@ magnetochemistry ﬁw\b\py

Review

Perspectives on Neutron Scattering in Lanthanide-
Based Single-Molecule Magnets and a Case Study of
the Tb,(u-Nj) System

4,5

7
4

Krunoslav Prsa !, Joscha Nehrkorn 12, Jordan F. Corbey 3, William J. Evans 3, Selvan Demir
Jeffrey R. Long #%7, Tatiana Guidi ® and Oliver Waldmann -*

1 Physikalisches Institut, Universitit Freiburg, D-79104 Freiburg, Germany;

krunoslav.prsa@physik.uni-freiburg.de (K.P.); nehrkorn@uw.edu (J.N.)

2 Department of Chemistry, University of Washington, Seattle, WA 98195, USA

3 Department of Chemistry, University of California, Irvine, CA 92617, USA; jcorbey@uci.edu (J.E.C.);
wevans@uci.edu (W.J.E.)

4 Department of Chemistry, University of California, Berkeley, CA 94720, USA;

selvan.demir@chemie.uni-goettingen.de (5.D.); jrlong@berkeley.edu (J.R.L.)

Institut fiir Anorganische Chemie, Georg-August-Universitdt Gottingen, Tammannstrafie 4,

37077 Gottingen, Germany

Department of Chemical and Biomolecular Engineering, University of California, Berkeley, CA 94720, USA

Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

8 ISIS Facility, Rutherford Appleton Laboratory, Chilton, Didcot, Oxfordshire OX11 0QX, UK;
tatiana.guidi@stfc.ac.uk

*  Correspondence: oliver.waldmann@physik.uni-freiburg.de; Tel.: +49-761-203-5717

Academic Editor: Kevin Bernot
Received: 8 November 2016; Accepted: 25 November 2016; Published: 14 December 2016

Abstract: Single-molecule magnets (SMMs) based on lanthanide ions display the largest known
blocking temperatures and are the best candidates for molecular magnetic devices. Understanding
their physical properties is a paramount task for the further development of the field. In particular,
for the poly-nuclear variety of lanthanide SMMs, a proper understanding of the magnetic exchange
interaction is crucial. We discuss the strengths and weaknesses of the neutron scattering technique
in the study of these materials and particularly for the determination of exchange. We illustrate
these points by presenting the results of a comprehensive inelastic neutron scattering study aimed at
a radical-bridged diterbium(III) cluster, Tb,(1-N537), which exhibits the largest blocking temperature
for a poly-nuclear SMM. Results on the Y analogue Y,(u-N,3~) and the parent compound
Tby(u-Nj27) (showing no SMM features) are also reported. The results on the parent compound
include the first direct determination of the lanthanide-lanthanide exchange interaction in a molecular
cluster based on inelastic neutron scattering. In the SMM compound, the resulting physical picture
remains incomplete due to the difficulties inherent to the problem.

Keywords: single-molecule magnet; lanthanide ions; inelastic neutron scattering; ligand field;
Ising model; magnetic exchange

1. Introduction

Single-molecule magnets (SMMs) based on lanthanide ions offer an exciting development towards
their potential practical usage, and this field has accordingly attracted enormous attention recently.
In particular, large magnetic moments linked with the 4f electronic shell and large anisotropy enable
higher blocking temperatures (T) than those previously achieved in SMMs containing transition-metal
ions [1-3]. Lanthanide-containing molecules are also promising candidates in many other areas,
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ranging from magneto-calorics, over exotic quantum many-body states to quantum computing [4-9].
Several excellent reviews of the field are available [10-15].

The fundamental challenges associated with lanthanide ions, concerning their theoretical
description and experimental investigation, have been well established for decades [16,17]. After
the seminal discovery of slow magnetic relaxation and quantum tunneling of the magnetization in
the archetypical SMM Mnyacetate [18,19], research on SMMs and molecular nanomagnets focused
mainly on clusters containing transition metal ions. Nevertheless, the potential of incorporating
lanthanide ions was soon realized. A striking example, which emerged in this period of research,
is the LnPc; series of single-ion SMMs [20]. However, maybe not surprisingly, researchers largely
shied away from the complexities brought in by lanthanide ions for nearly two decades. The situation
changed fundamentally when it was realized that with transition-metal based SMMs the blocking
temperature is not likely to be further raised substantially [21]. Further work on lanthanide-based
molecular clusters followed and indeed showed novel, spectacular properties [1,3,5,6,11]. Focus
shifted to the lanthanide systems, and the intense efforts have resulted in remarkable progress and
achievements; this special issue is a testimony to it. However, the inherent challenges encountered in
lanthanide-containing molecules, of theoretical, experimental and fundamental nature, have essentially
not yet been overcome.

In the first part of this work we will discuss these challenges, addressing some aspects, which,
in our opinion, deserve larger attention, without attempting to be comprehensive, as excellent
complementary reviews are available [22-25]. Our emphasis is on spectroscopic techniques
and neutron scattering (NS) in particular. In addition, the considerations are directed towards
exchange-coupled poly-nuclear lanthanide-based compounds. We will only briefly comment on
single-ion SMMs, since, in our opinion, here the advantages of NS often will not compensate for its
disadvantages in comparison to other available experimental techniques.

The NS techniques have seen tremendous progress in the last decade. Throughout the world,
long-term programs have been put into place to enhance NS spectrometers and explore novel NS
measurement techniques. The development can thus be safely extrapolated to continue at a similar
pace for the next decade. Elaborating on the current and future perspectives of NS in our research field
may thus be timely, especially as only very few NS studies on lanthanide-based molecular clusters
were undertaken to date [26-35].

A frequently cited difficulty with lanthanide ions is their weak exchange coupling, in comparison
to what is typically found in transition metal clusters [3,12,14,15]. Indeed, according to the principles
for achieving “good SMMs” with high blocking temperature derived from the studies on transition
metal-based SMMs, this represents a challenge. However, in our opinion, this aspect is overstressed,
since it is not a fundamental limit, and can be overcome by “better” principles. Creating single-ion
SMMs is such a principle, and these indeed currently hold the world-record in terms of relaxation
barrier [3]. Enhancing the apparent interaction between the lanthanide ions by incorporating non-4f
magnetic electrons would be another, exploited in the family of compounds studied in this work.
In addition, mixed 3d-4f clusters might deserve more attention, encouraged by the fact that nowadays
essentially all hard magnets of technological relevance contain rare earth ions [36]. We will argue
that the low symmetry at the lanthanide site usually found in poly-nuclear clusters poses a greater
challenge, in terms of the theoretical and experimental characterization. This additional complication
may not be favorable for achieving SMMs with high T [3,37], but might enable other peculiar magnetic
phenomena [4].

