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Abstract 

The recently discovered metal-malonate compounds of formulae Na2M(H2C3O4)2⋅2H2O with 

M=Mn, Fe, Co, Ni are investigated for their magnetic properties. While the Cu-based material 

is a weak ferromagnet, all other members present antiferromagnetic interactions. Neutron 

powder diffraction experiments reveal the establishment of a long range magnetic order at low 

temperature in the Pbca Shubnikov magnetic group. The magnetic structures are 

characterized by antiferromagnetic layers perpendicular to [001]. These layers are stacked 

antiparallel (M=Fe) or parallel (M=Mn, Ni) in the (a, c) plane. Magnetic moments are 

collinear to b for the former and to c for the latter. The M=Co malonate exhibits a non-

collinear magnetic structure intermediate between the two latter, with components along b 

and c. Density functional theory calculations indicate that the dominant magnetic interaction, 

J1, occurs along a malonate group via a carboxylate and links two transition metals within the 

same layer, while other interactions (inter- or intra- layer) are much weaker, so that these 

compounds present the dominant characteristics of 2D-antiferromagnets. 
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Introduction 

 

Transition metal (TM) molecular based compounds have been studied for years because they 

present many useful properties such as catalytic activity, electric conductivity, non-linear 

optical properties… The choice of the organic ligand determines the network topology and 

therefore the functionalities of a material.1–4 Moreover, a given TM-ligand pair can lead to a 

wide variety of compounds thanks to the many possible coordination modes and to the 

flexibility of the ligand. Among carboxylate ligands, many synthesis efforts have led to the 

discovery of new functional materials with the formate, oxalate, terephthalate, maleate, and 

malonate groups.5–9 When coupled with a 3d transition metal, these ligands may induce 

interesting functionalities. Among them, one can cite peculiar magnetic behaviors e.g. 

(anti)ferromagnetism, magnetoelectricity and multiferroicity.7,10–12 Carboxylates are versatile 

ligands that can chelate a TM in different bridging modes: syn-syn, syn-anti, and anti-anti, 

through one or both carboxylate groups.12,13 Moreover, it has been shown that malonates can 

mediate significant ferromagnetic or antiferromagnetic interactions between TM.5,8,9,14–19  

While the macroscopic magnetic properties exploration of TM molecular based compounds 

are routine, magnetic structure determination from neutron diffraction has been sporadic, 

because the distance between two transition metal ions can be fairly large and may prevent 

long-range ordering. Moreover, these ligands often present many hydrogen atoms which 

create diffuse scattering, making neutron diffraction experiments and their analysis more 

difficult; the use of deuterated ligands is indeed not always possible. Therefore, only few 

reports can be found in literature about the establishment and determination of magnetic 

structures mediated by organic ligands.10,20–22  

 

In this paper, we explore the magnetic behavior and magnetic structures of a recently 

discovered metal-malonate family of formulae [Na2(µ-H2O)2M(C3H2O4)2]n ˗ denoted 

thereafter  Na2M(H2C3O4)2⋅2H2O for sake of simplicity˗ where M is a transition metal at the 

2+ oxidation state. Na2Cu(H2C3O4)2⋅2H2O was first reported in 2005 by Ghoshal et al.23 

Besides solving the crystal structure from single crystal X-Ray diffraction, they studied its 

magnetic behavior, concluding that it exhibits weak ferromagnetic interactions with, however, 

no long range ordering. We recently extended the family of these malonates by synthetizing 

Na2M(H2C3O4)2⋅2H2O with M=Mn, Fe, Co and Ni and showed that some of them might be 

interesting as Li-ion battery electrode compounds.24 In this paper, we demonstrate that they 
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order antiferromagnetically in different magnetic structures depending on the nature of M. 

Moreover, we use density functional theory (DFT) calculations to estimate exchange 

interactions between magnetic ions. 

 

Experimental and computational details  

 

X-ray and neutron Diffraction: XRD patterns of the as-prepared compounds were recorded 

using either a Bruker D8-Advance Diffractometer with Cu-Kα radiation (λ1= 1.54056 Å, λ2= 

1.54439 Å) equipped with a LynxEye detector operating at 40 kV and 40 mA.  

Complementary Synchrotron X-Ray patterns were recorded at the 11-BM beamline at 

Argonne National Lab. The finely ground powder was loaded in a 0.5 mm diameter capillary 

and the sample was measured in transmission mode (λ=0.4138 Å).  

Neutron patterns were recorded as a function of temperature on the G41 high flux powder 

diffractometer of Orphée reactor at Laboratoire Léon Brillouin, Saclay, France. The powdered 

samples were placed in a vanadium cylindrical container (diameter 8 mm). A wavelength of 

2.423 Å obtained from a graphite monochromator was used.  

All powder patterns were refined using the Rietveld method25 as implemented in the FullProf 

program.26 

 

Magnetic measurements: Temperature-dependent susceptibility measurements were carried 

out using a SQUID (Quantum design), in zero field cooled (ZFC) and field cooled (FC) 

modes, under an applied magnetic field of 5 kOe or 10 kOe. 20-30 mg of powder was placed 

into gel caps for the measurement. Magnetization curves M= f(H) were recorded at 5 K on a 

Physical Property Measurement System (PPMS) from Quantum Design equipped with a 

Vibrating Sample Magnetometer. 

