Downloaded viaKIT BIBLIOTHEK on March 31, 2025 at 06:48:58 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Inorganic Chemistry

pubs.acs.org/IC

This article is licensed under CC-BY 4.0 @ @

Transferability of Ligand Field Parameters in a Family of 3d-4f M,Ln,
Butterfly Single-Molecule Magnets

Julius Mutschler, Thomas Ruppert, Julius Strahringer, Soren Schlittenhardt, Zayan Ahsan Ali, Yan Peng,
Christopher E. Anson, Mario Ruben, Annie K. Powell,* and Oliver Waldmann*

I: I Read Online

Article Recommendations |

Cite This: https://doi.org/10.1021/acs.inorgchem.4c05421

ACCESS |

ABSTRACT: Lanthanide-based single-molecule magnets are
attractive candidates for applications in quantum information
processing or data storage. The low symmetry ligand field
environment often encountered in these complexes, combined
with a sparsity of information in the common magnetic
susceptibility and magnetization data recorded on powder samples,
leads to massive overparametrization. This limits the application of
ligand field models, such as the point charge or angular overlap
models, for describing the data. In this work, the radical approach is
taken to consider these models as black boxes, whereby they
suspend their chemical or physical significance. Instead, the
transferability of parameters across a series of structurally related
compounds is enforced to achieve a reduced parametrization. This methodology is applied to four members of the isostructural
series of [M,"Ln,™(u;—OH),(pmide),(p-Me-PhCO,)4]-2MeCN (pmideH, = N-(2-pyridylmethyl)-iminodiethanol) butterfly
complexes, with M = Al, Fe, and Ln = Er, Dy. It is shown that the powder magnetic susceptibility and magnetization data can be
described simultaneously with remarkable accuracy using only two parameters for characterizing the lanthanide ligand fields in all
four compounds. Interestingly, the resulting parametrization and its values lie within the range of chemical intuition despite the black
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box procedure used to obtain them. Implications of this approach are discussed.

B INTRODUCTION

Lanthanide-containing magnetic molecules have attracted
enormous attention in the recent decade due to their potential
for unprecedented magnetic behaviors, such as single-molecule
magnetism (SMM) at liquid nitrogen temperatures and
properties pertinent to quantum information technologies.' ™"
While the magnetism of lanthanide ions was extensively
studied in the latter half of the 20th century, with fundamental
theories and models well established,'" the specific circum-
stances realized in many of the contemporary 4f-based
magnetic molecules pose new challenges for both theory and
experiment.' >~ "

A key novel aspect in many of these molecules is that the
ligand field environment of the lanthanide ions often exhibits
very low symmetry or lacks any symmetry elements entirely. As
a result, all ligand field parameters By, which occur in the
decomposition of the ] multiplet spin Hamiltonian in terms of
Stevens operators Oy, (k=24 <2],q=—k-k thek=0
term is ignored as it only contributes a constant),”*~** must be
considered in experimental modeling since there is no a priori
reason to ignore or correlate any of these parameters (J is the
free ion total angular momentum). This work is concerned
with the magnetic properties of the molecules, and a discussion
in terms of the ground state ] multiplet as determined by
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Hund’s rules is thus appropriate (J = 15/2 for Er'" and
Dy'™).>* In the case of Dy™ or Er'! ions, the theory demands a
staggering amount of 119 ligand field parameters (since k =
2,4,---,14). This number is commonly reduced to 27
parameters corresponding to orders k = 2,4,6, which is the
number of parameters obtained in first-order perturbation
theory treatments.”® However, this reduction is somewhat
artificial, as it is well-known that effects such as configuration
interaction and covalency can make higher-order terms more
significant than expected in first-order perturbation theory.”
Some (phenomenological) theories attempt to model these
effects at the cost of introducing dozens of additional
parameters. For instance, a common model for lanthanide-
free ions involves 20 atomic parameters such as the Racah or
Condon-Shortly parameters, spin-orbit coupling constant, Tree

26—30

parameters, and so on. The situation is thus not
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fundamentally improved with regard to the number of
parameters.

High-level theoretical methods such as Complete Active
Space Self Consistent Field (CASSCF) ab initio techniques
have made tremendous progress in recent times, and state-of-
the-art codes can provide quantitative results for ligand field
parameters of lanthanide ions.>' ** However, it appears fair to
say that these techniques have not yet reached the full
quantitative predictive level.”> They are also involved and not
for routine application by experimental chemists and physicists.
Therefore, phenomenological models developed decades ago,
such as the Point Charge Model (PCM), the superposition
model, or the Angular Overlap Model (AOM), have seen
renewed interest and have been extended in various ways to
enhance their predictive capabilities.””****™** For example,
PCMs were proposed which consider displaced positions of
the ligand charges.*>** Efforts also exist to link phenomeno-
logical AOM and ab initio techniques.””~** Such models could
be appealing for routine ligand field analyses, as they
incorporate information about the ligand environment,
typically by using the atomic positions from experimental X-
ray crystal structure analyses, which suggests that they might
require significantly fewer phenomenological parameters. The
parameters in these models are also often considered to be
more chemically intuitive, potentially making it easier to guess
appropriate parameter values.”® Moreover, the ligand field
parameters By, depend only on the metal ion and the nature
and position of the ligands and should in principle be
transferable to some extent within structurally similar
molecules.*”*® However, these promises have not materialized
in practice, as partially evidenced, e.g., by the relatively few
applications in the recent decade.*"*’

Experimentally, the large number of parameters required in
ligand field models necessitates a substantial amount of
feature-rich data to accurately determine these parameters.
However, the data obtained from measurements of the
temperature-dependent magnetic susceptibility and field-
dependent magnetization curves at low temperatures on
powder samples, which are the most widely employed
experimental techniques for accessing the magnetic properties
of these clusters, are often relatively featureless. In many cases,
the data from these techniques form the backbone for the
analysis of magnetism in these compounds.”® With up to 27
parameters per lanthanide ion and potentially more for also
describing intramolecular exchange interactions in polynuclear
complexes, the task of determining them from the relatively
featureless data becomes hopeless.

