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Four bimetallic phases of the thiophosphate family have been synthesized by the cationic exchange reaction using a 
freshly prepared K0.5Cd0.75PS3 precursor phase and methanolic solutions of nitrates of the divalent cations ZnII, NiII, 
CoII, and MnII.  All the materials were characterized by FTIR, PXRD, SEM-EDXS and (in the case of the diamagnetic 
compounds) by solid state NMR. For the K0.5Cd0.75PS3 precursor, the X-ray powder diffraction data suggest a 
modification of the structure, while solid state NMR results confirm that this phase possesses an ordered arrangement 
of Cd vacancies. The cationic exchange reaction achieves a complete removal of potassium ions (no potassium 
detected by SEM-EDXS) and re-occupation of the vacancies by divalent cations. Therefore, the obtained compounds 
have an average composition of M0.25Cd0.75PS3 (M = ZnII, NiII, CoII, MnII) and possess an ordered distribution of the 
substituent cations. Even with the paramagnetic substitution level of 25%, antiferromagnetic behaviour is present in 
the phases with MnII, CoII and NiII, as evidenced by dc susceptibility and in the case of the MnII substituted phase by 
EPR. The cooperative magnetic interactions confirm the conclusion that the paramagnetic ions adopt an ordered 
arrangement. The analysis by broad band impedance spectroscopy allows to attribute the conductivity in these 
materials to charge movements in the layers due to the difference in electronegativity of the metal ions. 
Zn0.25Cd0.75PS3 is the phase that shows the highest conductivity values. Finally, the band gap energies of the bimetallic 
phases tend to be lower than those of the single-metal phases, probably due to an overlap of the band structures. 

Introduction 

Transition metal thiophosphate phases are a well-known family of layered compounds whose 
properties are the focus of interest for many researchers. Even though these compounds were 
first reported in 1965 1, pristine phases are still under analysis 2–4. The structure of these 
materials is well known: the ethane like P2S6

4- ligands provide an octahedral environment of 
sulfur atoms to the transition metal ions, which are in a hexagonal arrangement within the layers 
5. In one of the last reviews reported on this family of lamellar phases 6 the importance of these
materials is highlighted, together with the description of their properties, such as catalytic 
activity, charge transport, and antiferromagnetism. Furthermore, some of these materials have 
been analyzed as potential systems for Li batteries 7  or for H2 storage 4,8. They have also served 
to create materials with other important layered compounds such as graphene 9. 
Due to their interesting intercalation chemistry and potential applications, different methods 
have been developed to obtain new phases, and many studies have been devoted to the 
modification of their physical properties, by introducing in the interlayer space different 
chemical species, such as cations 10, complexes 11–15, radicals16, and polymers17,18, among others. 
An important aspect of these intercalation reactions is that when these charged species are 
introduced in the pristine phases, an ordered network of vacancies is created, which are relevant 
for the physical properties of the final composites 19,20.  
Another route to modify the properties of the thiophosphate phases is by the substitution of 
some of the elements that form the layers. It is possible to change the chalcogenide, obtaining 
phases with sulfur and selenium, and it is possible to replace the transition metal ion. Many 
combinations of transition metal ions have been used, 3dII-3dII21,22, 3dII-4dII23,24, or combination 
with 3+ cations, such as aluminium, gallium, indium have been reported25.  Lanthanide(III) ions 
have also been involved in some heteronuclear phases, combined with sodium or potassium 
ions 26,27. Nevertheless, most of these phases have been obtained by the ceramic method, and 
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in the case of heterometallic phases with 3d-3d and 3d-4d cations, a random distribution of the 
transition ions is achieved 28.  
Due to the great relevance of these materials, based on their potential applications 6, it is 

important to have a more controlled synthetic procedure to avoid this random distribution in 

order to obtain an ordered material. In our group, we have been working with a two-step 

methodology, using the intercalation reaction, to achieve ordered bimetallic phases 29,30.  In the 

present work the characterization of four new ordered bimetallic phases, derived from CdPS3, 

together with their magnetic, conducting and optical properties are reported. The analysis of 

their properties indicates that the ordered distribution of the inserted ions is related to the 

observed experimental properties. 

