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Molecular magnetism is an interdisciplinary research area, which deals with design, synthesis and
physical characterization as well as the theoretical modeling of molecular materials showing acquired
properties. The features that distinguish molecular magnets from traditional magnetic materials are:
low-density, transparency to electromagnetic radiation, and sensitivity to external stimuli such as
light, pressure, temperature, chemical modification or magnetic/electric field. Furthermore, molecular
magnetism offers an exceptional collection of materials of various magnetic dimensionality: from 0D
single-molecule magnets and 1D single-chain magnets, regarded as molecular nanomagnets due to
slow relaxation and bistability at low temperatures, through 2D molecular layers, to 3D coordination
polymers showing the collective ordering of magnetic moments below the critical temperature T..
Research into molecule-based materials, both theoretical and experimental became more intense at the
end of 20th century and has concentrated on (i) low dimensional materials, motivated by their potential
applicability in high-density magnetic storage or nanoscale devices and (ii) on “functional” materials,
strongly responding to change in external parameters, that may be used in sensors of a different type.
This Special Issue shows the rich palette of the properties of magnetic molecular materials and presents
current work on this interesting and important topic. The issue contains four review articles and also
includes the results by the authors, as well as original contributed papers.

Molecular magnets involve well-localized magnetic moments, which make them the perfect
playground for the investigation of intriguing phenomena and testing theoretical models. The interplay
of spatial anisotropy of the exchange coupling and the intrinsic or magnetic-field induced spin
anisotropy were discussed in the two-dimensional magnetic models by Orendacova et al. [1]. In this
excellent review, authors provide a concise introduction of the development of the theory and
numerical approaches aimed at the description of low-dimensional magnetism. The main body
of this paper presents a thorough study of the ground state and finite-temperature properties of the S =
2 models interpolating between the quantum Heisenberg antiferromagnetic chain and the rectangular
spin lattice. The effect of the possible inter-layer exchange coupling resulting in the stabilization of the
3D long-range order is also discussed. Some physical consequences following from the characteristics
of the underlying model are evidenced by reporting consistent experimental data on magnetic and
calorimetric properties of low-dimensional Cu(Il) based metal-organic magnets.

A complete understanding of the mechanisms of the magnetic interaction in molecular magnets
requires advanced calculations such as proposed by Brumfield and Haraldsen in [2]. Based on the
Heisenberg spin-spin exchange model, the general relationships for the quantum energy levels, the
spin states for isosceles spin trimmers of spins equal 2 up to 5/2 are provided. Dependence on heat
capacity, magnetic susceptibility on temperature, and the corresponding inelastic neutron scattering
structure factors have been determined. As stated by the authors, results of the calculations could help
with the general analysis and characterization of magnetic molecule-based systems.

The influence of external pressures on the structural and magnetic properties of molecular
magnets has been reviewed by Zentkova and Mihalik [3]. The underlying mechanisms of the effect
are presented on the example of Cr(CN)4-based Prussian blue analogues (PBs)—TM-Cr(CN)4 and
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K-M-Cr(CN)g, where TM = Mn, Ni, Co, Cr, and M = Mn, Ni. After reviewing the sensitivity of PBs to
external stimuli and the high potential of PBs for applications, the authors describe the super-exchange
interaction between the metallic ions and give an analysis of the pressure effect in case of predominated
ferromagnetic, ferrimagnetic as well as mixed ferro—ferromagnetic interactions. Results of structural,
magnetic and Raman spectra measurements at pressures of up to GPa for different analogues are
shown. The paper clearly explains the reason of various pressure-induced T, change observed for
subsequent samples under study. The pressure effect on magnetic properties was also checked for
hexacyanometalate-based nanoparticles and core—shell heterostructures.

Similar to other magnetic materials, molecular magnets also exhibit a magnetocaloric effect (MCE).
The review of the magneto-thermal properties of octacyanometallate-based and molecular magnets
showing the different types of crystal architecture is presented by Fitta et al. [4] MCE study was
performed for 3D and 2D coordination polymers and the high spin cluster built with [Nb"Y(CN)s] or
[WY(CN)g] molecular blocks. The results were obtained by means of two experimental methods, i.e.,
calorimetry and magnetometry. Moreover, the study of a new effect-rotating magnetocaloric effect
(RMCE) in two 2D molecular magnets was presented. Dependence of MCE on temperature and on
the value of the magnetic field was tested. It was found that the Nig[W(CN)g]s cluster compound has
a potential for cryogenic magnetic cooling. Conclusions related to MCE scaling and critical behavior in
some systems under study were also included.

Two new oxime-based cationic [Mn(,]2+ complexes, synthesized and characterized structurally
and magnetically, are presented by Rojas-Dotti et al. [5]. A ground state spin value of both systems
is § = 12. In these compounds the slow relaxation of magnetization occurs, which is consistent
with the single-molecule magnet (SMM) behavior. Moreover, the energy barrier for the relaxation
of magnetization determined for one of the considered compounds is the highest reported so far for
cationic oxime-based [Mng]?* systems. As mentioned by the authors, such a type of the cationic SMM
can be used as precursors of new multifunctional magnetic materials through the incorporation of
anionic species that bring for instance conductivity or luminescence to the final material.

Example of the interesting solvatomagnetic compound based on [Cu(cyclam)]2+ and [W(CN)g]*>~
building blocks is presented by Nowicka et al. in [6]. The removal of water molecules from
the ladder-chain crystal structure of the compound during the dehydration process leads to the
modification of the geometry of the bonds, and finally to the single-crystal-to-single-crystal structural
transformation. The noticeable change of magnetic properties was observed and reflected in
switching the predominant intra-chain interactions from ferromagnetic in a hydrated compound
to antiferromagnetic in an anhydrous sample. The dehydration process is not fully reversible, probably
due to the formation of intra-chain hydrogen bonds.

An important group of molecular magnets are purely organic molecular materials, as they
show electric conductivity and non-trivial magnetic properties New examples of organic magnetic
materials are presented by Pinkowicz et al. [7]. The paper reports the synthesis, crystal structures and
magnetic characterizations of a series of six dioxothiadiazole-based radical compounds. Structurally,
the presented compounds are formed by alternating cation-anion layers or chains of m-conjugated
molecules. Magnetic data reveal weak antiferromagnetic interactions between the radical anions.
Magnetic interaction pathways between pairs of radical anions are justified by the presence of C-HN
hydrogen bonds. Authors discuss the influence of the structural differences on the magnetic properties
of the radical salts under the study.

Finally, research on the 77-d interacting magnetic molecular superconductor k-(BETS),FeXy (X =Cl,
Br) studied by means of an angle-resolved heat capacity is reviewed by Fukuoka et al. [8]. The 7r-d
interacting systems consisting of organic donor molecules and counter anions containing magnetic ions,
are of interest due to the cooperative phenomena between conducting electrons and localized spins,
leading to unique magnetic and transport properties. The experimental method used enables high
accuracy investigations of the anisotropy of the magnetic heat capacity against the in-plane magnetic
field. Instrument applicable to tiny single crystals of molecular magnetic materials was constructed
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by the authors of the article. Uncommon crossover from a 3D magnetic ordering to a 1D magnet
was observed at the field parallel to the a axis, while the superconducting transition temperature also
showed a remarkable anisotropy against the in-plane magnetic field. These valuable results point to
the influence of the 3d electron spins on the superconducting state of the 7t electron system.

Acknowledgments: Guest editors appreciate all the authors of the articles for sending their works. They hope the
content of this special issue presents a comprehensive report on the current work on molecular magnets and will
be interesting for the readers.
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Abstract: Quantum Heisenberg chain and square lattices are important paradigms of a low-dimensional
magnetism. Their ground states are determined by the strength of quantum fluctuations.
Correspondingly, the ground state of a rectangular lattice interpolates between the spin liquid and the
ordered collinear Néel state with the partially reduced order parameter. The diversity of additional
exchange interactions offers variety of quantum models derived from the aforementioned paradigms.
Besides the spatial anisotropy of the exchange coupling, controlling the lattice dimensionality and
ground-state properties, the spin anisotropy (intrinsic or induced by the magnetic field) represents
another important effect disturbing a rotational symmetry of the spin system. The S = 1/2 easy-axis
and easy-plane XXZ models on the square lattice even for extremely weak spin anisotropies undergo
Heisenberg-Ising and Heisenberg-XY crossovers, respectively, acting as precursors to the onset of
the finite-temperature phase transitions within the two-dimensional Ising universality class (for the
easy axis anisotropy) and a topological Berezinskii—Kosterlitz-Thouless phase transition (for the
easy-plane anisotropy). Experimental realizations of the S = 1/2 two-dimensional XXZ models in
bulk quantum magnets appeared only recently. Partial solutions of the problems associated with
their experimental identifications are discussed and some possibilities of future investigations in
quantum magnets on the square and rectangular lattice are outlined.

Keywords: Heisenberg; S = 1/2 XXZ model; spin anisotropy; square lattice; chain; rectangular lattice;
Berezinskii-Kosterlitz-Thouless phase transition; phase diagram; quantum magnet

1. Introduction

The history of low-dimensional magnetism started in 1925 by the theoretical work of Ising who
found an exact solution of the hypothetic system of spins arranged into a chain and oriented in one
direction [1]. Famous Onsager’s solution of the two-dimensional Ising model on a square lattice [2]
showed the existence of long-range order (appearance of nonzero spontaneous magnetization) at a
finite temperature, Tc. Intensive theoretical studies of one-dimensional (1D) and two-dimensional
(2D) spin systems were stimulated by the effort to understand the properties of three-dimensional (3D)
phase transitions and critical phenomena [3].

In 1966, Mermin and Wagner theoretically proved the absence of conventional long-range order
(LRO) at a finite temperature in 1D and 2D Heisenberg (isotropic) and easy-plane (XY) magnets [4].
Nevertheless, Stanley and Kaplan conjectured a possibility of an unusual phase transition for 2D
Heisenberg ferromagnet on triangular, square and honeycomb lattice arguing that the absence
of a spontaneous magnetization at finite temperatures does not imply the absence of any phase
transition [5]. Subsequent work indicated that the evidence for this was stronger for XY than for
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Heisenberg models [6-8]. Berezinskii revealed that eigenstates of the Hamiltonian describing the
2D lattice of planar rotators, 2D Bose liquid, and 2D XY magnet can be sorted into two classes;
localized “vortices” characterized by a nonzero circulation along a minimum closed contour of the
square lattice and displaced harmonic oscillations—spin waves with zero circulation [9,10]. Below a
critical temperature related to some phase transition, the vortices form configurations with a total zero
circulation. Kosterlitz and Thouless introduced a definition of a topological long-range order adopted
from the dislocation theory of melting [11]. In a 2D crystal, authors showed that at low temperatures,
dislocations with Burgers vector of the magnitude b tend to form closely bound dipole pairs with
resulting b = 0. Above some critical temperature, the pairs start to dissociate and the dislocations will
appear spontaneously. The same type of argument can be applied for the 2D XY model and 2D neutral
superfluid. While in the 2D XY model, a logarithmically large energy barrier, V(r) ~ -In(r), stabilizes a
topological order formed by the bound pairs of vortices, in the case of the 2D Heisenberg model, there
is no topological order, since energy barriers separating different configurations are small, allowing
continuous changes between individual configurations [11].

Many theoretical studies showed that phase transitions in the 2D systems such as granular
superconducting films, superfluid films, 2D Coulomb gas etc., with continuous symmetry of the
order parameter, may be described by the 2D XY model [12]. These topological phase transitions
are related to the dissociation of the pairs of topological excitations (vortices in superconducting or
superfluid films, dislocations in 2D crystals, dipole pairs of oppositely charged particles in 2D plasma,
etc.), and belong to the same universality class. In later literature, these transitions were named as
Berezinskii—Kosterlitz-Thouless (BKT) transition, occurring at a finite critical temperature, Tgkr.

Unlike the theory, the move of low-dimensional magnets from the abstract to real world started
much later, during the period of seventies and eighties, when the first real materials appeared,
resembling the behavior theoretically predicted for the 1D and 2D magnetic models [13].

The physics of low-dimensional systems is interesting in its own right and some phenomena have
no parallel in three-dimensional physics. Besides the absence of the aforementioned conventional
LRO at finite temperatures, the main feature of low-dimensional systems is a failure of the classical
spin-wave theory which is not able to describe the complexity of the non-linear spin dynamics [14].
It was realized that localized solitary excitations, large-amplitude waves propagating with a permanent
profile, are possible in classical magnetic chains [15]. The classical theory of solitons has been
remarkably successful in describing the properties of real magnetic chains as (CHz)4sNMnClz (TMMC)
with spin § = 5/2 and even (C¢H;1NH;3)CuBr; (CHAB) with S = 1/2 [16]. Various theoretical
approaches tried to find a quantum analog to the classical solitary excitations leading to the concept
of quantum solitons which proved useful for the description of the ground-state properties of an
S =1 Heisenberg antiferromagnetic (HAF) chain in the famous Haldane’s conjecture [17,18]. Within
the semi-classical approximation Haldane showed that the ground state of the HAF chain with
integer spin is characterized by the presence of topological solitons. Consequently, the ground state
is disordered with S = 0, separated from the excited S = 1 magnon state by the Haldane gap, arising
from the presence of strong quantum fluctuations preventing the onset of the Néel order even at T = 0.
Experimentally, the Haldane phase was most comprehensively studied in the S = 1 chain material
Ni(C,HgN3)>,NO,ClO,4 (NENP), confirming the theoretical predictions [19,20].

The presence of strong magnetic fluctuations in the low-dimensional magnetic subsystems
of high-Tc superconductors triggered renewed intensive theoretical and experimental interest in
the 2D quantum magnets [21,22]. In this context, the frustration effects became widely studied to
understand the pairing processes. Sophisticated mathematical and computational methods enabled
theorists to solve the variety of more complex low-dimensional quantum frustrated lattices including
Shustry-Shuterland [23], Kagomé lattice [24], Kitaev honeycomb model [25] and others, having exotic
properties and many of them still waiting for their discovery in the real world [26].

Besides the study of rather exotic 1D and 2D magnetic models, the theorists try to incorporate
the effect of inter-chain/inter-layer coupling, crystal field, spin anisotropy, dilution and other
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effects present in real compounds. While a close collaboration of chemists, experimental and
theoretical physicists working in the area of low-dimensional magnetism has long-lasting tradition,
the participation of quantum chemists in this field appeared only recently. The community realized the
large importance of quantum-mechanical calculations based on the first principles which can become
crucial for the identification of the studied material. This cooperation is also stimulated by the practical
needs—the search for variety of materials involving aforementioned low-dimensional and strongly
frustrated systems which can be potentially used in nanotechnologies [27], quantum computing [28-30],
refrigerating due to enhanced magneto-caloric effect [31-33], etc. Besides the aforementioned practical
applications and solutions of fundamental problems, current low-dimensional magnetism is also
characterized by the search for the analogies in different fields of physics (quantum tunneling [34],
Bose-Einstein condensation [35], quantum phase transitions [36,37], thermal Hall effect [38], etc.).

This brief introduction to the history and current state of the low-dimensional magnetism tried
to point out that this field covers extremely wide area of research comprising directions which seem
to run independently until they mix together forming new qualities. In this context, this modern,
widely developing area changes to a field with a strong interdisciplinary character based on the
close interaction of theory and experiment, accompanied by the intensive collaboration of physicists,
chemists and material engineers.

In this review, we will restrict to the ground-state and finite-temperature properties of the S =1/2
models interpolating between the quantum Heisenberg antiferromagnetic chain and the square lattice.
Both models represent important paradigms of the low-dimensional magnetism. Their ground states
are completely different, since they are determined by different strength of quantum fluctuations.
The involving of additional exchange interactions results in the variety of the quantum models
which can be derived from the aforementioned paradigms. Besides the spatial anisotropy of the
exchange coupling which controls the lattice dimensionality, the spin anisotropy (intrinsic or induced
by magnetic field) plays an important role in the symmetry of the order parameter. Despite the
fact, that some of the models including the square lattice were theoretically studied many years ago,
their experimental realizations appeared only recently, mostly in the bulk Cu(II) based metal-organic
magnets. The problems associated with their experimental identifications are also discussed.

2. Spatial Anisotropy of the Exchange Coupling: From the Chain to the Square Lattice

2.1. The S = 1/2 Heisenberg Antiferromagnetic Chain

Let us consider a pair of the S = 1/2 spins coupled by the isotropic Heisenberg interaction
H=]51-5 @)

where | > 0 corresponds to an antiferromagnetic (AF) interaction. The ground state of the coupled
spins is represented by the singlet state

_ L
V2
with the energy —3]/4. The quantum-mechanical state represented by the Equation (2) is known as a

valence bond and can be regarded as the ultimate expression of quantum fluctuations which govern the
formation of more exotic magnetic states depending on the lattice symmetry, spin value etc.

ls) (114 = 1) @

H= ]Z (SFSEq +57S], +SiSi) ®
1

The S = 1/2 Heisenberg antiferromagnetic (HAF) spin chain with the nearest-neighbor (n1)
interactions has a unique ground state with power-law correlations and the gapless excitation
spectrum [39]. Using a concept of the valence bonds, this ground state has a character of a
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resonating-valence-bond (RVB) state, in which the quantum fluctuations restore the translational
symmetry and mix in the bonds of greater length than those connecting only the nn spins [40]. An
alternative approach is the mapping of the quantum spin 1/2 HAF chain to a chain of interacting
Gz = — 1>

i 2/

whereas the presence of the fermion (particle) means ‘Slz = %> In this language, the model becomes a

spinless fermions [26]. The absence of the fermion (hole) at a site i means a spin state

realization of the 1D Tomonaga-Luttinger liquid [41]. A corresponding ground state has correlations
decreasing as a power law with a distance and elementary excitations form a particle-hole continuum.
The excitation of a single hole carrying spin 1/2 is called a spinon and can be created by a turning half
of the chain upside down which results in the two neighboring sites with the spin up. The x-y part of
the Hamiltonian in the Equation (3) moves the spinon by two lattice sites (Figure 1).

A1 41 41 4
I v I v I v |

Figure 1. Schematic representation of a spinon excitation by reversing all spins beyond a certain lattice
site. The spinon (domain wall) propagates along the chain moving by two lattice sites.

On the other hand, a standard magnon excitation carrying spin 1, is created by a flipping single
spin at a lattice site. It corresponds to the two holes in the spectrum. As a consequence of the Fermion
nature of the half-integer spins, the spin 1 carried by the spin wave excitation is decomposed into
the pair of the S = 1/2 quantum solitons, known as spinons [41]. The pairs of spinons form a gapless
continuum of excitations experimentally observed in various quasi-low dimensional magnets. One
example of such material is KCuF3 with strong AF exchange coupling propagating along the c-direction,
while much weaker ferromagnetic coupling along the a and b directions is responsible for the onset of
the long-range order at Ty = 39 K. The inelastic neutron scattering measurements in zero magnetic field
probed the energy spectrum of KCuF3 below and above Ty. In comparison with low temperatures, the
measurements made at 50 K indicated only little change in the scattering cross-section. The calculated
spectrum of the S = 1/2 HAF chain is in good agreement with the experimental data [42] (Figure 2).

While in KCuF; the inter-chain coupling, J', is rather weak (J' & 0.01]), in Cs,CuCly, the J” achieves
nearly 20% of the intra-chain value, | /kp ~ 4 K, and the onset of LRO occurs at T = 0.62 K. The low
J-value guarantees rather easy achievement of the critical magnetic field, B, necessary for decoupling
the spin chains as well as the saturation field, By, above which the ground state achieves a full
ferromagnetic polarization. Theoretical studies of the S = 1/2 HAF chain in the magnetic field [14]
showed that the field splits the triplet excitation continuum into the separate continua, the positions
of which alter with increasing field. Above the saturation field, the excitations have a character of
well-defined magnon dispersion. Correspondingly, in Cs,CuCly, the 1D regime was expected to set at
the fields lower than Bg,t = 6 T. The magnetic excitations were studied as a function of the field by
measuring the inelastic scattering at low temperatures, T = 0.06 K [43]. It was found that the intensity
of the magnetic excitation decreases with increasing field and the line shape changes above B. = 1.66 T,
where the 1D regime occurs. Corresponding spectra were found to be in good agreement with the
predictions for the S = 1/2 HAF chain in the magnetic field [43].
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Figure 2. (a) Spectrum of the S = 1/2 HAF chain in zero magnetic field. The thin solid line represents a
scattering trajectory for a detector at the scattering angle of 8’ and an incident energy of E, = 149 meV
in KCuF3. The scattering occurs when the trajectory intersects with the continuum (bold line);
(b) Scattering measured in the low-angle detector banks at T = 20 K. (Reproduced with permission
from reference [42]).

The existence of the two-spinon continuum was experimentally confirmed in the organometallic
compound Cu(C4HyN»)(NOsz),, which proved to be an excellent realization of the S = 1/2 HAF chain
with ] = 0.9 meV and a negligible inter-chain coupling (J' /] < 10~%) [44].

These rather demanding neutron scattering studies are usually preceded by more accessible
experimental techniques providing information on the finite-temperature macroscopic properties
as specific heat, susceptibility and magnetization which serve as an important tool for the reliable
identification of the magnetic system. For that purpose, many theoretical studies of the S = 1/2
HAF chain based on different methods were performed to yield theoretical predictions usable for the
analysis of experimental results [45-48]. The studies of real compounds approximating the model of
the S = 1/2 HAF chain point at the importance of additional exchange couplings, responsible for the
deviations from the ideal chain behavior [13,42-44,49].

2.2. The S = 1/2 Heisenberg Antiferromagnet on the Spatially Anisotropic Square Lattice

The absence of the Néel order in the ground state is believed to be a general feature
of one-dimensional isotropic antiferromagnets [17,18,41]. Inter-chain coupling can change the
ground-state properties and introduce dimensional crossover phenomena. A two-dimensional
array of the spin chains coupled by the inter-chain interaction as depicted in Figure 3, forms a
spatially anisotropic square lattice, often called as a rectangular lattice, which can be described by
the Hamiltonian

H=TJ{) SijSit1j+RY, SiSiju1]- 4)
iy (ify
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The parameter R = J'/] represents the ratio of the AF inter-chain to AF intra-chain coupling
and (i, j); ;» denotes the nearest neighbors along the chain and perpendicular to the chain direction
(Figure 3). For R = 0, the 2D model (Equation (4)) simply reduces to the isolated S = 1/2 HAF chains
(Equation (3)) with the zero value of the order parameter (staggered magnetization), m = 0, reflecting
the absence of the LRO in the ground state. For R = 1, Equation (4) represents the model of HAF on
the spatially isotropic square lattice (or simply square lattice). According to Mermin-Wagner theorem [4]
thermal fluctuations are strong enough to destroy the Néel LRO at finite temperatures. However,
it was not clear, whether also quantum fluctuations can destroy the Néel LRO at zero temperature.

J
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—r——9
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Figure 3. Cartoon of the spatially anisotropic square (= rectangular) lattice.

After intensive studies of the ground-state properties of the spin 1/2 HAF square lattice, over many
decades a final agreement was achieved about the semi-classical Néel LRO at zero temperature [26].
The quantum fluctuations lead to the significant reduction of the order parameter, m = 0.3, which
amounts about 60% of the classical value, 1 = 1/2. The quantum fluctuations are strong enough to
preserve spin-rotation symmetry such as the RVB state which may be relevant at high energies. While
low-energy excitations are gapless magnons, recent experimental and theoretical studies showed that
at higher energies, the existence of pairs of fractional S = 1/2 quasiparticles, 2D analogs of 1D spinons
was established [50]. Using various theoretical approaches, excitation spectra and finite-temperature
properties of the square lattice were investigated including specific heat, uniform and staggered
susceptibility, correlation length etc. to provide useful tools for the identification of the model
realization in the real world [51-55]. In these studies, the compound LayCuQOj, with the exchange
coupling J/kg ~ 1500 K proved to be a model system for the testing of the theories, especially those
investigating ground-state properties. Naturally, the huge intra-layer coupling prevented any studies
of the compound at moderate temperatures, T = J/kg. Later, other 2D magnetic systems, mostly
copper(Il) coordination complexes, were identified as excellent realizations of the spin 1/2 HAF
square lattice with much lower exchange coupling. The analysis of the specific heat of Cu(en),Ni(CN)y
(en =C,HgNy) and Cu(bmen),Pd(CN), (bmen = N, N’-dimethyl-1,2-diaminoethane), revealed excellent
agreement with the theoretical prediction for the spin 1/2 HAF square lattice with | /kg = 0.36 K and
0.48 K, respectively [56,57]. Unlike LayCuQy, small coupling and corresponding saturation field
Bsat = 1 T, enable comfortable studies in the wide region of temperatures and magnetic fields. In these
octahedral Cu(Il) complexes comprising of weakly bound electroneutral covalent chains, the exchange
coupling between Cu(Il) ions is mediated predominantly through hydrogen bonds. On the other hand,
in the tetragonal compound [Cu(pz),(NO3)][PFs] (pz = pyrazine) and monoclinic Cu(pz)2(ClO4),,
the copper sites are connected within the square layers by bridging pyrazine molecules with the
exchange coupling J/kp = 10.5 K and 17.5 K, respectively [58,59]. Even larger exchange coupling was
indicated in Cu(HCOO),-4H,0 with | /kg = 72 K [60]. Magneto-structural investigations [61-63] of
monoclinic compounds (5MAP),CuBry and (5BAP),CuBry (SMAP = 5-methyl-2-aminopyridinium,
5BAP = 5-bromo-2-aminopyridinium) revealed that the magnetic interaction occurs between Cu(II)
sites with four equivalent nearest neighbors through Br -+ Br contacts forming 2D square layers with
exchange coupling J/kp ~ 7 K. The layers of CuBr, tetrahedrons are separated by the bulk of organic
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cations which stabilize 3D structure. Systematic study of the compounds from the series A;CuXy
[A = 5MAP, 5BAP, 5-chloro-2-aminopyridinium = 5CAP, 5-cyano-2-aminopyridinium = 5CNAP, etc.,
X = Br, Cl] found that the increasing size of the A cation improves the isolation of individual magnetic
square layers but at the same time it reduces the strength of the intra-layer exchange coupling [62-64].
Apparently, the chemical modification of the structure can control magnetic properties demonstrating
the flexibility of molecular magnetism.

Intensive theoretical studies of the ground-state and finite-temperature properties of the square
lattice (R = 1) provided reach variety of theoretical predictions allowing reliable identification of real
candidates. Besides the materials manifesting the model realization of the S = 1/2 HAF square lattice,
there appeared two-dimensional quantum systems with some amount of the spatial anisotropy of the
intra-layer exchange coupling which could not be well determined due to the lack of proper theoretical
predictions [65-70]. Using various approaches, the ground-state properties of the spatially anisotropic
square lattice (Equation (4)) were investigated in the vicinity of the isotropic model (R = 1) and 1D chain
(R = 0). Many theoretical studies tried to solve the question about the existence of a critical R. value
above which a long-range order is established in the ground state (m > 0). Conventional spin-wave
theories as well as various numerical techniques predicted a final value, R =~ 0.1-0.2, below which a 2D
spin-liquid state with 1 = 0 can be stabilized [71,72]. For small R, a single-chain mean-field theory [73]
predicted R = 0 and a gradual increase of 11, proportional to v/R. Multi-chain mean-field calculations
complemented by large-scale Monte Carlo simulations of the 2D Hamiltonian (Equation (4)), confirmed
that R. = 0 and showed that for R — 0, m vanishes slower than v/R due to a logarithmic correction
to this form [74]. Applying various techniques [72], the order-disorder ground-state transition was
indicated for R ~ 0.2 (Figure 4a). The sharp change of m for R < 0.2 was interpreted as a crossover in the
magnetic behavior of the S = 1/2 HAF rectangular lattice, accompanied by a sharp change in the spatial
dependence of spin correlations; with decreasing R, the rising quantum fluctuations gradually reduce
the size of the order parameter and for small R, the system approaches 1D behavior with algebraic
decrease of correlation functions [72]. This conclusion was further supported by quantum Monte
Carlo studies [75] of finite-temperature properties of the rectangular lattice (Equation (4)). For small
R, the temperature dependence of the uniform susceptibility, x, follows that of a single chain, while
deviations appear below temperatures kgT/] ~ 5R. For larger R, the x values lie between those of
the chain and square lattice. The 1D - 2D dimensional crossover is evident also in the behavior of
the correlation length, ¢, depicted in Figure 4b. For R > 0 and low temperatures, the quantity is well
described by the relation [75]

Aexp[2mtps(R)/ (kgT)]
1+ 0.5T/[2mtps(R)]

where the spin stiffness, ps, depends on the spatial anisotropy R. As can be seen in Figure 4b,
the intra-chain correlation length gradually approaches 1D behavior when decreasing R. Alike
susceptibility, for small R, the ¢ values merge with those for a single chain at sufficiently high
temperatures. Using these theoretical predictions, authors of reference [75] identified the quantum
magnet Sr,CuQOj3 as a realization of the S = 1/2 HAF on the rectangular lattice with the intra-chain
coupling J/kg = 2200 K, R = 0.002 and the staggered magnetization, m ~ 0.03. In comparison with the
m ~ 0.3 derived for the square lattice, the significant reduction results from the strong enhancement of
quantum fluctuations.

While the ground-state properties of the rectangular lattice were already understood quite well,
corresponding finite-temperature studies appeared only recently [76,77]. Quantum Monte Carlo
simulations of the susceptibility and magnetization enabled to identify the realizations of the S =1/2
HAF rectangular lattice, namely Cu(pz)Cl, (J/kg =28 K, R = 0.3), Cu(pz)(N3)2 (J/kg = 15 K, R = 0.46)
and Cu(2-apm)Cl, (2-apm = 2-amino-pyrimidine) with J/kg = 116.3 Kand R = 0.084 [77].

It should be noted that a reliable identification of a real compound requires rather complex and
careful analysis of bulk properties. It proved that making final conclusion on the basis of even several
experimental techniques cannot be sufficient since various models can provide the same theoretical
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prediction. In that case, first-principle calculations can provide valuable information how to proceed
in further analysis as was demonstrated in the analysis of the susceptibility of Cu(NCS), where the
first-principle calculations enabled to identify the material as the realization of the rectangular lattice
with J/kg ~ 170 K and R ~ 0.08 [78].

S=1/2
O —
—— case A
| case B -
} —— casC R |
| MED Nm15.36 -5 ————— et
| SEDN=BIBIZ ] T E= +
03 ¢
| - . ’
| - » -
!
E 02} y e 8 or o2 03 04 w10
/.
|/ !
i ! =~ 03
01 ! / z s | 4
{ Eg
| .
j | " * 0=0.0
I o2
0.0 e o 10 15 20 25
0.0 0.2 04 06 08 1.0 JT
R
() (b)

Figure 4. (a) Ground-state staggered magnetization m of the rectangular lattice for different R values
calculated by various approaches; the short-dashed lines are fits to the exact diagonalization (ED) data.
Cases A, B, C correspond to different choice of parameters in Green’s function approach. The inset
demonstrates the deviation of the ED results from the N-1/2 scaling law at R < 0.3 (solid lines are
least-squares fits). (Reproduced with permission from reference [72]); (b) The correlation length for
the S = 1/2 HAF on the rectangular lattice as a function of the inverse temperature for various R
values (« stands for R). Open (filled) symbols denote the correlation length along (perpendicular to)
the chain. For small & (¢ < 0.05), the values of inter-chain correlation length are smaller than one lattice
constant and are not shown in the figure. Solid lines are fits to Equation (5), showing the exponential
dependence of § on 1/T. (Reproduced with permission from reference [75]).

Similarly, it was shown in reference [79], that the susceptibility and isothermal magnetization of
Cu(PM)(EA), (PM = [C¢H(COO)4]*~, EA = [C,H5NH;3]*) can be described by the model (Equation (4))
with various R in a wide range of temperatures and magnetic fields (Figure 5).
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Figure 5. (a) Fits of the magnetic susceptibility of Cu(PM)(EA), with the model (Equation (4)) for
R =0 (1D) with J/kg =10.2 K, g =2; R =1 (2D) with ] /kg = 6.8 K, ¢ = 2.05; R = 0.7 (rectangular lattice)
with [/kg = 8.0 K, g = 2.07; (b) Field dependence of the magnetization of Cu(PM)(EA);. Lines show
the simulations with the same parameters as those used for the susceptibility. (Reproduced with
permission from reference [79]).

11



Crystals 2019, 9, 6

Apparently, using proper parameters, various theoretical predictions yield identical behavior for
both, susceptibility and magnetization [79]. Thus, making conclusions on the basis of magnetic data
only, can be very tricky, since the height of the maximum, Xmax, as well as its position, Tmax, depend
on the | and g-factor values. Correspondingly, the proper choice of g and | parameters can yield an
excellent agreement with the data (Figure 5). Unlike the susceptibility, another bulk property, specific
heat, can provide more valuable information since the maximum, Cmax, depends on the used model
(Figure 6). The best agreement was found for R = 0.7 as predicted by the first-principle calculations [79].
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Figure 6. (a) Fits of the magnetic specific heat of Cu(PM)(EA), in B = 0 with the model (Equation (4))
for R = 0 (1D), R = 1 (2D) and R = 0.7 (rectangular lattice) with the same parameters as in
Figure 5. (Reproduced with permission from reference [79]); (b) Fits of the magnetic specific heat of
Cu(en)(Hp0),S04 in B = 0 (open and full circles correspond to powder and single crystal, respectively)
with the model (Equation (4)) for R = 0 with J/kg = 3.6 K, (solid line), R = 1 with ] /kg = 2.8 K (dashed
line) and the model of the S = 1/2 HAF on the triangular lattice with J/kg = 4.4 K (dotted line).
(Reproduced with permission from reference [65]).

Such calculations proved to be very important in the identification of the 2D quantum magnet
Cu(en)(H,0),S04. Previous analysis of powder thermodynamic data [65] identified the material as
a potential realization of the partially frustrated S = 1/2 HAF on the spatially anisotropic triangular
lattice (SATL). The lack of proper theoretical predictions enabled the analysis only in the frame of
the limiting models of the SATL, i.e., the square lattice, chain and triangular lattice and could not
provide a reliable information whether the spin system approaches the properties of the chain or
the square lattice (Figure 6b). Considering dxz_yz ground state of the Cu(lIl) ion, it was assumed that
potential exchange pathways form SATL with a dominant exchange coupling creating the square
lattice, while weaker interactions were expected to occur along one of the diagonals of the square
plaquettes [65]. The analysis of single-crystal electron paramagnetic resonance spectra [80] indicated
the need to revisit the concept of SATL in Cu(en)(H,0),5SO4, which triggered first-principle calculations
of exchange couplings [81]. The calculations revealed the formation of a spatially anisotropic zig-zag
square lattice (Figure 7a) comprised of 2D array of weakly coupled zig-zag chains with R = J'/] ~ 0.15.
Corresponding quantum Monte Carlo (QMC) calculations of finite-temperature properties of the
S = 1/2 HAF on the spatially anisotropic zig-zag square lattice (SAZZSL) including specific heat,
susceptibility and magnetization, provided theoretical predictions in a wide range of temperatures
and magnetic fields [82]. Subsequent analysis of single-crystal Cu(en)(H;0),SO4 experimental data
within the SAZZSL model found the excellent agreement for J/kg = 3.4 K and R = 0.35 (Figure 8).

The comparison of the finite-temperature properties of the S = 1/2 HAF on the rectangular and
zig-zag square lattice surprisingly revealed the identical behavior in the whole range of the spatial
anisotropy R [77,82]. Thus, to decide which model is appropriate for the description of the real
compound, first-principle studies are very important.
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Figure 7. (a) Spatially anisotropic zig-zag square lattice interpolates between the chain (R = J' /] = 0)
and the isotropic square lattice (R = 1); (b) Position of adjacent layers (blue) in Cu(en)(H,0),SO4 with
respect to the central 2D layer (red). Diamonds denote projections of the positions of blue circles into
the central layer; (c) Position of adjacent layers (blue) in the verdazyl radical with respect to the central
2D layer (red). In (b) and (c), the inter-layer exchange couplings ]” are depicted by green lines (see
Section 2.3).
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Figure 8. (a) Temperature dependence of normalized single-crystal Cu(en)(H,0),S0;4 (CUEN)
susceptibility in the field 10 mT. Solid and dashed lines represent corresponding QMC calculations
(L =128) for the S = 1/2 HAF SAZZSL model with R = 0.35 and 0.15, respectively; (b) Temperature
dependence of magnetic specific heat of CUEN single crystal in zero magnetic field. Solid and dashed
lines have the same meaning as in (a). (Reproduced with permission from reference [82]).

As was already mentioned, the compound Cu(pz),(ClO,), was considered as a model system for
the realization of the isotropic square lattice [59]. Recent density functional theory (DFT) simulations
using structural Cu(pz),(ClO4), data at 10 K revealed the formation of SAZZSL with R = 0.7 [83] while
other authors working with 100 K structural data arrived to the rectangular lattice with R ~ 0.93 [84].
While it is hard to discriminate between two different results on the basis of magnetic bulk data, as
was done in refs. [83,84], specific heat analysis would be subservient to make the decision. As was
shown in refs. [79,82], the difference in the maximum specific heat values for R = 1 and 0.7 is easily
distinguishable. This approach was applied also in the determination of the 2D magnetic lattice in the
verdazyl radical «-2,3,5-Cl3-V (3-(2,3,5-trichlorophenyl)-1,5-diphenylverdazyl] (Figure 7) where DFT
calculations revealed the formation of SAZZSL with R = 0.56 [85].

All these results indicate, that rather simple combination of bulk properties and first-principle
calculations can provide a reliable identification of magnetic lattice in the real compounds. However,
unlike the ideal 2D models, in real compounds, the interlayer interactions are always present and
depending on their strength, they can affect bulk properties, usually leading to the onset of the 3D
long-range order.
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2.3. The Crossover from 2D to 3D

The need to understand the effect of the inter-layer coupling, /”, on the properties of
two-dimensional magnets stimulated theoretical studies of the 3D array of coupled layers with the
square-lattice motif described by the Equation (4), forming the S = 1/2 HAF on the spatially anisotropic
simple cubic lattice [51,86-88]. The studies showed that the coupling between the magnetic layers can
induce a phase transition to 3D LRO at a finite temperature [51]

2 2
(2

where 4 is a lattice constant, m/mj is the reduced staggered magnetization at zero temperature, and
correlation length is defined by the Equation (5). For the isotropic square lattice (R = 1), (m/mg)?* ~
0.3 and the spin stiffness in the Equation (5) is ps ~ 0.18 ]. Apparently, even a minute amount of J” is
capable to induce a 3D LRO at a finite temperature. Large-scale QMC studies of the S =1/2 HAF on
the spatially anisotropic simple cubic lattice (with R = 1 within layers) provided an empirical formula
for T which enables the estimation of the inter-layer coupling [88]

T = 47ps/[b —In(]" /])] @)

with ps =0.183 ] and b = 2.43.

As was already mentioned, in the absence of ]” the ground-state staggered magnetization vanishes
with R — 0 (Figure 4a). On the other hand, the increase of J” leads to the enhancement of m in the
whole range of R [86]. Thus, the inclusion of the un-frustrated interlayer coupling stabilizes a collinear
Néel order already for very small values of [”. The competition of the inter-layer coupling and the
intra-layer spatial anisotropy R projects also to the finite-temperature properties [86]; for R — 0 within
the layer, enhanced quantum fluctuations lead to reducing Txn. On the other hand, nonzero J” reduces
the strength of the quantum fluctuations, which results in the enhancement of Ty. In highly anisotropic
2D systems (J "« ], J), most of the entropy is removed above Ty and the effective number of degrees
of freedom associated with the 3D LRO is significantly reduced. In such extreme conditions, a A-like
anomaly in the specific heat associated with the onset of 3D LRO completely vanishes. Quantum Monte
Carlo studies of the S = 1/2 HAF on the spatially anisotropic simple cubic lattice (R = 1 within layers)
showed, that a sharp peak dominates the specific heat behavior for the strong inter-layer coupling,
while for J” < 0.05 ] a clear separation of two peaks occurs [87]. Finally, for |” < 0.015 ], the sharp peak
completely vanishes and despite the onset of 3D LRO, the specific heat follows the behavior of the 2D
system (Figure 9a).

Such extreme spatial two-dimensionality accompanied by the absence of the A-like anomaly
in the specific heat in zero magnetic field was already experimentally observed in Cu(tn)Cl,
(tn = C3H;oNy) [89] (Figure 9b) and Cu(pz),(pyO)2(PF¢), (pyO = pyridine-N-oxide) [90]. Thus, one has
to be careful in the declaration of the absence of the 3D LRO on the basis of the specific heat only and
other experiments are necessary to confirm the assumption. Besides demanding neutron diffraction
experiments, much simpler susceptibility measurements or electron paramagnetic—antiferromagnetic
resonance can provide reliable information about the onset of the 3D LRO. Neglecting any other
phenomena but |7, the absence or the presence of the A-like anomaly can be affected by the geometry
of inter-layer exchange pathways in real compounds. The comparison of magnetic specific heats of
Cu(tn)Cl, and Cu(en)(H,0),S04 suggests that the 2D correlations responsible for the appearance of a
round maximum have the same character while the manifestation of the 3D correlations is completely
different (Figure 9b). The severe weakening of their effect in Cu(tn)Cl, was ascribed to the combined
effect of a geometrical frustration and the large distances (about 10 A) between Cu(ll) ions in the
adjacent layers [89].

On the other hand, the strength of the inter-layer coupling in Cu(en)(H;0),SO4 was estimated to
be much lower than 0.015 ] [82] thus, according to reference [87], no phase transition should be visible
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in the specific heat data. In Cu(en)(H,0),SOy, the adjacent layers are shifted along the b-axis by b/2.
As a consequence, a central spin from the magnetic layer has a high number of nearest neighbors (z = 8)
from the adjacent layers (Figure 7). It should be noted, that QMC simulations [87] were performed
for the geometry of the simple cubic lattice, thus only z = 2 was considered for the central spins in
the layer.
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Figure 9. (a) The specific heat of the S = 1/2 HAF model on the spatially anisotropic simple cubic
lattice with R = 1 within the layers. Quantum Monte Carlo calculations are performed over a wide
temperature range for several different spatial anisotropies (a« = ]”/]). The system size is 48 x 48 x 12.
The separation of the 3D ordering peak from the broad maximum arising from the 2D physics is clearly
visible for a <273, (Reproduced with permission from reference [87]); (b) Temperature dependence of
Cu(en)(Hp0),S04 (J/kp = 2.8 K) and Cu(tn)Cl, (J/kg = 3.1 K) magnetic specific heat compared with the
theoretical prediction for the S = 1/2 HAF on the square lattice (R = 1).

The important role of the number of neighbors in adjacent planes was demonstrated also in the
verdazyl radical «-2,3,5-Cl3-V with a large inter-layer coupling, J” ~ 0.24 ]. This is another extreme,
since such a high value of [” should completely suppress the two-dimensional character of the
magnetic system in the verdazyl radical. However, thermodynamic properties clearly demonstrate a
high measure of magnetic two-dimensionality, comparable to Cu(en)(H,0),SOy. This contradiction
can be explained by very low number of interacting nearest neighbors from the adjacent planes. As can
be seen in Figure 7, in verdazyl radical, effectively only z = 0.5 per central spin can be considered, thus
reducing the effect of rather strong inter-layer coupling can be expected [85].

Generally, if only isotropic inter-layer coupling is responsible for the onset of the 3D LRO, the
finite-temperature phase transition in such spatially anisotropic systems remains in the universality
class of the 3D classical Heisenberg model [87]. The universality can be changed when other
mechanisms are present as the magnetic field and spin anisotropy [91].

3. The Effect of the Spin Anisotropy and Magnetic Field in the S = 1/2 HAF on the Square Lattice

31.B=0

The influence of the spin-orbit (LS) coupling projects into the anisotropy of local as well as global
magnetic properties. In the case of isolated ions with the electronic spin 1/2 (e.g., Cu(Il) ion with the
3d ¥ open shell), the interplay of the LS coupling and the crystal field produced by the local surrounding
generates the anisotropy of the magnetic moment, observed in the form of the anisotropic g-tensor [92].
In the presence of magnetic interactions between the paramagnetic ions, the exchange anisotropy
(symmetric and/or antisymmetric) appears with the relative strength comparable with the order of the
g-factor anisotropy [93]. Accordingly, experimental studies of quasi-2D spin 1/2 magnets revealed that
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the spin anisotropy is very weak, ranging from 10~ to 10~2 times the intra-layer exchange coupling
J [59,80,94].

