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Abstract: An experimental study of the magnetocaloric effect in tetraaquabis(hydrogen maleato)nickel(II),
[Ni(C4H304)2(H0)4] powder sample is presented. The magnetocaloric properties of the studied sample
were investigated using specific heat and magnetization measurements in magnetic fields up to 9 T
in the temperature range from 0.4 to 50 K. A large conventional magnetocaloric effect was found at a
temperature of about 3.5 K, where —ASy; = 8.5 ]kg_lK_1 and 11.2 ]kg_lK_1 for a magnetic field of 5T
and 7 T, respectively. Assuming a substantial role of the crystal field, the temperature dependence of
the magnetic specific heat in a zero magnetic field was compared with an S = 1 model with single-ion
anisotropy parameters D and E (axial and rhombic). The best agreement was found for the parameters
D/kg = —7.82 K and E/kg = —2.15 K. On the other hand, the experimental temperature dependence of
—AS)y; shows higher values compared to the theoretical prediction for the mentioned model, indicating the
presence of additional factors in the system, such as an exchange interaction between magnetic ions. The
first exchange pathway can be realized through maleic rings between the nearest Ni(II) ions. The second
exchange pathway can be realized through water molecules approximately along the a crystallographic
axis. Broken-symmetry DFT calculations performed using the computational package ORCA provided
the values of ferromagnetic exchange interactions, [, /kg = 1.50 K and J,/kg = 1.44 K (using B3LYP
functional). The presence of such ferromagnetic correlations in the studied system may explain the
enhanced magnetocaloric effect compared with the model of an anisotropic spin-1 paramagnet.

Keywords: magnetocaloric effect; entropy; adiabatic temperature change; magnetic anisotropy;
crystal field

1. Introduction

The magnetocaloric effect (MCE) remains at the center of attention of several scientific
communities in recent times [1-12]. MCE is based on the heating or cooling of the magnetic
refrigerant if a magnetic field is applied. MCE can be used in magnetic cooling at room
temperature when it replaces cooling based on adiabatic gas compression and expansion [13,14].
On the other hand, MCE can also be used to achieve low temperatures, which are currently
mainly obtained on the basis of the physical properties of the helium-3 isotope. Two parameters
are essential for evaluating the magnetocaloric properties of a potential magnetic refrigerant: the
magnetic entropy change ASy; when a magnetic field is applied, and the adiabatic temperature
change AT,4 when the magnetic field changes in adiabatic conditions [15,16]. It is important to
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note that the values of the mentioned parameters should be as large as possible in the given
temperature range in which the magnetic refrigerant is used.

Potential magnetic refrigerants currently being studied are based mainly on the phys-
ical properties of rare-earth elements [17-28]. The enhanced magnetocaloric effect is
primarily caused by the large value of the magnetic moment. The main disadvantage of
these magnetic refrigerants is their financial and time-consuming difficulty in preparation.
For this reason, these materials may not meet one of the essential parameters for choosing
a suitable refrigerant [29].

Another possible alternative to rare-earth compounds with enhanced magnetocaloric
effect are systems based on Ni(II) ions with spin-1. The main advantages of these systems
are their financial availability, the synthesis is not very time-consuming, the number of steps
in the synthesis is minimal, and the synthesis does not have many precursors. The magne-
tocaloric properties of S = 1 Ni(Il) systems can be largely modified by the dimensionality of
studied systems, the presence of exchange interactions, the type of single-ion anisotropy,
and values of corresponding crystal field parameters [3,30-33]. For example, enhanced
MCE, —ASy = 10.6 JK! kg™ ! in a temperature range below 2.3 K, was observed in the
tetranuclear nickel complex [Nig(p-CO3)(aetpy)g](ClO4)4 (aetpy = 2-aminoethyl-pyridine)
that was identified as a spin-1 Heisenberg diamond cluster with two different coupling
constants with [ /kg = —41.4 K and J,/kg = —9.2 K [3]. On the other hand, the anal-
ysis of magnetic specific heat and MCE in the Ni(fum)(phen) system (fum = fumarato,
phen = 1,10 -phenanthroline) showed that the presence of ferromagnetic interaction form-
ing Ni(Il) dimers improves the magnetocaloric properties of the studied system [30].

