectrum of the {Mn'';Mn!VDy!!3} coordination complex.

As s expected, the resulting XAS spectra of the {Mn!l3Mn!VDy''3} and {Mn'l;Mn!VYb!!l;}
coordination complexes, in general, show good agreement with the experimental spectra
of Mn?* and Mn** compounds. However, the XAS spectrum of the {Mn!;Mn!VDy!!;}
complex has additional peaks around 647 eV, which do not appear either in the spectrum of
the {Mn''3Mn!VYb™3} coordination complex or in the spectrum of the presented Mn com-
pounds. The difference between the two studied complexes is in the type of the lanthanide
atom—compared to the Dy3+ ([Xe]4f26s?), Yb3* ([Xel4f'46s2) has a fully occupied f-shell.
Consequently, these additional peaks can appear due to the hybridization of unoccupied
Mn and Dy orbitals, even though these states are often considered to be very localized. The
profound evidence of the hybridization-driven or combined hybridization/superexchange-
driven magnetic exchange interaction in 3d-4f compounds has been previously reported
elsewhere [16,25,26]. To identify such an interaction based on the contribution of different
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atomic orbitals, a density of states (DOS) analysis by two different methods—multiple
scattering theory and DFT—has been performed, and the results are presented below.

i b {Mn4MVDy3 :
i a c\,d e f
] {MI’I4H/IVYb3 }
. N
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'g I / Mn'vO,
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Figure 3. Comparison of the experimental Mn L,3 XAS spectra of {Mn!sMn!VDy!!l;} and
{MnT;MnVYbM 3} coordination complexes with ones for Mn(acac),, Mn(acac)s;, and MnO; reference
compounds.

Atomic multiplet calculations with incorporated crystal field theory are often used
for the theoretical calculation of the L, 3 and My 5 absorption spectra of metals to analyze
experimental data [27,28]. Multiplet calculations of Mn ions in different oxidation states
and in different symmetries have been reported earlier [29]. Based on the previous results,
the peaks a—e of the 2p3; transition can be assigned to the multiplet Mn 3d level splitting
by the crystal field. The 2p; /» multiplet peaks are not observed clearly because additional
Auger decay processes smear their detailed structures.

XAS spectra can be approximated by Fermi’s golden rule, which refers to the transition
probability of the excited core electron to the unoccupied states of the absorbing atom.

2
Ixas ~ Z‘<q)f‘é 'V|<Di>‘ OF ;—Ei—haw
f

where indexes i and f refer to initial and final states; fiw is the incident photon energy; ®;
and <I>f are the initial and final state wave functions; é - v is the electric operator; and ¢
represents the electronic density of unoccupied states.

This equation states that to calculate the transition probability of the absorption of an
X-ray photon, one must multiply the square modulus of an element of the perturbation
matrix between two states by the density of states for a certain transition energy. Such
a prediction of the absorption spectrum is often associated with a large amount of com-
putation of the eigenstates of the set of possible final states, transition probabilities, and
density of states. However, this provides a good first step in understanding the origin of
the XAS peaks and allows for a high-quality image of the spectrum. Thus, it is possible to
qualitatively describe the XAS spectrum by comparing the XAS peaks and the predicted
densities of the final states.
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The origin of features in experimental XAS spectra was interpreted using the total and
partial DOS calculated with the FDMINES 2019.11.26 software. The density of states analysis
was used to obtain insight into the electronic structure and possible interactions in the
studied {Mn"';Mn!VDy!"3} coordination complex. As XAS spectra probe the unoccupied
electronic states of the absorbing atom, we show the density of states that represent the
electronic states of Mn and Dy atoms above the Fermi level. While the correct energy
position and intensities of peaks on X-ray absorption spectra cannot simply be reproduced
by DOS spectra, we are able to track the unoccupied electron orbitals, transitions to which
contribute to spectral features. From Figure 4, one can see that the Mn L3-edge rises from
the dipole-allowed 2p-3d transitions above the Fermi level. At the energies of 5-10 eV
above the Fermi level, the unoccupied states are dominated by s- and p-characters of Mn
electronic states influenced by the contribution of the p-states of the surrounding oxygen
atoms and sharp peaks at 8-10 eV of the Dy 4d character. The Fermi level in all theoretical
calculations presented in this paper corresponds to the highest occupied energy level.

1004 Mn** | ==s-states 1.0 i Mn L, ;-edge XAS
== p-states .
= d-states * ~ 0.8 experiment
=] ]
7 ‘ < 0.6
% 061
0 A ' T T T N T 1 § 04 T
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N I I ' I ' I ' I 5- —Mn
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Figure 4. (left): partial density of states for Mn2* and Mn** atoms ((top) and (middle) panels) and
Dy atoms ((bottom) panel); (right): the experimental Mn Lj 3 XAS spectra of the {MnH3MnIVDyIH3}
coordination complex measured at the PEAXIS (green line) and 4IDC (black line) beamlines (top) and
the calculated total density of states spectra for Mn and Dy atoms (bottom). The Fermi level is set at
0eV.