 

Experimental 
Synthesis  
Pure elements (Cd, S, P, 99.9% ) were dried under vacuum  before doing the solid state reaction. 
Cadmium, sulfur, phosphorus, iodine, potassium chloride, nitrate salts and methanol were used 
as received from commercial sources. 
The synthesis of CdPS3 was done by the ceramic method using iodine as vapor transport agent 
to improve the crystallinity of the obtained solid. Stoichiometric 1:1:3 mixtures of the pure 
elements Cd, P and S, calculated to obtain 1g of compound, were ground with 10-15 mg of 
iodine, and sealed in quartz tubes in an argon atmosphere. The reaction was done at 750° for 
two weeks. The obtained solid was washed with carbon disulphide to remove remaining iodine, 
and finally, the product was washed with methanol and dried under vacuum. EDXS 
calculated/experimental for CdPS3: Cd, 46.92/44.6(3);P, 12.93/13.8(2); S, 40.1/41.5(2). 
The potassium precursor was obtained by stirring 200mg of the pristine CdPS3 phase in 20mL of 
a 2M KCl solution, with 10mL 0.1M of EDTA, prepared in a potassium carbonate buffer solution 
(K2CO3/HKCO3) at pH 9 for 24 hours at room temperature. EDXS calculated/experimental for 
K0.5Cd0.75PS3: K, 8.46/9.33(1); Cd, 36.49/35.2(2);  P, 13.41/13.6(1); S, 41.64/41.8(4). 
The bimetallic phases were obtained by stirring the freshly prepared potassium precursor for 24 
hours in a methanol solution of the corresponding divalent ion. The quantity of nitrate salt 
(M(NO3)2xH2O, M = MnII, CoII, NiII or ZnII) to be used was calculated based on the potassium 
present in the precursor, using a twofold excess. 
 
Table1: Elemental analysis obtained by EDX spectroscopy. 
 

NiII CoII MnII ZnII 

Cd 37.28 
(36.8(3)) 

37.27 
(37.6(6)) 

37.44 
(37.1(2)) 

37.01 
(36.6(2)) 

P 13.70 
(13.5(5)) 

13.69 
(13.8(3)) 

13.75 
(13.9(7)) 

13.60 
(13.1(7)) 

S 42.54 
(42.1(4)) 

42.53 
(42.9(5)) 

42.71 
(43.0(3)) 

42.22 
(42.1(3)) 

M 6.49 
(6.4(3)) 

6.51 
(6.6(5)) 

6.10 
(6.2(4)) 

7.17 
(7.0(4)) 

 
Physical characterizations 
Equipments  
SEM-EDXS analyses were performed on a JEOL scanning microscope (JSM-5410), with an Oxford 

Lin Isis energy dispersive X-ray detector. 
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113Cd Solid state NMR spectra were recorded at 5.7T (resonance frequency 53.78 MHz) with an 

Agilent DD2 spectrometer, using a 4mm probe operated at a rotation frequency of 5000 Hz. Data 

were acquired with 90° pulses of 2.5 µs length. Chemical shifts are referenced to 1M Cd(NO3)2 

solutions, using crystalline CdPS3 as a secondary standard at 480 ppm. 31P solid state NMR 

spectra were measured on a Bruker Avance Neo 600 MHz spectrometer (resonance frequency 

243.03 MHz), using a 3.2 mm probe operated at a spinning frequency of 10000 Hz. Data were 

acquired with 90° pulses of 5 µs length and relaxation delay of 2000 s. Chemical shifts are 

reported relative to 85% H3PO4 using solid BPO4 (-29.3 ppm) as a secondary standard. 

Powder X-ray diffraction patterns were collected from 5° to 100° 2, on a Bruker D8 Advance 

diffractometer, equipped with a LynxEye detector, and operation with monochromatic Cu K1 

radiation selected with a Ge monochromator. The obtained diffractograms were refined with Le 

Bail algorithm with the FullProf software in the WinPLOTR interface 31,32. 

The dc magnetic susceptibilities were measured under an external applied field of 100 Oe, from 

2K to 300K, using a Quantum Design Dynacool Physical Properties Measurement System (PPMS), 

equipped with a Vibrating Sample Magnetometer (VSM).  