In the second part of this work, as a working example, we report original results of a study
designed to spectroscopically extract information on the magnetic interactions in the high-Tp
Lny(p-Np37) system, with Ln = Tb, Dy. The obstruction of weak magnetic coupling between magnetic
moments on the 4f electrons has been overcome using a radical N3~ bridge between the lanthanide
ions [1,2,38]. In contrast with their non-radical-bridged parent compounds Ln,(u1-N,?7), this procedure
results in SMMs with the highest blocking temperatures observed so far in a poly-nuclear SMM
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(Tg = 14 K in the Tby(u-N37) system) [1]. While the qualitative evidence for the enhanced exchange
interactions is present in the low-temperature magnetization data, the quantitative description of this
effect is limited to the non-SMM Gd compound (Ln = Gd) based on the isotropic S = 7/2 spin of the
Gd™ ion. The INS technique can offer unique insight into this problem, because excitations based on
the exchange interactions are not forbidden by selection rules and can be directly obtained. The INS
experiments were conducted on three members of this series, the parent compound Tb,(u-Np?7) (1),
the SMM compound Tb(1-N53~) (2), and the analogue Y, (1-N237) (3), using the spectrometer LET at
the ISIS neutron spallation source (Rutherford Appleton Laboratories, Didcot, UK) [39].

The study sheds light on the mentioned aspects. For one, this family of compounds presents
an example of how to defeat the weak exchange situation. Secondly, the LET spectrometer represents
a latest-generation NS spectrometer and is an example of the dramatic progress in NS mentioned before.
Exploiting the time structure of the neutron pulses generated by the ISIS neutron spallation source
allowed us, to put it simply, to measure the neutron spectrum for three considerably different incident
energy and resolution configurations simultaneously in one run. With traditional spectrometers,
one would have to undertake three measurement runs, taking approximately three times longer.
This approach obviously has great potential, and the present study represents one of the first efforts to
exploit it for a molecular magnetic compound [40,41]. Within this comprehensive work, we have been
able to extract a meaningful physical picture for the magnetic ground state of the parent compound
Thy(u-Np27). A satisfactory description of the SMM compound Tb,(1-N,37) was not, however,
possible because of the intrinsic lack of data in relation to the size of the possible parameter set.

2. General Challenges in Studying the Magnetism in Ln-Based SMMs

2.1. Experimental Aspects of Ln-Based Clusters

To set the stage, let us first comment on mono-nuclear Ln-based clusters and single-ion SMMs
in particular. In these systems, the trend is clearly towards molecules with high local symmetry on
the lanthanide site, since this has been identified to be crucial for enhancing the SMM property [3,37].
Only in that way “pure” ligand field levels are obtained and for example ground state tunneling
can be minimized. Accordingly, the theoretical description of the experimental results by means of
phenomenological models is much simplified, as the number of free parameters is much reduced.
For instance, the spectroscopic data for (NBuy)[HoPc;] and Nag[Tb(W5045),] could be described with
3 Stevens parameters [30,34]. The proper experimental characterization of such compounds can be
a huge challenge, as the example of the LnPc; molecules shows, but the general approach essentially
falls back to an extension of what has been established decades ago.

Given the AM; = +1 selection rule [23,42] in photon-based spectroscopy (electron paramagnetic
resonance (EPR), far infrared (FIR), optical, etc.), the high symmetry typically results in few allowed
transitions. This is welcome, since it simplifies the analysis, but may also result in silence, for instance in
the EPR spectrum. From the perspective of the observability of transitions, low symmetry environments
are preferred, since the mixing of states enables more transitions to acquire finite intensity. However,
here the spectra often became very complicated, especially in high-resolution techniques such as EPR,
which can yield very detailed information that is difficult to extract [25].

For mono-nuclear compounds, INS is governed by the very same selection rule, and thus does not
offer any fundamental advantage over the photon-based methods. INS can be, of course, very helpful
in obtaining information on ligand-field levels, as it allows one to cover the relevant energy range,
and does so in zero magnetic field, which avoids complications. However, there are also significant
down-sides, such as low scattering intensity, resolution, absorption and background contributions
(vide infra). A further, major obstacle is that INS spectrometers, and NS techniques in general, are not
available in-house.

In contrast to the mono-nuclear case, NS techniques do, however, provide additional
fundamentally different information when applied to poly-nuclear clusters, which are in the focus in
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this work. According to the common wisdom typically presented when comparing photon-based and
neutron-based spectroscopies, and INS and EPR specifically, INS offers the distinct advantage of a direct
observation of exchange splitting, thanks to the INS selection rule AS = £1, while these transitions are
forbidden in EPR (since here AS = 0, where S refers to the spin angular momentum) [22,23]. While
these selection rules, of course, apply also to the case of lanthanides, the conclusion as regards the
observation of exchange splitting cannot be upheld. A striking recent example is the observation of the
exchange splitting in the [Dy;(hq)4(NO3)3] molecule using EPR techniques [43].

The fundamental advantage of NS over photon-based techniques is its ability to detect spatial
distributions and correlations through the dependence of the NS intensity on the momentum transfer,
Q. This allows us to extract information from the data, which is not accessible to photon-based
spectroscopic methods, since here Q is practically zero, except when x-ray frequencies are reached.
The distinction between NS and (non X-ray) photon-based spectroscopy is thus better cast in terms
of the momentum transfer [23], which for NS is typically in the range of Q = 0.1-5.0 A1 (for cold
neutron spectrometers), and Q =~ 0 for the photon techniques. In view of that, our distinction between
mono-nuclear and poly-nuclear systems appears natural.