In this work, we present the experimental study of the magnetocaloric effect in a
tetraaquabis(hydrogen maleato)nickel(II), [Ni(C4H304)2(H20)4] (NiHmal) powder sample.
The magnetocaloric properties of the studied sample are investigated using specific heat
and magnetization measurements in magnetic fields up to 9 T in the temperature range
from 0.4 to 50 K. In parallel with the study of magnetocaloric properties, the prediction
of the physical model of the studied system is performed using ab initio and broken-
symmetry (BS) DFT calculations. Simultaneously, the influence of the spatial realization of
the exchange paths on the magnetocaloric properties of NiHmal is discussed.

2. Materials and Methods

The synthesis of the studied system was carried out according to the following steps.
Nickel sulfate heptahydrate, sodium hydroxide, and maleic acid (99.9%, Sigma-Aldrich—Merck,
Darmstadt, Germany) of reagent-grade quality were obtained from commercial sources and
were used as received without further purification. All solutions were prepared using deionized
water. First, nickel hydroxide was prepared by precipitation of nickel sulfate solution (10 mmol)
with sodium hydroxide solution (20 mmol). The resulting precipitate was purified by decanta-
tion until a negative test on the sulfate anions and was used for further synthesis without drying.
The freshly prepared Ni(OH), was dissolved in 10 mL of maleic acid solution (10 mmol) under
constant stirring. The obtained solution was filtered off and was placed to open crystallization
at room temperature. Within a few days, dark green crystals were formed, isolated by filtration,
and freely dried in air (yield: 36%).

The title complex was first prepared by Gupta in 1984 [34], and its molecular structure
is shown in Figure 1a. It crystallizes in a triclinic centrosymmetric P-1 space group, and
the unit cell of the complex is depicted in Figure 1b. The central Ni(II) atom is coordinated
by six oxygen atoms, while four in the equatorial plane originated from molecules of four
aqua ligands. There are two hydrogen maleato ligands (Hmal) in the axial position, and
they are coordinated through an oxygen atom of a deprotonated carboxyl group. The
negative charge -1 of Hmal ligands compensates for the positive charge of the central Ni(II)
atom. Axial Ni-O(Hmal) bond distances are 2.078(1) A, while equatorial Ni-O(aqua) bond
distances are 2.025(1) A and 2.089(1) A. All O-Ni-O bond angles ranged from 92.45(8)°
to 96.73(10)° [35]. The crystal structure is stabilized by strong intramolecular hydrogen
bridges involving the non-deprotonated carboxyl groups of Hmal ligands (Figure 2).
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Figure 1. (a) Molecular structure of NiHmal; (b) Crystal structure of NiHmal. The dashed lines
represent hydrogen bonds.

Figure 2. Stabilization of the crystal structure by strong intermolecular hydrogen bonds in NiHmal.

The temperature dependence of specific heat of powdered sample pressed in the form
of a pellet was obtained using a commercial PPMS system in the temperature range from
0.4 K to 50 K in the magnetic fields up to 9 T. The contribution of the addenda to the
specific heat was determined in a separate run. The field dependence of magnetization
was collected using a commercial SQUID magnetometer in magnetic fields up to 5 T in
the temperature range from 2 K to 20 K. The susceptibility studies were performed in
the temperature range from 2 K to 300 K in a magnetic field of 100 mT. Diamagnetic
contribution to magnetic susceptibility was subtracted using Pascal constants. The sample
pressed in the form of a pellet was fixed in a gelatin capsule using Apiezon N grease. A
gelatin capsule with a sample was inserted into a plastic straw and placed using a holder
in the device itself.

Ab initio calculations were performed using the ORCA 4.2.1 computational pack-
age [36]. The calculations of single-ion anisotropy parameters were based on the state-
averaged complete active space self-consistent field (SA-CASSCF) wave functions followed
by N-electron valence second-order perturbation theory (NEVPT2) [37-41]. Calculations
employed the metal-based d-orbitals as active space CAS (8,5), including the state-averaged
approach with all 10 triplet and 15 singlet states equally weighted for Ni(Il). The reported
ZFS parameters were obtained from the effective Hamiltonian theory [42]. The zeroth-order
regular approximation (ZORA) [43,44] was used to account for relativistic effects together
with the corresponding segmented all-electron relativistic contracted (SARC) version of the
triple-C basis set Def2-TZVP(-f) [45,46] for all atoms.

The BS DFT calculation [47] was performed using the B3LYP, BPEO, and TPSSh
exchange-correlation functionals [48-50]. The exchange coupling was obtained using
the Yamaguchi formalism from the single-point approach [51], but the values are later
reported using the Hamiltonian in the form 7 = —J$;5,.

