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Abstract 
 

Raman scattering measurements have been performed in cadmium digallium sulphide 

(CdGa2S4) with defect chalcopyrite structure up to 25 GPa in order to study its pressure-

induced phase transitions. These measurements have been complemented and compared 

with lattice-dynamics ab initio calculations including the TO-LO splitting at high 

pressures in order to provide a better assignment of experimental Raman modes. In 

addition, experimental and theoretical Grüneisen parameters have been reported in order 

to calculate the molar heat capacity and thermal expansion coefficient of CdGa2S4. Our 

measurements provide evidence that CdGa2S4 undergoes an irreversible phase transition 

above 15 GPa to a Raman-inactive phase, likely with disordered rocksalt structure. 

Moreover, the Raman spectrum observed on downstroke from 25 GPa to 2 GPa has been 

attributed to a new phase, tentatively identified as a disordered zincblende structure, that 

undergoes a reversible phase transition to the Raman-inactive phase above 10 GPa.   

 

Keywords: ordered-vacancy compounds, phase transition, high pressure, defect 

chalcopyrite, thiogallate, Raman, ab initio calculations. 
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I. Introduction 

AIIB2
IIIX4

VI compounds are distorted tetrahedrally-coordinated compounds 

characterized by the presence of stoichiometric vacancies in the unit cell. Vacancies are 

needed to obey the Grimm-Sommerfeld rule and maintain the charge neutrality, as in 

other tetrahedrally-coordinated structures derived from the diamond structure.1 

AIIB2
IIIX4

VI compounds are also known as ordered-vacancy compounds (OVCs) and they 

represent a clear intermediate stage between perfect crystals and amorphous materials. In 

particular, CdGa2S4 crystallizes in the defect chalcopyrite (DC) structure (space group 

(s.g.) 4ܫത, No. 82, Z=2). Its unit cell can be visualized by doubling the zincblende (ZB) 

one (s.g. 4ܨത3݉, No. 216, Z=4) of an AX compound along c-axis and replacing four equal 

cations of the ZB structure by one Cd cation, two Ga cations and one vacancy [Fig. 1(a)].   

The presence of vacancies in OVCs yields relevant properties in comparison with 

their homologue AX, BX and ABX2 compounds, like higher compressibilities,2-4 good 

performance as host materials 5,6 and suitable valence electron concentration, large second 

harmonic generation and extensive damage threshold for mid-IR nonlinear optics.7,8 The 

most remarkable fields of application of OVCs, due to their wide band gap, high 

photosensitivity, bright photoluminescence and long-term stability of many parameters 

are photovoltaic cells 9, optoelectronic devices 10, temperature sensors 11 and optical 

filters.12,13 In particular, CdGa2S4 has raised considerable attention in the field of 

nonlinear optics.12-14  

Several high-pressure (HP) studies of the properties of OVCs have been reported 

in the last years. Combination of multiple experimental techniques such as X-ray 

diffraction (XRD), Raman scattering (RS), optical reflectivity and/or absorption 

measurements at HP have proven to be a successful way to outline pressure-induced phase 

transitions (PTs).15-19 Many OVCs have been found to exhibit a pressure-induced order-

disorder PT from a DC or a defect stannite (DS) structure (s.g.	4ܫത2݉, No. 121, Z=2) [Fig. 

1(b)] to a disordered rocksalt (DR) structure (s.g. 3݉ܨത݉, No. 225, Z=1) [Fig. 1(c)]. In 

this DR structure, AII and BIII cations and vacancies are fully mixed in 4a Wyckoff sites, 

while 4b sites are fully occupied by anions. Before reaching the DR structure, other defect 

or disordered structures might occur at intermediate pressures. For instance, DC-