In the basic ligand field theories, the transferability of ligand
field parameters is reflected in a separation of the ligand field
parameters into two factors: one depending on the type of
lanthanide ion and the other describing the ligand field
environment.”' Chemically, it is often feasible to substitute the
lanthanide centers, giving rise to a series of isostructural
compounds. It is thus favorable to study several members of
such a family in order to increase the amount of experimental
information available.”® However, the effectiveness of this
approach, in terms of the number of parameters required for
characterizing the ligand field, hinges on how well trans-
ferability is actually realized in a given family of compounds.

Recent studies on transferability include refs 52,53, where
each ligand field parameter was described by a linear function
of the atomic number of the lanthanides. This approach was
also repeated in later works.>* Along similar lines, in ref 55, it

was assumed that the ligand field parameters depend linearly
on the number of 4f electrons. While successful to some extent,
this parametrization scheme still leaves two parameters to be
determined for each ligand field parameter By e, 54
parameters in the general case.

Given the challenges in modeling data sets like powder
magnetic susceptibility and magnetization curves for various
compounds within a family, we opted for a drastic approach.
We chose to disregard any a priori physical or chemical
relevance of the ligand field parameters and instead tackle the
challenge from a purely information theoretical point of view.
The objective is then to design a mathematical device while
ignoring its physical or chemical interpretation, which is
capable of accurately reproducing all available experimental
data, such as the magnetic susceptibility and magnetization
curves, using a minimal number of input parameters.

The implementation of such a black box device naturally
lends itself to statistical and data-oriented techniques, such as
machine learning. In this work, however, a different approach is
taken that utilizes the common ligand field theories but in a
black box manner. The spin Hamiltonian is utilized as a device
to generate physically reasonable magnetic susceptibility and
magnetization curves. It is prepended with a black box, which
maps a few input parameters to the 27 ligand field parameters
for the different lanthanide ions as required for the spin
Hamiltonian, accomplishing the desired parameter reduction.
Other parameters in the spin Hamiltonian, such as exchange
coupling constants, are supplied directly to the model. The
black box prepending the spin Hamiltonian could be powered
by various methods, including machine learning algorithms,
but in this study, the mathematical equations of the PCM or
AOM are employed. The resulting mathematical device is
similar to previous ligand field analyses using PCM or AOM
with the important difference that the input parameters are not
given a priori chemical or physical significance. Chemical or
physical bias is thus lacking, which allows for unconstrained
mapping. The constraint is instead shifted from chemical/
physical input parameters toward requiring transferability of
the ligand field parameters within a family of compounds. The
convergence of this approach to chemically or physically
meaningful parameters is neither obvious a priori nor intended,
but the usefulness of the approach can easily be judged by its
success in simultaneously modeling the various experimental
data with few input parameters.

In this work, the magnetism of four members of the family of
molecules [M,"Ln,"(4;—OH),(pmide),(p-Me-PhCO, )]
2MeCN (pmideH, = N-(2-pyridylmethyl)-iminodiethanol) is
investigated, with M = Al or Fe and Ln = Er or Dy: ALEr, (1),
AL Dy, (2), Fe,Er, (3), and Fe,Dy, (4).°*%” These molecules
exhibit a butterfly structure, where the 3d metal ions form the
body and the 4f ions form the wings of the butterfly (Figure 1).
AI"' is diamagnetic, and the two compounds ALEr, (1) and
ALDy, (2) thus provide insight into the 4f single-ion
magnetism, undisturbed by the effects from the 3d metal
ions. The magnetic susceptibility and magnetization curves for
these compounds have been previously published.***”
However, these data were remeasured as part of this work.
Successful modeling was found to be critically dependent on
the quality of the experimental data; ensuring reproducibility
and consistency in the measurement protocol and care in
avoiding the typical experimental inaccuracies were identified
as key factors. This observation should not be surprising since
the featureless nature of the data implies that minor
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Figure 1. Molecular structure of the M,Ln, butterflies. The legend on
the right gives the color scheme for the atoms. For clarity, the bonds
from the Ln®" ions to the ligand atoms in the first coordination sphere
are highlighted in yellow. H atoms are omitted. The top left corner
shows the coordinate system used in the magnetic model.

experimental inaccuracies can lead to significant changes in the
model parameters. It emphasizes, however, the importance of
subjecting only carefully measured data of this kind to
theoretical comparison. It will be demonstrated that the
AOM black box approach described above allows us to
reproduce the experimental data of all four compounds with
high accuracy, utilizing only two parameters to characterize the
ligand field of the lanthanide ions in the four compounds. Our
results presented here provide a remarkable experimental
example of using transferability to achieve a reduced
parameterization of ligand field.

