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Abstract— The temperature dependence of the dielectric 

spectra of CdFeP2S6 crystals is presented for the first time. It is 

shown that in the temperature range of 200-300 K, a relaxation 

change in the temperature-frequency dependence of the 

dielectric permittivity is observed. Partial replacement of Cd 

with Fe significantly affects the Raman spectra of CdFeP2S6 

crystals compared to Cd2P2S6. 
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I. INTRODUCTION

Maintaining the pace of modern electronics development 
in line with Moore’s law requires moving beyond classical 
semiconductor circuitry. This shift involves functional 
elements based on diverse physical phenomena to achieve 
higher speed and greater component density. This applies to 
both characteristic dimensions (10-9–10-10 m) and switching 
times (10-9–10-10 s) of individual elements. Further gains in 
speed and miniaturization can be achieved by transitioning to 
spintronics, where both the charge and spin of electrons are 
used for information storage, processing, and transmission. 
Antiferromagnetic van der Waals materials are promising 
candidates for such devices. Even in the two-dimensional 
(2D) monolayer limit, they retain antiferromagnetic order and 
exhibit ultrafast spin dynamics in the THz range. 

To date, a fairly large number of two-dimensional crystals 
of the Me2P2(S,Se)6 family with antiferromagnetic properties 
are known [1,2], such as Fe2P2S6, CuCrP2S6, CdFeP2Se6, and 
CdFeP2S6. Despite being synthesized in 1988 [3], this material 
remains relatively understudied. Only three studies on this 
crystal have been reported to date [3-5]. 

In Ref. [4], 57Fe Mössbauer spectroscopy and magnetic 
susceptibility measurements (57–340 K) were performed on 
Cd-substituted CdFeP2S6. Both ferromagnetic and 
antiferromagnetic interactions were found to persist despite 
metal-ion disorder. 

Reference [5] investigates the magnetic properties of 
layered FexCd1-xPS3 (x=0.1÷0.8) and their methylviologen 
intercalates. The persistence of strong in-plane magnetic 
interactions, even at high dilution, indicates a non-random 
distribution of Fe²⁺ ions over the metal sites. The interactions 
are predominantly ferromagnetic at low Fe content and 
antiferromagnetic at higher concentrations. Ion-exchange 
intercalation with methylviologen strengthens the 
ferromagnetic coupling. 

However, no data concerning the electrophysical 
properties of this crystal, nor any information about Raman 
spectra, have been found in the literature. Therefore, this work 
is devoted to filling in these gaps in the data on CdFeP2S6 
crystals. 

II. OBTAINING SAMPLES

The growth of CdFeP2S6 single crystals was first reported 
in [3]. CdFeP2S6 were prepared in sealed quartz tubes from a 
stoichiometric mixture of the elements held at 600oC for a 2-
week period. We used a similar method to obtain single 
crystals. After the synthesis period, the resulting material was 
slowly cooled to room temperature to prevent cracking of the 
samples. The result was layered black crystals (in the case of 
very thin plates, they were translucent dark brown) with a 
metallic sheen (Fig. 1), ranging in size from 5×5 mm2 to 8×10 
mm2 and in thickness from 10 μm to 0.1 mm.  

To determine the chemical composition of the samples, we 
used a TESCAN MIRA 3 Scanning Electron Microscope with 
EDAX EDS and APEX™ EDAX's premier software program 
for the collection and analysis of Energy Dispersive 
Spectroscopy (EDS) data and the compositional 
characterization of materials. Samples were mounted on the 
stage of an electron microscope using Ted Pella Double 
Coated Carbon Conductive Tapes. The results provided data 
indicating the chemical composition of the CdFeP2S6 samples 
(weight percentages: Cd=26.3%, Fe=13.2%, P=14.6%, 
S=46.0%). 

According to the Materials Project database [6], 
theoretical calculations show that FeCd(PS₃)₂ crystallizes in 
the monoclinic C2 space group. The structure is two-
dimensional and consists of one FeCd(PS₃)₂ sheet oriented in 
the (0, 0, 1) direction. Fe²⁺ is bonded to six S²⁻ atoms to form 
FeS₆ octahedra that share edges with three equivalent CdS₆ 
octahedra. 