The greater flexibility given by the INS selection rules implies that more transitions can be
observed than in the photon-based methods. In general this is much appreciated, but it also
can lead to ambiguities. Although not on a lanthanide-based SMM, the work on NEt4 [Mn,(5-
Brsalen),(MeOH),Os™(CN)] provides a text-book example [44]: The INS spectra and magnetization
data could be convincingly interpreted within an Ising-exchange model, but was found to be
inconsistent with THz-EPR spectra, which were recorded subsequently. Only through the combination
of all three techniques, explicitly exploiting the different selection rules for INS and EPR, the three-axis
anisotropic nature of the exchange interaction was identified.

Poly-nuclear clusters with low site symmetry should also, in principle, allow richer spectra to
be observed than in high-symmetry single-ion molecules. Nevertheless, SMMs based on lanthanide
ions can pose a challenge with regard to experimentally obtainable relevant quantities. Essentially, the
amount of data that reflect the interaction between the magnetic moments is small, as compared to the
number of parameters to be determined in phenomenological models.

Finally, we shall comment on the experimental challenges specific to NS. The complications due
to the huge incoherent background produced by the hydrogen atoms in the samples, as well as the
relatively low scattering intensity of NS (especially INS), and thus the large required sample masses,
are widely recognized [22,23]. The use of lanthanides adds some further complications.

In contrast to the case of 3d metals, some of the lanthanide ions exhibit a large absorption cross
section for natural abundance. A comparison for some frequently encountered elements is shown in
Table 1. Generally the absorption is somewhat larger than for the transition elements, but Dy, Sm,
and especially Gd stand out. NS experiments on Dy compounds are possible but difficult, while they
are generally infeasible for Gd compounds. This problem can be bypassed by using low-absorption
isotope enriched samples of those elements. For instance, 19Dy and *°Gd have been successfully
employed in obtaining spectra [45,46].

Table 1. Neutron absorption cross sections [in units of barns] for some metal elements for natural
abundance [47].

H Cr Mn Fe Y La Nd Sm Gd Tb Dy Ho Er Yb
033 133 2.6 3.1 1.3 9 50 5922 49,700 23 994 65 159 35

The NS intensity results not only from the magnetic moments in the sample but also from the
lattice of nuclei. INS data for instance thus also contain vibrational excitations of the molecule, which
need to be distinguished from the magnetic spectrum. This problem seems to be more prevalent
in lanthanide containing clusters than in the transition metal clusters. This point can be addressed
in several ways, for instance by a Bose correction of high temperature data to estimate the lattice
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contribution, by performing the same INS experiment on analogue compounds, or substituting for
example hydrogen to shift the vibrational frequencies [23,29,32,48].

All the mentioned challenges apply to the Lny(u-Ny"~) compounds investigated in this work.
In addition, these compounds are highly air sensitive, which makes them more difficult to handle
experimentally, and required special precautions in the planning and undertaking of the experiments.

2.2. Challenges of Analysis

A further difficult intrinsic problem relates to the modelling of poly-nuclear lanthanide-based
SMMs. Generally, the modelling is based on effective Hamiltonians containing parameters that need
to be determined from experiment, or ab initio calculations (or combinations of both, as for example in
the two-step CASSCF approach) [11,49].

A typical effective Hamiltonian for describing the ligand-field levels of a single lanthanide ion
is composed of the Stevens operators. The low symmetry of the lanthanide site in principle requires
27 Stevens operators for describing the local anisotropy of the magnetic moment, with the same
number of fit parameters (not counting the minor reduction resulting from proper standardization [25]).
Notably, already in this step substantial (yet reasonable) assumptions have been made; for describing
for example the | = 15/2 multiplet for a Dy>* ion, the number of required parameters is actually
119. In addition to the ligand field parameters, terms also need to be added to the effective
Hamiltonian to describe the exchange interactions. In a first attempt, when the single-ion | multiplets
are considered, these often can be approximated by isotropic Heisenberg exchange [50,51], but for
high accuracy also anisotropic/antisymmetric exchange components are required. Therefore, for
lanthanide-containing clusters the experiments typically yield less information, while the number of
phenomenological parameters is enormously increased, as compared for example to the situation in
3d-only clusters. One obvious way out of this is to consider lower-level effective Hamiltonians, which
aim at describing a smaller set of states. This can be successful for describing low-temperature
properties, but inevitably fails for understanding the magnetic susceptibility, or the relaxation
properties of SMMs [11,37,52]. Alternatively, semi-empirical models such as the point-charge model or
improved versions of it [17,24,53] can be used, which promise fewer parameters, but introduce hard to
control approximations. They thus typically need to be “calibrated” by a large data set, which may not
be available [24].

Ab initio calculations have improved dramatically in recent years and have proven indispensable
for arriving at a deep understanding of the electronic structure in the lanthanide-based molecules [11,49].
The calculated results are impressive, yet, usually they do not match the experiments perfectly, leaving
room for improvement [30,35]. However, due to the parameter-free nature of these calculations, it is
far from clear which tuning knobs would need to be adjusted in order to improve the agreement with
experiment. For instance, the ab initio result for the ligand field levels of a specific ion in the cluster in
principle can be (and in fact have been) expressed in terms of the Stevens formalism, yielding precise
values for all 27 Stevens parameters [32,49]. However, the question arises, which of them should be
adjusted and how in order to better match the experimental data.

The situation is this: The effective Hamiltonian approach, which so successfully allows us to
bridge the gap between experiment and (ab inito) theory, reaches its limits, as is illustrated in Figure 1.
The primary culprit for the issues is the low symmetry at the metal sites, in combination with a lack of
a (theoretical) understanding of the relative importance of ligand-field parameters. The latter point
prevents experimentalists from choosing minimal yet sensible combinations of parameters in their
effective Hamiltonians, and work aimed at overcoming this would, in our opinion, open a path for
improving the situation.
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effective Hamiltonian theory
EXPERIMENT Stevens operators ab initio
few data many parameters parameter-free

Figure 1. Sketch of the interconnection of challenges in the experimental studies of lanthanide-based
systems (for details see text).

2.3. Perspectives of Neutron Scattering Technigues

The lanthanide (Ln'"") ion chemistry enables careful studies of entire families of compounds
with the same ligand environments. The ligand fields are little affected by chemical substitution and
ligand field parameters, when corrected with for example the Stevens parameters, should be largely
transferable within a family. This long-known approach has been exploited for instance in inferring
the ligand field in the LnPc; family from NMR and magnetization data [20]. It should be also suitable
for systematic NS studies.