 

Calculations: Calculations were carried out using QUANTUM ESPRESSO27. This suite of 

codes is based on DFT and uses the pseudopotential plane-wave method. Ultrasoft 

pseudopotentials28 have been employed with plane-wave and charge density cutoffs of, 

respectively, 60 and 400 Ry. GGA-PBE29 has been used for exchange and correlation, 

augmented by a Hubbard U term to improve the treatment of strongly correlated transition 

metal 3d electrons. A value of the effective self-consistent Hubbard U was determined 

following the approach described in refs.30,31 in a 108-atom orthorhombic cell, using the 

experimental structure determined at 1.5 K. Values of Uscf = 5.75, 5.85, 6.25 and 10.50 eV 
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have been obtained for Mn, Co, Ni and Cu, respectively.  The experimental atomic positions 

have been subsequently optimized in GGA+Uscf prior to the calculation of magnetic 

couplings. This structural optimization was performed to determine accurately hydrogen 

positions, starting from the models obtained from the refinement of neutron powder 

diffraction data. At the end the relaxation procedure, atomic forces were less than 10-4 

Ry/bohr. Calculations have been carried out on the full series of malonates except for Fe, as 

accurate structural data are lacking in this case. As subtle effects associated with orbital 

degeneracy for HS Fe2+ in octahedral field might be expected, a precise knowledge of the 

experimental crystal structure is indeed mandatory in such a case. 

   

The computation of isotropic magnetic couplings was carried out within the broken symmetry 

formalism, i.e. by mapping total energies corresponding to various collinear spin 

arrangements within a supercell onto a Heisenberg Hamiltonian 

 

𝐻𝐻� = 𝐻𝐻�0 + �𝐽𝐽𝑖𝑖𝑖𝑖  𝐒𝐒�𝐢𝐢 ∙
𝑖𝑖>𝑖𝑖

 S�j 

 Eq. 1 

 

where 𝐻𝐻�0 is the spin-independent part of the Hamiltonian, 𝐽𝐽𝑖𝑖𝑖𝑖 are the magnetic couplings to 

determine and 𝐒𝐒�𝐢𝐢 and S�j the spin 𝑆𝑆 operators localized on the transition metal sites 𝑖𝑖 and 𝑗𝑗. 

 It is straightforward to show that the expectation value of this Hamiltonian on a DFT state 

|𝛼𝛼⟩ (obtained by preparing the initial electron density according to a particular collinear spin 

arrangement in the supercell and performing a self-consistent calculation until convergence) 

can be simply written under the form of an Ising Hamiltonian32 

 

𝜖𝜖𝛼𝛼𝐷𝐷𝐷𝐷𝐷𝐷 = �𝛼𝛼�𝐻𝐻��𝛼𝛼� = 𝜖𝜖0 + 𝑆𝑆2�𝐽𝐽𝑖𝑖𝑖𝑖
𝑖𝑖>𝑖𝑖

 𝜎𝜎𝑖𝑖 𝜎𝜎𝑖𝑖 

 Eq. 2 

 

where 𝜎𝜎𝑖𝑖 =  ± 1. In these malonates, the calculation of the magnetic couplings up to the fifth 

nearest-neighbors has been carried out in 216-atom cells obtained by doubling the 

orthorhombic unit cell either along the a (supercell A) or the b (supercell B) crystals axis.  

Classifying the magnetic couplings according to the metal-metal distance, as indicated in 

Figure 10, Equation 2 now reads 
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𝜖𝜖𝛼𝛼
𝐷𝐷𝐷𝐷𝐷𝐷,𝑠𝑠 = 𝜖𝜖0𝑠𝑠 + �𝑎𝑎𝛼𝛼,𝑘𝑘

𝑠𝑠
5

𝑘𝑘=1

𝐽𝐽𝑘𝑘  

 Eq. 3 

 

where 𝑠𝑠 = 𝐴𝐴,𝐵𝐵 denotes the supercell and 𝑎𝑎𝛼𝛼,𝑘𝑘
𝑠𝑠  are spin 𝑆𝑆, supercell and configuration 

dependent coefficients. 

Taking crystal and spin reversal symmetries into account, a total of 22 inequivalent spin 

configurations of degeneracy 𝑔𝑔𝛼𝛼𝑠𝑠  were obtained out of the 28 = 256 possibilities in both 

cases. A numerical evaluation of the couplings is thus obtained through a least-squares 

minimization of the difference between DFT and Ising relative energies for these sets of spin 

configurations33–35, i.e. by minimization of  

 

     

𝐹𝐹 =  � �𝑔𝑔𝛼𝛼𝑠𝑠 �𝜖𝜖𝛼𝛼
𝐷𝐷𝐷𝐷𝐷𝐷,𝑠𝑠 − 𝜖𝜖0𝑠𝑠 −�𝑎𝑎𝛼𝛼,𝑘𝑘

𝑠𝑠
5

𝑘𝑘=1

𝐽𝐽𝑘𝑘�

222

𝛼𝛼=1𝑠𝑠=𝐴𝐴,𝐵𝐵

 

 Eq. 4 

 

Results 

 

a) Preparation and structural characterization 

 

Malonate compounds Na2M(H2C3O4)2⋅2H2O (M= Mn, Fe, Co, Ni, Cu) were synthetized as 

reported in refs 23,24. MCl2⋅nH2O, H4C3O4, CH3COONa⋅3H2O and NaCl precursors in a 

1:3:6:14 molar ratio were dissolved in 6 ml of distilled water. The mixture was then heated to 

100-150°C for 2.5 hours in a 23 ml capacity Teflon-lined autoclave followed by slow cooling 

to room temperature. The metal-malonate powders were recovered by rinsing with methanol 

to remove NaCl. Note that all phases are stable in air at room temperature, expect the Fe 

malonate which slowly decomposes (air aging).  

The quality of the obtained Mn, Co and Ni powdered samples was confirmed from analysis of 

the synchrotron 11BM data recorded with λ= 0.4138 Å; NaCl was the only tiny impurity 

detected in the patterns of M=Mn, Co and Fe malonates, while the Ni-based one was pure. 

