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SUMMARY

A fundamental aspect of lanthanide-containing single-molecule magnets (SMMs) is determining the orienta

tion of the magnetic anisotropy axes. However, the experimental determination is challenging. Here, we 

present an inelastic neutron scattering (INS) study on a family of 3d-4f MIII
2LnIII

2 butterfly compounds, with 

M = AlIII or FeIII and LnIII = YIII, ErIII, or DyIII. The rich INS spectra presented here provide significantly more 

experimental information in comparison to those of pure 4f clusters. As a main result, for Fe2Er2 and 

Fe2Dy2, the relative angle between the LnIII and the FeIII main anisotropy axes is determined. Models for 

the description of the magnetic properties are developed and found to reproduce the INS data, as well as 

the magnetic susceptibility and magnetization curves, with good accuracy. The results provide benchmarks 

for testing high-level ab initio theoretical approaches.

INTRODUCTION

The discovery of slow magnetic relaxation and quantum 

tunneling of magnetization in single-molecule magnets (SMMs) 

three decades ago triggered intense research into their magnetic 

properties.1–3 For practical applications of SMMs, such as in 

quantum information technologies or data storage,4–12 the 

blocking temperature TB, below which SMM behavior is 

observed, has to be somehow increased. It was shown that 

the total spin S of the cluster is not the most important parameter 

for achieving a high TB, but the single-ion anisotropies of the 

incorporated paramagnetic centers are.13,14 Accordingly, focus 

has shifted toward synthesizing and studying molecular clusters 

containing strongly anisotropic metal ions, such as lanthanides, 

and remarkable progress has been made.15–20 For instance, a TB 

exceeding liquid nitrogen temperature was observed in a mono

nuclear dysprosium metallocene SMM.21–24 The blocking tem

perature is, along with other factors such as molecular vibrations 

or spin-phonon coupling strengths,25,26 related to the details of 

the magnetic energy spectrum as well as wave functions gener

ated by the single-ion anisotropies and possible exchange inter

actions between the paramagnetic centers.27–30 In addition to 

the SMMs, the class of magnetic molecules exhibiting toroidal 

magnetic moments has recently attracted much interest, since 

systems with exotic quantum states carrying toroidal moments 

could lead to novel applications.31–38 Understanding the inter

play between single-ion anisotropies and exchange interactions, 

including the orientations of single-ion magnetic anisotropy 

axes, is thus of paramount relevance for furthering the field.

Inelastic neutron scattering (INS) has been demonstrated to be 

an excellent experimental tool for studying both magnetic ex

change interactions and single-ion magnetic anisotropies in mo

lecular clusters containing 3d metal ions.39–41 Recently, a few 

4f-based single-ion magnets (SIMs) and polynuclear 4f SMMs 

have also been successfully studied by INS.42–48 However, INS 

experiments on polynuclear pure 4f SMMs are challenging 

because of weak magnetic scattering intensities in comparison 

to the intensity of non-magnetic scattering mechanisms, such 

as spin-incoherent scattering or phonon scattering, or huge 

neutron absorption, especially in case of Dy.48,49 Accordingly, 
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the experiments frequently require deuterated samples in order to 

suppress the large spin-incoherent scattering of hydrogen50 and 

obtain sufficiently clear magnetic INS signals. Furthermore, it is 

often the case that only relatively few magnetic peaks can be 

observed. This poses a challenge in terms of the amount of 

information that can be deduced from the experiment.

Studying 3d-4f heterometallic molecules29,49,51–55 can offer 

several advantages in this context. As will be demonstrated in 

this work, the magnetic scattering intensity in the energy range 

of up to a few meV can be dominated by the scattering from 

the 3d metal ions, and comparatively strong INS signals be 

observed even from non-deuterated samples. Furthermore, the 

magnetic interactions between the 3d and the 4f ions often 

lead to richer INS spectra yielding more information. In addition, 

information on the single-ion anisotropy axes can be obtained 

from the data, even when recorded on powder samples. In order 

to increase the amount of experimental information, it is benefi

cial to study series of isostructural molecules, where the 4f and/ 

or 3d ions are substituted with various members of the periodic 

table, including diamagnetic ions.

This work reports an extensive INS study on five 

members of the family of molecules [MIII
2LnIII

2(μ3-OH)2(pmi

de)2(p-Me-PhCO2)6]⋅2MeCN (pmideH2 = N-(2-pyridylmethyl)- 

iminodiethanol), or M2Ln2 in short. Here, M can be Fe or Al, 

and Ln can be Er, Dy, or Y.56,57 The molecular structure, shown 

in Figure 1A, is a typical butterfly structure, where the 3d metal 

ions form the body and the 4f ions the wings of the butterfly. 

Some of us have previously reported on these and other closely 

related butterfly cluster molecules. Although they are not 

themselves what would be regarded as ‘‘high-performance’’ 

SMMs,58 the relative simplicity of the structural motif and the 

wide range of possibilities to modify it has made such clusters 

an ideal test-bed system for fundamental studies on the mag

netic behavior of 3d-4f SMMs. For example, the studies have 

shown the sensitivity of the ligand field around DyIII centers to 

remote changes in ligand substituents,59 the interplay between 

the various magnetic couplings within the butterflies and their 

SMM properties,60,61 and the different timescales of the various 

relaxation processes involved.56 The results of such studies 

provide a theoretical background,54 which could then be applied 

to high-performance 3d-4f SMMs, which would, by reason of 

their more complicated structures, not be amenable to such 

fundamental studies.

The INS spectra were recorded on non-deuterated powder 

samples of Al2Er2 (1), Al2Dy2 (2), Fe2Y2 (3), Fe2Er2 (4), and 

Fe2Dy2 (5). AlIII and YIII are diamagnetic, and the first three com

pounds thus serve as model systems for the main subjects of the 

study, which are Fe2Dy2 and Fe2Er2. The compounds Al2Er2 and 

Al2Dy2 provide insight into the 4f single-ion magnetic spectrum in 

the experimental window and also the non-magnetic scattering 

contribution. The compound Fe2Y2 essentially represents a 3d 

dimer and permits an independent assessment of the FeIII-FeIII 

exchange interaction and the FeIII single-ion anisotropy. The 

INS studies are complemented by temperature-dependent mag

netic susceptibility and field-dependent magnetization curves.

It is shown that the INS measurements permit us to determine 

the main magnetic anisotropy directions of the FeIII and LnIII 

ions relative to each other in the compounds Fe2Er2 (4) and 

Fe2Dy2 (5), whereas for Fe2Y2 (3), the orientation of the FeIII 

main anisotropy axis in relation to the molecular structure 

could be deduced. Recently, information on the local anisot

ropy axes in SMMs was obtained through the measurement 

of the local susceptibility tensor using polarized neutron 

diffraction (PND)62–65 or high-resolution X-ray diffraction with 

a multipole model.66 INS complements these techniques by 

providing experimental benchmarks for high-level theoretical 

methods that can yield directions of the main anisotropy 

axes, such as various ab initio approaches.29,31,67–69

RESULTS

Crystal structures

The samples of compounds 1–5 used for the INS measurements 

were examined by powder X-ray diffraction (PXRD) to determine 

the polymorphic phase(s) present, since the INS data are sensi

tive to the nature of the different polymorphic structures (see 

detailed discussion of the different polymorphs of the crystal 

structures of 1–5 in the supplemental information). To summa

rize, for both Fe2Y2 (3) and Fe2Er2 (4), the PXRD patterns showed 

that these two compounds were exclusively present as poly

morph B (Figure S3). However, the INS sample of Fe2Dy2 (5) 

was found to be a mixture of polymorphs A (5-A) and B (5-B) in 

comparable amounts (Figure S4), where, e.g., 5-A denotes com

pound 5 crystallizing in polymorph A. The INS sample of Al2Er2 

(1) was prepared in several batches. Most of these were shown 

by PXRD to be a consistent mixture of polymorphs B and E 

Figure 1. Molecular structure and scheme 

illustrating the magnetic model 

(A) Ball-and-stick representation of the struc

ture of the M2Ln2 butterflies. Green, MIII ions; 

pink, LnIII ions; blue, nitrogen; red, oxygen; 

black, carbon. Hydrogen atoms are omitted for 

clarity. 