We suggest that NS studies on single crystals of molecular magnets should become more
commonplace in the future. When using single crystals, INS allows mapping of the full scattering
cross section 5(Q,w), bringing a new light to spin-spin correlations in these materials [54-56]. Similar
arguments apply to other NS techniques. In fact, the modern research in quantum magnetism would
not be possible if it would not be accompanied by strong efforts in crystal growing. While the necessary
tools from the experimental side are present, the main challenge is on the chemists’ side: hence, we
call for effort to be invested in production of larger single crystals. Such efforts have indeed become
accepted as a scientific necessity in the field of quantum magnetism, and we hope they will also become
more accepted in our field of research.

The scattering of polarized neutrons is sensitive to both the magnetic nature of the sample, as well
as to the directions of its magnetic moments. This experimental fact has been used for a long time to
map magnetization densities, for example in magnetic clusters [57,58], and to solve difficult magnetic
structures in extended, magnetically ordered systems. Recently, polarized neutron diffraction was
applied to probe local anisotropy axes in single-crystal samples of the highly anisotropic transition
metal clusters [59,60], leading to a better understanding of the interplay between the ligands and the
magnetic properties. This technique is also applicable to lanthanide containing clusters, as well as
even more involved polarized NS techniques, such as polarized inelastic neutron scattering.

More parameters are also available in the sample environment. While exchange can be determined
using INS without the application of the magnetic field, unlike in many other techniques (e.g., EPR),
magnetic fields of up to 17 T are standardly available on neutron sources. Neutron scattering samples
can also be placed into pressure cells, and submitted to uniaxial or hydrostatic pressures [23].

All the mentioned techniques and approaches are going to benefit significantly from the
availability of new generations of sample environments, such as for example the recently constructed
26 T magnet in the Helmholtz Zentrum Berlin, more advanced instruments, for example LET, as well
as the suite of instruments planned to be constructed at the high-flux European Spallation Source (ESS).
This will allow for smaller samples, more extreme conditions, systematic studies of larger sample
families, and will lead to higher throughput of experimental results. The new developments are going
to benefit the neutron scattering community as well as the molecular magnetism field as a whole.

3. Inelastic Neutron Scattering Study of the Tb;(1-N) System

3.1. Introduction to the Tby(u-N,) System

The compound [K(18-crown-6)(THF), |[{[(Me3Si),N]o(THF)Tb}, (u-1%2m2-N>)] (2), or Tby (1-N,37)
in shorthand, shows SMM behavior with a blocking temperature of ~14 K [1]. It is derived from a
parent compound {[(Me3S5i),N]»(THF)Tb},( 1-n2m2-Ny) (1) [61], or Tby(u-N»27) but differs by having
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one fewer electron on the dinitrogen bridge. In addition, [K(18crown-6)(THF),]* cations are present in
the crystal lattice of 2, which will be of importance in what follows. The family of compounds also
includes the Dy'!l-containing molecules Dy (u-N»2™) and Dy,(1-N53~), the Gd'-containing molecules
Gd(1-N227) (4) and Gda(u-N,37) (5), and the Y analogue Y, (u-N237) (3) [2].

Figure 2 shows the molecular structures of the parent and derived SMM molecules 1 and 2.
The cores of 1 and 2 consists of two Tb'! ions (J = 6, gj = 1.5) coupled via dinitrogen bridges N»?>~ and
N3~ respectively. In both compounds, the Tb sites are occupying a crystallographically equivalent but
low-symmetry site. The additional electron on the dinitrogen bridging unit in the SMM compound 2 is
considered to increase the magnetic coupling strength significantly [1,2]. Indeed, fits to the magnetic
susceptibility of the Gd'' compounds 4 and 5 yielded coupling strengths of 7 = —1.4 Kand J = —~78 K
(in J notation), respectively, as well as evidence for a weak intermolecular interaction of J "in 5[1].
These compounds are not suitable for INS studies due to the large neutron absorption cross sections
for natural Gd, as discussed above.

_®

(a) (b)

Figure 2. (a) Molecular structure of the parent compound Tby(u-N527) (1); (b) Molecular structure of
the SMM (single-molecule magnet) compound Tby(1-N537) (2). In both panels: Tb™ in dark red, N in
blue, O in light red, Si in green, C in gray, K in yellow, H atoms were omitted.

The molar magnetic susceptibilities of the parent and SMM compounds 1 and 2 were reported
previously [1]. The magnetic susceptibility of the parent compound 1 is shown in Figure 3a. The xT
vs. T curve grows monotonically from a low value of 3.4 cm®K/mol at the lowest temperature of 2 K
and flattens out at high temperatures approaching the Curie value of 23.62 cm®*K/mol. An overall
down turn of the xT curve with lowering temperature is typical for ligand-field levels of lanthanide
ions, but for Tb'"l, the curve should approach a significant finite value at zero temperature in a pure
ligand field model [16,17]. The drop to nearly zero at the lowest temperatures is consistent with a weak
antiferromagnetic exchange interaction between the Tb!!l magnetic moments.

The molar magnetic susceptibility xT vs. T of the SMM compound 2, for temperatures above
its blocking temperature, is shown in Figure 3b. At 300 K the xT value is 22.9 cm®K/mol. As the
temperature is lowered, the susceptibility grows, which is expected for the effective ferromagnetic
alignment between the Tb'' magnetic moments. The data show a broad maximum at about
70 K, reaching a xT value of 34.6 cm®*K/mol, followed by a decrease at lower temperatures, with
xT = 31.0 cm®K/mol at 15.6 K. The down turn could suggest the presence of excited states in the
energy range of ca. 70 K with higher magnetic moment than the ground state, which get depopulated
at low temperatures. An alternative could be the presence of weak antiferromagnetic intermolecular
interactions (vide infra).
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Figure 3. (a) Molar magnetic susceptibility data (squares) of the parent compound 1 collected at
1 T and the calculations (lines) based on the three models discussed in the text; (b) Molar magnetic
susceptibility of the SMM compound 2 (squares) and the calculations (lines) based on several models
discussed in the text.