Na2Fe(H2C3O4)2⋅2H2O was found to suffer from degradation under the synchrotron beam, 
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explaining why its structure was refined against laboratory X-ray diffraction. Refinements 

were conducted in the orthorhombic space group Pbca starting from the model which was 

originally solved from single crystal diffraction,23,24 and hydrogen atoms were not refined, 

apart for M=Mn (Hydrogen atoms were initially put at the value deduced from single crystal 

and then were freely refined). Final Rietveld refinements are shown in Figure 1, and Table 1 

gives the structural model refined for M=Mn. All compounds present basically the same 

structure, the main difference being the change in lattice parameters as a result of the different 

ionic size of 3d cations (Table 1). 

 

The structure of the Na2M(H2C3O4)2⋅2H2O series of compounds is shown in Figure 2 

for M=Mn. The transition metal atom M sits in the middle of a slightly distorted octahedron 

built on oxygen atoms, each of them being part of a malonate group. Respectively, each 

malonate is linked in a bidentate way to the same M (via O1 and O2), and connects two 

adjacent M via O5 (Figure 2d). The fourth oxygen of the malonate group, O4, is not linked to 

M but points towards the hydrogen atoms of the water molecule (O3) so as to form an 

hydrogen bond, as discussed in our previous paper.24 Finally, the carboxylate built on C3, O2 

and O5 connects two M in an anti-anti bridging mode. Overall, this arrangement leads to a 

layered structure, with layers made of MO6 octahedra and malonate groups stacked in the 

[001] direction (Figures 2a,b). A single layer is shown in Figure 2c. Na atoms and water 

molecules are located in the interlayer space.  

 

The distance between metal-malonates layers being large (c/2, i.e. more than 8 Å), this 

family of compounds would in principle present much weaker inter-layer couplings compared 

to the intra-layer ones. However, the possible presence of long-range magnetic order cannot 

be ruled out on this sole consideration of large interatomic distances and motivated the study 

of the magnetic properties of this series of compounds. 

 

b) Magnetization 

 

The magnetic susceptibility of the 3d-metal malonate compounds Na2M(H2C3O4)2⋅2H2O 

(M=Mn, Fe, Co, Ni and Cu), summarized in Figure 3, can be fitted using the Curie-Weiss 

equation in the high temperature region (100-350 K): 
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1
𝜒𝜒

=
𝑇𝑇 − 𝜃𝜃𝐶𝐶𝐶𝐶

𝐶𝐶
 

 Eq. 5 

  

Curie-Weiss temperatures (𝜃𝜃𝐶𝐶𝐶𝐶) of -17 K, -23 K, -58 K and -60 K were obtained for the 

Mn, Fe, Co, and Ni, respectively. Negative values of 𝜃𝜃𝐶𝐶𝐶𝐶 underline antiferromagnetic (AFM) 

interactions. Contrary to the latter cases, a positive value for the Cu-malonate, 𝜃𝜃𝐶𝐶𝐶𝐶 ~ 1.6(1) K 

is found, in agreement with previous results by Ghoshal et al., underlining very weak 

ferromagnetic (FM) interactions in this compound23. Effective moments extracted from the 

Curie constant are given in Table 2. The value for the Mn-malonate (5.95 µB) corresponds to 

the spin-only contribution of 5.92 µB expected for an isotropic d5 cation in a regular 

octahedral environment.36 The iron based and cobalt based compounds present effective 

moments of 5.29 µB and 5.22 µB respectively, i.e. higher than the 4.90 and 3.87 µB spin only 

contributions. This indicates a strong orbital contribution.36 A small orbital contribution is 

also noticeable for the Ni and Cu malonates, with deduced effective moments of 3.41 µB and 

1.81 µB, respectively. Overall, the reported values are in fair agreement with transition metals 

at the 2+ oxidation state in high spin configuration.  

 

As shown on Figure 4, which displays the low temperature susceptibility measured in 

the ZFC and FC modes, all compounds, except the Cu-based one, exhibit a magnetic 

transition at low temperature. In the cases of Co- and Mn-malonates, the magnetic 

susceptibility reaches a maximum and then decreases as T decreases. The latter behavior, in 

addition to the superimposed ZFC and FC susceptibility, is typical the establishment of a 

AFM long-range order below TN. On the contrary, the abrupt increase of the susceptibility at 

the transition in the case of Fe- and Ni-malonates, together with the divergence between ZFC 

and FC susceptibilities below TN for M=Ni, suggests the presence of a canted AFM order. By 

canted AFM order, we mean here that a slight deviation from a perfectly antiparallel 

alignment of the spins from different sublattices results in a non-zero net magnetic moment, 

i.e. leads to the emergence of a weak FM component." 

 

The above conclusions are supported by the M(H) loops of the Figure 5. Mn and Co-

malonates exhibit closed cycles in agreement with a AFM long-range order in the absence of 

any magnetic field. On the other hand, Fe-and Ni-malonates show open M-H cycles, which 

also point towards the existence of a spontaneous net magnetization. The corresponding 
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remanant magnetizations are 0.26 and 0.014 µB/atom for Fe and Ni, respectively. A closer 

look at the M(H) curves reveals inflection points at  µ0H ~ 1.5 T, 6 T and 8 T in the Mn, Co 

and Fe-malonates, respectively, underlining weak metamagnetic components. Finally, the 

small values of the frustration parameters ratio (|θCW/TN| < 5) indicate the absence of 

frustration in these compounds.  