(B) Sketch of the magnetic model. Magnetic ions 

are plotted in the same color as in (A). Blue lines, 

J3d − 4f ; green line, J3d − 3d ; pink line, J4f − 4f ; yellow 

sticks, directions of the main anisotropy axes, 

with directions consistent with experiment (for 

details see text). The cone reflects the orienta

tions of the LnIII anisotropy axes, which are 

consistent with the relative angle ~θ in reference to the FeIII anisotropy axes. The black arrows indicate the x, y, and z coordinate frame. It was chosen such that 

the MIII and LnIII ions span the xy plane.
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(Figure S5) and were combined. Al2Dy2 (2) gave similar results. 

No traces of the polymorphs C and D could be detected in any 

of the samples.

Fe2Y2

Figure 2 shows experimental INS spectra for compound Fe2Y2 

(3), recorded on the spectrometer IN6-SHARP with incident 

neutron wavelength λ = 4.1 Å, at temperatures T = 1.8, 50, and 

70 K. At the lowest temperature, three peaks are clearly 

observed at energies of 1.90(5) meV (peak I), 2.15(5) meV 

(peak II), and 2.56(5) meV (peak III). A further weak feature is 

observed at 0.6(1) meV (marked by an asterisk), which will be 

identified as a spurion below. The intensities of the three peaks 

decrease with increasing temperature, which identifies them as 

cold magnetic transitions (transitions from the ground state to 

higher-lying states). Hot magnetic transitions are not observed 

(transitions from higher-lying states to higher- or lower-lying 

states). In the neutron energy gain spectra, the expected anti- 

Stokes transitions are observed, with further transitions in the 

range of − 4 to − 5 meV (Figure S6A). The S(Q,ω) plot, shown in 

Figure S6B, confirms the assignment of peaks I to III: the Q 

dependence of their scattering intensities unambiguously iden

tifies them as of magnetic origin. The feature at 0.6 meV is unam

biguously identified as spurious. The observed peaks I to III are 

characteristic of singlet S = 0 to triplet S = 1 transitions, with 

the triplet exhibiting zero-field splitting.40 The transitions 

observed in the neutron energy gain range of 4–5 meV corre

spond to triplet S = 1 to quintet S = 2 transitions.40

The magnetic susceptibility data (Figure S7) exhibit the 

behavior characteristic of a dimer of high-spin FeIII ions (S = 

5/2, g = 2) with antiferromagnetic Heisenberg exchange 

coupling.27 χT continuously decreases from a room temperature 

value of 6.5 emu K mol− 1 to become essentially zero at the 

lowest temperature of T = 2 K, indicative of a total spin singlet 

S = 0 ground state. The magnetization curves (not shown) at 

low temperatures are very small, much smaller than the satura

tion magnetization of 10 μB expected for two uncoupled FeIII 

ions, as expected for a non-magnetic, singlet ground state.

Both the INS and the magnetic data consistently point to an 

antiferromagnetically coupled spin-5/2 dimer with magnetic 

anisotropy, as expected from the molecular structure and 

consistent with previous magnetic analyses.56,57 The energy 

scheme inferred from the observed INS transitions is presented 

in Figure 6.

Fe2Er2 and Al2Er2

Figure 3A presents experimental INS spectra for the Er-con

taining compounds Al2Er2 (1) and Fe2Er2 (4), recorded on the 

spectrometer IN6-SHARP with incident neutron wavelength 

λ = 5.1 Å, at temperatures T = 1.5 and 30 K. For both com

pounds, a weak feature at ∼0.8 meV (marked by an asterisk) 

is observed, which can be associated with a spurion. For com

pound Al2Er2 (1), magnetic scattering intensity was not 

observed in the experimental window of transfer energies of 

up to 10 meV. This implies that the ligand-field transitions ex

pected for ErIII ions are either higher in energy than ∼10 meV 

or buried by non-magnetic scattering. These spectra thus 

reflect the scattering intensity from the non-magnetic contribu

tions such as spin-incoherent or phononic scattering, and the 

data can be conveniently used to estimate the non-magnetic 

INS background in the measurements on compound Fe2Er2 (4).

For compound Fe2Er2 (4), five clear peaks are observed at 1.61 

(1) meV (peak I), 1.88(1) meV (peak II), 2.17(1) meV (peak III), 2.39 

(3) meV (peak IV), and 2.61(1) meV (peak V). A further very weak 

feature is observed at ∼1.4 meV (labeled P1). The temperature 

dependence of the scattering intensities of the five peaks are 

shown in detail in Figure S8A. The intensities of peaks I, II, III, 

and V decrease with increasing temperature, which identifies 

them as cold transitions of magnetic origin. The S(Q,ω) plot, 

shown for compound Fe2Er2 (4) in Figure 3B, confirms this 

assignment. The Q dependence of the scattering intensities 

unambiguously evidences their magnetic origin. The weak 

feature at ∼0.8 meV can clearly be identified as spurious. 

The assignments of peak IV and feature P1 are less clear. The 

temperature dependencies of their intensities are consistent 

with a magnetic origin, but the scattering intensity is very small, 

and the Q dependencies, while not well borne out, could be 

consistent with a phononic origin. Peak IV is significantly stron

ger than P1 and also clearly observed at 30 K, which could 

suggest a magnetic origin, while P1 appears to be most likely 

of extrinsic nature.

The neutron energy gain spectra are shown in Figure S9A. In 

the data of compound Fe2Er2 (4), two marked hot features in 

the ranges of − 1.5 to − 3 and − 3.8 to − 5 meV are observed. 

The feature at lower transfer energy can clearly be associated 

with the anti-Stokes transitions corresponding to the above- 

mentioned magnetic peaks. The other feature at more negative 

transfer energy stems from hot magnetic transitions, which 

were not observed in the neutron energy gain spectra due to 

high transfer energies. The magnetic origin of both features will 

be confirmed by simulations (vide infra).

Figure 2. Neutron energy loss INS spectra for Fe2Y2 (3) 

Data recorded with λ = 4.1 Å at T = 1.8 K (black dots), 50 K (red dots), and 70 K 

(blue dots) and simulated curves. Datasets were shifted for clarity. The asterisk 

marks an instrumental spurion. Three cold transitions, I, II, and III, are detected. 