In the right panel of Figure 4, we compare the experimental spectrum with the Mn
and Dy total density of states. The intense peaks on the experimental spectrum originate
primarily from the hybridization of Mn s-, p-, and d-orbitals with d-states of Dy. Since Mn
and Dy atoms are bridged by oxygen atoms, the presence of oxygen electronic states is
also evident. Based on the presented analysis of the projected densities of states, we can
assume the presence of an intra-molecular interaction between Mn and Dy ions via the
nearest oxygen atoms.
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2.4. Electronic Structure

The left panel of Figure 5 shows partial densities of states of Mn and Dy ions. All
theoretical spectra in Figure 5 were shifted so that the calculated energy value of the HOMO
orbital corresponds to zero. Our DFT computational results are very similar to the ones
obtained by the FDMNES calculations. At energies around 5-10 eV above the HOMO-
LUMO levels, the main contribution to the hybridization of electronic states is made by
s-, p-, and some d-states of Mn, O p-states, and Dy d-unoccupied states. Near the HOMO
level, the Mn 3d and Dy 4f characters predominate. In the right panel of Figure 5, the
experimental XAS spectrum of the {Mn!'sMn!VDy!"3} coordination complex is compared
with the total densities of states (TDOS) of the Mn and Dy atoms. The experimental
spectrum is shifted so that its L3 line corresponds to the position of the unoccupied states
of the Mn atoms. As seen from the partial DOS, molecular orbitals near the Fermi level
are mainly localized on the 3d states of the Mn** ion and the 4f states of Dy, as well as on
the surrounding oxygen atoms, suggesting a possible interaction between the Mn and Dy
states via oxygen atoms.

4 1
5] - Mn L, ;-edge
] K experiment
N
2 4 >
2
‘@
1 =]
Q
T =
/\_0‘ T 0+ T phem—f T f T 1
S 20 -I5 10 -20 15 10 -5 0 5 10 15 20
= 5
m -
2 Mn** sDOS o Mn DOS
A 14 ——pDOS ]
.g = dDOS 3‘_
< ~ 24
& 14
0 L T T L 1 T 1 R T T T T T T T
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6 a8,
R
S 61 Dy DOS
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14
OfF——r=—F"" T T T 1 0+
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Figure 5. (left): partial density of states averaged for all four Mn atoms in the molecule. The position
of the LUMO level is marked with vertical lines; (right): total density of states for Mn and Dy atoms
in the molecule. The experimental spectrum (top right) is shifted to the LUMO level. The Fermi level
is marked with a vertical line.

A contribution of the individual atoms to the HOMO-1, HOMO, LUMO, and LUMO-1
molecular orbitals are presented in Figure 6. The detailed composition of the frontier MOs
as well as the selected MOs contributing to the spectral features in the energy range 04 eV
above the Fermi energy can be found in Tables S3 and S4 in the Supporting Information.
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HOMO-1 (-6.418 eV) LUMO (-6.374 eV)

HOMO (-6.377 eV) LUMO+1 (-6.267 eV)

Figure 6. DFT calculated HOMO-1, HOMO, LUMO, and LUMO + 1 molecular orbitals (an isosurface
value is 0.01). Blue and red isosurfaces refer to the positive and negative spins, respectively.

It is known that the magnetic exchange between different metal centers can occur
through various mechanisms [30], often competing, such as direct exchange, superexchange,
ligand-mediated exchange, and others. Ultimately, the magnetic properties depend on
the mechanism for the propagation of spin information from a particular metal center to
neighboring atoms. More specifically, magnetism is inherently caused by non-local effects
that can be triggered through chemical bonds or space. Following the geometry of the
studied complexes, two mechanisms of interaction between Mn ions are relevant—the
concept of double exchange for eg electrons and superexchange for tog electrons between
two neighboring Mn ions bound by one O?>~ ion [31]. It should be noted that in our
{Mn;Mn!VDy!"';} coordination complex, the angle between tetravalent manganese and
each of the three divalent ions is 90°, which, according to Goodenough [32], is generally
subsidiary to direct AFM exchange interactions between ty; orbitals on Mn sites. As
shown in [33-35], for the case of a metal-oxygen-metal bond angle of 90°, the Anderson
superexchange interaction (when an electron is efficiently transferred from one metal ion to
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another metal ion) is much weaker than the superexchange interaction (where two electrons
are transferred from an oxygen ion ligand, one to each of the neighboring metal ions). When
the Mn-O-Mn bond angle is 90°, d-orbitals connect with orthogonal p-orbitals, making it
impossible for an electron in one d-orbital to reach a d-orbital elsewhere. In this case, the
superexchange occurs through the Coulomb exchange on the binding oxygen. In the case
of materials in which both delocalized (s and p) and localized (d and f) electrons contribute
to the magnetic properties (e.g., rare earth systems), the Rudermann—Kittel-Kasui-Yoshida
(RKKY) model is the currently accepted mechanism [36]. This refers to the mechanism of the
coupling of nuclear magnetic moments or localized internal spins of d- or f-shell electrons
in a metal by interactions through the conduction of 6s and 5d electrons. Interactions
between 3d and rare earth metals in such systems are usually realized through d electrons
directly or mediated by oxygen atoms. In the studied {Mn';Mn!VDy!!'3} coordination
complex, the Mn**-O%~-Dy** bond angles are 100° and the Mn?*-O?~-Dy>* bond angles
are equal to 107° and 132°, which can be a prerequisite for the AFM (angles closed to 90°)
superexchange interaction.