  

As the Mn, Ni, Fe and Co malonates present features indicative of a long-range ordering, 

we used neutron powder diffraction in order to explore this possibility, and eventually solve 

the magnetic structures these compounds may adopt.  

 

c) Magnetic structure determination 

 

The magnetic structures of the malonate compounds Na2M(H2C3O4)2⋅2H2O (M=Mn, Fe, 

Co, Ni) were determined by neutron powder diffraction, on the G4.1 instrument at 

Laboratoire Léon Brillouin. This diffractometer presents a good resolution at low angle and a 

large wavelength (λ=2.423 Å) which makes it a perfect choice to explore low angle magnetic 

peaks. The four compounds were measured from 1.5 K to above TN. Patterns recorded above 

TN were first refined against the structural model determined from refinement of the 

synchrotron 11BM data taken on the same batch. An illustration of a refinement is shown in 

Figure 6 for the Ni compound at 100 K, a temperature at which only the nuclear structure 

gives a contribution as its Néel temperature is 24(1) K.  

Examination of neutron powder diffraction patterns versus T indicates that the nuclear peaks 

remain unchanged over the temperature range explored (only a shift of peaks with 

temperature is observed due to thermal expansion), indicating the absence of a structural 

distortion at low temperature. Moreover, when the temperature is lowered below TN, 

additional peaks appear in the powder patterns (Figure 7). Their intensity continuously 

increases when the temperature is lowered to reach a maximum for T=1.5 K. Those 

reflections present therefore characteristics consistent with magnetic peaks arising from a 

long-range ordering of the magnetic moments carried by the 3d transition metal atoms. A first 

sight at the data indicates that Mn and Ni malonates present the same sequence of magnetic 

peaks, with the same relative intensities, therefore they will likely present a similar magnetic 

structure. The Co-based compound also presents the same sequence of magnetic peaks as the 

Ni and Mn counterparts, with in addition a tiny peak at 2θ≈21°. Lastly, the magnetic pattern 
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for Fe differs from the previously mentioned ones as only one magnetic reflection is clearly 

seen, at 2θ ≈ 21°. For all compounds, the magnetic reflections can be indexed in the same unit 

cell as the nuclear structure, which gives a propagation vector k = (0, 0, 0). Therefore the 

magnetic unit cell coincides with the nuclear unit cell and contains four magnetic moments 

carried by the four transition metals atoms in the cell: (0, 0, ½), (½, 0, 0), (0, ½, 0) and (½, ½, 

½).  

A symmetry analysis was performed using Bertaut’s method37,38 in order to determine 

the spin configurations that are compatible with the crystal symmetry of malonate 

Na2M(H2C3O4)2·2H2O. The results of this analysis (irreducible representations and their basis 

vectors) are detailed in Supplementary Information (Table S1).  

As the Mn and Ni malonates present similar magnetic reflections, the magnetic 

structure resolution is first presented for these two compounds. We tested all the possibilities 

obtained by the symmetry analysis against the neutron powder patterns recorded at 1.5 K. We 

found that the best agreement was obtained using the Γ1 irreducible representation (Shubnikov 

group Pbca), with magnetic moments along c (this corresponds to the basis function 3Ψ ). 

Refining additional components for 1Ψ  and 2Ψ  led to values which included zero when 

considering the standard deviations (the maximum moments refined along the a-axis and b-

axis are ∼0.5 µB). The magnetic moments are therefore imposed to be of the form: (0, 0, ±w), 

i.e. aligned along the c-axis with a sign sequence (+ + − −). The Rietveld refinement of the 

patterns recorded at 1.5 K for Mn and Ni malonates is shown in Figure 8. The magnetic 

moments carried at 1.5 K by each of the four transition metal atoms in the cell is reported in 

Table 3 while Figure 9 shows the obtained magnetic structures, and the way two adjacent 

magnetic moments within a layer are coupled through the carboxylate ligand. The refined 

magnetic moments are 4.42(7) µB and 1.52(18) µB for M= Mn, and Ni respectively. 

 

 A similar approach was followed to solve the magnetic structure of 

Na2Co(H2C3O4)2·2H2O. Refining moments along the c-axis (Γ1 irreducible representation, 3Ψ

only), i.e. with a magnetic model similar to Mn and Ni, gave a decent fit with however no 

intensity calculated on the 2θ=21° peak whose indexation is (100). The intensity of a 

magnetic reflection being dictated by components of magnetization perpendicular to the 

scattering vector, i.e. in our case [100]*, we refined an additional component along the b-axis 

(basis function 2Ψ of Γ1); the quality of the fit was much improved as highlighted in the inset 
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of Figure 8. The magnetic moments are of the form (0, u, w), with a spin sequence (+ − + −) 

and (+ + − −) for the y and z components, respectively; as a result the magnetic structure is 

therefore not collinear (Table 3 and Figure 9). Within a layer, the Co magnetic moments 

(total value is 3.6(3) µB) are antiparallel but the direction of moments changes from one layer 

to another, suggesting smaller inter-plane antiferromagnetic interactions than for the Mn and 

Ni compounds.  

 

Lastly, we examine the case of the Fe-based malonate, which presents at 2θ=21° its 

most intense magnetic reflection. Unfortunately we noticed that the sample contained a small 

amount of impurities because it slightly evolved with time between the synchrotron and 

neutron experiments. However, this did not prevent us from solving the structure, as these 

impurity peaks do not overlap with the magnetic reflections. The magnetic structure 

determination was performed on the difference pattern (1.5 K – 17 K). 17 K was chosen 

because it is the lowest temperature above the Néel temperature (TN=16 K). The magnetic 

contribution to the pattern could be approximately fitted with the Γ7 irreducible representation 

(Shubnikov group Pbc’a’) with moments along z (basis function ), however the best fit 

was obtained with Γ1 (Shubnikov group Pbca, same as the other counterparts) with 

components along y only ( ). Figure 10 illustrates the simulated patterns from the two 

magnetic structures mentioned above together with the experimental difference pattern. The 

refinement was then carried out on the pattern recorded at 1.5 K (Figure 8), and fully 

confirms the Pbca magnetic structure (Γ1 representation). A magnetic moment of 3.42(29) µB 

is obtained (Table 3). Fe moments in Na2Fe(H2C3O4)2·2H2O follow the sign sequence (+ − 

+ −) and are oriented along the b-axis: they are of the form (0, ±v, 0).  