B EXPERIMENTAL METHODS

Compounds 1—4 were synthesized following literature proce-
dures.’*®” The magnetic properties were recorded on powder
samples using an MPMS SQUID VSM from Quantum Design. The
temperature-dependent magnetic susceptibility y(T) curves were
obtained from measurements at an applied magnetic field of 0.1 T.
The magnetization curves as a function of applied magnetic field
M(B) were measured at temperatures of 2, 3, 4, and S K, and the
maximum magnetic field was 7 T. In order to ensure highly
reproducible and accurate magnetic data, the following procedure was
applied to each compound: The samples were mixed with eicosane to
prevent alignment of the microcrystallites in the applied magnetic
field. The measurement protocol was as follows: (1) apply 0.1 T and
measure y(T) while cooling down from 300 to 2 K. (2) Measure y(T)
while heating up from 2 to 300 K. (3) Measure y(T) while cooling
down from 300 to 2 K. (4) Apply O T and measure M(B) by varying
field from 0 to 7 T at temperatures of 2, 3, 4, and S K. (5) Apply 0.1 T
and measure y(T) while heating up from 2 to 300 K. Before each step,
a waiting period of 30 min was inserted. The comparison of the data
from runs 1 and 2 permits one to check whether the temperature
sweep rate was appropriate, and comparing these data with the data
from run S permits one to check for effects of reorientations or
alignments in the sample. All data were corrected for diamagnetic
contributions from the sample holder and the eicosane. It should be
noted that the diamagnetic correction could be slightly inaccurate,
which could be accounted for in y(T) simulations by adding
correction Jy, to the simulated curves. Furthermore, the sample mass
might be overestimated due to the potential loss of material when
mixing with eicosane. In addition, the molecular mass might not be
accurately known due to, for example, the loss of solvent molecules.
These effects could be accounted for in simulations by multiplying the

simulated curves with mass correction factor m,. For reference,
susceptibility curves were also recorded on powder samples that were
not prepared with eicosane, yielding more accurate sample masses.
The magnetic susceptibility curves are shown as yT vs T curves. In
data plots, the experimental data are generally represented by
symbols, whereas simulated data are generally represented by lines.

B THEORETICAL METHODS

Using the spin Hamiltonian approach, the compounds ALEr, (1) and
Al,Dy, (2) were modeled as dimers of two lanthanide ions with total
angular momentum J = 15/2, with a Ln"™—~Ln™ Heisenberg exchange
coupling of strength Ji, 1, single-ion magnetic anisotropy repre-
sented by the 27 Stevens operators of up to sixth order (k = 2,4,6),
and a Zeeman term with Landé factor g;,, (gg, = 1.2, gp, = 1.33 for free
ions). The Ln"™—Ln™ exchange coupling can be expected to be small
but was found to be relevant. For instance, in Al,Dy, (2), it accounts
for an upturn in the yT curve at low temperatures. In addition to the
exchange interactions, dipolar magnetic interactions can also be
expected. However, as tested by explicit simulations, their effect is
indistinguishable from exchange interactions with regard to the
magnetic data presented in this work and thus need not be explicitly
introduced. The reported values for J;,_;, account for the combined
effect of exchange and dipolar interactions. The spin Hamiltonian
reads

I:ILn = _]Ln—Ln(jl jz) + Z bk(gkq,lékq(]l) + qu,Zékq(Jz))
k,q

+”BgLn(j1 +f2).§ (1)

Here, the lanthanide ligand field is parametrized by the “bare” ligand
field parameters Q,; (j = 1,2 for the two Ln™ ions in the cluster),
which are related to the common ligand field parameters By ; as By, ; =
by Q with b = 0%y or b, = 6, for the PCM and AOM,
respectively. 6 is the Stevens factor and (r*) the average radial
function of the k-th order. The other symbols in the equation have
their usual meaning. In the PCM and AOM, the bare ligand field
parameters £, are expected to be independent of the lanthanide
central ion and solely determined by the ligand environment and
should therefore be directly comparable across the different
compounds. In contrast, the factors 6, and (r*) depend on the
central lanthanide ion and are not free parameters.

For compounds Fe,Er, (3) and Fe,Dy, (4), the spin Hamiltonian
was extended by Fe™—Fe™ and Fe™Ln™ Heisenberg exchange
interactions of strengths Jg._p. and Jg._1,, single-ion anisotropy terms
D and E to describe the anisotropy of the Fe'! ions and a Zeeman
term with g factor gp. (S = 5/2 for high-spin Fe™). The spin
Hamiltonian reads

I:IFeL“ = I:IL“ - ]Fe—Fe(gl'gz) - ]Fe—Ln Z §‘]: + Z §15§1
i)j i

+ g, (S, + §,)-B 2)

where i = 1,2 indexes the two Fe' ions in the cluster (and j = 1,2 for

the two Ln™ ions as before), and D= diag(éD + E, éD —E, %D)