To investigate magnetism in the {Mn';Mn!VDy!"3} coordination complex from the
first principles, the spin density distribution was analyzed using DFT. Here, we show the
results of the Mulliken population analysis that gives for each atom (a) the total charge
(Z minus electrons); (b) the net spin polarization (number of spin-up minus spin-down
electrons); (c) the atomic electron valence density (integrated) per 1-value for each spin.
These atomic charges cannot be interpreted as formal oxidation states. However, in many
cases, qualitative conclusions about the atomic interactions can be drawn from the analysis
of the charge and spin densities that we present here. Figure 7 shows the spin density
distribution in the {Mn''3Mn!VDy!"3} complex. The charge and spin density analysis results
for the selected atoms labeled in Figure 7 are compiled in Table 1.

111

Figure 7. The assignment of atoms in the {Mn!'3Mn!V Dy

3} coordination complex (left) and the spin
density distribution (right) corresponding to the data presented in Table 1. Blue and red surfaces on
the right picture refer to the positive and negative spin density, respectively.

Due to polarization effects, the sign of the spin density at the Dyl atom is positive
compared to the negative values for the Dy2 and Dy3 atoms. The spin density on Mn1#* is
negative, while the rest of the Mn atoms have a positive spin density. The absolute value of
the spin density on the Mn** ion is about 50% smaller than on each of the Mn?* ions. The
integral values of spin densities for the Mn and Dy atoms have the opposite signs, which
confirms the AFM nature of magnetism in the complex.
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Table 1. DFT charge and spin density distribution on Mn and Dy atoms in the {Mn3Mn!VDy!!5}
coordination complex. “1” corresponds to the spins “up” and “|” to the spins “down” directions.

Spin

Atom Charge Spin Density Direction S P D F

T 1.0542 2.9784 0.4149 7.0291
Dyl 1.9847 4.9380

+ 1.0491 2.9698 0.3872 2.1327

0 1.0459 2.9727 0.3619 2.1895
Dy2 1.9749 —4.8851

1 1.0557 2.9809 0.3942 7.0244

0 1.0459 2.9723 0.3694 2.1853
Dy3 1.9668 —4.8873

1 1.0552 29777 0.4039 7.0235

1T 0.9594 3.1509 1.3790 0.0000
Mnl 1.4304 —2.5910

1 1.0036 3.2101 3.8666 0.0000

T 1.0886 3.2329 4.8418 0.0000
Mn2 1.1655 4.4922

+ 1.0425 3.1603 0.4683 0.0000

T 1.0894 3.2407 4.8795 0.0000
Mn3 1.1547 4.5739

4 1.0377 3.1648 0.4332 0.0000

0 1.0934 3.2412 4.8925 0.0000
Mn4 1.1513 4.6054

1 1.0388 3.1617 0.4212 0.0000

0 1.9539 2.5444 0.0163 0.0000
o1 —1.0543 —0.0253

1 1.9510 2.5735 0.0153 0.0000

1T 1.9540 2.5305 0.0168 0.0000
02 —1.0545 —0.0520

1 1.9509 2.5867 0.0157 0.0000

T 1.9538 2.5495 0.0168 0.0000
03 —1.0597 —0.0194

4 1.9502 2.5739 0.0155 0.0000

The McConnell I mechanism describes the exchange interaction between molecules,
radicals, and atoms based on their spin polarization to predict the nature of the ferromag-
netic (FM) or AFM magnetic interaction between n-bonded paramagnetic moieties [30,37].
In the case of the {Mn'sMn!VDy!!';} complex, the mechanism can be adapted to explain
how spin polarization is transferred between the metal centers, though it takes a different
form due to the presence of metal-ligand interactions and the nature of the metal centers.
Since the spin populations in Table 1 on the Mn and Dy atoms have opposite signs, the
magnetic interaction between them should be ferromagnetic based on the McConnell I
mechanism, while our XMCD study (see the corresponding Section below) shows antiferro-
magnetic coupling between Mn and Dy atoms. Spin polarization in the {Mn''3Mn!VDy!!l5}
complex is mediated through the ligands that bridge the Mn and Dy ions. This process can
be understood as being analogous to the McConnell I mechanism, where spin polarization
propagates through bonds, except here it occurs through ligand-mediated exchange and
superexchange interactions.