3.2. Experimental Details

In order to determine the thermodynamic magnetic behavior in the ground state of the parent
compound 1, field-dependent magnetization curves were recorded. The maximum field was 7 T, and
temperature ranged from 2 K to 20 K.

In view of the expected challenges with studying and analyzing the magnetism in the SMM
compound 2, as described previously, it is fortunate that the parent compound 1 and the analogue
with diamagnetic Y, 3 are also available, as each can yield important insights into the vibrational
background and the exchange couplings in the SMM complex in 2. The INS experiments, using the
LET spectrometer at the ISIS facility, were therefore conducted on all three compounds. Regarding
the comparison of results, it should be noted, however, that the vibrational spectrum for the parent
compound 1 can be expected to be very different from those for the compounds 2 and 3, due to the
presence of the K-crown cations in the latter. In addition, the additional charge on the dinitrogen
bridge in 2 should significantly affect the ligand field at the Tb'!! sites in this compound. The ligand
fields in 1 and 2 are thus not comparable, which must not be overlooked.

The INS spectra were measured in three energy ranges with incident neutron energy of 2 meV
(low-energy range), 11 meV (intermediate-energy range), and 22 meV (high-energy range). Positive
energies refer to neutron energy loss. The temperatures were varied from the base temperature of
2 K to 100 K, in several steps. The data permitted analyzing the full S(Q,w) plot. The integrated INS
intensity as a function of energy is shown for selected measurement conditions; some additional results
are presented in the SIL

3.3. Magnetization Data for the Parent Compound 1

The low-temperature magnetization data for the parent compound 1 are shown in Figure 4. At2K,
the magnetization displays an inflection point at about 1 T and then grows rapidly until about 5 T, but
does not fully saturate even at the maximum field of 7 T. The higher temperature data gradually wash
out the low-field inflection feature and display an even bigger obstacle to saturation. The low-field
inflection point is an indication of weak antiferromagnetic exchange interactions between the two Tb'!!
ions in the cluster. For an isolated =M doublet, the powder-averaged saturation magnetization is
calculated to be approximately 1/2ppgyM; or ~9 g for Tb!!! and M; = | = 6. The observed maximum
magnetization at 7 T of 9.21 pp thus strongly suggests a Mj = +6 doublet for the Tb'!l ground state.
This finding is consistent with the expectation from electrostatic considerations [10].
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Figure 4. Magnetization data (squares) at different temperatures for the parent compound 1 and the
calculations (lines) based on two models discussed in the text. The colored solid lines represent the
results for the Ising model at temperatures of 2, 5, 10, 20 K (black to blue). The dashed line represents
the result for Equation (2) at 2 K.

3.4. Inelastic Neutron Scattering Data for the Parent Compound 1

Figure 5a shows the temperature dependence of the low-energy INS spectrum collected for the
parent compound 1. The main feature is a clear excitation at 0.75 meV (peak I). Its intensity decreases
at higher temperatures on the neutron energy-loss side, and shows the corresponding temperature
dependence on the neutron energy-gain side, which is typical for a cold magnetic transition. In addition,
this peak is present at low momentum transfer Q, which rules out a phononic origin (see Figure S1).
Thus, peak I, and its anti-Stokes companion peak I, can be unambiguously assigned to a cold magnetic
transition at 0.75 meV.

600 . . . . . 2000 ———————T
—a—35K l Tb (u—sz') = 35K
500+ 8K i - . 8K
S —=— 18K 4 = 15004 —= 18K
o 4004 100 K g o 100 K
s : 8
>300- ‘ . > 1000+
= =
$ 200+ ' S
c I 500+ )
= 100 = P1
O T

: , ' 0 : ———r
15 10 05 00 05 : 108 6 4 2 0 2 4 6 8 10
Energy (meV) Energy (meV)
(a) (b)

Figure 5. (a) Low-energy INS spectrum in the parent compound 1. Peak I indicates the exchange-based
transition and I’ its anti-Stokes pair; (b) Intermediate-energy levels in the parent compound 1. Peaks
P1 and P2 denote vibrational levels with P1’ the anti-Stokes pair of P1. Peak II indicates a ligand-field
transition at 5.2 meV.

The intermediate-energy data shown in Figure 5b display additional levels at about 2 meV
(peak P1), 3 meV (peak P2) and 5 meV (peak II). Based on the temperature dependence, only peak
II behaves as a magnetic transition, which could be cold or emerge from a possibly very-low lying
excitation. The intensity of this transition is large even at low Q, which is further strong evidence for
a magnetic origin of the peak (see Figure S2). Based on the temperature and Q dependence, the 2 meV
and 3 meV transitions are assigned to lattice vibrations (since, for example, the 2 meV transition grows
on both sides with temperature).
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No additional magnetic peaks could be identified in the high-energy data. From the INS data, the
presence of two cold magnetic transitions in 1 is thus concluded, at 0.75(2) meV (peak I) and 5.2(2) meV
(peak II).

3.5. Inelastic Neutron Scattering Data for the SMM Compound 2 and Y™ Analogue 3

Figure 6a shows the intermediate-energy range INS data at base temperature for the SMM
compound 2, together with the data for its analogue containing diamagnetic Y'I' centers, 3. There are
several peaks in this energy range. However, comparing the data of 2 with that of compound 3 enables
the exclusion of most of the observed spectrum as vibrational. In 2, there is one clear excitation at
~9 meV (peak I), which is not present in compound 3, and can hence be assigned to a magnetic origin.
There is an additional candidate for a magnetic transition at ~8.5 meV (indicated by the question mark),
but if it exists it coincides with large vibrational background peaks. With the present data it cannot be
identified unambiguously.

Figure 6b presents the measured temperature dependence for compound 2. The intensity of peak
I decreases at higher temperatures, which is a clear signature of a cold magnetic transition. This peak
could not be seen well in the S(Q,w) plot due to its low intensity, and thus no conclusions concerning
its origin could be drawn from its Q dependence. Additionally, Bose corrections did not yield good
estimates of the backgrounds (see Figure S3).