The simulated curves, shown as solid lines with colors matching those of the 

associated experimental data, were calculated using Equation 2 with the pa

rameters given in the main text.
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Figure 3C presents the magnetization curves for compound 

Fe2Er2 (4), and the inset shows the magnetic susceptibility data 

as a χT product. At T = 300 K, the χT value is 26.9 emu K 

mol− 1, which is lower than the value of 31.7 emu K mol− 1 as 

calculated from the Curie constants C = 4.38 emu K mol− 1 and 

C = 11.48 emu K mol− 1 for free FeIII and ErIII (J = 15/2, gJ = 

1.2) ions, respectively. With decreasing temperature χT de

creases, with a steeper decrease at temperatures below T ∼8 

K, and reaches a value of 11.8 emu K mol− 1 at the lowest temper

ature of T = 2 K. This behavior is indicative of a thermal depopu

lation of the ligand-field states of the lanthanide ions and the 

possible presence of antiferromagnetic interactions. The 

magnetization curves initially increase linearly with magnetic 

field but approach saturation for the measured temperatures at 

the highest field, with a maximum value of 7.85(3) μB at B = 7 

T. This clearly suggests a magnetic ground state of the cluster. 

The maximal magnetization is, however, significantly smaller 

than the theoretical value of 28 μB expected for free FeIII and 

ErIII ions, indicating the presence of substantial magnetic 

anisotropy in the ground state and the potential effect of antifer

romagnetic interactions. Given that for Al2Er2 (1) magnetic fea

tures were not observed in the INS spectra, the magnetic data 

of this compound were found to be of little relevance for this 

study and are thus not further discussed.

Fe2Dy2 and Al2Dy2

In Figure 4, the magnetic data recorded on compound Fe2Dy2 (5) 

are shown in detail. Figure 4A presents the magnetic susceptibil

ity as the χT product in the full measurement range; the inset 

provides a zoom into the low temperature range. The χT value 

at T = 300 K is 37.6 emu K mol− 1, which is close to the value 

37.1 emu K mol− 1 as calculated from the Curie constants C = 

4.38 emu K mol− 1 and C = 14.17 emu K mol− 1 for free FeIII and 

DyIII (J = 15/2, gJ = 4/3) ions, respectively. With decreasing tem

peratures, χT first decreases slowly, to pass a ‘‘kink’’ at T ∼7 K, 

below which χT decreases significantly faster, reaching a value 

Figure 3. Experimental data for Fe2Er2 (4) and Al2Er2 (1) and simulations 

(A) Neutron energy loss INS spectra recorded with λ = 5.1 Å at T = 1.5 K (black) and 30 K (red). The data for Al2Er2 (1) and Fe2Er2 (4) are represented by solid and 

open circles, respectively. Datasets were shifted for clarity. The asterisk marks a spurious feature. Five cold magnetic peaks, I, II, III, IV, and V, and a feature, P1, 

are observed in the Fe2Er2 (4) data. The Al2Er2 (1) data show no magnetic features. The results of simulations are shown as solid lines with colors matching those of 

the associated experimental data. For T = 1.5 K, the simulated spectrum with assumed zero line width is also shown as bars. 

(B) S(Q,ω) plot for Fe2Er2 (4) recorded at T = 1.5 K with λ = 5.1 Å. 

(C) Magnetization vs. applied field at T = 2 K (black), 3 K (red), 4 K (blue), and 5 K (green). The inset shows the susceptibility plotted as χT vs. temperature. Experimental 

data are represented by open circles. The simulated curves are shown as solid lines with colors matching those of the associated experimental data. 

In all plots, the simulated curves were calculated using Equation 3 with the parameters given in the main text.

4 Cell Reports Physical Science 6, 102848, October 15, 2025 

Article

ll
OPEN ACCESS



of 24.3 emu K mol− 1 at T = 2 K. The behavior resembles 

that observed for compound Fe2Er2 (4), with similar conclusions 

concerning thermal depopulation of lanthanide ligand-field 

states and antiferromagnetic interactions in the system.

In Figure 4B the magnetization curves are shown in the full mea

surement range; the inset provides a zoom into the magnetization 

at higher fields. Similar to compound Fe2Er2 (4), the magnetization 

curves initially increase linearly with magnetic field and approach 

saturation at the highest field, clearly suggesting a magnetic 

ground state in Fe2Dy2 (5). The maximum value at T = 2 K and 

B = 7 T is 11.2 μB, which is substantially smaller than the theoret

ical value of 30 μB for free FeIII and DyIII ions and indicates substan

tial magnetic anisotropy in the ground state and the potential 

effects of antiferromagnetic interactions. In contrast to compound 

Fe2Er2 (4), however, a crossing of the magnetization curves at 

B ∼ 4.1 T is observed, as detailed in the inset in Figure 4B. This 

suggest the presence of a relatively low-lying level in Fe2Dy2 (5) 

giving rise to a field-induced level crossing.

Figure 5 presents in detail experimental INS data for the Dy- 

containing compounds Al2Dy2 (2) and Fe2Dy2 (5), recorded on 

the spectrometer IN5 with incident neutron wavelengths λ = 

4.25 and 4.8 Å, at temperatures of T = 1.5, 5, and 15 K. For com

pound Al2Dy2 (2), the spectra exhibit features, especially in the λ = 

4.25 Å spectra, but all scattering intensity can be assigned to non- 

magnetic scattering based on the temperature and Q depen

dence of the intensities and the overall weak intensity. The fea

tures observed in the λ = 4.25 Å spectra at ∼1.5 meV (labeled 

P2), ∼2.0 meV (labeled P3), ∼2.3 meV (labeled P4), and ∼3.0 

meV (labeled P5) can be assigned to spurious or non-magnetic 

origin: P2 is weakly temperature dependent and consistent with 

the Bose temperature dependence of phonons. P4 is clearly a 

spurion from the Q dependence. P3 and P5 are not temperature 

dependent and present in all spectra at this neutron wavelength, 

identifying them as spurious, too. The spectrum recorded for λ = 

4.8 Å at T = 1.5 K is much cleaner, with only very minor features 

and the spurious feature P4. Thus, for compound Al2Dy2 (2), con

clusions similar to those for compound Al2Er2 (1) can be drawn 

concerning the ligand-field transitions and that these spectra 

can be conveniently used to estimate the non-magnetic scattering 

contribution in the INS measurements on compound Fe2Dy2 (5).

For compound Fe2Dy2 (5) the INS measurements exhibit a rich 

spectrum, and nine magnetic peaks are clearly observed at 0.67 

(1) meV (peak I), 1.03(1) meV (peak II), 1.21(1) meV (peak III), 1.37 

(1) meV (peak IV), 1.71(1) meV (peak V), 1.93(3) meV (peak VI), 

2.03(5) meV (peak VII), 2.49(2) meV (peak VIII), and 2.73(2) meV 

(peak IX). The intensities of these peaks decrease with increasing 

temperature, as shown in detail in Figure S8B. This, and the S 

(Q,ω) plot shown in Figure 5B, unambiguously identifies them as 

cold magnetic transitions. In these data a feature P4 is observed, 

which is spurious, as demonstrated in particular by the S(Q,ω) 

plot. The features observed at ∼2.3 and ∼3.0 meV clearly corre

spond to the features P4 and P5 observed for compound Al2Dy2 

(2) and can thus safely be assigned as spurious. In the λ = 4.8 Å 

spectra, an additional very weak feature is observed at ∼1.5 

meV (labeled P1). The temperature dependence of its intensity 

and also the Q dependence do not rule out a magnetic origin. 

Based on its very weak intensity, it might be of extrinsic origin. 

Figure 5C presents the spectra recorded at T = 1.5 K in more detail. 

For this plot, the spectra were scaled with arbitrary factors such 

that the peak heights match within reason. The peak heights are 

slightly different in the λ = 4.25 and 4.8 Å data, which is partially 

due to the different experimental resolutions of 59 and 42 μeV, 

respectively, but mostly reflects the accuracy of the experiments. 

For this compound, high-resolution INS data were also recorded, 

with incident neutron wavelengths λ = 8.0 Å and transfer energies 

up to 0.8 meV, to investigate the low energy spectrum (Figure S10). 