Our neutron diffraction study indicates that all compounds display a magnetic 

structure in the Pbca Shuknikov group characterized by antiferromagnetic layers. However, 

the crystallographic orientation of the moment and the stacking of these AF layers depend on 

the nature of the transition metal. Mn2+ and Ni2+ have their moments along [001] and the 

layers are stacked parallel in the (a, c) plane. Co2+ presents an additional component along 

[010], which becomes prominent for the Fe2+ analog. For the latter, moments are along [010] 

and Fe-malonate layers are antiparallely stacked in the (a,c) plane. The magnetic moments at 

1.5 K for Mn, Fe and Ni are 4.42(7) µB, 3.42(29) µB and 1.52(18) µB, respectively; these 

values are systematically below the spin-only expected value (g·S = 5 μB, 4 μB and 2 μB for 

the d5, d6 and d8 ions, respectively), as seen in Table 2. The magnetic moment reduction has 

3Ψ

2Ψ
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been often observed in other compounds and may be due to covalency by electron transfer 

toward the anions and/or zero-point fluctuations of the antiferromagnetic ground state. 

Conversely, the experimental magnetic moment (3.6(3) μB) for Co2+ (d7) is slightly larger than 

the theoretical value of 3 μB, which indicates a small contribution of the orbital moment, as 

often observed for cobalt.39–41 

Notice that we could not find evidence from neutron scattering of the tiny canting seen 

by magnetization measurements for the Fe and Ni-based compounds, which is also not 

permitted in the Γ1 representation. The possibility of a mixture of representations cannot be 

excluded, and single crystal neutron diffraction would be necessary to investigate the presence 

of possible weak ferromagnetic components. 

 

d) Theoretical estimation of the magnetic couplings 

 

To get insights into the mechanisms that favor the establishment of the long-range 

magnetic order for the Mn, Fe, Co and Ni malonates, we have calculated the isotropic 

magnetic couplings up to the fifth nearest-neighbors in GGA+Uscf using the procedure 

described in the Experimental and computational details section. The results are summarized 

in Table 4. These couplings are represented in Figure 9 (right panel) and numbered according 

to increasing metal-metal distance:  J1 corresponds to the nearest neighbor coupling within the 

(a,b) planes whereas J2 and J4 correspond to the second and third nearest-neighbors within the 

planes (respectively, along the a and b crystallographic directions). J3 and J5 are the interplane 

couplings located either in the (a,c) plane or in the (b,c) plane.  

 The calculated amplitudes have to be considered on a semi-quantitative basis only 

both because of their well-known dependence with respect to the actual exchange-correlation 

functional employed in the calculations (see for example, ref 42), but also because of the 

geometry of these coordination compounds involving weak and very long-ranged magnetic 

couplings. DFT results, however, deliver a clear picture of the magnetism of this series of 

compounds where the nearest-neighbor coupling J1 within the (a,b) planes is largely 

dominant. This is consistent with the fact that J1 is the only magnetic coupling corresponding 

to a well-defined covalent O-C-O carboxylate bridge. Moreover, J1 is antiferromagnetic for 

the Mn, Co and Ni-malonates whereas it becomes ferromagnetic in the case of Cu, in 

remarkable agreement with the results deduced from the magnetic susceptibilities. Note that 

our findings are fully consistent with the ferromagnetic coupling observed in other copper-
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carboxylate based compounds, and with antiferromagnetic interactions for Co2+, Ni2+, Mn2+ 

and Fe2+ carboxylates.8,12–14  

Additional second and third nearest neighbor interactions within the (a,b) plane (J2 and J4) 

are much weaker and as such, confirm the absence of sizeable frustration in these planes. 

Calculated interplane interactions are also vanishingly weak as it could be anticipated from 

the corresponding large spatial separation between transition metal ions (~9 Å) and the 

absence of clear superexchange path through Na+ ions and H2O molecules in the interplane 

region. However, we should stress here that zero values appearing in Table 4 do not indicate 

that these couplings are strictly absent in the Mn and Co compounds but that they are too 

weak to be evaluated by our method. Their amplitude should therefore be one or two orders of 

magnitude weaker than the nearest-neighbor interaction J1. The only sizeable J3 and J5 

couplings calculated with this method are obtained in the case of the Ni-malonate: both are 

antiferromagnetic and of the same order of magnitude. Whereas a three-dimensional ordering 

can therefore be expected, as observed experimentally by neutron diffraction, the exact 

stacking of antiferromagnetic (a,b) planes along the c direction cannot be assessed. 