The EPR spectra were recorded on a Bruker Elexsys E-580 spectrometer, equipped with a 

standard Bruker rectangular cavity. A continuous flow liquid helium cryostat, model ESR-900, 

and a PID controller model ITC503, both from Oxford Instruments, were used to control the 

temperature. 

Dielectric properties were measured on a disk of pressed powder of 10 mm diameter and ca. 

200 um of thickness at 23 °C, over the frequency range window of 10-1 to 107 Hz in a broadband 

dielectric spectrometer from Novocontrol Technologies GmbH (model BDS-40). Each sample 

was held between two parallel gold-plated electrodes and its thickness measured using a 

micrometer gauge. The amplitude of the applied AC electric signal was 1 V. The complex 

conductivity (σ*) and the electric modulus (M*) are given directly by the analyser. 

Diffuse reflectance spectra were measured on a PerkinElmer Lambda WB1050 

spectrophotometer, equipped with a Praying Mantis diffuse reflection accessory. 

Results and discussion. 
General characterization 
The pristine CdPS3 phase and the product after the first cationic exchange reaction 
(K0.5Cd0.75PS3), were characterized by SEM-EDXS and powder X-ray diffraction in order to certify 
the quality of the initial materials for the preparation of the bimetallic phases. The obtained 
stoichiometries are CdPS3 and K0.5Cd0.75PS3. FTIR spectroscopy provides evidence of the 
formation of the vacancies within the layers; the FTIR spectrum of the pristine CdPS3 phase 
shows two bands at 570 and 450 cm-1 due to the vibration of the PS3 groups and the P-P bond 
respectively. However, the infrared spectra of the K0.5Cd0.75PS3 phase shows a splitting of the PS3 
vibration bands (Fig.S1) after the insertion of the K+ cations, due to the modification of the local 
environment of the PS3 ligand after the partial removal of the CdII cations from the layers. The 
diffractogram of the pristine phase was analyzed by the Le Bail method, in order to corroborate 
the purity of the obtained material, found to be the only crystalline phase identified. The 
obtained unit cell parameters (Table 2) are similar to the reported ones 6,33. The diffractogram 
of the potassium precursor evidences a structural modification of the pristine phase (Fig. S2). 
Due to the rather medium quality of the data, only few diffraction lines are observed.  
Nevertheless, based on these data an indexing has been attempted with the program Dicvol1434 
and a possible unit-cell in monoclinic system (in space groups P2, Pm or P2/m) would be 
6.6006(5) Å, 6.5228(3) Å, 9.2282(2) Å, 94.150(5)°, suggesting  an increase in the layer-to-layer 
distance from 6.5 to 9.4 Å (distance calculated using the 001 diffraction line). It would then 
indicate the presence of the monovalent cations in the interlamellar space. Therefore, it is an 
indication of a modification in the structure by the intercalation of potassium ions and as a 
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consequence the creation of some vacancies on metal sites of the layers. Similar experimental 
observations have been reported with organic intercalates 20.  
All lamellar phases obtained from K0.5Cd0.75PS3 were also characterized by SEM-EDXS in order to 

estimate the composition. No remaining potassium was observed by EDXS, proving that a 

complete exchange was achieved. 

The obtained phases have an average stoichiometry of M’0.25Cd0.75PS3, where M´ is ZnII, CoII, NiII 

and MnII. Furthermore, FTIR spectra of the bimetallic phases show a single vibration band for 

the -PS3 group (Fig. S1), making evident that the existing vacancies in K0.5Cd0.75PS3 have been 

filled by the 3d ions. The insertion of the 3d ions is facilitated by their smaller ionic radii 

compared to cadmium(II) cations (Table. S1).  This phenomenon was also observed in a precious 

study of the K0.4Mn0.8PS3 phase,  whose vacancies can be filled by NiII, CoII, CuII and ZnII ions 29,30. 

Powder X-ray diffractograms of the bimetallic phases were recorded in order to analyze the 

crystalline structure of the obtained bimetallic phases. All obtained phases show interlamellar 

distances of 6.5 Å, similar to that of the pristine CdPS3 phase. The observed maxima of the 00l 

planes for the bimetallic phases are broader than those of the pristine phase, indicating a loss 

of the crystallinity after the intercalation and exchange reactions. Diffractograms of the 

bimetallic phases have been indexed and fitted using a monoclinic P2/m unit cell, indicating a 

modification of the structure of CdPS3 phase. The obtained unit cell parameters are closely 

related to those of the pristine CdPS3 phase. 