The lanthanide ions in the considered compounds are each 9-fold
coordinated, with seven oxygen and two nitrogen atoms in the first
coordination sphere. In the PCM, these are represented by fictious
charges g, (n = 1,+9) located at the positions of the atoms as
determined from the experimental X-ray crystal structures. The model
was extended in various ways, e.g., by introducing a radial scaling
factor R, which multiplies the ligand distances and allows variation of
the ligand field strength. In the AOM, each ligand is characterized by
seven angular overlap parameters, e, ¢, €, €50 €59 €y and e, oOr
bond parameters in short, which have the usual meaning (see also
Figure S1).*® The directions (polar and azimuthal angles 6 and ¢) for
each ligand were again determined from the experimental X-ray
crystal structures.
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In the PCM, the bare ligand field parameters for one lanthanide ion
are calculated as™'

9
1 qj
Q. =- S ——
kg = " § ¢o(2k + 1) R+ 1ol %) 3)

Here, R, is the distance and 6,, ¢, are the polar and azimuthal angles
of the n-th ligand. The factors ai, account for the unsystematic
normalization of the Stevens operators as compared to spherical
harmonics,”’ and the other symbols have their usual meaning.
Following ref 38, the equation for calculating the bare ligand field
parameters in the AOM can be written as

1
A=—1

1 9
qu = — ea, Z G,iq,w Z z F,f,j(‘l?,’ O V/n)
n=1

uy=-1
Fl,l(¢n’ an’ l//y,)en,ﬂ (4)

where | = 3 for 4f ions, and Ff",{(qﬁﬂ,l//) are the angular overlap
integrals (y = 0 in this work). The factors e, ; (with A = —1,---,]) are the
bond parameters for each ligand, which are related to those
introduced in the above as e, = €, €7c/s = €1ty €5c/s = amsrr e/
= ¢;_43. The Gf%m, are calculated as

L \/4_7r\/2k+1(l k z]‘ 2 (_l)m(_zm 1: z/]

fw ™ 141) lo oo m

s,m,m

A ALAL
mu’tsg“rm'y (5)
where the range of the indices is m, m'uv,A € [—Ll] and s, q €
[—k,k]. The matrices A describe the transformation from spherical to
tesseral harmonics, Z;, = quA’;q/ Y;, and the (:::) brackets are
Wigner 3j symbols.

The simulation of the magnetic susceptibility and magnetization
curves consists of numerically diagonalizing the Hamiltonian matrix
and applying standard equations from quantum statistics using an in-
house code. The susceptibility is calculated for the three magnetic
field directions along the x, y, and z axes, and the powder

susceptibility is then obtained as y = %(){x +)(y +;(z). These

simulations are readily possible on a modern PC, even for the
compounds Fe,Er, (3) and Fe,Dy, (4), which exhibit Hilbert space
dimensions of 9216. However, simulating the powder magnetization
curves is significantly more time-consuming because a powder average
must be performed for each magnetic field value. Permutation
symmetry was utilized in order to block diagonalize the Hamiltonian
matrix, which reduced computation time by ca. a factor 10 using the
Klein four-group.®*” Yet, for these two compounds, only simulation
of the magnetization curves was achieved, whereas fits to the
magnetization curves were found to be prohibitive.

The various variants of AOMs start from a specific parametrization
of the single-electron coulomb interaction potential.’® In the simplest
variant, outlined for instance in ref 38, it is directly projected into the
space of the ground state ] multiplet of the lanthanide ion. This
corresponds to the first-order perturbation theory. In more
sophisticated models, effects such as configuration interaction are
taken into account, and more details of the atomic structure and the
bonds need to be modeled. As a result, further parameters enter in
these theories, such as the aforementioned atomic Racah or Slater—
Condon parameters, spin-orbit coupling constant, reduction factors,
and so on. In this work, the simplest AOM of ref 38 is applied for two
reasons. First, it can be seen as an effective Hamiltonian at the single-
electron level. That is, the result of any higher-level theory for the spin
Hamiltonian in the J multiplet space can always be projected back to
the single-electron space (using the inversions of eqs 4 and S) and be
cast in terms of the AOM model and parameters. The model may lose
accuracy, and the parameters may lose their chemical/physical
interpretability, which, however, leads to the second reason. As
pointed out before, what we are looking for is only a mathematical
device for successful parameter reduction. A possible lack of chemical

or physical interpretability of the model is thus irrelevant to the
purpose and spirit of this work.

The molecules are slightly noncentrosymmetric, and the ligand
environments for the two lanthanide ions within a molecule are not
exactly identical. In the PCM and AOM, this is accounted for by using
the experimental X-ray atomic positions. For modeling in terms of the
bare ligand field parameters, the difference is small enough to be
negligible, and €2, = €2, = €2, was set. The coordinate frame used
in this work (see Figure 1) is chosen such that the y-axis is oriented
along the connection of the two lanthanide ions in the cluster and the
z-axis is perpendicular to the plane spanned by the four metal ions.
The x-axis is then nearly, but not exactly, parallel to the Fe™ ion
connection line. The origin of the coordinate frame is placed in the
center of the molecule, as determined from the least distance from the
Ln™—Ln™ and Fe™-Fe™ connection lines. The employed ligand
positions are listed in Table S1.