Fig. 1. Appearance of one of the CdFeP2S6 crystal samples obtained. 
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Fig. 2. Crystal structure of CdFeP2S6 according to [6]. 

There is a spread of Fe-S bond distances ranging from 2.46 
to 2.61 Å. Cd²⁺ is bonded to six S²⁻ atoms to form CdS₆ 
octahedra that share edges with three equivalent FeS₆ 
octahedra. There are a spread of Cd-S bond distances ranging 
from 2.73-2.77 Å. P⁴⁺ is bonded in a trigonal non-coplanar 
geometry to three S²⁻ atoms. There is a spread of P-S bond 
distances ranging from 2.04 to 2.06 Å. There are three 
inequivalent S²⁻ sites. In the first S²⁻ site, S²⁻ is bonded in a 
distorted trigonal non-coplanar geometry to one Fe²⁺, one 
Cd²⁺, and one P⁴⁺ atom. In the second S²⁻ site, S²⁻ is bonded in 
a 3-coordinate geometry to one Fe²⁺, one Cd²⁺, and one P⁴⁺ 
atom. In the third S²⁻ site, S²⁻ is bonded in a distorted trigonal 
non-coplanar geometry to one Fe²⁺, one Cd²⁺, and one P⁴⁺ 
atom. 

If we compare the data [6] with experimental works [3], 
the discrepancy in the lattice parameters is minimal, although 
the authors who first synthesized CdFeP2S6 determine its 
belonging to the C2/m space group based on X-ray structural 
data. 

III. EXPERIMENTAL SETUP

To study the temperature dependence of dielectric 
permittivity, we used an automated measuring system. All 
measurements were performed after annealing the samples at 
400 K for 3 hours. As we established in our study of layered 
crystals, before any measurements of electrophysical 
properties, samples must be annealed to eliminate their history 
(illumination, natural intercalation, applied electric fields 
leading to ion transfer, etc.). This process “resets” the sample's 
history and ensures good repeatability of results. 

For our research, we used several samples ranging in size 
from 5×5×0.01 mm3 to 6×8×0.1 mm3. Electrodes made of 
conductive silver paste were applied to the surface of the 
crystals. To check the effect of the electrodes, several samples 
were studied using carbon powder electrodes, but no 

difference in the data obtained was observed compared to the 
silver electrodes. To bring the experiments to the same 
conditions, the intensity of the measuring field was always 
adjusted for different samples, taking into account their 
thickness. 

A. Dielectric measurement

To measure the dielectric constant, an LCR GW Instek
LCR-819 meter with a frequency range of 12 Hz - 100 kHz 
and a measuring voltage of 50 mV - 1.25 V was chosen.  

Because layered Me2P2(S,Se)6 crystals often exhibit ionic 
conductivity, measurements were performed at a low applied 
voltage of 50 mV. This minimizes ionic contributions and 
reduces dielectric nonlinearity caused by high electric fields 
in thin samples. 

The use of a small amplitude of the measuring field led to 
a fairly large scatter of the measured parameters, especially at 
low frequencies, so the measurement speed was set to the 
minimum - one measurement per second. The measurement 
accuracy was 0.05%. 

B. Raman spectra measurement

To study the Raman spectra, we used the XploRA PLUS
System spectrometer from HORIBA Scientific. The spectra 
were obtained at a wavelength of 532 nm, over 3 seconds, 
averaging was made over 20 measurements, using a density 
filter of 1% and in two polarization configurations of 0° and 
45°. 

C. Temperature measurement

Measurements of temperature dependences were carried
out using an automated computer-controlled system in an 
immersion-type cryostat based on a Measurement Computing 
USB-TEMP-AI data acquisition device and a Linear 
Programmable DC Power Supply, OWON ODP3033, which 
allows us to change the heating and cooling rate in the range 
of 0.001 K/min to 1 K/min. As a temperature sensor, the 
PT100/1509A platinum thermistor of TDI Ltd. (England) was 
applied. The temperature measurement resolution was 0.001 
K, with an absolute accuracy of ± 2.9 K at 73 K and 0.27 K at 
373 K. 

