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Chapter 6 

XPS study of the phase transition in a layered CuCl4-based 

organic-inorganic hybrid 

The organic-inorganic hybrid CuCl4(C6H5CH2CH2NH3)2 （ PEACuCl ） is a new type of 

multiferroic material, holding great potential application in electronics. PEACuCl, as the 

material is called in short, shows spontaneous ferroelectric order below the first order phase 

transition temperature TC = 340 K. In this chapter, we report on the study of the phase transition 

at TC=340 K of PEACuCl by means of X-ray photoelectron spectroscopy (XPS). When comparing 

the Cu 2p3/2, Cl 2p and N 1s core level spectra of PEACuCl collected at room temperature TR

（TR < TC）and at high temperature T1（T1 > TC）,  it is clearly seen that the full width at half 

maximum (FWHM) of these peaks is smaller at T1. Combining this result with the XRD and 

Raman characterization previously performed by A. Arkenbout, A. Polyakov, and A. Caretta, we 

suggest that the chemical environment of Cu and Cl changes due to a rearrangement of the 

hydrogen bond (N-H…Cl) between the organic cations and the inorganic negatively charged 

CuCl6 octahedral backbones.  
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6.1 Introduction  

In recent years, there has been a growing interest in organic-inorganic hybrids because these 

materials do not only allow to combine desirable properties of individual components, they also 

offer the possibility to design new applications that outperform both organic and inorganic 

constituents. The interest in organic materials stems from their easy processability, structural 

flexibility and tunable electronic properties.[1]–[3] Inorganic materials are widely used for 

electronic applications[4], [5]; future application envision exploiting properties such as 

ferroelectricity and magnetic ordering. In this respect, the combination of the best of the organic 

and inorganic worlds at molecule level can form interesting new class materials.[6] 

In this chapter, we focus on two dimensional organic-inorganic perovskite bulk hybrids. The 

structural phase transitions as well as attractive magnetic properties of this type of hybrids have 

been widely studied.[7]–[10] The perovskite structure AMX3 is a 3-dimensional network of 

corner-sharing MX6 octahedra, where M is generally a divalent transition metal, X are typically 

halide atoms, and A are organic cations. These hybrids provide a good platform to study low 

dimensional electronic and magnetic properties.[6], [10] One example is that the layered organic-

inorganic bulk hybrid crystals CuCl4(C6H5CH2CH2NH3)2 show spontaneous ferroelectric order, 

which sets in just above room temperature  and coexists with ferromagnetic ordering below 13 

K.[10] The physical origin of the ferroelectric phase transition at TC=340 K is still under debate. 

Two explanations have been suggested; one is that the buckling of the inorganic octahedra 

induces dipolar ordering, which disappears above TC,[10], [11] the alternative one attributes the 

electric polarization below TC to the tilt of organic cations.[12]  

In order to gain a better understanding of the origin of the ferrolectric phase transition at 340 K in 

PEACuCl, we analysed the material at room temperature TR (TR < TC) and at high temperature T1 

(T1 > TC) by X-ray photoelectron spectroscopy (XPS) to investigate the chemical environment of 

the main elements, namely Cu, Cl, and N.  

6.2 Phase transition and structures 

PEACuCl crystals were synthesized by self-assembly of the organic and inorganic components in 

solution.[10], [13].  In detail, firstly 2-phenyl-ethylammoniumchloride was made by slowly 

adding a saturated HCl solution to phenylethylamine and then an aqueous solution of this 
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compound and CuCl2·2H2O salts was prepared. The PEACuCl crystals, obtained by evaporation 

of water from this solution, were yellowish transparent square plates, with the largest surface 

parallel to the inorganic planes. Typical dimensions are 3×3 mm
2
, with a thickness between 150 

μm and 1 mm. The crystals are yellowish at room temperature, but turn green on cooling below 

∼200 K. 