B RESULTS AND DISCUSSION

Magnetic Data. While the magnetic data for compounds
1—4 were remeasured as part of this work and show some
differences from the published data, the overall behavior
remains consistent with previous reports.’®>” Therefore, the
data are only briefly described here with regard to their main
features. For each compound, the T curve shows the expected
value at room temperature and a downturn toward lower
temperatures, which is typical for lanthanide-containing
molecules due to the thermal depopulation of the lanthanide
ligand field states (see Figure 2). In the compound AL Dy, (2),

0 T I T I T I T I T I T I
0 50 100 150 200 250 300

TIK]

Figure 2. Experimental magnetic susceptibility yT curves (open
circles) of Fe,Dy, (4) (blue), Al,Dy, (2) (black), Fe,Er, (3) (green),
and ALEr, (1) (red). The solid lines represent the corresponding fits
by using the model and parameters stated in the text.

an upturn is observed at the lowest temperatures, indicating
the presence of weak ferromagnetic interactions in the cluster.
A very weak upturn is also observed for Fe,Er, (3). For Fe,Dy,
(4), the general downward trend with decreasing temperatures
is stronger at the lowest temperatures, possibly indicating the
presence of predominantly antiferromagnetic interactions. The
M(B) curves also show the expected magnetic field and
temperature dependencies for ALEr, (1) and AL Dy, (2) (see
Figure 3). The magnetic field curves first increase linearly with
the magnetic field to approach a flat plateau at higher fields,
indicating a magnetic ground state that is energetically well

https://doi.org/10.1021/acs.inorgchem.4c05421
Inorg. Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c05421/suppl_file/ic4c05421_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c05421?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c05421?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c05421?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c05421?fig=fig2&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.4c05421?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

12 1

M [,z]

O|||||||
o 1 2 3 4 5 6 7

BI[T]

Figure 3. Experimental M(B) curves of ALEr, (1) (open circles) and
ALDy, (2) (open triangles) at temperatures of 2 K (black), 3 K (red),
4 K (blue), and S K (green). The solid lines represent the
corresponding fits using the model and parameters stated in the text.

separated from the higher-lying levels. In Fe,Er, (3) and
Fe,Dy, (4), the overall behavior is similar, except that at high
fields, the curves for different temperatures cross, indicating a
nearby level crossing in both compounds (see Figure 4). The
magnetization curves cross at ca. 4.1 and 5.8 T in Fe,Dy, (4)
and Fe,Fr, (3), respectively.
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Figure 4. Experimental M(B) curves of Fe,Er, (3) (open circles) and
Fe,Dy, (4) (open triangles) at temperatures of 2 K (black), 3 K (red),
and S K (green) for (3) and 2 K (black), 4 K (blue), and S K (green)
for (4). The solid lines represent the corresponding fits using the
model and parameters stated in the text.

Ligand Field Analysis for Al,Er, (1) and Al,Dy, (2).
The ligand field parameters for compounds ALEr, (1) and
ALDy, (2) were determined by simultaneously fitting all data,
specifically the yT and M(B) curves for both compounds, to
one model. The fitting was accomplished by calculating the »*
landscape as a grid of data points in a suitable parameter range
and looking for the minima. Here, y* was defined as usual as

the squared deviation of simulated and experimental data
points, summed over all data points.”*> Least-squares fitting
routines such as Levenberg—Marquardt®> could also have been
employed for this part of the work, but the y* landscapes were
found to be particularly insightful. They also helped us to
ensure that all of the local minima were identified. It was found
useful to calculate the y* landscapes for each data set and each
compound independently, yielding (1), x3/(1), x,+(2), and
(2) landscapes. The total y* for all data of both compounds
was then obtained as y* = y71(1) + ya(1) + xor(2) + x3(2).
The susceptibility and magnetization contributions in this
equation could be adjusted by weight factors to change the
relative emphasis, but it was found by explicit checks that this
does not alter our conclusions. The experimental data was
reduced to 51 and 32 data points for calculating )(}?T and 3,
respectively. In the model, the exchange couplings Jp, p, and
Jer—g: were assumed as independent free parameters, but the
bare ligand field parameters were linked, ie., assumed to be
equal for both compounds (but not equal for the two
lanthanide ions within a cluster in the PCMs and AOMs).
Through this linking of the bare ligand field parameters, their
transferability is enforced in the modeling.

In a first fit, the bare ligand field parameters were all set to
zero, except §0; = 9, = Qyp and Q,, | = L5, = €,,. This
corresponds to a rhombic model for lanthanide single-ion
anisotropy. The model thus consisted of four magnetic
parameters (]Dy_Dy, Jer—gn $30, €25,), and also the effect of
the experimental uncertainties dy, and m_ was investigated. A
reasonable fit could not be found (the y* plots for a
representative example are shown in Figure S2). A sufficiently
large parameter space was scanned to ensure that no minimum
was overlooked. Accordingly, the Levenberg—Marquardt least-
squares fitting algorithm was employed to identify reasonable
minima using extended models, which introduced more and
more bare ligand field parameters as additional magnetic
parameters. However, this approach either did not produce
satisfying fits or resulted in issues with overparametrization and
was thus not further explored.

In the next step, the PCM model was employed in order to
set the bare ligand field parameters. In this model, the
magnetic parameters were the ligand charges g, and the
couplings Jp,_py, and Jg,_g. As before, the effect of Jy, and m,
was also explored. In order to reduce the number of
parameters, only two different values for the charges were
considered, and various combinations and variations were
explored. The considered set of different parametrizations
included two that were chemically motivated. In one
parametrization, the charges of the seven oxygen atoms were
set to q(O) and those of the two nitrogen atoms to g(N). In
another parametrization, inspired by the formal Lewis charges
of the ligands, the charges of the nitrogen atoms were set to
zero, those of the carboxylate oxygens to q.(O), and those of
the alkoxo and hydroxo oxygens to q,,(O). Furthermore, fits
were performed with the additional introduction of the radial
scaling factor R,. A satisfactory fit that simultaneously describes
all data could not be found (exemplary y* plots are provided in
Figure S3).