Further magnetic scattering intensity could not be identified in either the low-energy or the
high-energy data. The INS experiments performed on 2 thus provide evidence for one cold magnetic
transition at 9.2(2) meV (peak I). The existence of this transition plays a discerning role in the analysis
below. However, the experimental evidence is, admittedly, not extremely strong. For that reason the
available INS data were analyzed repeatedly with the greatest care, and it was concluded that it is of
magnetic origin, but a word of caution is appropriate.

1000
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900 00
— 800 ’3\-1200—
= .
S 7004 £ 1000-
S 600 -
> 2 800,
=" 500- 2
2 G 600-
O 400+ c
e =
£ 400+
%00 Th,(N%)
200 : : : : | 200 : : : : .
0 2 4 6 8 10 0 2 4 6 8 10
Energy (meV) Energy (meV)
(a) (b)

Figure 6. (a) Intermediate-energy INS data at 2 K in the SMM compound 2 (red) compared to
the vibration spectrum in the analogue containing diamagnetic YT 3 (black). The peaks labelled
P1-P6 denote vibrational excitations seen in both compounds. The peak I at 9.2 meV is indicated;
(b) Intermediate-energy INS spectra measured for 2 at different temperatures. Note the offset on the
y axis in these plots, demonstrating a large incoherent scattering background.

4. Discussion

4.1. Insights from the Point Charge Model

In order to gain understanding of the single-ion properties of the investigated systems, a set of
point-charge model calculations [17,53] were performed. Importantly, this simple model was not used
as a quantitative device for accessing exact parameters of the local Hamiltonian. In contrast, we sought
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to obtain generic information about the spectra and the single-ion wave functions for qualitative
results as the low symmetry of the Tb!! site makes the problem intractable. For this purpose, the Tb!!
environment was first approximated by a tetrahedral charge environment as shown in Figure 7, with
two of the charges variable (representing the N»"~ bridge, with n = 2 or 3, and the difference between
the oxygen and nitrogen ion charge).

change to
point
charges

simplify
crystal
structure

Figure 7. The local low-symmetry environment of the Tb'! ion and its reduction to an approximate
two-parameter point-charge model, which captures the most relevant generic aspects.

The generic result of this procedure is shown in Figure 8. The Tb'! ion, surrounded by a polar
environment, displays a non-Kramers doublet spectrum, with an approximate M; ~ £6 ground state,
followed by an excited Mj ~ £5 doublet (“doublet” is henceforth used to denote a non-Kramers
doublet). The dominant components of the single-ion wave function pair are in the M; = +6 and
Mj = —6 sectors. However, there are small contributions to the other M components, which are
essentially given by the symmetry of the ion’s environment. For example, in a polar tetrahedral
environment (b = 0, a < 0 in Figure 7), the ground state contains small M; = 3 and M; = 0 components,
as shown in Figure 8b. In the case of a low symmetry for the Tb'! ion, as in the studied compounds, all
of the single-ion components have finite values, albeit much smaller than the dominant component.

Tbh ~ |+6) me 6
—TF ~|15) s ,
Y 0
~ meV
[ T 3
——L ~|£6) s - Pl
(a)

Figure 8. (a) The typical single-ion low energy spectrum with non-Kramers doublet single-ion wave
functions of the Tbl ion coming from the approximate ligand environment discussed in the text;
(b) The bars to the right and left represent the wave functions of the M; ~ £6 and M; ~ £5 doublets in
a polar tetrahedral environment, respectively, with the magnitude of the individual M; components
colour coded (red = 1, white = 0, blue = —1). In lower symmetry, the "white" components would all
gain finite values.

This is an important observation for neutron scattering: The AM; = =£1,0 INS selection rule
permits INS transitions between the M; ~ 46 ground and M; ~ %5 excited ligand field states, but it
would result in zero INS scattering intensity for exchange-split states if the levels were pure M states,
as in Ising exchange models. As will be shown in detail below, if the exchange is of Ising-type, then
the excitations resulting from the exchange interaction correspond to spin flips with a large associated
change of the z component of the magnetic moment J*, or M in fact. For instance, a transition involving
a spin flip from M; = —6 to M; = +6 emerges, for which AM; = 12. However, since there are non-zero
components of the initial and final states that produce AM; = &1, 0 overlaps, it is possible to observe
weak intensity in INS corresponding to these exchange-split transitions.
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A further generic result of the point-charge investigation is that the lowest excitation is several
meV above the ground state, and that the additional charge on the radical bridge in the SMM compound
strongly shifts the ligand-field levels to even higher energies. For instance, the lowest excitation shifts
from a ~6 meV range to a ~60 meV range. In other words, the magnetic system is expected to become
much more anisotropic and Ising type as the competing states are pushed further away in energy.
Hence, we expect that for the description of low-temperature thermodynamic quantities, we may
restrict ourselves to the ground state doublet of the system, especially in the SMM compound 2.

4.2. The Parent Compound 1

The parent compound is described in terms of a Heisenberg spin Hamiltonian:

H=-J ]+ Zi:l,z Zk:2,4,6 ZI;:fk BJO{(i) )

Here, the first part describes the usual exchange interaction between the two Tb'!! ions, and
the second part describes all the possible contributions to the ligand field in terms of the Stevens
operator formalism [16,17,53]. The exchange interaction between the | multiplets of lanthanide ions
can generally be well described by isotropic Heisenberg exchange [50]. Due to the large magnetic
moments and weak exchange in lanthanide ions, dipolar interactions can also be appreciable [16].
These are neglected here also, because their effects are similar to those of the ligand field terms and
difficult to discern. Due to the aforementioned fundamental problems with the quantity of data and
the results of the point charge modelling, a much reduced Hamiltonian was also considered:

H == i+ Y _,,B303() 2

The uniaxial anisotropy operator O9(i) allows us to mimic the effect of the ligand-field
environment on the low-temperature properties of the system. The advantage of this reduction
is, of course, that the Hamiltonian H' contains only two parameters.