All calculations utilized the RI approximation and the chain-of-spheres (RIJCOSX)
approximation to exact exchange [52] with appropriate decontracted auxiliary basis sets
SARC/]J and Def2-TZVP/C [53,54]. Increased integration grids (Grid4 for DFT and Grid4X
for RIJCOSX) and tight SCF convergence criteria were used.
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3. Results

The temperature dependence of specific heat of NiHmal in a zero magnetic field is
shown in Figure 3a. The round maximum of specific heat in a zero magnetic field can
be observed at a temperature of 2.5 K; a monotonous increase was observed at higher
temperatures. NiHmal is a magnetic insulator, which means that the total heat capacity
is given by the sum of the specific heat of the magnetic and lattice subsystem. In the
temperature range from 10.12 K to 26.3 K, the total specific heat can be approximated by
the following expression:

a

2t bT® 4 cT°, (1)

Crot = Cmug + Ciat =
where 4, b, and ¢ are fitting parameters, and the term Cmag ~ T represents the specific
heat of the magnetic subsystem. By fitting the experimental data of the specific heat in the
temperature range from 10.12 K to 26.3 K, the values of the fitting parameters a = 125.66 JKmol !,
b =0.00238 JK* mol~!, and ¢ = -1.21804 x 10~° JK—° mol~! were obtained.
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Figure 3. (a) Temperature dependence of total specific heat of NiHmal in a zero magnetic field
(symbols). The dashed line represents the lattice contribution to the specific heat; (b) Temperature
dependence of magnetic specific heat of NiHmal in a zero magnetic field (symbols). The solid line
represents the theoretical prediction for S = 1 paramagnet with D/kg =-7.82 K, E/kg =-2.15K, and
§=229.

After subtracting the lattice contribution to the specific heat, the temperature depen-
dence of the magnetic subsystem’s specific heat was obtained, as shown in Figure 3b. In
the first approximation based on the crystal structure, only the dominant influence of the
crystal field on the magnetic properties of the NiHmal system was assumed, which means
the temperature dependence of the specific heat of the magnetic subsystem was compared
with the S = 1 model with parameters of uniaxial anisotropy D and rhombic anisotropy E.
The best agreement was found for the parameters D/kg = -7.82 K and E/kg = -2.15 K, with
g =2.29. The negative value of the uniaxial anisotropy parameter D points to the easy-axis
anisotropy in the studied system, which results from the crystal structure itself based on
the deformed octahedron of the Ni(Il) ion.

The value of the magnetic entropy below the temperature of 0.4 K for the NiHmal
system was estimated from the experimental specific data, similarly for the Ni(fum)(phen)
system [30]. First, the magnetic entropy of the experimental data was calculated from the
temperature dependence of the specific heat of the magnetic subsystem in the range from
0.4 K to 26 K. The determination of the value of the magnetic entropy in the range from
26 K up to the limit of T — co was realized by standard extrapolation. The sum of these
two contributions is equal to 8.88 JK ! mol !, representing 97.2% of the total theoretical
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value of the magnetic entropy for a system with spin-1. Based on this value, it is possible to
assume the absence of a phase transition to a magnetically ordered state in a zero magnetic
field in the NiHmal system.

The temperature dependence of the specific heat of NiHmal in non-zero magnetic
fields up to 9 T is shown in Figure 4a. It can be concluded that with the increase in the
magnetic field, the maximum of the specific heat shifts toward higher temperatures. In
contrast, the maximum value of the specific heat remains constant up to a magnetic field of
4 T. At higher magnetic fields, an increase in the maximum value of Cag is also observed.
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Figure 4. (a) Temperature dependence of the specific heat of the magnetic subsystem of the system
NiHmal in different magnetic fields; (b) Temperature dependence of the total entropy of NiHmal in
different magnetic fields.

For further study of the magnetocaloric effect in the NiHHmal system, the temperature
dependence of the total entropy was calculated from the experimental data of the total

heat capacity according to the relation S = [ % dT. It should be noted that in the case of
obtaining the temperature dependence of the entropy in a zero magnetic field, the obtained
dependence was normalized by 0.7 JK~! kg~!, which means by a part of the entropy
below the temperature of 0.4 K. On the other hand, the experimental data values of the
total specific heat for all magnetic fields were almost identical at the maximum measured
temperature of 50 K. For this reason, it can be concluded that at the mentioned temperature
of 50 K, the lattice contribution to the heat capacity largely prevails, and the contributions
from the magnetic subsystem are negligible. Based on this knowledge, the calculated
temperature dependences of the total entropy in magnetic fields were normalized to have
the same value at the highest temperature of 50 K. The temperature dependence of the total
entropy Siot is shown in Figure 4b.