In case of the symmetric exchange anisotropy, theoretical studies of the S = 1/2 antiferromagnetic
XXZ model on the square lattice (R = 1) revealed, that even extremely weak spin anisotropies can
influence thermodynamic properties at low temperatures, inducing a crossover between the isotropic
Heisenberg and the anisotropic regime [95-97]. The S = 1/2 AF XXZ model (i.e., anisotropic Heisenberg
antiferromagnet) on the square lattice can be defined by the Hamiltonian [97]

H= %Zd[(l =) (st}‘ﬁrd + Siysiy+d) +(1- A/\)Stzslzﬂi] ®)
i

where i = (i1, ip) runs over the sites of the square lattice, d connects the i-th site to the nearest neighbors,
J > 0 is antiferromagnetic coupling, A, and A are the easy-axis and easy-plane anisotropy parameters,
respectively. For Ay, = A,= 0, the Equation (8) reduces to the Equation (4) with R = 1 describing
the isotropic HAF on the square lattice. The parameters Ay =0, 0 < A, < 1 define the easy-axis
anisotropy, while the easy-plane anisotropy corresponds to Ay, =0, 0 < A, < 1. In the case of the
weak easy-axis anisotropy A, = 1072 and 103, quantum Monte Carlo studies of finite-temperature
properties revealed the existence of a phase transition in the 2D Ising universality class occurring at
finite temperatures, kgTy =~ 0.28 ] and 0.22 ], respectively [97]. In the specific heat, the onset of the
2D LRO was indicated as a small sharp peak superimposed on the left side of a round maximum.
As the anisotropy decreased, the sharp peak diminished, moving to low temperatures, while the round
maximum converged to that of the HAF on the square lattice. Similarly, the uniform susceptibility
follows the prediction for the HAF on the square lattice down to kgT ~ 0.4 ] for A, = 10~2. At lower
temperatures, the transverse susceptibility, x**, and longitudinal, x**, separate from the isotropic
Heisenberg curve well above the phase transition; at the transition temperature Ty, the x** displays a
minimum, while x** monotonically decreases to zero. Apparently, the susceptibility measurement in
two different orientations of magnetic field provides a tool for a reliable identification of the phase
transition. Similar features of the susceptibility and specific heat were observed in the XXZ model
with the easy-plane anisotropy for Ay =2 x 10~2 and 10~3. A crossover temperature, Tco, from the
isotropic Heisenberg to the easy-plane (XY) behavior was estimated [96]

kgTco ., 4mps/] ©)
] In(C/A))

with the parameter C = 160 and ps = 0.214 J. The onset of the XY regime below T¢o is accompanied
with the formation of the pairs of vortices and antivortices. Concerning the specific heat,
a position of a tiny peak superimposed on the left side of a round maximum, corresponds to
the maximum of the temperature derivative of the vortex density, while a phase transition of
Berezinskii-Kosterlitz-Thouless type is set at lower temperature. For Ay =2 x 1072, the uniform
susceptibility follows the behavior of the HAF on the square lattice down to 0.4]. Atlower temperatures,
the transverse and longitudinal susceptibility separate from the isotropic Heisenberg curve well above
the transition temperature, Tpkr; at Tco, the x** component displays a minimum, while }** decreases
faster than the isotropic Heisenberg curve, achieving some nonzero value at T = 0. As authors showed,
in the experiments with the real quasi-2D quantum magnets, the measurements of a single-crystal
uniform susceptibility can help to determine the onset of a phase transition as well as the type of the
spin anisotropy. If a minimum in the x** component is observed above Ty (i.e., the temperature of a
phase transition to the 3D LRO), this is a signature of the easy-plane anisotropy, while the occurrence
of the minimum at the transition temperature suggests the easy-axis anisotropy (Figure 10a).

The QMC studies [97] revealed that the critical temperatures Ty,pxT remain finite for any finite
easy-plane and easy-axis anisotropy (Figure 10b). Thus, unlike the isotropic Heisenberg model on the
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square lattice, for the XXZ analogue, the quantum and thermal fluctuations are not able to destroy the
phase transitions at finite temperatures.

The compound Sr,CuO,Cl, was identified as the first experimental S = 1/2 XXZ square-lattice
antiferromagnet with a huge intra-layer coupling ] /kp = 1450 K, extremely weak inter-layer coupling
J” /] = 107> and extremely weak easy-plane anisotropy A, ~ 1073 [96].
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Figure 10. (a) Uniform susceptibility of Sr,CuO,Cl, (thin and thick pluses represent x*, crosses - x**)
compared to the theoretical predictions for the S = 1/2 easy-plane XXZ model on the square lattice with
Ay =1073 (x**—open diamonds, x**—full diamonds). Stars represent the susceptibility of the isotropic
HAF on the square lattice. (Reproduced with permission from reference [96]); (b) Phase diagram of
the S = 1/2 XXZ model on the square lattice for weak anisotropies. The curves in the low-anisotropy
region, i.e, Ay p < 1071, represent the behavior of the reduced critical temperatures tygxr = kT Brr/],
described by the corresponding expressions. (Reproduced with permission from reference [97]).

A careful analysis of the low-temperature single-crystal susceptibility and magnetization of other
Cu(II) based quantum magnets, Cu(pz)>(NO3)][PFs], Cu(pz)2(ClOy),, and Cu(pz)2(BEy),, allowed
to determine the presence of the weak easy-plane anisotropy A, ~ 1073 [59]. In these quasi-2D
S = 1/2 XXZ square-lattice magnets, the intra-layer coupling is two orders of magnitude lower
than in Sr,CuO,Cl,. The authors found that for the compounds with the high degree of the lattice
two-dimensionality (i.e., J”/] < 1073), the spin anisotropy correlates well with the ratio of the
anisotropy field, By, and the saturation field, Ay ~ B,/Bs; while a strong inter-layer coupling
disturbs this coincidence [59].

32.B#0

Extensive theoretical studies of the antiferromagnetic XXZ model on the square lattice in the
external magnetic field revealed, that depending on the field orientation, a crossover between different
spin symmetries can be induced. The studies of the classical as well as quantum version of the
easy-plane XXZ model (Equation (8) with A, =0,0 < A) < 1) showed the reinforcement of the XY
anisotropy when the field is applied along the hard axis z [98,99]. On the other hand, at least in
the classical version of the XXZ model with the strong easy-plane anisotropy, the application of the
magnetic field within the easy plane (B_Lz) breaks the XY symmetry, introducing the symmetry of
Ising type and a transition to the 2D LRO can be expected [98]. However, for the extremely small
easy-plane anisotropy, the behavior of the AF XXZ model on the square lattice in B_L z is unclear.

In the case of the easy-axis XXZ model (Equation (8) with Ay =0, 0 < A, < 1) in the magnetic
field perpendicular to the easy z axis, Bz, the system retains a weak Ising anisotropy at all fields
up to the saturation value. The ordered AF phase is separated from the paramagnetic phase by a
line of the second-order transitions within the 2D Ising universality class [100]. The magnetic field
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applied along the easy axis (B||z) competes with the spin anisotropy which tends to align the spins
along the easy axis. Classical Monte Carlo studies of this 2D model showed the persistence of the
collinear Néel order in low magnetic fields. The ordered antiferromagnetic phase is separated from
the paramagnetic phase by a line of second-order phase transitions within the 2D Ising universality
class [101-104]. The magnetic field acts as the effective easy-plane anisotropy, thus further increase
leads to the spin-flop (SF) transition at the field, Bsp, accompanied with the reorientation of spins to be
orthogonal to the field and gradually canting in its direction. The spin-flop phase is separated from
the paramagnetic one by a critical line of BKT transitions [101-104]. In the limit A}, — 0, the ordered
AF phase gradually vanishes, i.e., Bsg — 0 and in the isotropic HAF limit, only the spin flop phase
remains, separated from the paramagnetic state by the critical line of BKT transitions [101,105].
Quantum Monte Carlo studies of the S = 1/2 HAF on the square lattice in the external magnetic
field described by the Hamiltonian
H = Hy — gugB)_S; (10)
1

(Hp is the Hamiltonian described by the Equation (8) for A, = A) =0 and i = (i1,i2) runs over the sites
of the square lattice), were performed in a wide range of magnetic fields i = gjgB/(S]) from zero to
the saturation field /s, = 8 [106,107]. It was found, that alike in the classical counterpart [101,105],
the infinitesimal uniform field induces a BKT transition at a finite temperature. The magnetic phase
diagram is characterized by a non-monotonous behavior of the critical temperatures (Figure 11a).
In the weak field, the Hamiltonian (Equation (10)) can be mapped on the easy-plane XXZ model in
zero magnetic field (Equation (8)) with A & 0.1 h? and the transition temperature

kpTpkr o 4mps/] 1)

] In(C/h?)

In higher fields, two competing effects appear; a suppression of the fluctuations of the S*
component, resulting in the enhancement of the effective easy-plane anisotropy, which tends to
increase TgkT-
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Figure 11. (a) Magnetic phase diagram of the S = 1/2 HAF on the square lattice (full symbols) in
reduced coordinates tpxt = kgTpxr/] and h = gupB/(S]). Open symbols refer to the classical limit of the
model. Inset: tgxr vs. h for weak fields, t{ represents a crossover temperature from the isotropic to XY
behavior. Shaded area marks the region of disordered XY behavior. (Reproduced with permission from
reference [106]); (b) Field-induced uniform magnetization vs reduced temperature for different field
values. The stars represent the zero-field uniform susceptibility of the S = 1/2 HAF on the square lattice.
The arrows indicate the onset of BKT transition. (Reproduced with permission from reference [106]).
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On the other hand, the average projection of the spins in the xy plane decreases, the system
behaves as a planar rotator with a reduced rotator length, which leads to the reduction of Tgkt. The
effective rotator length goes to zero at the saturation field and corresponding BKT critical temperature
vanishes. Apparently, the interplay between the two effects is responsible for the non-monotonous
dependence of Tgkt, which for the S = 1/2 achieves maximum values at higher fields than in the
classical counterpart (Figure 11a). This shift was ascribed to the effect of quantum fluctuations [106].

The QMC simulations of the finite-temperature properties of the S = 1/2 HAF on the square
lattice (Equation (10)) including the specific heat and uniform magnetization revealed typical features
associated with the onset of the XY regime above the BKT transition. In the specific heat, the onset
of the BKT transition demonstrates at the temperatures about 20-30% below a field-induced narrow
peak superimposed on the round maximum. The peak is associated with a massive unbinding pairs of
vortices (V) and antivortices (AV). A comparative study of the entropy derivativesin# =0and 1 >0
revealed, that for T < Tpkr, the entropy in /1 > 0 grows slower due to the presence of the quasi-LRO
established in the magnetic field after binding V + AV pairs, while above Tgkr, the growth is much
faster due to unbinding V + AV pairs. Finally, at high temperatures, the entropy growth does not
depend on the field in fully disordered systems [106]. A uniform magnetization is another bulk
quantity, which can be experimentally measured; the QMC calculations showed that for 1 < 1, the
temperature dependence of the uniform magnetization coincides with the uniform susceptibility of the
S =1/2 HAF on the square lattice in & = 0. Deviations appear at low temperatures kgT < ], displaying a
minimum, which indicates a field-induced crossover from the isotropic to the XY regime (Figure 11b).

In the real quasi-two-dimensional magnets, the strength of the interlayer coupling determines
to which extent the aforementioned features characterizing the ideal 2D systems can be preserved.
Depending on the type of the spin anisotropy and orientation of magnetic field, a corresponding 3D
critical behavior can change from the already mentioned 3D Heisenberg to the 3D XY or 3D Ising
universality class.

Recent experimental studies of real S = 1/2 quantum magnets with the extremely weak inter-layer
coupling revealed a non-monotonous behavior of the 3D transition temperature in the magnetic
field analogic to the B-T diagram in Figure 11a. Quantum Monte Carlo studies of the S = 1/2
HAF on the spatially anisotropic simple cubic lattice (with R = 1 within layers) in the magnetic
field [108] simulated the experimental specific heat of the quasi-two-dimensional S = 1/2 quantum
antiferromagnet [Cu(HF;)(pz),]BF4 with J/kg =59 Kand |”/] = 3 x 10~2. In zero magnetic field,
the compound undergoes a phase transition to the 3D LRO at Ty = 1.6 K. The application of the
magnetic field up to 8 T led to the enhancement of the transition temperature, and a further field
increase resulted in the conventional reduction of Tn(B). While in the presence of the nonzero J” the
finite-temperature critical 2D properties are lost, the QMC studies found that in the quasi-2D magnets
with extremely weak inter-layer coupling, this is just the nonmonotonic behavior of Tn(B), which
preserves also in the real systems (Figure 12a). On the other hand, the strong J” will smear even this
feature characterizing the ideal 2D magnets and a conventional decrease of the transition temperature
will be observed in all magnetic fields. Such behavior was observed in (5CAP),CuCly, the quasi-2D
S =1/2 HAF on the square lattice with J”/] ~ 0.25 [64].

While extremely weak inter-layer coupling in Cu(tn)Cl, did not allow the formation of a sharp
specific heat A-like anomaly in the zero magnetic field, the application of the magnetic field of 0.75 T
was capable to induce a weak anomaly at about 0.7 K. A further increase of the field enhanced the
anomaly, shifting its position towards higher temperatures. In the fields above 2 T, the amplitude
gradually decreased and the anomaly shifted to lower temperatures [89].

A typical increase of Tr(B) was also observed in the Cu(pz),(ClOy), with J”/] < 1073. Since
the saturation field is very large, the B-T phase diagram was recorded only for the fields lower than
Bsat /4. This value corresponds to the fields below which, the BKT temperature in the ideal 2D case
of the S = 1/2 HAF on the square lattice grows with the magnetic field [109]. The fact, that the phase
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diagrams of the Cu(pz),(ClO4); measured in the fields parallel and perpendicular to magnetic layers
were found to be identical, was ascribed to a very weak intrinsic spin anisotropy.
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Figure 12. (a) Magnetic phase diagram of [Cu(HF,)(pz),]BF4 compared with QMC simulations of the
S =1/2 HAF on the spatially anisotropic simple cubic lattice (R = 1 within layers) with the system
parameters (] N=LIL=ET h = guppoH). For comparison, the results for the pure 2D case (J” = 0)
are also shown. (Reproduced with permission from reference [108]); (b) x(T) of [Cu(pz)2(pyO)2](PFe)2
for the magnetic field applied perpendicular to the easy plane ab (yoH||c) and within the easy plane ab
(oH||ab). The arrows mark the positions of the specific heat peaks. The insets show dx(T)/0T below
5 T. (Reproduced with permission from reference [90]).

As for the case of Cu(tn)Cly, no sharp specific heat anomaly was observed down to 0.5 K in
[Cu(pz)2(pyO)21(PFe)2, (pyO = pyridine-N-oxide), a quasi-2D S = 1/2 HAF on the square lattice with
J/kg =82K,]”/] ~2 x 10~* and the weak easy-plane anisotropy A, ~ 0.007 [90]. The application of
the magnetic field of 1 T induced a weak anomaly at about 2 K, gradually growing and shifting towards
higher temperatures. In relatively low fields, the shape of the anomaly depended on the orientation of
the magnetic field. When the field was applied perpendicular to the easy plane, in accord with the
theory [99], the field plays a role of an effective easy-plane anisotropy, thus fingerprints of the BKT
transition in the whole field region up to Bs,; can be expected. Considering the field applied within
the easy plane, authors expected a field-induced easy-axis anisotropy, established in the fields up to
5T [90]. In these fields, the formation of tiny A-like anomalies, typical for the Ising transitions was
observed, while at the fields above 5 T, the anomalies evolved to a broad anomaly of the expected BKT
type and the system behaved as the isotropic 2D HAF in the field. Authors studied also a temperature
dependence of the susceptibility in constant magnetic fields. In both orientations, the susceptibility is
characterized by a broad maximum typical for 2D magnets with an upturn below 3 K (Figure 12b).
In the field perpendicular to the easy plane, a minimum occurs always above the transition temperature
to the 3D LRO, a feature typical for the onset of the XY regime, while in the field applied within the
easy plane, such behavior occurs only above 1 T. Experimental studies of other quasi-2D S =1/2
antiferromagnets with a weak easy-plane anisotropy in the magnetic field applied within the easy
plane found, that for the fields lower than the anisotropy field B, the temperature dependence of
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the susceptibility has no upturn and its qualitative behavior follows x™ in Figure 10a. On the other
hand, in the fields exceeding By, the upturn gradually develops and a characteristic minimum forms
at temperatures above T (B) as a typical sign of the onset of the field-induced XY regime (see Figure 8
of reference [59]). Thus, considering an excellent spatial two-dimensionality of [Cu(pz)(pyO)21(PF¢)2,
the application of the aforementioned relation Ay ~ B,/ Bsa provides Ba ~ 0.2 T. Taking into account
a combined effect of the inter-layer coupling and the spin anisotropy, some higher external field should
compensate both effects, to set the 2D XY regime. The experimental susceptibility data in the fields
applied within the easy plane in Figure 12b suggest, that this condition has already been fulfilled at
least for B=1T.

It should be noted, that at present, there are no theoretical studies of the S = 1/2 XXZ model
with the extremely weak easy-plane anisotropy in the magnetic field applied within the easy plane
which would provide reliable information about the field-induced spin crossover between the Ising
and the XY regime. Despite the absence of the theoretical work, experimental studies of the magnetic
phase diagrams of the spin 1/2 quasi-2D magnets were performed, to investigate the field-induced
spin crossover in detail. Previous studies of Cu(pz),(ClOy);, the 2D square-lattice magnet with
J7/] = 8.8 x 1074, Ty = 4.2 K and Bgyt ~ 49 T, identified the presence of the easy-plane anisotropy
Ay ~ 4.6 x 1073 [59]. Subsequent antiferromagnetic resonance experiments and magnetization
measurements in the ordered phase refined the character of the spin anisotropy comprising of the
out-of-plane (easy-plane) anisotropy A, ~ 3.1 x 1073 and the in-plane anisotropy A;, ~ 3.1 x 107%,
the latter breaking a continuous symmetry within the easy xy plane [94,110]. Thus, the description of
Cu(pz)2(ClO4), within the XYZ model with extremely weak anisotropy is more realistic.

The interplay of the in-plane anisotropy and magnetic field was already theoretically investigated
in the AF chains [16], thus some qualitative conclusions can be extrapolated also to the 2D systems. For
the field applied along the easy axis x, the magnetic field opposes the effect of the in-plane anisotropy.
The resulting effective anisotropy A,¢f = Aj, — a(gupB/ ])2 controls the ground-state symmetry [16].
For the small magnetic field, the intrinsic anisotropy dominates, stabilizing the collinear AF Néel
order along the x axis. With the increasing field, the influence of A;, gradually weakens and finally,
a spin-flop transition from the easy (x) to the middle axis (y) occurs within the easy plane [16].

In Cu(pz)2(ClOy),, for the field applied along the easy axis, the AF-SF critical line ended in
a bicritical point at 4 K and the field about 0.73 T (Figure 13). For the constant fields B < 0.5 T,
the temperature dependence of the corresponding normalized uniform magnetization M(T)/B is
characterized by a sharp change of the slope in the vicinity of the transition temperature, separating
the collinear AF Néel phase and the paramagnetic (PM) phase. For the fields, 0.5 < B < 0.73 T, the
M(T)/B curves cross the SF-AF and AF-PM critical lines. The former crossing is accompanied with a
pronounced step in the curves (Figure 13a). For higher fields, the spin-flop phase is stabilized with
the XY regime, manifesting by the upturn in the M(T)/B curves with a minimum, ascribed to the 2D
Heisenberg-XY crossover. The kinks in the curves were associated with the onset of the 3D LRO. The
application of the field along the hard axis z, leads to the behavior of M(T)/B typical for the XY regime,
since the magnetic field enforces the effect of the intrinsic easy-plane anisotropy, resulting in the
effective easy-plane anisotropy A.r = Ay +a(gupB/ ])2 [94]. Concerning the middle axis y, authors
of reference [16] expected enforcing of the in-plane easy-axis anisotropy, A,¢rs = Ay, + a(gupB/] ).
However, as was shown in Cu(pz),(ClOy)y, in this orientation, the fields above 2 T introduced the
XY regime with the effective anisotropy A, fr ~ a(gpsB/] )? (Figure 16 in reference [94]). Apparently,
alike in the case of the aforementioned easy-plane XXZ model, the theoretical studies of the S =1/2 2D
XYZ model on the square lattice with a weak spin anisotropy are necessary, to verify the persistence of
the Ising-like ground state as well as the Ising-XY crossover, induced by the field applied along the
middle axis.
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Figure 13. (a) (top, bottom) Normalized magnetization M(T)/B of Cu(pz),(ClOy4), for various magnetic
fields B = uoH applied along the easy (x), middle (y) and hard (z) axis. In all three cases, the cross
and droplet symbols mark the minimum and kink, respectively. (Reproduced with permission from
reference [94]); (b) (top) Magnetic phase diagram of Cu(pz),(ClOy); in the field applied along the
easy axis. AF, SF and PM denote the collinear antiferromagnetic phase, the spin-flop phase and the
paramagnetic phase, respectively. The phase boundaries are constructed from the anomalies in the
M(T) and M(H) curves, red and black points correspond to the orientation of the field ( = 0° and
12°) with respect to the easy axis. Lines are a guide to the eye. In the inset, an expanded region
around the bicritical point is shown. (Reproduced with permission from reference [94]); (b) (bottom)
Magnetic phase diagram of Cu(en)(H,0)2S0;4. The a, b, ¢’ axes correspond to the hard, easy and middle
axis, respectively. Open symbols represent the theoretical predictions [97] for a field-induced BKT
transition in the S = 1/2 HAF square lattice (R =1, [ /kg = J5/kp = 2.8 K, g4 = 2.200, g, = 2.005 and
8¢ =2.000). Inset: the same diagram, B is replaced by the product B-g. (Reproduced with permission
from reference [82]).

The analysis of thermodynamic properties showed that also Cu(en)(H;0),SO;4 can be treated
as the realization of the S = 1/2 2D XYZ model [82]. In this respect, both, Cu(pz),(ClO4),
and Cu(en)(H;0O),SOy4 should represent the same model, i.e., the S = 1/2 XYZ model on the
spatially anisotropic zig-zag square lattice, differing in the amount of the spatial and the spin
anisotropy. Within the effective S = 1/2 HAF square lattice model, the rescaling Bsat/7 and [/ (7kp)
parameters of Cu(pz)2(ClOy), will provide B}, ~ 7 T and ]:ff /kg ~ 2.6 K, the values which are
reported for Cu(en)(H,0),504 [65]. Concerning the spin anisotropy, applying the relation for the
anisotropy-induced energy gaps in the excitation spectrum [94]

Eén,uut ~12 ZI(A]in,aut) (12)
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for the rescaled J; f/ kg and the gap value Eé" ~ 0.3 K reported for Cu(en)(H,0),S04 [82], the relation

provides the in-plane anisotropy AJ ~ 12 mK, which is about two times larger than AJ' i~ 53 mK
reported for Cu(pz)(ClOy); [94]. This result correlates well with the recent antiferromagnetic resonance
experiments in Cu(en)(H,0),SOy [111]. In addition, they determined the ratio of the spin gaps
Eg”'/ Eé” ~ 2.3, correspondingly AJ# / AJ" = 5. In Cu(pz),(ClOy),, the ratio of the spin gaps and the
spin anisotropies is about 3.3 and 10, respectively, which is much closer to the easy-plane XXZ model.
Apparently, the size as well as the relative strength of the in-plane anisotropy in Cu(en)(H,0),SO4
is two times larger than in Cu(pz),(ClOy),. It seems, that this difference correlates well with the
difference in the spatial anisotropies; R = 0.7 in Cu(pz)(ClOy); is two times lower than R = 0.35 in
Cu(en)(HZO)ZSO4.

Previous studies of the electron paramagnetic resonance spectra in Cu(en)(H0),SO; already
revealed the aforementioned strong rhombic character of the spin anisotropies [80]. It was assumed,
that a dipolar coupling between nearest neighbors could provide the main source of the spin anisotropy
in Cu(en)(H20),504, where the exchange pathways are very long, resulting in weak exchange
couplings. Consequently, the spin anisotropy could reflect the spatial distribution of Cu(Il) magnetic
moments. The dipolar coupling was considered as the only origin of the extremely weak easy-axis
anisotropy A, ~ 1074, observed in the verdazyl radical [85]. As for Cu(pz)2(ClOy),, the exchange
coupling is much stronger than in Cu(en)(H20),SOy, but the strength of the in-plane anisotropy
is weaker than in Cu(en)(H0),SO;. The origin of the in-plane spin anisotropy in Cu(pz)2(ClO4),
was ascribed to the weak rhombic distortion of the crystal lattice, being of the same order as the
spin anisotropy [94]. Similar symmetry arguments were used to explain the extremely weak spin
anisotropy in [Cu(HF,)(pz),]SbFs with a tetragonal structural symmetry in the ordered phase, while
stronger anisotropies observed in the Cu(II) magnets with lower crystal symmetry were ascribed to
their reduced structural symmetry [84].

Experimental studies of the Cu(II) compounds showed that sufficiently large magnetic fields,
gupB > Eg’"’“t, can overcome the effect of the intrinsic spin anisotropies and the systems behave as
a Heisenberg antiferromagnet in the magnetic field, which induces the XY regime [82,94]. As was
demonstrated in Cu(en)(H,0),SOy, after rescaling magnetic field with the high-temperature g-factors
(to remove the effects of the local surrounding of Cu(II) ions introduced via a spin-orbit coupling),
the magnetic fields exceeding the Bsg values, produce in all orientations the same behavior of the
transition temperatures (Figure 13b). A comparison of the rescaled magnetic diagram with that for
the S = 1/2 2D HAF model on the square lattice (R = 1) revealed large discrepancies for B ~ 0, due
to the presence of the inter-layer coupling in Cu(en)(H,0),5O4. On the other hand, the differences
in the vicinity of the saturation field result from the higher measure of the quantum fluctuations in
Cu(en)(H0),S0y, introduced by the spatial anisotropy of the intra-layer exchange coupling.

4. Summary and Concluding Remarks

The effects of the spatial anisotropy of the exchange coupling as well as the intrinsic or
magnetic-field induced spin anisotropy were discussed in the two-dimensional magnetic models and
their experimental counterparts realized by the low-dimensional Cu(II) based metal-organic magnets.

The ground-state and finite-temperature properties of the S = 1/2 HAF chain model and HAF
on the square lattice with the nearest neighbors were presented separately as important paradigms
of the low-dimensional magnetism. Then, the attention was focused on the S = 1/2 HAF model on
the rectangular lattice, which interpolates between the aforementioned 1D and 2D models, enabling
the tuning the strength of the quantum fluctuations, which destabilize the ordered collinear Néel
ground state when approaching the 1D limit. The problems with the distinction between the
square, rectangular, and zig-zag square lattice in the analysis of the experimental data are discussed
and the importance of the specific heat data and first-principle calculations is demonstrated on
individual examples.
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The impact of the inter-layer exchange coupling on the stabilization of the 3D long-range order
in the quasi-2D magnets was presented. An ambiguous indication of the phase transition in the
experimental data can occur when the inter-layer coupling is too weak. Besides neutron scattering,
other experimental methods, as antiferromagnetic resonance or magnetic susceptibility can provide a
proper information on the onset of the 3D LRO.

The effect of the extremely weak spin anisotropy in the 2D systems was presented by the S =1/2
easy-axis and easy-plane XXZ models on the square lattice in zero and nonzero magnetic field. In B =0,
theoretical studies predict the onset of the 2D LRO, induced by the easy-axis anisotropy, while
Berezinskii—Kosterlitz-Thouless phase transition appears in the presence of the intrinsic easy-plane
anisotropy. It was shown, that under some conditions, the external magnetic field can act as a
source of the effective easy-plane anisotropy. The fingerprints of the BKT transition in the real
quasi-2D Cu(II) based molecular magnets were discussed. Finally, the interplay of the intrinsic spin
anisotropy, magnetic field, and the inter-layer coupling in real quasi-2D Cu(Il) based molecular
magnets was demonstrated as specific features of magnetic properties and the corresponding magnetic
phase diagrams.

The aforementioned discussion of the 2D theoretical models was restricted to the rectangular
lattice with the nearest neighbors. Apparently, even this simple un-frustrated model can provide
a rich variety of the phenomena, some of which still waiting for the theoretical and experimental
investigations. While the excitation spectra of the S = 1/2 HAF chain and the square lattice were studied
in detail theoretically and experimentally, analogical studies for R < 1 are still missing. Concerning
the excitation spectrum of the HAF on the square lattice, the formation of a field-induced low-energy
roton-like structure with the softening of the roton gap near Bg,t, was theoretically predicted along
with the suggestions, how to observe this feature experimentally [112]. Theoretical studies also predict
the existence of the roton minimum in the high-energy part of the excitation spectrum of the same
model in zero magnetic field [113].

As was shown in reference [72,74], in the S = 1/2 HAF on the rectangular lattice the amount of
quantum fluctuations increases when approaching 1D limit. Corresponding theoretical studies of the
S =1/2XXZ model on the rectangular lattice would be desirable to find, to which extent the interplay of
the intrinsic/effective spin anisotropy and the enhanced quantum fluctuations can change the physical
picture already derived for the XXZ model on the square lattice. Experimental investigations of the
spin anisotropy in various quasi-2D quantum magnets found correlations between the character of the
spin anisotropy and the structural symmetry. To achieve a 2D Heisenberg limit by minimizing the
intra-layer spin anisotropies, the synthesis of molecule-based materials with a large inter-layer spacing
and the tetragonal crystal symmetry in the ordered magnetic phase is required [84]. The engineering of
proper experimental systems would enable to control the third lattice dimension in the square-lattice
antiferromagnets as well as the intra-layer spin anisotropy, to obtain experimental model systems.
Besides the chemical synthesis, the application of the pressure represents another tool for the structure
modifications of molecular-based magnets. In these materials, hydrogen bonds and other electrostatic
contacts play an important role in the packing to the 3D crystal structure with rather soft mechanical
properties, characterized by low Debye temperatures and low-energy vibrational modes [114-116].
Correspondingly, unlike inorganic materials, the application of pressure to such soft structures could
introduce new properties at relatively low pressures [117,118].

Besides bulk materials, the modification of their properties by a deposition of molecular-based
magnets on substrates [119,120], growing in the confined geometry [121], etc. opens new
possibilities for the experimental and theoretical investigations. Such studies have already strongly
multidisciplinary character, requiring the cooperation of the experts from different fields and
besides fundamental research, the results can have potential practical applications e.g., in the
information technologies.
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Abstract: Molecular magnets provide a playground of interesting phenomena and interactions that
have direct applications for quantum computation and magnetic systems. A general understanding
of the underlying geometries for molecular magnets therefore generates a consistent foundation for
which further analysis and understanding can be established. Using a Heisenberg spin-spin exchange
Hamiltonian, we investigate the evolution of magnetic excitations and thermodynamics of quantum
spin isosceles trimers (two sides | and one side a]) with increasing spin. For the thermodynamics,
we produce exact general solutions for the energy eigenstates and spin decomposition, which can
be used to determine the heat capacity and magnetic susceptibility quickly. We show how the
thermodynamic properties change with a coupling parameters and how the underlying ground
state governs the Schottky anomaly. Furthermore, we investigate the microscopic excitations by
examining the inelastic neutron scattering excitations and structure factors. Here, we illustrate how
the individual dimer subgeometry governs the ability for probing underlying excitations. Overall,
we feel these calculations can help with the general analysis and characterization of molecular
magnet systems.

Keywords: molecular magnets; spin clusters; Heisenberg exchange Hamiltonian; thermodynamics;
inelastic neutron scattering; exact diagonalization

1. Introduction

For over half a century, technology has been governed by the manipulation of the electron and
its properties of charge and spin. Whether discussing the first transistor or the promise of quantum
computation, the future of technology relies on the ability to take advantage of smaller quantum
mechanical interactions for faster computer components, higher density memory, and larger data
storage [1-4]. One method for data storage and quantum computation, is the property of spin,
where the quest for smaller magnetic systems has lead to significant advances in the area of molecular
magnets, which provide small nanomagnetic systems that can be used for quantum computation,
spintronics, and magnetic storage [5-7]. However, the study of quantum spin clusters has been
expanding and growing due to the possibilities of technological applications, quantum tunneling
phenomenon, and interesting anisotropic effects.

Molecular magnets can be described as isolated magnetic clusters that are either part of a two- or
three-dimensional lattice or be surrounded by non-magnetic ligands [8,9]. The latter are called single
molecule magnets. In either case, molecular magnets produce low-energy, dispersionless excitations
that provide avenues for many basic magnetic systems and devices [1]. Molecular magnetic systems
are interesting due to their competition between ferromagnetic or antiferromagnetic interactions,
which can lead to numerous varying ground states and quantum phase transitions [10,11].
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While synthesis and characterization of molecular magnets are not trivial, throughout the last
two decades, there have been hundreds of different molecular magnets studied through various
techniques [12,13]. A variety of phenomena are probed through these techniques ranging from
bulk properties (i.e., heat capacity, magnetic susceptibility, and the like) through magnetometry and
electron spin resonance through microscopic properties (anisotropy and spin dynamics) using inelastic
neutron scattering (INS) and optical spectroscopy [14-21]. On the theoretical end, there have been
a number of experimental and theoretical studies on spin clusters and molecular magnets studying
interactions and coupling aspects of these systems [22-32]. Furthermore, there have been advances in
computational techniques to help identify and investigate interactions in molecular magnets through
density functional theory [33]. Recently, computational databases have started to develop intricate
tools to help identify new and distinct molecular magnets [34].

Recently, it has been shown that the larger molecule-based magnets have excitations that are
characterized by the smaller subgeometries of the system [35-37]. This observation is important
because it provides an opportunity to determine closed-form analytic solutions for systems that are
typically solved numerically since most molecular magnetic systems are large clusters composed of
high-spin atoms [30,32]. One can gain insight into larger clusters by thoroughly understanding the
evolving excitations and transitions in smaller clusters [38].

In this study, we examine the effects of a variable dimer exchange embedded in a quantum
spin trimer and verify that, regardless of spin and trimer geometry, the inelastic neutron scattering
excitations for any trimer can be determined by the excitations of the individual bases. Furthermore,
we examine the evolution of the thermodynamics as a function of spin and dimer exchange and show
the quantum phase transition points in the heat capacity. These phase transitions allow for the possible
tunability of quantum trimers with external fields (magnetic, strain, etc.)

2. The Heisenberg Trimer Model

A trimer system consists of three interacting spins, where two of the interacting spins create
a magnetic dimer. Figure 1 shows various magnetic isosceles trimer geometries with different dimer
exchanges. Here, two sides of the trimer have an interaction of |, while the third side is a variational
dimer exchange of a]. When « = 0, the trimer is linear. However, as |«| is increased the system will
produce a weak dimer, equilateral (« = 1), and a strong dimer (|a| > 1). It should be noted that the
structural geometry is not dependent on the magnetic geometry.

J J J J J J
J J
e_e_a o J a
a=0 lof <1 =1 o> 1
Linear Weak Dimer Equalilateral Strong Dimer
Isosceles Isosceles

Figure 1. Various magnetic isosceles trimer geometries with different dimer exchanges. Here, two
sides of the trimer have an interaction of |, while the third side is a variational dimer exchange of «].
When a =0, the trimer is linear. However, as |«| is increased the system will produce a weak dimer,
equilateral (¢ = 1), and a strong dimer (|a| > 1). It should be noted that the structural geometry is not
dependent on the magnetic geometry.

Investigating the spin model for this geometry can include many different interactions and
variations. However, in this study, the isotropic Heisenberg model is examined for various exchange
interactions. Therefore, the Hamiltonian for the isosceles trimer we studied is
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H=0JS1-S+](S5-55+55-51) (1)

where | is the superexchange constant, a is the dimer exchange parameter, and S; is the spin.
For interactions in antiferromagnets | >0, while ferromagnets have | < 0.

With the Hamiltonian, one can use exact diagonalization to find the energy eigenstates as well as
the eigenfunctions for the Hamiltonian matrix. The energy states are critical for the thermodynamic
properties, while the eigenfunctions or wavefunctions are needed to determine the inelastic neutron
scattering cross sections. Due to the symmetry in this system, the energy of each magnetic state for the
isosceles trimer can be written exactly using a spin total and spin dimer basis, where

E(S1, Sq) = %[st(st F1)+S4(Sq+1)(x—1) — ,X(sl(s1 1)+ S5(So + 1)) — S5(S3 + 1)], 2)

Here, S; is the total spin of the trimer and S is the total spin for the dimer state. S; is the spin for
each of the magnetic atoms making the trimer. Therefore, from this, the energy for each state can be
determined by knowing the total spin of trimer and dimer states for a given trimer of spin S.

To understand the spin components for each system, one must examine the spin decomposition
of the trimer spin tensor product (S ® S ® S). From the trimer tensor product, one can decompose
to an individual spin interacting with a spin dimer (S ® (25 & 25 —1@& 25 —2 & ... © 0)). Therefore,
the general trimer spin decomposition can be written as

350 (35S —1)2@ (35— 1)@ .. @ (35 —25)2 @ (S —1)5 10 (§-2)2 30 ..q (S - N)XSN-1 (3)

where N is S — 3/2 for half-integer spins and S — 1 for integer spin. The superscript denotes the
multiplicity of the state. This summation can be simplified as

25 ([s=1]]
2(35 _ N)N+1 ® Z (S—N-— 1)2(S—N)71/ (4)
0 0

where the summations are sums over all direct sums and the second summation is for spins greater
than 1/2. From this general direct sum, the total number of states can correctly be deduced from

(I5-1]
2ZS:(2(3S—N)+1)(N+1)+ Szl 2(S=N—=1)+1)(2(S—N) —1). )
0 0

Once the sums are evaluated, the total number of states reduces to (25 + 1)3. From this spin
decomposition, we can determine the spin state for any spin system. In this paper, we only examine
up to spin 5/2, where the spin decomposition for each can be found in Table 1. However, the general S
equations can be used for any spin.

In the S =1/2 case, you have a S = 1/2 dimer which has spin states of (1 and 0). Adding a third
spin to make the trimer produces three spin total states one S; = 3/2 state and two S; = 1/2 states,
where the two S = 1/2 states have different dimer bases of S; = 1 and 0. The energy states for the
S=1/2,1,3/2,2,and 5/2 trimers are given in Table 1.
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Table 1. Spin decomposition and energy levels for the quantum spin trimers.

System Dimer/Trimer States Energy States (Es, s,/])
1olel 1®0 Eson/] = 3(2+a)
20393 §®12 Eijon/] = z(a—4)
22 Eip0/] = —3a
Esp/] =2+«
Eyp/]=a—1
Eip/]=a—3
20100 ”
lolel 2 13 Ei/]=1-u
30290 1°30 EM/]=—1—1X
E'I,O/] = —2u
EO,l/] =-2—u
Eoja3/] = %(2+0¢) Esppp/] =—-3— %ﬂé
Ez/23/] = 30 Eyppal]=—9— 3
joie3 9 732@2563916249 12 Es/2,3/]i§(l¥—%) ES/Z'l/Ii%_%ﬁ
107 ©; ©;3 D3 E3jps/] =30—6 Espp/]=-1—Ja
Ezjop/] =33 Eyjo1/] =3 —1a
Esppp/]=—%— 30  Eypo/]=—3a
Egq/] =4(2+a) Egp/]=4-3a
Es4/]=2(1+2a) E3p/] = -3
E4/4/]:4IX73 EZ,Z/]:7373’X
E3q/] =407 Eip/]=-5-3a
292®2 403020100 E2,4/]:4IX710 EO,Z/]:7673’X
60523648 e3e29130 Es3/] =6 E31/] =2—5a
Ey5/] =1 Ey1/]=—-1-5u
E33/] = -3 Eyp/] = -3 —5a
Ex3/] = —6 Ero/] = —6a
Ey3/] = -8
Eisps/] =R Q2+a) Erps/]=-3-
Ei3n5/] =5+ Ba Es/ps/]=—6—Ya
Eyijo5/] =—3+%a Eyps/]=-%—1a
Egso5/] = %“—7 Eijp3/] = —10—
Erpps/]=Fa—%  Egpp/]=2-1a
Espps/]=Ra—15  Epppo/]=3—Fa
50553 ) 5934@34@26591@2 . Ei324/] =10+ 30 Espp/]=-3-%
PR ReR¥eWeietedel el  Enma/=j+ie Epo/l=-5-Fa
Eg/o4/] = 5“*2 Eyjpal/]=-7—%3u
Erjpa/] =30—% Ezppr/] =3 - 3a
Esppa/] =30 —10  Espa/]=—-1-3l«a
Esppa/]=30—% E3jp1/] =% -3t
Evijos/] =R = 2o Espo/]=-Fa
Eop3/] =2—Ya

3. Evolution of the Thermodynamic Properties

The following sections show the calculations for the spin states of isosceles trimers of S =1/2,
§=1,5=3/2,5=2,and S =5/2. As the spin increases, the spin states drastically increase in size and
complexity. These calculations are used in the sections following to find the energy levels, partition
function, heat capacity, and later the magnetic susceptibility.

Using the energy eigenstates and eigenvalues in Table 1, we can determine the partition function
of the system using

N
Z=Y ePE=Y (25 +1)e FHi, (6)
i=1 E;
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where the sum i = 1... N is over all N independent energy eigenstates (including magnetic substates),
the sum Y g, is over energy levels only, and g = 1/k;T. In practice, we will employ the usual set of
Z-polarized magnetic basis states.

While the general definition of the heat capacity can be simply described as the amount of energy
required to raise the temperature of a material by a small amount (assuming adiabatic conditions) [39].
The more rigorous definition can be found by through the manipulation of the partition function

shown as ) @
d“In(Z
_ 2
C=kpp? =5 )

Although the heat capacity is an important property, the overall size of the functions makes them
difficult to report. Most mathematical packages, however, would be able to calculate this property once
the partition function is determined from the energy states. The heat capacity has a distinct feature,
known as the Schottky anomaly, which has a characteristic A shape, that denotes a change in entropy
of the quantum system, which happens in the transition from an antiferromagnetic or ferromagnetic
ground state to a thermally excited state at higher temperatures. This thermal activity eventually leads
to a paramagnetic state due to the thermal fluctuations of the spins.

In most magnetic systems, the transition is a second-order continuous transition. Because of this,
if one integrates the ratio of the heat capacity and § over all temperatures, then the total entropy of the
system can be calculated. From statistical mechanics, the total entropy will be equal to the ratio of the
dimensionality of the Hilbert space (N) over the degeneracy of the ground state (Np) [31,39], which is

written as c N
5:/ Sap=kpn [ ). 8
o B B BH<NO> ®)

This allows one to verify the energy eigenstates through a determination of the entropy.

When a magnetic field is applied to a material, the magnetic moments in a lattice arrangement
at a certain temperature T react by either lining up to point in the same direction (ferromagnetic) or
lining up in opposite directions (antiferromagnetic). The response of the material to the magnetic field
applied is its magnetic susceptibility [39]. The energy eigenvalues can be used to find the magnetic
susceptibility, which is given by

= Ei(Mz)'ff”SEi ~ (gup)?
Zi:l z )i 3 B

N\‘m

Y (2Stor +1) (Stor +1) Sor e FEi, )
E;

i

In these formulas M, = mgup where m = S{,,/h is the integral or half-integral magnetic quantum
number, and g is the electron g-factor. The magnetic susceptibility allows one to clearly determine the
total spin of the ground state; the larger the total spin the larger the magnetic susceptibility at T = 0.

Figures 2 and 3 show the calculated heat capacity, energy levels, and magnetic susceptibility as
a function of temperature and dimer exchange («) for S =1/2,1,3/2, 2, and 5/2 spin trimers with
antiferromagnetic and ferromagnetic, respectively.
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Figure 2. The heat capacity (top panels), energy levels (middle panels), and magnetic susceptibility
(bottom panels) for antiferromagnetic (] = 1) isosceles trimers of spin 1/2,1,3/2, 2, and 5/2 as functions
of temperature and dimer exchange «.
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Figure 3. The heat capacity (top panels), energy levels (middle panels), and magnetic susceptibility
(bottom panels) for ferromagnetic (] = —1) isosceles trimers of spin 1/2,1,3/2, 2, and 5/2 as functions
of temperature and dimer exchange a.

For the antiferromagnetic spin-1/2 model (Figure 2), there is a distinct quantum phase transition
at @ = 1. At this transition point, the system does not shift its spin total state of 1/2. However,
the spin dimer state does shift from spin 1 to spin 0. The phase transition is clearly shown in the heat
capacity due to the shift in the temperature dependence of the Schottky anomaly at the transition
point. Since the quantum phase transition is not a shift in total spin, the magnetic susceptibility does
not have any major shift. In the ferromagnetic spin-1/2 model (Figure 3), the quantum transition
shifts to « = —0.5. Unlike the antiferromagnetic spin-1/2 model, however, the ferromagnetic case has
a distinct shift in total spin from spin 1/2 to spin 3/2, which is evident in both the heat capacity and
magnetic susceptibility.

In the antiferromagnetic spin-1 model (Figure 2), there are two quantum phase transition points
which correspond to the shifts in the total spin S =1 to 0 (¢ = 0.5) and from S; =0 to 1 (x = 2).
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This transition is shown in both the heat capacity and magnetic susceptibility, where the magnetic
susceptibility of the spin-0 state goes to zero as the temperature approaches zero. In the ferromagnetic
spin-1 model (Figure 3), there are also two phase transitions that have a ground states shift from S; = 1
to2 (v = —1.0) and from S; = 2 to 3 (v = —0.5), which is evident from the magnetic susceptibility.

In the spin-3/2, spin-2, and spin-5/2 models, there are multiple quantum phase transitions in the
energy spectra that correspond to distinct changes in the heat capacity and magnetic susceptibility.
From Figures 2 and 3, it is clear that the peak of the Schottky anomaly is directly related to the energy
gap between the ground state and first excited state of the given magnetic system. Overall, these
transitions allow for possible switch points in systems where a is variable with applied external fields.
By switching the ground state with an external field, the change in the magnetization can lead to an
increase or decrease in magnetic moment, which will designate the ground state and provide the state,
therefore acting as a spin switch.