The Stokes and anti-Stokes transitions corresponding to peak I are 

observed, but no further magnetic features at lower transfer en

ergies can be detected in the energy range down to ∼0.15 meV.

In Figure S9B, the spectra of compounds Al2Dy2 (2) and 

Fe2Dy2 (5) are shown for the neutron energy gain side. For 

compound Al2Dy2 (2), a broad feature that increases with 

temperature is observed at ca − 1.5 meV, which represents the 

anti-Stokes feature corresponding to feature P2, which further 

corroborates the assignment as of phononic origin. In the data 

of compound Fe2Dy2 (5), the anti-Stokes peaks corresponding 

to the magnetic transitions I to IX can be identified, with the ex

pected temperature dependence. For reasons similar to those 

for compound Al2Er2 (1), the magnetic data for compound 

Al2Dy2 (2) are not further discussed.

Magnetic models

The magnetism in the compounds Fe2Y2 (3), Fe2Er2 (4), and 

Fe2Dy2 (5) is modeled using the common spin Hamiltonian 

approach. Since YIII is diamagnetic, compound Fe2Y2 (3) corre

sponds to an FeIII dimer or a dimer of two spin 5/2 centers, 

Figure 4. Experimental magnetic data for 

Fe2Dy2 (5) and simulated curves 

(A) Susceptibility plotted as χT vs. temperature 

(open circles). The solid lines show the simulated 

susceptibility curves for species 5#1 (orange), 

species 5#2 (cyan), and the combined sample 

Fe2Dy2 (5) (blue), with composition as given in the 

main text. 

(B) Magnetization vs. applied magnetic field at 

T = 2 K (black), 3 K (red), 4 K (blue), and 5 K (green). 

Experimental data are represented by open cir

cles. The solid lines show the simulated suscep

tibility curves for the combined sample Fe2Dy2 (5), 

with composition as given in the main text and 

colors matching those of the associated experimental data. The inset shows the high field range in detail. The black arrows indicate a crossing point at B ∼ 4.1 T. 

In all plots, the simulated curves were calculated using Equation 3 with the parameters given in the main text.
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with a Heisenberg exchange interaction of strength JFe − Fe, sin

gle-ion magnetic anisotropy terms of second order described 

by tensors ~DFe;i (i = 1, 2), and a Zeeman term. Anisotropy tensors 

such as ~DFe;i are parameterized in this work by rotating a diago

nal, traceless tensor D, with the usual parameters D and E, by 

rotation matrices R, as given in Equation 1. The rotation matrices 

are parametrized by the usual Euler angles θ, φ, and ψ.70 The pa

rameters D and E are chosen such that the local z’ axis corre

sponds to the main anisotropy axis (|E| ≤ |D|=3). The rotations 

are visualized in Figure 1B. In view of the inversion center of 

the investigated molecules, the main anisotropy axes of the 

two FeIII ions can be assumed to be parallel to each other. In 

this work, the − J notation is used for exchange couplings. The 

spin Hamiltonian for Fe2Y2 (3), thus, is as given in Equation 2. 

Symbols not discussed have their usual meaning:

~D = R
T
DR = R

T

⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝

−
1

3
D + E 0 0

0 −
1

3
D − E 0

0 0
2

3
D

⎞

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

R;

(Equation 1) 

Ĥ1 = − JFe − Fe ŜFe;1 ŜFe;2 + μBgFe

(
ŜFe;1 + ŜFe;2

)
B 

+
∑

i = 1;2

ŜFe;i
~DFe;i ŜFe;i: (Equation 2) 

Figure 5. Experimental neutron energy loss INS spectra for Fe2Dy2 (5) and Al2Dy2 (2) and simulated curves 

The data for Fe2Dy2 (5) and Al2Dy2 (2) are represented by open and solid symbols, respectively. 

(A) INS spectra recorded with λ = 4.8 Å (squares) at T = 1.5 K (green) and with λ = 4.25 Å (circles) at T = 1.5 K (black), 5 K (red), and 15 K (blue). Datasets were shifted 

for clarity. Nine cold magnetic peaks, marked with Roman numbers, and five features, P1 to P5, are observed in the Fe2Dy2 (5) spectra. The Al2Dy2 (2) data show 

no magnetic features. The results of simulations are shown as solid lines with colors matching those of the associated experimental data. For T = 1.5 K, the 

simulated spectrum with assumed zero line width is also shown; gray bars represent the contribution of species 5#1 and black bars that of species 5#2. 

(B) S(Q,ω) plot for Fe2Dy2 (5) recorded at T = 1.5 K with λ = 4.8 Å. 

(C) Zoom into the experimental T = 1.5 K spectrum for Fe2Dy2 (5) recorded with λ = 4.8 Å (green squares) and 4.25 Å (black circles). The simulated curves for 

species 5#1 and 5#2 and the combined sample Fe2Dy2 (5) are represented as dotted cyan, dashed orange, and solid blue lines, respectively. 

In the plots, simulated curves were calculated using Equation 3 with the parameters given in the main text.
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The magnetic models for compounds Fe2Er2 (4) and Fe2Dy2 (5) 

are based on the model for compound Fe2Y2 (3). In addition, ex

change interactions between the lanthanide ions, JLn − Ln, and the 

FeIII and lanthanide ions, JFe − Ln, are introduced. The lanthanide 

single-ion anisotropies are again modeled by second-order 

anisotropy tensors, ~DLn, with respective D and E parameters 

and Euler angles. In the analysis of the data below, the relative 

angle between the main anisotropy axes of the FeIII centers 

and the lanthanide centers will be of relevance and will be de

noted as ~θ. Second-order anisotropy tensors are sufficient for 

describing the lanthanide magnetism at low energies as relevant 

for the INS experiments and magnetization curves. For modeling 

the susceptibility curves, higher-order lanthanide anisotropy 

terms have in general to be introduced, but it was found that 

the effect of the ligand field splitting on the magnetic susceptibil

ity can be modeled with sufficient accuracy by the magnitude of 

the DLn and ELn parameters, which thus can be viewed as 

lumped parameters (i.e., only the ratio |ELn =DLn| is relevant for 

adjusting the low-energy behavior). The directions of the lantha

nide main anisotropy axes can again be chosen to be parallel to 

each other, but are in general different from those of the FeIII ions 

(see Figure 1B). The spin Hamiltonian for compounds Fe2Er2 (4) 

and Fe2Dy2 (5) is given in Equation 3:

Ĥ2 = Ĥ1 − JLn − Ln ĴLn;1 ĴLn;2 − JFe − Ln

∑

i = 1;2;j = 1;2

ŜFe;i ĴLn;j 

+ μBgLn

(
ĴLn;1 + ĴLn;2

)
B +

∑

i = 1;2

ĴLn;i
~DLn;i ĴLn;i:

(Equation 3) 

In order to avoid confusion with exchange coupling constants, 

operators are indicated by a hat. Dipolar magnetic interactions, 

especially with lanthanide ions, should in general be included 

as well. However, we have checked that they do not introduce 

appreciable effects other than slightly changing the values of 

some parameters (vide infra), in accord with expectation.

The INS scattering intensity of powder samples was simulated 

using the formula given in Waldmann and Güdel71,72 In the simu

lation of the magnetic susceptibilities, a correction χ0, to account 

for experimental inaccuracies in the diamagnetic correction, and 

an intermolecular exchange interaction, modeled via a Curie- 

Weiss constant θC,27 were in addition considered as necessary. 

For each compound, one set of best-fit parameters, which repro

duces all experimental data (INS, magnetization, and suscepti

bility) for that compound, was determined by stepwise combina

tion of least-squares fits and extensive grid calculations.