 

Table 2: Obtained unit cell for the layered phases. 

 

 

 

 

 

 

 

 

Solid state NMR spectroscopy. 

All diamagnetic compounds have been characterized by solid state NMR spectroscopy, in order 

to confirm the successful syntheses. Furthermore, 31P (Fig. 1) and 113Cd NMR spectra (Fig. 2) 

provide the needed information about the local environment of the ligand and the metallic 

centre.   

The 31P spectrum of CdPS3 consists of a main peak at 103.7 ppm (and a weak peak around 101 

ppm attributed to an impurity) demonstrating a singular and uniform phosphorus environment. 

After the first ion exchange, the spectra show several components: a doublet at 102.4 ppm 

(1J(31P-31P) = 146 Hz), and three singlets at 99.4, 97.7 and 96.6 ppm. As previously reported, and 

fully discussed by Schmedt auf der Günne and coworkers 35, the freshly synthesized potassium 

precursor (K0.5Cd0.75PS3) has vacancies within the layers, while the potassium ions occupy the 

interlayer space. As previously discussed, the signal at 102.4 and the J-doublet at 97.7/96.6 ppm 

arise from P2S6
4- groups that are situated near two and one vacancies, respectively. From their 

1:1 intensity ratio we can conclude that the vacancy distribution is perfectly ordered, and no 

 CdPS3 Mn0.25Cd0.75PS3 Co0.25Cd0.75PS3 Ni0.25Cd0.75PS3 Zn0.25Cd0.75PS3 

S.G. C2/m P2/m P2/m P2/m P2/m 

a (Å) 6.2192(1) 6.1842(2) 6.1445(8) 6.0811(8) 6.1998(4) 

b (Å) 10.7513(4) 10.68157(7) 10.687(1) 10.731(2) 10.7309(6) 

c (Å) 6.8788(1) 6.87844(2) 6.8821(6) 6.8816(8) 6.8810(5) 

(°) 107.724(2) 107.839(3) 107.97(1) 108.08(1) 107.859(5) 
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P2S6
4- groups near zero and three vacancies can be found, as previously discussed. The additional 

signal at 99.4 ppm arises from P2S6
4- groups near potassium ions that are situated within the 

layers (see below). Even though the present potassium compound was obtained by a different 

synthetic procedure in comparison with reference,35 the spectra of both materials look almost 

identical. The ratio of vacancies to CdII sites is 1:4, as established by the stoichiometry, which 

together with the NMR results, indicates that the vacancy distributions are the same. As was 

already observed, these vacancies vanish with time, leading to the emergence of a dominant 

central peak at 99.5 ppm, flanked by two weaker signals at 101 and 98 ppm. This can be 

explained by the migration of potassium ions into these vacancies and highlights the importance 

of using a freshly synthesized potassium precursor for the subsequent ion exchange reactions. 

 

 
Fig. 1. 31P NMR spectra of the studied phases. 

 
Fig. 2. 113Cd NMR spectra of the studied phases. 
 

When the freshly prepared potassium intercalation compound is treated with a solution of 
diamagnetic ions, the vacancies are filled by the latter and the potassium ions are removed from 
the interlayer space. For the ZnII exchanged sample, the dominant 31P resonance at 103.3 ppm 
reflects this situation, while some weaker signals attributed to amorphous impurities at 90 and 
125 ppm are observed as well. In the case of the MnII, CoII, and NiII-exchanged samples, the NMR 
signals are suppressed by the strong magnetic interactions.  
The 113Cd NMR spectrum of the pristine phase, shown in Figure 2, is characterized by a single 

resonance at 480 ppm. By introducing potassium ions, we observe a significant displacement to 
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lower values towards 439 ppm, but no additional resonances appeared. Again, this result agrees 

very well with previous work on freshly prepared K0.5Cd0.75PS3. Contrary to the 31P spectra of the 

potassium precursor, we do not observe any change in the signal with time for the 113Cd 

resonance. This is easily explained by the fact that the CdII environment remain unaffected by 

the K+ migration process. After the subsequent ion exchange with ZnII, the main peak is shifted 

back to a value of 490 ppm, which is similar to the one of the pristine phase, and thus 

complements and confirms the conclusions from the 31P spectra. The data are consistent with 

the migration of ZnII ions into the created vacancies of K0.5Cd0.75PS3, which leads to a uniform 

environment around the P2S6
4- ligands and the CdII ions, similar to the situation in the original 

CdPS3 phase. 