2.5. Mn RXES

RXES spectra across the Mn L3 absorption edge were collected at the U41-PEAXIS
beamline [38] using the end station PEAXIS of BESSY II (Berlin, Germany) by changing
the incident X-ray photon energy and detecting the inelastically scattered photon energy
through an X-ray emission spectrometer (see Section S.3 in the Supporting Information
for details of the experiment). Excitation energies were selected to correspond to the most
intense transitions on the XAS spectrum (see Figure 8a). Figure 8b shows the Mn Ly
XES spectra of the {Mn';Mn!VDy!!l3} coordination complex excited at various energies
indexed from (a) to (g) given in Figure 8a. One can notice that the relative intensity of the
peaks in the region of 645-647 eV is much higher compared to the spectrum of the same
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{Mn';MnVDy!"3} coordination complex measured at the BESSY and APS synchrotron
facilities (see Figure S1 in the Supporting Information). Based on the experimental pa-
rameters of the beamline instruments (see Table S2 in the Supporting Information), we
address this variation mainly through the difference in the instrumental resolution. A
similar improvement in resolution can be seen in the pre-edge region of XAS. We scaled
the integrated intensity of the individual RXES spectrum to the intensity of the XAS peaks
that corresponds to each excitation energy.
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Figure 8. (a) XAS spectrum of the {MnH3MnIVDyIHg} coordination complex with excitation energies
for RXES measurements marked by the red vertical lines; (b) Selected RXES spectra measured at
various excitation energies; (c) The reconstructed RXES map; (d) RXES spectra plotted as energy loss
spectra by setting the energy of the elastic peak to 0 eV.
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The line shape of RXES spectra strongly depends on the excitation energy. According
to the energy position, the spectral peaks can be classified as a contribution from the
following processes: the elastic scattering peak, the d-d excitations, the O 2p — Mn 3d
charge transfer transitions, and the non-resonant L g X-ray emission lines. The spectra
from (a) to (f) contain only L« transitions since the excitation energy is below the binding
energy of the 2ps/; level. The d-d transitions for spectra (a)—(f) lie up to 5 eV below the
elastic lines and represent a local electronic excitation between different d-states due to
the transferred energy difference between the incoming and the emitted photons. The
charge-transfer features appear at the lower energy region, and their intensities increase
with an increase in the excitation energy. The spectrum (g) is recorded at the excitation
energy above the L, 3 thresholds and represents a non-resonant XES spectrum in which
the non-resonant L, g X-ray emission lines rise with the constant energy of the emitted
photoelectrons. Due to an overlap of the different contributions of the non-resonant L g
emission, the spectrum (g) is about 25 eV wide. The wide feature around 637 eV is usually
assigned to the O 2p — Mn 3d charge transfer excitation. Here, L~! stands for a hole in the
O 2p states that suggests a strong admixture between the O 2p and Mn 3d states [39]. The
intensity of the elastic peak changes with the energy of the incident photon. Spectra (a) and
(f) have very strong elastic lines which can be associated with the antibonding state and the
larger number of 3d electrons in the intermediate state [40].

To clarify the effect of the final state on the spectra, they are displayed as energy loss
spectra by setting the elastic line energy to 0 eV in Figure 8c,d. One can clearly see that the
peaks corresponding to crystal-field d-d excitations between the ty; and eg states remain
at the same relative energy positions and show the splitting of the to; and eg levels by the
octahedral crystal field, whereas their relative intensities vary from one spectrum to another,
reflecting the number of excited d electrons. It should be noted that the {Mn’;Mn!VDy!!!;}
coordination complex contains Mn ions in the oxidation states 2+ and 4+; therefore, the
d-d transition peaks correspond to both types of Mn ions and can even overlap. Thus,
the spectrum (f) exhibits the best energy-resolved d-d transitions for Mn ions and shows
a new enhanced peak at around —1.2 eV of the energy loss. This can be, for instance,
associated with a transition to the higher energy d band of the Mn** ion. To discern the
contribution of each atom to the RXES spectra, theoretical calculations using, for example,
the configuration interaction approach will be performed, but that is beyond the scope of
this article.

2.6. Magnetochemical Properties

First, we collected the polarization-dependent XAS spectra of the {Mn’;Mn!VDy!!5}
coordination complex in a powdered form (see Figure 9). XAS spectra have been measured
in both the total electron yield (TEY) and total fluorescence yield (TFY) modes at the external
magnetic field H = 5T and the temperature of 6K at the Mn L, 3, Dy, and Yb My 5 edges. It
should be noted that XAS spectra obtained in the TFY mode suffer from the self-absorption
and surface-charge effects, so we only present the results of the TEY measurements. We
observed a strong influence of sample charging/discharging effects on the TEY spectra of
the powdered samples due to their non-conducting nature, while in the difference XMCD
spectra, such artifacts are well compensated. In addition, due to its surface sensitivity, a
TEY mode is more suitable for measuring the signal of molecules deposited on the surface.

The Mn L; 3 XAS spectrum (see Figure 9a) arising due to the 2p — 3d transition of
one of the core electrons has two prominent peaks at 638 eV (Mn L3 edge) and 650 eV (Mn
L, edge). The corresponding XMCD signal (see Figure 9b) is negative at the L3 edge and
positive at the L, edge due to the inverse spin polarization of the 2p3,, — 3d and 2p;,, —
3d transitions, reflecting the preferential population of spin-up and spin-down electrons at
the L3 and L, edges, respectively. Moreover, neglecting the energy dependence of the radial
matrix elements, the spectra L, and Lz can be considered as a direct display of the DOS
spectra for 3d3/, and 3d5/, energy levels. The XMCD spectra at the L, 3 edges are mainly
determined by the strength of the spin—orbit coupling of the initial 2p core states and the
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spin polarization of the final empty 3d3,, and 3ds/; states. At the same time, the exchange
splitting of the 2p core states, as well as the spin-orbital coupling of the valence 3d states,
are of minor importance for the L, 3 edge XMCD spectra of 3d-transition metals [41]. The
Mn L3 edge XMCD spectrum has a negative sharp peak at 639 eV, which indicates that
the magnetic moment of the Mn ions aligns antiparallel to H. A positive feature on the
high-energy side of the main peak at 642 eV can be assigned to the spin-flip singlet state,
which arises as a result of the transition of the spin-down core electron to the unoccupied
spin-up Mn d-state. This transition is allowed because the selection rule AS = 0 becomes
broken by the strong 2p spin-orbit interaction. Another reason for this XMCD signal shape
may be associated with the AFM interaction of the spins of the Mn?* ions with the Mn**
ion due to the indirect exchange interaction through the binding O~ ions [42,43]. The
spins of the Mn?* ions are oriented antiparallel to the external magnetic field, and the spins
of the Mn** ion are parallel to it. Then, at an energy of around 644 eV, another prominent
negative resonance appears.
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Figure 9. Left panel: Mn L, 3-edges XAS (a), XMCD (b), and Dy My 5-edges XAS (c); XMCD (d) of the
{Mn;Mn!VDy'3} complexes. Labels u* and = stand for the left and right directions of the photon
helicity. Positive direction of the applied magnetic field is collinear with the photon propagation
direction. XMCD spectra measured at the 5T magnetic field and T = 6 K.