The effect of the orientations of the anisotropy axes in the 

model, i.e., the rotation matrices in the ~DFe and ~DLn tensors, on 

the considered experimental observables warrants a comment. 

The assumed spin Hamiltonians do not explicitly depend on 

the coordinates of the metal centers, and the calculated energies 

and wave functions thus do not depend on a global rotation of 

the anisotropy tensors with respect to the molecular structure 

(‘‘global’’ meaning a rotation of all tensors by the same Euler an

gles). Therefore, one cannot determine the absolute orientations 

of the anisotropy axes with respect to the molecule from the INS 

transition energies and powder magnetization and susceptibility 

curves but only the relative orientations of anisotropy axes with 

respect to each other. The situation is, however, markedly 

different for the INS intensities, since the INS scattering formula 

involves interference terms, i.e., terms that explicitly depend on 

the coordinates of the metal centers.40,73 Therefore, the INS 

intensities can depend on the absolute orientations of the anisot

ropy axes, providing a potential path to reveal such information 

from INS, even on powder samples. This is exemplarily demon

strated for compound Fe2Y2 (3) in Figure S6C.

The FeIII-FeIII interactions will be determined to be antiferro

magnetic, as expected from the magnetic data of Fe2Y2 (3), 

and dominate the structure of the energy spectra in the relevant 

energy window of a few meV. The general structure of the energy 

spectra, then, is as follows. For compound Fe2Y2 (3), a singlet 

ground state, SFe2 
= 0, is obtained, with three excited levels orig

inating from the excited triplet SFe2 
= 1 and the zero-field splitting 

due to the FeIII anisotropy terms (SFe2 
refers to the spin state of 

the Fe2 unit). The energy spectrum is sketched in Figure 6. 

Ignoring the lanthanide rhombic terms in the spin Hamiltonian 

(Equation 3), the states in the compounds Fe2Er2 (4) and 

Fe2Dy2 (5) can be described as 
⃒
⃒SFe2

; mJ;Ln;1;mJ;Ln;2〉, where 

mJ;Ln refers to the magnetic quantum numbers of the ground 

Kramers doublets of the two lanthanide ions in the cluster (a 

further quantum number required to completely specify the 

spin state of the Fe2 unit is dropped for brevity). The lanthanide 

magnetic quantum numbers can assume the values 

mJ;Ln = ± MJ (MJ will be specified later). Therefore, disregarding 

the 3d-4f and 4f-4f interactions, the ground levels of the cluster 

consist of the 4 states |0; ± MJ; ± MJ〉 and a set of 12 higher-lying 

states |1; ± MJ; ± MJ〉, which energy-wise are located around the 

Fe2 singlet-triplet excitation energy, or |JFe − Fe| in fact. The 3d-4f 

Figure 6. Simulated low-lying energy spectra for compounds Fe2Y2 

(3), Fe2Er2 (4), and the two species in Fe2Dy2 (5) (5#1 and 5#2), from 

left to right 

Levels originating from the SFe2 
= 0 singlet spin state of the Fe2 unit lie below 

the dotted horizontal line. Levels above that line originate from the SFe2 
= 1 

triplet spin state, except for 5#2, for which the next higher levels originating 

from the SFe2 
= 2 quintet spin state are also present at the higher energies 

(enclosed by dashed lines). The transitions observed in the INS experiments 

are indicated by vertical arrows. The fingerprint transitions discussed in the 

main text are represented by black arrows. The other transitions are indicated 

with orange arrows for compounds Fe2Y2 (3), 5#1, and 5#2, while for com

pound Fe2Er2 (4) the different transitions are in different colors for better clarity.
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and 4f-4f interactions induce splittings, but a 2-fold degeneracy 

remains. The energy spectrum is then characterized by two 

slightly separated doublets at low energies and a set of six 

excited doublets at higher energies. The lanthanide rhombic 

terms in Equation 3 shift the levels in energy and induce further 

splittings, lifting the 2-fold degeneracy, which is, however, 

comparatively weak. As a result, a characteristic pattern of six 

or more levels at energies of around |JFe − Fe| emerges in the 

accessible energy window probed in the present INS experi

ments, as sketched in Figure 6. The lanthanide ligand-field 

parameter DLn can be expected to be large, larger than all other 

terms. As mentioned before, the low-energy spectrum, as 

relevant in the INS and magnetization experiments, is therefore 

governed by the ratio |ELn =DLn| but is largely independent of 

the absolute values of DLn and ELn.

Modeling of Fe2Y2

For compound Fe2Y2 (3), the parameters JFe − Fe = − 25.4(1) K, 

DFe = 0.98(4) K, |EFe| = 0.23(3) K, θFe = 70(20)◦, and φFe = 0 

(20)◦ were determined using Equation 2. The simulated INS 

curves are shown in Figures 2 and S6A. The simulations repro

duce the experimental data very well. Noteworthily, the simu

lated intensities of the observed INS peaks depend on the 

absolute orientations of the FeIII anisotropy axes, allowing us to 

determine both the polar and the azimuthal angles θFe and φFe 

with significance (though not very accurately as indicated by 

the estimated standard deviations). In the case of compound 

Fe2Y2 (3), a rotation of DFe corresponds to a global rotation 

and therefore does not change the energy spectrum, nor the 

peak positions, but does affect the peak intensities. For this 

compound, the sign of EFe cannot be determined from the pow

der data. Also, note that the simulated curves are identical for θFe 

and 180◦ − θFe; i.e., θFe = 110(20)◦ is an equally valid solution. 

The calculated energy spectrum is plotted in Figure 6, which 

also indicates the observed INS transitions. Fits to the magnetic 

susceptibility (Figure 2) yielded a coupling constant of JFe − Fe = 

− 21.2(1) K, slightly smaller than the INS value but in reasonable 

agreement, given that INS probes the low-energy sector, while 

magnetic susceptibility probes the complete energy spectrum.

Modeling of Fe2Er2

For compound Fe2Er2 (4), the parameters JFe − Fe = − 23.4(1) K, 

DFe = 0.98(5) K, EFe = 0.26(4) K, JFe − Er = − 0.39(5) K, JEr − Er = 

− 0.015(5) K, DEr = 60(10) K, EEr = − 1.5(5) K, and ~θ = 59(5)◦ were 

determined using Equation 3. In the modeling of the susceptibility, 

a contribution χ0 = 0.005 emu K mol− 1, was included, as well as a 

Curie-Weiss constant of θC = − 0.35 K. The simulated INS curves 

are shown in Figures 3A, S8A, and S9A. The five experimentally 

observed transitions, I–V, are well reproduced. In order to repro

duce the INS and magnetization data, a non-zero lanthanide 

rhombic term, EEr , was found to be required. While the simulated 

peak positions depend on all parameters, often in subtle ways, it 

was found that especially the energy of peak IV depends signifi

cantly on the relative angle ~θ, which thus could be determined 

from the experiment with good significance. The simulated peak 

intensities also depend on all parameters, often in subtle ways. 

However, here, it was found that especially the intensity of peak 

II is sensitive to the absolute orientations of the FeIII and ErIII 

anisotropy axes. Information on the absolute orientations can 

thus be deduced from the data, but the data are not sufficient to 

pin down all six Euler angles in the model (Equation 3). With the 

relative angle ~θ fixed, five free parameters are remaining. The 

directions of the lanthanide main anisotropy axis in relation to 

the FeIII main anisotropy axis, which are consistent with the 

determined relative angle ~θ, thus span a cone as indicated in 

Figure 1B. The peak intensities do depend on the five undeter

mined free parameters, but the variations were found to be too 

small to be determined from the experiments. In the simulation, 

they were thus set arbitrarily (we used θEr = 60◦, φEr = 120◦, 

αEr = 80◦, θFe = 83◦, φFe = 178◦, and αFe = 149◦). The simulated 

χT and M(B) curves are shown in Figure 3C as solid lines. As 

evident from the figures, all experimental data are well reproduced 

by the one parameter set given in the above.