 

e) Discussion  

 

 Although neutron diffraction experiments assess the presence of non-negligible 

interplane couplings, leading eventually to the experimental observation of a three-

dimensional long-range magnetic order at low temperature, density functional calculations 

emphasize the much larger amplitude of the intraplane nearest-neighbor coupling J1 as 

compared to the interlayer ones in this series of compounds. The picture delivered by these 

calculations is therefore that of weakly coupled 2D antiferromagnetic layers (except in the 

case of Cu). Assuming therefore that these layers can be considered, in first approximation, as 

isolated and topologically equivalent to an antiferromagnetic square lattice, the high-

temperature magnetic susceptibility can be modeled using the parameterization given by 

Lines43:  

 

𝜒𝜒 =
 𝑁𝑁𝑔𝑔2𝜇𝜇𝐵𝐵2

𝐽𝐽1
1

3𝜃𝜃 + ∑ 𝐶𝐶𝑛𝑛
𝜃𝜃𝑛𝑛−1𝑛𝑛

+ χ0 

 Eq. 6 
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where 𝜃𝜃 =  −𝑘𝑘𝐵𝐵𝑇𝑇/𝐽𝐽1𝑆𝑆(𝑆𝑆 + 1), μB is the Bohr magneton, and N is the number of spins in the 

lattice. This parameterization is based on an isotropic Heisenberg Hamiltonian and as such, 

can only be applied to systems with vanishing orbital contribution to the magnetic moment. 

As this is only true for the Mn-malonate, we will essentially focus our discussion on this 

member of the series. For S=5/2, the coefficients Cn are given by C1=4, C2=1.448, C3=0.228, 

C4=0.262, C5=0.119 and C6=0.017.  

 

The result of the fit obtained for 𝑇𝑇 > 𝑇𝑇𝑁𝑁 is shown in Figure 11. An excellent agreement 

is found for a value of the nearest neighbor interaction J1 = 1.3K, very close to the value 

predicted in DFT. Furthermore, the mean-field expression of the Curie-Weiss temperature in 

terms of various magnetic couplings arising in a compound is given by 44:  

 

𝜃𝜃𝐶𝐶𝐶𝐶 = −
𝑆𝑆(𝑆𝑆 + 1)

3𝑘𝑘𝐵𝐵
� 𝑧𝑧𝑚𝑚𝐽𝐽𝑚𝑚

𝑁𝑁′

𝑚𝑚=1

 

 Eq. 7 

 

where zm is the number of mth nearest neighbors of a given atom and Jm is the exchange 

interaction between mth neighbors. Limiting the calculation to the nearest-neighbors (z1=4), as 

suggested by the excellent agreement obtained for the fit of the magnetic susceptibility and 

the results obtained in DFT, Eq. 7 gives a value of θCW = -15.1 K, in very good agreement 

with the experimental value of -17.3 K (see Table 2). Mn-malonate therefore appears as a 

very close realization of weakly coupled 2D antiferromagnetic square lattice. This analysis 

cannot be easily extended to the other members of the series (Fe, Co, Ni) where a substantial 

orbital contribution to the magnetic moment is observed. Structural similarities, however, 

strongly suggest that this dominating in-plane 2D antiferromagnetism is also present in these 

compounds. For instance, a very similar phenomenology is observed in Co-malonate and is 

confirmed by DFT calculations. Lines model for the square lattice43 predicts a temperature 

𝑇𝑇𝜒𝜒𝑚𝑚𝜒𝜒𝜒𝜒. at which the susceptibility reaches its maximum located at: 

 
𝑘𝑘𝐵𝐵𝑇𝑇𝜒𝜒𝑚𝑚𝜒𝜒𝜒𝜒.

𝐽𝐽1
= 1.12𝑆𝑆(𝑆𝑆 + 1) + 0.1 

 

 Eq.8 
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which gives, using the estimated value J1 = 5.1 K from DFT calculations, 𝑇𝑇𝜒𝜒𝑚𝑚𝜒𝜒𝜒𝜒. = 22 K in 

qualitative agreement with the experiments as seen in Figure 4.  

 

Conclusion 

 

Using magnetization measurements and neutron powder diffraction, we have explored and 

solved the magnetic structures of a series of metal malonate compounds of formulae 

Na2M(H2C3O4)2·2H2O where M is a 3d transition metal at the 2+ oxidation state. The 

magnetic behavior of this series of compounds at high and intermediate temperatures is 

dominated by 2D antiferromagnetism essentially through a dominant nearest-neighbor 

interaction supported by O-C-O carboxylate bridges between the M2+ atoms at a distance 

varying between 5.70 and 5.85 Å. Other more distant interactions are much weaker but not 

negligible as they eventually lead to a 3D antiferromagnetic ordering a low temperature. 

Magnetic moments within layers are coupled antiferromagnetically through carboxylate 

groups, and neutron diffraction reveals that the direction of moments is [001] for the M=Mn, 

Ni malonates and along [010] for M=Fe. In the (a,c) plane, the resulting antiferromagnetic 

layers are stacked parallel for the former and antiparallel for the latter. The Co-malonate 

presents an intermediate situation between the two latter, resulting in a non-collinear magnetic 

structure. Overall, these malonate magnetic structures all belong to the Pbca Shubnikov 

group. This family of compounds displays a phenomenology shared by many TM molecular 

based materials. In particular, the presence of a dominating in-plane 2D antiferromagnetism 

for the divalent Mn, Fe, Co and Ni members is indeed frequently met in layered compounds. 

One of the main findings of this work therefore consists in the demonstration that, although 

lower-dimensionality models can accurately describe the magnetism of these compounds at 

high and intermediate temperatures, their low temperature behavior is systematically 

characterized by the occurrence of a 3D long range ordering. This general picture is certainly 

shared by many other metal-carboxylates and as such, strengthens the relevance of neutron 

diffraction to unravel their magnetic properties. 
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List of Tables 

 
Table 1. Structural parameters for malonate Na2Mn(H2C3O4)2·2H2O deduced from the Rietveld refinement of 

Synchrotron X-ray diffraction. Lattice parameters and unit cell volumes for M=Ni, Co, Fe and Cu are also 

indicated.  