4. Inelastic Neutron Scattering Structure Factors

While the heat capacity and magnetic susceptibility can provide detailed information about the
total spin states and quantum transition in the trimer system, inelastic neutron scattering (INS) allows
for the examination of the magnetic states on a microscopic level, where it measures characteristic
geometries and excitations for the trimer systems. In addition, therefore, to the calculated bulk
properties, we also examined results for inelastic neutron scattering intensities.

As discussed in [31], in “spin-only” magnetic neutron scattering at T = 0, the inelastic magnetic
scattering of an incident neutron will have a differential cross section that is proportional to the
unpolarized neutron scattering structure factor

Sdw) = [~ dt (%= %)+t fg |t (= = ,
pa(q, w) o i <‘I’]|Sb(x],t)Su(xl,0)|‘P,>. (10)
¥, %
where the system has an initial state [¥;), with momentum transfer /1§ and energy transfer fiw. Here,
the site sums in Equation (10) run over all magnetic ions in one unit cell, where 4, b are the spatial
indices of the spin operators and ¥; are the spatial vectors for the spin sites.

Since spin clusters have transitions between discrete energy levels, the time integral in the energy
transfer gives a trivial delta function J(E r—Ei— hiw). We can therefore shift to an “exclusive structure
factor” for the individual excitation of states A within a specific magnetic multiplet, [¥ ¢(Af)), from the
given initial state |'¥;). This structure factor can be written as

sl (@) = L BV ¥ )) (E I (1)
f

where the vector V,(7) is a sum of spin operators over all magnetic ions in a unit cell,

Vo =Y Sa(%) e (12)
X

Assuming an isotropic magnetic Hamiltonian with a spherical basis for the spin operators S,
the tensor S l(/:) (7) is diagonal and has entries that are proportional to a universal function of 7 times
a product of Clebsch-Gordon coefficients [21,31]. The structure factor can then be simplified by

examining the unpolarized result (Sgi) (7)), which is obtained by averaging over all polarizations.

-

Since the unpolarized (Sgl)(q )) is proportional to d,;, the structure factor can be given by the
function S(7);

(s @)) = (suhS(ﬁ)«AzA (LA VITEF(Af)) (Ff(Af) | ValEi(A)) - (13)
i f
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This function provides us with the overall functional form of the INS structure factors.

Since many molecular magnetic systems are not a single crystal sample, but typically powder,
the result given above can be reduced to the powder average by integrating the structure factor over
all angles [21,31], which is given by

S = [ 2

[5G s@). (14)
While we use this methodology to determine the complete INS structure factor, we are really

more interested in the functional form of the structure factor as it provides information on excitations

of the system according to spatial parameters and the excited subgeometries for the trimer system.

In Table 2, we show the calculated energy excitations and single-crystal structures factors for
various transitions inS=1/2, 1, and 3/2 isosceles trimers. In bold, we have inferred structures based on
the individual subgeometry excitations. From this table, it is clear that when the subgeometry is excited,
the structure factor takes on the functional form for that subgeometry. For example, the spin-1/2 trimer
has an excitation from [¥1,59) — [¥1,2,1). Since the excitation is a transition from S; =0to Sy =1, itis
a transition of the spin dimer and will have a structure factor that is characteristic of the spin dimer
(%(1 — cos(q - 12))). Even when the total spin is changed, if the excitation is due to the dimer transition,
then the structure factor will take on that functional form (as shown in the [¥;) — [¥7,1) transition.)
The third transition of the spin-1/2 trimer, however, does not change the dimer subgeometry, but only
the trimer or total spin. This therefore takes on the trimer functional form of %(3 + cos(7 - T12) —
2c0s(q - 723) — 2cos(q - 731)).

Since Table 2 shows the single crystal functional forms of the INS structure factors, it should be
mentioned that the powder-average intensity is determined through an integration of the single crystal
structure factor over the solid angle. This integration simply converts the cos(7 - 712) into a zeroth-order
Bessel function jo(7 - 712), where jo(x) = sin(x)/x. The functions in the table can therefore be easily
adapted for powder systems.

This analysis reveals a simple and straightforward manner to determine or approximate inelastic
neutron scattering structure factors for molecular magnets using an examination of the individual
subgeometries. This analysis has been shown to be useful especially for larger molecular magnets.
The larger the system, however, the more hidden geometries can play a role, which was shown in
the case of MgCr,Oy4 [36,37], where a spin heptamer can be exactly determined using a trimer and
hexamer basis while some excitations were pentamer excitations.

38



Crystals 2019, 9, 93

Table 2. Inelastic neutron scattering (INS) energy excitations and structure factors.

System Transition |¥s, s,) — |¥s,s,) AE? Structure Factors 23
Spin 1/2 Trimer [¥1/20) = [¥1/2,1) (x—=1)] ?(1 — cos(q - 712))
[¥1/20) = [¥3/21) (G +a)] 3(1 = cos(7 - 712))
[¥1/21) = [¥3/2,1) 3] 53+ cos(q - 712) — 2¢0s( - T23) — 2cos(q - 731))
Spin 1 Isosceles Trimer [Yo1) = [F1,2) (2a—1)] g(l — cos(f - 712))
[Yo,1) = [¥11) ] 1(3+ cos(7 - 1) — 2c08(J - F3) — 2c0s(7 - F51))
[¥o1) = [¥10) (2-a)J %(1 = cos(7 - 712))
[¥102) = [¥11) (2-2a)] 35 (1 — cos(7 - 712))
[¥1,2) = [¥1,0) (3—3a)] 0
[¥12) = [¥22) 2] (3 +cos(q - T12) — 2c08(7 - 723) — 2¢08(7 - Ta1))
}‘1’1 zi - }‘1’215 ((4 - zﬂc)ﬂ o — co(s(ni- 71)2»
Yi1) = (Y10 1—a)f 1 — cos(q - 712
[Y11) = [¥20) 2u] 1 — cos(7 - 712)
[¥1,1) = [¥21) 2] 3+ cos(7 - F12) — 2¢08(q - F23) — 2c0s(7 - 731)
[¥10) = [¥22) (Ba—1)] 0
[¥1,0) = [¥2,1) (1—-3a)] 1 — cos(7 - 712)
Spin 3/2 Isosceles Trimer [¥1/22) = [Y1/2,1) (2—2a)] (1 — cos(7 - 12))
[¥1/22) = [¥3/23) (Ba—3)J $5( — cos( - F12)
[¥1/22) = [¥3/22) 3] 3(3+ cos(§ - F1p) — 2c08(f - F23) — 2c05({ - 31))
[¥1/22) = [¥3/21) (% —2a)] (1 — cos( - Fr2)
[¥1/22) = [¥3/20) (3 *31;6)] 0
[¥1/21) = [¥3/23) (5a—3)] 0
[¥1/21) = [¥3/22) (20— 3)] 1 — cos(7 - 712)
[¥1/21) = [¥3/21) 3 3+ cos(f - F1) — 2c08({ - F23) — 2c0s({ - F31)
[¥1/21) = [¥3/20) (3-a)] 1 — cos(7 - 715)
[¥3/23) = [¥3/22) (3—38a)] f5(1 = cos(7 - F12))
}‘Ys/z 35 }'{’3/21; (5 - 5“))/ 0
Y3/23) = [¥3/20 6—6u)] 0
[¥3/23) = [¥5/23) 3] 1(3 + cos(§ - F12) — 2c08(7 - F23) — 2c0s(7 - 31))
[¥3/25) = [¥5/22) (25* 3a)a] 201 — cos(7 - F12))
[¥3/23) = [¥5/21) (3 —50)] 0
[¥3/22) = [¥3/21) (2—-2a)] 1 — cos(q - 712)
[¥3/22) = [¥3/20) (3—38a)] 0
[¥3/22) = [¥5/23) Ba—3)] 1 — cos(7 - 712)
[¥3/22) = [¥5/22) %] 3+ cos(q - 12) — 2¢0s(q - F23) — 2c0s({ - 731)
[¥3/22) = [¥5/2,1) (5 —2a)] 1 — cos(7 - 712)

1 Due to the INS structure factor being zero, some transitions cannot be seen in INS; 2 Structure factors in
bold have not been calculated and are inferred from the excitations of the geometries; ® The calculation of the
powder intensity replaces cosine function with a zeroth-order Bessel function.

Figure 4 S; = 1 isosceles trimer single-crystal structure factors as a function of E/]J vs. qa/ 7 with
St =1 ground state at « = 0.2 (a) and with Sy = 0 ground state at « = 0.8(b). Here, r1p =r13/2=123/2 =2,
where a is the spatial distance of the dimer. We also include a generic magnetic form factor to illustrate
the damping effect that will be expressed at larger q [40]. Overall, the different structure factor
functions allow for experimentalists to easily distinguish between dimer and trimer excitations, as well
as extract geometric parameters through a fitting of the intensity profile.
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Figure 4. (a) S = 1 isosceles trimer single-crystal structure factors as a function of E/J vs. g with S; = 1
ground state at & = 0.2 (a) and with S; = 0 ground state at & = 0.8 (b). Here, 715 =r13/2 =123/2 = a, where
a is the spatial distance of the dimer. We also include a generic magnetic form factor to illustrate the
damping effect that will be expressed at larger q [40]. Note: Different colors were used to differentiate
the different transitions for that particular «.

Another point of interest is the change in ground state at « = 0.5, which brings a discontinuity to
the neutron scattering intensities and helps to clarify the spin states of the ions. The sudden change
froma S; =0 to a S; = 1 ground state in the S = 1 trimer immediately allows two more transitions
that are described in Figure 4, where at & = 0.8 there are only three possible transitions and at « = 0.2
there are five possible transitions. As « decreases below 0.5 for the S = 1 case, the trimer is allowed to
order itself into a less frustrated state with an overall spin of 1, but a dimer spin state of 2 (both ions
are in spin up states. Whereas with a > 0.5, the trimer experiences a greater frustration that pushes
the spins into a S; = 1 dimer state (one spin and one neutral), which means the overall spin of the
trimer is zero. This transition is illustrated in Figure 5. The S = 3/2 trimer has an analogous state flip at
« = 0.5. The use of the spin dimer basis states therefore allows for the spin configurations to be known
and a better understanding of the frustration of the trimer becomes clear. The nature of the change in
ground state can | h i i T o

a<0.5 05<a

ol
5,=2

Figure 5. The transition as « is increased through the spin ground state transition. Red arrows indicate
spin up states, blue arrows are spin down states, black double headed arrow is the spin neutral state.
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Furthermore, an analysis of the inelastic neutron scattering structure factors reveals a hidden
selection rule for magnetic clusters and molecular magnets. From Table 2, some of the transitions
have no structure factor or inelastic scattering intensity, even though they have the standard neutron
scattering transition of AS; = +1 or 0. This zero intensity is due to the transition of the dimer being
greater than +1. This therefore clarifies the selection rule for magnetic clusters by extending it to the
individual subgeometries.

5. Conclusions

We have presented calculations of the thermodynamics, inelastic neutron scattering excitations,
and structure factors for general isosceles trimers. Using a Heisenberg spin-spin exchange model,
we determined general relationships for the quantum energy levels, spin states, and spin decomposition
of isosceles trimers for any spin. Through a calculation of the partition function, we determined the
heat capacity and magnetic susceptibility as functions of temperature and dimer exchange coupling
(x). An analysis of the thermodynamics revealed multiple quantum phase transitions, where the
temperature dependence of the Schottky anomaly indicated the proximity to this transition in «.
These transitions provided the potential for active spin switching in molecular clusters through
a dynamic transition from external fields.

Furthermore, we examined the calculated neutron scattering structure factors (scattering
intensities) for various excitations and showed that the spin total transitions did not just govern
molecular magnet excitations, but the spin transition of the individual subgeometries. INS has a typical
selection rule for magnetic states of AS = &1 or 0, which means that neutron scattering will only
examine transitions that are of a small spin variation. We presented here that the selection rules of
neutron scattering of finite clusters should include another selection rule that is AS; = &1 or 0, where
AS; is that of that spin dimer basis. Because each spin state has a specific dimer basis associated
with it, the different states are also bound by that basis. For example, the spin-1 equilateral trimer
has three S = 1 excited states and two S = 2 excited states. Under standard INS selection rules, the
transition from any of the S =1 to the two S = 2 excited states is allowed. When the structure factors
for these transitions are calculated, however, it becomes evident that not all the transitions are allowed.
When examined closer, the S = 1 excited states have dimer bases of S; =0, 1, 2, and the S = 2 excited
states have dimer bases of S; =1, 2.

Overall, the examination of spin trimers helps to provide insights into the foundational
characteristics of molecular magnets. Through an understanding of the individual excitations of
smaller clusters, one can determine the properties of larger, more complex clusters, which can help in
the determination and realization of new and exciting spintronic materials and device applications.

In this model, we examined the isotropic Heisenberg Hamiltonian and the standard interactions
to show the variation as spin evolves. Further studies could include other interactions and parameters
(e.g., anisotropy, external magnetic field, biquadratic term, etc.) to examine the effect on the quantum
phase transitions and the excitations that occur. Overall, these other terms should not have any impact
on the functional form of the INS structure factors. Although, parameters like the external magnetic
field will produce a Zeeman splitting of the excitations and anisotropy may shift the overall ground
states. Further comprehensive studies can examine these effects.
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Abstract: We present the review of pressure effect on the crystal structure and magnetic properties of
Cr(CN)g-based Prussian blue analogues (PBs). The lattice volume of the fcc crystal structure space
group Fm3m in the Mn-Cr-CN-PBs linearly decreases for p < 1.7 GPa, the change of lattice size levels
off at 3.2 GPa, and above 4.2 GPa an amorphous-like structure appears. The crystal structure recovers
after removal of pressure as high as 4.5 GPa. The effect of pressure on magnetic properties follows
the non-monotonous pressure dependence of the crystal lattice. The amorphous like structure is
accompanied with reduction of the Curie temperature (T¢) to zero and a corresponding collapse of
the ferrimagnetic moment at 10 GPa. The cell volume of Ni-Cr-CN-PBs decreases linearly and is
isotropic in the range of 0-3.1 GPa. The Raman spectra can indicate a weak linkage isomerisation
induced by pressure. The Curie temperature in Mn?*-Cr''-PBs and Cr?*-Cr'"'-PBs with dominant
antiferromagnetic super-exchange interaction increases with pressure in comparison with decrease
of Tc in NiZ+-Crll-PBs and Co?*-Cr"-PBs ferromagnets. T increases with increasing pressure for
ferrimagnetic systems due to the strengthening of magnetic interaction because pressure, which
enlarges the monoelectronic overlap integral S and energy gap A between the mixed molecular
orbitals. The reduction of bonding angles between magnetic ions connected by the CN group leads
to a small decrease of magnetic coupling. Such a reduction can be expected on both compounds
with ferromagnetic and ferrimagnetic ordering. In the second case this effect is masked by the
increase of coupling caused by the enlarged overlap between magnetic orbitals. In the case of
mixed ferro-ferromagnetic systems, pressure affects 1(T) by a different method in Mn2*-N=C-Cr'!
subsystem and Cr'™-C=N-Ni** subsystem, and as a consequence Tcomp decreases when the pressure
is applied. The pressure changes magnetization processes in both systems, but we expect that
spontaneous magnetization is not affected in Mn?*-Crl-PBs, Ni?*-Cr"-PBs, and Co?*-Crl-PBs.
Pressure-induced magnetic hardening is attributed to a change in magneto-crystalline anisotropy
induced by pressure. The applied pressure reduces saturated magnetization of Cr>*-Cr'-PBs. The
applied pressure p = 0.84 GPa induces high spin-low spin transition of cca 4.5% of high spin Cr?*.
The pressure effect on magnetic properties of PBs nano powders and core—shell heterostructures
follows tendencies known from bulk parent PBs.

Keywords: Prussian blue analogues; effect of high pressure; crystal structure; magnetic properties;
superexchange interaction

1. Introduction

The main interest for reinvestigation of PBs was dominantly driven by the vision of new
molecule-based magnetic materials with a temperature of magnetic ordering higher than 300 K
and simultaneously very sensitive to external parameters like high pressure or light. Huge versatility
in tuning its physical properties using external perturbations-stimuli, confirmed in many papers [1],
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opened the possibility of applications in various research branches. We will mention several of the
most popular topics active at the present time.

A very sound application possibility is connected with the use of Prussian blue, its analogues,
and derivatives as electrodes for alkali ion batteries. This application possibility is based on the fact
that Prussian blue analogues with large three dimensional networks have large spaces to host large
alkali ions, such as Li*, Na+, and K+. When applied to rechargeable batteries, its large channels and
interstices in the open framework make PB a prominent candidate for cathode materials with long
cycle life and fast charge transfer kinetics. Additionally, the easy preparation process and composition
variety of PB serves as a good basis for the complex metal oxides employed as catalysts for metal-air
batteries [2,3].

As it is generally known that oxygen oxidation eases 142 k] /g, that means much less energy than
the amount obtained from gasoline (47.5 k]/g). It is thus not surprising that the hydrogen is considered
as an alternative to fossil fuel derivatives. The advantage of hydrogen is that it can be produced
from water cleavage and its oxidation by-product is water. On the other hand, the classical fossil
fuel derivatives release carbon dioxide, which is undoubtedly responsible for global warming and
corresponding climate changes. One of the hydrogen storage means is H, adsorption in nanoporous
solids. The transition metal centres, located at the surface of cavities, are supposed to act as prototype
materials for Hj storage, and PBs belong to this group of materials as well [4—6].

A very successful story is related to application of Prussian blue and its derivatives as biosensors,
defined as “self-contained integrated devices, which are capable of providing specific quantitative or
semi-quantitative analytical information using a biological recognition element (biochemical receptor),
which is retained in direct spatial contact with an electrochemical transduction element” [7]. During
the last decade, PBs-modified biosensors have been successfully applied to blood, serum, and urine
samples [8].

Prussian blue analogues are sensitive to different external physical impulses, such as light and
pressure. There are several mechanisms to explain the effect of the pressure on magnetic properties
of selected PBs. The first mechanism is connected with the intermetallic charge transfer reported
on few PBs transition metal systems, e.g., Coll x[FeHI(CN)(,]yszO and its alkali-doped analogues
were reported to undergo photo-caused magnetization and thermally-caused demagnetization [9]
and pressure-caused structural phase transitions [10]—all of which are the result of an externally
driven electron transfer between the Co and Fe sites. PBs are materials, in which one can observe
the switching between electronic states within the use of an external stimulus, may be referred
to as switchable or tuneable. The switching phenomena reported on selected PBs develop as a
result of molecular instability [11]. Magnetic measurements obtained by Md&sbauer spectroscopy
on the series of Co-Fe PBs have revealed how the presence of an alkali ion in the lattice affects
pressure driven electron transfer between Co and Fe [12]. The study of the charge transfer effects,
as well as spin and magnetic order induced by high hydrostatic pressure, which was applied to
the two bimetallic multifunctional PBs, Ky 1Co4[Fe(CN)g]».7-18H,0 and Ky sMn3[Fe(CN)g]z.14-6H0O,
was reported in [13]. The goal of the investigation was comparison of two opposite tendencies
of variation in magnetic properties under pressure: (i) the magnetization reduction and magnetic
order disappearing for the Kj1Co4[Fe(CN)sl27-18H,O magnets and (ii) an enhancement of the
magnetization and variation of the sign of exchange coupling for the KosMnz[Fe(CN)g]2.14-6H,O
material. Magnetization measurements under pressure pointed out that the external hydrostatic
pressure considerably enlarges the ferrimagnetic Curie temperature, Tc, for A;Mn[Mn(CN)s] (A =K,
Rb, Cs). For this monoclinic system with A = K and Rb, dT¢/dp amounts are 21.2 and 14.6 K GPa !,
respectively. The cubic A = Cs compound also exhibits a monotonous enlargement with an initial
rate of 4.22 K GPa~! and about 11.4 K GPa~! above 0.6 GPa. The enlargement in Tc we associate
with deformation of the structure, such that the Mn'—N=C angle reduces with increasing pressure.
The smaller the alkali cation, the greater the reduction in the Mn' -N=C angle caused by pressure and
the larger the enlargement of T¢/dp. The large rise in T for the A = K compound is the highest class
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among several cyano-bridged metal complexes. The tuning of the transition temperature by pressure
may result in additional applications, such as switching devices [14].

The pressure as a very efficient tool for tuning of magnetic properties in Prussian blue analogues
was confirmed to be responsible for linkage isomerization [15], for magnetic pole inversion [16],
and influenced spin crossover in [17,18]. In our paper, we will concentrate on the general
mechanism present for the pressure effect on superexchange interaction in TM-Cr(CN)—PBs and
K-M-Cr(CN)g—PBs, where TM = Mn, Ni, Co, Cr, and M = Mn, Ni.

2. Magnetic Prussian Blue Analogues

The history of Prussian blue itself goes back to 18th century, when draper Diesbach synthesized
Prussian blue (ferric hexacyanoferrate) as the first known synthetic blue pigment, which was more
easily available and cheaper than other blue pigments available in that time. The first record in
literature about that fact was published in [19]. Prussian blue was not only used for paintings but
also for coloring of fabrics, and it is still used for this purpose when sold under the commercial name
iron blue [20]. Since the discovery, its chemical stoichiometric composition became an intricate puzzle
for chemists. The first ideas concerning its crystal structure were published by Keggin and Miles
in [21]. Buser et al. in 1970 published a detailed crystal structure and confirmed the composition as
Fey[Fe(CN)g]3.zHO (z = 14-16) in [22]. They concluded that PB formed a perovskite-like disordered
structure with cubic unit cell dimensions of 10.2 A. The cubic symmetry and the existence of a
disordered structure lead to the fact that the lattice can accommodate wide variety of ions. When
both positions of iron in the lattice are replaced by different ions, the resultant compound belongs
to the family of Prussian blue analogues (PBs). Prussian blue and its analogues form a large family
of compounds due to the fact that it is easy to modify the synthetic conditions and consequently
to obtain compound of desired stoichiometric composition, shape, and size. Versatility in tuning
its physical properties using external perturbations-stimuli opened the possibility of applications in
various research branches.

2.1. Crystal Structure of Prussian Blue Analogues

The formulas of Prussian Blue and its analogues are often written as MyA[B(CN)],-nH,O, where
M is an alkali metal [1]. For z = 1, the face-centred cubic (fcc) structure with unit cells comprising eight
octants, with the interiors referred to as interstitial, tetrahedral, or cuboctahedral sites, are adopted
by the Prussian Blue analogues (PBs). Two different types of octahedral metal sites are present in the
lattice: C6 strong ligand-field sites and N6 weak ligand-field sites. For z < 1, it was determined that
the B sites are fractionally occupied, and that the A centres surrounding the vacant sites are randomly
filled with one or more water molecules in their coordination spheres. As the water in the lattice is
present also at interstitial sites (crystal water), the structure of PBs is supposed to be stabilized by the
hydrogen bond network as well [1].

The Prussian Blue Fe!'y[Fe™(CN);13-14H,0 crystallizes in a cubic structure where the space group
is Fm3m; when taking into account also the weak reflections, the space group is changed to Pm3m.
The crystallization conditions strongly influence distribution of the [Fe(CN)¢] vacancies in the lattice.
They can be either disordered in the crystal, giving an apparent high-symmetry structure with a
fractional occupancy (3/4) of the [Fe(CN)g] sites, or ordered, thereby lowering the symmetry. Due
to the stoichiometric reasons, the presence of vacancies in the lattice is intrinsic to PBs whenever z
< 1. The structure of PBs resembles a typical perovskite structure ABO3 that means the structure, as
such, is CaTiO3. There are, however, at least two important differences between PBs and classical
perovskite materials. The first evident difference is the different chemical composition of links between
metal ions; instead of oxygen atoms, the octahedral metal centres are connected by cyanide bridges
to form the cubic framework. The second difference is the fact that the [B(CN)g]p— units in the solid
are the same as the hexacyanometalate reactant used in the synthesis [B(CN)g]p— units, which are
stable as well in solution. The fact that Prussian blue and its analogues can be synthesized directly
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from prebuilt molecular precursors results in the fact that they can be considered as molecule-based
materials. The ideal structural model of Prussian blue contains a linear A-N=C-B unit and the
geometries of metal atoms in the A and B sites are perfectly octahedral. In reality, it is however a
rare situation. The X-ray diffraction Rietveld analyses show that the [B(CN)s] units are often tilted
(Figure 1). The tilting results in A-N=C ang]les that are less than 180°. There are many reasons for
tilting and distortions, starting with conditions of synthesis as well as effect of external perturbations.
Observed distortions were, not surprisingly, found to have significant impact on the overlap of local
wave functions, and thus on the efficiency of the exchange interaction pathway.

Figure 1. Schematic tilting of the octants in Prussian Blue analogues.
2.2. Magnetic Properties

Despite the fact that the first paper dealing with magnetic properties of Prussian blue showed
very low ordering temperature Tc = 5.6 K, nearly 10 years later, Tc reached room temperature
for some of its analogues, also with the help of external stimuli [23]. Early work of Bozorth et al.
clearly demonstrated the direct relationship between magnetic ordering temperatures and type of
paramagnetic TM centers, as demonstrated by the rather low magnetic ordering temperature of
Prussian Blue, in which only half the TM ions are paramagnetic [24]. The pronounced increase in the
Curie temperature of PBs is referred to in the 1980s, when Babel et al. discovered CsMn[Cr(CN)¢], a
ferrimagnet with Ty = 90 K, and proposed a superexchange mechanism to account for the magnetic
properties of PBs [25]. Superexchange refers to the magnetic coupling of next-to-nearest paramagnetic
neighbors through a non-magnetic anion. Superexchange interactions are usually explained in the
terms of the Goodenough-Kanamori-Anderson rules and are typically indirect interactions between 3d
metal ions [26-28]. On the basis of these rules, a magnetic ion-ligand-magnetic ion, including an angle
of 90°, where the singly occupied d-orbitals of the paramagnetic ions are orthogonal to one another and
there is zero orbital overlap, is anticipated to give rise to weak ferromagnetic exchange interactions,
which are assigned as a potential exchange mechanism. For a magnetic ion-ligand-magnetic ion,
including an angle of 180°, the singly occupied d-orbitals of the paramagnetic ions are non-orthogonal
to one another and there is direct orbital overlap. Consequently, the unpaired electrons of the magnetic
ions align antiparallel to one another, giving rise to strong antiferromagnetic exchange interactions in
a superexchange mechanism, known as kinetic exchange. In the case of PBs, the metal d orbitals split
into tg and eg sets by the CN ligands. The magnetic interactions in these materials are given by the
super-exchange interaction between metal ions A>* and B! interposed through a three-dimensional
network of C=N bridges, as resultant 3D magnetic ordering with Curie temperatures Tc up to 376 K
depending on the nature of the metal ions is created [27]. Magnetic features of Prussian Blue analogues
are usually interpreted taking into account two assumptions: (1) the super-exchange coupling only
between next A% metal ion and B (A>*~-N=C-B™) ion; (2) in the case when the magnetic orbital
symmetries of the metal ions are identical, the dominant super-exchange coupling is antiferromagnetic
(Jar) and on the other hand the super-exchange coupling is ferromagnetic (/r) for magnetic orbitals
with different symmetries. The B! ion, surrounded by the carbon atoms of six cyanide ligands,
experiences a large ligand field. Consequently, all familiar [B™/(CN)s] units are invariably low spin and
have electrons only in the ty, orbitals. AZ?* jons in Prussian Blue are usually high spin and can have
both eg and to; magnetic orbitals. When A has only e; magnetic orbitals, all the exchange coupling
with the to; magnetic orbitals of the [B(CN)s] will be ferromagnetic. When only t,; magnetic orbitals
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are present on A, all the exchange interactions with the tyg magnetic orbitals present on [B(CN)s]
will be antiferromagnetic. When both tp; and e; magnetic orbitals are simultaneously present on A,
ferromagnetic and antiferromagnetic interactions with the ty; magnetic orbitals on [B(CN)g] coexist
and compete. The conclusions are straightforward: the tos(B)-eg(A) pathways lead to ferromagnetic
(F) interactions; the to(B)~to(A) pathways lead to antiferromagnetic (AF) interactions [1].

It cannot be overlooked that the huge variety of interesting physical phenomena in the family
of PBs are closely related to the fact that the cubic symmetry of the lattice can accommodate a lot of
transition metal ions as hexacyanometalate anions. Therefore, the Prussian Blue analogues can be
prepared with a number of metals in the B sites [1]. As examples of paramagnetic ions, according to [1]
we can mention:

° [B(CN)e]*~ for B = VI, Mnl!
. [B(CN)e]®>~ for B = Tilll, Crll, Mn!l, Felll
° [B(CN)4]?>~ for B=Mn!Y

All above-mentioned paramagnetic anions are low spin due to the large ligand field splitting
induced by the cyanide ligand, with anions spins varying from S = 1/2 for the Ti'!, Mn'l, and Fe!"
derivatives, to S = 1 for the Mn! derivative, up to S = 3/2 for the VI, Cr'll, and Mn!V derivatives. The
paramagnetic ions placed in the A site are usually high spin due to the fact that N-coordinated cyanide
and water molecules are weak field ligands. As examples of the ions placed on the A positions in the
lattice, VI, Crll, Mn!!, Fel!, Co!, Ni!, Cu!, and Fe'! jons can be mentioned. Corresponding spin values
range from S = 1/2 for Cul' to $ =5/2 for Mn!! and Fe' [1].

3. Probing of Magnetocrystalline Correlations Using External Pressure

This simple model mentioned above has already been tested on the TM2+3[CrI{(CN)g ],-zH,O
and KM2*[Cr(CN)e] systems, where TM?2* = Cr2*, Mn?*, Ni2*, Co?*, and M2+ = Mn2*, Ni2* [29-40].
Our paper is focused on the pressure effect on crystal structure and magnetic properties.

3.1. Crystal Structure of TM?*-Cr'!-PBs

The crystal structure of selected PBs was investigated by X-ray and neutron powder diffraction
techniques. We studied (NiyMn;_,)3[Cr(CN)g]2-zD,0 (x = 0, 0.38 and 1) materials by powder neutron
diffraction techniques in temperature ranges higher or lower than the Curie temperature T¢ [30].
Our study enabled us to determine the entire crystal structure, including D-sites. We determined the
crystal lattice of Mnz[Cr(CN)g]2-zH,O and Niz[Cr(CN)g ]2 -zH,O molecular magnets with the help of the
Rietveld technique by application software program FullProf, and the crystal structure was confirmed
as a cubic space group Fm3m (No 225) with lattice parameters a = 10.754 04(6) A and a = 10.4341(3)
A [30]. However the lattice parameter of Coz[Cr(CN)gl>-10H,O are as follows: a = 1.04905(3) nm and
a =1.03805(9) nm for Cr3[Cr(CN)g]2-2H,O [33]. Doping with Ni for Mn leads to the reduction in the
volume of elementary cells, which is approximately equal to 3.8 percent compared to Mnz[Cr(CN)g]»
material [34], and (NiyMnj_,)3[Cr(CN)¢]> compound follows Vegard’s law and the enlargement of
x results in a progressive reduction of the lattice parameter [34]. Lattice parameters decrease nearly
linearly with substitution of Cu for Mn in the case (Cu,Mnj_,)3[Cr(CN)s]2-zHpO metalo-complexes: a
=10.51909 A, 10.49812 A, 10.50418 A, 10.49833 A, 10.4887 A, 10.3851 A for x =0.2,0.25,0.3,0.35, 0.4,
and 1.0, respectively [36]. Both KMn[Cr(CN)4] and KNi[Cr(CN)g] crystallizes in the fcc system, with
lattice constants a = 10.786793 A and a = 10.48679(5) A, respectively [39,40]. The examples of x-ray
diffraction and neutron diffraction patterns are displayed in Figure 2.

Neutron powder diffraction (ND) patterns were obtained on two different samples of
(NiyMnj _)3[Cr(CN)gl2-zD,0O mixed ferri-ferromagnetic material. The H atoms were substituted
by D in the process of samples synthesis. The z number varies between 12 and 15, but in most events
is equal to 12. The higher amount of background present in ND measurements points to the fact
that D,O molecules are replaced by H,O molecules in the process of the ageing of the samples and
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incoherent scattering from H supplies to background (Figure 2b). The incoherent scattering caused
pronounced enlargement of the time of measurement, but finally we obtained good statistics and the
crystal structure, including D-sites, was completely described by the Rietveld refinement procedure.
Prior to the neutron experiment, we left the experimental material in wet conditions to elude the aging,
e.g., substitution of D,O by H,O. Our procedure resulted in a lower background but a second phase
(ice made of D,0O) was indicated at low temperature [30]. Determination of the positions of building
elements (CrCq octants, D,O molecules, and other atoms were considered as isolated) in the cell was
calculated by the direct-space method by application of reverse Monte-Carlo approach (Figure 3).
The incoherent scattering led to extension of the experimental time, but in the end a good statistic was
reached and the crystal structure, including D-sites, was determined by the Rietveld refinement.
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Figure 2. X-ray and neutron diffraction patterns for Mn3[Cr(CN)s]2-zD,O powders at different
temperatures. Circles represent the measured data and line shows the fitted model. The positions of all
possible Bragg reflections are marked by the vertical marks in the middle and the lower curve shows
the difference between the observed and calculated intensities. (a) X-ray powder diffraction pattern: a
=10. 788 A, reliability factors of the refinement procedure Rp =8.36, Rwp =10.7, Rexp = 8.12, X2 = 1.73;
(b) neutron diffraction pattern: 2 = 10.730 A, Ryp =29.6.

3.2. Effect of Pressure on the Crystal Structure of TM**-Cr''l-PBs

Effects of pressure on the structure and magnetic properties of 3-D cyanide bridged
bimetallic coordination polymer magnets, Mn?*Crl ferrimagnet [Mn(en)]3[Cr(CN)slp-4H,O
(a en ethylenediamine), Ni2+Crl! ferromagnet [Ni(dipn)]3[Cr(CN)¢l2-3H,O (b dipn = N,
N-di(3-aminopropyl)amine were methodically studied in hydrostatic pressure up to 4.7 GPa by
application of a piston-cylinder-type pressure cell and a diamond anvil cell [41,42]. The lattice of the
ferrimagnet (a) was reduced in an isotropic manner for p < 1.7 GPa, and the lattice volume linearly
decreased. At higher pressure, the bc frame and total volume decreased only slightly, but the stacking
along the a axis tended to tilt with the expansion of the a axis anisotropically. The reduction of lattice
size saturated with a total volume reduction of about 9% at 3.2 GPa. An amorphous structure was
observed at above 4.2 GPa. The pressure induced reduction of the lattice size is completely reversible.
The original crystal structure recovered after releasing 4.5 GPa, indicating sufficient elasticity of
Cr-CN-Mn. The compound (b) showed a different response to pressure. The cell volume decreased
linearly and isotropically in the range 0-3.1 GPa with about 15% compression at 4.7 GPa, extending of
the vertexes, and no amorphization, which demonstrated the structural strength. The shrinkage ratio
of (b) is twice as large as that of (a) [42].
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Figure 3. (a) The crystal structure is characterized by significant compositional disorder. The marked

o

region describes possible water molecules distribution; (b) each Cr cation is linked via C=N groups to
six Mn cations and (c) each Mn cation is surrounded on average by four [Cr(CN)g] complexes and by
two D,O(1) molecules.

The pressure-caused change of crystal structure can be identified indirectly from the variation of
pressure effect on Tc [43]. The first dTc /dp = 25 K/GPa of Mn3z[Cr(CN)gl2-zH,O PBs was alike to the
amounts published in the study at pressures below 1 GPa [29]. At higher pressures, an essential but
nonlinear increase in Tc from 63 K at ambient pressure to a maximum T¢ = 93 K at 3.2 GPa pressure
was found. This reflects an enlargement of the superexchange coupling between the transition metal
cations as the bonds to cyanide are reduced by hydrostatic pressure. The ferrimagnetic moment falls
down as T¢ is enlarged, which may point to the higher degree of tilting of the Mn(CN)g and Cr(NC)e
octants. At pressures above 3.2 GPa, the magnetic transition is broader, and T is reduced to zero near
10 GPa, with a correspondent break down of the ferrimagnetic moment. The finding coincides with a
pressure-caused amorphisation of the material, as was reported on similar PBs [42].

Reference [44] resumes 0 to 0.6 GPa neutron diffraction data obtained on a nickel
hexacyanochromate PBs K 25Ni[Cr(CN)glo.75(D20)025:2.1D,0 having fcc Prussian blue structure.
Small thermal contraction is a characteristic feature of this material. On the other hand, pressure
causes pronounced consequences on the top positions, enabling determination of the bulk modulus,
K = —VdV/dp. The 110 K phase exhibits a variation from 10.477 A at ambient pressure to 10.410 A at
high pressure, such that K = 31.43 GPa. In like manner, at 5 K the usage of pressure causes a reduction
from 10.468 to 10.413 A that leads to almost the same amount of K = 31.94 GPa. The assumption of
linear volume reduction with pressure is evidenced by the alike K amounts for 0.5 and 0.6 GPa. Second,
the widths of the peaks provide information about particle size and strain, and these results exhibit
pressure-caused anisotropic widening. Third, the strength of the tops provides information about the
fractional coordinates of atoms within the unit cell and their positional distributions. A real-space
visualization of how pressure varies the ND scattering length density (SLD) identifies an antisymmetric
change rising near the Cr sites while, simultaneously reducing by a similar value at the Ni site.
The isomerization of cyanide linker from C bonding to Cr to C bonding to Ni makes these data clear.
However, a shift of the coordinated water and the cyanide linker will also multiply an antisymmetric
change in SLD between the metal ions [44].

The effect of pressure on Raman spectra of molecule-based magnets KNiCr(CN)s and
KMnCr(CN), was studied in [40]. The M-N=C-Cr linkages M = Ni, Mn form the fcc lattice that
may contain vacancies. It is generally accepted that the cyanide bridge can be extra susceptible
to its surroundings, including the oxidation state and the spin state of the magnetic ions in the
lattice. We reported on the effect of pressure on the v [C=N] vibration band, which is placed into
the 2100-2200 cm ™! spectral region [40]. The location of the band passes under pressure nonlinearly
beginning at 2162.7 cm ™~ for 6.50 GPa for KMnCr(CN)g (Figure 4a). The CN frequency of KNiCr(CN)g
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falls down at first from 2195.7 cm ! for zero applied pressure to 2189.1 cm ™! for 0.23 GPa, and then
rises to 2211.9 cm ™! for 6.2 GPa (Figure 4b). A thin arm (an arrow in Figure 4b) happens to be visible
in the pressure region from 0.23 to 2.3 GPa, moving its location from 2188.4 cm ™ t0 2193.9 cm ™!, with
rising pressure pointing to the existence of two different CN bridge neighbourhoods. The hydrostatic
pressure-susceptible arm can point to the linkage isomerisation, suggesting that Cr'l'-N=C-Ni!'
fragments grow at the expense of the original CI_C=N-Ni! units [44,45]. However, the effect can
also be superimposed by other contributions, such as the presence of surface non-bridging cyanides or
coupling between alkali cations.
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Figure 4. (a) Raman spectra of KMnCr(CN); for various pressures. (b) Raman spectra of KNiCr(CN)g
for various pressures. The arrow points to only very small evidence of linkage isomerism.

3.3. Magnetic Structure of TM?*-Cr-PBs

Magnetic structure was determined by powder ND experiment, which was performed on two
samples of (NiMn;_,)3[Cr(CN)s]2-zD,0 on E9 (A = 1.79734 A, HZ-Berlin) forz =0, 1at T = 2 K,
100 K and on G4.1 (A = 2.42500 A, LLB Saclay) for z = 0, 0.38, and 1 at different temperatures below
T =70 K. The pronounced magnetic contribution we found only in the case of the Mnz[Cr(CN)¢]»
magnet, and in this study we focused merely on the mentioned material [30]. A very poor magnetic
signal was detected on Niz[Cr(CN)g], contribution at 1.6 K, perhaps because of a distribution of
magnetically ordered domains [30,44]. Magnetization measurements of (Nig33Mng ¢2)3[Cr(CN)sl2
mixed ferro-ferri magnet indicated a maximum at about 60 K and low value of M at T = 2 K [34]. ND
measurements undertaken on this material at 60 K pointed out an almost weak indication of magnetic
signal. A strong magnetic signal was detected on Mn3[Cr(CN)g], under 60 K and emerged only
on allowed nuclear peaks—no additional signal was detected on forbidden nuclear Bragg summits.
Diffraction apexes (222), (400), (422), and (440), with magnetic signal compared to experimental
error, were excluded from refinement of magnetic contribution Ik -Iox (Figure 5a). Magnetization
measurements and elastic ND of Mn3[Cr(CN)s], clearly point out a magnetic structure consisting
of Mn and Cr sublattices, with antiparallel magnetic moments iy, = 3.790 ug and pcy = —1.375 pp
leading to overall ferromagnetic ordering below the Curie temperature T¢ = 63 K. The simplified
model of possible ferrimagnetic ordering of Mn3[Cr(CN)g]-zD,0 is plotted in Figure 5b. On the other
hand, the magnetic structure of the Dy[Fe(CN)]-4D,0O molecule-based magnet with the orthorhombic
crystal structure (Cmcm space group) was refined using Rietveld technique [46,47]. ND indicated that
the magnetic structure is formed by Fe and Dy sublattices, which are merged antiferromagnetically,
leading to overall ferrimagnetic arrangement with the magnetic phase transition at Tc = 3.7 K. While
in the case of Fe-atoms the y-component of magnetic moment is large and the z-component is nominal,
in the case of Dy-atoms, the x-and the y-magnetic moment components are large and the ordering of
magnetic moments on Dy-sublattice is non-collinear [47].
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Figure 5. (a) Results of Rietveld refinement of data taken on Mn3[Cr(CN)¢]-zD;0O. (b) Simple model
of ferrimagnetic structure of Mnz[Cr(CN)g]-zD,O, Mn (4a) (0,0,0): blue; Cr (4b) (%, %, %): red; pinn =
3.790 pg a pcy = —1.375 up.

3.4. Pressure Effect on Magnetic Properties of Polycrystaline Samples

The above-mentioned magnetic model was tested on the TM*25[CrT(CN)g1,-zH,O system [29-38]
and KTM2+C1'(CN)6 [39,40], where TM?* is a 3d ion and the following papers [29,32,34,38—40] are
focused on the pressure effect on magnetic properties of these two types of PBs. The Cr™™ in the low spin
anion [Cr"(CN)¢]*~ has (tzg)3 orbital resulting in six ferromagnetic (FM) and nine antiferromagnetic
(AFM) pathways, with (tzg)3(eg)2 orbitals of Mn2* leading to ] or interaction. Compared to the (tzg)3

orbital of Cr'", we have six F pathways with (eg)* orbitals of Ni** leading to overall Jp interaction
(Figure 6).

2+ I} L2+ 1
Mn ,[Cr (CN)],15H,0 Ni" ,[Cr (CN).],15H,0

Mn”'(S = 5/2) [Cr'(CN),]” (S=3/2) NI~ (S =1)

(a (b) (0)
Figure 6. (a) There are six F and nine AF pathways with (tzg)S(eg)2 orbitals of Mn?* leading to overall

J A in interaction; (b) Cr''! in anion [Cr™(CN)¢]?~ is low spin and has only (’czg)3 orbitals; (c) there are
six F pathways with (eg)? orbitals of Ni?* leading to overall Jp interaction.

Measurements of magnetic susceptibility (Figure 7) indicate a ferrimagnetic ordering below
Tc ~ 65 K for the Mn-sample with ¢ = 10.48 g and 6 = —39.5 K. The magnetic moment i saturates
to an amount of 8 pg/f.u. at T =2 Kand ppH = 5 T. The Ni-sample orders ferromagnetically below

Tc ~56 K, pegr = 8.6 up, 6 = 72 K. The magnetic moment saturates to a higher value of yis = 10.3 ug/f.u
at T =2K and poH =5 T [29,30].
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Figure 7. The Curie Weiss law proposes the type of magnetic interactions; (a) AFM coupling for
Mnz[Cr(CN)g]2-15H,0 and (b) EM coupling for Niz[Cr(CN)g]2-15H,0.

Figure 8a shows magnetic isotherms for Mn?*-Cr'-PBs obtained by measurements at various
pressures [29]. The magnetic transition at Tc was defined as the inflection point of M(T) curve
in this region. Magnetization as a function of hydrostatic pressure saturates in a very steep way,
already reaching independence on the applied magnetic field for the values higher than pyH = 200 mT
(Figure 8a). There is no magnetic hysteresis, with very small remnant magnetization , and coercive
field Hc. The effect of applied pressure on magnetization curves is pronounced only in the region of
small magnetic fields. It was observed that the shape of magnetic isotherms changes and magnetization
saturates at higher magnetic fields, as it is supposed that effective barriers for domain wall motion
induced under pressure negatively influence its free motion in the irreversible part of magnetic
hysteresis [29,44]. The second possible explanation for the effect of applied pressure on magnetic
isotherms can be ascribed to the change in magneto crystalline anisotropy [44], as its shape resembles
magnetization curves typical for the hard magnetization axis. Both magnetic ions are placed in
octahedral positions, and therefore magnetic moments are aligned along the axes of octahedron.
Even without applied external pressure, the octahedrons are tilted (Figure 1). Hydrostatic pressure
enlarges the extent of tilting and octants are deformed. Both effects influence the efficiency of the
magnetic exchange pathway and lead to magnetic anisotropy and reduction of the magnetic moment.
The magnetic isotherms of Ni?*-Cr'-PBs measured for various applied pressures [29] are plotted in
Figure 8b. The magnetization saturates at a higher magnetic field, even at ambient pressure. In the
region of small magnetic fields below yH = 5 mT, initial magnetization increases linearly, followed
by a steeper S-shape increase and consequently showing almost linear dependence again above pgH
= 1T. The remnant magnetization and coercive field are small but more pronounced. It is expected
that the hydrostatic pressure leaves spontaneous magnetization unchanged, and the magnetization
processes are strongly changed only at low temperatures below 8 K. The magnetization saturates
in a higher magnetic field, the interval of linearity for initial magnetization extends to pyH = 10 mT
and the remnant magnetization M, is a little bit higher. Pressurization of the crystal lattice results in
deformation, including small rotation of octants leading to reorientation of magnetic moments of 3d
magnetic ions followed by decrease of magnetization in the saturated state.
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Figure 8. Effect of pressure on magnetic isotherms for (a) Mnz[Cr(CN)s],-15H,O and (b) for
Ni3[C1‘(CN)5]2'15H20.