In case of a strong Ising-type anisotropy or large negative value of BY, the Hamiltonian of the
system essentially reduces to a low-temperature dimer model with pure Ising exchange interactions.
In Section 3.4 above, the low-temperature susceptibility and magnetization was found to indicate
small antiferromagnetic interactions present in the system. The ground state and lowest exchange-split
excitations in such an Ising dimer stem from the single-ion M; ~ £6 doublets, as indicated in Figure 9b.
The lowest excitation from the ground state corresponds to a spin flip on one site and has an excitation
energy of AE = 72|J|. Let us compare the results of this model to the experimentally observed
excitations shown in Figure 9a: Association of the observed 0.75 meV magnetic peak with this transition
results in 7 = —0.12 K. Note that also in the Gd'"' compound 4, antiferromagnetic intra-molecular
interactions were inferred [2], of strength J = —1.41 K, which is qualitatively consistent with our
finding for 1.

In Figures 3a and 4, simulations of the magnetization and susceptibility curves are shown using
the determined value of the interaction and Equation (2) with variation of BY. For infinitely large
BY, the model reduces to that of a dimer of two-level states with pure Ising interactions and contains
only one parameter, namely 7. With J taken from our INS results, this establishes a parameter-free
model for the low-temperature magnetism in 1. The resulting simulations are shown as solid lines in
Figures 3a and 4. Remarkably, the measured magnetization is very well reproduced, demonstrating
the validity of this model for the ground-state properties of 1. The susceptibility is well reproduced
at low temperatures, but strongly deviates above ~30 K (see Figure 3a). This is expected, since the
ligand-field levels that govern the magnetism at higher temperatures are not present in the model
(they are shifted to infinite energy by the infinite BY).
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Thy(1-Nz%) E

J
F U POl — AE=72J
~[+6)  ~[+6)
5.2 meV
J
exchange —_— 2X  |mmm—————e ground state
0.75 meV
j— - 16 ~1+6)  ~|-6)
(a) (b)

Figure 9. (a) Excitation energy scheme experimentally observed in the parent compound 1;
(b) Theoretically expected excitation spectrum of an Ising dimer formed by two exchange-coupled
M;j ~ £6 doublets. A weak INS transition occurs due to the small M; components in the involved
states, as discussed in the text.

In the next step, the value of Bywas thus chosen such that Equation (2) reproduces the observed
excitation at 5.2 meV, yielding BY = —1.65 K. The simulated susceptibility curve (dashed line in
Figure 3a) now correctly approaches the Curie value at high temperatures, but otherwise reproduces
the data poorly, showing xT values that are too large in the intermediate temperature range of ~70 K.
In addition, the description of the high-field part of the magnetization is worse (dashed line in Figure 4).
Obviously, the magnetic contribution of the first excited ligand-field level at 5.2 meV is significantly
overestimated in this model.

It is possible to obtain a relatively good fit to the magnetic susceptibility data using an extended set
of Stevens operators in addition to the exchange. The red curve in Figure 3a was calculated assuming
an approximate local cubic environment, with BY = —640(27) x 102K, Bg =—77(11) x 1074 K, and
BZ = —84(32) x 10~* K. However, this by no means was the only reasonable fit we found. In fact,
similar fits were obtained with substantially different sets of Stevens parameters, which underpins the
well-known challenges with over-parametrization in the fitting of experimental susceptibility curves.
The lowest ligand field levels expected from these fits occur at around 25 meV, much larger than
observed 5.2 meV peak, pointing again to the low magnetic moment associated with this excitation.

4.3. The SMM Compound 2

The main difference, from the view point of magnetic modeling, between the parent compound 1
and the SMM compound 2 is that the magnetic exchange acts via a s = 1/2 electron spin on the radical
dinitrogen bridge, which changes the form of the Hamiltonian to:

Hsym = =T (Jis +5:J2) + Zi:l,Z Zk:2,4,6 Z::—k BJO{(i) ®)

An exchange directly between the Tb™!! ions is not included, since it can be safely assumed to be
much smaller than the exchange to the radical spin and showed negligible effects in test simulations.
Again, based on similar arguments as before, a simplified model of the system is considered:

H'sym = =T (Jis+5s)2) + Zi:l,z B3OS (i) 4)

In a situation with large Ising-type anisotropy (B very large), one expects that, in the ground
state, the Ising-like moments of the Tb!!! ions remain parallel. If the interaction J is antiferromagnetic,
then in the ground state the radical spin s is essentially antiparallel to the Tb"'' moments and parallel in
the ferromagnetic case. The first excitation of the system corresponds to a spin-flip of a Tb! moment
and occurs at an energy of AE = 6|J|. A second excitation emerges at an energy of AE = 12|7|,
which is related to a spin flip of the central radical spin. The exchange-split level diagram is depicted
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in Figure 10b. In our INS data, we observed a single magnetic peak at 9.2 meV. If this were associated
with the lowest exchange-based excitation, an exchange constant of 7 = —17 K would result.

Tha(p-N2*) E R
2x | AE=12J
4x | AE=6J
9.2 meV
2x |—< 1 J__1 ground state
~ 1+6) -6y 12 gy
(a) (b)

Figure 10. (a) Excitation energy scheme experimentally observed in the SMM compound 2;
(b) Theoretically expected excitation spectrum for the Ising-exchange model of the SMM compound 2
discussed in the text as a basic model. The INS transitions from the ground state to the second excited
state is allowed (black arrow). A further weak INS transition from the ground state to the first excited
state occurs due to the small M; components in the involved states, as discussed in the text.

Figure 3b compares the calculation based on this value (black solid line) to the experimental
susceptibility data [1]. The agreement is poor due to a significant underestimation of the exchange
constant. Indeed, if one assumes an antiferromagnetic exchange interaction about three times larger
of J = —48 K (red solid line) one gets fairly good agreement with the experimental curve at higher
temperatures. At present, the cause of this discrepancy is unclear. Note that associating the observed
9.2 meV transition with the expected excitation at AE = 12| |, which could have stronger INS intensity,
worsens the situation by another factor of two.

The assumed model is certainly simplified, but based on the generic findings from the point-charge
considerations and the overall SMM character of the system at low temperatures, one would expect
the Ising-type anisotropic model to hold better than in the parent compound 1. An exchange-based
excitation lower than 6|7 | cannot arise in such models. Interestingly, the tripled exchange coupling,
J = —48 K, is more consistent with the exchange interaction observed in the related Gd'"' compound 5,
and moreover predicts a first excitation at 24.8 meV or 290 K, in close agreement with the energy
barrier of 330 K inferred from ac susceptibility measurements performed on 2 [1]. On the other hand,
this ~25 meV excitation would then indeed be the lowest excitation, and the observed INS peak at
9.2 meV would remain unaccounted for, as well as the observed significant down turn of the magnetic
susceptibility at temperatures below ~70 K. The latter would indicate a ground state of the Tb'! ions
which has a lower magnetic moment than the M; ~ +6 doublet emerging in any model based on
a strongly Ising-type anisotropy.