 

Atom Wyckoff site X y z B(Å2) 

Mn 4b 0 0 0.5 1.182(13) 

O1 8c 0.1194(3) 0.5738(2) -0.11039(12) 1.13(4) 

O2 8c 0.0626(3) 0.7018(2) 0.05468(12) 1.40(5) 

O3 8c 0.2923(3) 0.49599(17) 0.20290(10) 1.77(4) 

O4 8c 0.2028(3) 0.7616(2) 0.30053(12) 1.56(5) 

O5 8c -0.2840(3) 0.5917(2) -0.04445(12) 1.47(5) 

C1 8c 0.1376(5) 0.7987(4) 0.36771(18) 1.32(7) 

C2 8c 0.0709(3) 0.8192(3) -0.0754(2) 1.05(7) 

H1 8c 0.384(3) 0.445(2) 0.1712(12) 2* 

H2 8c 0.264(4) 0.4243(18) 0.2413(11) 2* 

C3 8c 0.1213(5) 0.8069(3) 0.0126(2) 1.59(7) 

Na 8c -0.0017(2) 0.62352(12) 0.20419(7) 1.97(3) 

H3 8c 0.131(3) 0.8973(16) -0.0978(14) 2* 

H4 8c -0.4361(8) 0.311(3) -0.0855(15) 2* 
*= not refined 

Reliability parameters: χ2=1.13; Synchrotron: Bragg R-factor=6.59% 

Space Group: Pbca 

M=Mn  a=6.831841(4) Å,   b=9.518045(6) Å, c=16.519062(10) Å, V= 

1074.165(2) Å3 

M=Ni   a=6.785604(7) Å, b=9.215804(10) Å, c=16.559155(17) Å 

 V=1035.523(2) Å3 

M=Co   a=6.788764(6) Å, b=9.332060(8) Å, c=16.523726(14) Å 

 V=1046.830(2) Å3 

M=Fe   a=6.79211(2) Å,     b=9.45249(4) Å,   c=16.48661(7) Å 

 V=1058.480(3) Å3 

M=Cu  a= 6.83606(7) Å, b= 9.50212(12) Å,   c=16.39482(19) Å  V= 

1064.96(3) Å3 
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Table 2. Magnetic parameters of malonate compounds deduced from magnetic measurements and compared 

to expected theoretical values. *TN is given by the maximum of d(χT)/dT 

 

 

 

  

 Mn2+ Fe2+ Co2+ Ni2+ Cu2+ 

Electronic configuration  

in octahedral field 

d5:t2g
3eg

2 

S=5/2, L=0 

d6:t2g
4eg

2 

S=2, L=2 

d7:t2g
5eg

2 

S=3/2, L=3 

d8:t2g
6eg

2 

S=1, L=3 

d9:t2g
6eg

3 

S=1/2, L=2 

Expected Theoretical Values 
 

Effective moment, µeff      

µeff=gj[J(J+1)]1/2 5.92 µB 6.71 µB 6.63 µB 5.59 µB 3.38 µB 

µeff=[4S(S+1)+L(L+1)]1/2 5.92 µB 5.48 µB 5.20 µB 4.47 µB 3 µB 

µeff=2.[S(S+1)]1/2 5.92 µB 4.90 µB 3.87 µB 2.83 µB 1.73 µB 

Saturation (spin only), m=g.S 5 µB 4 µB 3 µB 2 µB 1 µB 

Experimental Values Deduced from Magnetic Measurements  

Na2M(H2C3O4)2·2H2O  

Néel temperature, TN (K) 8(1) 16(1) 13(1) 24(1) - 

Curie constant, Cm (emu K mol-1) 4.45 3.51 3.35 1.41 0.41 

Curie-Weiss temperature θCW (K) -17.3(1) -23.0(1) -58.0(3) -60(1) 1.6(1) 

Effective moment, µeff (µB) 5.95 5.29 5.22 3.41 1.81 

|θCW/TN| 2.16(6) 1.35(5) 4.46(2) 2.50(2) - 
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Table 3: Magnetic moments (in terms of components along the a, b and c axis) for the four transition metals of 

the unit cell. Values and directions of moments are obtained from the refinement of the neutron powder 

pattern at 1.5 K.  

 Magnetic moments in Na2M(H2C3O4).2H2O 
Position of M 
in unit cell 

M=Mn M=Co M=Ni M=Fe 

M(0, 0, ½)  (0, 0, +4.42(7) µB) (0, +2.34(22) µB, –2.79(10) µB) (0, 0, +1.52(18) µB) (0, +3.43(29) µB, 0) 

M(½, 0, 0) (0, 0, +4.42(7) µB) (0, –2.34(22) µB, –2.79(10) µB) (0, 0, +1.52(18) µB) (0, –3.43(29) µB, 0) 

M(0, ½, 0) (0, 0, –4.42(7) µB) (0, +2.34(22) µB, +2.79(10) µB) (0, 0, –1.52(18) µB) (0, +3.43(29) µB, 0) 

M(½, ½, ½) (0, 0, –4.42(7) µB) (0, –2.34(22) µB, +2.79(10) µB) (0, 0, –1.52(18) µB) (0, –3.43(29) µB, 0) 

Total 
magnetic 
moment 

4.42(7) µB 3.6(3) µB 1.52(18) µB 3.43(29) µB 
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Table 4: Magnetic couplings up to the fifth nearest neighbors obtained in GGA+Uscf for Mn, Co, Ni and Cu-

malonates. Numerical values are given in Kelvin. According to the convention used in Equation 1, positive 

couplings are antiferromagnetic.  