The effect of applied pressure on the temperature of the transition to magnetically ordered
state—the Curie temperature T¢ is shown in the Figure 9. The Curie temperature T¢, defined
as the inflection point of the M(T) curve, increases almost linearly in the whole range of applied
pressures. The pressure = coefficient ATc/Ap = 25.5 K/GPa is one of the highest positive changes
of T¢ with pressure so far published for any PBs [29]. The positive pressure coefficients AT¢c/Ap
~ 13 K/GPa and ATc/Ap ~ 11 K/GPa were reported for [Mn(en)]3[Cr(CN)g]>-4H,O [41,42] and
for Mng2* [Mn(CN)4],-12H,0-1.7(CH;OH) [48] Mn-based PB ferromagnetic materials. The typical
property of majority PBs, hysteretic behaviour between ZFC and FC magnetization for small magnetic
fields, is shown for Mn?*-Cr'l-PBs in Figure 9. ZFC and FC magnetization curves merge very
well in the range above the magnetic phase transition and show hysteretic behaviour below the
bifurcation temperature T},. The hysteretic behaviour between ZFC and FC regimes defines an
interval where irreversible magnetization processes determine shape of magnetization curve. A small
maximum below T¢ in the region where ZFC and FC regimes have large hysteresis is very often
accompanied with freezing temperature T of the cluster-glass system, which is often present in PBs.
The hydrostatic pressure enlarges this hysteretic behaviour, which is observed for ZFC and FC regimes.
Smaller magnetization M(T) observed on the ZFC curve points to the variation in magneto-crystalline
anisotropy caused by pressure. It points out to the fact that the cluster-glass-like feature is enhanced
under applied pressure.
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Figure 9. Effect of pressure on magnetization for (a) Mn?*-Cr!"'-PBs and (b) Ni2*-Cr/!l-PBs.

The real part of AC susceptibility x'(T) for the Mn-sample, which we obtained for non-DC
magnetic field, modulation with the amplitude of 3 Oe and frequency f = 0.4 Hz confirmed very similar
behaviour to the one described earlier on the M(T) measurements under pressure in ZFC regime
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(Figure 10a). The pronounced maximum in the imaginary part of susceptibility x”(T) at about Tc
indicates an energy-dissipative process, which is connected with forming of a magnetically-ordered
state (Figure 10b). Hydrostatic pressure gradually shifts the peak at T to higher temperatures, which
indicates the enlargement of T¢. The gradient of the T rises with pressure, estimated from a steep rise
of x'(T) or as a peak of x"(T), is similar to ATc/Ap = 25.5 K/GPa, determined from M(T) measurements.
Mn?* has five unpaired d-electrons (tzg)3(eg)2 with S = 5/2 and Cr' has three d-electrons (tzg)3 with S
=3/2 in the Mn%*-Cr™"-PBs. In the ligand-field model, each tpg orbital (a) of Mn?* can find tyg orbital
(b) in Cr™, which it can strongly interact with in a three-dimensional network [1]. The super-exchange
interaction of this pair will be antiferromagnetic. From the extended Hiickel calculations follows
that the antiferromagnetic contribution to the magnetic coupling | is determined approximately by
the expression 2 S (A2 — 52)1/2, where ¢ is the energy gap between the (unmixed) a and b orbitals,
A is the energy gap between the molecular orbitals formed by them, and S is the mono-electronic
overlap integral between a and b. The antiferromagnetic term can be rewritten as (A% — §2) = (A
— 0) (A + 9); the strength of the interaction is gauged by the term (A — J) and the stabilization of
charge-transfer states, in which an electron being transferred from one magnetic orbital to the other
is gauged by the term A + . The most general effect of applied pressure, namely shortening of the
distance between the magnetic ions in the lattice, leads to the increase of the amount of the overlap
integral S. The enlargement of Tc in Mn?*-Mn'"-PBs can, therefore, be ascribed to an enlargement of
the overlap integrals between d Mn'™) and 774(CN~) and d (Mn?*) and 7*(CN ™). The hydrostatic
pressure enlarges A, resulting in an enlargement of both expressions (A — 6), (A + ¢) and gives rise
to the enhancement of the antiferromagnetic interactions. The term (A% — 42) can be determined
for number of TM?* and TM™, with the precondition that the spacing between magnetic ions is
identical. In the case that the coupling between a single pair of orbitals is known, one can sum all
the combinations presented by a three-dimensional network to obtain the consequential contribution.
In Mn2*-Cr'l-PBs with nine AF and six F pathways, the antiferromagnetic coupling will be preferred.
The rise of Tc caused by hydrostatic pressure was associated with a rise of super-exchange coupling |,
determined by the enlargement of S and A in Mn?*-Cr!!l-PBs.
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Figure 10. AC susceptibility for Mn?*-Cr!!l-PBs under pressures: (a) in phase and (b) out of phase.

However, the situation is different for the case of Ni2*-Cr!!I-PBs, where magnetization and AC
susceptibility measurements indicate a slight decrease in T with pressure ATc/Ap = —3.0 K/GPa, and
later more detailed experiments have shown that the T¢ is not modified prominently under hydrostatic
pressure [29]. Ni?* has two unpaired d-electrons (eg)2 with S = 1 and six paired d-electrons (tzg)6,
which do not contribute to magnetic coupling. Magnetic interactions between the (eg) orbital of Ni and
(tog) of Cr are therefore dominantly ferromagnetic, the overlap of to; and eg orbitals is practically equal
to 0 (A = 0), the pressure does not change ], and we do not expect any change in magnetic coupling.
The hydrostatic pressure subtly affects bonding angles between magnetic ions interposed by the CN
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group. A slight deviation from perfect 180° of the bonding angle reduces the power of magnetic
interactions, and consequently, Tc decreases.

Our study [29] revealed principally separate effects of pressure on the magnetic phase transition
in Mn?*-Cr'-PBs with prevailing antiferromagnetic super-exchange coupling and a Ni?*-Cr-PBs
compound with prevailing ferromagnetic coupling. The applied pressure powered the super-exchange
antiferromagnetic coupling Jar. The Curie temperature T increased with the hydrostatic pressure,
ATc/Ap = 25.5 K/GPa, for the ferrimagnetic Mn3[Cr(CN)gl, compound as a result of powered
magnetic interaction determined by enlarged amount of the monoelectronic overlap integral S and
energy gap A between the mixed molecular orbitals. However, the hydrostatic pressure does not
change Jr exchange magnetic coupling in the Niz[Cr(CN)g], ferromagnetic material. The bonding
angle between magnetic ions differs from the perfect amount of 180° for any Prussian Blue analogue.
The hydrostatic pressure affects bonding angles between magnetic ions interposed by the cyano-bridge
and reduces the strength of magnetic interaction. Reduction of the magnetic coupling due to variations
of bonding angle is general feature for both types of molecule magnets.

However, the enhanced exchange interaction of Mn3[Cr(CN)g], caused by enhanced overlapping
between magnetic orbitals masks this effect. The magnetization processes are modified by
the pressure in both magnets, but we expect that the hydrostatic pressure does not affect the
spontaneous magnetization. Pressure-induced magnetic hardening can be interpreted as a variation
of magneto-crystalline anisotropy due to pressure. The mentioned effect was observed mainly for
Niz[Cr(CN)g ]2, where saturated magnetization ys decreased in the entire temperature range, while 5
remains unchanged for Mns[Cr(CN)s], at low temperatures. The enlargement of ps for Mn?*-Cr'-PBs
near to Tc was associated with the increase of magnetic interactions [29].

The applied pressure linearly shifts Tc of Co**-Cr-PBs down in the used interval of hydrostatic
pressures (Figure 11a) with the determined negative coefficient AT¢/Ap = —1.8 K/GPa. The overlap
of tyg and eg orbitals is principally zero and Jr is not changed by pressure. The hydrostatic pressure
slightly affects bonding angles between magnetic ions mediated by the cyano-bridge, and this is the
reason for reduction of T¢. Magnetization of Co**-Cr!''-PBs is reduced only weakly (Figure 11b). We
expect that the spontaneous magnetization is unaffected hydrostatically by hydrostatic pressure, and
only the magnetization processes are strongly affected even at low temperatures. The hydrostatic
pressure increases the degree of deformation in the crystal structure, which leads to miss-orientation
of magnetic moments placed on magnetic ions and to reduction of saturated magnetization [32].
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Figure 11. Effect of pressure on magnetization Co?*-Crll-PBs: (a) temperature dependence of
magnetization M(T) measured under different pressures in ZFC and FC regimes in magnetic field
woH =2 mT; (b) magnetic isotherms p(poH).

In the Prussian blue analogue Cr3[Cr(CN)s]2-2H,O the anion [Cr™(CN)¢]*~ has only (tzg)3 orbitals
and there are 3 ferromagnetic (F) and 9 antiferromagnetic (AF) pathways with (tzg)i‘(eg)2 orbitals of
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Cr%* in high spin state leading to overall o interaction. On the other hand, the (tzg)3 orbitals of CrlI!
have 6 AF pathways with (tzg)2 orbitals of Cr?* in low spin state leading to overall Jof interaction
(Figure 12). The transition to a magnetically ordered state is accompanied by a steep increase in M(T)
(Figure 13). The hydrostatic pressure shifts Tc of Cr?*-Cr-PBs to higher temperatures almost linearly
in this range of applied pressures. The estimated positive coefficient AT /Ap = 29 K/GPa is the highest
positive change of T with pressure which has so far been published for any PBs [32]. The applied
pressure reduces the length of exchange path Cr**~-N=C-Cr'! and increases overlap integral S. The
hydrostatic pressure increases A resulting in the enlargement of both terms (A — J) and (A + 9)
powers the antiferromagnetic coupling [1]. The variance between M(T) determined for ZFC and FC
measurements identifies the temperature range where irreversible magnetization processes take place
(Figure 13a). A flat peak near to Tc in the range where large differences between ZFC and FC magnetic
curves take place is very often attributed to freezing temperature T; of the cluster glass system, which
is a very common feature of the majority of PBs. The pressure enlarges the gap between magnetization
obtained in ZFC and FC regimes for Cr?*-Cr'-PBs. Reduced value of magnetization M(T) in ZFC
regime indicates a change in ligand field leading to change of magnetocrystalline anisotropy.
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Figure 12. (a) There are three F and nine AF pathways with (tzg)S(eg)1 orbitals of Cr2* leading to overall
J ar interaction; (b) Cr'™ in anion [Cr'}(CN)¢]?~ is low spin and has only (tzg)3 orbitals; (c) there are six
AF pathways with (eg)2 orbitals of Cr2* in low spin stay leading to overall ] o interaction.
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Figure 13. Effect of pressure on magnetization for Cr?>*-Cr!!-PBs: (a) ZFC and FC curves; (b) magnetic
isotherms p(poH).

The magnetic isotherms of Cr?*-Crl-PBs determined at various pressures are present in
Figure 13b. Magnetization goes up at first very steeply, at very low field starts to saturate, and
above ppH =1 T the magnetization grows almost by a linear way. The applied pressure reduces
saturated magnetization of Cr2*-Cr"_PBs. The Cr'™ in anion [Cr™(CN)¢]?~ is low spin and exhibits
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only (’Ezg)3 orbital and the spin S = 3/2. However, we suppose for cation Cr>* two possibilities: at
first Cr?* is high spin, having S = 2 and magnetic orbitals are (tzg)3 (eg)!, implying three F and nine
AF pathways, or another opportunity when Cr?* is low spin S = 1 and magnetic orbitals are (tzg)z,
implying six AF pathways [1]. In the case that all Cr?* are high spin, the expected theoretical amount
of spontaneous magnetization ys = g[3S(Cr2*) — 25(Cr'™y] = 6 pg; g = 2 is the Lande factor. The
experimentally estimated amount ys(exp) = 1.73 up [32] is widely less than theoretical one, pointing
out that a portion of Cr?* is low spin (S = 1), yielding total compensation of spins s = 0 pp. It seems
that only approximately 30% of Cr?* is high spin. The applied pressure p = 0.84 GPa causes high
spin-low spin transition of cca 4.5% of high spin Cr?*.

Magnetic properties of mixed ferro-ferrimagnet (NixMnj,)3[Cr(CN)sl2-zH,O and the
compensation temperature Tcomp for different amounts of x were first mentioned and interpreted
by molecular field theory in [49]. This happened because the negative magnetization due
to the Mn?>*-N=C-Cr'' subsystem with dominant Jor and the positive magnetizations due
to Cr''-C=N-Ni?* subsystem with dominant Jr have different temperature dependences of
magnetization y(T), and at Tcomp, Which is below T, the sign of the magnetization is reversed [50]. The
possibility that the spontaneous magnetization might change sign at particular Tcomp Was envisaged
by Néel in the classical theory of ferrimagnets [51,52].

The effect of pressure on magnetization features of (NizgMng)3[Cr(CN)g]2-zH,O was studied
in pressures up to 0.8 GPa [34]. Both ferrimagnetic Jor and ferromagnetic coupling [ are present
in this type of magnet and magnetization inversion is observed at the compensation temperature
Teomp- Our study revealed that Jr is prevailing in this material. The Curie temperature T¢ of the
magnet rises with hydrostatic pressure, dTc/dp = 10.6 KGPa~!, due to enhancement of Jor. The
rise of [ o is associated with an enlarged amount of the single electron overlapping integral S and
an energy gap A between the mixed molecular orbitals tpg (Mn?*) and tog (Cr'™) caused by pressure.
Magnetization process is also influenced by pressure—magnetization saturates at a higher magnetic
field and saturated magnetization decreases with pressure. The compensation temperature Tcomp falls
down under hydrostatic pressure. The 3(T) curves plotted in Figure 14a were obtained on the material
with the very low amount of yis compared to parent compounds [34]. The same sample were used for
high pressure measurements. The smooth shape of ZFC and FC magnetization curves together with
nearly the same compensation temperature Tcomp ~ 12 K for both ZFC and FC regimes confirm the
high quality of the sample. Magnetic susceptibility follows the Curie-Weiss law above 100 K, with
the effective magnetic moment ji¢ = 9.32 pg and the paramagnetic Curie temperature § = —18.8 K
(Figure 14b). The negative value of 6 indicates that ] or is dominant but the shape of 1/x(T) below 100
K points out to ferrimagnetic ordering.
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Figure 14. Temperature dependence of magnetization and inverse susceptibility for (Nig3sMng ¢2)3
[Cr(CN)gl2-zH,O; (a) ZFC (full lines) and FC (symbols) curve (b) susceptibility follows the Curie-Weiss
law above T = 100 K.
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The magnetic phase transition at 67.6 K of this mixed ferri-ferro magnet takes place at a higher
temperature than for both Nis[Cr(CN)g]»-zH,O (T¢ = 56 K) and Mn3[Cr(CN)s]2-zHyO (T¢ = 65 K).
Simultaneously, with increase of Ni for Mn substitution, the decrease of lattice parameters was
observed. The increase of T¢ correlates with the chemical pressure induced by this substitution.
An unusually high value of magnetic Griineisen parameter ¢ in the range 9.03-9.97, which was reported
for PBs [46], points to a very strong magneto-structural correlation in PBs. The material-dependent
parameter ¢ can be, in accordance to the definition in a phenomenological model, ascribed to the
intersite distances, and consequently to the interaction strength J.

The general tendencies of the hydrostatic pressure effect on Tc remain the same. The magnetic
phase transition is shifted to higher temperature (Figure 15a) but dT¢/dp = 10.6 K/GPa (Figure 15b)
is significantly decreased compared to Mn3[Cr(CN)gl2.zHyO, where dT¢/dp = 25.5 K/GPa) [29].
Despite weakening of the effect, the interpretation is again related to changes of electronic structure,
as in Mn>*~-N=C-Cr'"'. The single electron overlapping integral S, as well the energy gap A of the
mixed molecular orbitals tyg (Mn?*) and tag (Cr'y become enhanced, and Jap interaction is more
effective [1,29]. On the contrary, the ferromagnetic Cr™-C=N-Ni?* subsystem is weakly affected due
to no overlap of magnetic orbitals, and therefore | is given MnZt-N=C-Crl! -part. The number of
exchange paths sensitive to pressure is reduced in this ferri-ferro-mixed magnet, resulting in the lower
value of dTC /dp in (Nio'38Mn0'62)3 [Cr(CN)6]2.
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Figure 15. Pressure effect on (a) ZFC and FC curves and (b) T¢ of (Nig3sMng 42)3[Cr(CN)g]»-zH,O.

The characteristic feature of ZFC and FC curves, the compensation temperature Tcomp, appears
because the algebraic sum of j(T) of Mn**-N=C-Cr'" part and Cr'™-C=N-Ni** part is 0 at Teomp [51].
It seems that Tcomp is not an intrinsic property of the system and depends on treatment. Heat treatment
removes Tcomp from FC curves but not from ZFC curves [34]. The hydrostatic pressure p;= 0.23 GPa
reduces Tcomp- The application of higher pressure does not have any effect on Tcom (Figure 15a).

Both types of magnetic ions (Mn?*, Ni?*) and (Cr'") are located in the octants, which are basic
motives of the crystal structure. A very stable octant around Cr'"" is formed from six CN groups and
coordinated to Cr'™ via C atom. The coordination of Mn?*, Ni? ions via N and H atom:s is realized by
four CN and two HO groups forming the octahedrons that can be deformed easier. Both types of
octants can rotate and can be tilted, as it was shown for vanadium-based PBs [1,33]. As a consequence,
the bonding angle between magnetic ions deviates from 180 degrees, and that is why Jar will be
reduced. Simultaneously, this reduction of Jaor competes with an increase of [ resulting from the
enhanced value of S and A induced by pressure, leading to the smaller value of dT¢/dp. In these
two cases the octants are tilted, the alignment of moments on magnetic ions is not strictly parallel or
anti-parallel, and as a consequence y saturates at a higher magnetic field (Figure 16a). The number of
domain barriers, like [Cr[(CN)4] vacancies, which are not filled by H,O, can be reduced by pressure.
and the lower coercive force is expected for a system with a smaller number of domains (Figure 16b).
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Figure 16. Magnetic isotherms of (Nig.33Mnq 67)3[Cr(CN)6],-zH,O; (a) magnetization saturates at
higher magnetic field under pressure, (b) effect on remnant magnetization and coercive field.

Both magnetic isotherms and thermo-magnetic curves of KMnCr(CN); are affected by hydrostatic
pressure, as it was demonstrated in our paper [39]. Our results confirmed that the applied hydrostatic
pressure raises the enhancement of magnetic coupling in this material, because a linear increase of
Tc was observed under pressure (Figure 17a). A step on u(T) in the vicinity of magnetic phase
transition was generated by the applied pressure (Figure 17a) and du(T)/dT curve shows two
minima associated with two magnetic transitions. Corresponding pressure coefficients of the two
magnetic phases were estimated as ATc1/Ap =18.18 KGPa~! and ATc,/Ap = 26.62 KGPa~!. The basic
magnetic characteristics are very similar to those earlier mentioned for Mn3[Cr(CN)g], compound.
Magnetization reached saturation at low temperatures for low magnetic fields pupH = 200 mT. Remnant
magnetization p; and coercive field H. are close to zero. This situation is changed under the
pressure. The magnetic isotherms alter their curve with the hydrostatic pressure (Figure 17b) and
magnetization saturates at a higher magnetic field. The hydrostatic pressure does not change the
saturated magnetization s, remnant magnetization i, and coercive force H, at low temperatures in a
pronounced way.
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Figure 17. Magnetization curves for KMnCr(CN)g under pressure: (a) y (T) s in ZFC and FC regimes;
(b) u(B) taken at temperature T = 8§ K.

Our study of KMnCr(CN)s and KNiCr(CN), molecule-based magnets presented in the
paper [39] confirmed the main differences in pressure effect on Tc between Mn-PBs with prevailing
antiferromagnetic magnetic interaction and Ni-PBs showing ferromagnetic properties. In the case of
of the KMnCr(CN)s magnet, the pressure enhances the super-exchange antiferromagnetic coupling
Jar and that is why T simultaneously increases, due to enlarged monoelectronic overlap integral S
and energy gap A between the mixed molecular orbitals. The hydrostatic pressure does not affect Jp
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exchange interaction in KNiCr(CN), and the magnetic phase transition does not change. The bonding
angle between magnetic ions differs a little from the ideal value of 180° in real systems.

The bonding angle between magnetic ions represented by the CN group softly decreases with
pressure, which leads to reduction of the magnetic coupling. This effect is present on both types
of magnets, but it is masked on ferromagnetic materials because pressure strengthens exchange
interaction resulting from enlarged overlapping of magnetic orbitals. The magnetization processes
are influenced by the pressure in both systems, but the spontaneous magnetization does not change.
Pressure-induced magnetic hardening was ascribed to variations in magneto-crystalline anisotropy
induced by pressure. The rise of jis in Mn?*-Cr!'-PBs near T¢ was associated with the enhancement of
magnetic interactions.

3.5. Magnetic Properties of Magnetic Nanoparticles

In the last few years, there has been considerable interest in preparation and investigation of
magnetic nanoparticles (NAP) because of their potential applications in high density recording media,
but also for the reasons of macroscopic tunnelling [53] and quantum computing [54]. After discovery
of single-molecule magnet behaviour in Mnj,-acetate with highest spin ground state S = 51/2 [55], one
of the important issues of magnetism is the study of objects with magnetic moments intermediately
between this value and the value of metallic NAP with S > 1000 [56]. NAP based on Prussian blue
analogues (PBs) prepared by reverse micelle technique with S < 1000 are promising candidates. The
first report on application of this technique for preparation of NAP based on PBs has been made by
Vaucher in [57]. Later in works [58,59], authors referred to preparation of cyanide bridged Cr!-Ni?*
nanoparticles. The reverse micelle technique described in [56] was used [37,38]. The content of organic
surfactants in the samples was estimated to about 22 wt.% Ni-NAP and 28 wt.% Mn-NAP. The average
size of about 4.5 nm determined from X-ray measurements corresponds with TEM results (Figure 18).
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Figure 18. The Ni2*-Crl-NAP embedded in an organic matrix; (a) dark-field TEM image; (b)
bright-field TEM image; (c) distribution of NAP determined from TEM by an analysis of the picture;
(d) XRD patterns.
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We expect that both systems Ni-NAP and Mn-NAP behave as systems of strongly interacting
magnetic particles. The super-exchange interaction is dominant in intra-NAP magnetic interaction.
The dipole-dipole interaction is dominant in inter-NAP magnetic interaction. The dispersion of NAP
into an organic matrix leads to a dilution of the mother PBs, and consequently the Curie temperature is
reduced from T¢ = 56 K for Ni-PBs to T¢ = 21 K for Ni-NAP system and from T¢ = 65 K for Mn-PBs to
Tc =38 K for Mn-NAP system. In the case of Mn-NAP, we found two satellite minima in dM/dT. Each of
these minima indicates T of Mn-PBs sub-systems and represents two extra regions with different
concentration of magnetic NAP [37]. Pressure induced changes of the saturated magnetization ys and
the Curie temperature T¢ are reversible. We expect that pressure affects inter-NAP distance (high
compressibility of an organic matrix) and changes magnetic properties of NAP. The applied pressure
strengthens the magnetic super-exchange interaction of Mn-NAP with the increased overlapping of
magnetic orbitals [38]. As it is shown in Figure 19b, pressure decreases Tc (dT¢ = dp = —3 K/GPa) for
the system of Ni-NAP with dominant JE, which is mainly attributed to less effective magnetic coupling
due to the reduction in the bonding angle Ni%*-N=C-Cr'! from an ideal value of 180°. Figure 20a
demonstrates a dilution effect. The shape of the magnetization curve for Ni-NAP is the same as for
Ni-PBs and the reduction of the saturated magnetization yis is mainly due to reduced ratio of mother
PBs (only 65 wt.%) in the system. The applied pressure increases the magnetic moment 5 (Figure 20b).
This behavior is opposite to the behavior of the mother Ni-PBs and is attributed to the reduction of
inter-NAP distances by compression of the organic matrix [38].
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Figure 19. Magnetization measurements M(T) under pressure for: (a) Mn3[Cr(CN)s],-NAP; (b)
Niz[Cr(CN)6],-NAP.
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Figure 20. The field dependence of magnetization: (a) comparison of mother Ni-PBs and Ni-NAP; (b)
the pressure effect on magnetization of Ni-NAP system at different temperatures.
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3.6. CrL_PBs Core—Shell Heterostructures under Pressure

Magnetic studies on the PBs with chemical formula LixCuy[Fe(CN)g],-zH>0 (LiCuFe-PBs) and
LijNiy [Cr(CN)g];-zH20 (LiNiCr-PBs), as well as LiCuFe@LiNiCr-PBs core-shell heterostructures, have
been conducted under pressures ranging from ambient to ~1.4 GPa and at temperatures of 2-90 K.
The results for the single component CuFe-PBs indicate robust magnetic properties under the range
of pressures studied, where a T¢ = 20 K was observed at all pressures [60]. Pressure studies of single
component NiCr-PBs are consistent with previously published results by other workers below 1.0 GPa.
However, at pressures above 1.0 GPa, the decrease in magnetization is accompanied by a decrease
in the T¢, an indication of changes in the superexchange value. The results obtained with the single
component samples can be mapped onto the observations of the heterostructures [60].

Cubic core@shell particles of Prussian blue analogues, composed of a shell (=80 nm thick) of
ferromagnetic Ko3Ni[Cr(CN)glos-1.3Ho0 (A), Tc = 70 K, surrounding a bulk (=350 nm) core of
photoactive ferrimagnetic Rbg 4Co[Fe(CN)glpg-1.2H,0 (B), Tc ~ 20 K, have been studied [61]. Below
nominally 70 K, these CoFe@NiCr samples exhibit a persistent photo induced decrease in low-field
magnetization, and these results resemble data from other BA core@shell particles and analogous ABA
heterostructured films [44]. This net decrease suggests that the photo induced lattice expansion in
the B layer generates a strain-induced decrease in the magnetization of the NiCr layer, similar to a
pressure-induced decrease observed in a similar, pure NiCr material and in CoFe@NiCr cubes [10].
Upon further examination, the data also reveal a significant portion of the NiCr shell whose magnetic
superexchange, ], is perturbed by the photo induced strain from the CoFe constituent [61].

The photo and thermal responses of the magnetism of CoFe@CrCr-PBs core@shell nanoparticles
were investigated down to 5 K and up to 0.5 GPa in 100 G in a home-made, anvil pressure-cell, which
was adapted to a probe suitable for use with a commercial magnetometer. The effect of pressure on
the Curie temperatures of the CoFe-PBs core (25 K) and the CrCr-PBs shell (~200 K) together with
a change of the relaxation temperature of the photo-CTIST (charge-transfer-induced spin-transition)
of the CoFe-PBs core (=125 K) were alike to the operation already presented for the single-phase
materials. Specifically, although the magnetic ordering temperature of the CrCr-PBs shell shifts to
higher temperatures, the relaxation temperature of the photo-CTIST of the CoFe-PBs core goes down
to lower temperatures when the pressure was enlarged, thereby lowering the temperature range in
which the CrCr-PBs component is photo switchable [62].

4. Conclusions

The isotropic contract of the Mn-Cr-CN-PBs lattice with the linear reduction of the volume was
observed for p < 1.7 GPa. The additional enlargement of the pressure leads to almost no decrease
of the volume. The reduction of the crystal lattice size saturates at about 3.2 GPa reaching a volume
decrease of approximately 9%. The evidence of an amorphous structure was obtained at above 4.2 GPa.
The pressure does not induce any linkage isomerisation. The pressure induced reduction of the lattice
size is completely reversible and the original crystal structure recovered if the pressure 4.5 GPa was
released, which indicates that the framework extended by Cr-CN-Mn linkages had sulfficient elasticity.
The effect of pressure on magnetic properties follows the non-monotonous pressure dependence
of crystal lattice. At pressures above 3.2 GPa the magnetic transition becomes much broader and
Tc is suppressed to zero near 10 GPa, with a corresponding collapse of the ferrimagnetic moment.
This is consistent with a pressure-induced amorphous structure of the sample, as was observed in a
similar PBs.

On the other hand, Ni-Cr-CN Prussian Blue analogue has a quite different response to pressure.
The volume of elementary cell narrows by linear way and isotropic in the range of 0-3.1 GPa, reaching
compression of about 15% at 4.7 GPa, which is accompanied by broadening of the peaks, but the crystal
character is unaffected. The applied pressure-sensitive shoulder in the Raman spectra can point to the
linkage isomerisation, indicating that Cr'"-N=C-Ni fragments grow at the expense of the original

63



Crystals 2019, 9, 112

Cr'-N=C-Ni!l units. However, the effect can be superimposed also by other contributions, such as
the presence of surface non-bridging cyanides or shift of the coordinated water.

The comprehensive study of magnetic properties under hydrostatic pressure on PBs revealed
principally different behaviour in Mn?*-Cr™-PBs and Cr?*-Cr-PBs, with prevailing antiferromagnetic
super-exchange interaction Jor compared to Ni**-Cr'-PBs and Co?*-Cr'-PBs with prevailing
ferromagnetic interaction J. The strengthened magnetic coupling determined by enhanced values
of the monoelectronic overlap integral S and energy gap A between the mixed molecular orbitals
under hydrostatic pressure leads to the enlargement of | or and the Curie temperature Tc rises. On the
contrary, Jr does not change with pressure. In this case, no overlap of magnetic orbitals is present,
and that is why the elastic contraction of crystal lattice does not change the overlap. The hydrostatic
pressure slightly changes tilting of Cr''Cg and TM?~N4(OH), octants, which leads to a small change
of the bonding angle and reorientation of magnetic moments. Both effects reduce T¢ and saturated
magnetic moment. This small reduction of basic magnetic characteristics was observed in samples
with prevailing [g, but is present even in samples with dominant ] Ap; in this case, the effect is masked
by a large increase of Jor due to the enhanced overlapping of magnetic orbitals.

The pressure affects magnetization processes in systems with prevailing Jar coupling as well
as with prevailing [r interaction, but we expect that pressure does not change the spontaneous
magnetization in Mn?*-Cr'l-PBs, Ni?*-Cr!I-PBs, and Co?*-Cr'l-PBs. Pressure-induced magnetic
hardening we attribute to variations of magneto-crystalline anisotropy. The enlargement of the
saturated magnetization s of Mn?*-Cr'l-PBs near Tc was associated with the enhancement of
magnetic interactions. The compensation temperature Tcomp appears because the algebraic sum
of (T) for Mn?>*-N=C-Cr'" subsystem and Cr'-C=N-Ni** subsystem is zero at Tcomp. Pressure
affects j(T) by different ways in these two subsystems, and as a consequence Tcomp decreases when the
pressure is applied. The applied pressure reduces saturated magnetization of Cr>*-Cr'I'-PBs. We can
assume for cation Cr>* two possibilities: at first Cr?* is high spin, or the second possibility when
Cr?* is low spin. It seems that only approximately 30% of Cr?* is high spin. The applied pressure
p = 0.84 GPa induces high spin-low spin transition of cca 4.5% of high spin Cr?*.

The pressure effect on magnetic properties of PB nano-powders and core-shell heterostructures
follows tendencies known from bulk parent PBs. We expect that both systems Ni-NAP and Mn-NAP
behave as systems of strongly interacting magnetic particles. The super-exchange interaction is
dominant intra-NAP magnetic interaction. The dipole-dipole interaction is dominant inter-NAP
magnetic interaction. The dispersion of NAP into an organic matrix leads to a dilution of the mother
PBs and consequently the Curie temperature is reduced. The applied pressure strengthens magnetic
super-exchange interaction of Mn-NAP with dominant Jor and increases T¢ and pressure decreases
Tc for system of Ni-NAP with dominant Jr, which is mainly attributed to less effective magnetic
coupling due to the reduction in the bonding angle. The applied pressure increases magnetic moment
us. This behaviour is opposite to the behaviour of the mother PBs and is attributed to the reduction of
inter-NAP distances by compression of the organic matrix.

A persistent photo-induced reduction in low-field magnetization is a characteristic feature of
CoFe@NiCr artificial structures resembling already-known results from PBs core@shell particles and
analogical heterostructured coatings. The plain reduction in low-field magnetization for CoFe@NiCr
heterostructures indicates that the photo induced lattice expansion resembles a pressure-induced
reduction observed on related net NiCr material. The pressure effect on the Curie temperature of the
CoFe-PBs core and the CrCr-PBs shell together with a change of the relaxation temperature of the
photo-CTIST of the CoFe-PBs core resembles the behaviors known from the single-phase materials.
Despite the Curie temperature of the CrCr-PBs shell shifting to higher temperatures, the relaxation
temperature of the photo-CTIST of the CoFe-PBs core decreases to lower temperatures when the
pressure rises, thereby lowering the temperature region in which the CrCr-PBs part is photo switchable.
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Abstract: Octacyanometallate-based compounds displaying a rich pallet of interesting physical
and chemical properties, are key materials in the field of molecular magnetism. The [M(CN)g]"~
complexes, (M = WY, MoV, Nb!V), are universal building blocks as they lead to various spatial
structures, depending on the surrounding ligands and the choice of the metal ion. One of the
functionalities of the octacyanometallate-based coordination polymers or clusters is the magnetocaloric
effect (MCE), consisting in a change of the material temperature upon the application of a magnetic
field. In this review, we focus on different approaches to MCE investigation. We present examples of
magnetic entropy change AS, and adiabatic temperature change AT,q, determined using calorimetric
measurements supplemented with the algebraic extrapolation of the data down to 0 K. At the field
change of 5T, the compound built of high spin clusters Nig[W(CN)g]s showed a maximum value
of —ASp, equal to 18.38 J- K~ mol~! at 4.3 K, while the corresponding maximum AT,q = 4.6 K was
attained at 2.2 K. These values revealed that this molecular material may be treated as a possible
candidate for cryogenic magnetic cooling. Values obtained for ferrimagnetic polymers at temperatures
close to their magnetic ordering temperatures, T., were lower, i.e., —ASy = 6.83 J- K~ mol~!
(AT,q =142K)and —ASy, =4.9]-K~ 1 mol~! (AT,q =2 K) for {[Mn'(pyrazole);],[NbV (CN)g]-4H,O},,
and{[FeH(pyrazole)4]2[NbIV(CN)g]-4HZO}n, respectively. MCE results have been obtained also for
other -[Nb(CN)g]-based manganese polymers, showing significant T. dependence on pressure or
the remarkable magnetic sponge behaviour. Using the data obtained for compounds with different
T., due to dissimilar ligands or other phase of the material, the ASy, ~ TC*Z/ 3 relation stemming
from the molecular field theory was confirmed. The characteristic index n in the ASy, ~ A H"
dependence, and the critical exponents, related to n, were determined, pointing to the 3D Heisenberg
model as the most adequate for the description of these particular compounds. At last, results
of the rotating magnetocaloric effect (RMCE), which is a new technique efficient in the case of
layered magnetic systems, are presented. Data have been obtained and discussed for single
crystals of two 2D molecular magnets: ferrimagnetic {Mn'!(R-mpm)],[Nb'V(CN)3]}-4H,O (mpm =
a-methyl-2-pyridinemethanol) and a strongly anisotropic (tetren)Cuy[W(CN)gly bilayered magnet
showing the topological Berezinskii-Kosterlitz-Thouless transition.

Keywords: molecular magnets; magnetocaloric effect; octacyanometallates; critical behaviour;
coordination polymers

1. Introduction

In the quest for novel materials which could be used in modern technologies, molecular
substances play an important role, as they may show properties not available in conventional materials.
Molecule-based compounds attract much attention as they combine interesting magnetic, electronic,
and optical properties together with low weight, transparency, and chemical sensitivity. Molecular

Crystals 2019, 9, 9; doi:10.3390/ cryst9010009 68 www.mdpi.com/journal/crystals



Crystals 2019, 9,9

magnets represent a vast and still growing family of compounds based on molecular buildings blocks,
where organic groups mediate magnetic interactions between metal ions or may also carry their
own magnetic moment. Research into molecule-based materials is motivated by their potential
functionality due to the properties of the molecular building blocks or the specific character of
the resulting molecular network. Thanks to the rational design and advanced chemical syntheses,
it is possible to obtain systems with different magnetic dimensionalities: molecular ferro-, ferri-,
or antiferromagnets with the substantial ordering temperature T, magnetic molecular layers, magnetic
molecular chains, or magnetic molecular clusters, the latter two regarded as molecular nanomagnets.
In many cases, properties of the systems, like T, coercive field, magnetic moment, and colour, may be
changed and even controlled with different factors, such as temperature, irradiation with light, external
pressure, or sorption of guest molecules. Molecular magnets which show spin crossover transition,
photomagnetism, magnetic sponge behaviour, or optical activity are potential candidates for efficient
sensors and switches. On the other hand, superparamagnetic character, slow relaxation, and quantum
tunneling in anisotropic high-spin clusters, may be used in high-density magnetic storage, spintronics,
or quantum computing. Results of extensive studies on molecular magnetism have been reviewed in
books and monographies [1-4].

The relatively later explored functionality of molecular magnets has been the magnetocaloric effect
(MCE), consisting in change of the material temperature when a magnetic field is applied or removed.
MCE is an intrinsic thermodynamic property of all magnetic solids: it occurs in paramagnets, ferro-,
and ferrimagnets [5] but also in antiferromagnets at the metamagnetic transition [6]. Investigations of
MCE are significant also for the basic reason that its dependence on the magnetic field is related to the
critical behaviour of the material. The microscopic description of MCE has been presented in [7-10].
Of particular interest are “magnetic coolers”, i.e., substances for which an adiabatic demagnetization
provokes the substantial temperature decrease. The value of the effect depends on the temperature
derivative of magnetization, thus for paramagnets it is strongest at the lowest temperatures, while for
ordered magnets it achieves maximum at the magnetic ordering temperature T.. The aim is to replace
standard, non-ecological refrigeration techniques, studies on magnetocaloric effect in conventional
magnetic solids are concentrated on cooling in the room temperature range.

The most suitable candidates for magnetic refrigeration are here systems like GdsSixGes,
TbsSi,Gey, MnAs, or Ni-Mn-In Heusler alloys [11]. Materials with first order magnetic transitions at
T. may be considered as most suitable for large MCE but thermal and magnetic losses appearing in
transitions of this type may impede the practical applications. Consequently, materials showing the
second order magnetic phase transition are also taken into account. Interest in the magnetocaloric
effect in molecular materials and “chilling with magnetic molecules” [12] started about a decade
ago. At first, it has been investigated for slowly relaxing molecular nanomagnets with large spin,
Single Molecule Magnets (SMM) [2]. Because of the large ground-state spin S of SMM, the entropy
associated with the magnetic degrees of freedom, Sy, = RIn(25+1) (R is the gas constant) should be
sizeable. However, molecular anisotropy, which is essential in SMMs as it decides on long relaxation
time and blocking temperature, delays magnetization and demagnetization of the system, thus brings
about weak MCE. As stated by Evangelisti and Brechin, the ideal molecular refrigerant should have
large spin, negligible magnetic anisotropy, prevailing ferromagnetic coupling, and large magnetic
density [13]. These conditions are fulfilled in metal-organic frameworks with densely packed magnetic
ions, like [GA(HCOO)3] [14]. Large values of MCE observed in frameworks are not related to transition
at T¢ as these systems remain paramagnetic or show the long-range order only in the sub-Kelvin
range. MCE originates here from the Schottky anomaly consequent on splitting of the energy levels in
the field. Very large MCE values have been also observed in the ferromagnetic acetate tetrahydrate
Gd?* dimer [15], in the high nuclearity Gds,Coyg cluster [16], and in a 24-Gd capsule-like cluster
at temperature 2.5 K [17]. An interesting increase in the magnetocaloric effect in Mn™ glycolate on
transition between the three-dimensional coordination polymer and discrete mononuclear phase
induced by water molecules was reported in [18]. It follows that MCE in molecular clusters will play
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an important role in cooling in the sub-Kelvin temperature range. Advances in the design of magnetic
molecules for use as cryogenic magnetic coolants were reviewed in [19].

This paper presents investigations on the magnetocaloric effect performed by us for molecular
magnets based on octacyanidometallates. As it has been known from long-lasting studies of Prussian
blue analogs, M AMEIH(CN) 1 /3-zHp0 or AMATMBT(CN)g] Mo and MM are 3d metal ions and
Al is the alkali ion), as well as of other hexacyanidometallates, the cyanobridge is able to mediate
strong antiferromagnetic or ferromagnetic interactions between the metal moments [20]. Besides high
temperatures of magnetic order reaching room temperature, Prussian blue analogs (PBAs) may show
many fascinating properties, like light- and pressure switchable magnetism, magneto-optical effects,
or chemically controlled growth of nanosized systems [21]. Unlike the hexacyano- [M(CN)e] blocks of
octahedral symmetry, which set up the cubic structure of PBAs, bimetallic octacyanometallates are
based on more flexible building blocks offering eight CN-bridges to link the M and M’ metal ions. Most
often used [M(CN)g] blocks are 5d [WY(CN)g] or 4d [Nb!V(CN)g] and [MoV (CN)g] complexes, all of
spin S = 1/2. Eight possible coordination sites, the proper choice of other metal M’ and of additional
organic ligands resulted in a variety of obtained structures and magnetic properties [22-24]. Among
octacyanometallates one can find slowly relaxing systems [25-27], guest-molecule absorptive porous
networks [28,29], photomagnets [30,31], and magneto-optically active compounds [32], as well as
molecular sponges, which change, in a reversible way, the ordering temperature T and the coercive
field H. upon hydration/dehydration process [33] and other functional materials [34].

Below, we discuss the magneto-thermal properties of the octacyanometallates showing the different
types of crystal architecture. The most numerous group is the family of 3D octacyanoniobate-based
networks with different nonmagnetic organic ligands which significantly affect the structure and overall
behaviour of the material. Another subject under study is the high-spin dodecanuclear cluster compound
Nig[W(CN)gle, a possible candidate for cryogenic magnetic cooling. Two experimental methods for
measuring the MCE data, i.e., calorimetry and/or magnetometry were used. Moreover, the new
approach, consisting in measuring MCE for two perpendicular sample orientations (so called Rotating
Magnetocaloric Effect RMCE), is reported for a low anisotropy 2D {MHII(R—mpm)z]z[NbIV(CN)gl}'4H20
ferrimagnet, as well as for an anisotropic bilayered 2D Cus[W(CN)gls molecular crystal showing the
topological phase transition. Conclusions regarding the scaling and critical behaviour in some systems
under study are also included.

2. Deriving Magnetocaloric Effect from Calorimetric Data

2.1. Thermodynamic Setup

The magnetocaloric effect (MCE) is quantified either by the isothermal entropy change ASy, or
the adiabatic temperature change AT,q due to the external field change H;—H;. While the former
quantity may be derived from magnetometric data by using the integral version of the Maxwell relation
0S(T,H)/0H = oM(T, H) /0T, the latter one can be obtained solely from calorimetric data. In this
way, the heat capacity measurements performed without an external magnetic field as well as in a
nonzero field represent a more complete set of characteristics allowing one to arrive at both MCE
quantities. The step of pivotal importance in such a derivation is the determination of the temperature
and field dependence of the entropy thermodynamic function S(T,H). Then, the isothermal entropy
change AS, is obtained by a simple subtraction:

ASm(T,AH = Hy — H;) = S(T, Hy) — S(T, H;) 1)
while the calculation of the adiabatic temperature change AT,q is based on the formula:

ATad(T/ AH = H¢ — Hi) = [T(Sr Hf) - T(S/ Hi)]S (2)
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which requires the inversion of the S(T,H) dependence with respect to variable T. However, the above
procedure is not as straightforward as it might seem. The problem lies in the experimental limitations
where we can measure the heat capacity C,(T,H) down to a possibly small but finite temperature Tt,
never reaching the limit of 0 K, while for the correct determination of the S(T,H) function one needs to
know the C,(T,H) function from zero absolute temperature: S(T, H) = fOT Cp(T',H)/T'dT’. Anatural
way to solve the problem is using a plausible extrapolation scheme. In what follows we will present
two such schemes employed in the investigations of molecular magnets. The first scheme is more
complete and involves the determination of the so called baseline incorporating the lattice contribution
to the heat capacity. Having the baseline, one can extract the magnetic excess heat capacity AC, and
extrapolate it down to 0 K by assuming a two parameter algebraic function AC, (T, H) = A(H)TE(H)
which is believed (there are no theoretical accounts of that) to work well for the nonzero-field case
as it is well-known to do in the zero-field case (the Bloch law for ferromagnets). The extrapolation
scheme consists in two independent steps. Firstly, the algebraic function is fitted to the magnetic
excess heat capacity data AC, in the narrow temperature range [Tr,Tmax] for the different applied
field values. Next, the resultant fits are complemented with the extrapolated baseline to yield the final
form of the sought-for low temperature extrapolation of C»(T,H). The other scheme is a simplified
one as it obviates the need to determine the normal heat capacity (baseline). However, it does require
the extrapolation of the C, data down to 0 K. The extrapolation is performed assuming again a two
parameter function Cp,117(T, H) = A(H) T3 4 B(H)T?/2, where the first term corresponds to the lattice
contribution, while the second term represents the Bloch law for the magnonic contribution.