 

Magnetic properties 
Magnetic Susceptibility 
The magnetic analysis of the bimetallic phases with NiII, CoII and MnII was done using dc magnetic 
measurements and EPR spectroscopy. χM(T) and χM

-1
 (T) for (a) Mn0.25Cd0.75PS3, (b) Ni0.25Cd0.75PS3 

and (c) Co0.25Cd0.75PS3 plots are shown in Figure 3. 
The χM(T) curves can be reasonably fitted using a modified Curie Weiss equation 36,37 (see 

Supplementary Data Section for equations). The Weiss temperature values  obtained for all the 

compounds, calculated using the high temperature range of χM
-1(T) curves, together with the 

obtained parameters from the fitting are summarized in Table 3. The negative values are 

indicative of bulk antiferromagnetic interactions between the MII ions, and were found to be 

lower than those measured for the respective pristine phases. In the case of Mn0.25Cd0.75PS3, the 

obtained Θ value agrees very well with those obtained by Zhang et al.39 for MnxCd1-xPS3, – 270.5, 

– 199.3, – 114.2 and – 39.7 K for x = 1, 0.82, 0.52 and 0.2, respectively, following an almost linear 

dependence, as shown in Figure 4. The Curie constants, obtained from the slope of the 1/χM vs 

T data in the high-temperature region allow us to calculate the effective magnetic moments, μeff 

= 2.828(C)1/2μB, for each compound. For the bimetallic phases, S is a linear average of the spin of 

the MII ions 40. The obtained values are shown in Table 3 and compared with previously reported 

data. The great difference between μeff and μSO (spin only value) found for Co0.25Cd0.75PS3 

suggests that the orbital momentum is not completely quenched. 

The antiferromagnetic behaviour observed in the mentioned phases (MnII, CoII, NiII) is an 

interesting result. 

A possible explanation must be related to the sample preparation method. In the samples 
obtained by the ceramic process the 3d cations are distributed randomly 28, while the 
intercalation and cationic exchange reaction should lead to an organized distribution of 
transition ions according to the vacancies, created by the first reaction 29,30. Schmedt auf der 
Günne et al. proposed a model for the vacancies present in the K0.5Cd0.75PS3 phase, which has 
been proved to be the same as in our materials 35. According to this model and considering that 
the paramagnetic ions migrate into the same vacancies, the scheme shown in Figure 5 can give 
a representation of the paramagnetic ion distribution after the cationic exchange reaction. It 
can be seen in this scheme, that the exchange interaction between paramagnetic ions must be 
established between third neighbours of the hexagonal arrangement. The inserted magnetic 3d 
ions are bonded through a P2S6

4- ligand on opposite sides of a hexagon (ligands are located at 
the centre of each hexagon). In this case, a lower percolation threshold is expected, in 
comparison with a random arrangement of ions. These ideas are corroborated by our NMR and 
SEM-EDXS results that lead to an occupation of 25% of the sites by magnetic ions. Long range 
order below the percolation threshold has already been discussed, highlighting the importance 
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of interactions with second and third-nearest neighbours of the hexagonal arrangement for the 
determination of the percolation threshold 6,21,22,45. Furthermore, it is known that the MnPS3 
phase has an ordered structure, where each paramagnetic ion is antiferromagnetically coupled 
with its three neighbours, while the NiPS3 and CoPS3 have a magnetic structure formed by 
ferromagnetic chains which are antiferromagnetically coupled5. 
 