Temperature dependence of magnetic susceptibility is presented in Figure 5a. No
difference was observed between the data obtained in the field cooling (FC) and zero-
field cooling (ZFC) regimes. It could be seen that the susceptibility value increases with
decreasing temperature. Such behavior can be explained by the presence of the easy-axis
type anisotropy in the studied system. The effective magnetic moment saturates to the
value of 3.24 ug, which results in a value of the g factor of ~ 2.29, typical for Ni(Il) ions
(Figure 5a, inset).
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Figure 5. (a) Temperature dependence of the magnetic susceptibility measured in ZFC and FC
regimes of NiHmal. Inset: Temperature dependence of the effective magnetic moment of NiHmal;
(b) Isothermal magnetization curves of NiHmal powder sample at constant temperatures with
temperature steps AT = 0.5 K and 1 K in the intervals 2-10 and 11-20 K, respectively; (c) Arrott plot
for the NiHmal powder sample.

To evaluate the magnetocaloric properties of the NiHmal system, the field dependences
of magnetization were measured in magnetic fields up to 5 T in the temperature range from
2 K to 20 K (Figure 5b). For each temperature, the magnetization increases with increasing
magnetic field and decreases with increasing temperature at a constant field. Based on this
behavior, predicting a normal magnetocaloric effect in the given system is possible. The
Arrott plot for the NiHmal powder sample is shown in Figure 5c. It is evident that the
qualitative slope of all curves is similar, and the curves do not show linear behavior for
any temperature. Thus, no transition to the magnetically ordered state could be seen from
Arrott plots, which is consistent with the results from the specific heat data.

The temperature dependence of the isothermal change of magnetic entropy —ASy
was calculated from the field dependence of magnetization using the standard Maxwell
relation [13]:

By
ASp(T,AB) = /%dﬂ 2
B;

where AB = B; — By, and By and B; represent the final and initial magnetic fields, respectively.
The result of this procedure is shown in Figure 6a. It could be seen that as the magnetic field
increases, the maximum value of —ASy increases and shifts toward higher temperatures.
The data were also compared with —ASy; obtained from the total entropy data from
Figure 4b. It is possible to state a very good agreement between these experimental data,
and the small difference between the values obtained from the Maxwell relation and the
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total entropy can be attributed to the inaccuracies of the specific heat and magnetization
measurements. A large conventional magnetocaloric effect was found at a temperature of
about 3.5 K, where —ASy; = 8.5 Jkg 'K~ ! and 11.2 Jkg~'K~! for a magnetic field of 5 T and
7 T, respectively. At the same time, the temperature dependence of —ASy; was compared
with theoretical predictions for S = 1 paramagnet with D/kg = —7.82 Kand E/kg = —2.15K,
i.e., with the model that best described the temperature dependence of the specific heat
in a zero magnetic field. It is important to note that the theoretical model describes the
experimental data relatively well at higher temperatures. Still, significant differences are
observed toward lower temperatures, with experimental values larger than the theoretical
model. This suggests the presence of other unaccounted factors in the system, such as the
exchange interaction between magnetic Ni(II) ions.
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Figure 6. (a) Temperature dependence of the isothermal entropy change of NiHmal in different
magnetic fields. —ASy; were obtained from the magnetization curves (symbols); solid lines represent
values of —ASy; calculated from specific heat data. Dashed lines represent values of —ASy; calculated
for S = 1 paramagnet with D/kg = —7.82 K, E/kg = —2.15K, and g = 2.29; (b) Adiabatic temperature
change as a function of initial temperature for the NiHmal system realized under conditions of
adiabatic demagnetization to zero magnetic field.

The adiabatic temperature change as a function of initial temperature for the NiHmal
system, realized under conditions of adiabatic demagnetization to zero magnetic field
calculated from the temperature dependence of total entropy, is shown in Figure 6b. The
maximum of the -AT,q4 value shifts toward higher initial temperatures with an increasing
magnetic field value. It could be observed that adiabatic demagnetization from 7 T for
initial temperatures of 10K, 4.2 K, and 2 K yields -AT,4 = 5K, 2.5K, and 1.2 K, respectively.
The obtained magnetocaloric characteristics of the studied system point to its application
potential in the field of magnetocaloric cooling.