Lastly, fits using the AOM model for setting the bare ligand
field parameters were explored. In this model, the magnetic
parameters were the bond strengths ¢, the couplings Jp, p,
and Jg,_g, and dy, and m_ were also considered. In some fits,
the Landé g, factors were also allowed to vary in order to test
the stability and robustness of the fit. In order to reduce the
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Figure 5. y* plots for the AOM using e,(O,N) and ¢,(O) parametrization. The coupling constants are Joy-py = 6 mK and Jg,_g, = 2 mK. (a) y2(2),
(b) )(f{T(Z), () 2(1), and (d) )(ZIT(I). The color maps are from blue to red with a range [0, 50] for the two magnetization grids and a range [0,
500] for the two susceptibility grids. The pink dots mark the two local minima with e,(O,N) = 270 K, ¢,(0) = 240 K and ¢,(O,N) = —250 K, ¢,(O)

= —280 K.

number of parameters, only two different values for the bond
strengths were considered in various combinations. Of these
different parametrizations, the results of the two best
performing will be discussed here. In the first parametrization,
all nine bonds were assumed to be of pure ¢ character (e; = 0
for 1 # 0) and to be of equal strength ¢,(O) and e,(N) for the
oxygen and nitrogen atoms, respectively. Although it was not
the deciding factor in its selection, this parametrization may be
motivated by the well-known different positions of the oxygen
and nitrogen ligands in the spectrochemical series.”’ In this
parametrization, five local minima were obtained (see Figure
S4). They reproduce the magnetic data for ALEr, (1) and the
magnetization curves for A,Dy, (2) quite well, but the yT
curve for Al,Dy, (2) is not satisfactorily described for all
minima. Furthermore, for four of the five minima, one of the
bonding parameters e,(O) or e,(N) is obtained as negative; i.e.,
only for one of the five minima are they both positive. Since
the AOM model is regarded in this work as a purely
mathematical device for parameter reduction, negative o
bond strengths are not of concern per se but are clearly in
contradiction with chemical expectation, ie., the electron
donor property of complex ¢ bonds.*®

The best result was obtained with a parametrization where
the o bond strengths were set to equal value for all ligands, i.e.,
e, = ¢,(0, N) for all nine ligands, and where a 7 character was
introduced for the oxygen atoms, i.e,, e, = ¢, = ¢,(O) for the
seven oxygen ligands. This parametrization may be motivated
by the z-donor character of typical oxygen ligands.”® All other
bond strengths were set to zero. This yielded two minima, at

e,(ON) =270 K, ¢,(0) = 240 K (* = 144) and ¢,(O, N) =
—250 K, ¢,(0) = =280 K (* = 226), see Figure 5. Inspection
of the individual plots for y,:(1), x34(1), x;r(2), and y(2)
shows that these two minima do not match the local minima
for each of the data sets individually. That is, for each data set,
more accurate fits could be obtained. However, both minima
are close to the local minima in each individual plot, giving the
overall best-fit property. Combining the data also helped
reduce the number of possible solutions. For instance, in the
2or(1) plot, three local minima are visible (and also in the

3(1) plot), but one of them is disfavored by the fact that it is
in a high y* area for the data of compound ALDy, (2). The
positive bond strengths ¢,(O, N) and ¢,(O) for one of the
minima bodes well with the expected donor character of ¢
bonds and z-donor character of carboxylate and alkoxide
groups.”’ For this reason, the minimum with negative bond
strengths is not further considered.

In order to refine the fit and test robustness and stability,
Levenberg—Marquardt fitting was employed with the above
parameter values as the starting values. The model was
extended in various ways by adding more free parameters,
which gave insight into the robustness/stability of the results.
For instance, extending the model by allowing the Landé g,
factors to vary and introducing &yo(1) and &yo(2) parameters
to account for slight inaccuracies in the diamagnetic
corrections of the data sets for ALEr, (1) and ALDy, (2)
(m, = 1 in these fits) yielded the best-fit result ¢,(O, N) =
442(3) K, ¢,(0) = 416(4) K, Jp, 1, = L0(1) mK, Jg, 5, = 1(2)
mK, gp, = 1.38(1), gg, = 1.22(1), dx,(1) = 0.0034(2) emu
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mol™" and &y,(2) = 0.0036(2) emu mol™'. The Landé g,
factors are obtained very satisfactorily, within a few percent of
the expected values, and the diamagnetic corrections are also
found to be very small. This indicates the stability and
robustness of the model. The values for the bond strengths
come out substantially larger, however, as compared to the
results from the y* landscape analysis, but the ratio e,(0)/
e,(O,N) is essentially preserved. This suggests that the absolute
strength of the ligand field cannot be very precisely determined
from the information contained in the experimental data, while
the anisotropy generated by the ligand field model is robust.
The resulting ligand field parameters are given in Tables S2
and S3. The coupling constant Jp,_p, is very small and
ferromagnetic but is determined with significance. It is, in fact,
responsible for the upturn in the ¥T curve of AL,Dy, (2) and is
therefore physically significant. In contrast, the coupling
constant J, g, should be considered as not significant.