IV. DIELECTRIC SPECTRA

Dielectric spectra of CdFeP2S6 single crystals were 
measured between 80 and 400 K. The results indicate a 
relaxation-type temperature–frequency behavior of the 
dielectric response. The maximum anomaly of the imaginary 
part ε” and the corresponding break in the real component ε’ 
of the complex dielectric permittivity, as shown in Fig. 3, 
occurs at a temperature of 250 K at a frequency of 10 kHz.  

Interestingly, similar behavior is observed in both bulk 
Sn2P2S6 crystals [7], layered CuInP2S6 crystals [8] and solid 
solutions Cu0.3Fe3.4P2S6 [9]. However, in the case of Sn2P2S6 
(which is a ferroelectric), this relaxation behavior is explained 
by the dynamics of small hole polarons with donor-acceptor 
compensation processes in the crystal lattice with tin and 
sulfur vacancies [7].  

In the case of Cu0.3Fe3.4P2S6 mixed materials, similar 
behavior can be explained by Maxwell-Wagner relaxation 
occurring at the boundaries between crystallites and inter-
crystallite boundaries [9].  
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Fig. 3. Temperature dependence of the real ε’, and imaginary ε” parts of the 
complex permittivity 𝜀∗ = 𝜀′ − 𝑖𝜀"  of the CdFeP2S6 crystal. 

In the case of CuInP2S6 crystals (which are also 
ferrielectric), low-temperature anomalies of a similar nature 
are interpreted as behavior characteristic of dipole glass [8]. 

Such a wide range of interpretations is rather strange for 
materials belonging to the same Me2P2S6 group, in which only 
the [P2S6]4- anion is a common component of these 
compounds. 

(a) 

(b) 

Fig. 4. Temperature-frequency dependence of the real – (a), and imaginary 
– (b), parts of the complex permittivity 𝜀∗ = 𝜀′ − 𝑖𝜀" of the CdFeP2S6 crystal 

Figure 4 show the temperature dependence of the real ε’ – 
(a) and imaginary ε” – (b) components of the complex
permittivity ε*. tg δ300K ≈ 0.01 at f = 10 kHz.

The observed dielectric spectra (see Fig. 5) can be 
described by the Cole-Cole formula [10] 

𝜀∗ = 𝜀∞ +
∆𝜀

1 + (𝑖𝜔𝜏)1−𝛼

where Δε is the dielectric relaxation force, τ is the average and 
most probable Cole-Cole relaxation time, ε∞ is the 
contribution of all polar phonons and electron polarization to 
the dielectric permittivity, 0 ≤ α ≤ 1 is the width parameter of 
the Cole-Cole distribution functions. At α = 0 this equation 
reduces to Debye's formula. In our case Δε ≈ 0.5, and 
τ ≈ 2×10-4 s. The distribution parameter of relaxation times α 
is very high (α ≳ 0.4–0.6) and decreases with cooling, 
indicating a very large distribution of relaxation times. 

For maximum relaxation losses ε”, the condition 
𝜔𝜏(𝑇𝑚𝑎𝑥) ≈ 1 is satisfied, where 𝜔 = 𝜋𝑓. The temperature
dependence of the relaxation time is usually described by the 
Arrhenius law: 

𝑓(𝑇) = 𝑓0𝑒𝑥𝑝 (−
𝐸𝑎

𝑘𝐵𝑇𝑚𝑎𝑥

), 

where kB ≈ 8.617333×10−5 eV/K, f0 is the frequency to which 
Tmax → ∞ approaches, and the activation energy Ea is defined 
as 

𝐸𝑎 = 𝑘𝐵𝑇𝑚𝑎𝑥𝑙𝑛 (
𝑓0

𝑓
). 

In our case, f0 ≈ 1011 Hz (which coincides well with the 
data from [10]), and the activation energy of this process is Ea 
≈ 0.347 eV. 