The calculated energy spectrum is plotted in Figure 6, with 

the observed INS transitions indicated by arrows. The transition 

energies of peaks II and III are essentially identical to those of 

peaks I and II in compound Fe2Y2 (3). The higher of the two, 

i.e., peak III in Fe2Er2 (4) or peak II in Fe2Y2 (3), was found to 

be relatively insensitive to variations in the model parameters 

besides JFe − Fe and thus can be regarded as a fingerprint of 

the underlying triplet state of the antiferromagnetically coupled 

Fe2 unit. Peak IV is made up of several close-lying transitions 

not resolved in the experiment.

Modeling of Fe2Dy2

The modeling of the data for compound Fe2Dy2 (5) was more 

complicated than for the other compounds. Intense efforts to 

model the data, especially the INS data, assuming a single 

species in the compound failed. As discussed before, with 

reasonable parameter values a characteristic energy spectrum 

is obtained from Equation 3. It was found impossible to produce 

INS spectra exhibiting nine peaks as widely spread out in energy 

as observed in the experiment and simultaneously be consistent 

with the neutron energy gain spectra and the magnetization 

curves. One possibility for creating sufficiently many peaks 

would be to assume a very-low-lying ligand field level for the 

DyIII ions, but in such models neither the temperature depen

dencies of the INS intensities nor the magnetization curves nor 

the susceptibility could be reproduced within reason. Another 

possibility would be to assume a small FeIII-FeIII exchange 

coupling constant such that the levels associated with the 

SFe2 
= 2 quintet spin state move into the experimental window. 

Such a model in fact can explain the indications of a level 

crossing observed in the magnetization curves (vide infra). 

However, the INS transitions related to the quintet spin states 

would be hot transitions and thus not be observed at the lowest 

temperatures, in marked contrast to the experiment. In addition, 

models were considered in which the assumed inversion 

center was removed, or broken exchange coupling paths were 

assumed.

It eventually was concluded that the INS sample consisted of 

two species, denoted as 5#1 and 5#2 in the following, and that 

the observed data are the result of the combined contributions 

from the two. A retrospective careful analysis of the sample by 

PXRD indeed confirmed that it consisted of a mixture of 5-A 

and 5-B, as described earlier (the association of species 5#1 
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and 5#2 with polymorphs A and B is not obvious from the INS 

data; hence, the distinction in the notation).

Equipped with the experience and insights from the analysis of 

compound Fe2Er2 (4), it is then straightforward to infer from the 

INS data in which parameter the two species differ most. Each 

species is expected to contribute a characteristic pattern of 

INS transitions, with a fingerprint transition for each of them. 

The observed peaks III and V are readily identified as the finger

prints, which strongly suggests that the key differences between 

the two species are significantly different FeIII-FeIII exchange 

couplings. Since the energy of peak VI is similar to the energies 

of the fingerprint transitions observed in compounds Fe2Y2 (3) 

and Fe2Er2 (4), it can be concluded that for species 5#1, JFe − Fe 

is of similar value (ca − 23 K). Peak III is ca. 40% lower in energy, 

which allows one to conclude that in species 5#2, JFe − Fe is 

correspondingly smaller (suggesting ca − 14 K).

Precise modeling yielded for species 5#1 the parameter set 

JFe − Fe = − 23.2(2) K, DFe = 1.24(3) K, EFe = − 0.19(3) K, 

JFe − Dy = − 0.42(1) K, JDy − Dy = 0.0010(5) K, DDy = − 15(5) K, and 
~θ = 52(5)◦ and for species 5#2 the set JFe − Fe = − 14.8(2) K, 

DFe = 1.09(3) K, EFe = − 0.16(3) K, JFe − Dy = − 0.46(1) K, 

JDy − Dy = 0.003(1) K, DDy = − 15(5) K, and ~θ = 58(5)◦. In the 

modeling of the susceptibility, a diamagnetic correction χ0 = 

0.008 emu K mol− 1 and a Curie-Weiss constant θC = − 0.25 K 

were included. The composition of the sample was obtained 

as 37% of 5#1 and 67% of 5#2.

The simulated INS spectra are shown in Figure 5A and, for one 

spectrum in detail, in Figure 5C. The temperature dependencies 

and the neutron energy gain spectra are presented in 

Figures S8B, S9B, and S10. The agreement with experimental 

data is very good. In Figure 5C the contributions from the two 

species are also shown (dash and dotted lines).

Figure 4A displays the simulated χT curves for Fe2Dy2 (5) and 

the species 5#1 and 5#2. Figure 4B presents the simulated M(B) 

curve for Fe2Dy2 (5). The experimental data are reasonably well 

reproduced. The magnetization at high fields is slightly too small 

in the simulation. However, the intersection at ∼4.1 T (marked by 

black arrows) is reproduced well, which provides strong evi

dence that the model catches the essentials well.

The simulated energy spectra for both species are shown in 

Figure 6, with the observed INS transition indicated as arrows. 

For each species the characteristic energy pattern discussed 

before is obtained but with the energies moved to lower values 

for species 5#2, according to the ∼40% smaller exchange 

coupling JFe − Fe. Therefore, for species 5#2 a field-induced level 

crossing is expected to occur at a substantially smaller field 

than for species 5#1. The intersection in the magnetization, indic

ative of a field-induced level crossing, does in fact stem from the 

contribution of species 5#2 to the magnetization. For species 5#2 

the high-lying levels originating from the SFe2 
= 2 quintet spin state 

of the Fe2 unit fall into the experimental window. They are not de

tected in the INS experiments because the associated transitions 

are hot and the transition spectrum is spread out.

DISCUSSION

The presented results imply a number of interesting discussion 

points. First, it is interesting to note that for compounds Fe2Er2 

(4) and Fe2Dy2 (5), the intensity of the INS peaks observed in 

this work mostly stems from the 3d metal ions, while the 4f 

ions essentially do not contribute. This may appear counterintu

itive, given the large angular momentum and thus large expected 

magnetic scattering strength of the ErIII and DyIII ions. In simula

tions this can be demonstrated by setting the lanthanide gLn fac

tors to zero, which simulates a non-existing interaction between 

the neutrons and the lanthanide ions, canceling this scattering 

mechanism. Simulated spectra for gLn = gJ and gLn = 0 are 

compared to each other in Figure S11 for both compounds 

Fe2Er2 (4) and Fe2Dy2 (5). At low transition energies the spectra 

are identical, showing that, here, all intensity is indeed due only 

to the scattering by the 3d metal ions. At higher transition en

ergies the lanthanide ligand-field excitations come into play, 

and the lanthanide ions contribute to the scattering intensity 

(and may even dominate). This finding is explained by the fact 

that the transitions observed in this work involve a ΔSFe2 
= ±1 

transition located on the Fe2 unit, leaving the lanthanide ion 

states untouched. The 3d-4f SMMs can thus indeed be more 

amenable to detailed spectroscopic studies. While not through 

the INS intensities, the presence of the lanthanide ions affects 

the energy spectrum and thus the INS peak positions, through 

which their properties become observable in the above experi

ments. The described mechanism is not limited to the com

pounds studied in this work, or to 3d-4f butterfly compounds, 

but establishes a more general principle applicable to a large 

variety of 3d-4f molecular clusters.