XAS spectra of {Mn'';Mn!VDy!"3} and {Mn!'sMn!VYb'3} coordination complexes
were measured at the M5 and My edges of rare earth atoms and show the characteristic
features of the Dy3* and Yb®* ions reported earlier [44]. The XAS and XMCD spectra of
Dy and Yb at the M5 and My edges correspond to 3ds,, — 4f and 3d3,, — 4f transitions
and exhibit opposite behavior to the spin population. Both the Dy Ms and My lines show
a negative XMCD signal due to the parallel coupling between spin and orbital moments
for these transitions. The spectral shape of the Dy My 5 edge is in good agreement with
the previously reported results for Dy-based compounds and corresponds to the Dy>*
oxidation state [45,46]. The Dy M5 XMCD spectrum is asymmetric and splits into two
peaks—a weaker positive peak at lower energies and a stronger negative peak at higher
energies associated with a reversal of the magnetization direction. The My XMCD signal is
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almost ten times less intense than the Ms line and consists of a symmetrical negative peak
without a clear structure.

Both the Mn and Dy XMCD spectra are strongly dichroic, indicating the presence
of magnetic moments on both the Mn and Dy ions. According to the absolute intensity
of the XMCD signal at the Mn Lz and Dy M; edges, the magnetic moment on Dy ions is
approximately ten times larger than on Mn ions. The opposite sign of the XMCD signals at
the Dy M5 and Mn L3 edges confirms the presence of AFM coupling between the Dy and
the Mn ions.

One of the most important roles of the Schiff base anchoring ligands is to properly
bind the magnetic molecules to the substrate without introducing any distortions that
could influence their magnetic properties. To verify these possible changes, the XMCD
spectra of the {Mn'l;Mn!VDy!!3} coordination complex deposited on the gold substrate
were measured (see Figure 10).

T T T T T 6 T T T T T
a + 4 4
2 041 (a) L, - u 2
E _ h=]
3 H 5
= S
— o}
< )
a
2 8
£ =
2 3
O
< <

g T T T T T T T T T T
630 635 640 645 650 655 660 1280 1300 1320 1340

XMCD (arb.units)

630 635 640 645 650 655 660 l2l80 1 3I00 13I20 1340

Photon energy (eV) Photon energy (eV)
Figure 10. Mn L;3-edges XAS (a), XMCD (b), and Dy My5-edges XAS (c); XMCD (d) of the
{MnH3MnNDyHI3} coordination complexes deposited on the Au substrate. Labels u* and pu~ stand

for the left and right directions of the photon helicity. In (b,d), the measured spectra are indicated in
black and their averaged values in blue.

Figure 11a—c shows a comparison of the Mn and Dy XAS ((a) and (c)) and XMCD
((b) and (d)) spectra of the {MnH3MnWDyHI3} coordination complex before (black curve)
and after their deposition on the Au substrate (red curve). Except for the difference in the
noise level due to the low signal-to-noise ratio in the case of deposited molecules, there
are no other changes in the shape of the spectrum caused by changes in the local structure
around the absorbing atom. The XAS spectra were normalized to the intensity of the white
line, while the XMCD spectra show real intensity. The increase in the XMCD signal from
the deposited molecules can be explained by the uncompensated alignment of the dipole
magnetic moments of atoms along the magnetization direction due to misorientation and
the higher conductivity of the Au substrate compared to the undeposited molecules.
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Figure 11. Comparison of Mn L, 3-edge (left panel) and Dy M, 5-edge (right panel) XAS (a,c) and XMCD
(b,d) spectra of free and deposited on the Au substrate {Mn"';Mn!VDy'!l3} coordination complexes.

To understand the influence of different lanthanide atoms on the magnetic properties
of {(Mn!'sMn!VLn!"3} coordination complexes, we performed an element-specific XMCD
analysis for the {Mnl;Mn!VYb!'3} coordination complex and compared the result with
the above-described data for the {Mn!'sMn!VDy!"'3} coordination complex. Based on the
EXAFS study (see above) of both coordination complexes, we can conclude that they have
very similar atomic structures, except for a small difference in the distance between the Mn
and Ln atoms.

Figure 12 shows the Mn L, 3 XAS and XMCD spectra of the {Mn''sMn!VYb!!3} coor-
dination complexes deposited on the Au substrate and measured at the magnetic field
of 5T and —5T. The XCMD spectra in Figure 12b,d represent dichroic specular features,
confirming the presence of magnetic dichroism and not experimental artifacts. The com-
parison of the XAS and XMCD spectra across Mn L, 3-edges for the {Mn!'sMn!VDy!!l3 / Au}
and {Mn';Mn!VYb!!l; / Au} coordination complexes, depicted in Figure 13a,b, shows the
presence of additional features at 645 eV in the XAS spectrum of the {Mn';Mn!VDy!!l; / Au}
coordination complex, which make a significant contribution to the XMCD signal.