The existence of phase transitions in PEACuCl was first evidenced by differential scanning 

calorimetry (DSC) measurements. Figure 6.1 (a) shows the heat flow above room temperature 

measured by A. Arkenbout.[14] Two phase transitions marked by arrows can be observed at 340 

K and 410 K; the latter is below the decomposition temperature of 460 K. A detailed 

investigation of the heat flow upon heating and cooling the sample around 340 K is shown in 

figure 6.2 (b). The hysteresis loop identifies this phase transition as weakly first order, similarly 

to what was observed in liquid crystals[15] and ammonium halides.[16]  

        

Figure 6.1 Differential scanning calorimetry measurements of PEACuCl: heat flow measured 

while heating up (a) and during a heating-cooling cycle in the temperature region of the first 

phase  transition (b).[14], [17] 

The structure of the PEACuCl crystal was investigated by A. Arkenbout and A. Polyakov by 

single crystal diffraction.[14], [17] As is shown in figure 6.2, the inorganic layers of corner 

sharing CuCl6 octahedra are separated by layers of organic phenylethylammonium (PEA).[6], 

[14], [18] The symmetry of PEACuCl can be described by the non-polar Pbca space group at 100 

K and changes to the Cmca group at temperatures above TC . The structure refinement from XRD 

is listed in table 6.1.  
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Figure 6.2 Crystal structure of PEACuCl determined by single crystal X-ray diffraction at 100 

K.[10] 
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Table 6.1 Summary of the single crystal structure refinement below and above Tc (340 K).[14] 

(The units of distances and angles are ångström and degree respectively .) 

Based on the refinement of the XRD data, in the Pbca (
15

2hD ) space group, the CuCl6 octahedra 

are buckled, and the buckling angle becomes zero at temperatures above TC=340 K; so the most 

striking change between temperatures below and above TC in the inorganic layer is the 

disappearance of the mirror plane due to the buckling.[14] Below TC, the buckling of the CuCl6 

octahedra drives hydrogen bond (N-H…Cl) ordering, where each ammonium group occupies a 

fixed position. While in the high temperature (above TC) phase, each ammonium group can 

occupy flexible positions and the ordering of hydrogen bond network is absent. Moreover, it has 

been demonstrated that PEACuCl showed spontaneous ferroelectric order below 340 K.[10] 

Figure 6.3 shows how the polarization of PEACuCl disappears above TC; this proves the space 

group below TC must be polar.[10], [14]  
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Figure 6.3 Temperature dependence of the pyroelectric current (inset) and the polarization 

perpendicular to the c-axis.[10] 

However, the Pbca group is non-polar as suggested by the XRD results at 100 K. Hence in order 

to reveal the polar nature of the phase of PEACuCl below TC, the low frequency vibrational 

modes of the organic cations were investigated by Raman spectroscopy by A. Caretta.[12], [19] 

Figure 6.4 shows the low frequency Raman study of PEACuCl at selected temperatures.[12], [19] 

The intensity of Raman-active organic librational mode α decreases and becomes zero at 340 K. 

This observation can be explained by absence of orientational order the organic molecules. In 

other words, the polar order at lower temperature is explained as arising from a tilt of the organic 

molecules with respect to the inorganic plane that alternates in the c-direction. However the 

predicted tilt of the organic cations is so small, ∼0,07
o
 , that it might be beyond the sensitivity of 

X-ray diffraction measurements. 
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Figure 6.4 Temperature evaluation of Raman-active organic liberation mode α at ~ 15 cm
-1

.[12] 