In passing, it is mentioned that explicitly including dipolar
interactions in the model yielded best-fit values e,(O,N) =
453(3) K, €,(0) = 426(3) K, Jp,_py = —4.3(1) mK, Jg,_g, =
—1.1(3) mK, gp, = 1.38(1), gg, = 1.22(1), 8x,(1) = 0.0035(2)
emu mol™’, and &yy(2) = 0.0033(2) emu mol™'. All
parameters, except the coupling constants, are found to be
essentially identical to the previous fit. This further
demonstrates the robustness of the result and indicates that
including or not including dipolar couplings does not affect our
analysis. The values of the exchange coupling constants
naturally differ, as in the former fit, they represent the
combined effect of both exchange and dipolar couplings,
whereas in this fit, they solely represent exchange couplings.

Analysis Including Fe,Er, (3) and Fe,Dy, (4). The
actual goal is to achieve a simultaneous fit to all data for all four
compounds, ALEr, (1), ALLDy, (2), Fe,Er, (3), and Fe,Dy,
(4). However, since the numerical simulation of the powder
magnetization curves was found to be time-consuming for
Fe,Er, (3) and Fe,Dy, (4), the above fitting approach could
not be simply carried over. Instead, least-squares fitting using
the Levenberg—Marquardt algorithm was performed, where
the yT and M(B) curves of ALEr, (1) and Al,Dy, (2) and the
xT curves of Fe,Er, (3) and Fe,Dy, (4) were included, but the
M(B) curves of Fe,Er, (3) and Fe,Dy, (4) were excluded. The
M(B) curves of Fe,Er, (3) and Fe,Dy, (4) were then
retrospectively simulated for the parameters obtained in the fit
and visually compared with the experimental data. The
Levenberg—Marquardt fits were initialized using the results
found above.

The fit model used again the AOM model for setting the
bare ligand field parameters with the e, = ¢,(O,N) and ¢, = ¢,
= ¢,(0) parametrization for the bond strengths. The coupling
parameters were Jg (1), Je—p:(3), ]Dy—Dy(z)r Jo —Dy(4))
Jee-Eo Jre—Dy and Jre_p.(3), and Jpe_p(4). The Fe H—Fe'"
coupling was found to be substantially different in the two
compounds Fe,Er, (3) and Fe,Dy, (4) (vide infra) and was
thus introduced through two separate parameters for each
compound. The Landé g, factors were fixed to their free ion
values. The Fe™ g factor was set to gz, = 1.95, which is slightly
lower than the theoretically expected value of g = 2 for high-
spin Fe'! jons but in the experimental range.””*> The Fe
single-ion anisotropy constants D and E were set to zero, D = E
= 0. Since magnetic anisotropy of high-spin Fe'" is frequently
observed with strengths IDI on the order 0.1 to 1 K%
assuming zero anisotropy might seem unrealistic. However, the
statement here is not that these parameters are zero but that

from the available experimental data, they could not addition-
ally be determined with statistical significance, i.e., setting them
to values on the order of 1 K or to zero did not significantly
affect the resulting fit curves and parameters. This was found to
hold true even for the simplest possible case of the compound
Fe,Y, of the same family of butterflies, which represents a
dimer of exchange coupled high-spin Fe' ions.*® Fitting its
magnetic data yielded Jp._p. = —20.2(1) K and gz, = 1.94(1),
but D and E could not be determined with significance.
Therefore, not being able to determine D and E for Fe,Er, (3)
and Fe,Dy, (4) is not due to too many parameters in the
model but because the available powder data simply does not
provide that information in the present cases.

The resulting best-fit parameters are compiled in Table 1 for
the four compounds, and the resulting simulated curves are

Table 1. Best-Fit Parameters for the AOM Using e,(O,N)
and e,(0) Parametrization as Discussed in the Text”

Jrn-in Jre-Ln Jee—Fe ¢(O, N)  ¢,(0)
[mK]  [mK] (K] 8in (K] (K]
AL Dy, 0.9 (1) 1.3803 441 (5) 417
(2) 3) (s
ALEr, 0.0 (3) 12192
1 %)
Fe,Dy, -17 (1) 120 (1) -122  1.3803
4) (2 (3)
Fe,Er, -23(3) —60(3) -—187 12192
(3) (4) (%)

“The resulting y* value is 2.81.

shown in Figures 2—4. In addition, the parameters gg, = 1.95,
Sxo(1) = 0.0035 emu mol™, &y,(2) = 0.0034 emu mol™’,
5x0(3) = 0.0020 emu mol™", and 8y,(4) = —0.0037 emu mol™*
were used. The fits to the yT and M(B) data of ALEr, (1) and
AL Dy, (2) and yT data of Fe,Er, (3) and Fe,Dy, (4) are
excellent (Figures 2 and 3). The simulated M(B) curves for
Fe,Er, (3) and Fe,Dy, (4) (Figure 4) do not reproduce the
data equally accurately but are still remarkably close to the
data. Most importantly, the simulated curves reproduce the key
features in the experimental data correctly, such as the crossing
of the magnetization curves at ~4.1 and ~5.8 T for Fe,Er, (3)
and Fe,Dy, (4), respectively. That is, the model captures the
relevant physics remarkably well without the fit having seen
that data.