The Yb My 5-edge XAS of the {(Mn'';Mn!VYb!!'3} complex represents a simple absorp-
tion spectrum of Yb%*, which consists of just one A] = —1 line according to Hund’s rule
corresponding to the 3d104f13 (2F, /2) = 3d%4f4 (D5 /2) transition (see Figure 13). In the
presence of a magnetic field, both initial states split into Zeeman states, as shown in the
energy level diagram in [44]. If all Zeeman states are equally populated, then all the three
groups corresponding to the left-polarized, right-polarized, and linearly polarized states
will exhibit equal contributions to the absorption cross section. In this case, no effect of the
magnetic field will be present in the XAS spectrum because the magnetic field splitting
(~1 meV) is much smaller than the experimental line width. It is interesting to notice that
while the XMCD signal on the Yb atom is small compared to Dy, the XMCD at the Mn L3
edge increases for the {Mn'l;Mn!VYb!!'5} complex.
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Orbital (my ) and spin (mg) magnetic moments of Mn and Dy ions in the {Mn''3Mn'VDy!'5}
coordination complex can be estimated using XMCD sum rules [47-49]. To apply the sum
rule to the L, 3 XAS spectra of 3d elements, the L3 and L, edges must be well separated
in energy and contain pure 2p3,, and 2p;/, characters, respectively. Unfortunately, the
values derived from the sum rules for Mn atoms contain large errors [50] because the
2p-3d Coulomb interaction results in mixing the j = 3/2 and j = 1/2 states. In our case, the
requirement that the L3 and L, edges contain pure contributions of the corresponding char-
acteristics 2p3 /> and 2py /, is not satisfied, since the L3 /L, integral intensity ratio is equal to
3.7. This value is significantly different from 2, which indicates the mixing of the two edges
and the electronic configuration of the Mn atoms in the high state. Several approaches have
been developed to estimate the correction factors to the sum rule analysis [51-54]. It has
been suggested that the sum rule significantly underestimates the spin magnetic moment
on Mn due to the large jj coupling [55], and, therefore, the magnetic spin moment extracted
using the sum rule should be multiplied by a correction factor. Previous studies [55,56]
indicate a correction factor of 1.5, which we used in our analysis. We assumed that the
average contribution of the magnetic dipole term Ty is negligible for Mn atoms because the
measured specimens are in powder form. In general, the T term reflects an anisotropy
of the spin moment and can be induced either by the anisotropic charge distribution or in
systems with strong spin orbital interactions. The first contribution is enhanced at surfaces
and interfaces, whereas it is zero in cubic systems. The spin—orbit interaction is small in 3d
metals and becomes larger in 4d and 5d metals.

From DFT calculations, we also found that the number of valence electrons for the Mn
and Dy atoms in the {Mn"sMn!VDy!"'3} coordination complex is slightly different from the
direct average for a single ion. Thus, averaging over the formal oxidation state of four Mn
and three Dy ions gives the number of holes ny, 5.5 and 5 for Mn and Dy, respectively. As
follows from our DFT simulations, ny, is approximately 4.8 for both Mn and Dy atoms. This
can be explained by hybridization between the d-states of Mn, f-states of Dy, and p-states
of O, which should be considered when applying the XMCD sum rules.

As the XMCD signal across the Dy My 5 edges is related to the 3d initial state and 4f
final state, it directly measures the magnetic polarization in the 4f shell of Dy ions. As
the spin—orbit coupling between the My and M5 edges for heavy rare earth elements such
as Dy increases, the 3d5,,-3d3/, mixing becomes small and the sum rule analysis is well
applicable. Previously, it was found that the correction factor due to the mixing of 3d
states for Dy is 0.923, which introduces an error in determining the expectation value of
the spin magnetic moment of less than 10% [46]. The spin sum rule does not only have a
contribution from the 3d5/,-3d3,, mixing; it is also affected by the magnetic dipole term Tz
(see equations in Section S.3 of the Supporting Information). Since rare earth elements have
strong spin—orbit coupling, the contribution of the T term usually cannot be omitted [57].
However, in the case of rare earth compounds in powder form, the contribution of Ty is
practically insignificant, since the average contribution will be reduced to zero due to the
rotation of the grains in the powder, making the sum rule analysis more reliable than, for
example, the sum rule analysis of thin film samples.

Table 2 summarizes the values of my, mg, the sum (m;, + mg) and ratio (mp,/mg) of 3d
and 4f electrons for the Mn L; 3, and the Dy My 5 edges at 6 Kelvin. The effective orbital
and spin moments were determined considering all relevant corrections and for Mn atoms
found to be —0.18 pup and 1.57 up, respectively. For Dy atoms, the values are 2.15 pg and
—1.47 pg.