 

Fig. 3. Magnetic susceptibility plots χM(T) (blue curves) and χM
-1

 (T) (red curves) for (a) 
Mn0.25Cd0.75PS3, (b) Ni0.25Cd0.75PS3 and (c) Co0.25Cd0.75PS3. Solid lines correspond to the fit of the 
experimental data as explained in the text. 
 
 

Table 3. μeff, μSO (spin only value),  and J values for M0.25Cd0.75PS3 phases (MII = Ni, Co, Mn). 
 

 

 

 

 

 

 

 

 

 

 

t.w. – this work, n.a. – not available, J/kb exchange constant, a from susceptibility data. 

 

Sample 
μeff  
(μB) 

μSO  

(μB) 
  
(K)

|J/kB| 
(K) 

Mn0.25Cd0.75PS3 3.16(4) 2.96 -50.6(7) 8.0(8)a 

Ni0.25Cd0.75PS3 1.52(5) 1.414 -5(1) 2.17(3)a 

Co0.25Cd0.75PS3 2.58(2) 1.936 -39(1) 1.52(8)a 

MnPS3 
38 5.72(3) 5.92 -250(1) 8.3(2)a 

Mn0.82Cd0.18PS3 
39  n.a. 5.36 -199.3 n.a. 

Mn0.52Cd0.48PS3 
39  n.a. 4.27 -114.2 n.a. 

Mn0.50Cd0.50PS3 
40  4.25 4.18 -106 n.a. 

Mn0.20Cd0.80PS3 
39 n.a. 2.65 -39.7 n.a. 

NiPS3 
41 n.a. n.a. n.a. 58.0 

NiPS3 
42 2.94 n.a. -241 60 

CoPS3 
43 4.90 3.87 -116 n.a. 

CoPS3 
44 4.90 n.a. -223 n.a. 
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Fig. 5. Scheme of the distribution of the paramagnetic ions (blue dots) 

 

In all cases the interaction with the third neighbours is antiferromagnetic, consistent with our 
experimental results 5. 
The magnetization M(H) curves were also analyzed. No peaks were observed in the dM(H)/dH 

curves (Fig. S3) indicating that spin-flop phenomena are not present in the obtained materials. 

The absence of spin flop can be attributed to the nature and concentration of the cations. First 

of all, spin flop has been only observed in MnPS3 phases 3,46,47. Secondly, upon gradual replacing 

MnII by MgII ions the spin flop field decreases, becoming unobservable for MnII concentrations 

below 90% 47. 

 

EPR spectroscopy 
The three bimetallic systems with paramagnetic cations were also analyzed by EPR 
spectroscopy.  
The phase with NiII ions does not show an EPR spectrum even at low temperatures. It is known 
that if the environment of the centre is distorted, such that the magnitude of the zero-field 
splitting parameter D is higher than the conventional available microwave quantum, the NiII 
centres become EPR silent. 48 
In the case of phases with CoII ions, EPR spectra can be recorded only at low temperatures and 

for Co0.25Cd0.75PS3 they are observable only below 50K (Fig. 6). Similar behaviour has been 

reported for other CoII containing phases 24. The spectrum is consistent with CoII ions in a 

trigonally distorted octahedral environment 24, due to the insertion of these cations in the 

vacancies of K0.5Cd0.75PS3. 

 

 
 

 

Fig. 6. EPR spectra of the Co0.25Cd0.75PS3 phase at selected temperatures. Microwave frequency: 

9.478 GHz. Left: experimental results. Right: simulation of the 5 K data. 
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Table 4: Spin Hamiltonian and broadening parameters for the spectra of Co0.25Cd0.75PS3  at 5K. 
 

 Broad 
line 

Axial 
(1) 

Axial 
(2) 

S ½ 3/2 3/2 
g 3.5534 3.9370 3.5459 
g 3.5534 6.0081 4.3552 
lwpp(G) 39 0 5.9 
lwpp(L) 111 29.9 10.0 
HStrain 0 260 0 
HStrain 0 2008 0 
weight 200 4.82 0.36 

 
 