 

Couplings (K) Mn (S=5/2) Co (S=3/2) Ni (S=1) Cu (S=1/2) 

J1    1.0    5.1 34.5   -2.4 

J2 ~ 0.0 ~ 0.0 2.2 ~ 0.0 

J3 ~ 0.0 ~ 0.0 6.7    0.2 

J4 ~ 0.0 ~ 0.0 2.1    0.1 

J5 ~ 0.0 ~ 0.0 6.9    0.2 
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Figure Captions 
 
Figure 1 : Rietveld refinement of Synchrotron (a,b,c) and laboratory (d,e) diffraction patterns 
of malonate Na2M(H2C3O4)·2H2O compounds, with M=Mn, Co, Ni, Fe, Cu respectively. The 
red crosses, black continuous line and bottom dark gray line represent the observed, 
calculated, and difference patterns, respectively. Vertical blue tick bars are the Bragg 
positions. For M=Mn, Co, Fe and Cu, tiny amounts of NaCl are found in the powder (2nd line 
of vertical tick bars). 
 
Figure 2: Structure of Na2M(H2C3O4)2·2H2O (here for M=Mn). a) and b) general view of the 
unit cell content along [010] and [100], respectively. c) single layer of MO6 octahedra and 
malonate groups. d) zoom on the connectivity between M and malonate groups, highlighting 
the anti-anti bridging mode of the carboxylate. Na is yellow, M is purple, O is red, C is 
brown, H is light gray.  
 
Figure 3: Temperature dependence of the inverse magnetic susceptibility (1/χ) of 
Na2M(H2C3O4)2·2H2O (M=Mn, Fe, Co, Ni, and Cu) measured under zero field cooling (ZFC) 
conditions with a field of 10 kOe. The diamagnetic component from the sample holder and 
core diamagnetism were subtracted. The red lines represent the best fits to the Curie-Weiss 
law. 
 
Figure 4: Low temperature dependence of the magnetic susceptibility (χ) of 
Na2M(H2C3O4)2⋅2H2O (M=Mn, Fe, Co, and Ni) measured under zero field cooling (ZFC) and 
field cooling (FC) conditions. 
 
Figure 5: M versus H hysteresis loops of Na2M(H2C3O4)2⋅2H2O (M=Mn, Fe, Co, and Ni) 
measured at a temperature of 5 K. 
 
Figure 6: Rietveld refinement of neutron powder pattern of malonate Na2Ni(H2C3O4) ·2H2O 
at 100 K, i.e. well above the Néel temperature (24 K). The red crosses, black continuous line 
and bottom gray line represent the observed, calculated, and difference patterns, respectively. 
Vertical blue tick bars are the Bragg positions. Tiny amounts of NaCl were included as 
second phase in the refinement (2nd line of vertical tick bars). 
 
Figure 7: Evolution of the neutron powder patterns of malonate Na2M(H2C3O4)2·2H2O 
(M=Mn, Co, Ni, Fe) with temperature. Below TN (patterns colored in blue), note the 
appearance of new peaks of magnetic origin in addition to the nuclear peaks observed above 
TN (patterns colored in red). The black arrow highlights the position of these magnetic 
reflections.  
 
Figure 8: Rietveld refinement of neutron powder patterns of malonate Na2M(H2C3O4)·2H2O 
at 1.5 K, for M=Mn, Co, Ni and Fe. The red crosses, black continuous line and bottom gray 
line represent the observed, calculated, and difference patterns, respectively. Vertical blue tick 
bars are the Bragg positions: 1st line: nuclear; 2nd line: magnetic reflections. Tiny amounts of 
NaCl were included as second phase in the refinement (3rd line of vertical tick bars). The 
inset for M=Co is a zoom on the (100) magnetic reflection (marked with an arrow). For 
M=Fe, the star symbol indicates the presence of a minority phase arising from time aging; 
these peaks do not evolve with T and are not representative of the sample. (Reliability factors: 
M=Mn: RBragg=5.07%, magnetic RBragg=8.17%; M=Co: RBragg=6.16%, magnetic 
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RBragg=13.4%; M=Ni: RBragg=1.93%, magnetic RBragg=15%; M=Fe: RBragg=6.82%, magnetic 
RBragg=8.15%).  
 
Figure 9: Illustration of the magnetic structures deduced from neutron powder diffraction. 
Red arrows represent the magnetic moments carried by the transition metal atoms (purple 
balls). For sake of clarity, non-magnetic atoms are not represented in the upper part but an 
enlarged view of the carboxylate-bridging is plot in the lower part of the figure.  The right 
part presents the two magnetic interactions to be considered in Na2M(H2C3O4)·2H2O: J1, J2 
and J4 are intralayer interactions, while J3 and J5 are interlayer interactions.  
 
Figure 10: Comparison between the neutron difference pattern (1.5 K ˗ 17 K) of 
Na2Fe(H2C3O4)·2H2O (bottom black line), and the magnetic simulated pattern for the two best 
models: Shubnikov group Pbca, Γ1 with moments along b (middle blue pattern) and 
Shubnikov group Pbc’a’,  Γ7 with moments along c (top orange pattern). The former is clearly 
in better agreement with experimental data than the latter.  
 
Figure 11: Fit of the magnetic susceptibility for the Mn-malonate in the 8-350 K range using 
Equation 6 with S=5/2. The open points correspond to the experiments, and the solid line 
corresponds to the best fit, obtained with J1 = 1.3 K.  
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Figure 2 
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Figure 5 
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Newly synthetized metal malonates of formula Na2M(H2C3O4)2⋅2H2O (M=Mn, Fe, Co, Ni) 

exhibit distinct long-range antiferromagnetic orders despite their similar structure and 

chemistry. 

  

35 
 