It can be seen from the table that for the Mn atoms, the predominant contribution
is given by the spin magnetic moment, while the Dy atoms have a remarkably high
orbital moment, which is not quenched by the ligand field and has the same order of
magnitude as the spin moment. The orbital and spin moments are aligned in the opposite
directions for both Mn and Dy atoms. According to Hund’s third rule, the orbital and
spin moments for shells that are more than half-filled should be parallel. However, several
studies have reported the expected violation of Hund’s third rule due to the hybridization
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between ligands [58-61]. The spin and orbital moments on the Mn and Dy atoms are
directed antiparallel to each other, indicating an AFM interaction between these atoms. The
exchange interaction between 4f electrons of rare earth elements and 3d electrons of iron
is not direct but occurs by an indirect mechanism via oxygen ions [62]. This interaction is
enhanced in the presence of Dy>* ions with non-zero orbital angular momentum.

Table 2. Results of the sum rule analysis of the experimental XMCD spectra of the Mn L, 3 and Dy
My 5 edges for the {MnH3MnIVDyHI3} coordination complex. The values of the orbital moment (my ),
spin moment (mg), total magnetic moment (my, + mg), and the orbital-to-spin moment ratio (mg, /mg)
in units of Bohr magneton (uB)/atom are presented.

Orbital my, Spin mg Total (my + mg) .
(ug/atom) (ug/atom) (ug/atom) Ratio my /mg
Mn —0.18 1.57 1.39 -0.12
Dy 2.15 —1.47 0.68 —1.46

3. Experimental and Computational Details
3.1. X-Ray Absorption Spectroscopy

One of the most powerful methods for studying element-specific local atomic and
electronic structures, which can directly probe the charge density of metals, is X-ray ab-
sorption spectroscopy (XAS). XAS spectra can be divided into two regions relative to the
absorption edge: the nearest to the edge jump region, about 10-150 eV above (depending
on the system), is called an X-ray absorption near-edge structure (XANES), and the other is
called an extended X-ray absorption fine structure (EXAFS), which represents oscillatory
data and extends up to hundreds of electron-volts above the edge. Furthermore, 1s (or
K-edge) XANES spectra of metals can be further split into the following: (1) the pre-edge
region arising due to dipole-forbidden quadruple-allowed 1s-3d excitations, which are
more intense in cases of a system with a broken symmetry and are characterized by the
admixture of p and d states around the Fermi level due to the interaction with ligands;
(2) the main rising edge which receives a strong contribution from the 1s to 4p transition in
the absorber atom, and (3) near-edge characteristic features above the edge which mainly
originate from the hybridization of the absorber p states with ligands and can be described
in terms of the multiple scattering of the excited electron from the nearest atoms.

In most of the cases, experimental K-edge spectra can be successfully simulated using
such methods as multiple scattering theory, finite difference method, and density functional
theory, which are based on the one-electron approximation with parametric descriptions of
the exchange and correlation interaction with other electrons in the system. XAS spectra
above the L-edge of transition metals and the M-edge of 4d metals both have a more
complicated nature and can be described in terms of the crystal field and spin—orbital
interactions of the metal atom with surrounding ligands; these also carry information about
their local symmetry. The energy position of the main absorption line is very sensitive to
the oxidation state of the absorbing atom. The XAS L-edge has the advantage of directly
probing the unoccupied 3d orbitals of the metal using dipole-allowed 2p-3d transitions [63].
Compared to K-edge spectroscopy, it also has a higher spectral sensitivity (smaller core-hole
lifetime broadening), but is technically more complicated due to the more restricted sample
environment and strong X-ray-induced sample damage for sensitive molecular complexes
and biological samples. L-edge XAS spectra of 3d transition metal systems typically show
distinct changes in spectral shape with changes in the oxidation state of the metal. For high-
spin metal complexes, the L-edge spectrum shifts toward higher energies with an increasing
formal metal oxidation state and shows significant changes in the spectral shape [64].

We employed XAS across the K- and L-edges of the manganese and M-edges of
lanthanides to extract the local atomic and electronic structures of {ManMnIVDyIHg,} and
{Mn''3Mn!VYb!!3} coordination complexes. This knowledge helps us to classify the electron
interactions and understand the origin of magnetism in the studied complexes.
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3.2. X-Ray Resonant Emission Spectroscopy

X-ray resonant emission (RXES) is an X-ray spectroscopy technique used to study the
electronic structure of materials with an improved energy and momentum resolution which,
compared to X-ray absorption and non-resonant emission spectroscopy, do not depend
on the core-hole lifetime. RXES technique can also be described as a direct resonance
inelastic scattering which measures both the energy and momentum change in the X-ray
photons inelastically scattered off matter. The energy and momentum lost by the X-ray
photon are transferred to various low-energy intrinsic excitations of the material under
study, and thus RXES provides information about those excitations [65]. For 3d transition
metal (TM) elements, REXS signals are dominated by the strong excitations within the 3d
states, called “d-d excitations” [66]. These transitions between different d-orbitals range
from dispersive collective excitations (orbitons and magnons) to the localized intra-atomic
transitions. According to the dipole selection rules, the direct transitions between d-orbitals
are optically forbidden in XAS, whereas in RXES, these transitions are strong and dipole-
allowed. This can be explained by the fact that in RXES, such transitions take place by
means of the second-order process and involve dipole-allowed 2p — 3d excitations and
3d — 2p relaxations. The detailed structure of d-d excitations varies for the different
compounds and depends on such characteristics as electron correlation, the strength of the
crystal-field splitting, and spin—orbit coupling. Another process that can be detected by
RXES is a metal-to-ligand (MLCT) and ligand-to-metal (LMCT) charge transfer. Charge
transfer (CT) is a process that originates in metal—ligand orbital mixing and forms a
chemical bond between the metal center and its ligands. According to the previous 2p
RXES studies of Mn-based compounds, the energy loss features up to 6 eV away from
the elastic line are generally assigned to d—d excitations, while the larger energy losses at
8-12 eV are categorized as the CT transitions. Usually, the CT features are not as clearly
resolved as the d—d transitions because of their general low intensity and broadness.