The AOM bond parameters were obtained as e,(O, N) =
441(5) K and ¢,(0) = 417(5) K. These values are very close to
those obtained from the above linked fits to the compounds
ALEr, (1) and AlDy, (2), which is a testimony of the
robustness of the model, i.e., that the model and the employed
parametrization are statistically significant. The J;,_;, coupling
constants come out with statistical significance, but except for
ALDy, (2), they should not be given scientific significance.
This is because the values for the compounds ALEr, (1),
Fe,Er, (3), and Fe,Dy, (4) are very small and fluctuate across
different fits. Essentially, equally good fits could be obtained if
the Ji,_1, constants were set to zero for compounds 1, 3, and
4. The value of J;,_; , for AL,Dy, (2), however, was found to be
relatively robust, which can be easily traced back to the fact
that for this compound, it is associated with a clear feature in
the magnetic data, namely, the upturn in ¥T at low
temperatures. A similar conclusion can be drawn for the
values of Jg_g, and Jp._p,- While they come out with statistical
significance, they fluctuate across different fits. These
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parameters are thus better described as lumped parameters that
adjust the fit curves to reach slightly better matches to the data
but bear little scientific relevance. The couplings Jg. g, are
determined to be weaker than that of the dimeric analogue
Fe,Y, and significantly different for the two compounds Fe,Er,
(3) and Fe,Dy, (4). The magnitude of Jp._. is related to the
field at which a crossing of the curves in the M(B) data occurs,
which for Fe,Er, (3) and Fe,Dy, (4) occur at ca. 4.1 and 5.8 T,
respectively. Indeed, the ca. 30% smaller crossing field in
Fe,Dy, (4) as compared to Fe,Er, (3) correlates well with the
ca. 40% smaller magnitude of Jg._p. In summary, the
parameters ]Dnyy(Z)J ]FefFe(?’)) ]FefFe(4)) ea(O/N)) and en(o)
are not only statistically but clearly also scientifically significant
and constitute the main result of this work. The bare and
common ligand field parameters €, and By, ; associated with
the determined bond strengths are given in Tables S2 and S3.

B CONCLUSIONS

A surprisingly accurate and consistent modeling of the
magnetism of four members of a 3d-4f butterfly family was
achieved using only two parameters for describing the
lanthanide ligand field in all four compounds. The employed
methodology utilized a black box implementation of the AOM
and disregarded any a priori physical or chemical motivation in
the parameter selection. Instead, the transferability of AOM
parameters across the four isostructural compounds was
demanded. This led to a reduced parametrization consisting
of two bond parameters e,(O,N) and e,(O), which
simultaneously characterize the susceptibility and magnet-
ization data of the four compounds to a remarkable accuracy.
To the best of the authors’ knowledge, such an efficient
reduction in ligand field parameters for describing a broad set
of thermodynamic data for low symmetry ligand field
complexes, which included polynuclear members, is excep-
tional.

The quality of the experimental data was found to be crucial
for achieving a well working modeling across the different
compounds. This highlights the importance of a consistent
measurement protocol and minimization of experimental
inaccuracies for this kind of analysis. It is challenging to
separate variations in the parameter values due to experimental
inaccuracies from those arising from different physics of the
compounds, and otherwise, this would significantly complicate
an already overparametrized description, leading to widely
different nonunique parameter sets.

The success of the reduced parametrization suggests that in
the considered systems, the AOM is indeed capable of
capturing the highly nonlinear correlations between the ligand
field parameters By, with good precision. Interestingly, the
best-performing parametrization of the bond strengths and its
values obtained in this work aligns reasonably well with
chemical expectations. That is, the experienced practitioner
may choose them more carefully such as to more accurately
capture the details of the chemical nature of the ligands, but
both the parametrization and the values are in a reasonable
ballpark. However, it is crucial to note that the nature of the
employed approach does not require such assigned chemical
meaning to be true. In fact, a high accuracy of a fit does not
necessarily imply the validity of the resulting chemical or
physical model. The transferability of the ligand field
parameters implied by this work for the available magnetic
data may thus be possibly contradicted by insights from more
elaborate experiments. Nonetheless, the success of the

proposed method suggests that setting aside prior chemical
intuition and instead emphasizing transferability can be a more
effective strategy for achieving reduced ligand field para-
metrizations, which are still consistent with the chemical
nature of the ligands.

In addition, the success of the reduced parametrization also
suggests that the information content in powder magnetic data
about the lanthanide ligand field can be very low, in the present
case, as low as only two free parameters, even when a relatively
large data set consisting of both susceptibility and magnet-
ization curves on four compounds is collected. While it is a
priori clear, as discussed in the introduction, that this type of
data has low information content, one may find this result
nevertheless surprising. The finding should have implications
for the interpretation of such experimental data. For instance,
comparing the result of ab initio theory to a measured powder
susceptibility curve may not be a strong confirmation of the
theory. Also, parameter values obtained from fitting individual
curves to multiparameter models may not be of scientific
significance.

Extending the presented approach to other compound
families will further illuminate the potential for chemical
interpretability as a possible byproduct of the results.
Furthermore, the framework and methodology used in this
work may serve as a promising foundation for the reduction of
ligand field parameters through approaches based on physics-

informed machine learning as well.
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