In the high-temperature range (see Fig. 4(b)), above 300 
K, the sharp increase in the imaginary part of the dielectric 
permittivity ε” (dielectric losses), as in the case of most 
semiconductor materials of the Me2P2S6 family, is caused by 
the increase in the electrical conductivity of the samples with 
increasing temperature, which accordingly contributes to the 
real component of the dielectric permittivity. These two 
processes—temperature activation of conductivity and 
relaxation mechanism in the 200–300 K range—overlap, as 
can be seen in Figure 4(a). 

Fig. 5. Cole-Cole diagrams constructed at different temperatures. 

203

2026 IEEE 43rd International Conference on Electronics and Nanotechnology (ELNANO)



In the high-temperature range (see Fig. 4(b)), above 300 
K, the sharp increase in the imaginary part of the dielectric 
permittivity ε” (dielectric losses), as in the case of most 
semiconductor materials of the Me2P2S6 family, is caused by 
the increase in the electrical conductivity of the samples with 
increasing temperature, which accordingly contributes to the 
real component of the dielectric permittivity. These two 
processes—temperature activation of conductivity and 
relaxation mechanism in the 200–300 K range—overlap, as 
can be seen in Figure 4(a). 

It is also interesting to note a small break in the 
temperature dependence of the dielectric permittivity at a 
temperature of ≈290 K (Fig. 3 and Fig. 4(a)). Such behavior is 
characteristic of structural phase transitions observed, for 
example, in the Cd2P2S6 crystal at a lower temperature of ≈228 
K [11]. This break is present on both the cooling and heating 
curves, with a hysteresis of about 5 K. Further, preferably 
structural, studies are needed to clarify the nature of this 
anomaly. 

V. RAMAN SPECTRA

We obtained Raman spectra of CdFeP2S6 crystals at a 
wavelength of 532. Since these spectra were obtained for the 
first time and have not yet been clearly interpreted, we 
compared them with Raman spectra of more-studied Cd2P2S6 
crystals at room temperature. 

The comparison results are shown in Fig. 6. For greater 
clarity, the spectra are normalized according to the intensity 
of the P-P Raman line at 374 cm-1. 

 According to data [12], the lines at 80 and 125 cm-1 are 
caused by translational vibrations of Cd2+ ions. When Cd is 
replaced by Fe in the spectra shown in Fig. 7, we indeed 
observe a significant change in both the shape and amplitude 
of the corresponding Raman lines. 221, 247 and 270 cm-1 S-
P-S phonon modes originating from the symmetry of P2S6 
units are also common in compounds of the MPS3 family. 
Partial replacement of Cd with Fe also significantly affects 
these fluctuations. 377 cm-1 is dominated by out-of-plane P-P 
and S valence vibrations (PS3 stretching mode). 562 cm-1 was 
caused by the out-of-plane P-S valence vibrations. 

Fig. 6. Comparison of Raman spectra of Cd2P2S6 and CdFeP2S6 crystals 
obtained at a wavelength of 532 nm. 

VI. CONCLUSIONS

Based on the obtained data, CdFeP2S6 crystals exhibit 
relaxation behavior in the temperature–frequency dependence 
of the dielectric permittivity in the 200–300 K temperature 
range. At 290 K, an anomaly in ε′(T) is observed, resembling 
the structural phase transition reported for Cd2P2S6 at lower 
temperatures. The dielectric permittivity of CdFeP2S6 is 
comparable to that of Cd2P2S6 and significantly lower than 
that of the ferroelectrics Sn₂P₂S₆ and CuInP₂S₆. This behavior 
is expected, as CdFeP2S6 does not contain polar dipoles that 
would strongly contribute to the dielectric response. Partial 
substitution of Cd by Fe results in a pronounced 
rearrangement of the Raman scattering spectra, particularly in 
the low-frequency region below 150 cm-1. Additional changes 
are observed in the 220–300 cm-1 range, associated with S–P–
S phonon modes, which are also strongly influenced by the 
cationic sublattice. 
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