These discrepancies and the decrease of the susceptibility at lower temperatures suggest the
possibility of antiferromagnetic intermolecular interactions [2,62]. In a molecular field approach,
this scenario yields the susceptibility x = Xsym/(1+Axspm), where xsyp is the calculated
susceptibility of an isolated Tby(u-N337) unit, which fits the experimental curve remarkably well
with A = 0.06 mol/emu. In an attempt to establish a more realistic model, we connect the trimeric
units into a ladder configuration assuming the intermolecular couplings of 7’ only between the Tb!'!
moments. Quantum Monte Carlo simulations using the ALPS framework [63,64] were performed, with
the ladder length set to 20 molecules. As shown in Figure 3b, the addition of a small intermolecular
interaction of 7' = —0.02 K (blue solid line) is able to reproduce the observed low-temperature decline
in the magnetic susceptibility. The origin of this effect may be the dipole-dipole interactions between
the Tb'! moments of neighboring molecules, which are estimated to ~0.05 K, and therefore could
account for the required magnitude of 7' [2]. The intermolecular interactions give rise to an associated,
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nearly dispersion-less excitation at 288|.7 /| = 0.5 meV, which is too low to account for the 9.2 meV
excitation seen in INS, and no INS feature was observed at this energy.

5. Materials and Methods

Neutron scattering: Non-deuterated powder samples were synthesized following published
procedures [1]. Sample shipment and handling was undertaken very carefully because of the known
air sensitivity of the compounds. Cooled and sealed samples were directly shipped to the ISIS facility
at the Rutherford Appleton Laboratory in Chilton, UK, and were stored in a freezer at —40 °C. Samples
were wrapped into aluminum foil and mounted in the standard cans used at ISIS, all within a glovebox.
Each sample was prepared shortly before the experiment, and quickly inserted into the Orange cryostat
and cooled down. The sample quantities were weighed and found to be 0.834 g for 1, 0.914 g for 2 and
1.516 g of 3. Data were collected at the LET time-of flight neutron spectrometer at the ISIS neutron
source in a multi-rep mode, in which multiple Q-energy windows can be obtained from a single
measurement. Several settings were used in order to obtain an overview in Q-E space. Instrument
settings were different by incident neutron energies, chopper speeds and the resulting choice of energy
windows. The energy windows with maximum energy transfer of E = 2.01 meV, 11.7 meV, 12.5 meV,
17.4 meV and 22.1 meV were used. The most relevant data were obtained with the E = 2.01 meV
(resolution at the elastic line of 160 ueV) and 11.7 meV (resolution at the elastic line of 500 peV)
windows, which captured the low and intermediate energy excitations in the system. All data were
corrected for empty can and vanadium measurements. The data were also scaled by the measured
sample weights. The 2.01 meV and 11.7 meV energy scans shown here were obtained by summing up
toQ=07A"1and Q=18 A1, respectively.

Magnetic Measurements: All handling of sample 1 in preparation of magnetic measurements
was executed with a Teflon-coated spatula. A crushed crystalline sample of 1 was loaded into a 7 mm
diameter quartz tube and was coated with sufficient eicosane to restrain the sample. The quartz
tube was fitted with a sealable hose-adapter, evacuated on a Schlenk line, and then flame-sealed
under vacuum. Magnetic susceptibility measurements were performed using a MPMSXL SQUID
magnetometer (Quantum Design, Inc., San Diego, CA, USA). Dc magnetic susceptibility measurements
were performed at temperatures ranging from 2 to 300 K (variable temperature) at 1 T and the
magnetization was measured in fields ranging from 0 to 7 T at fixed temperatures. All data were
corrected for diamagnetic contributions from the eicosane and for diamagnetism estimated using
Pascal’s constants [65].

6. Conclusions

In conclusion, we have discussed the challenges and perspectives of neutron scattering in
lanthanide-based molecular magnets. The focus of the discussion was on the poly-nuclear clusters
with low local symmetry, which present inherent challenges for an experimentalist: a situation of
having little data, but many parameters in the effective Hamiltonian, and stiff, parameter-free ab
initio calculations.

In the second part of the paper, we presented original results of an inelastic neutron scattering
(INS) study on a high blocking temperature single molecule magnet (SMM), its Y! analogue and
a non-SMM parent compound. In the parent compound, we observed two peaks, I at 0.75(2) meV and
II at 5.2(2) meV. Together with a simple, but plausible Ising spin model suggested by point-charge
calculations, peak I allowed us to clarify the low-energy behavior of the material, notably the single-ion
ground states, an approximate M; ~ £6 pseudo doublet, and the exchange interaction 7 = —0.12 K.
The physical picture thus obtained, fits well to the low temperature magnetization data without the
need for introducing any further parameters. However, additional intermediate- and higher-energy
data are needed to fully describe the system. To the best of our knowledge, this is the first time the
exchange interaction between lanthanide ions was directly determined based upon INS.
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In the SMM compound, we observed, among several phonon peaks, a very weak magnetic
excitation at 9.2(2) meV. The assignment of the peak to the exchange-split level within the Ising model

results in the exchange interaction value of J = —17 K, which does not reproduce the susceptibility
curve. We showed that within the Ising model a larger interaction of J = —48 K is required for this,
together with an intermolecular exchange of 7' = —0.02 K. The reason for the discrepancy between

the INS and susceptibility data is at present not clear, but it points to the necessity for a more complex
model and additional data points required for its validation.

Supplementary Materials: The following are available online at www.mdpi.com/2312-7481/2/4/45/s1,
Figure S1: Low-energy S(Q,w) spectrum of the parent compound 1; Figure S2: Intermediate-energy S(Q,w)
spectrum of the parent compound 1; Figure 53: INS spectra of compounds 1, 2 and 3 with the lattice contributions
estimated by the Bose correction procedure.
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