It is evident that hyperfine structure is not present in these spectra and to account for the 
physical mechanism we hypothesize that the CoII ions are coupled among themselves by strong 
exchange interactions. In the absence of exchange the hyperfine structure arising from a 59Co 
nuclear spin (I = 7/2, abundance = 100%) would consist of eight equally spaced hyperfine lines 
having almost the same amplitude and width. When the hyperfine coupling constant A and the 
strength of the exchange interaction J are comparable, the exchange may produce broadening, 
narrowing, or a total collapse of the hyperfine structure into a single line, depending on the 
strength of the interactions. 
It can be noted that the spectra of Figure 6 (left) show broad features (at magnetic field strengths 
in the range 100-180 mT) and also sharp ones (at around 200 mT); this is typical of multi-
component spectra. It was thus impossible to simulate the spectra on the basis of a single set of 
Hamiltonian parameters. To give some insight into the problem we tried a multi-component 
fitting of the 5K spectrum, taking as parameters the g-tensor principal values and broadening 
effects caused by the homogeneous line width and magnetic field strain. The results are 
summarized in Figure 6 (right) and Table 4 (see Supplementary Material for further details). The 
fit comprises three components: the broadest one is based on an isotropic g-value and a 
homogeneous line width; the other two components have axial g-tensors. Since the result of the 
simulation fits the experimental data very closely, the simulation can be considered convincing. 
However, taking into account the nature of the analysis there is no guarantee that the above 
hypotheses are unique. Possibly, similarly convincing results might be obtained by other sets of 
components and parameters. We can hypothesize that the differences in g-values originate from 
different, structurally non-equivalent CoII sites. Considering the magnetic nature of the CoII-CoII 
coupling we may further speculate that the apparent differences in g-values could reflect the 
effect of different local magnetic fields acting on the CoII ions. 
The spectra of the studied bimetallic phase with MnII ions (Fig. S4) show a single line in the whole 
temperature range. Apparently, the nuclear magnetic hyperfine splitting with 55Mn is 
suppressed, due to strong interelectronic spin-spin interactions and/or exchange narrowing 
phenomena 49, and therefore, a single line is observed 11,50–53. Simulation and absolute intensities 
Aabs, as determined by the double integration of the obtained spectra, allow to compare these 
results with those of magnetic susceptibility (Fig. 7). From the curve of the temperature 
dependence of 1/Aabs, a negative Weiss constant was obtained (θ = -47 K), which is found to be 
close to the one obtained from dc magnetic susceptibility (-50 K). Furthermore, the temperature 
dependence of Aabs*T also shows antiferromagnetic behaviour, decreasing in intensity at lower 
temperature. Therefore, for the Mn0.25Cd0.75PS3 phase, the antiferromagnetic behaviour is 
confirmed by both techniques. 
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Fig. 7. Comparison of the data obtained from magnetic susceptibility (solid black squares) and 

EPR (open blue squares) for Mn0.25Cd0.75PS3. 

 

Electrical Conductivity 
 
In order to investigate the conductivity of these materials, they were analysed by broad band 
impedance spectroscopy. Figure 8 presents the complex electrical conductivity (σ*) of the 
different layered compounds as a function of frequency, where it is possible to observe that σ* 
depends on the frequency. The presence of the different ions modifies the electrical conductivity 
with respect to that of the pristine CdPS3 phase.   
 The electric modulus is defined as the inverse of dielectric permittivity, M* = 1/ε*, and the 
information that it provides is associated to microscopic electrical relaxations54,55. Figure 9 
presents the imaginary part (M’’/ M’’max) of the electric modulus of CdPS3 and that of the 
bimetallic systems. The data (which have been normalized by the corresponding M’’max of each 
curve) show that the partial replacement of CdII affects the electrical relaxations of the bimetallic 
systems. 
As the cations are inserted in the layers, these phases are not exactly intercalated systems, and 
the movement of the 3d-ions does not seem plausible. Klingen reported the occurrence of 
electronic hopping in mixed valence MPS3 materials, which provides stability to the material43. 
However, due to the nature of the d-ions present, this phenomenon is unlikely in the studied 
bimetallic phases. It is important to mention that the complex electrical conductivity (σ*) is 
increased in the bimetallic systems Mn0.25Cd0.75PS3, Zn0.25Cd0.75PS3 and Ni0.25Cd0.75PS3 (Fig. 8).  This 
may be attributed to the fact that the MnII, ZnII and NiII ions induce the polarization of bonds in 
these bimetallic systems, as a consequence of the different electronegativity of the secondary 
ions compared to that of CdII, facilitating the charge transport. The charge motions of the 
induced polarized bonds are accompanied by electrical relaxation, as seen by the analysis of 
M’’/M’’max (Fig. 9). The highest value of conductivity is observed for Zn0.25Cd0.75PS3 (σ* = 9.3X10-

10 S cm-1), which is similar to that of semiconducting materials 56. 
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Fig. 8. Complex electrical conductivity as a function of frequency of bimetallic systems. 