In the model for compounds Fe2Er2 (4) and Fe2Dy2 (5), Equation 

3, the lanthanide ligand field is described by a second-order 

anisotropy, and DEr > 0 and DDy < 0 were found. Accordingly, 

the ground Kramers doublet mJ;Ln = ± MJ in the models corre

sponds to MJ = 1/2 for ErIII and MJ = 15/2 for DyIII. It is well known, 

however, that in 4f-containing SMMs the ground Kramers doublet 

often is not the minimally/maximally polarized state for 

ErIII/DyIII.29,74–76 For compound Fe2Dy2 (5) the assumption of 

MJ = 15/2 does, however, not introduce essential inaccuracies 

in the modeling, since the relevant aspect is the strong 

uniaxial nature of the lanthanide states in the cluster state ⃒
⃒SFe2

;mJ;Ln;1;mJ;Ln;2〉 (meaning that 〈MJ|ĴLn|− MJ〉 = 0 holds). 

The model parameters may come out slightly differently when 

assuming a different (reasonable) ground Kramers doublet, but 

the model will work equally well, and key conclusions, especially 

concerning the FeIII-FeIII coupling and the orientations of the 

anisotropy axes, are robust. For compound Fe2Er2 (4), the situation 

is less obvious, since here, 〈MJ|ĴLn|− MJ〉 ∕= 0 for MJ = 1/2. How

ever, here, too, numerical tests assuming, e.g., MJ = 3/2 or 5/2 

showed that, while for instance the value of the parameter EEr 

comes out somewhat differently depending on the assumed 

ground Kramers doublet, the key conclusions concerning the ori

entations of the anisotropy axes are robust. Noteworthily, if one as

sumes a small MJ for DyIII/large MJ for ErIII, then the experimental 

INS data cannot be reasonably reproduced. That is, from the 

experiment it can be concluded that the ground Kramers doublet 

of DyIII in Fe2Dy2 (5) is maximally or nearly maximally polarized 

(MJ equal or close to 15/2) and that of ErIII in Fe2Er2 (4) is minimally 

or nearly minimally polarized (MJ equal or close to 1/2).

The opposite signs of DEr and DDy nicely correlate with the 

opposite signs of the second-order Stevens factors for ErIII and 
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DyIII (αErIII = 4/1,575 and αDyIII = − 2/31577). For structurally related 

complexes, the ligand field parameters are expected to be trans

ferable and scale according to the Stevens factors.78–80 In other 

terms, the lanthanide ligand field environment in compounds 

Fe2Er2 (4) and Fe2Dy2 (5) appears to stabilize the oblate lantha

nide states.18,81

Our study also yielded values for the 3d-4f and 4f-4f interac

tions JFe − Ln and JLn − Ln. The coupling constant JFe − Ln was found 

to have a relatively large effect on the simulated energy spectrum 

and thus could be relatively well determined from the INS 

spectra. In the model, dipole-dipole interactions were not 

included. Explicitly including them yielded JFe − Ln values that 

were different by at most 0.02 K, which is within experimental 

uncertainty. The findings for JFe − Ln should thus be considered 

scientifically significant and to represent the exchange interac

tions. Similar JFe − Ln values of ca − 0.45 K were determined for 

Fe2Er2 (4), 5#1, and 5#2. These are expressed in the J multiplet, 

but exchange involving 4f ions is often considered to be better 

described as interaction between the spin components.77

Then, since Ŝ = (gJ − 1)Ĵ in a J multiplet, the 3d-4f exchange 

constants should be multiplied by a factor, (gJ − 1)
− 1

, to yield 

the coupling strengths with respect to spin, or factors 5 and 3 

for ErIII and DyIII, respectively, yielding ca − 2.1 K and ca − 1.5 

K. It thus appears that de Gennes factor-like scaling is not well 

obeyed here.77 The 4f-4f interaction parameter, in contrast, 

was found to have negligible effect on the simulated energy 

spectrum but has a characteristic effect on the INS intensities. 

However, the determined values are very small, in the range of 

few millikelvins, and comparable in magnitude to the dipole- 

dipole interaction. Even though values were obtained with statis

tical significance, this parameter should thus be considered a 

lumped parameter, and the reported values for JLn − Ln should 

not be given scientific significance.

A particularly interesting observation is the substantially 

different FeIII-FeIII exchange coupling constants in the Fe2Dy2 

species 5#1 and 5#2, determined to ca − 23 K and − 15 K, 

respectively. The spectroscopic INS data are unambiguous in 

this point. Given that JFe − Fe is similar for the samples of Fe2Y2 

(3) and Fe2Er2 (4) and that both compounds were present as 

polymorph B, it appears reasonable to assign species 5#1, 

which exhibits a JFe − Fe similar to that of Fe2Y2 (3) and Fe2Er2 

(4), also to polymorph B. Species 5#2 would then be associated 

with polymorph A. The geometry of the Fe-O-Fe exchange paths 

is essentially identical in all the Fe2Ln2 structures, and magneto

structural correlations82 thus predict essentially identical JFe − Fe 

coupling strengths (see Table S2). The observation of a signifi

cantly different (smaller) FeIII-FeIII exchange coupling in species 

5#2 could indicate an unexpected modulation of the exchange 

coupling by the different solvent molecules (acetonitrile or meth

anol) accepting the H bonds from the (μ3-OH) bridges. Partly 

because SMM behavior is a molecular effect, it has become 

traditional to consider only the magnetic molecule itself and 

not counterions and, more particularly, neutral solvent molecules 

in the crystal lattice. However, it has been shown that, e.g., 

changes in the crystal lattice symmetry can have a significant ef

fect on 4f ligand fields.83 The results presented here appear to 

suggest that one should go further. The molecular structures of 

the Fe2Dy2 species 5#1 and 5#2 do not differ significantly; the 

main difference between their two crystal polymorphs is supra

molecular, concerning the lattice solvent molecules that accept 

the hydrogen bonds from the (μ3-OH) bridges. Such supramolec

ular modulation of intramolecular magnetic exchange interac

tions is an unexpected but interesting result of this study.

The main result of this work concerns identifying the orienta

tions of the anisotropy axes. For compound Fe2Y2 (3), it was 

shown that the careful analysis of the INS intensities in 

exchange-coupled dimers, here, the single-triplet transitions, 

can provide substantial information on the single-ion anisotropy 

orientations. To the best of our knowledge, this has not been pre

viously exploited. The main anisotropy axis (local z direction) was 

found to be directed along the connection line between the two 

FeIII ions, with a tilt of ca. 20◦ away from the plane of the molecule 

(xy plane). The single-ion anisotropy was found to be substan

tially rhombic, however (|EFe =DFe| = 0.23), and the anisotropy 

is thus not well described by a main anisotropy axis.