The above schemes will be exemplified by three compounds belonging to the class of molecular
magnets. The first compound (1) with the chemical formula {Ni[Ni(4,4’'dtbpy)(H,0)]s[W(CN)sle}-
17H,0 (4,4'dtby — 4-4-di-tert-butyl-2,2’-bipyridine, Co0H24N>04) (Nig[W(CN)sls in short) consists
of unique clusters. The main component of the compound is a fifteen-center cyanido-bridged
Ni(II)gW(V)e molecule forming a cube-like framework to which the spacious tert-butyl substituted
bipyridine ligands are connected. The spin carried by the W(V) ion is Sw = 1/2, while that of
the Ni(II) ion is Sn; = 1. This allows one to calculate the maximal molar magnetic entropy of the
cluster as equal to Spax1 = RIn(2Sn; + 1)9(25w + 1)6 ~ 116.79 J-K~1.mol~1, which makes one
anticipate a considerable magnetocaloric response. However, the spins constituting the cluster are
ferromagnetically coupled through the cyanide linkages giving rise to a relatively high spin S = 12 [35],
which leads to the entropy content amounting to RIn(25 + 1) ~ 26.76 ] - K ! mol !~ Smax,1/5. Itis
this reduced value that sets the order of magnitude of MCE at low temperatures, where the intracluster
interactions are at play. The detailed study of MCE for this compound was reported in [36]. The second
compound (2) is a bimetallic molecular magnet {[MnH(pylrazole)4]2[N‘DIV(CN)g]-4HZO}n (pyrazole
is a five membered ring ligand C3H4N>) [37].The Mn" ions carry the spin of Sy, = 5/2, while the
Nb' ions possess the spin of Syp, = 4, which implies that the maximal molar magnetic entropy of
the system is Smax2 = RIn (2Sun + 1)2(251\117 +1) ~ 35.56 J]-K~! mol~!. This, together with the fact
that the compound exhibits the second-order phase transition, makes one anticipate a considerable
magnetocaloric response. Yet, an antiferromagnetic coupling between the Mn!! and Nb!V ions was
suggested by the analysis of the magnetometric data [37], which implies that a more representative
spin value per formula unit (at least in the magnetic fields below the decoupling threshold) is S = 25y
— S = 9/2. The corresponding entropy content is reduced down to RIn(2S + 1) ~ 19.14 J-K~! mol !
but still substantial. The detailed analysis of MCE for 2 was reported in [38]. The third compound (3)
is a bimetallic coordination polymer {[FeH(pyrazole)4]2[NbIV(CN)g]~4H2O}n, isostructural with 2 [37].
The spin of the Fell ion is Sge = 2, while the spin carried by the Nb'V ion is Sy, = 1, which sets the
maximal molar magnetic entropy of the system as equal to Smax, 3 = R1n (25p + 1)2(25Nb +1) =
32.53]-K~ ! mol~!. The compound is known to display the second-order phase transition and thus a
considerable magnetocaloric effect may be anticipated. On the other hand, the preliminary analysis
of the magnetometric data implied an antiferromagnetic coupling between the constituent ions [37],
which suggests that the total spin of S = 2Sg. — SN, = 7/2 is a more representative spin value per
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formula unit, at least in the low temperature and low field regime. The entropy content associated
with this spin value amounts to RIn(2S + 1) ~ 17.29 J-K~! mol~!, which is reduced by half but still
substantial. The detailed report of MCE for this compound is given in [39].

2.2. Cluster Compound Nig/ W(CN)gls

The compound crystallizes in a triclinic system, space group P1. The unit cell comprises one
centrosymmetric cluster, the structure of which is shown in Figure 1. Due to the relatively large
size of the tert-butyl substituted bpy (bpy = 2,2"-bipyridine = C1oHgN,) the distances between the
cluster centers exceed 20 A and the m— interactions in the system are practically absent. Hence the
inter-cluster superexchange interactions may be completely neglected in the studied temperature
range of 2-300 K.

Figure 1. Core of the NigW¢, clusters: W—magenta; Ni—cyan; N—blue; C—black. The relative sizes of
the balls correspond to the atomic radii of the respective atoms.

Heat capacity of the compound was detected on cooling with the PPMS instrument without a
field and for an array of applied field values in the temperature intervals 0.4-20 K with the 3He probe
and 1.8-100 K with the standard probe cooled with liquid *He. Due to the different sensitivities of
the probes in different temperature regimes, we used the data provided by the former system below
15 K and those provided by the latter system above 15 K. In the zero applied field a broad anomaly of
width about 2 K with a very flat maximum around 1.9 K was revealed, see Figure 2. An increasing
applied field is apparent to gradually suppress the anomaly leaving no trace of it for the maximal field
value of 9T.

Figure 2. Heat capacity of the compound in the low temperature range. There is a broad anomaly with
a flat maximum at about 1.9 K gradually suppressed by the increasing magnetic field.
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The zero-field heat capacity of 1 is depicted in Figure 3 in the range of 0.4-100 K. To construct the
baseline an approximate approach was employed. The observed C, values within the specific range
30-63 K above the anomaly, which we shall elucidate in what follows, are assumed to comprise two
separate contributions. The first contribution involves the lattice degrees of freedom C, (lattice) and the
second contribution Cimag(H,T) is due to the Schottky-like anomaly anticipated for spin clusters coupled
via the exchange interactions. While a polynomial approximation involving cubic and higher-order
terms is employed to describe the former, the latter is introduced with the term proportional to T—2.
Thus the experimental heat capacity values are assumed to be represented within the range of 30-63 K
by the following formula:

m
Cp = Cp(lattice) + Cmag (HT) = Y a;T" + bT 2 ©)
i=3

Fitting Equation (3) with m = 6 to the experimental heat capacity values yielded a3 = 6.07(7) x
1072J-K 4 mol~ 1, ag = —2.08(4) x 1073 J-K~®> mol~1, a5 = 2.76(9) x 107> J.K=® mol 1, a5 = —1.33(6) x
10~7 J-K~7 mol~!, and b = 45,355.9(1) J-K-mol L. The baseline is defined by Cp(lattice) thus determined
and extrapolated down to 0 K (green solid curve in Figure 3). The subtraction of the baseline from the
detected heat capacity values yields the magnetic excess heat capacity AC,, see Figure 4.
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Figure 3. Heat capacity of 1 (symbols) together with the baseline (solid line). Inset: Zero-field excess
heat capacity in the low temperature range (symbols) with the algebraic fit fT# (solid line).

To calculate the entropy content associated with the excess heat capacity AC, in zero field the
low temperature behaviour of AC, was additionally analyzed. A function fT# was fitted to the
magnetic excess heat capacity in the narrow range of 0.41—-0.62 K (10 experimental points). The best
fit yielded f = 11.1(2) J- K=+ mol~! and u = 1.04(2) (see Inset of Figure 3). The low-temperature
algebraic best-fit function was next used to estimate the entropy contribution in the temperature range
0-0.62 K. The entropic contribution in the temperature range 0.62—-63 K was obtained by numerical
integration of the area under the excess heat capacity signal AS = f ACpdInT. Finally, the high
temperature excess heat capacity bT~2 was used to estimate the entropic contribution above 63 K.
The total entropy content amounts to 116.97 J-K~1-mol~! and is slightly higher than the value of
Smax1 = 116.79 J-K~1-mol 1. Such a good level of agreement of the calculated magnetic entropy with
the theoretically predicted value is not accidental. The particular choice of the temperature interval
used to determine the baseline (30-63 K) was made so as to reproduce the total magnetic entropy
associated with the reported spin cluster. The above procedure was automatized within a specially
designed notebook of the Mathematica 8.0 environment.
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Figure 4. Temperature dependence of the magnetic excess heat capacity of 1.

Equations (1) and (2) were used to determine temperature dependences of AS; and AT,g4.
The entropy thermodynamic function S(T,H) was calculated upon the algebraic extrapolation of
the magnetic excess heat capacity AC, down to 0 K using the data in the interval 0.40-0.63 K
(10 experimental points) for each field value. The resultant extrapolating functions were next appended
with the baseline to yield the final forms of C,(T,H).

Temperature dependence of ASy, for several indicated field change values (10AH = 1o(H-0) =
1oH) is depicted in Figure 5. The —AS, vs. T curves display maxima placed in the range 2.4—6.5 K
in addition to becoming broader and higher with increasing field change values. The peak values
of IASy, | and positions are given in Table 1. |ASPE™| for joAH =5 T of other magnetic molecules
was reported to range from 25 to 45 J-K~1-kg ™! [19] which is considerably higher than \As%eak| =
3.36 - K kg ! (18.38 - K !-mol ') recorded for 1. This is most probably due to the relatively higher
molecular weight of 1. On the other hand, the observed \ASrp:ak| values lie close to the low temperature
physical threshold defined by R In(2S + 1) ~ 26.76 ]-K~1-mol~! with S = 12. In the whole experimental
range, the —AS), values remain positive exceeding 3 J-K~!-mol~, although it is apparent they steeply
drop below their peaks.

Figure 5. Isothermal entropy change ASy, as a function of temperature for 1 (symbols) inferred from
the calorimetric data
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Table 1. Peak values of ASy, and AT,q4 of 1.

POAH (T)  Tpey () 1ASE™ 1K mol ™) Tpeqie (K)  ATPN(K)
1 24 7.18 29 16
2 3.0 1142 26 28
3 35 14.48 24 3.6
4 3.9 16.62 23 42
5 43 18.38 22 46
7 53 20.86 20 52
9 6.5 2.77 2.0 56

One usually looks at the parameter 7 (= d In |ASy,|/d In H) conveniently quantifying the local
sensitivity of the isothermal entropy change ASy, to the external field amplitude H = AH = Hg
(H; = 0). The value of n means that in the vicinity of a given thermodynamic point (T,H) the
entropy change is approximately given by the power function H". At high temperatures, where the
magnetization is directly proportional to the field (the Curie-Weiss law), the integral version of the
Maxwell relation implies a quadratic field dependence of ASy,, giving rise to n = 2. Figure 6 shows
the temperature dependence of the field-averaged value of parameter 1 for 1. The field-variation
of n differs in intensity at different temperatures, which is reflected by the size of the error bars.
The behaviour of 1 is consistent with the above high-temperature paradigm, showing a steady increase
with temperature and approaching the limiting value of 2. At the experimental low-temperature
threshold parameter 7 attains a value as low as 0.16.
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Figure 6. Temperature dependence of exponent n determined for 1.

In Figure 7 the adiabatic temperature change AT, is depicted. All the AT,4(T) curves can be seen
to display well-defined peaks. The peak amplitudes of AT,4 and the corresponding peak positions
are listed in Table 1. The value of ATfjak for yyAH =1, 3,5,7 and 9 T amounts to 1.6, 3.6, 4.6, 5.2, and
5.6 K, respectively. The record beating Gd3* dimer with Angak ~3.5,9.0,12.7 K for pjpAH =1, 3, and
7 T, respectively [40], exceeds the Angak values of 1 more than twice. However, they fall closer to
those reported for the Mns; cluster (AT_E;ak ~22,45,6.7 Kfor uypAH =1, 3, and 7 T, respectively) [41].

The values of ATfj‘ak reported for the compound {[NiH(pyrazole)4]2 [NbY(CN)g]- 4H,0}y, 2.0 K for
#oAH =5T, and 2.9 K for ugAH = 9 T [42], are significantly lower than for 1. The still lower value was
recorded for molecular magnet Mny-pyridazine-[Nb(CN)g] (1.5 K for #oAH =5 T), but this is probably
due to the relatively higher transition temperature of 43 K [43].
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Figure 7. Temperature dependence of the adiabatic temperature change AT ,q for 1.
2.3. Coordination Polymer {[MnH(pymzole)4]2[NbIV(CN)g]-4HZO},,

Compound 2 crystallizes in the tetragonal space group 14, /a [37]. Its unique structure consists
of a 3D skeleton, where each Mn! center is bridged to only two Nb!V ions through the cyanido
linkages Mn'l-NIC-Nb!V, while each Nb'V centre is linked to four Mn! ions. The remaining part of
the pseudooctahedral coordination sphere of Mn' is substituted with pyrazole molecules, while four
further terminal cyanide ligands are linked with the NbV ion. It is an interesting and unique structural
feature that a three-dimensional (3D) extended network should emerge from such low connectivity
indices. Figure 8 shows the crystal structure of the compound for instant reference.

o Nb & Mn N oC

Figure 8. Structure of 2. (a) View of the structure along the ¢ (a) and b (b) crystallographic axes.
For clarity the water molecules, the hydrogen atoms, and all nonbridging cyanido ligands have
been removed.

The magnetic data imply that at T ~ 23.8 K compound 1 undergoes a phase transition to the
long-range magnetically ordered state [37]. The mean-field approach was employed to analyze the
isothermal magnetization and the dc susceptibility, revealing the antiferromagnetic character of the
coupling between the Mn!! and Nb'V centers, which gives rise to an overall ferromagnetic behaviour.
The coupling constant was estimated to amount to —6.8 em~1 (—=9.8K) [37].

The relaxation calorimetry technique implemented in the PPMS Quantum Design instrument was
used to measure the heat capacity of 1. The zero-field measurements carried out in the temperature
range of 1.9-101 K revealed a well-defined A-shaped anomaly at 22.8 K (slightly lower than the
magnetometric counterpart) providing evidence of the presence of a magnetic continuous transition,
see Figure 9. Additionally, the sample was measured in the applied field of yoH = 0.1, 0.2, 0.5,
1,2,3,4,5 7, and 9T in the range of 1.9-40.4 K in the cooling direction. To estimate the normal
heat capacity (baseline), the observed C, values within the specially selected range 31-55 K above
the transition temperature (justified in what follows) were considered to involve two independent
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contributions. The first contribution originates from the lattice degrees of freedom Cp(lattice) and the
second contribution is magnetic and due to the short-range order Ciag (short-range order). While
the latter is introduced by the term proportional to T~2, a polynomial approximation with cubic and
higher order terms is used to model the former. Thus the experimental values of the heat capacity
within the range of 3155 K are assumed to be given by the formula:

n .
Cp = Cp(lattice) 4+ Cmag(short — range order) = ) a;T' + bT 2 4)

i=3

Fitting Equation (4) with n = 6 to the experimental heat capacity values yielded a3 = 1.8674 x
1072 - K *mol !, a4 = —7.0801 x 10~*J-K~5-mol 1, a5 = 1.0546 x 1075 J-K~®-mol !, as = —5.7808 x
1078 T K~7-mol ™!, and b = 8345.94 ]-K mol~!. The lattice heat capacity C,(lattice) thus determined
extrapolated down to 0 K defines the baseline (solid curve in Figure 9).
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Figure 9. Zero-field total heat capacity of 2 (symbols) with the baseline (solid line). Inset: Zero-field
magnetic excess heat capacity in the log-log plot (symbols) with the linear fit in the low temperature
regime (solid line).

The subtraction of the lattice heat capacity from the detected heat capacity values yields the
magnetic excess heat capacity ACp, see Figure 10. Increasing magnetic field is apparent to suppress the
anomaly peak. Moreover, consistently with a system with dominating antiferromagnetic coupling it
slightly moves the anomaly toward lower temperatures. The calculation of the entropy associated with
zero-field AC,, proceeded in three separate steps. Firstly, the contribution to the entropy above 55 K was
estimated by considering the high temperature excess heat capacity bT~2. Secondly, the contribution
in the temperature range 1.9-55 K was calculated using the formula AS = [ ACpdInT. And finally,
to obtain the low temperature contribution function fT# was fitted to AC, in the range of 1.9-3.0 K,
yielding f = 0.45(1) J-K=0+#) mol ~land u = 1.45(3) (see Inset of Figure 9). Next, the fitted function was
logarithmically integrated in the interval 0-1.9 K. The total magnetic entropy is received by summing
the above three contributions giving 35.31 J-K~! mol~!. This value compares perfectly well with Syax2
=35.56 J]-K~1-mol~!, which is attributable to the specific choice of the temperature interval (31-55 K)
used to determine the baseline.
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Figure 10. Magnetic excess heat capacity of 2.

Similarly as for 1 using Equations (1) and (2), the isothermal entropy change AS,, and the
adiabatic temperature change AT,q were determined. The entropy thermodynamic function S(T,H)
was calculated using the baseline and the algebraic extrapolation of AC, based on the data in the
temperature range of 1.9-3.0 K. Figure 11 shows the temperature dependence of ASy, for ypAH =0.1,
0.2,05,1,2,3,4,5,7and 9T (H; = H, H¢ = 0). It is apparent that the corresponding curves display a peak.
In Table 2 the peak values of AS, together with the peak positions are provided. In addition to the
ASy, data inferred from the calorimetric measurements Figure 11 shows also the ASy, values obtained
by using the Maxwell relation from the magnetometric data [42]. Except for the two highest field
change values (4 and 5 T), where the magnetometric data are slightly scattered around the smoother
calorimetric data, both sets agree strikingly well. The lack of smoothness is probably a consequence of
the problems of the particular instrument with temperature stabilization.

| | | @ 027
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Figure 11. Temperature dependence of the isothermal entropy change ASy, of 2 inferred from the heat
capacity measurements (spheres) or from the isothermal magnetization measurements (stars).

The value of ASE, * = 6.83 J-K~1-mol~! detected for ugAH = 5T slightly exceeds that reported
in [42] (6.7 J-K~1-mol~1). The isostructural compound {NiH(pyrazole)4]2[NbIV(CN)g]-4HZO}n reveals
at the same time the lower entropy change of 6.1 J-K~!-mol~! [42], which most probably can be
attributed to the smaller spin value of the Ni'l ion (Sy; = 1). Figure 12 shows the thermal dependence
of the field-averaged exponent n for 2. On heating parameter 7 it is apparent that it smoothly decreases
down to the minimal value of 0.62 attained at 23.6 K (slightly above the transition temperature),
and subsequently increases toward the high temperature value of 2. At the transition temperature
TN = 22.8 K parameter n takes on the value of 0.64. It can be compared to that calculated using the
relationship: n|r_g = 1+ (B —1)/(B + ) [8,44]. The value of 0.6424(4), obtained with the above
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equation and the theoretical estimates of p = 0.3689(3) and = 1.3960(9) for the 3D Heisenberg

universality class [45], is very close to that obtained for 2.

Table 2. Peak values of ASy, and AT g4 of 2.

PoBH () Tpea () 1SR I (J-K T mol ™) Tpeqe 0 ATES™(K)
0.1 23.3 0.29 233 0.06
0.2 23.8 0.68 233 0.14
0.5 23.8 1.50 23.8 0.30
1 23.8 244 23.8 0.50
2 24.3 3.85 23.8 0.80
3 24.3 499 23.8 1.04
4 24.3 597 23.8 1.24
5 24.3 6.83 23.8 1.42
7 24.3 8.30 23.8 1.73
9 255 9.49 238 197
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Figure 12. Temperature dependence of exponent n for 2.

The AT,4(T) curves are shown in Figure 13. A two-peak structure of the curves is apparent.
In addition to the expected peak located near the transition temperature they reveal the second peak
at the lowest experimentally accessible temperatures. In Table 2 the primary peak values of AT 4
are provided. The positions of the primary peaks are practically independent of the applied field
change. Moreover, there is their slight shift off the transition temperature toward higher temperatures.
By contrast, the increasing magnetic field change seems to move the secondary peaks toward lower
temperatures. The isostructural compound {NiH(pyrazole)4]2[NbIV(CN )s]-4HO}, revealed higher
values of AT,q, i.e., 2.0 K for ygAH =5 T, and 2.9 K for ypAH =9 T [42]. The amplitudes of AT,q4
reported for Mn,-pyridazine-[Nb(CN)g] (1.5 K for j(pAH = 5 T) [43] and hexacyanochromate Prussian
blue analogues (1.2 K for pgAH =7 T) [46] are at the same time comparable to those for 2.

The occurrence of the secondary peaks in the AT,4(T) signal around 2 K points to the possibility
that beyond the experimentally accessible temperature range an additional magnetic transition is
concealed. This conjecture is neither confirmed by the shape of the ASy,(T) signal nor it was confirmed
by additional heat capacity measurements in the temperature range 0.8-10 K [38]. Therefore it seems
plausible that the reason for the presence of the secondary peaks is merely the proximity effect to the
natural boundary of the temperature scale (T = 0 K). In order to shed some light onto that point a
hypothetical paramagnetic medium was considered which consists of entities carrying the effective
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spins of S =9/2 (2 Spin — Snp =5/2 +5/2 — 1/2). AT,q of this medium may be found solving the
following differential equation implied by the Maxwell thermodynamic relation:

OM(T,H
ar _ (", -

dH =~ CL(T) + Cu(T, H)

where M(H,T) denotes the molar magnetization, C, stands for the lattice contribution to the total
heat capacity, Cp is the magnetic contribution. The baseline determined for 2 may serve as Cp..
The paramagnetic Hamiltonian corresponding to an isolated spin S subject to applied magnetic field
provides the basis to calculate Cyy and OM(T, H) /9T. Let us note that in [38] an integral version of
Equation (5) was used, which is incorrect due to the explicit T-dependence of its right-hand side.
Solving Equation (5) with initial conditions T(H; # 0) = T; in the field interval [H;,H¢ = 0] for several
arbitrary values of the initial temperature T; yields the system of adiabats shown in Figure 14 in the
(H,T) plane.

Figure 13. Temperature dependence of AT,4 of 2.
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Figure 14. Adiabats obtained by solving Equation (5) with different initial conditions. Two adiabats
are highlighted: the adiabat corresponding to the demagnetization process starting from 5 Kand 9 T
(blue), the adiabat corresponding to the magnetization process starting at 5 K and 0 T continued up to
9 T (red). The arrows show the amplitudes of the corresponding adiabatic temperature changes AT 4.

Using Equation (5) the AT,q signal was calculated for the magnetization processes H; = 0 — Hj,
with H¢ assuming the integer field values, within the temperature interval 0 —55 K. The result is
shown in Figure 15 together with the AT,q4 signal of 2 (cf. Figure 13). Two points may be raised here.
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Firstly, the AT,4(T) curves of the hypothetical medium are peaked at 0 K, which is the direct vicinity
of the secondary peaks in the AT,4 signal of 2. Secondly, the magnitude of AT,4 of 2 is about four
times smaller than that of the hypothetical medium. Strikingly enough, it may be concluded that the
presence of a magnetic phase transition at some finite temperature has an adverse effect on MCE.

TIK]

Figure 15. AT, of the hypothetical paramagnetic medium sharing with 2 the same spin content and
the lattice heat capacity (solid lines). For the sake of comparison AT,q4 of the studied compound has
been also shown (symbols).

2.4. Coordination Polymer {[Fe!(pyrazole)4],[Nb'"Y (CN)g]-4H, O},

Compounds 2 and 3 share the crystallographic structure. The graphical representation of the
crystal structure of 3 is shown in Figure 8 with the Mn! ions replaced by the Fel! ions. The magnetic
data implied that the compound undergoes a transition to a long-range magnetically ordered state at
T. ~ 7.8 K[3,16]. Moreover, the muon spin rotation spectroscopy (uSR) strongly suggested that the
compound may be assigned to the universality class of the 3D Heisenberg model [40]. The calculations
based on the mean field-model and the magnetometric data pointed to the antiferromagnetic character
of the superexchange coupling between the Fell and Nb!V centres [37].

The relaxation calorimetry technique implemented in the PPMS Quantum Design instrument
was employed to measure the heat capacity of 3. The measurements were carried out both without
applied field and in nonzero field in the range 0.36-20.2 K in the cooling direction. The temperature
dependences of ASy, and AT,y were determined by employing Equations (1) and (2). In this case
the entropy thermodynamic function S(T,H) was calculated without determining the normal heat
capacity. However, the calculation required the extrapolation of C, down to 0 K. Two independent
contributions were considered in the extrapolation scheme involving two field-dependent parameters:
Cprr(T,H) = A(H )T? ++ B(H)T?3/2. The first contribution accounts for the lattice degrees of freedom,
whereas the second one is due to the magnonic excitations (the Bloch law).

Figure 16 shows the temperature dependence of AS, for jjpAH =0.1,0.2,05,1,2,5,and 9 T
(H; # 0, Hg = 0). Table 3 lists the values of ASy, attained at the maximum. The isostructural compounds
{[Mll(pyrazole)4]2[NblV (CN)g]-4H,0}y, with M = Ni and M = Mn reveal ASEy & for uoAH =5T equal to
6.1]-K 1-mol~! and 6.7 ]-K~'-mol !, respectively, which is higher than the value of 4.9 J-K~'-mol !
detected for 3 [42]. It is surprising that it should be so for the Ni congener as the Ni'l ion carries lower
spin (Sni = 1 < Sge = 2). However, it is consistent with the ferromagnetic superexchange present in the
Ni compound [37] and the relatively stronger anisotropy of the Fe'l centre [13].
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Figure 16. Temperature dependence of the isothermal entropy change ASy,.

Table 3. Peak values of ASy, and AT 4 of 3.

HAH (T)  Tpea (K) I ASES* | (J-K~1-mol 1) Tpeak (K) ATanlak(K)

0.1 8.9 0.3 8.8 0.1
0.2 8.9 0.5 8.8 0.2
0.5 8.9 1.0 8.9 0.4
1 9.3 1.6 8.8 0.6
2 9.3 2.7 8.8 1.1
5 10.3 49 8.9 2.0
9 6.9 6.9 8.8 2.8

The field-averaged exponent # of 3 vs. temperature is depicted in Figure 17. Its estimation drew
on the data in Figure 16. The n vs. T curve reveals a minimum of 0.63 slightly above T, = 8.3 K (implied
by the peak in the zero-field heat capacity). On further increase of temperature, it increases toward the
value of 2, consistent with the fact that in the paramagnetic phase the susceptibility is independent of
field (the Curie-Weiss law). At T. parameter n takes on the value of 0.64, which, like in the case of 2,
indicates that 3 belongs to the universality class of the 3D Heisenberg model.
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Figure 17. Temperature dependence of exponent 7 for 3.

Temperature dependence of AT,q4 of 3 calculated using Equation (2) is shown in Figure 18. All the
AT,q vs .T curves reveal peaks in the vicinity of T.. The peak values together with the peak positions
are listed in Table 3 which indicates that the peak positions are slightly moved off T toward higher
temperatures and are practically independent of the applied field change value. The presence of a field
induced effect is suggested by the occurrence of an inflection point at about 4 K (most apparent for
higher fields) followed by a sharp drop. The values of AT,4 are comparable to those reported for its
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Ni congener (2.0 K for ppAH =5 T, and 2.9 K for ypAH =9 T) [42], and larger than those found for
Mn,-pyridazine-[Nb(CN)s] (1.5 K for p9AH = 5 T) [43], hexacyanochromate Prussian blue analogues
(1.2 K for uoAH =7 T) [46], and the Mn congener (1.42 K for ygAH = 5T, and 1.97 K for p9pAH =9 T) [38].
The last case might seem surprising as the Mn ion carries the maximal spin value (Syin = 5/2) among
the 3d ions. However, the Mn congener (2) displays the transition to the magnetically ordered phase at
the temperature (22.8 K) which is more than twice as high than for 3, and the ratio of the magnetic
excess heat capacity to the lattice heat capacity is expected to decrease with temperature. Thus the
magnetic entropy for 2 may be admittedly higher than for 3, but it is faced with a relatively higher
heat capacity at the transition temperature, which suppresses the magnitude of AT 4.

eeCEEEe

Figure 18. Temperature dependence of AT,q for 3.
2.5. Final Remarks of Section 2

In this Section we have demonstrated how one can employ the calorimetric data to determine
two main characteristics of the magnetocaloric effect, i.e., the isothermal entropy change ASy, and the
adiabatic temperature change AT,q4. The pivotal step in the corresponding procedure is the calculation
of the entropy thermodynamic function S(T,H) in the temperature interval starting from 0 K and
for the given applied field values. Due to the experimental limitations, where the heat capacity
measurements go down to a possibly small but finite temperature Ty, never reaching the limit of 0 K,
the procedure is out of necessity only approximate. The approximation consists in the extrapolation of
the low-temperature Cy(T,H) values from Ty down to 0 K by using the heuristic algebraic function.
Two approaches were considered, the simplified approach obviating the need to determine the normal
heat capacity (baseline) and the more comprehensive approach, where the baseline is constructed using
the polynomial approximation. Both approaches were exemplified by three instances of molecular
magnets, the cluster compound involving 15 ferromagnetically coupled spins (1) and two isostructural
3D coordination polymers 2 and 3 including Mn™' and Fe!! ions, respectively. While 2 and 3 display the
transitions to the magnetically long-range ordered phases, compound 1 does not order magnetically
above 0.4 K. For the sake of comparison of the MCE signals of the studied compounds Figure 19 shows
the temperature dependences of the isothermal entropy change ASy, and the adiabatic temperature
change AT,q4 corresponding to the field change jipAH =5 T. It is apparent that at the lowest temperatures
the cluster compound 1 substantially exceeds 2 and 3 in terms of the ASy, and AT,q4 signals. The peak
values of the AS,, quantity seem to monotonically depend on the constituent spin value with that for 1
being the highest (S = 12), that for 2 being intermediate (Syi, = 5/2) and that for 3 being the smallest
(Ske = 2). This hierarchy breaks down for the AT,y peak values with the peak value of 3 exceeding
that of 2, which can be rationalized by remembering that higher temperatures involve higher heat
capacity values and a concomitantly lower heating or cooling effect. Compounds 2 and 3 can compete
with 1 in terms of the AT,4 signal only in the intermediate temperature range. One can thus conclude
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that in order to optimize the MCE parameters one should strive to organize separate spin carriers in
ferromagnetically coupled clusters rather than in 3D extended networks.

20 HAH=5T
B : o 1
el om a3
g : a4 3
124 ‘
"
o "o
2}
0
B 2 11
. o 2
. i a 37
=%
B
1 Ty
0 Iy EDCDEDDEDDDUD
0 10 20 30 40 50 60

T[K]

Figure 19. Temperature dependences of the isothermal entropy change ASy, and the adiabatic
temperature change AT,q corresponding to the applied field change of ypAH = 5 T for the three
studied compounds.

3. Magnetocaloric Properties and Critical Behaviour in Magnetically Ordered Compounds
Investigated by Magnetometry

3.1. {IM(H,0),],[Nb" (CN)g]-4H,0},(M = Fe, Mn) Molecular Compounds

{IMn' (H20)2]2[Nb™ (CN)s]-4H, O} (4) and {[Fe' (H>O)2 o [Nbry (CN)s]-4H;O}n (5) are isostructural
molecular magnets, which crystallize in tetragonal space group 14/m. Despite the same structure these
compounds show different types of magnetic moments order. Mn-based compound (4) is a ferrimagnet
with the coercive field equal to 0 Oe and critical temperature T equal to 50 K. Fe-based analogue (5)
is an example of a ferromagnet with the coercive field equal to 145 Oe and T, equal to 43 K [47,48].
For both compounds the magnetocaloric effect was determined using an indirect method involving
the measurements of a series of isothermal magnetization curves as a function of external magnetic
field M(H) in a wide temperature range: above and below the critical temperature (Figure 20a).
The magnetic entropy change | AS| was calculated based on the integrated Maxwell’s relation given

by the equation:

-Hy
asu(r,am) = [ (MG ar ©)

As expected, a maximum AS value occurs at temperatures corresponding to T, and |AS|
increases with AH. The replacement of Fe by Mn in isostructural {IML(H,0),],[NbY (CN)g]-4H, 0},
network causes an increase of | AS|™ as well as the temperature at which the maximum value
of the entropy change occurs [49]. The maximum values of |1AS| are equal to 4.82 ] mol~'K~!
(8.65]kg*1K*1) and 5.07 ] mol~'K~1 (9.09 J kgflK’l) for the field change of 0-5 T for 5 and 4,
respectively. Slightly higher values of the magnetic entropy change observed for 4 may be related
to the spin value of the Mn! ion (Syn = 5/2), being higher than that of the Fell ion (Sge = 2) and the
typically soft magnetic character.
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Figure 20. (a) Magnetization vs field isotherms measured in the vicinity of Tc for {Mn"(H,0),1,
[NBbY(CN)g]-4H,0}n (4) and (b) temperature dependence of magnetic entropy change recorded in
various magnetic fields for (4) and ([Fe'l(H,0),1,[Nb!Y (CN)g]-4Hp O} (5).

A useful parameter describing the efficiency of a magnetocaloric material is the relative cooling
power (RCP) defined as RCP = |AS|"" dpwrar, where Sgwiy is the full width at half maximum of
the magnetic entropy change curve. The RCP measured for an applied magnetic field of 5 T is equal to
118.40 and 125.43 ] mol~! (212.61 and 225.59 ] kg~ 1) for 4 and 5, respectively. These values of RCP
make about 50% of that of pure gadolinium-prototype magnetocaloric material.

An important aspect of the analysis of MCE is the construction of a universal curve of magnetic
entropy change, a so-called master curve. Franco et al. [44,50] proposed that such universal entropy curve
can be successfully used for determination of phase transition order. For the substances undergoing the
second order phase transition, the temperature dependences of the magnetic entropy changes obtained
at different applied magnetic fields may overlap after rescaling. The phenomenological universal
curve can be constructed by normalizing all the AS(T) curves using their maximum value AS™® and,
subsequently, re-scaling the temperature axis according to the following expression:

_ _(T_ Tc)
0= Tt

(T-Tc)

,T<T,; 0= —
¢ (TrZ*Tc)

, T>T, (7)

The values of reference temperatures Ty, Typ were calculated based on AS(T;)/AS™® = h, where
h is a reference level with value from the range 0-1. For both studied materials: 4 and 5, the rescaled
AS(T)curves, create one master curve in a wide temperature range, and thus the type of the magnetic
order does not affect their construction. Figure 21 shows the comparison of universal entropy curves
obtained for samples 4 and 5.
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Figure 21. Universal curves of ferrimagnetic {IMn'(H,0), 1, [Nb'Y (CN)g]-4H, 0}, (4) (a) and ferromagnetic
{[Fe!'(H,0),12[Nb!V (CN)3]-4H, O}y, (6) (b) compounds.
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3.2. {[M"(pyrazole) 4 J,[NV'V (CN)gl3-4H, O}, (M = Ni, M) Molecular Compounds

{[Mn"!(pyrazole)s]o,[Nb" (CN)g]3-4H2O}n (6) and [Ni' (pyrazole)Jo[Nb™ (CN)sls-4H, O}y (7) are
subsequent examples of isostructural bimetallic compounds, where pyrazole is the five membered
C3H4N, ring. MCE results for 6 determined by calorimetry, including both the entropy change and
the adiabatic temperature change, have been already discussed in paragraph 2.3. Below, we proceed
the study to compare the effect in the Mn-based compound with that in the Ni-based compound. Both
substances show a sharp phase transition, from a high- temperature paramagnetic to a low-temperature
ordered state and while 6 is a ferrimagnet with critical temperature equal to 23.8 K, 7 is a ferromagnet
with T¢ = 13.4 K [37]. The higher values of the magnetic entropy change were observed for sample 6,
despite the ferrimagnetic coupling between magnetic ions (see Figure 22) [42]. The higher value of
magnetic entropy change observed for 6 may be related to the spin value of the Mn™ ion (Sy,=5/2)
being higher than that of the Ni! jon (Sng = 1). For Ni-based compound, the magnetic entropy
change was also determined by means of the heat capacity measurements. Obtained result is in
good agreement with the previous estimation inferred from M(H, T) data. The similar reasonable
agreement of the magnetically and thermally determined values of the magnetic entropy change was
previously observed for some inorganic alloys [51]. Based on the heat capacity data for 7, we estimate
the maximum value of the adiabatic temperature change AT,q upon the applied magnetic field change
of 9 T was equal to 2.9 K [42].

8 T T T T T
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Figure 22. The plot of magnetic entropy change vs temperature corresponding to ygAH =1, 5T
measured for [[MnH(pyrazolte)4]2[NbIV(CN)g]g-4HZO]n and [FeH(pyrazole)4]2[NbIV(CN)3]3-4H20}n,

3.3. {Mn'y(imH),(H,O) 4[NV (CN)g]-4H, O}, Molecular Magnetic Sponge

{Mn!, (imH), (H,0)4[Nb'V (CN)g]-4H,O}, (8) is a molecular magnet, where imidazole is a bridging
ligand. This compound is an example of magnetic sponge, because it allows an easy and reproducible
control of the amount of water molecules absorbed in this material. During one-step dehydration,
one new CN~bridge is formed in this material. The changes in the compound structure generated
by the loss of water molecules cause the shift of the magnetic ordering temperature from 25 K (8) to
68 K (84en) [52]. The dehydration process is responsible for the change of magnetocaloric properties
of the system: the maximum value of magnetic entropy change determined for 84ep, is 40% lower
than for the as-synthesized compound 8 [53] (see Figure 23). Using the molecular field approximation
(MFA) an attempt was made to explain the origin of the magnetic entropy changes in the system,
for both forms 8 and 84ep. As shown in Figure 23, in comparison to the experimental MCE results,
the calculated entropy change is underestimated above the transition temperature, which can be
attributed to the fact that MFA does not account for the short-range correlations. However, below the
critical temperature, the calculated entropy change is overestimated in relation to the experimental
data [53]. This furthermore, may be attributed to the lack of thermal and quantum fluctuations in

86



Crystals 2019, 9,9

the mean field model. These fluctuations impede the magnetic moments reorientation caused by the
change of magnetic field, thus the magnetic susceptibility is higher than in normal paramagnets.
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Figure 23. Isothermal entropy change extracted from the experiment (symbols) and calculated

within the framework of the molecular field approximation (solid lines) for {(Mn!l,(imH),
(H,0)4[Nb!V (CN)g]-4H, 0}, and its dehydrated form {Mn!l,(imH),[Nb!Y (CN)g]}n.

3.4. [{[Mn"(pydz)(H,0),JIMn" (H,0),JINb'Y (CN)g]}-2H, OJ,, Two-Step Molecular Magnetic Sponge

[{[MnH(pydz)(HZO)z][MnH(HZO)z][NbIV(CN)g]}-ZHZO]n(9) is an example of multifunctional
molecular magnet, where a pyridazine,C4HyNj, was chosen as a bridging ligand. One of the unique
properties of this compound is related to its two-step switchable magnetic sponge behaviour [33].
Within 6 h of dehydration of 9, the loss of four water molecules is observed, and 9 is transformed into
dehydrated form—94ep. This process is responsible for destabilization of hydrogen bonds and causes
intraskeletal molecular rearrangement: formation of a new Nb-CN-Mn bond as well as migration
of the pyridazine ligand between two Mn centres. The structural changes occurring during the
dehydration induce a significant increase of critical temperature from 43 K, observed for 9, to 68 K
recorded for 94ep. In the second step of dehydration (of about 24 h) two remaining water molecules are
removed and new stable, anhydrous phase 9,1, is formed. During this process the material structure
does not change but some bonds are shortened. The critical temperature of anhydrous sample is
equal to 98 K. The transformation from the initial, as synthesized 9 to the anhydrous form 9, is
reversible [33].

As depicted in Figure 24, for all three forms of the compound: 9, 9gen, and 9,nn, @ maximum
AS value occurs at temperatures corresponding to consecutive T¢, and |AS| increases with AH.
The highest value of magnetic entropy change is revealed for 9. For dehydrated and anhydrous
samples values of magnetic entropy change are similar—lower by 40% than that observed for the
as-synthetized material. This result is perfectly correlated with AC susceptibility data: the decrease
in AS by a factor of 0.6 for 9gen and 9,,p relative to 9 corresponds to the same reduction in the x'(T)
magnitude of 9gen and 9,n [43].

For the as-synthesized sample 9 the heat capacity measurements were performed, first at zero
applied field and then at 0.2, 0.5, and 1 T. The data obtained from this experiment were used for the
evaluation of magnetocaloric effect based on the magnetothermal method. The values of the magnetic
entropy change calculated based on the heat capacity and magnetic data are in very good agreement.
Furthermore, it was also possible to estimate, from the heat capacity data, the adiabatic entropy change
associated with the change of magnetic entropy. The maximum value of the adiabatic temperature
change determined for 9, corresponding to the change of magnetic field from 0 to 1 T, is equal to
1.5 K [43].
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Figure 24. The comparison of temperature dependences of the magnetic entropy change measured for
uoAH =1,3,and 5 T (symbols) and real component of AC susceptibility for 9, 94en, and 9,,p (lines).

3.5. [{[Mn!(pydz)(H,0), [IMn"l(H,0), INV'V (CN)g]}-2H, Ol Molecular Compound under Pressure

The uniqueness of compound 9 is also related to the possibility of the change of the magnetic
properties by the application of hydrostatic pressure [54]. The application of hydrostatic pressure
of 1.8 GPa results in the compression of the unit cell (ca. 7.6% in total volume) and a noticeable
bending of the Mn-NC-Nb linkages. These structural modifications are accompanied by the change
in magnetic properties of examined compound. The increase of the applied pressure increases the
ordering temperature up to 48 K, 50.5 K and 52.5 K for pressure of 0.27 GPa, 0.57 GPa and 1.19 GPa,
respectively. The shift of T, towards higher temperatures due to application of mechanical stress is the
result of the strengthening of Mn- and Nb-sublattice coupling due to the enhanced overlap of magnetic
orbitals. The analysis of MCE for sample under pressure of 1.19 GPa (9gp) showed the reduction of

I AS ™ yalue in relation to as-synthesized compound 9 by 13.6% (see Figure 25) [55]. The summary
of the magnetocaloric properties of all forms of molecular magnet 9 as well as results obtained for
other octacyanoniobate- based compounds are presented in Table 4.
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Figure 25. Temperature dependence of the magnetic entropy change of as-synthetized sample 9
(p = 0 GPa) (empty symbols) and 9 under pressure p = 1.19 GPa (filled symbols) determined for ypAH =
1,3and5T.
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Table 4. Comparison of MCE data obtained for samples discussed in Section 3. | AS1™® and RCP
were determined for ypAH = 5 T; MCE: magnetocaloric effect; RCP: relative cooling power

Sample T, | AS | max | AS | max RCP RCP
(K) Jmol 1K1 Jkg 'K (Jmol~1 K1) Jkg 'K
4 50.0 5.07 9.09 118.40 212.61
5 43.0 4.82 8.65 125.43 225.59
6 23.8 6.70 6.50 136.9 132.9
7 134 6.10 5.90 75.6 73.1
8 25.0 6.70 8.95 186.2 248.9
8deh 60.0 4.02 7.73 152.8 293.8
9 43.0 5.36 8.95 160.8 268.0
9deh 68 3.33 5.82 109.9 192.1
9anh 98 3.38 6.88 101.4 206.5
9up 52.5 4.63 7.73 138.9 231.8

3.6. T.~%? Dependence of the Maximum Entropy Change

Oesterreicher and Parker predicted that the maximum value of magnetic entropy change is
proportional to T.=2/3 [7]. This relation has been proved for the series of intermetallic samples [9].
Taking into account that in the compounds based on manganese and octacyanoniobate, the structural
changes caused by the external stimuli or selection of a bridging ligand did not affect magnetic moment
of Mn and Nb sublattices, while the critical temperature was changed, it was possible to verify the
relation: | AS|Max T ~2/3,

Figure 26a shows the comparison of the temperature dependences of magnetic entropy upon
changing the magnetic field from 0 to 3 T, measured for samples: 9, 94eh, Yanh, IHP, 8, 8den, 4 and 6.
The clear reduction of the height of the AS(T) peak with the increase of the critical temperature is
observed. The slight deviation from this behaviour occurs for 94ep, because the maximum value
of magnetic entropy change is smaller than expected. It can be explained by instability of partially
dehydrated sample. Figure 26b presents the values of magnetic entropy change as a function of T.~2/3
in all Mn-Nb based compounds under study obtained at the change of magnetic field from 0to 1 T,
3 T and 5 T. The linear character of all determined relations confirms the proportionality of | AS ™
to T.~2/3.
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Figure 26. (a) The comparison of temperature dependences of magnetic entropy change determined
for the manganese octacyanoniobate-based samples with different ligands: pyridazine for samples 9,
9deh, 9anh, and 9gp, imidazole for 8 and 84ep, pyrazole for 4 and ligand-free 6. (b) The maximum values
of magnetic entropy change | AS|™® obtained for 9, 94eh, Yanh, 9HP, 8, 84eh, 4, and 6 at the change of

magnetic field jpAH = 1,3 and 5 T as a function of T.~2/3.
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3.7. The Critical Behaviour of the 3 D Octacyanoniobate- Based Compounds

The MCE is an intrinsic thermodynamic characteristic and in the vicinity of the ferro- and
ferrimagnetic transition reflects the critical behaviour of the system. Thus, the critical exponents can
be extracted by use of the isothermal magnetization curves measured with the aim to determine the
magnetic entropy change. According to the scaling hypothesis, the spontaneous magnetization Mg
below T, the inverse initial susceptibility x( above T, and the magnetization dependence on magnetic
field M(H) measured at temperature T, are characterized by the set of critical exponents f, y and J.
These exponents are defined by the following relations:

Ms(T) = Mo(e)P, T < T ®)
Xo '(T) = (ho/Mp)(e)", T > T. )
M=DH: T=T, (10)

where ¢ is a reduced temperature defined as
e=(T-T.)/T.