 

 

 
 
 
 

 

 

 

 

 

Fig. 9. Imaginary part of electric modulus as function of frequency of bimetallic systems. 

 

This result suggests that a slight electronegativity difference between the metallic centres of a 

bimetallic system facilitates the charge motions, while higher electronegativity differences 

would hinder the charge motion. The only anomalous behaviour was observed for the CoII phase, 

whose conductivity is close to that of the CdPS3 phase. This phenomenon could be related to the 

fact that the CoII and CdII phases are the only ones that present relaxation processes at lower 

frequencies, which could correspond to local relaxation processes. The latter may account for a 

lower charge mobility, and hence a lower electrical conductivity in these two materials. 

 

Optical properties. 

These materials can also be classified as semiconductors by the value of the band gap energy. 
Figure 10 shows the Tauc plots of the obtained bimetallic phases. The spectra of the three 
phases, with non-filled 3d shells, show at low energies weak bands due to d-d transitions. The 
obtained values for the energy gap are given in Table 5 (see Fig S5 for the calculation of the 
values), together with some data from the literature. 
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Fig. 10. Tauc plots for the studied lamellar phases. 

 

Table 5. Band gap values for the studied mono and bimetalllic lamellar phases 

Phase 
GAP 
(eV) 

Ref. 

CdPS3 2.95 This work 

Mn0.25Cd0.75PS3 2.68 This work 

Co0.25Cd0.75PS3 0.99 This work 

Ni0.25Cd0.75PS3 1.27 This work 

Zn0.25Cd0.75PS3 2.99 This work 

 CdPS3 3.06 57 

NiPS3 1.59 58 

 1.6 59 

ZnPS3 3.4 7 

CoPS3 1.4 60 

MnPS3 2.7 61 

 2.5 62 

 
From these data it is possible to conclude that the band gap energy is drastically modified by the 

insertion of NiII and CoII.  On the other hand, when ZnII ions are inserted a band gap value close 

to that of the CdPS3 phase is obtained. Table 5 indicates that this behavior correlates with the 

trend observed in the band gap values of the monometallic phases MIIPS3 (M = Co, Ni, Mn, Zn), 

which are lower than that of CdPS3 in the case of M = Co, Ni, Mn, and higher in the case of M = 

Zn.  Thus the  energy gaps of the bimetallic phases appear to be dominated by the monometallic 

system that has the lower band gap energy. 

 

Conclusions. 
Four new ordered bimetallic phases of composition MII

0.25Cd0.75PS3 (M = Ni, Co, Mn, Zn) were 

obtained by a two-step ion exchange reaction involving a freshly prepared K0.5Cd0.75PS3 

intermediate. The characterization by SEM-EDXS, solid state NMR, FTIR and powder X-ray 

diffraction confirms the migration of the inserted 3d ions from the interlayer space into the 

ordered vacancies of the layers of K0.5Cd0.75PS3 precursor generating homogeneous materials. 

The properties of these materials were rationalized in relation to the distribution of the 3d ions 
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within the layers. Magnetic susceptibility data and EPR spectroscopy confirmed an 

antiferromagnetic coupling in the MnII, NiII, and CoII substituted materials, which can be 

explained by the ordered distribution of the inserted 3d ions. The electrical conductivity of these 

bimetallic phases is dominated by the movements of small dipoles, created by the difference in 

electronegativity of the cations. The smaller the dipole, the higher is the conductivity. Finally, 

the band gap energies resemble the values of the pristine phase with the lower band gap values 

present in the bimetallic systems, probably due to an overlap of the band structures. Our results 

suggest that the physical properties of these materials are crucially linked to the ordered 

distribution of the 3d ions. 
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