As shown above, the simple S = 1 model only considers the parameters of uniaxial
anisotropy D and rhombic anisotropy E, which fairly describes the zero-field specific heat
of NiHmal and underestimates its isothermal change of magnetic entropy. Therefore,
ab initio calculations of the single-ion anisotropy parameters and BS DFT calculation
of possible exchange interactions in NiHmal were performed using the structural data
obtained in Ref. [35] in ORCA. The single-ion anisotropy parameters of Ni(Il) ions in an
isolated molecule of NiHmal were predicted using the SA-CASSCF/NEVPT2 method as
D/kg=—-9.85K and E/kg = —1.85 K (E/D = 0.188) with diagonal g-tensor components
2.224,2.240, and 2.279 (an average value of g = 2.247). The inspection of the close contacts
between the NiHmal molecules in the unit cell suggests a possibility of two different
exchange pathways: 7-m bonding between neighboring maleic ligands (J;, Figure 7a) and
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hydrogen bonds between aqua ligands approximately along the a crystallographic axis (J2,
Figure 7b).
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Figure 7. Schematic representation of the J1 (a) and J2 (b) exchange interactions in the crystal structure
of NiHmal.

For each exchange pathway, a pair of NiHmal molecules were selected. A BS DFT
calculation using a single-point approach was performed using the selection of the pop-
ular DFT functionals: B3LYP, TPSSh, and PBEO. The results are summarized in Table 1,
suggesting a quite strong ferromagnetic (FM) intermolecular exchange interaction in the
range between 0.8 K and 1.5 K. The difference between J; and ], for each of the selected
DEFT functional, e.g., J1/kp = 1.50 K and J,/kp = 1.44 K for B3LYP, would suggest the creation
of a two-dimensional spatially anisotropic magnetic lattice in NiHmal. Such a relatively
strong FM correlation would eventually enhance the isothermal change of magnetic entropy
compared to a spin-1 paramagnet with strong single-ion anisotropy [30,32,55].

Table 1. Comparison of the exchange coupling in NiHmal obtained from BS DFT calculations for two
different exchange paths using selected DFT functionals.

B3LYP TPSSh PBEO
Ji/ks 1.50 K 1.18 K 0.80 K
J2/kp 1.44 K 1.04 K 092K

For example, the analysis of magnetocaloric properties in the Ni(fum)(phen) system showed
that this system could be identified as a potential realization of the S = 1 ferromagnetic dimer
with D/kg = =115 K, E/kg = —3.4 K, and intradimer exchange coupling Jkg =25K. A
large conventional magnetocaloric effect was found at a temperature of about 5.8 K, where
—ASy =82 Jkg 'K~ for a magnetic field of 7 T [30]. It should be noted that the molar mass of
this system is almost the same as in the NiHmal system. On the other hand, the crystal field
parameters for these systems are very close. Nevertheless, the NiHmal system shows better
magnetocaloric properties even with smaller values of ferromagnetic interactions, which are,
however, realized on a spatially anisotropic square lattice.

4. Conclusions

This work presents an experimental study of the magnetocaloric effect in a tetraaquabis
(hydrogen maleato)nickel(II), [Ni(C4H3z04)2(H20)4] powder sample via magnetization and
specific heat measurements in the temperature range from 0.4 K to 50 K in magnetic fields
up to 9 T. A large conventional magnetocaloric effect was found at a temperature of about
3.5 K, where —ASy = 8.5 Jkg !K~! and 11.2 Jkg!K~! for a magnetic field of 5 T and
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7 T, respectively. The analysis of the magnetocaloric properties of the studied system
showed that adiabatic demagnetization from 7 T for initial temperatures of 10 K, 4.2 K,
and 2 K leads to the cooling of the sample down to 5K, 1.7 K, and 0.8 K, respectively. The
obtained magnetocaloric characteristics of NiHmal point to its application potential in the
field of magnetocaloric cooling. Broken-symmetry DFT calculations performed using the
computational package ORCA provided the values of ferromagnetic exchange interactions,
J1/kg =1.50 K and J,/kg = 0.44 K (using B3LYP functional). The presence of such ferromag-
netic correlations in the studied system may explain the enhanced magnetocaloric effect
compared with the model of an anisotropic spin-1 paramagnet. In the future, a study of the
rotational magnetocaloric effect in the NiHmal system on a single crystal will be carried
out due to the presence of a large magnetic anisotropy.
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