According to the mean field theory, which predicts in the vicinity of critical temperature T¢, 8 = 0.5
and 7 = 1, the isotherms M?(H /M), so called Arrot plots, should consist of series of parallel straight
lines, and the isotherm measured at T, should pass through the origin of coordinate system. Arrot
plots can be used for the determination of the order of phase transition occurring in the material
under study. According to the Banerjee criterion [56], a positive slope of the M?2(H /M) indicates a
magnetic phase transition of the second order, while a negative slope corresponds to the first order
phase transition. For all the octacyanoniobate-based samples the positive slope of M?(H/M) plots
was observed, indicating the second order of the magnetic phase transition. The non-linear shape of
M?(H /M) Arrot for all discussed samples plots indicates that mean field approach does not describes
properly the critical properties of these materials.

The critical exponents  and 7y were determined by using the Kouvel-Fisher method [57]. In the
Kouvel-Fisher method two new variables X and Y are defined as

o' T-T
X(D) =5 (Cgh) ==, (1)
-1 _
Y = Myt = 12

X(T) and Y(T) are the linear functions of temperature with slope of 1/ and 1/, respectively.
The intercepts of X(T) and Y(T) with the temperature axis correspond to the critical temperatures.
Figure 27a shows an exemplary result obtained for sample 4 with the Kouvel-Fisher method, which
next was used for the determination of the critical exponents  and 7y for samples 9, 94eh, Yanh, p, 8,
84eh, 4, and 6 [42,43,53,55,58]. The obtained results are presented in Table 5.
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Table 5. Comparison of the critical exponents determined for samples discussed in Section 3 and for the
mean field and 3D Heisenberg, 3D Ising, and 3D XY model. nyicg—the critical exponent 1 determined
based on the MCE data, #1yeo,—the critical exponents 1 determined based on Equation (13).

Sample B Y 6 NMCE Miheor
4 0.41 1.32 4.39 0.69 0.66
5 0.37 1.33 4.37 0.67 0.63
6 0.64
7 0.59
8 0.37 1.35 4.48 0.65 0.63
8den 037 140 495 0.67 0.64
9 0.38 1.35 4.69 0.66 0.64
94eh 0.43 1.38 423 0.68 0.69
Yanh 0.39 137 449 0.69 0.65
9yp 0.37 1.40 448 0.67 0.64
Mean field model 0.500 1 3 0.66
Heisenberg model 0.365 1.385 4.8 0.64
Ising model 0.325 1.24 4.82 0.61
XY model 0.346 1.316 4.81 0.57
a b ys
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Figure 27. (a) Determination of the critical exponents and the critical temperature for 4 using the
Kouvel-Fisher method, (b) logarithmic scaling plot of M I ¢l “Pvs. H-1el =B+ for 4 evidences the
validity Kouvel-Fisher method, (¢) magnetization vs. magnetic field measured for M(H) obtained for
4 at temperature T = 49 K; inset shows the same M(H) plots in the log-log scale, which was used for
determination of critical exponent J, (d) temperature dependence of exponent n obtained for 4.

The value of critical exponent 6 was estimated using the M(H) isotherm measured at temperature
T.. The magnetization curve measured at T, presented in log-log plot is expected to be a straight line
with a slope 1/J. The example result of the analysis of the critical isotherm measured for 4 is shown in
Figure 27c.

In the materials undergoing the second order phase transition, the magnetic entropy change
is related to the change of the external magnetic field by the relation:|AS|(T, H) o« H" where n is a
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successive critical exponent. The mean field theory predicts the exponent n = 1 for the temperatures
well below T, and n = 2 well above T.. At critical temperature 7 is equal to 2/3. The analysis of
temperature dependence of exponent 1 shows that for all octacyanoniobate-based compounds, shapes
of the n(T) plot are very similar and the values of n at T, are very close to 2/3. The example of
dependence 7(T) obtained for 4 is presented in Figure 27d.

At temperature T, critical exponents  and v are related to exponent 1 by the formula [8]:

p—-1
n(Te) =1+ By (13)

Thus, having the values of the critical exponents f and < obtained with the Kouvel-Fisher
method, the value of the critical exponent 1 can be estimated. For all octacyanoniobate-based samples
we obtained a very good agreement between the values of critical exponent 1 determined using
Equation (13) (in Table 5 denoted as #e0,) With the experimentally determined values based on MCE
data (in Table 5 denoted as nyicE).

The analysis of the critical exponents determined for the series of octacyanoniobate-based samples
showed that except sample (7), all the examined compounds can be assigned to the universality
class of the 3D Heisenberg model. It means that neither structural change due to the insertion of
bridging ligands into the structure nor the influence of the external stimuli significantly affect the
critical behaviour of the octacyanometallates-based materials. The result obtained for sample 7 is more
consistent with XY model.

We have also compared the described above values of the critical exponents with the values
predicted from the scaling hypothesis. In critical region, the magnetic equation of state can be
written as:

M(H, ) = effo (-1

sﬁTW) (14)

where f is the scaling function: f, for T > T, f— for T < T.. Equation (14) suggests, that M lel =F
plotted as a function of H-le | =6+ should give two different curves: one corresponding to the
temperatures below the ordering temperature, and the other for temperatures above T.. For all the
studied samples for which the critical exponent § and 7y were determined with Kouvel-Fisher method,
M lel =P vs. H-le | =B+D plots exhibit two independent branches, indicating that the values of the
critical exponents are reasonably accurate. Figure 27b presents the example of logarithmic scaling plot
of M lel =B vs. H-le | ~(F*7) obtained for sample 4.

3.8. Final Remarks of Section 3

In this section we have investigated the magnetocaloric effect and critical behaviour in molecular
magnets showing long-range magnetic order. The most important issue of this study was the test of the
influence of bridging ligands and external stimuli on magnetocaloric properties of examined samples.

We have demonstrated that for the manganese octacyanoniobate-based samples with different
brigding ligand—pyridazine, pyrazole, imidazole, for which the magnetocaloric effect was determined
for as-synthetized samples and modified by external stimuli—the maximum value of magnetic entropy
change AS™# is proportional to T.~2/3.

We have also proved, that 3D Heisenberg model is the most adequate for the description of critical
behaviour of octacyanoniobate-based molecular magnets. The analysis of critical exponents j, v, 6,
and n showed that neither structural changes due to the insertion of bridging ligands into the structure
nor the influence of external stimuli such as hydrostatic pressure and dehydration/hydration process
do not significantly affect the critical behaviour of octacyanometallate- based materials. Moreover,
the value of critical exponent n describing the field dependence of MCE according to |AS|(T, H) « H"
is consistent with other critical exponents obtained from the magnetization data.
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4. Rotating Magnetocaloric Effect in Anisotropic Two-Dimensional Molecular Magnets

The rotating magnetocaloric effect (RMCE) is a new issue in the magnetic cooling research.
In contrast to conventional magnetocaloric effect, in RMCE the change of entropy is obtained not
by changing the external magnetic field, but with rotation of a single crystal in a constant magnetic
field [59-62]. If the compound reveals a substantial magnetic anisotropy, then the magnetic entropy will
depend on the crystal orientation in the magnetic field. The rotation is changing the crystal orientation
with respect to the applied field direction, therefore a change of magnetic entropy is observed and
can be used in cooling cycle. Recently, Balli et al. [63,64] have introduced a realization of refrigerator
based on RMCE. This approach has several advantages: simple construction, high efficiency [63-65]
(cycles in higher frequency than the conventional MCE), or working in constant field (lower power
consumption, possibility of use permanent magnets).

Most of the research concerning rotating magnetocaloric effect deals with inorganic
materials [59-61,63,64,66—-68] and there are only few examples related to molecular magnets [69]. In our
research we have focused on two-dimensional molecular compounds which reveal magnetic anisotropy
and transition to long-range ordered phase. Single crystal studies allowed us to explore the anisotropy
of MCE. The dependence of MCE on the orientation was used to study the RMCE in case of low
(Mn"(R-mpm), ,[Nb" (CN)s1}-4H,0) [70] and high ({(tetren)Hs)o sCu''s[W" (CN)sls-7.2H,0}x) [71]
magnetic anisotropy. In particular, we have shown that inverse magnetocaloric effect can be used to
enhance the RMCE up to 51% in respect to conventional MCE.

4.1. Low Anisotropy Case: {Mn!l(R-mpm), ][NV (CN)gl}-4H,OCrystal

{MI’IH(R-mpm)z]z[NbIV(CN)g]}~4H20 (10), where mpm = «-methyl-2-pyridinemethanol, is a
two-dimensional coordination ferrimagnet [70]. The separation between layers of square grid
topology is 7.5 A. Nevertheless, the compound reveals a phase transition to 3D long-range magnetic
ordered state at T, = 23.5 K due to intermolecular dipole-dipole interactions. The magnetic single
crystal measurements of 10 showed an easy-plane type anisotropy within the layers, whereas the
perpendicular direction was a hard axis [72]. The observed anisotropy was not significant, since above
0.35 T applied field both orientations was magnetically undistinguishable. The magnetocaloric effect
was obtained by the indirect method from magnetization measurements in two orientations: bc| | H
(easy plane) and a* | | H (hard axis).

In high magnetic fields (above 1.0 T) the difference between magnetic entropy change in both
orientations is modest (Figure 28a), as a consequence of low magnetic anisotropy. In lower fields
the value of —ASy, is small, but the relative change between easy plane and hard direction is more
significant (Figure 28b). Moreover, in the hard axis orientation an inverse magnetocaloric effect can be
noticed. The magnetic entropy change related to rotation (ASgrncg) by 90° from hard direction (a*| 1H,
hard axis) to easy axis (bc| | H) can be calculated by

— ASpMmcE = _(Aseasy - Ashard) (15)

where ASeasy and ASp,,q stands for magnetic entropy change in easy plane and hard axis orientations,
respectively. Figures 28 and 29 show the obtained values of —ASgymcg. In high magnetic fields
(Figure 28a) both conventional MCE, for hard axis and easy plane, are greater than the RMCE in whole
temperature range. The situation is changing in lower fields yoH < 0.2 T (Figure 28b), for which the
RMCE can have higher output even than the MCE for easy plane. This excess is a consequence of
rotation from hard axis (higher entropy) to easy plane (lower entropy) orientation and the inverse MCE
in hard axis. Figure 30 shows the ratio between the entropy change from RMCE and conventional
MCE. Depending on the applied field and the temperature, the RMCE can be more efficient than MCE
in an easy plane up to 51%.
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Figure 28. The magnetic entropy change for 10 due to application of the magnetic field 0-yoH
(black-easy plane, red -hard axis) and by rotating the crystals in constant field uoH. (a) yoH =1.0 T,
(b) ypH =0.14T.
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Figure 29. The magnetic entropy change with RMCE for 10. Solid lines are guides for the eyes. Adapted
with permission from Reference [72]. Copyright 2017 American Chemical Society.
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for 10 for different fields. Adapted with permission from Reference [72]. Copyright 2017 American
Chemical Society.
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4.2. High Anisotropy Case: (tetren)Cus[W(CN)gls Crystal

The high anisotropy case was studied [71] with (tetren)Cus[W(CN))gls (11)(full formula:
{(tetren)Hs)o.sCul'4[WY(CN)gls-7.2H,0}, tetren = tetraethylenepentamine), a 2D cyanido-bridged
network with significant 2D XY magnetic anisotropy (ac is the easy plane, b is the hard axis) and the
Berezinskii-Kosterlitz-Thouless [73] topological phase transition at Tkt ~ 33 K [74,75]. The anisotropy
for 11 is so high, that even ugH = 7.0 T magnetic field is too weak to merge magnetization curves
of two orientations at 2.0 K [71]. The conventional and rotating magnetocaloric effects were studied
in a similar procedure to the low anisotropy case (10). However, in this case the difference between
magnetic entropy change for hard and easy orientations was relevant up to the highest measured field
uoH = 7.0 T (Figure 31). Therefore, the absolute values of —ASgyicg for the RMCE were one order
of magnitude higher than for 10 (Figure 32). The temperature dependences of ASgycg for 11 have
peculiar shapes with two peaks for fields below 7.0 T and a single peak for the highest field. The double
peaks are related to different dependences of AS maxima for easy and hard orientation. The study
also showed that it is possible to obtain an inverse RMCE (Figures 31 and 32), as a consequence of
temperature region where the —ASy, for hard axis is higher than for the easy plane.
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Figure 31. The magnetic entropy change for 11 due to application of the magnetic field 0- yoH
(black-easy plane, red -hard axis) and by rotating the crystals in constant field uoH. (a) yoH =7.0 T,

(b) joH=10T.
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Figure 32. The temperature dependence of magnetic entropy change due to single crystals rotation
in the constant field for 11. Adapted with permission from Reference [71] Copyright 2017 American

Chemical Society.
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Figure 33 shows the ratio between the conventional and rotating MCE for 11. Similar to the low
anisotropy case of 10, there is a region where ASgyicg is more efficient than the MCE for easy plane.
However, the ASrmcE/ ASeasy Tatio shows also negative values for lower fields (yoH < 3.0 T) and
temperatures around 30 K. These negative values correspond to the conditions, where the sign of the
ASRMCE is negative, in other words, where the inverse RMCE occurs.

1504

100+
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ASgycel AS sy -100%
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Figure 33. Percentage ratio between ASrvcg and ASeasy (easy plane) for 11 as a function of
temperature for different fields. Adapted with permission from Reference [71] Copyright 2017
American Chemical Society.

4.3. Final Remarks of Section 4

The rotational magnetocaloric effect is an alternative method for magnetic cooling. In our works
we were studying 2D molecular magnets with low and high anisotropy. We have proven that the
RMCE can be, in specific circumstances, more efficient than the conventional MCE and that the inverse
RMCE is also possible. In our opinion, the rotating magnetocaloric effect in molecular magnets
has potential application as cryogenic refrigerator. However, to compete with other types of low
temperature refrigerators (e.g., He-3 type), the good candidate for a molecular RMCE refrigerant
should be characterized by the following features [71]: (1) strong magnetic anisotropy, (2) T. around
2 K, (3) large magnetic moments with ferromagnetic interactions, (4) easy plane anisotropy to achieve
the RMCE enhancement due to the inverse MCE.

5. Final Conclusions

In this review, the magneto-thermal properties of octacyanometallate-based molecular magnets
showing the different types of crystal architecture have been discussed. The investigation of
magnetocaloric effect has been performed by two experimental methods: calorimetry and magnetometry.
The highest value of magnetic entropy change and the change of adiabatic temperature was observed
for the high-spin dodecanuclear cluster Nig[W(CN)g]s making this compound a suitable candidate for
application in cryogenic magnetic cooling. The systematic study of magnetocaloric effect in the ligand
tunable coordination compounds is based on manganese and octacyanoniobate, showing the wide
temperature range in which T, occurs, allowing us to confirm the ASy, ~ T2/ relation stemming from
the molecular field theory. The set of critical exponents obtained for these compounds series belong to
the 3D Heisenberg universality class. Finally, we have presented the study of rotating magnetocaloric
effect (RMCE) in two 2D molecular magnets: ferromagnetic {Mnl! (R-mpm)z]z[NbIV(CN)g]}~4H20 and
strongly anisotropic (tetren)Cuy[W(CN)gls bilayered magnet showing the topological Berezinskii-
Kosterlitz-Thouless transition.
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Abstract: Two new members of the [Mng] family of single-molecule magnets (SMMs) of formulae
[Mng(u3-O)2(HzN-s20) (dmf)s](ClO4); (1) and [Mng(u3-O)2(HzN-sa0)s(py)s(EtOH)2][ReO4],-4EtOH
(2), (dmf = N,N'-dimethylformamide, py = pyridine, H,N-saoH, = salicylamidoxime) have been
synthesized and characterized structurally and magnetically. Both compounds were straightforwardly
prepared from the deprotonation of the HyN-saoH; ligand in the presence of the desired manganese
salt and solvent (dmf (1) vs. py (2)). Compound 1 crystallizes in the triclinic system with space group
P1 and 2 crystallizes in the monoclinic system with space group P2; /n. In the crystal packing of 1 and
2, the (ClO4)~ (1) and [ReOy4]~ (2) anions sit between the cationic [Mng]** units, which are H-bonded
to -NH; groups from the salicylamidoxime ligands. The study of the magnetic properties of 1 and 2

I metal ions and the occurrence of slow relaxation

revealed ferromagnetic coupling between the Mn
of the magnetization, which is a typical feature of single-molecule magnet behavior. The cationic
nature of these [Mng]?* species suggests that they could be used as suitable building blocks for

preparing new magnetic materials exhibiting additional functionalities.

Keywords: manganese(IIl); salicylamidoxime; molecular magnetism; single-molecule magnets

1. Introduction

Single-molecule magnets (SMMs) have attracted a great deal of attention during the last
two decades [1], because of their potential applications in quantum information processing [2],
low-temperature cooling [3], and molecular spintronics [4,5]. Most of the reported SMMs are based on
paramagnetic 3D metal ions, the Mn' ion being one of the more explored in this multidisciplinary
research [6].

In this context, the combination of phenolic oximes and Mn!"" has proven to be particularly
successful in the preparation of SMMs [7]. Thus, a large family of hexanuclear [Mn'"s] complexes
based on salicylaldoxime and salicylamidoxime ligands (Scheme 1), along with their derivatives,
has been investigated [8-20]. All the family members display the SMM phenomenon, with remarkably
different magnetic behavior, antiferromagnetic or ferromagnetic, that is strongly affected by the
structural distortion of the Mn—-N-O-Mn torsion angles. As a result, it established a semi-quantitative
magnetostructural correlation that enables the prediction of the magnetic behavior of new [Mn!]
systems [8-20].

A search on the Cambridge Structural Database (CSD) revealed more than 100 hits of discrete
[Mns] molecules based on salicylaldoxime and salicylamidoxime ligands. However, only six of them
were cationic [Mn!4]>* systems, the rest being neutral complexes [17-19]. This singular type of SMMs
suggests that they could be used as suitable building blocks for preparing new magnetic materials,
just by replacing the anion by another anionic species exhibiting an additional functionality [17-19].

Crystals 2019, 9, 23; doi:10.3390/ cryst9010023 101 www.mdpi.com/journal/crystals
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For that reason, we are motivated to investigate the crystal structure and magnetic properties of
cationic [Mn'4]?* SMMs.

NOH
NH
OH

Scheme 1. Structure of the salicylamidoxime ligand (HyN-saoH).

Herein we report two novel cationic [Mng]** complexes with the formulae [Mng(113-O)2(HaoN-
520)6(dmf)g](ClO4)2 (1) and [Mng(p3-O)2(H2N-sa0)s(py)s(EtOH);][ReO4]5-4EtOH (2) (dmf =
N,N’-dimethylformamide, py = pyridine, HyN-saoH, = salicylamidoxime), which have been
characterized structurally and magnetically. Both 1 and 2 behave as SMMs.

2. Materials and Methods

2.1. Reagents and Instruments

All manipulations were performed under aerobic conditions, using materials as received (reagent
grade). Although no problems were encountered in this work, care should be taken when using the
potentially explosive perchlorate anion. The salicylamidoxime ligand was prepared following the
synthetic method described in the literature [21].

Elemental analyses (C, H, N) were performed with a CE Instruments CHNS 1100 Elemental
Analyzer (samples of 25 (1) and 20 mg (2)) by the Central Service for the Support to Experimental
Research (SCSIE) at the University of Valencia. Infrared spectra of 1 and 2 were recorded with a
PerkinElmer Spectrum 65 FT-IR spectrometer in the 4000-400 cm ™! region. Variable-temperature,
solid-state direct current (DC) magnetic susceptibility data down to 2.0 K were collected on a Quantum
Design MPMS-XL SQUID magnetometer equipped (Quantum Design, Inc., San Diego, CA, USA) with
a7 T DC magnet. The experimental magnetic data were corrected for the diamagnetic contributions of
the constituent atoms (—990.3 x 107¢ (1) and —1219.8 x 10~° emu mol~! (2)) and also for the sample
holder (—3.58 x 107 and —3.45 x 10~® emu g~ for 1 and 2, respectively).

2.2. Single-Crystal X-Ray Diffraction

X-ray diffraction data of single crystals of dimensions 0.26 x 0.16 x 0.04 (1) and 0.39 x 0.31 x
0.24 mm?3 (2) were collected on a Bruker D8 Venture diffractometer with PHOTON II detector and by
using monochromatized Mo-K« radiation (A = 0.71073 A). Crystal parameters and refinement results
for 1 and 2 are summarized in Table 1.

The structures were solved by standard direct methods and subsequently completed by Fourier
recycling by using the SHELXTL software packages. The obtained models were refined with
version 2013/4 of SHELXL against F2 on all data by full-matrix least squares [22]. In both systems,
all non-hydrogen atoms were refined anisotropically, and the hydrogen atoms were set in calculated
positions and refined isotropically by using the riding model. The highest difference Fourier map
peaks were 2.262 (1) and 1.282 eA =3 (2), which are located at 0.935 A of Cl(1) and at 1.029 A of Re(1),
respectively. The graphical manipulations were performed with the DIAMOND program [23].

CCDC numbers for 1 and 2 are 1882221 and 1882222, respectively. These data can be obtained
free of charge from the Cambridge Crystallographic Data Center on the web (http:/ /www.ccdc.cam.
ac.uk/data_request/cif).
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Table 1. Summary of the crystal data and structure refinement for 1 and 2.

Compound 1 2
CCDC 1882221 1882222
Formula C66H92030N20C12MH6 C34H94023N18MD6R62
Mr/g-mol ! 2046.13 2505.81
Crystal system triclinic monoclinic
Space group P1 P2y /n
a/A 12.603(8) 13.446(2)
b/A 13.256(8) 23.254(4)
c/A 14.501(9) 16.458(3)
o/® 114.71(2) 90
B/° 98.09(2) 105.06(2)
v/° 100.59(2) 90
v/A3 2098.2(2) 4649.1(1)
z 1 2
D¢/g-cm™3 1.619 1.675
(MoK »)/mm~! 1.032 3.244
F(000) 1052 2496
Crystal size 0.26 x 0.16 x 0.04 0.39 x 0.31 x 0.24
Goodness-of-fit on F2 1.079 1.047
Ry [I>20(D)] 0.0623 0.0537
wRy [I>20(1)] 0.1731 0.1596
APmax, min/€ A3 2.262, —1.549 1.282, —2.359

2.3. Preparation of the Compounds

2.3.1. Synthesis of [Mng(13-O)(HaN-sa0)s(dmf)g](ClO4); (1)

Mn(ClO4);-6H,O (0.249 g, 0.688 mmol) was dissolved with continuous stirring in dmf (10 mL);
then, HyN-saoH; (0.103 g, 0.670 mmol) and NEt3 (0.5 mL, 3.6 mmol) were added. The resulting dark
green mixture was stirred for 1 h, filtered and layered with Et,O (10 mL). Dark green crystals suitable
for X-ray diffraction were obtained in 4 days. Yield: 80%. Elemental analysis calculated (found) for
Cs6HopO30N20CloMng (1): C, 39.1 (39.7); H, 5.2 (5.0); N, 13.8 (13.9)%. Selected IR data (in KBr/cm™'):
3332 (m), 2925 (w), 1653 (vs), 1610 (vs), 1533 (m), 1438 (m), 1384 (m), 1317 (m), 1253 (m), 1150 (m),
1121 (s), 1109 (s), 1022 (m), 881 (m), 762 (w), 685 (s), 649 (m), 578 (w).

2.3.2. Synthesis of [Mng(13-O)2(HaN-sa0)s (py)e(EtOH), |[ReOy4 ], -4EtOH (2)

Mn(NO3),-4H,0 (0.173 g, 0.688 mmol) was dissolved with continuous stirring in EtOH (20 mL),
then HyN-saoH; (0.103 g, 0.670 mmol) was added, followed by pyridine (1 mL, 12.4 mmol) and NEt3
(0.1 mL, 0.72 mmol). Next, (NHy)[ReOy] (0.184 g, 0.688 mmol) was added to the dark green solution,
which was stirred for 1 h. The final dark brown solution was left to evaporate in a fume hood at room
temperature. Crystals of 2 were obtained in 3 days and were suitable for X-ray diffraction. Yield: 70%.
Elemental analysis calculated (found) for CgsHgsO23N1gMngRe; (2): C, 40.3 (40.8); H, 3.8 (4.0); N, 10.1
(9.9)%. Selected IR data (in KBr/cm™1): 3426 (vs), 3314 (vs), 1614 (vs), 1564 (m), 1529 (s), 1483 (w), 1442 (s),
1384 (w), 1311 (w), 1251 (w), 1147 (vw), 1022 (m), 910 (s), 881 (m), 755 (w), 683 (m), 642 (w), 580 (vw).

3. Results and Discussion

3.1. Synthetic Procedure

By reacting Mn(ClOy);-6H,O (1) and Mn(NO3),-4H,0 (2) with the salicylamidoxime ligand
(Scheme 1) in the presence of the coordinating solvent dmf (1) and py (2), along with NEt3 (1 and 2)
and [ReOy4] ™ (2), we obtained dark green crystals of hexametallic Mn' complexes of the well-known
family of [Mng] systems. Both (ClO,)~ and [ReO4] ™ anions were chosen because of their diamagnetic
character, and also for giving a suitable solubility to the final compounds. The crystallization techniques
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employed for 1 and 2 were slow diffusion by layering with Et,0O (10 mL) and slow evaporation
at room temperature of the resulting solutions, respectively. Both compounds were obtained in
satisfactory yields.

It is worth noting that both 1 and 2 are cationic oxime-based [Mng]** complexes, and only
six systems of this type exist in literature, all of them being obtained with the salicylamidoxime
ligand [17-19]. This fact is in contrast to the results obtained from analogous reactions employing
similar phenolic oximes, such as salicylaldoxime and its alkyl derivatives, where the isolated complex
of the reported works is always a neutral [Mng] or [Mng3] system.

3.2. Description of the Crystal Structures

The crystal structure and exact chemical composition of 1 and 2 were established by single-crystal
X-ray diffraction. While 1 crystallizes in the triclinic crystal system with space group P7, 2 crystallizes
in the monoclinic crystal system with space group P2;/n (Table 1). The structures of 1 and 2 are made
up of [Mng]?* cations (1 and 2) and (ClO4)~ (1) and [ReO4]~ (2) anions. There are solvent molecules of
crystallization in only 2, these are EtOH molecules.

Each cationic [Mng]** unit contains two symmetry equivalent {Mn3(u3-O)} triangular moieties,
which are linked by two phenolate and two oximate O-atoms and related by an inversion center
(Figure 1). Each edge of the triangle is spanned by the -N-O- group of the salicylamidoxime ligand,
with the central oxo ion displaced 0.102 (1) and 0.184 A (2) above the plane of the [Mng3] triangle,
towards the dmf (1) and py (2) terminal ligands.

Figure 1. (a) Molecular structure of the [Mng(113-O),(HyN-sao)s (dmf)g]** cation of 1. H atoms and
(ClO4)~ anion have been omitted for clarity. Thermal ellipsoids are depicted at 50% probability level.
(b) Molecular structure of the [Mng(113-O), (HoN-sao)(py)s (EtOH),]** cation of 2. H atoms, [ReOy4]~
anions and EtOH solvent molecules have been omitted for clarity. Thermal ellipsoids are depicted at
50% probability level. Color code: Pink, Mn; red, O; blue, N; grey, C.

The six Mn"! ions in the core of 1 and 2 exhibit coordination environments rather similar to those
of previously reported salicylamidoxime-based [Mng]** complexes [17-19], with distorted octahedral
geometries and Jahn-Teller axes approximately perpendicular to the [Mn3] planes. The remaining
coordination site on the third Mn ion [Mn(2a)] (@) =1 —x,1 —y,1 —zforland (a)=1—-x,1 —y,
—z for 2) is occupied by a dmf (in 1) or EtOH (in 2) molecule. The Mn—-N-O-Mn torsion angles of the
M5 (113-O)-(HyN-sa0)3] triangular units are 46.5°, 36.3° and 30.3° for 1 and 41.4°, 38.1°, 28.9° for 2
(Table 2).
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Table 2. Selected magneto-structural parameters for compounds 1 and 2.

Crystal Space of°® 1 1 1

Compound System Group  (Mn-N-O-Mn) J1/em Jalem g Tols E*IK
1 triclinic P1 46.5,36.3,30.3 +0.90 +0.84 199  16x10"1 66
2 monoclinic P2y /n 41.4,38.1,28.9 +1.88 +0.72 1.98 8.4 x 1077 41

In the crystal packing of 1 and 2, the (ClO4)~ (1) and [ReOy4] ™ (2) anions sit between the cationic
[Mng]?* units, which are H-bonded to -NH, groups from salicylamidoxime ligands. In 2 the O---N
distances are shorter than in 1, linking the anions and cations into chains [N(4)---O(14b) distance
of 2.895(1) A; (b) = % - X, % +y, % — z], as shown in Figure 2. In 1, the cationic [Mng]?* units are
somewhat less separated from each other, the shortest intermolecular Mn---Mn distance being 9.831(1)
A [Mn(1)---Mn(2c), (c) =1 — x, 1 — y, 2 — z] (Figure 3), whereas the shortest intermolecular Mn---Mn
distance in 2 is 10.467(1) A [Mn(1)---Mn(2b), (b) = % — X, % +y, % — z] (Figure 4).

Figure 2. Perspective view of the one-dimensional arrangement of [Mné(|J.3—O)2(HZN—sao)é(1::»}1)6(EtOH)2]er
cations and [ReO4]™ anions in the crystal of compound 2 through H-bonding interactions (dashed
lines). H atoms and solvent molecules have been omitted for clarity. Color code: Pink, Mn; red, O; blue,

N; black, C; green, Re.

Figure 3. View along the crystallographic b axis of a fragment of the packing of 1 showing the
arrangement of the [Mng]?* cations and (ClO,)~ anions (space-filling model). H atoms have been
omitted for clarity. Colour code: Pink, Mn; red, O; blue, N; black, C; green, CL.
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Figure 4. View along the crystallographic a axis of a fragment of the packing of 2 showing the
arrangement of the [Mng]?* cations and [ReO4]~ anions (space-filling model). H atoms have been

omitted for clarity. Color code: Pink, Mn; red, O; blue, N; black, C; green, Re.

In both compounds, additional weak C-:--C interactions of different types are also observed.
In 1, there exist 77t off-center parallel stacking interactions of approximately 3.38 A between
aromatic rings of salicylamidoxime ligands of adjacent [Mng]% complexes, and also weak C-H---C(O)
interactions between dmf molecules of neighboring [Mng]** cations (ca. 3.45 A). In 2, w7
edge-to-face stacking interactions of ca. 3.49 A connect aromatic rings of coordinated py molecules and
salicylamidoxime ligands of adjacent [Mng]** units. All these additional interactions help in stabilizing
the supramolecular arrangement in 1 and 2.

3.3. Magnetic Properties

DC magnetic susceptibility measurements were performed on microcrystalline samples of 1 and
2 in the 2.0-300 K temperature range and under an external magnetic field of 0.1 T. The magnetic
properties of 1 and 2 in the form of ymT vs. T plot (xm being the molar magnetic susceptibility),
are shown in Figure 5. The x\T values observed at 300 K are approximately 20.2 and 20.7 cm3-mol !
K for 1 and 2, respectively. Although these values are somewhat higher than that expected for six
magnetically isolated Mn" ions (xmT = 18.0 cm®-mol~! K with g = 1.99), they have been previously
observed in ferromagnetically coupled [Mng] systems [8-20]. Upon cooling, the ymT values rise
gradually with decreasing temperature for both compounds, reaching maxima of 38.9 cm®mol 'K at
8.0 K for 1 and 35.8 cm3-mol~! K at 17.0 K for 2. In both compounds, yuT values decrease at lower
temperatures giving final values of 23.0 (1) and 13.0 cm®mol~! K (2) at 2.0 K, which are observed due
to the presence of intermolecular interactions and/or zero-field splitting (ZFS) effects.

The experimental data of the yymT vs. T plots of 1 and 2 were treated by using the 2]
model described by the Hamiltonian of Equation (1), where J; and ], are the exchange coupling
constants for the intramolecular Mn-Mn interactions associated with exchange pathways involving
the Mn-N-O-Mn torsion angles of the [Mng] core, and g is the Landé factor for the Mn" jons.
The theoretical parameters thus obtained are summarized in Table 2.

A= -2]; (5184583 + 5151+ 81,55 + $1,53)

PR A PN A A ~ 1
20 ($182+ 6285 + SuSy + SuSa)) + uagHS @
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These features reveal an intramolecular ferromagnetic coupling between the Mn' metal ions in

both 1 and 2. In previous studies dealing with DFT calculations on salicylamidoxime-based [Mng]
complexes [16], a critical angle (ca. 27.0°) that is directly correlated to the Mn—-N-O-Mn exchange
pathway between neighboring Mn! ions was found. Mn-N-O-Mn torsion angles upper than this
critical angle switch the magnetic exchange from antiferromagnetic (J < 0) to ferromagnetic (J > 0).
Given that 1 and 2 show Mn-N-O-Mn torsion angles higher than 27.0°, it would be expected to obtain
a ferromagnetic coupling as the predominant magnetic interaction for both compounds, as observed

experimentally (Figure 5 and Table 2).

50 4 50 -

:

7T em® mol" K
g

;{“T.‘ em’ mol' K
g

20 4 20 4
10 10
0+ T T T T T ] 0= - - T e T 1
0 50 100 150 200 250 300 0 50 100 150 200 250 300
TIK TIK
() (b)

Figure 5. Thermal variation of the T product for compounds 1 (a) and 2 (b). The solid red line
represents the best-fit of the experimental data.

The complexes that form the large family of oxime-based [Mn'"4] SMMs display ground state spin
values that vary from 4 to 12. In general, a spin value of S = 4 is found in antiferromagnetic [Mn"¢]
1] complexes show a spin value of S = 12. A ground state spin
value of S = 12 was obtained for 1 and 2 from the magnetic susceptibility data, hence supporting the
ferromagnetic nature for both compounds. Thus, the isotropic simulation of the magnetic susceptibility
of 1 and 2 generated the plots of the energy versus total spin shown in Figure 6. The first excited state
found in 1is S = 11 placed at 2.25 cm 1, and the first excited state in 2 is also S = 11, which is located at
1.85 cm™! (Figure 6).

systems, whereas ferromagnetic [Mn
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Figure 6. Plot of energy versus total spin state, extracted from the isotropic simulation of the
susceptibility data for 1 (a) and 2 (b).
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Additionally, variable temperature-variable field DC magnetization data were measured for 1
and 2 in the 2-7 K temperature and 0.5-7.0 T field ranges. The experimental data are given as reduced
magnetization (M/Nup versus y,H/T) in Figure 7, which were fitted to a Zeeman plus axial zero-field
splitting Hamiltonian (H = D(5,2 — S(S + 1)/3) + upgHS, where D is the axial anisotropy of the cationic
[Mng]** complex, pip is the Bohr magneton, S, is the easy-axis spin operator, and H is the applied field)
assuming only the ground state is populated. The best fits afforded the parameters S =12, ¢ = 1.99
and D= —048cm ! forland S=12, g=198and D = —0.39 cm~! for 2, which are in line with those
values reported for similar cationic [Mng]** complexes [17-19].

22 4 22 -
214 211
SR — ]
o ™ ]
= 20 A = 20
3 2 —_— 3 s 2
= e =
19 4 194
S———
18 4 18 4
17 R T b Lo
00 05 10 15 20 25 30 35 40 00 05 10 15 20 25 3.0 35 40
4 2 A El
'"oHT ITK gﬂHT ITK
(a) (b)

Figure 7. Plot of the reduced magnetization (M/Nyp versus u,H/T) for 1 (a) and 2 (b) at4,5,6 and 7 T
fields and temperatures 2-5 K. The solid lines represent the best fit of the experimental data.

AC susceptibility measurements were performed on samples of 1 and 2 in the temperature range
2-10 K, in zero applied DC field, and a 3.9 G AC field oscillating in the 5-1000 Hz range of frequencies.
Out-of-phase AC signals (x"'v) for 1 and 2 are shown in Figure 8. The respective x''y versus T plots
exhibited frequency dependence of the x'\ maxima for 1 and 2. This feature is consistent with SMM
behavior. In addition, it was observed that the x"/\; maxima increased with the decreasing frequency
for both compounds. These data were fitted to the Arrhenius equation (T = Toexp(E* /kpT), where T, is
the pre-exponential factor, T is the relaxation time, E* is the barrier to relaxation of the magnetization,
and kg is the Boltzmann constant) and plotted in the respective insets of Figure 8. The values obtained
for the T, and E* parameters are listed in Table 2. The E* values for 1 [66.0 K (45.9 cm~1)] and
2 [41.0 K (28.5 cm™1)] fall into the range for previously reported salicylamidoxime-based [Mn!]
complexes (24.0 K (16.7 em™ 1) < E* < 86.0 K (59.8 cm™1)). Nevertheless, it is worth pointing out
that the E* value calculated for 1 is the higher obtained so far for a cationic oxime-based [Mnl ]2+
single-molecule magnet.

This last result is interesting since this type of cationic SMMs can be used as precursors of new
multifunctional magnetic materials because the (ClO4)~ (1) and [ReOy4] ™ (2) anions can be changed
through the incorporation of anionic species that bring another physical property or functionality to
the final material, for instance, conductivity or luminescence.
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Figure 8. Out-of-phase AC susceptibility (x”n) versus T plots for compounds 1 (a) and 2 (b). The insets
show the Arrhenius best-fit plot (see text).

4. Conclusions

In summary, two new members of the family of oxime-based [Mng] complexes have been
synthesized and magnetostructurally characterized. Both compounds display a magnetic behavior
consistent with the single-molecule magnet (SMM) phenomenon. The barrier value to the relaxation of
the magnetization (E*) for compound 1 is the highest reported so far for cationic oxime-based [Mng]?*
systems. Finally, due to their cationic character, these singular SMMs could be used as suitable building
blocks for preparing new magnetic materials, just by replacing the anion by another anionic species
exhibiting an additional functionality, namely, conductivity or luminescence. This work is in progress.
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Abstract: The 1D { [CuH(cyclam)]3[WV(CN)g]z'SHzO}n (1-5H0) (cyclam = 1,48,11-
tetraazacyclotetradecane) coordination polymer of ladder topology can be obtained in
water-alcohol solution from [Cu(cyclam)]2+ and [W(CN)g]?~ building blocks. Upon dehydration,
1-5H,0 undergoes a single-crystal-to-single-crystal structural transformation to the anhydrous
{[CUII(CyClam)]3[WV(CN)g]z}n (1) form, which retains the same topology, but is characterized
by shorter Cu-W distances and significantly more bent CN-bridges. The deformation of the
coordination skeleton is reflected in magnetic properties: the predominant intra-chain interactions
change from ferromagnetic in 1-5H,O to antiferromagnetic in 1. The reaction between the same
building blocks in water solution under slow diffusion conditions leads to the formation of a 0D
{[Cult (cyclam)(HzO)]z[CuH (cyclam)][WV(CN)S]Z}BHZO pentanuclear assembly (2:3H,0).

Keywords: molecular magnetism; octacyanotungstate(V); copper(ll); cyclam; cyano bridge;
magnetic properties

1. Introduction

One of the interesting features that can be achieved in molecular magnetics is the possibility to
modify magnetic properties by sorption of small guest molecules. At the turn of the century magnetic
sponges was defined as compounds that change structure and magnetic properties upon reversible
removal of coordinated or non-coordinated water molecules [1-3]. Later, the term solvatomagnetism
was introduced to describe changes in magnetic behavior upon sorption or desorption of different
guest molecules.

We have previously shown that the solvatomagnetic effect can be repeatedly observed in
CN-bridged networks containing the [Ni(cyclam)]**/3* cationic building block. By combining it with
different polycyanometallates, we obtained two main families of coordination polymers of 1D and 2D
connectivity. The 2D (Nl (cyclam)]3[M(CN)nlo}eo M = CrlL Felll n = 6; M =WV, n = 8) networks [4-7]
show honeycomb-like topology with microporous channels running across the coordination layers.
For these networks, we observed formation of different hydrates as well as the possibility to introduce
small organic molecules. For each of the three compounds, four pseudopolymorphic forms differing
in structure and magnetic properties have been characterized. The second family of solvatomagnetic
polymers are non-porous 1D bimetallic alternating chains. The {[N iHI(cyclam)][MIII (CN)gl2-6H,0} o0
(M = Cr, Fe) [8] chains can be reversibly dehydrated, which affects their magnetic properties. The
{(H30)[NiIH(cyclam)][MII (CN)gl2-5H20}e0 (MU = Fe, [9] Ru, Os [10]) chains, where the charge of
the coordination skeleton is compensated by the presence of the H3O" ions, are rare examples of
sorption-driven charge-transfer. The removal of water causes partial electron transfer from M centers
to Ni'l ions. The process is reversible for Fell and irreversible for Ru'' and Os—based compounds.
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Cyclam complexes with different metal centers, including Ni' [11,12], Cul [13-17] and
Mn" [18-20], were often used to build CN-bridged coordination polymers. However, apart
from our studies, there are no reports on the desolvation effects in this group of compounds.
Thus, we decided to examine the potential of cyclam complexes with other metal ions for the
construction of solvatomagnetic materials. The manganese(IlI)-based alternating bimetallic chains
{[NiIH(cyclam)][MIH(CN)(,]Z-6H20}oo (M™ = Cr, Fe) exhibit loss of crystallization water accompanied
by structural and magnetic changes [21]; however, in contrast to their Ni'-based congeners [8], the
dehydration process was irreversible. The Cu™l cationic building blocks often differ from those of other
3d metals, due to the strong Jahn-Teller effect. The {[CuH(cyclam)]3[WV (CN)gl2-5H,0}, compound [22]
shows 1D ladder-like topology, unlike the series of Ni-based 2D honeycomb-like networks of the same
stoichiometry described above. It was characterized in terms of structure and magnetic properties,
but dehydration effect was not mentioned in the report [22]. Here, we present the post-synthetic
modification of structure and magnetic properties of this ladder chain network and the synthesis of a
new 0D assembly based on the same building blocks.

2. Materials and Methods

The Naz[W(CN)g]-4H,O precursor complex was prepared according to the published
procedure [23]. Other reagents and solvents were commercially available and used as supplied.
Measurements of powder X-ray diffraction were carried out on a PANanalitical X'Pert Pro powder
diffractometer with the Cu K« radiation source. Elemental analysis for carbon, nitrogen and hydrogen
were carried out on a Vario Micro Cube elemental analyser. IR spectra of single crystals were recorded
using a Nicolet iN10 MX FTIR microscope operating in the transmission mode. The dehydration
process was characterized by a dynamic vapor sorption method using an SMS DVS Resolution
apparatus in the 40-0% RH range at 298 K. Magnetic measurements were performed on a Quantum
Design MPMS3 magnetometer. Variable-temperature magnetic susceptibility was measured at an
applied field of 1000 Oe in the temperature range of 300 K to 1.8 K and magnetization at 1.8 K up to
70 kOe. The samples were sealed in polyethylene bags to avoid dehydration at low pressure.

2.1. Synthesis of the [Cu(cyclam)J(NO3);-6H,O Precursor Complex

The compound was prepared according to the modified published procedure [24].
Cu(NO3),-3H,0 (1 mmol, 245.4 mg) was dissolved in 4 ml of absolute ethanol at 60 °C. To the above
solution, solid cyclam (1 mmol, 200.0 mg) was added and immediate precipitation of violet product
was observed. The suspension was left in the freezer for 1h and then filtered. Yield: 396.0 mg (79%).

2.2. Synthesis of {[Cu(cyclam)]3[W(CN)gl,-5H,0}, (1-5H20)

The compound was prepared according to the modified published procedure [22]. A solution of
[Cu(cyclam)](NO3)2-6H,O (0.13 mmol, 66.4 mg) in a water-ethanol mixture (1:2, 20 mL) was layered
over a solution of Naz[W(CN)g]-4H,O (0.07 mmol, 35.6 mg) in a water-ethanol mixture (2:1, 20 mL) in
test tubes. Brownish-red needle-shaped crystals were formed after three days. (Found: C, 33.53; H,
4.976; N, 23.44; calc. C4HgyCusNgOsWs: C, 33.17; H, 4.96; N, 23.55) IR vCN: 2167 cm ™!, 2151 cm ™1,
2145 cm~1, 2139 em 1.

2.3. Synthesis of {[Cu(cyclam)]3[W(CN)gl» }n (1)

The anhydrous compound was obtained by drying 1-5H,0 at 50 °C for 1 h. IR vCN: 2166 cm ™,
2161 cm !, 2151 em 1, 2144 em 1, 2139 ecm ™1, 2134 ecm !