6.3 X-ray photoelectron spectroscopy (XPS) analysis of the 

PEACuCl hybrid 

To shed more light on the origin of the phase transition of PEACuCl at 340 K, XPS spectra were 

collected at temperatures below and above TC = 340 K. In order to be certain that the temperature 

of the sample was above or below Tc, a VO2 platelet was mounted next to PEACuCl and used as 

temperature indicator. In fact, VO2 platelet presents a reversible metal-semiconductor phase 

transition at 341 K which has a clear signature in photoemission spectroscopy.[20] The survey 

spectra of PEACuCl at room temperature TR (TR < TC) and high temperature T1 (T1 > TC), shown 

in figure 6.4, show the photoemission lines of all expected elements, namely Cu, N, C, Cl. The 

survey spectra intensity were normalized to Cu. It is clearly shown in figure 6.4 that the intensity 

of C 1s and N 1s is larger at room temperature (TR and T’R) than at high temperature T1. This is 

in agree with the Raman results shown in figure 6.4 collected by A. Caretta.[19] The orientational 

order of the organic molecule at room temperature can make them pack closer, inducing higher 

intensity of C and N peak in the photoemission spectra. The detailed scans of Cu2p3/2, Cl2p and 

N1s core level regions were analysed and are presented in figure 6.6, 6.8 and 6.9. Binding 

energies were referenced to the C 1s photoemission peak, centred at 284.8 eV.[21]   
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Figure 6.5 X-ray photoemission survey spectra of the PEACuCl crystal at room temperature (TR), 

high temperature above TC (T1), and room temperature dropped from TR (T’R). 

The photoemission spectra of the Cl 2p core level region of PEACuCl at TR and T1 are shown in 

figure 6.6. The spectrum collected at TR is fitted with three contributions at binding energies (BE) 

of 198.3 eV, 199.4 eV and 200.7 eV. The first two correspond to the out-of-plane and in-plane 

octahedral Cl-Cu bonds, which form hydrogen bonds (N-H…Cl) with ammonium groups. The 

additional component at higher binding energy, accounting for ~10 % of the total Cl spectra 

intensity is due to Cl-Cu bonds from the second phase, which are different from the octahedral 

ones in the main phase.[8] The spectrum collected at T1 is fitted with two components at 198.8 

eV and 200.3 eV which can be assigned to octahedral Cl-Cu bonds forming hydrogen bond (N-

H…Cl) with ammonium groups and Cl-Cu bonds from the second phase respectively. Hence here 

we can conclude that there are two sorts of hydrogen bonds (N-H…Cl) exist below Tc=340 K, 

which is in line with what A. Arkenbout and A. Polyakov have observed based on XRD results. 

[10], [14] Below Tc, due to the buckling of CuCl6 octahedra, the ammonium group occupies a 

relatively stable position and forms static hydrogen bonds with both the in-plane and out-of-plane 

chlorine atoms. The in-plane chlorine atom form strongest hydrogen bond with the ammonium 

group, corresponding the Cl 2p component at 199.4 eV in figure 6.6 (left). For the hydrogen bond 

between the ammonium group and out-of-plane chlorine, the ammonium group has two options 
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shown in figure 6.7, leading to an off-centre shift of the nitrogen atom. This can be evidenced by 

the Cl 2p component at 198.3 eV in figure 6.6. The shift generates a local electric dipole, which 

is the origin of the polarization.  

At high temperature T1, the ammonium groups can occupy a variety of energetically identical 

positions due to the disappearance of the buckling of the CuCl6 octahedra.[14] This can be 

confirmed by the only main component of Cl 2p peak at 198.8 eV in figure 6.6 (right). It is also 

in agreement with what A. Arkenbout and A. Polyakov have demonstrated based on XRD 

data.[10], [14], [17] 

 

 

Figure 6.6 X-ray photoemission spectra of the Cl2p core level regions of PEACuCl sample at 

room temperature (TR), high temperature above TC (T1), and room temperature dropped from TR 

(T’R) (top panel); The fitting of the spectra at TR and T1 are shown in bottom panels. 
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Figure 6.7 The ammonium group occupies two different positions (a) and (b) below TC = 340 

K.[14] 

The photoemission spectra of Cu 2p2/3 core level region at TR and T1 are shown in figure 6.8. 