For compounds Fe2Er2 (4) and Fe2Dy2 (5), the relative angle 

between the FeIII and the LnIII anisotropy axes, ~θ, could be deter

mined fairly accurately. For the two species in compound Fe2Dy2 

(5) (5#1 and 5#2), these angles were found to be 52(5)◦ and 58 

(5)◦, respectively. For compound Fe2Dy2 (5), a recent ab initio 

calculation yielded FeIII main anisotropy axes, which are directed 

essentially along the FeIII-FeIII connection line, and DyIII main 

anisotropy axes, which lie essentially in the molecule plane (xy 

plane), with the FeIII and DyIII main anisotropy axes subtending 

an angle of 73◦.60 This calculated relative angle is significantly 

larger than our result and quantitatively not consistent with the 

experimental data. If one disregards this discrepancy, the qual

itative overall picture found from the ab initio calculations could 

be consistent with the experimental data: the experiments did 

not permit us to determine the absolute directions of the FeIII 

main anisotropy axes in Fe2Dy2 (5), but for the analog Fe2Y2 

(3), the FeIII main axes were found to be essentially directed as 

calculated for Fe2Dy2 (5) by ab initio theory. If one assumes 

that the FeIII main axes are essentially along the FeIII-FeIII 

connection line also in Fe2Dy2 (5), then the DyIII main axes, which 

are essentially in-plane with angles of ∼55◦ to the FeIII main axes, 

would indeed be consistent with the experimental data. It needs 

to be emphasized, however, that our experimental data do not 

provide a unique solution for the orientations of the anisotropy 

axes and that, therefore, very different theoretical results can 

also be consistent with the data. For compound Fe2Er2 (4), re

sults from ab initio theory are not available.

In this work, a systematic spectroscopic INS study on five 

members of an isostructural family of 3d-4f molecular MIII
2LnIII

2 

complexes with a butterfly structure has been presented. 

Despite the samples being non-deuterated, the experimental 

INS data are of high quality in terms of the statistics of the mag

netic signal (this is demonstrated, e.g., by the fact that S(Q,ω) 

plots with significant resolution were obtained) as well as in 

terms of the number of observed magnetic peaks and hence in

formation content. While these attributes are common for INS 

studies on 3d molecular clusters, they are unprecedented for 

INS studies on polynuclear 4f-containing complexes.47,48,51,52

As shown and discussed in this work, this can be related to the 

advantages provided by 3d-4f molecular complexes with regard 

to INS, in that they mitigate some of the challenges in pure 4f 

10 Cell Reports Physical Science 6, 102848, October 15, 2025 

Article

ll
OPEN ACCESS



systems. This suggests a sustainable approach to targeting 

these data without the need for expensive deuteration and/or 

rare isotopes.

Precise magnetic models, formulated in terms of spin Hamilto

nians operating in the total angular momentum/spin space, 

could be determined. It was possible to describe accurately 

the low-energy excitations (up to a few meV) in the target com

pounds Fe2Er2 (4) and Fe2Dy2 (5). The spectroscopic data re

corded on the analogous compounds in which magnetic centers 

were substituted by diamagnetic ions proved crucial for assign

ing the magnetic features in the INS spectra of the target 

compounds.

A major result of the study is the determination of the orienta

tion of the local magnetic anisotropy axes. For Fe2Y2 (3), it was 

found that the FeIII main anisotropy axis is oriented in the direc

tion of the vector between the two FeIII centers, with a tilt of ∼20◦

out of the plane spanned by the four metal centers. For Fe2Er2 (4) 

and Fe2Dy2 (5), the relative angles between the main anisotropy 

axes of the LnIII and FeIII centers were determined to be ∼59◦ for 

Fe2Er2 (4) and ∼52◦ or ∼58◦ for Fe2Dy2 (5) (where the angle de

pends on the polymorph).

An unexpected finding is the significant differences in the 

FeIII-FeIII exchange couplings in ‘‘polymorph A’’ and ‘‘polymorph 

B’’ of the Fe2Dy2 cluster. Our study thus provides evidence for a 

previously unsuspected second sphere effect on the FeIII-FeIII 

exchange coupling in this class of compounds, indicating that 

neutral lattice solvent molecules may modulate intramolecular 

exchange couplings.

The determination of the single-ion anisotropy axes in polynu

clear clusters represents an experimental challenge. In homonu

clear clusters such as Fe2Y2 (3), in which the directions of the 

anisotropy axes are parallel for all spin sites (the FeIII ions in this 

case), a favorable crystal structure is also required. These direc

tions can be determined using magnetic measurements such as 

magnetic susceptibility, magnetization curves, and torque 

magnetometry on single crystals.33,79,84 If the condition of parallel 

anisotropy axes is not met, physical methods allowing access 

to local information need to be invoked. The requirement for sin

gle-crystal measurements for INS studies represents a major hur

dle. Whereas INS spectra recorded on powder samples provide 

less information than single crystal studies, our study has shown 

that valuable information on the orientations can be obtained.

The basis for the comparatively strong INS signals in the 

studied compounds, which made the experiments on non- 

deuterated samples possible, was revealed. It was, in particular, 

demonstrated that it is not limited to the class of butterfly 

complexes but is applicable to a wider range of compounds. 

The implications are far reaching, since this opens a general 

experimental path for high-quality INS experiments precluding 

the need for deuteration, which is not only cost effective and 

environmentally friendly but also scientifically exciting.

METHODS

Compounds 1–5 were synthesized as described previously.56,57

The crystal phase(s) present in each sample was checked by 

PXRD (more experimental details are given in the supplemental 

information).

For the INS studies, non-deuterated material was finely 

ground, yielding a polycrystalline powder, and filled into dou

ble-walled hollow aluminum cans. INS spectra of the two 

DyIII-containing compounds, Al2Dy2 (2) and Fe2Dy2 (5), were re

corded on the spectrometer IN585,86; for the three compounds 

Al2Er2 (1), Fe2Y2 (3), and Fe2Er2 (4), data were taken on the spec

trometer IN6-SHARP (CRG operated by LLB-Saclay at ILL).87,88

Both instruments are direct time-of-flight spectrometers at the 

ILL. The data were corrected for detector efficiency via a vana

dium standard, and background correction was done via an 

empty can measurement. The data presented correspond to 

the sum of all momentum transfers Q, except in the S(Q,ω) plots 

(energy transfer ω vs. momentum transfer Q). Positive energies 

correspond to neutron energy loss (Stokes/anti-Stokes lines 

appear at positive/negative energy transfer). The experimental 

error bars are generally smaller than the symbol sizes in the plots.

Magnetization as a function of applied magnetic field M(B) and 

temperature-dependent magnetic susceptibility χ(T) were 

collected using an MPMS SQUID VSM from Quantum Design. 

The χ(T) curves were obtained from measurements at an applied 

field of B = 0.1 T. The samples were prepared by taking a part of 

the INS sample and mixing with eicosane to prevent alignment of 

the microcrystallites in the applied magnetic field. All data were 

corrected for the diamagnetic contributions from the sample 

holder and the eicosane. The full details of the measurement 

procedure are described in the supplemental information.

In the data plots, the experimental data for compounds Al2Er2 

(1) and Al2Dy2 (2) are generally represented by solid symbols and 

for compounds Fe2Y2 (3), Fe2Er2 (4), and Fe2Dy2 (5) by open sym

bols. Simulated data are generally represented by lines.

Further details regarding the methods can be found in the 

supplemental methods.
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53. Rosado Piquer, L., and Sañudo, E.C. (2015). Heterometallic 3d-4f single- 

molecule magnets. Dalton Trans. 44, 8771–8780.

54. Peng, Y., and Powell, A.K. (2021). What do 3d-4f butterflies tell us? Coord. 

Chem. Rev. 426, 213490.

55. Liu, K., Shi, W., and Cheng, P. (2015). Toward heterometallic single-mole

cule magnets: Synthetic strategy, structures and properties of 3d–4f 

discrete complexes. Coord. Chem. Rev. 289–290, 74–122.

56. Peng, Y., Mereacre, V., Anson, C.E., and Powell, A.K. (2016). Multiple 

superhyperfine fields in a {DyFe2Dy} coordination cluster revealed using 
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