2.4. Synthesis of {[Cu'!(cyclam)(H,0)1,[Cu"l(cyclam)[[WY (CN)3],}-3H, 0 (2-3H,0)

The solutions of [Cu(cyclam)](NO3),-6H,O (0.05 mmol, 26.8 mg in 8 mL of H,O) and
Na3[W(CN)sg]-4H,0O (0.03 mmol, 14.5 mg in 8 mL of H,O) were placed in separate sections of an
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H-tube and water was added to fill the horizontal connecting tube. Brownish-red plate-shaped crystals
were formed after 2-3 weeks. (Found: C, 33.42; H, 4.76; N, 23.53; cal. C46HgyCuzN,gOsW>: C, 33.17; H,
4.96; N, 23.55). IR vCN: 2166 cm~1, 2151 em ™, 2144 em™1, 2139 em ™.

2.5. Structure Determination

Single crystal X-ray diffraction measurements for 1 and 2-3H,O were performed on a Bruker
D8 QUEST diffractometer. The structures were solved by direct methods using SHELXT [25].
Refinement and further calculations were carried out using SHELXL [25]. The non-H atoms
were refined anisotropically, apart from some O atoms of disordered crystallization water, which
were refined isotropically. H—atoms were placed in idealized positions and refined using riding
model. H—atoms were not considered for disordered water molecules in 2:3H,O; however, they
were included in the calculation of the molecular weight. The unit cell of 1 was transformed in
order to allow direct comparison to the structure of 1-5H,0O, therefore it does not conform to the
requirements of a reduced cell. Due to high absorption and relatively poor quality of the crystals
of 1 after solid state transformation, some residual electron density peaks appear around W. The
crystallographic data for 1 and 2-3H2O are presented in Table 1, with structure parameters for
1-5H,0 [22] added for comparison. Graphics were created with Mercury 3.9.10. The analysis of
coordination polyhedra was performed using SHAPE 2.1 [26]. CCDC 1885028 and 1885029 contain
the supplementary crystallographic data for this paper. These data can be obtained free of charge via
http:/ /www.ccdc.cam.ac.uk/conts/retrieving.html

Table 1. Structure and refinement data for 1 and 2-3H,0; data for 1-5H,0O included for comparison.

1.5H,0! 1 2.3H,0
Empirical formula C46H82CU3N2805W2 C46H72CU3N28W2 C46H82CU3N2805W2
Formula weight 1665.72 1575.57 1665.72
Crystal system triclinic triclinic monoclinic
Space group P-1 P -1 P2y/n
a[A] 8.9255(11) 9.0228(5) 14.0566(7)
b[A] 10.0938(13) 10.8399(8) 12.8685(7)
c[A] 19.549(3) 17.8734(13) 36.7198(19)
«[°] 78.342(5) 75.409(6) 90.0
BI°] 83.074(5) 87.810(4) 100.821(2)
v I°] 69.472(5) 60.092(7) 90.0
V [A%] 1613.0(4) 1458.5(8) 6524.0(3)
Z 1 1 4
dc[g-em™3] 1.715 1.794 1.696
w [mm—1] 4.590 5.064 4539
F(000) 829 779 3276
6 range [°] 1.07-28.28 2.79-25.4 2.37-29.15
Reflns collected 21,064 5261 17,526
No. of params 380 356 746
Rint 0.0693 0.0532 0.0362
GooF (F?) - 1.018 1.059
Ry [I>20(D)] 0.0693 0.0708 0.0446
wR; (all data) 0.1662 0.1510 0.0973

1 Data from reference [22].

3. Results and Discussion

3.1. Synthesis and Post-Synthetic Modification

The reaction between [Cu(cyclam)]zJr and [W(CN)g]*> building blocks in water-alcohol solution
leads to the formation of {[Cu™(cyclam)]3[WY(CN)gly'5H20}n (1-5H0) of the ladder-chain structure
reported earlier [22]. The crystals of 1-5H,O are stable under ambient conditions, but at slightly
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elevated temperatures (30-50 °C), they lose crystallization water to result in an anhydrous
{[CuH(cyclam)]g,[WV(CN)g]z}n (1) form. The process occurs with retention of crystallinity and
thus the structure of 1 could be established from a single crystal XRD measurement. The
single-crystal-to-single-crystal structural transformations upon desolvation are relatively rare [5,27,28].
In the family of the coordination polymers based on [Ni(cyclam)]**/3* ions and polycyanometallates,
we observed this phenomenon only for the 2D {[NiH(cyclam)]3[WV(CN)g]z}oo network [5]. The crystals
of 1 exposed at 25 °C to humid air (40-60% RH) regain their original composition. However, upon
rehydration, the crystals collapse and the PXRD results (Figure S1) show that the rehydration process
leads to a mixture of phases, one of which is the original 1-5H>0O form. We followed the dehydration
process using the gravimetric dynamic vapor sorption method. The sample was subjected to decreasing
relative humidity from 40% to 0% at a constant temperature of 298K. The sharp decrease in mass
starts at about 15% RH (Figure S2), and takes place in two unresolved steps, which correspond to the
subsequent loss of 3 and 2 water molecules.

When the reaction between the same building blocks is carried out in a water
solution under slow diffusion conditions, a 0D pentanuclear assembly of the formula
{[CuH(cyclam)(HzO)]z[CuH(cyclam)][WV(CN)8]2‘3HZO} (2:3H,0) is obtained. Interestingly, quick
precipitation from the water solution does not lead to the same result. The analysis of the PXRD
patterns (Figure S3) suggests that 1-5H, 0O is formed instead. Similar disparity between the course of
slow diffusion and quick precipitation reactions was observed for the 3D {[NiH(cyclam)]z[WIV(CN)g]}(,o
network [29]. Due to a very low yield and long time taken to grow crystals, the dehydration of 2:3H,O
was not studied, but it seems likely that both lattice and coordinated water could be removed, possibly
with the formation of additional CN-bridges between neighboring molecules.

3.2. Description of Structures

Upon dehydration of 1-5H,0, the triclinic system and space group P-1 are retained, but cell
parameters change significantly (Table 1). In particular, period ¢ shortens by 1.7 A (8.7%) and the y
angle decreases by 9.38° (13.5%). The cell volume decreases by 155 A3 (9.6%) per formula unit, which
corresponds quite well to the volume expected for five H-bound water molecules. The connectivity of
the coordination network is retained, with Cu and W CN-bridged centers forming a 1D ladder-like
chain. Apart from the removed water molecules, the asymmetric unit of 1 (Figure 1) contains the
same set of atoms as 1-5H,0, including Cul and W1 ions located in general positions and Cu2 ions
in the inversion center. Each tungsten center (W1) is coordinated by eight cyanide ligands, three of
which form bridges to copper centers (two Cul and one Cu2). The copper ions are connected with
two tungsten centers through cyanide bridges coordinated in axial positions, with equatorial positions
blocked by the cyclam ligand. The dehydration process strongly affects the geometry of CN-bridges
and coordination polyhedra. The Continuous Shape Measure analysis [26] shows that the geometry of
the [W(CN)g]®~ ion in the hydrated form 1-5H,0 is close to square antiprism, while for the anhydrous
form (1), it changes to a triangular dodecahedron (Table S1). Both Cu ions in 1-5H,O show a highly
distorted octahedral geometry (Table S2), due to the significant Jahn-Teller effect causing elongation
of the axial bonds. The non-centrosymmetric Cul center is more distorted, due to the asymmetry
of the axial bonds, one of which (Cul-N1 of 2.698 A) can be classified as a semi-coordination bond.
Upon dehydration, the Cu2-N5 distances shorten by 0.053 A, while the Cu2-N distances become
more symmetrical (Table 2). As an effect, the octahedral geometry of both copper centers in the
anhydrous form 1 is less distorted (Table S2). The angles of cyanide bridges (Cul-N1-C1, Cul-N4-C4,
Cu2-N5-C5) decrease by 13.74-24.78° (Table 2). Therefore, dehydration leads to significant shortening
of the distances between the CN-linked metal centers by 0.219-0.392 A.
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Figure 1. The asymmetric unit of 1 with atom numbering; ellipsoids at 50% probability.

Table 2. Selected bond lengths (A) and angles (°) in 1-5H,0 and 1.

Bond 1.5H,0 ! 1 Angle 1-5H,0 ! 1
W1-C1 2.181 2.149 Cul-N1-C1 143.0 129.3
W1-C2 2.157 2.129 Cul-N4-C4 157.1 135.3
W1-C3 2.154 2.159 Cu2-N5-C5 157.1 142.1
W1-C4 2.169 2.155 N11-Cul-N12 93.22 86.1
W1-C5 2.165 2.152 N12-Cul-N13 86.44 95.5
W1-Cé 2152 2.159 N13-Cul-N14 94.23 86.6
W1-C7 2.158 2.149 N14-Cul-N11 85.93 91.9
W1-C8 2.169 2214 N21-Cu2-N22 86.34 86.2
Cul-N1 2.698 2.606 W1-C1-N1 176.75 176.3
Cul-N4 2510 2.585 W1-C4-N4 177.74 179.4
Cu2-N5 2.556 2.503 W1-C5-N5 174.43 176.5

Cul-N11 2.004 2.037
Cul-N12 2.023 2.027
Cul-N13 2.024 2.018
Cul-N14 2.014 1.998
Cu2-N21 2.015 2.011
Cu2-N22 2.032 2.028

1 Data from reference [22].

Projections of structure along the crystallographic axes for 1-5H>0 and 1 (Figure 2) show the
ladder-like topology retained upon dehydration. In both structures, the ladders lie in the (11-1)
plane and run along the [1-10] direction. However, the changes in the coordination geometry of the
[W(CN)g]?~ ion and different alignment of the cyclam ligand in both forms are noticeable. Likewise,
the bending of the CN-bridges can be seen, particularly in the view along the a period. Upon
dehydration, the distance between the neighboring chains in the [001] direction shortens, which is
visible in the projections along the b and ¢ axes. The distance between the Cul and W1 centers from
the neighboring chains shortens by 0.725 A. In the hydrated form 1-5H,0, the coordination ladders
are bound into a 3D supramolecular network by H-bonds between cyanide ligands, NH groups of
the cyclam molecules, and crystallization water [22]. Upon loss of crystallization water, the hydrogen
bonds are rearranged (Figure S4). The ladders are bound into stacks along the [110] direction, resulting
in the 2D supramolecular network. Conversely, there is no connection in the [001] direction, despite
shorter distance between the ladders. Moreover, due to the bending of CN-bridges, intramolecular
H-bonds appear. They link the terminal CN ligands with the NH groups of cyclam from the W1 and
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Cul centers, and thus stabilize strong bending of the Cul-N1-C1 bridge (Table 2). This may be the
reason why the rehydration process leads to the collapse of crystals and is not fully reversible.

Figure 2. Projection of structures of 1-5H,0 and 1 along (a—c) crystallographic directions.

The 0D {[CuH(cyclam)(HZO)]z[CuH(cyclam)][WV(CN)g]z}'SHZO assembly (2:3H20) is obtained
from the same building blocks as the 1-5H,0O ladder chain, but under different synthetic conditions.
The compound crystallizes in a monoclinic system, space group P 2;/n (Table 1). Its structure is
composed of Z-shaped pentanuclear molecules containing two W and three Cu centers connected
by CN-bridges with water molecules coordinated to the terminal Cu ions (Figure 3). There are two
symmetrically independent molecules. Each of them is centrosymmetric with the central Cu ions
located at the inversion centers. Therefore, the asymmetric unit consist of two tungsten and two copper
centers (W1, W2, Cul, Cu3) in general positions and two copper centers (Cu2 and Cu4) in special
positions. Each W atom is coordinated by eight cyanide ligands, two of which form bridges to two Cu
centers (W1 with Cul and Cu2; W2 with Cu3 and Cu4). The coordination geometry of both W centers
is close to ideal square antiprism (Table S1). All Cu ions have cyclam ligand coordinated in equatorial
positions. The centrosymmetric Cu2 and Cu4 atoms are linked by two cyanide bridges, whereas the
Cul and Cu3 centers located at the ends of the Z-shaped molecule are coordinated by one cyanide
bridge and one water molecule in axial positions. The octahedral coordination geometry is distorted
due to the Jahn-Teller effect (Table S2). There is a large disproportion of the extent of this distortion
between the centrosymmetric Cu centers: Cu2 with the very long and bent NC-bridges (Table 3) shows
very large distortion, while Cu4 shows the lowest distortion among the Cu centers in 1 and 2.

The average length of the Cu-N bond in the CN-bridge is 2.543 A, which is shorter than for
1-5H,0 (2.588 A) or 1 (2.565 A). The average value of the Cu-N-C angles of the CN-bridges (147.87°)
is closer to those observed in 1-5H,0O (153.58°) than those in the anhydrous form 1 (132.31°). The
distances between the CN-bridged metal centers are shorter for the central Cu (W1-Cu2, W2-Cu4) than
for the terminal ones (W1-C1, W2-Cu3) by about 0.25 A, due to the stronger bending of the central
CN bridges.
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Figure 3. Structure of 2:3H20 with atom numbering; ellipsoids at 50% probability.

Table 3. Selected bond lengths (A) and angles (°) in 2-3H,0.

Cul-N11 2.523 Cul-N11-C11 157.9
Cul-O1 2518 Cu2-N13-C13 137.2
Cu2-N13 2.596 Cu3-N21-C21 153.9
Cu3-N21 2.594 Cu4-N23-C23 142.8
Cu3-02 2422 N101-Cul-N102 93.3
Cu4-N23 2.457 N102-Cul-N103 86.0
Cul-N101 2.013 N103-Cul-N104 95.0
Cul-N102 2.037 N104-Cul-N101 85.7
Cul-N103 2.011 N201-Cu2-N202 86.0
Cul-N104 2.023 N301-Cu3-N302 85.8
Cu2-N201 2.008 N302-Cu3-N303 92.8
Cu2-N202 2.019 N303-Cu3-N304 86.4
Cu3-N301 2.021 N304-Cu3-N301 95.0
Cu3-N302 2.029 N401-Cu4-N402 85.6
Cu3-N303 2.008 W1-C11-N11 178.5
Cu3-N304 2.013 W1-C13-N13 177.2
Cu4-N401 2.024 W2-C21-N21 179.6
Cu4-N402 2.016 W2-C23-N23 176.5

Projection along the a and b crystallographic directions (Figure 4) shows that the symmetrically
independent molecules (marked red and blue) are arranged in independent layers in the (10-1) and
(20-2) planes. They are bound into a 3D supramolecular network by the net of hydrogen bonds
between cyanide ligands, NH groups of cyclam, aqua ligands, and crystallization water (Figure S5).
The molecules of the same symmetry are bound within the layers by H-bonds formed by coordinated
water, which donates two protons to two CN ligands of two neighboring molecules. The layers
are linked by direct bonds between CN ligands and NH groups, as well as by H-bonds between
CN-ligands mediated by crystallization water.
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Figure 4. Projection of the structure of 2:3H,O along (a,b) crystallographic directions; symmetrically
independent molecules marked pink and violet.

3.3. Magnetic Properties

All compounds were characterized by DC susceptibility measurements at the applied field of
1000 Oe in the temperature range 1.8-300 K (Figure 5) and magnetization at 1.8K in the field up
to 70 kOe (Figure 6). At the high temperature limit, the value of xT for all compounds is close to
the Curie constant of 1.88 cm®K/mol, expected for three Cul! and two WV ions with s = 1/2 and
g =2, and it remains constant down to about 60 K. Below that temperature, differences in magnetic
behavior between the compounds become apparent. For 1-5H,0, where intra-chain interactions are
predominantly ferromagnetic [22], the xT curve rises slightly to reach the maximum of 2.03 cm®*K/mol
at 7.5 K. For the dehydrated sample 1, the xT value decreases below 60 K down to 0.87 cm®K/mol
at 1.8 K, indicating predominantly antiferromagnetic interaction within the chains. This change in
magnetic behavior can be attributed to the bending of the CN-bridges. As was shown before [30-32]
for d° configuration, the bridge geometry strongly affects the character and strength of magnetic
superexchange through the 7* orbitals of CN™ ions, which changes from ferromagnetic for a linear
bridge to antiferromagnetic for strongly bent bridges. The antiferromagnetic character of intra-chain
interactions in 1 is also visible in the magnetization at 1.8 K. The increase of the magnetic moment in
an increasing field is much slower for the dehydrated sample 1 than for 1-5H,0 and it reaches only
2.98 N3 at 70 kOe, which is far from the expected saturation value of 5 Nf3. The magnetic characteristic
that we obtained for 1-5H,0 is very similar, but not identical with the published data [22]. Slightly
lower values of magnetization and high-temperature susceptibility are most probably caused by the
relatively low accuracy of small sample weight assessment. The difference in the T course in the low
temperature range, where we observed a lower maximum at a slightly higher temperature, may be
due to partial loss of water and onset of the structural transformation in one of the samples.
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Figure 6. Field dependence of magnetization at 1.8 K for 1-5H,0, 1 and 2:3H, 0.

The magnetic behavior of 2:3H,0 is similar to that of 1-5H;0. In the xT dependence on T
(Figure 5), a slight increase below 60 K is observed with a broad maximum of 2.01 cm3K/mol at about
14 K and an abrupt drop below 7 K. The magnetization curve lies slightly below the one of 1-5H,0
and at 70 kOe reaches 4.37 N3 (Figure 6). These results suggest the presence of weak intramolecular
ferromagnetic interactions. This is consistent with the observed geometry of CN-bridges, which in
2-3H,0 is similar to that in 1-5H,0O.

4. Conclusions

We have shown that similarly to [Ni(cyclam)]>*/3* complexes, the [Cu(cyclam)]** ion can
be used as a cationic building block in combination with polycyanometallates to construct
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solvatomagnetic coordination networks. The 1D {[CuH(cyclam)]g[WV(CN)S]Z'SHZO}n (1-5H,0)
polymer exhibits a rare single-crystal-to-single-crystal structural transformation to the anhydrous
{[CuH(cyclam)]3[WV(CN)g]z}n (1) form. Although the topology of the compound is retained, the
modification of bonds geometry and intermolecular interactions results in a noticeable change
of magnetic properties, switching the predominant intra-chain interactions from ferromagnetic
in 1-5H,0 to antiferromagnetic in 1. The dehydration process is not fully reversible, probably
due to the formation of intra-chain H-bonds, which stabilize strong bending of the CN-bridges.
The rehydration causes collapse of the crystals and partial degradation of the sample. Apart
from the post-synthetic modification of 1-5H,0, we have also shown that the same building
block can be arranged in a different structure by slight modification of synthetic conditions. The
{[CuH(cyclam)(HZO)]z[CuII (cyclam)][WV(CN)g]z}'3HZO pentanuclear Z-shaped molecule (2:3H,0),
obtained from water under slow diffusion conditions, exhibits weak ferromagnetic interactions
through CN-bridges.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/9/1/45/s1,
Figure S1: PXRD pattern for the rehydrated sample of 1 in comparison to 1-5H,O and 1; Figure S2: Mass loss
upon dehydration of 1-5H,0O monitored by dynamic vapor sorption method; Figure S3: PXRD pattern for sample
obtained from [Cu(cyclam)](NO3); and Naz[W(CN)g] by quick precipitation from water solution in comparison
to 1.5H,0 and 2-3H,0O; Table S1: Continuous shape measure parameters for octa-coordinated W centers in the
structures of 1-5H,0, 1 and 2-3H,O; Table S2: Continuous shape measure parameters for hexa-coordinated
Cu centers of 1-5H,0, 1 and 2:3H,0; Figure S4: Inter- and intra-chain H-bonds in 1; Figure S5: Inter- and
intra-molecular H-bonds in 2-3H,0.
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Abstract: Phenanthroline dioxothiadiazoles are redox active molecules that form stable radical
anions suitable for the construction of supramolecular magnetic materials. Herein, the preparation,
structures and magnetic properties of bis(triphenylphosphine)iminium (PPN) salts of [1,2,5]
thiadiazole[3,4-f][1,10]phenanthroline 1,1-dioxide (L), [1,2,5]thiadiazole[3,4-f][4,7]phenanthroline
1,1-dioxide (4,7-L), 5-bromo-[1,2,5]thiadiazolo[3,4-f][1,10]phenanthroline 2,2-dioxide (BrL), and
5,10-dibromo-[1,2,5]thiadiazolo[3,4-f][1,10]phenanthroline 2,2-dioxide (diBrL) are reported. The
preparation of new bromo derivatives of the L: 5-bromo-[1,2,5]thiadiazolo[3,4-f][1,10]phenanthroline
2,2-dioxide (BrL) and 5,10-dibromo-[1,2,5]thiadiazolo[3,4-f][1,10]phenanthroline 2,2-dioxide
(diBrL)—suitable starting materials for further derivatization—are described starting from a
commercially available and cheap 1,10-phenanthroline. All PPN salts show antiferromagnetic
interactions between the pairs of radical anions, which in the case of PPN(diBrL) are very strong
(—116 cm™1; using H = —2JSS type of exchange coupling Hamiltonian) due to a different crystal
packing of the anion radicals as compared to PPN(L), PPN(4,7-L), and PPN(BrL).

Keywords: radical anion; redox; magnetism; antiferromagnetic coupling; dioxothiadiazole

1. Introduction

Purely organic molecular materials that show electric conductivity and non-trivial magnetic
properties [1-4] are at the forefront of molecular materials science due to the tremendous flexibility
and tunability of organic molecules. Moreover, the potential synergy and interplay between the
properties of redox-active organic molecules and metal complexes open new routes to redox-active
multistable systems [5,6], single molecule magnets (SMMs) and single chain magnets (SCMs) [7-9], and
switchable magnetic conductors [10,11]. Achievement of such advanced properties requires, however,
an expansion of the library of easily accessible and electroactive molecules with relatively stable
radical forms. The most commonly studied radicals comprise «-diimines [12], dithiolenes [13-15],
oxolenes [16,17], nitronyl nitroxides [18,19], tetrathiafulvalene (TTF) derivatives [20], -conjugated
macrocycles [21], TCNE and TCNQ derivatives [22-25], and verdazyl radicals [26].

Dioxothiadiazole-based electroactive molecules [27-33] and their complexes [34], on the other
hand, are still underrepresented, despite their obvious advantages: easy reduction to a stable radical
form, good coordination abilities (including bridging mode) and chemical tunability presented
here for the first time. In 2011, Awaga et al. studied [1,2,5]thiadiazole[3,4-f][1,10]phenanthroline
1,1-dioxide (L) in context of its electrochemical properties and synthesis of radical salts [35].
Later on, the same group reported a number of radical salts of L, which revealed efficient m-orbitals
overlap [36,37] transmitting efficient magnetic exchange interactions varying in strength from ferro- to
very strong antiferromagnetic.

Crystals 2019, 9, 30; doi:10.3390/ cryst9010030 123 www.mdpi.com/journal/crystals
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Some of us focused on the design of a dioxothiadiazole derivative with the ability to bridge two
3d metals [34]: [1,2,5]thiadiazole[3,4-f][4,7]phenanthroline 1,1-dioxide (4,7-L). The bridging potential
was tested resulting in the formation of a coordination chain ([CuCl,(4,7-L)]}». Both L and 4,7-L reveal
very similar mild reduction potentials to the radical form

Introduction of substituents to tune the redox potential of organic molecules is a well-known
concept in electrochemistry [26,38]. We used the same approach to shift the reduction potentials
of phenanthroline based dioxothiadiazole derivatives towards less negative values. Herein, we
present two new members of the dioxothiadiazole family: 5-bromo-[1,2,5]thiadiazolo[3,4-f][1,10]
phenanthroline 2,2-dioxide (BrL) and 5,10-dibromo-[1,2,5]thiadiazolo[3,4-f][1,10]phenanthroline
2,2-dioxide (diBrL) (Figure 1) and expand the library of potential spin carrying substrates by
preparing and investigating bis(triphenylphosphine)iminium (PPN) salts of L, 4,7-L, BrL and diBrL
anion-radicals. The synthetic scheme is presented concisely in Figure 1. Structurally, these compounds
reveal alternating cation-anion layers with the exception of the PPN(diBrL) which comprises chains
of 7-conjugated molecules. The influence of the structural differences on the magnetic properties of
the organic salts is analyzed.
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Figure 1. Schematic view of the synthetic route to BrL, diBrL and their radical salts: PPN(BrL),
PPN(diBrL) (a) and (b) structural formulas of PPN(L) and PPN(4,7-L). The reaction conditions and
yields are as follows: (1) HySOy(conc.), KBr, 3 h reflux, yield 95%; (2) H2SOy98%), HNO3(999,, KBr, 16 h
reflux, yield 9% for diBr-phendione and 22% for Br-phendione; (3) Ethanol ), sulfamide (3 portions),
7 d reflux, yield 91% for BrL, 35% for diBrL; (4) anhydrous acetonitrile, Nal, sonication; (5) THF, PPNCI,
yield 11% for PPN(BrL), and 22% for PPN(diBrL).
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2. Materials and Methods

Chemicals and reagents were of analytical grade unless otherwise stated. Inert PureSolv-MD-5/7
solvent purification system with alumina filled columns and argon gas was used for the deoxygenation
and dehydration of acetonitrile and tetrahydrofuran. 1,10-phenantroline-5,6-dione (phendione) was
prepared according to literature procedure [39]. Some of the operations that required inert gas
atmosphere were performed using Inert PureLab HE glove box filled with Ar gas.

2.1. Syntheses

2.1.1. 3-Bromo-1,10-phenantroline-5,6-dione (Br-phendione) and 3,8-Dibromo-1,10-phenantroline-
5,6-dione (diBr-phendione)

Bromo derivatives of phendione were prepared according to the modified literature procedure [40].
1,10-phenantroline-5,6-dione (phendione) (20 g, 95.2 mmol) was dissolved in a chilled mixture of
120 mL 98% H,S04 and 60 mL 99% HNOj3 in a 500 mL round-bottom flask. KBr (20 g, 168 mmol) was
added and the mixture was refluxed at 120 °C overnight. After 16 h, the mixture was allowed
to cool down to room temperature and poured onto 500 mL of crushed ice, pH was carefully
adjusted to around 5 using 0.25 M NaOH solution. The mixture was extracted with chloroform
(6 x 150 mL) and the combined organic extracts were dried using MgSO, and evaporated to
dryness. Column chromatography (SiO,, eluent: CHCl3:AcOEt:n-hexane, 10:2:1) afforded pure
3-bromo-1,10-phenantroline-5,6-dione (6.0 g, 22%), 3,8-dibromo-1,10-phenantroline-5,6-dione (3.0 g,
9%) and the unreacted phendione (0.9 g). 3-bromo-1,10-phenantroline-5,6-dione 'H NMR (CDCl3)
5 [ppm]: 9.14 (d, 1H, ] =2.5 Hz), 9.11 (dd, 1H, ] = 4.8, 1.9 Hz), 8.60 (d, 1H, | = 2.5 Hz), 8.50 (dd, 1H,
J =78, 1.8 Hz), 7.61 (dd, 1H, | = 7.9, 4.7 Hz); 3,8-dibromo-1,10-phenantroline-5,6-dione 'H NMR
(CDCl3) § [ppm]: 9.15 (d, 2H, ] = 2.3 Hz), 8.62 (d, 2H, ] = 2.5 Hz). "H NMR spectra can be found in the
Supplementary Materials.

2.1.2. 5-Bromo-[1,2,5]thiadiazolo[3,4-f][1,10]phenanthroline 2,2-Dioxide (BrL)

3-bromo-1,10-phenantroline-5,6-dione (1.0 g, 3.5 mmol) was suspended in 35 mL of anhydrous
ethanol, sulfamide (0.56 g, 5.8 mmol) was added and the mixture refluxed for seven days. After 24 h,
another quantity (0.25 g) of sulfamide was added. Additions were repeated daily for one week. Next,
the mixture was allowed to cool down to room temperature and filtered. The yellow solid was washed
with two aliquots of ethanol (2 x 20 mL) and dried in vacuo to afford 1.1 g (91%) of the desired product.
IH NMR (CDCl3) & [ppm]: 9.22 (d, 1H, ] = 2.5 Hz), 9.19 (dd, 1H, ] = 4.8, 1.8 Hz), 8.84 (d, 1H, ] = 2.3 Hz),
8.72 (dd, 1H,J = 7.9, 1.8 Hz), 7.67 (dd, 1H, ] = 7.9, 4.7 Hz). 'H NMR spectra can be found in the
Supplementary Materials.

2.1.3. 5,10-Dibromo-[1,2,5]thiadiazolo[3,4-f][1,10]phenanthroline 2,2-dioxide (diBrL)

3,8-dibromo-1,10-phenantroline-5,6-dione (150 mg, 0.4 mmol) was suspended in 20 mL of
anhydrous ethanol, sulfamide (50 mg, 0.5 mmol) was added and the mixture refluxed for three
days. After 24 h, another quantity (50 mg) of sulfamide was added. Additions were repeated daily
for the duration of the synthesis. Next, the brownish-orange mixture was allowed to cool down to
room temperature and filtered to afford a brownish-yellow which was washed with two aliquots of
ethanol (2 x 10 mL) and dried under vacuum. The crude product was once more suspended in 20 mL
of the ethanolic solution of sulfamide (50 mg) and refluxed for another 24 h. The mixture was allowed
to cool down to room temperature and filtered. An orange solid was washed with 20 mL of ethanol,
10 mL of cold diethyl ether and dried under vacuum to afford 198 mg (17%) of the desired product.
TH NMR (CDCl3) & [ppm]: 9.19 (d, 2H, ] =2.2 Hz), 8.42 (d, 2H, ] = 2.3 Hz). TH NMR spectra can be
found in the Supplementary Materials.

126



Crystals 2019, 9, 30

2.1.4. Bis(triphenylphosphine)iminium [1,2,5]thiadiazole[3,4-f][1,10]phenanthroline 1,1-Dioxide
H,0/(CHj3),CO Solvate (PPN(L))

This compound was obtained in a two-step procedure: the suspension of 310 mg of
[1,2,5]thiadiazole[3,4-f][1,10]phenanthroline 1,1-dioxide (1.15 mmol) (L) in 90 mL of MeCN was stirred
overnight with 4 g of Nal (26.7 mmol) under ambient atmosphere. The resulting dark red precipitate
was filtered and washed with 60 mL of MeCN until the colour of the product Na(L) changed from
dark red to purple. The Na(L) was dried in vacuo for a few hours. Anal. caled. for C;,H7N4NaO, 55
(Na(1,10-tdapO,)-0.5 H,O): C, 47.68; H, 2.33; N, 18.54; S, 10.61. Found: C, 47.75; H, 2.45; N, 18.55;
S, 10.20.

293 mg of Na(L)-0.5H,0 was dissolved in 210 mL of acetone followed by the addition of 2.0 g
(3.6 mmol) of PPNCI and stirring for 40 min. After that time the purple/violet solution was filtered to
remove the precipitated NaCl. The filtrate was concentrated in a rotary evaporator to ca. 10 mL, which
was left undisturbed for 1 h for crystallization.

The product was collected by decantation, filtered and washed with a single drop of cold acetone.
Product was dried in air. Yield 660 mg (75%) based on Na(L). Anal. calcd. for PPN(L)-H,O-(CHj3),CO,
Cs51HuaN504P,S (884.9 g/mol): C, 69.22; H, 5.01; N, 7.91; S, 3.62. Found: C, 68.97; H, 4.89; N, 7.96;
S, 4.06.

2.1.5. Bis(triphenylphosphine)iminium [1,2,5]thiadiazole[3,4-f][4,7]phenanthroline 1,1-Dioxide
(PPN(4,7-L))

Product was obtained similarly to PPN(L). The suspension of 63 mg (0.23 mmol) of
[1,2,5]thiadiazole[3,4-f][4,7]phenanthroline 1,1-dioxide (4,7-L) in 35 mL of dry MeCN was stirred
overnight under an inert atmosphere with a 1.0 g (6.6 mmol) of Nal. Next day the dark violet
precipitate was separated from the mother solution by filtration and washed with dry MeCN (ca.
20 mL). The powder attains violet colour after washing. After vacuum drying for a few hours the
30 mg of crude Na(4,7-L) was used to obtain PPN(4,7-L). This was achieved by stirring MeCN (135 mL)
suspension with 210 mg of PPNCl for two hours. The NaCl precipitate was filtered off and a clear violet
solution was quickly condensed on a rotary evaporator to ca. 6 mL and transferred to the Ar-filled
glovebox, where it was left for 2 h for crystallization. Large elongated block crystals were separated
from the mother suspension by decantation, filtered and washed with a single drop of cold MeCN.
Yield 49 mg (59% based on Na(4,7-L)). Anal. calcd. for PPN(4,7-L), C4gH3,N50,P,S (808.8 g/mol):
C,71.28,H, 4.4, N, 8.66; S, 3.96. Found: C, 70.67; H, 4.30; N, 8.62; S, 4.12.

2.1.6. Bis(triphenylphosphine)iminium 5-Bromo-[1,2,5]thiadiazole[3,4-f][1,10]phenanthroline
1,1-dioxide THF Solvate (PPN(BrL))

350 mg of BrL (1.0 mmol) and 2.0 g of Nal (13.3 mmol) was sonicated for 20 min in anhydrous
acetonitrile (50 mL). During sonication the yellow suspension turned dark violet due to the reduction
of BrL to a radical anion BrL®~ by iodide. The mixture was filtered and the dark violet precipitate was
washed with three portions of anhydrous acetonitrile (3 mL each). The sodium salt Na(BrL) was dried
under vacuum for 1 h (300 mg, 81%) and then suspended in dry tetrahydrofuran (50 mL). Solid PPNCI
(1.15 g, 2.0 mmol) was added resulting in the color change of the liquid phase to deep violet and the
precipitation of white sodium chloride. NaCl was removed by filtration and the violet THF solution
was concentrated by rotary evaporation to ca. 15 mL. Large crystals of the THF solvate were obtained
by slow vapor diffusion of dry diethyl ether onto the THF mother solution (two days). The violet
crystals (ca. 1-3 mm) were separated by hand under the microscope from the smaller colorless crystals
of PPNCI. Yield 90 mg (11% based on BrL). Anal. caled. for PPN(BrL)-2THF, CscHs;BrNsO4P,S
(1032.0 g/mol): C: 65.18, H: 4.98, 6.79, S: 3.11. Found: C: 65.49, H: 5.15, N: 6.58, S: 2.71.
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2.1.7. Bis(triphenylphosphine)iminium 5,10-Dibromo-[1,2,5]thiadiazole[3,4-f][1,10]phenanthroline
1,1-Dioxide (PPN(diBrL))

150 mg of diBrL (0.35 mmol) and 1.0 g of Nal (6.6 mmol) was sonicated for 10 min in anhydrous
acetonitrile (20 mL). During the sonication, the yellow suspension turned dark violet due to the
reduction of diBrL to a radical anion by iodide. The mixture was filtered and the dark violet precipitate
was washed with three portions of anhydrous acetonitrile (2 mL each). The sodium salt Na(diBrL)
was dried under vacuum for 1 h (95 mg, 60%) and then suspended in dry tetrahydrofuran (50 mL).
Solid PPNCI (0.4 g, 0.7 mmol) was added in small portions resulting in the color change of the liquid
phase to deep violet and the precipitation of sodium chloride. NaCl was removed by filtration and
the violet THF solution was evaporated to dryness. The crude PPN(diBrL) was dissolved in ca.
15 mL of MeCN. Then the solution was evaporated to ca. 2 mL. The sample was left for an hour for
crystallization and then the crystals were separated and purified similar to PPN(4,7-L). Yield 45 mg
(22%). Anal. calcd. for PPN(diBrL), C4H34BroN5O,P5S (966.6 g/mol): C: 59.64, H: 3.55, N: 7.25, S:
3.32. Found: C: 59.32, H: 3.46, N: 7.15, S: 3.05.

2.2. Other Physical Measurements

IR spectra were collected using Nicolet iN10 MX FT-IR microscope in the transmission mode.
Cyclic voltammetry was performed using Mtm-anko M-161C electrochemical analyzer. Glassy carbon
electrodes were used in both experiments. "H NMR spectra were measured using Bruker Avance IT
300 MHz spectrometer. Elemental CHNS analysis were done with ELEMENTAR Vario Micro Cube
CHNS analyzer.

2.2.1. Magnetic Measurements

The magnetic measurements were carried out using Quantum Design MPMS3 Evercool SQUID
magnetometer. The samples were sealed in HDPE foil bags to protect them from the crystallization
solvent loss. Corrections for the diamagnetism of the sample holder and the compounds themselves
(Pascal constants) were applied [41].

2.2.2. X-ray Diffraction Data Collection/Refinement

Single crystal X-ray diffraction (XRD) data was collected on a Bruker D8 Quest Eco diffractometer
equipped with Photon 50™ CMOS detector and Mo-K Triumph® monochromator. The data were
collected at low temperature using Kryoflex II low-temperature device. Data were integrated using
SAINT [42], while multi-scan absorption corrections were applied using SADABS or TWINABS [43,44],
all incorporated into APEX3 environment [45]. The structures were solved using SHELXT [46] and
refined with SHELXL [47,48] software within the Olex2 package [49]. All hydrogen atoms were
refined using riding model, and the non-hydrogen atoms were refined anisotropically using weighted
full-matrix least-squares on F2. Disorder of THF crystalline solvent molecules in PPN(BrL) was refined
using constraints. Ideal THF geometry was supported by IMGL library [50]. The occupancy factors of
THF molecules are changed so that the refinement could be stable. The positions should not be taken
as perfect because the model shows just one possibility. One of the phenyl rings of PPN cation is also
strongly disordered, apparently over four positions, but it was refined using only two of them, where
positive electron densities were the strongest. PPN(diBrL) was refined as two component twin with
scales 0.6227(6). In case of PPN(L) the occupation factor of the water oxygen atom was fixed at low
value due to disorder of the solvent molecules.

CCDC 1882326-1882331 contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html
(or from the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: +44 1223 336033; E-mail:
deposit@ccdc.cam.ac.uk).
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2.2.3. Calculation Details

Density functional theory (DFT) calculations were done in Gaussian09 program [51]. For each
molecule hybrid Becke 3-parameter Lee-Yang-Parr (B3LYP) [52,53] functional with 6-311++G(2d,2p)
basis set was used [54]. Single crystal XRD structural models were taken as a starting geometry. No
structural constraints were imposed on any atom.

3. Results

3.1. Syntheses

The Br-phendione and diBr-phendione were synthesized by bromination of phendione using
KBr in the mixture of concentrated HNO3 and H»SO; acids (Figure 1). The products were purified
by column chromatography. Both were further used in the procedure of attaching the thiadiazole
dioxide functional group to the phenanthroline backbone. This includes the reaction of alpha-diketone
group with sulfamide in the anhydrous boiling ethanol (Figure 1). In contrast to the preparation of
L or 4,7-L, reactions of sulfamide with Br-phendione and diBr-phendione require longer time and
additional quantities of sulfamide added every 24 h of the reaction under reflux to achieve good yields.
The synthesis of all PPN radical salts was carried out in two steps. In the first step, the reduction of
the respective dioxothiadiazole derivative with sodium iodide led to the quantitative precipitation
of poorly soluble sodium salts. In the second step, the metathesis of the obtained sodium salts using
PPNCl resulted in the final PPN salts, which are very well soluble in THEF, acetonitrile, dichloromethane,
and chloroform (Figure 1).

3.2. BrL and diBrL—Crystal Structures and DFT Calculations

Crystal structures of BrL and diBrL were determined using single crystal X-ray diffraction
(Table S1 in the Supplementary Materials). BrL crystallizes in the P-1 space group while diBrL
in P2;/c. The asymmetric units of both compounds are presented in Figure 2a,b. BrL and diBrL
molecules are equipped with bromine substituents which change the crystal packing of the molecules
as compared to the non-substituted L. BrL forms -7t stacks along “a” crystallographic direction with
the parallel off-centered arrangement of the molecules forced by steric hindrance of the SO, group
(Figure Sla in the Supplementary Materials). The plane of each molecule in a stack is inclined relative to
the direction of stack propagation. The structure of BrL seems to be similar to that of L with the layers
of molecules forming a two-dimensional (2-D) network of double N---H-C hydrogen bonds (donor
acceptor distance of 3.525 A on one side of the molecule and 3.642 A on the other). The presence of the
Br substituent in BrL disrupts the H-bonding and the molecular packing as compared to L. One side of
the molecule forms slightly different interactions, namely N---S close contacts (3.331 A) which replace
the N---H-C bonds (Figure S1b in the Supplementary Materials). Also, the donor acceptor distances in
N---H-C hydrogen bonds of BrL are a little shorter (3.467 A) compared to those in L. The molecules of
BrL do not lie completely flat, but are slightly tilted directing the bromine atoms slightly below the
plane of the neighboring molecule.

The structure of the diBrL is completely different. The chains of parallel hydrogen bonded dimers
interacting with each other through m-orbitals and bromine atoms are easily distinguished (Figure 52
in the Supplementary Materials). The neighboring chains run in two perpendicular directions, and the
source of closest contacts between them are N and O atoms of the dioxothiadiazole groups.

The DFT calculations (B3LYP exchange-correlation functional; 6-311++G(2d,2p) basis set) were
performed for BrL and diBrL. Noteworthy, the inspection of molecular orbitals revealed that low-lying
LUMO is not spread over the bromine atoms in contrast to the HOMO (Figure 3). The LUMOs for both
BrL and diBrL molecules exhibit an antibonding character at the N-C bonds of the dioxothiadiazole
group (nodal plane) and a bonding character at the dioxothiadiazole’s S-N and C-C bonds, which is
consistent with the observed shortening and elongation of the respective bonds discussed below.
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a)

Figure 2. Asymmetric units of (a) BrL; (b) diBrL; (c) PPN(4,7-L); (d) PPN(BrL); (e) PPN(L);
(f) PPN(diBrL); crystallization solvent molecules and disorder treated parts omitted for the sake
of clarity.
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HOMO LUMo

Figure 3. Results of the DFT B3LYP calculations results: HOMO of diBrL (a), LUMO of diBrL (b),
HOMO of BrL (c), and LUMO of BrL (d).

3.3. BrL and diBrL—Cyclic Voltammetry

Electrochemical properties of brominated BrL and diBrL are similar to the previously reported
L [35] and 4,7-L [34] featuring two distinct reduction processes (Figure 4). The first reduction leads
to an anion radical and appears at ca. —441 mV vs Fc*/Fc. The second one results in a diamagnetic
dianion and appears ca. 800 mV below the first reduction. The exact values of the reduction potentials
are presented in Table 1. The first reduction potential of diBrL (—441 mV) and BrL (—471 mV) are
shifted to less negative values as compared to L (—499 mV) and 4,7-L (—520 mV). This trend is also
reflected in the HOMO-LUMO gap, which is much smaller for the brominated species (Table 1).

g

T T T T
-2000 -1500 -1000 -500 0 500
E/mV vs. Fc'/Fc

Figure 4. Cyclic voltammograms of BrL (red line) and diBrL (blue line) in 100 mM MeCN solution of
n-Bu4NPF6 recorded at 100 mV /s vs. Fc* /Fc.
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Table 1. Reduction half-potentials and HOMO-LUMO gap (A) of the dioxothiadiazole-based molecules.

Compound Reduction Wave No. Eox/mV E eq/mV Eyp/mV AleV Ref.
it ! A T
L e 0T e
4,7-L ; :1522209 3983 [34]

3.4. PPN Radical Salts—Crystal Structures

Structural X-ray diffraction data revealed that PPN(L), PPN(BrL), and PPN(diBrL) crystallize in
P-1 while PPN(4,7-L) crystallizes in P2; /c space group (Table S1 in the Supplementary Materials).

The asymmetric unit (ASU) of PPN(diBrL) contains two anion-radicals and two PPN* cations
while ASUs of PPN(4,7-L), PPN(L), and PPN(BrL) comprise only one respective radical anion and
one counter-cation (Figure 2). PPN(4,7-L) and PPN(diBrL) crystallize without solvent molecules
while PPN(L) incorporates one acetone and one water molecule and PPN(BrL) crystallizes with
tetrahydrofuran molecules.

In terms of crystal packing PPN(L), PPN(BrL), and PPN(4,7-L) exhibit alternating anion-cation
layered arrangement presented in Figure 5. Due to this particular arrangement the radical anions
in these three organic salts exhibit negligible 7-orbital overlap and a number of N---H-C hydrogen
bonds (Figure 5) that connect neighboring anions in pairs as indicated in Figure 5 by the green
ovals. Crystal packing of PPN(diBrL) is completely different and comprises infinite 7-7 stacks of
radical anions separated by PPN cations (Figure 5d). The shortest D---A (H-bond) or -7t contacts
connecting the dioxothiadiazole groups, where the spin density is the highest, is as follows: 3.403 A
(PPN(4,7-L)), 3.520 A (PPN(BrL)), 3.455 A (PPN(L)) and 3.322 A (PPN(diBrL)). Please note, that in the
case of (PPN(4,7-L)) the separation of dioxothiadiazole groups is the most efficient, despite the shortest
D---A distances.

As already mentioned, L*~ and BrL®~ anion radicals in their respective PPN salts form almost flat
anionic layers (Figure 5b,c) while 4,7-L°®~ layer is significantly corrugated (as in corrugated cardboard)
(Figure 5a).