3.3. Density Functional Theory

To verify the contribution of the different atomic orbitals to the interaction and bond
formation, we performed first-principles density functional theory (DFT) calculations using
the DFT-D3(BJ) dispersion-corrected PBE exchange-correlation functional [67,68] within
the generalized gradient approximation (GGA) implemented in the Amsterdam Density
Functional (ADF 2019.01) program [69-71]. All-electron TZ2P basis sets of Slater-type
orbitals were used for calculations [72]. Scalar relativistic effects were included by the
ZORA formalism in the Dirac equation [73] due to the presence of heavy Dy ions.

The partial (or projected) density of states (pDOS) has been calculated to provide
information on the number and character of one-electron levels (molecular orbitals) as a
function of the orbital energy. The 5-function peaks in the pDOS curves corresponding to
the energies of the molecular orbitals are widened by a Lorentzian curve with the 0.25 eV
width [74,75]. It should be noticed that the calculated pDOS by DFT is a useful tool for
understanding the physics and chemistry of the studied system, but it does not provide
correct quantitative information.

3.4. X-Ray Magnetic Circular Dichroism

We employed X-ray magnetic circular dichroism (XMCD) at the Mn L; 3 edges and Dy
and Yb My 5 edges to probe the atom-specific magnetic properties. XMCD measurements
are performed at the 4IDC beamline of the Advanced Photon Source (Chicago, IL, USA)
using circular polarized X-rays and applying a magnetic field to the sample. The details
of the XMCD experiment are described in Section S.2 in the Supporting Information. The
circular left-polarized photons carry angular momentum, which excites a primary fraction
of spin-down electrons, while the circularly right-polarized photons carry the opposite
momentum, exciting a greater fraction of spin-up electrons. This leads to the preferential
absorption of spin-down and spin-up electrons at the L3 and L, edges, respectively. The
My 5 edge XAS spectra of rare earth elements involve the 4f electrons and correspond to 3d
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— 4f transitions. XMCD spectra are represented as the difference between the absorption
spectra corresponding and the spin-up and spin-down electrons taken in a magnetic field;
information on the magnetic properties of the atom, such as the spin and orbital magnetic
moment, can be obtained. The resulting XMCD spectrum provides predominant spin
information based, among other things, on the sign of the final spectrum [63].

4. Conclusions

In this work, we present a detailed experimental and theoretical study of the atomic,
electronic, and magnetic structure of MnEsMnVLn",} coordination complexes with
Ln = Dy, Yb'l. 3d-4f molecular magnets have been studied regarding their magnetic
anisotropy and interaction with the substrate, opening the way for the novel strategy of
using charge neutral, S-functionalized organic ligands as transporters for highly unstable
inorganic structures with appealing properties to be deposited on metallic substrates. We ap-
plied experimental and theoretical XAS to extract information about the local symmetry and
contribution of Mn, Dy, and O atoms to the electronic interaction in the {Mn!';Mn!VDy!!l;}
coordination complexes. Our RXES analysis reveals an influence of Mn atoms with the
different oxidation states on the charge transfer and electron transition processes. DFT
calculations have identified spin polarization at the Dy and Mn ligands and demonstrated
that the Dy-Mn antiferromagnetic interaction results from the superexchange interaction
through the oxygen—ion bridges. The results of an in-depth study of magnetism in the
{ManMnIVDyHI3} and {Mn'l;Mn!VYb!!5} coordination complexes demonstrate that XMCD
is a powerful tool for determining the sign and strength of the exchange coupling between
Dy and Mn ions. The extracted spin and orbital moments confirm the antiferromagnetic
alignment of Mn and Dy atoms.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/inorganics12110286/s1, Table S1: Selected bond length of
{MnH3MnIVDyHIg} and {(MnT;Mn!VYb!,;} complexes; Table S2: The incident photon flux and the
overall energy resolution for the soft X-ray experiments; Table S3: A detailed composition of HOMO-
1, HOMO, LUMO, and LUMO+1 molecular orbitals for the {Mn''sMn!VDy!"3} complex; Table S4:
A detailed composition of selected molecular orbitals in the energy range 0-3 eV above the Fermi
level for the {MnH3MnIVDyHIg} complex; Figure S1: Mn L, 3 XAS spectra of {MnH3MnIVDyHIg}
and {(Mn'';Mn!VYb!53} coordination complexes measured at the different beamlines; Figure S2: Dy
My 5 XAS spectra of the Dy,03 oxide and the {Mn''sMn!VDy'!l3} complex as powder and after
deposition on Au(111) substrate; Figure S3: XAS spectra beyond the Mn L, 3 and Dy My 5 edges of
the {MnH3MnIVDyIII 3} complex in an external magnetic field of B = 5T and at a temperature of T = 6K.
References [76,77] are cited in the supplementary materials.
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