Both spectra show a shake-up satellite at the high bonding energy side of the main peak, which is 

a signature of copper being in the +2 oxidation state.[22] The Cu 2p3/2 spectrum at TR can be 

fitted with three components peaked at binding energy of 932.8 eV, 934.8 eV and 936.6 eV; the 

shake-up satellite is fitted with three broad peaks at binding energy of 941.4 eV, 943.4 eV and 

945.2 eV.  The peaks at BE = 934.8 eV and 936.6 eV correspond to the out-of-plane and in-plane 

octahedral Cu-Cl bonds which form hydrogen bond (N-H…Cl) with ammonium groups. The 

lower binding energy component at 932.8 eV also originates from Cu
2+

 which is evidenced by the 

corresponding satellite peak at 941.4 eV.[8] This can be assigned to Cu-Cl bonds from the 

minority phase, which has different coordination from the octahedral ones in the main phase.  

The spectrum of Cu 2p3/2 line collected above TC is fitted with two components peaked at 935.3 

eV and 932.8 eV, which can be assigned to Cu-Cl bonds from the main octahedral phase and the 

second phase; the shake-up satellite corresponding to the Cu
2+

 in the main phase is fitted with 

two narrow peaks instead of one broad peak to the Cu
2+

 in the second phase. The Cu
2+ 

to Cl
-
 ratio 
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can be calculated from the intensities of the components in the spectra normalized by the 

sensitivity factors of each core line. It is found that in the second phase Cu
2+

 : Cl
-
 = 1 : 2.5 at both 

room temperature and above Tc, while Cu
2+

 : Cl
-
 = 1 : 4 for the octahedral coordination in the 

main phase. 

 

 

Figure 6.8 X-ray photoemission spectra of the Cu2p3/2 core level regions of PEACuCl sample at 

room temperature (TR), high temperature above TC (T1), and room temperature dropped from TR 

(T’R) (top panel); The fitting of the spectra at TR and T1 are shown in bottom panels. 

The scan of N 1s core level region at TR and T1 are shown in figure 6.9. The N 1s spectrum 

measured at T1 can be fitted with three components peaked at 400.8 eV, 399.6 eV, 398.4 eV. As 

is known, N is very sensitive to hydrogen bond.[23] The first two peaks can be assigned to C-

NH…Cl which involves the formation of hydrogen bond with the out-of-plane and in-plane Cl 

from the octahedra. In the spectrum at room temperature, an additional component at lower 
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binding energy 398.4 indicates the existence of the minority phase (~10.4%), which is also in 

agree with Raman results done by A. Caretta.[19]  

The spectrum of N 1s line collected above TC is fitted with two components peaked at 398.4 eV 

and 400.1 eV, which can be assigned to C-NH…Cl from the main octahedral phase and the 

minority phase respectively. 

 

Figure 6.9 X-ray photoemission spectra of the N 1s core level regions of PEACuCl sample at 

room temperature (TR), high temperature above TC (T1), and room temperature dropped from TR 

(T’R) (top panel); The fitting of the spectra at TR and T1 are shown in bottom panels. 

6.4 Conclusion 

The XPS data presented here clearly demonstrate the change in chemical environment change of 

Cu, Cl and N below and above ferroelectric phase transition temperature (TC =340 K). Based on a 
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reversible change of the intensity of C and N in the organic components, we suggest an 

orientational order of the organic molecules (PEA) exists at temperature below TC. Moreover, an 

obvious reversible change in the FWHM value of the spectral lines of Cu, Cl, and N can be 

observed. In the main phase of PEACuCl, there are two different Cu-Cl bonds below TC but only 

one type of bond above TC. Below TC, the ammonium groups from the organic cations occupy a 

fixed position and form hydrogen bonds of different strength with chlorine atoms from the CuCl6 

octahedra, while above Tc, the ammonium groups can occupy different positions where they 

form identical hydrogen bond with chlorine atoms.  
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