Similarly to previously reported dioxothiadiazoles, a one electron reduction results in the
contraction of the C-C and S-N bonds (by ca. 0.06 A and 0.04 A, respectively), as well as the elongation
of C=N and S=O (by ca. 0.05 A and 0.015 A, respectively). These results line up with the shape
of the LUMO, which is occupied in the radical form [34,35,37]. These particular bond lengths are
indicative of the oxidation state of the molecule. Table 2 compares bond lengths of neutral and radical
dioxothiadiazole-based compounds presented here.

As can be seen from Table 2, the bond lengths in all presented compounds do not deviate from those
of previously reported dioxothiadiazoles. Most notable difference between neutral and anion-radical
molecules are found in C-C bond lengths which are shortened due to one electron reduction by more
than 0.06 A as compared to the neutral form (from ca 1.51 Atoca 144 A, respectively).
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Figure 5. Packing diagrams of the layered structural models of (a) PPN(4,7-L); (b) PPN(BrL);
(c) PPN(L); and (d) PPN(diBrL); Cationic PPN* layers are marked with blue colour and anionic
radical layers are marked with yellow for clarity. On the right side is the top view of a single radical
anion layer. Note that the anionic layers of PPN(4,7-L) as well as PPN(BrL) are not completely flat,
as the radical anions are slightly tilted. The green ovals indicate the shortest D---A (H-bond) or 7-7
contacts connecting the dioxothiadiazole groups: 3.403 A (a),3.520 A (b), 3.455 A (), and 3.322 A (d).
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Table 2. Selected bond lengths (in A) of BrL, diBrL vs. PPN(4,7-L), PPN(BrL), PPN(L), PPN(diBrL).

Compound S=0 S-N C=N C-C
e me me g
e me e g

av. in neutral molecules 1.425 1.694 1.288 1.510
man PO lmE o ma
PPNGEL) e de i IO
T
PPN(diBr-L®) Molecule B 11 ii??((i)) %ggg((g)) } ;gg((;)) 1.452(8)
PPN(diBr-L°®) Molecule A 11 22:((2)) %228((;)) };;g((g)) 1.435(8)

av. in radical anions 1.441 1.656 1.335 1.443

3.5. PPN* Radical Salts—Magnetic Properties

The results of magnetic measurements are presented in both Figure 6 and Table 3. In all three
salts that reveal layered structures (PPN(4,7-L), PPN(L), and PPN(BrL)) the xT(T) curves show very
similar behavior. This dependence is constant above ca. 60 K and takes the values which are close to
the theoretical 0.375 cm® K mol~! spin-only value assuming S = J and g = 2.0 (Table 3 and Figure 6).
Below ca. 60 K the xT(T) decreases and plummets below 15 K achieving values close to zero due to
antiferromagnetic interactions between the radical anions. M(H) curves at 1.8 K differ slightly among
these three compounds. The M(H) are slowly, almost linearly increasing with field (Figure 6b), until
at some point the increase becomes steep, which again is typical for weak local antiferromagnetic
interactions between neighboring spins. For PPN(4,7-L) the inflection point is located around 4 T, while
for PPN(L)—around 6 T and for PPN(BrL) well above 7 T. The M(H) dependencies do not saturate
at 7 T and the magnetization values at this field decreases along the series PPN(4,7-L), PPN(BrL),
PPN(L), suggesting that the strongest magnetic interactions operate within the PPN(L) salt.

Table 3. Values of xT at 300 K and 1.8 K, M(H) at 7T and the magnetic exchange constants | obtained
from fitting of M(H) and xT(T) in the whole temperature range using PHI software [55].

Compound  xT(T) @300K/cm® Kmol~!  xT(T) @80K/cm® K mol~!  xT(T) @1.8K/cm® K mol~!  M(H) @7T/ug Jlem™1
PPN(4,7-L) 0.374 0.377 0.075 0.76 —2(1)
PPN(BrL) 0.374 0.363 0.024 0.20 —4(1)
PPN(L) 0.367 0.352 0.006 0.07 —5(1)
PPN(diBrL) 0.313* 0.200 0.157 ** 0.37 :1012((15()))

*at340 K; ™ at 7 K.

XT(T) curve for PPN(diBrL) (Figure 6 black dots), on the other hand, decreases in the whole
340-80 K temperature range from 0.313 cm?® K mol~! at 340 K to 0.196 cm® K mol~! at 80 K with a
plateau-like feature around 0.186 cm® K mol~! below this temperature. The signal starts to decrease
again below 30 K and reaches a minimum of 0.158 cm® K mol~! at 7 K. Near 2.0 K additional
small increase of the xT(T) signal is observed which might be ascribed to very weak ferromagnetic
interactions between the radical anions. The M(H) curve increases in a Brillouin like fashion reaching
the value of 0.37 pg (well below the expected 1.0 up for S = % and g = 2.0), but close to 0.5 ug which
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suggests the presence of strong antiferromagnetic interactions between half of the radical anions in
the compound.

The magnetic data were fitted assuming local antiferromagnetic interactions between the pairs of
anion radicals which in the case of PPN(4,7-L), PPN(L), and PPN(BrL) are transmitted through C-H---N
hydrogen bonds (Figure 5) and for PPN(diBrL) through the 7-7r contacts with different interplane
distances (two types of radical pairs with two types of magnetic interactions (one very strong and the
other very weak). Figure S8 presents the magnetic coupling scheme for all four compounds. The results
of the simultaneous fitting of xT(T) and M(H) (PHI program [55]) using the following Hamiltonians
(Equation (1) for PPN(4,7-L), PPN(L), and PPN(BrL) and Equation (2) for PPN(diBrL)) are collected
in Table 3 and presented as solid lines in Figure 6

H=—2]1-51-S5 + up-g1-S1-B+ 1p-g2-S>-B ]

H = —2J15-51-Sy + —2J34-S3-S4 + up-81-S1-B+ 1p-g2-S2-B+ 1p-g3-S3-B+ up-g4-S4-B 2)

where S1 =S, =53 =S4 = % are the spin numbers of the radical anions, g1 = g» = g3 = g4 = 2.0

is the g-factor, up is the Bohr magneton, B is the magnetic field induction and [, and J34 are the
superexchange coupling constants—the fitting parameters with J15 >> J34.

The magnetic interaction pathways between pairs of radical anions are justified by the presence
of hydrogen bonded supramolecular pairs highlighted in Figure 5b,c. In this simplified model, each
radical anion interacts with only one neighbor utilizing two C-H---N hydrogen bonds. These hydrogen
bonds are the strongest mediators of magnetic interactions in the structures of PPN(4,7-L), PPN(L),
and PPN(BrL) justifying the use of single exchange coupling parameter. In case of PPN(diBrL) four
spin carriers were taken into account operating with two different exchange coupling constants J1,
and [34, assuming that [1» >> J34. This is dictated by the presence of two step-like features in the
xT(T) dependence.

The xT(T) fits correspond well with the experimental data above 10 K and the antiferromagnetic
exchange coupling increases with the increasing temperature at which the decrease of the xT occurs.
The weak match between the fitted and experimental M(H) is a consequence of a simplified model
employed in the analysis of the magnetic data and the presence of non-interacting S = 1/2 spins due to
the defects in the crystal structure. However, the inflection of the M(H) curves at 4 T for PPN(4,7-L),
6 T for PPN(L), and >7 T for PPN(BrL) is followed by the increase of the antiferromagnetic exchange
coupling in this series.

The PPN(4,7-L), PPN(BrL), and PPN(L) belong to a structurally-related series where the anions
and cations are arranged in layers. It appears that the magnetic interactions are strongly related to
this arrangement. The strongest interactions are achieved in completely flat layers of PPN(L) with
Ji2 = —5(1) cm~!. In PPN(BrL) the bulky bromine substituent increases the separation between the
radicals and disrupts the C-H---hydrogen bonds resulting in slightly weaker magnetic interactions
(J12 = —4(1) ecm™). Finally, in PPN(4,7-L) the layer is composed of tilted molecules with much
weaker C-H---N H-bonds and the estimated magnetic interactions are even weaker (J1o = —2(1) cm™ ).
While this magneto-structural correlation is simplified, it clearly demonstrates how the derivatization
of dioxothiadiazole-based radical anions enables fine-tuning of their magnetic behavior.

Magnetic behavior of PPN(diBrL) is also strongly correlated with the structural packing.
The stacks of diBr-L®~ radical anions reveal four different m-contacts between them leading to two
types of radical anion pairs within the infinite stack (Figure S9 in the Supplementary Materials).
The most efficient one controls the magnetic behavior of one half of the radical anions and results
in very strong antiferromagnetic coupling (J12 = —116(10) cm™!) that is comparable with the values
reported for sodium salts of 4,7-L [34] and L [35] and other types of molecular magnets ([56] and
references therein). The antiferromagnetic interactions result in a xT value of 0.313 cm?® K mol ! at
340 K which is significantly lower than the expected 0.375 cm® K mol~! for non-interaction S = 1/2
species. These interactions lead also to a plateau of 0.186 cm® K mol~! below 70 K corresponding to
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half of the radical anions in the compound. The second exchange parameter J34 is much weaker than
J12 but seems to be slightly underestimated as the fit does not reproduce the second step around 30 K
where a further decrease of the YT(T) to 0.157 cm® K mol ! occurs. This weaker exchange controls the
magnetic behavior of the remaining half of radical anions and is responsible for the observation of the
0.186 cm® K mol~! plateau below 70 K and the Brillouin-like M(H) curve reaching a saturation value
approaching 0.5 up expected for half of the radicals in PPN(diBrL) (Figure 6b).
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Figure 6. Experimental magnetic data (points) and best fits (solid lines) for PPN(4,7-L) (red), PPN(L)
(blue), PPN(BrL) (green), and PPN(diBrL) (black): xT(T) recorded at 0.1 T with an inset showing the
low temperature window (a) and M(H) recorded at 1.8 K with the schematic representation of the
packing of radical anions (b). The xT and M values are calculated per one mole of radical anions.

4. Conclusions

Two new derivatives of [1,2,5]thiadiazole[3,4-f][1,10]phenanthroline 1,1-dioxide (L)—a redox
active dioxothiadiazole—have been prepared and synthesized starting from 1,10-phenathroline:
5-bromo-[1,2,5]thiadiazolo[3,4-f][1,10]phenanthroline  2,2-dioxide (BrL), and 5,10-dibromo-
thiadiazolo[3,4-f][1,10]phenanthroline 2,2-dioxide (diBrL). In the next step their organic paramagnetic
salts with PPN* counter-cations have been prepared along with the previously unknown PPN* salts
of 4,7-L [34] and L [35]. The PPN salts show very good solubility in THEF, acetonitrile, chloroform, and
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dichloromethane, which renders them suitable for the preparation of mixed-spin systems. All four
radical anion-based compounds were characterized by means of single-crystal X-ray diffraction
and magnetic measurements (SQUID magnetometry). PPN(L), PPN(4,7-L), and PPN(BrL) exhibit
layered-type structures where the flat/weaved anionic layers are separated by layers of PPN*
cations. PPN(diBrL), on the other hand, forms infinite chain-like 7t-7t stacks of radical anions that are
separated from each other by cations. The structures of the reported compounds directly influence
the magnetic properties. The ‘layered salts’ show weak-to-moderate antiferromagnetic interactions
despite slightly different substituents (bromine atoms) or the location of the nitrogen atoms, while the
‘m-mi-stacked-salt” exhibits very strong antiferromagnetic interactions transmitted through the direct
overlap of the 7 orbitals of the radical anions. PPN(L), PPN(4,7-L), and PPN(BrL) constitute a rare
example of a layered packing where the layers of radical anions are separated by the layers of cations
(similar packing was observed for a few other PPN-based supramolecular systems [57]).

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/9/1/30/s1.
Table S1. Details of single crystal X-ray data and structural refinement for PPN(L) (CCDC 1882329) PPN(BrL)
(CCDC 1882331), PPN(4,7-L) (CCDC 1882328), PPN(diBrL) (CCDC 1882330), diBrL (CCDC 1882327), and
BrL (CCDC 1882326). Figure S1. Illustration of molecular stacks in BrL with marked short o-m contacts
a) and fragment of a supramolecular layer with marked contacts that are shorter than the sum of the
Van der Waals radii b) (CCDC Mercury program). Figure S2. Illustration of crystal packing of diBrL.
The supramolecular chains of parallel hydrogen bonded dimers run through the structure interacting via
m-orbitals and short contacts with bromine atoms. Figure S3. Illustration of PPN(BrL) supramolecular layers.
Contacts between BrL anions that are shorter than the sum of the Van der Waals radii. Figure S4. NMR
spectrum of 3-bromo-1,10-phenantroline-5,6-dione., Figure S5. NMR spectrum of 5-bromo-[1,2,5]thiadiazole[3,4-f]
phenanthroline 2,2-dioxide. Figure S6. NMR spectrum of 3,8-dibromo-1,10-phenantroline-5,6-dione. Figure
S7. NMR spectrum of 5,10-dibromo-[1,2,5]thiadiazole[3,4-f][1,10]phenanthroline 2,2-dioxide. Figure S8.
Superexchange coupling scheme in PPN(4,7-L) (a), PPN(BrL) (b), PPN(L) (c), and PPN(diBrL) (d). The green
ovals and dotted lines indicate the magnetic interaction pathways taken into account in the fitting of the magnetic
data. In the case of PPN(diBrL) (d) two interaction pathways are considered: 1, and ]34 with the assumption that
J12 >> J34. Figure S9. Illustration of supramolecular stacks of diBrL anions in the crystal structure of PPN(diBrL).
The molecules are color coded to depict different intermolecular contacts between them. The asymmetric unit
contains one green and one blue molecule. The most efficient 7r-7 overlap is between the light blue and navy blue
colored radical anions.
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Abstract: Thermodynamic picture induced by 7m-d interaction in a molecular magnetic
superconductor x-(BETS),FeXy (X = Cl, Br), where BETS is bis(ethylenedithio)tetraselenafulvalene,
studied by single crystal calorimetry is reviewed. Although the S = 5/2 spins of Fe>* in the anion
layers form a three-dimensional long-range ordering with nearly full entropy of Rln6, a broad
hump structure appears in the temperature dependence of the magnetic heat capacity only when
the magnetic field is applied parallel to the a axis, which is considered as the magnetic easy
axis. The scaling of the temperature dependence of the magnetic heat capacity of the two salts
is possible using the parameter of |]y4 | /kp and therefore the origin of the hump structure is related
to the direct magnetic interaction, /44, that is dominant in the system. Quite unusual crossover
from a three-dimensional ordering to a one-dimensional magnet occurs when magnetic fields are
applied parallel to the a axis. A notable anisotropic field-direction dependence against the in-plane
magnetic field was also observed in the transition temperature of the bulk superconductivity by the
angle-resolved heat capacity measurements. We discuss the origin of this in-plane anisotropy in
terms of the 3d electron spin configuration change induced by magnetic fields.

Keywords: 7-d system; thermodynamic measurement; superconductivity; antiferromagnetism;
single crystal heat capacity measurement; magnetic conductor

1. Introduction

There are increasing interests in studying magnetic properties of molecule-based materials from
fundamental science and application, since they show a variety of functionalities related to spin
degrees of freedom, which have different appearance manners from those of intermetallic compounds,
such as transition metal oxides and pnictide, etc. Not only the development of new materials,
which have ferromagnetic or ferrimagnetic ordering of molecular spins, but also the synthesis of
new compounds with large cluster spins, such as single-molecule magnets (SMM), single-chain
magnets (SCM), and those with spin crossover features, have been performed [1,2]. Some molecular
magnets show a large magnetocaloric effect (MCE) derived from the large magnetic entropy change,
which is applicable to cryogenic coolants [3,4]. The fabrication of devices applicable to spintronics
and topological phenomena are becoming challenging subjects both for synthetic chemists and
physicists [5-7]. The molecule-based magnets studied up to now contain organic radical compounds,
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assembled magnetic metal complexes with open shell metal cations, and coordination polymers
of them, etc. [8-11]. The unpaired 7 electrons in the singly occupied molecular orbital (SOMO),
the highest occupied molecular orbital (HOMO), and the lowest unoccupied molecular orbital (LUMO)
of organic molecules in the radical compounds possess delocalized character over the molecules and
have strong quantum mechanical features [12-14]. The magnetic metal complexes have potential
for showing various net magnetic properties of d- or f- electrons in the inorganic ions in various
coordination fields produced by surrounding organic ligands [15,16]. The design and synthesis of new
molecules and the provision of new functionalities are extensively performed as interesting challenges
in chemistry. The rich variety of structures and relatively sensitive responses against external stimuli
are advantages for applications of them [17,18]. Due to these characteristic natures, molecule-based
magnets are considered as promising materials for studying important topics, such as spin crossover,
spin frustration, light irradiation-induced magnetic structures, and single molecule magnets [19-22].

In addition to these materials, the magnetic properties of charge transfer complexes are also
attracting attention, since they show various conducting and magnetic properties inherent in the
multi-composition of molecules with different electronic structures and functionalities [23,24]. The 7t-d
interacting systems, which consist of organic donor molecules and counter anions containing magnetic
ions, such as Cu?*, Fe3*, Mn2*, etc., with localized 3d electron spin moments have been studied in
terms of the developing cooperative phenomena between conducting electrons and localized spins.
They are recognized as organic-inorganic hybrid molecular magnets. Until now, several 77-d interacting
compounds with DyA composition, where D denotes a donor molecule, such as BETS and BEDT-TTF
(bis(ethylenedithio)tetrathiafulvalene), and A denotes monovalent magnetic counter anions, such as
FeX;™ (X = Cl, Br), have been studied [25-30]. In such 7-d interacting systems, the charge transfer
from donor molecules to counter anion molecules occurs and unpaired 7t electrons and 34 electron
spins coexist in a crystal. Since the donor molecules and the magnetic counter anion molecules form
respective layers, the 7t electrons show two-dimensional conducting and magnetic properties with
strong electron correlations. In addition, magnetic interaction between the 7 electrons and the 3d
electrons, which is called 7-d interaction, appears in the systems [31]. By combining the 7r-d interacting
effect and the electron correlation, these 77-d systems show various unique magnetic and conducting
properties. For example, the metal-insulator transition and the coexistent state of a magnetic long-range
ordering and superconductivity are observed in them [32-36]. Furthermore, a rich variety of electronic
and magnetic phases appear with the tuning of external parameters, such as temperature, pressure,
and magnetic and electric fields, etc., in these compounds. A magnetic-field-induced superconducting
(FISC) state observed in A-(BETS),FeCly under extremely large magnetic fields higher than 17 T is
a representative phenomenon that the electronic state shows drastic change by controlling external
parameters [37].

In this article, we review the results of the thermodynamic experiments for 77-d interacting systems
of x-(BETS),FeXy (X = Cl, Br) performed by single crystal calorimetry as well as the development of the
calorimetry system using the measurements and discuss the physical properties of these compounds
in relation to the 71-d interacting effects.

2. Electronic Structure of the x-(BETS),FeX4 Systems

The crystal structures of x-(BETS),FeXy are shown in Figure 1. The BETS molecules and the FeXy ™~
anions form conducting 7t electron layers and insulating FeX, ™ layers, respectively, in the ac plane
and these layers are stacked alternately in the direction parallel to the b axis [34]. In the donor layers,
these molecules form dimers with face to face contact in the layers. The dimer units are arranged in a
nearly orthogonally tilted structure to form a zig-zag lattice. This structure is called a x-type structure
and various superconductors with relatively high T, have this structure. Since one electron is removed
from two BETS molecules, namely one dimer, to form a charge transfer complex with FeX,; ™ anions,
the 3/4-filled band is expected in BETS layers as is usual for the compounds with a 2:1 concentration.
However, since the degree of dimerization in the x-type structure is higher than the other packing,
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the 3/4-filled band splits into bonding and antibonding bands, changing the 3/4-filled band into an
effective half-filled band system with strong electron correlation. In the FeX,~ layers, Fe?* ions have
localized 3d electrons with S = 5/2 spins. The localized 3d electrons and the conducting 77 electrons are
strongly coupled through the 7-d interaction, and the conducting and magnetic properties of the 7
electrons and the 3d electrons influence each other.
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Figure 1. (a) Crystal structure of x-(BETS),FeXy projected along the ¢ axis. Molecular arrangement of
the (b) anion (FeX, ™) layer and (c) donor (BETS) layer in the ac plane. BETS and FeX, ™ are drawn
in ball-and-stick representation. Carbon, sulfur, selenium, iron, and halogen atoms are shown in
gray, yellow, orange, red, and brown, respectively. The dashed lines represent the one-dimensional
direct magnetic interaction network. (d) Schematic view of the magnetic interaction network in the
x-(BETS),FeXy system.

3. Transport and Magnetic Properties

The mechanism of magnetic interaction between 7 electron spins and 3d electron spins and
the possibility of 7r-d hybridization in electronic bands have been discussed theoretically and
experimentally. The conducting and magnetic properties of x-(BETS),FeXy have been studied in
the previous works by Fujiwara and Otsuka et al. and they reported that both x-(BETS),FeBry
and «-(BETS),FeCly show superconductivity coexisting with an antiferromagnetic long-range
ordering [34-36]. The 3d electrons in the Fe** show an antiferromagnetic transition at 2.47 K in
x-(BETS),FeBry and 0.47 K in x-(BETS),FeCly, respectively, while the 7t electrons are metallic in a
wide temperature range. At extremely low temperatures, they show superconducting transitions.
The transition temperature is 1.5 K in x-(BETS),FeBry and 0.1 K in x-(BETS),FeCly, respectively.
The superconducting ordering and the antiferromagnetic ordering occur independently at a glance,
since only a small kink is observed around Ty in the temperature dependence of resistivities [34,35].
Furthermore, the superconducting transition occurs at almost the same temperature in x-(BETS),GaXy
(X = Cl, Br), which have non-magnetic counter anions [38]. However, the electronic phase diagram
under magnetic fields indicates the anisotropy against magnetic field direction, which demonstrates
that the internal field produced by the 3d electron spin ordering affects the superconductivity of the
7t electrons through the 7-d interaction [34,39]. The electron correlation of the 7t electrons which not
only induces antiferromagnetic fluctuations but also produces charge fluctuations is also considered as
an important factor to determine the magnetic phase diagram of these compounds. Moreover, it is
reported that x-(BETS),FeBr, shows a FISC state similar to the case of well-known A-(BETS),FeCly [39].
Since the mechanism of the FISC state is explained by the Jaccarino-Peter compensation effect realized
by the internal field produced by the aligned 3d electron spins, the existence of the 77-d interactions
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should be taken into account [40,41]. These results demonstrate that the coupling of the 7 electrons
and the 34 electrons is crucial to characterize the conducting and magnetic properties of these systems
and this coupling can give unique features as molecular magnets.

4. Calorimetry System Applicable to Tiny Single Crystals of Molecular Magnetic Materials

The heat capacity measurements were performed by the thermal relaxation method, which is
suitable for single crystal measurements at a low temperature region. Since the crystals of the
x-(BETS),FeXy system are tiny thin plates, we used custom-made calorimetry cells of which details
were already reported in [42]. The sample stage consists of a RuOx thermometer of which the
room temperature resistance is 1 k(), and a strain gauge (EFLK-1000) heater with 1 k() in resistance.
By using $13 um constantan wires as the electric leads for the heater and the thermometer, it is
possible to adjust the thermal relaxation time between 0.1 s to 100 s depending on the sample size
and the experimental temperature region. The temperature of the sample was monitored by an ac
resistance bridge (LakeShore model 370N) with a scanner system and a pre-amplifier. The calorimetry
cells are also designed for conducting angle-resolved heat capacity measurements under in-plane
magnetic fields. The sample stage was suspended by thin stainless wires to prevent the sample
from tilting by the magnetic torque produced by a magnetic field. We confirmed that the in-plane
direction is kept just parallel to the magnetic field direction by monitoring the resistance of Hall sensor.
We succeeded in reducing the misalignment of the field-angle direction within £1° in all magnetic
fields, which is satisfactory for the present experiments. Therefore, investigations of the anisotropy of
the superconducting transition against the in-plane magnetic field were possible with high accuracy
by using the calorimetry cells. The angle-resolved system was subsequently modified to reduce the
blank heat capacity by Imajo et al. of which details were reported in [43].

In the experiments, the calorimetry cells were mounted on a top loading type *He cryostat and a
dilution refrigerator (TS-3H100 Taiyo Nissan), which are available in the variable temperature insert
(VTI) system with superconducting magnets. The minimum temperature of the former is 0.6 K and
that of the latter is 100 mK.

In the heat capacity measurements in this study, we used a single crystal of x-(BETS),FeBry
with 94 pg and that of x-(BETS),FeCly with 45 ug. The BETS molecules were solved in the solvent
of 1,1,2-trichloroethane with tetrabutylammonium salts of FeX;~. The electrochemical oxidation
technique was used to grow the single crystals. The sample was adhered on the sample stage with
a small amount of Apiezon N grease to attain good thermal contact. We confirmed that the thermal
relaxation curves of the measurements obey the simple single exponential function in all temperature
range between 100 mK and 10 K, which means that the thermal contact between the sample and
the stage is adequate to attain absolute values of the heat capacity. As a matter of fact, the absolute
values of the heat capacity, including the height of the peak, coincide well with the data of previous
works [34,35].

5. Thermodynamic Properties of Antiferromagnetic Ordered State of x-(BETS),FeX,

Here, we review the magnetic nature of the 3d electron systems investigated by heat capacity
measurements. Temperature dependences of the magnetic heat capacity of x-(BETS),FeBrs and
x-(BETS),FeCly are shown in Figure 2 by the CmagT*1 vs. T plot [44]. The contribution of the 3d electron
spins were evaluated by subtracting the lattice heat capacity. Although the 7 electrons contribute
to the total heat capacity (Cp), the entropic contribution of them is almost negligible in this plot.
Their electronic state can be explained by the band state, and the electronic heat capacity should give a
simple formula of Cj = 7T. The value of the 7 term is expected to be about 10-30 mJK—2mol ! if the 7r
electron band gives a similar band width, W, as for the case of metallic compounds of x-(BEDT-TTF),X
systems [45-49]. This indicates that the contribution of the 7t electrons should be two orders of
magnitude smaller than that of the 34 electrons. The sharp peaks at 2.47 K and 0.47 K are attributed to
the formation of the long-range ordering of the 3d electron spins in the anion layers. The temperature
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of the magnetic transition coincides well with the results of magnetic susceptibility measurements by
Fujiwara and Otsuka et al. [34-36]. As a matter of fact, the evaluated magnetic entropy reaches Smag
=14.9 JK 'mol~! at 8 K for x-(BETS),FeBr, and 2 K for x-(BETS),FeCly. These values are consistent
with the full entropy of the 3d electron spins in FeXy ™~ possessing the spin multiplicity of S = 5/2 spins,
namely, Smag = RIn6. This result means that the magnetic orders occur with a bulk feature in both
compounds in which all the 3d electron spins form an antiferromagnetic structure.

T T 20

(a) k-(BETS),FeBr, b) * Lx-(BETS),FeCl,

F €

(i-low, ) g
Crrag T (JKZmol)
=
=
"y ma
(i1ow.yr) teug

Crao T (JK2mol)
5
=T

R - PRNR T S
00 0.5 1 1.5 2

T(K) T(K)

Figure 2. Temperature dependence of the magnetic heat capacity (red) and the magnetic entropy
(green) of (a) xk-(BETS),FeBry and (b) x-(BETS),FeCly. The solid lines represent the fitting curves of
high-temperature magnetic heat capacity data using the AT~2 term. Reproduced with permission
from [44].

The temperature dependence of the magnetic entropy shown in Figure 2 indicates that most
of the magnetic entropy is distributed around Txn. However, a nearly symmetric peak shape of Cp
against temperature and the existence of the higher-temperature tail of the magnetic heat capacity
prompted us to consider a kind of low dimensional fluctuation effect. From the data in Figure 2, it is
notable that nearly 40% of the contribution for the magnetic entropy is distributed above Ty. There are
two types of magnetic interactions between the 3d electron spins in the FeX, ™ sites in these two
compounds [31,50]. One is the direct magnetic interaction expressed as ] 44, and the other is the indirect
magnetic interaction mediated by the coupling between the 3d electron spins and the 77 electron spins
on the BETS layers, which is expressed as J4. The schematic view of the interaction is shown in
Figure 1d. Although both interactions are antiferromagnetic, the contribution for the antiferromagnetic
ordering of the direct magnetic interaction is expected to be relatively larger than that of the indirect
magnetic interaction. Mori et al. estimated the contribution of the direct magnetic interaction and the
indirect magnetic interaction to Ty by theoretical calculation and revealed the dominant contribution
of the direct magnetic interaction [50]. Since the counter anions of FeX;~ form one-dimensional
chain like structures along the a axis, as is shown in the crystal structure in Figure 1b, the J44 forms a
one-dimensional interaction network. The direct magnetic interactions along the inter-chain (parallel to
the c axis) and the inter-layer (parallel to the b axis) directions are one order of magnitude smaller and
are almost negligible. However, the indirect magnetic interaction between the 3d electron spins works
in all directions to form a three-dimensional magnetic interaction network. In the inter-chain and
the inter-layer directions, magnetic interactions are dominated by this indirect magnetic interaction.
In the case of the a axis direction, the direct magnetic interaction and the indirect interaction coexist.
Therefore, the short-range ordering of the 3d electron spins due to the dominant direct magnetic
interaction with one-dimensional character should develop from the higher-temperature region above
TN, leading to the distribution of the magnetic entropy above Ty. The J44 values can be evaluated by
fitting the high-temperature magnetic heat capacity data using the AT~ term [51,52]. The fitting results
give the value of |]4q | /kg = 0.27 K for x-(BETS),FeBry and |]44 | /kp = 0.081 K for x-(BETS),FeCly,
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respectively. The fitting curves of the high-temperature magnetic heat capacity using the AT 2 term is
shown by black solid lines in Figure 2. Here, we must mention that the single-ion anisotropy of Fe3* is
not taken into account and these values contain ambiguity. Although the one-dimensional fluctuations
appear at high temperatures, the indirect magnetic interaction through the 7t electron layers works
cooperatively and forms three-dimensional ordering.
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Figure 3. Temperature dependences of the magnetic heat capacity of x-(BETS),FeBr, under magnetic
fields parallel to (a) the a axis and (b) the c axis. Reproduced with permission from [44].

The magnetic field dependences of the magnetic heat capacity of the 3d electron spins of the two
compounds were also investigated. By applying magnetic fields, the transition temperature decreases
with the increase of magnetic fields, which is a typical behavior of conventional antiferromagnetic
compounds. The temperature dependence of the magnetic heat capacity of x-(BETS),FeBry obtained
under magnetic fields is shown in Figure 3. The magnetic fields are applied to the a axis and the ¢ axis
directions in the plane. The a axis is the magnetic easy axis of the 3d electron spins, which is confirmed
by the single crystal magnetic susceptibility measurements [34]. The suppression of the Ty is largest in
the a axis direction and Ty decreases down to about 2.07 K at 1 T and 0.45 K at 2 T, while that of the
H || caxis directionis 2.21 Kat2 T and 1.18 K at 4 T, respectively.

Figure 4a shows the temperature dependences of the heat capacity under magnetic field at 1 T
applied in several directions from the b axis (out-of-plane direction) to the a axis (in-plane direction) in
the ab plane measured by the long relaxation method using the same calorimetry cell. By tilting the
field direction from the b axis to the a axis, Ty shifts to the lower temperature region. The field-direction
dependence of the Ty at 1 T and 2 T are summarized in Figure 4b. The T\ is 2.37 Kat 1 T and 2.24 K at
2 T, respectively, in the b axis direction. The degree of the suppression of Ty by the magnetic field is
almost the same between the b axis direction and the ¢ axis direction, which is also consistent with the
previous magnetic susceptibility measurements [34].

The curious features appear in the temperature dependence of the magnetic heat capacity when
the magnetic fields are applied to the a axis direction. As confirmed in Figure 3, the magnetic field
works to suppress the peak gradually and a kind of hump structure appears. In the data of Figure 3a,
the hump structure is observed clearly at 1.5 T and 2 T. It is important to mention that the magnetic
entropy at 8 K is retained as RIn6 even though the temperature dependence of the magnetic heat
capacity shows such a drastic change. This result indicates that the hump structure is derived from
the spin degrees of freedom of the 3d electron spins and the magnetic nature is gradually changed
inside the antiferromagnetic phase. Note that the temperature dependences of the magnetic heat
capacity under the magnetic field parallel to the b axis and the c axis are almost the same, and the
hump structure is not observed when the magnetic field is applied in both directions.
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Figure 4. (a) Temperature dependences of the heat capacity of x-(BETS),FeBry. The magnetic field of
1T is applied in several directions from the b axis (0°) to the a axis (90°). (b) Field-direction dependence
of the antiferromagnetic transition temperature at 1 T (red) and 2 T (green). The black line represents
the antiferromagnetic transition temperature of 2.47 Kat 0 T.

A similar tendency is observed in x-(BETS),FeCly, though the magnetic features are shifted to
the lower energy scale. Figure 5 shows the temperature dependences of the magnetic heat capacity
under magnetic fields applied parallel to the a axis and the ¢ axis. The hump structure is also observed
in k-(BETS),FeCly at 0.5 T as is indicated in Figure 5a. These results certainly suggest that the same
magnetic nature in x-(BETS),FeBry also appears in x-(BETS),FeCly.
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Figure 5. Temperature dependences of the magnetic heat capacity of x-(BETS),FeCly under magnetic
fields parallel to (a) the a axis and (b) the ¢ axis. Reproduced with permission from [44].

In order to compare the data of the two compounds in the same framework, the magnetic heat
capacity data obtained in the configuration of the H | | 4 axis of the two compounds are displayed in
the same figure in Figure 6. In this figure, the temperatures are scaled by the dominant direct magnetic
interaction, |]4q!/kg, of each compound. It is worthy of note that not only the high temperature
tails derived from the short-range ordering, but also the hump structures scale well between the two
compounds, suggesting that the origin of the hump structure is related to the energy scale of the direct
magnetic interaction. The temperature dependence of the magnetic heat capacity of the x-(BETS),FeCly
at 0 T coincides with that of x-(BETS),FeBry at 1.5 T. The magnetic field of 1.5 T corresponds to
the difference of the magnitude of the direct magnetic interactions between x-(BETS),FeBry and
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x-(BETS),FeCly compounds. From this scaling result and quantitative evaluation of the magnetic
interactions, we can claim that even though the 3d electron spin systems undergo the antiferromagnetic
ordered state by the indirect magnetic interaction, the characteristics of the direct magnetic interactions,
Jad, still remains as internal degrees of freedom below Ty, which is observed as a hump structure in
the magnetic heat capacity.
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Figure 6. Temperature dependences of the magnetic heat capacities of x-(BETS),FeBry (x-Br) and
k-(BETS),FeCly (x-Cl). The solid line represents the theoretical curve of the S = 5/2 one-dimensional
Heisenberg chain [53]. Reproduced with permission from [44].

It is generally recognized that the compounds possessing a low dimensional structure of the
magnetic ions or molecules usually show short-range fluctuations in their thermodynamic and
magnetic properties. In the case of x-(BETS),FeXy systems, the tail structure in the magnetic heat
capacity observed at higher temperatures is due to the short-range ordering derived from the dominant
direct magnetic interaction, and the long-range ordering is induced by the indirect magnetic interaction.
Numerous works to investigate the thermodynamic nature of such low dimensional magnetic systems
by heat capacity measurements have been performed and comprehensive discussion is given in
several review papers and textbooks [52,54,55]. However, the situation of the present compounds is
quite different from the conventional low dimensional magnetic systems. The inter-layer magnetic
interactions between the 7t electrons and the 3d electrons are relatively large and in the same order
with the direct magnetic interactions in the a axis direction. As is shown schematically in Figure 1d,
the indirect magnetic interaction between the 3d electron spins through the 77-d interaction exists in
all directions and they can form a three-dimensional ordering at rather high temperatures. However,
only in the a axis direction, the direct magnetic interaction of J44 exists with a similar order as the
indirect magnetic interaction. This interaction is quite anisotropic, like one-dimensional magnetic
systems. Although the three-dimensional ordering occurs as a cooperative effect of the direct and
the indirect magnetic interactions, the effect of the direct magnetic interaction remains as internal
degrees of freedom even though the three-dimensional ordering is established at Ty. The low
dimensional magnetic system, which has direct and indirect magnetic interactions with a similar
order, is quite rare and probably the unique point for this material. Moreover, the strong electron
correlation among the 7t electrons also influences the magnetic nature of the 3d electron spin system.
Such situation characteristic in the 77-d interacting system changes the three-dimensional ordered state
to the unconventional magnetic state such that the nature of the one-dimensional direct magnetic
interaction remains even below Ty. Interestingly, the similar hump structure is also observed more
clearly in the A-(BETS),FeCly, which is another 7r-d interacting system, which is reviewed in [56].
Recently, some theoretical studies on the emergence of the hump structure in the 77-d interacting
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system have been reported [57]. These results claim that the curious magnetic behaviors reviewed in
this section are characteristic behavior of the 77-d interacting systems and shed light on a new aspect of
molecular magnets.

6. Anisotropic Magnetic Field Dependence of the Superconducting Transition of x-(BETS),FeBr,

The coupling of the 3d electrons and the 7t electrons also influences the superconducting nature.
Below the antiferromagnetic transition temperature, x-(BETS),FeBry and x-(BETS),FeCly show a
superconducting transition at 1.5 K and 0.1 K, respectively [34-36]. The superconductivity of the
k-type compounds has two-dimensional characters with line-nodes in the cylindrical Fermi surface
and the pairing state is considered as the anisotropic dyo.y2 or dxy type depending on the magnitude of
dimerization and frustration factor inherent in the triangularity of the x-type packing [58,59]. To discuss
the superconducting nature, it is necessary to extract the electronic heat capacity of the 7t electrons.
In the case of x-(BETS),FeBry, the magnetic heat capacity originating from the 3d electron spins gives a
dominant contribution to the total heat capacity, and this situation makes it difficult to analyze the
accurate electronic heat capacity of the 7t electrons. However, by subtracting the appropriate magnetic
heat capacity by the procedure explained in [60], the thermal anomaly due to the superconducting
transition was evaluated. Figure 7 shows the temperature dependence of the heat capacity of
x-(BETS),FeBry around the superconducting transition temperature and the thermal anomaly due
to the superconductivity. The magnitude of the heat capacity jump at T. = 1.5 K is about AC}, ~
50 mJK~'mol~!, which is a typical value for organic superconductors [45-49]. The deviation from
the Bardeen-Cooper-Schrieffer (BCS) curves may imply a possible nodal superconductor. However,
it should be emphasized that the ambiguity of the background evaluation exists as a serious factor for
further discussion and it is difficult to discuss the temperature dependence of AC, and pair symmetry
using BCS theory or other models. We cannot discuss the origin of the small anomaly around 0.8 K at
present, since we cannot exclude an extrinsic origin due to the slight change of the thermal conductivity
of the wires used as a heat leak in the calorimetry cell.
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Figure 7. (a) C, vs. T curve of k-(BETS),FeBry at 0 T. The inset shows the enlarged view around the
superconducting transition temperature. (b) ACp vs. T curve of x-(BETS),FeBry at 0 T. The solid, dashed,
and dotted lines represent the BCS curves assuming that the 7 values are 10, 20, 30 m]K’Zmol’l,
respectively [61]. Reproduced with permission from [60].

The magnetic field dependence of the peak temperature due to the superconductivity shows
unusual in-plane anisotropy. Although the exact estimation of the electronic heat capacity under
the magnetic field is difficult, the relative field-dependent change of the thermal anomaly and the
superconducting transition temperature can be traced by comparing the heat capacity data under

149



Crystals 2019, 9, 66

magnetic fields parallel to the b axis, which is the perpendicular direction of the conducting layers
as was reported in [60]. Figure 8 shows the ACp vs. T curves at several magnetic fields applied
parallel to the c axis. The anomaly shows no significant field dependence up to 2 T. Above 2 T,
the superconducting transition temperature is gradually decreased and disappears around 2.5 T.
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Figure 8. AC;, vs. T curves of k-(BETS),FeBry at several magnetic fields applied parallel to the c axis.
The dashed lines represent the superconducting transition temperature of 1.5 K at 0 T. Reproduced
with permission from [60].

Figure 9 shows the field-direction dependence of the AC, vs. T curves at 1 T and 2 T.
Although several AC,, curves contain large offset inherent in the ambiguity of the estimation of
the magnetic contribution derived from the 3d electron spins, the anomaly associated with the
superconducting transition can be traced. Although the superconducting transition shows almost
isotropic field-direction dependence at 1 T, it shows significant anisotropic field-direction dependence
at 2 T. When the magnetic field-direction is tilted from the c axis to the a axis, the superconducting
transition shifts to the lower temperature region drastically, and it is no longer observed above 30°
from the c axis in the experimentally available temperature range down to 0.65 K. Such field-direction
dependence is not explained by the anisotropy of the Fermi surfaces and the symmetry of the
superconducting gap structure [62-64].

Figure 10 shows a magnetic field vs. temperature (B-T) phase diagram determined by the heat
capacity measurements. This phase diagram is almost the same with that determined by the transport
and magnetic susceptibility measurements by Fujiwara et al. [26,34]. Since the magnetic fields are
applied parallel to the in-plane direction of the donor layers, the pair breaking by the orbital effect is
not so large. Therefore, in this configuration, the suppression mechanism of electron pairs is mainly
determined by the Zeeman effect [65]. The Pauli limit of the weak coupling superconductor is given as
Hp = 1.84T,, which corresponds to the 2.6 T for x-(BETS),FeBry. This field is close to the field where
the thermal anomaly due to the superconducting transition disappears when the magnetic field is
applied parallel to the c axis [66]. The origin of the anisotropy produced above 1 T is attributed to
the change of internal magnetic fields induced by the change of antiferromagnetic spin structures.
From the magnetization measurement, it is confirmed that when the magnetic field is applied parallel
to the a axis, corresponding to the magnetic easy axis of the 3d electron spins, the 3d electron spins
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show a metamagnetic transition around 2 T, leading to the drastic change of the internal field [34].
Fujiwara et al. calculated the field dependence of the effective magnetic field for several directions and
suggested that the drastic increase of the internal field occurs at the metamagnetic transition field [67].
From these results, it is considered that the increase of the effective magnetic field induced by the change
of the antiferromagnetic spin structure destabilizes the superconducting state even below the Pauli
limit. In contrast to this, only a slight change is expected for the antiferromagnetic spin arrangement
below the metamagnetic transition field. Therefore, the suppression of the superconducting transition
temperature is moderate at the weak magnetic field region. On the other hand, only a gradual change
of the internal field occurs up to the Pauli-limit value when the magnetic field is applied parallel to the
c axis. In this direction, the magnetic field is perpendicular to the magnetic easy axis and the magnetic
field gradually cants the direction of the 3d electron spins while keeping the antiferromagnetically
ordered structure. Therefore, the change of the internal field is gradual and the drastic suppression of
the superconducting transition temperature is not observed up to the Pauli-limit value. These results
suggest that the magnetic state of the 3d electron spins influences the superconducting state of the 7
electron system through the 77-d interaction as the change of the effective magnetic field.
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Figure 9. Field-direction dependences of the ACp, vs. T curves of k-(BETS);FeBr4 under the in-plane
magnetic field at (a) 1 T and (b) 2 T. 0° and 90° correspond to the c axis and the a axis, respectively.
Dashed lines represent the superconducting transition temperature of 1.5 K at 0 T. Reproduced with
permission from [60].
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Figure 10. B-T phase diagram of x-(BETS),FeBr; determined by heat capacity measurements.
The closed and open symbols represent the superconducting transition temperature and the
antiferromagnetic transition temperature. The magnetic field is applied parallel to the a axis (green)
and the ¢ axis (red). Reproduced with permission from [60].

7. Summary

In this article, the unique magnetic and superconducting properties of x-(BETS),FeX, (X = Cl,
Br) investigated by single crystal heat capacity measurements were reviewed. In the former part,
we showed the results of the magnetic heat capacity of the 3d electron spin system. The heat capacity
measurements revealed that both x-(BETS),FeBr, and x-(BETS),FeCly showed hump structures only
when the external magnetic fields were applied parallel to the a axis, which is the easy axis of the
3d electron spins. The hump structures scale well between two compounds by using the value of
dominant direct magnetic interaction, |]4q | /kp. Such anisotropic magnetic properties were produced
by the coexistence of the direct and the indirect magnetic interactions in this direction. In the latter part,
we showed the results of the electronic heat capacity of the 7t electron system. The superconducting
transition anomaly in the electronic heat capacity was observed in x-(BETS),FeBry at 1.5 K, although
the ambiguity of the subtraction of the large magnetic heat capacity of the 3d electron spins remains.
When the magnetic field was applied parallel to the conducting layers, the superconducting transition
temperature also showed anisotropic field dependence even though the superconductivity itself has
two-dimensional characters. Although the superconducting transition could be observed near the
Pauli limit if the magnetic field was applied parallel to the ¢ axis, it was drastically suppressed if the
magnetic field was applied parallel to the a axis similar to the case of T. The anisotropic field-direction
dependence in the in-plane configuration can be understood by considering the change of the internal
magnetic field produced by the 3d electron spin system. It should be emphasized that the coexistence of
the direct magnetic interaction and the indirect magnetic interaction through the 77-d interaction plays
a crucial role for both the origin of the unconventional magnetic properties of the 3d electron spins and
that of the anisotropic field-direction dependence of the superconducting transition temperature.
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