CdGa2Se4 and DC-HgGa2S4 were found to transform first to the DS phase at 18 GPa  

before undergoing to the DR phase above 20 and 23 GPa, respectively.20,21,  
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Earlier HP studies have focused on the properties of CdGa2S4. HP-XRD 

measurements of Errandonea et al. showed a pressure-induced DC-to-DR transition 

above 17 GPa with a volume collapse of ca. 5% that evidenced the first-order nature of 

this pressure-induced PT.22 On the other hand, Aliabad et al. studied the structural, 

electronical, optical and thermoelectric properties of CdGa2S4 at HP by DFT 

calculations.23,24 They concluded that CdGa2S4 is an interesting p-type thermoelectric 

material with the best figure of merit (1.04) achieved at 0.58 GPa along the z-direction at 

800 K. Additionally, Shikimaka et al. recently investigated experimentally the 

mechanical properties of CdGa2S4 and CdGa2Se4 crystals under indentation and used RS 

measurements to study the possible indentation-induced PTs.25 They found that a 

disordered zincblende (DZ) phase (s.g.	4ܨത3݉, No. 216, Z=4) [Fig. 1(d)] was present in 

recovered samples indented with high loads. This suggests that the DC-to-DR PT in 

adamantine-type OVCs can be induced by indentation at much smaller pressures than by 

hydrostatic compression, likely due to the combination of hydrostatic and shear stresses 

in the indentation process, thus opening a door for the synthesis of new phases with 

interesting properties for technological applications. 

HP-RS measurements in CdGa2S4 were also performed by Ursaki et al. 26 and 

Mitani et al., 27 who observed the disappearance of Raman peaks around 15 GPa, 

consistent with the DR phase found by HP-XRD above 17 GPa.22 However, these two 

HP-RS works could only tentatively identify the LO counterparts of the Raman modes 

and showed slight differences in the behavior of the Raman modes at HP. The main 

discrepancies between the two works were: 1) quite different pressure coefficients were 

assigned to Raman modes of the low-frequency region; 2) the pressure-induced DC-to-

DR PT was considered to be irreversible by Ursaki et al. 26 and reversible by Mitani et al. 

27; and 3) both works discussed the presence of two order-disorder stages prior to the DC-

to-DR PT, but gave considerable different pressures for the onset of those two stages. 

Parallel to these experimental HP-RS studies focused on CdGa2S4, Fuentes-Cabrera 

reported lattice dynamics ab initio calculations at the BZ center.28 The good agreement 

of his simulations, which did not include any disorder effect, with the results of Ursaki et 

al. leaded Fuentes-Cabrera to hesitate about the order-disorder stages previously 

proposed. Unfortunately, those ab initio calculations did not report LO-TO splitting of 

Raman modes, characteristic of acentric DC-CdGa2S4 and other OVCs, so a complete 

discussion of the assignment of the LO modes and of the order-disorder stages in DC-
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CdGa2S4 based on a comparison of experimental and theoretical frequencies and their 

pressure coefficients could not be fully accomplished. In summary, the different results 

here commented clearly suggest that additional HP experimental and theoretical studies 

on CdGa2S4 are required to shed light on these unresolved questions. 

In this work, we report HP-RS measurements in DC-CdGa2S4 up to 25 GPa in 

order to study the pressure-induced DC-to-DR PT and determine the reversibility or 

irreversibility of such PT and the possible order-disorder stages prior to that PT. 

Moreover, the measurements have been complemented and compared with lattice-

dynamics ab initio calculations including the TO-LO splitting at high pressures in order 

to provide a better assignment of experimental Raman modes and help in the discussion 

of the possible order-disorder stages. Finally, we report the experimental and theoretical 

Grüneisen parameters of CdGa2S4 in order to calculate its thermodynamic properties, like 

the molar heat capacity and the thermal expansion coefficient. 

II. Experimental section 

 Single crystals of DC-CdGa2S4 were grown from its constituents CdS and Ga2S3 

by chemical vapor transport method using iodine as a transport agent.26 The as-grown 

crystals represent triangular prisms with mirror surfaces. Chemical and structural 

analyses have shown the stoichiometric composition of the crystals with no spurious 

phases. The nice comparison of our RS measurements at room pressure with available 

literature gives further evidence for the purity of our samples.  

 Non-resonant unpolarized HP-RS measurements at room temperature were 

performed with a LabRAM HR UV microspectrometer coupled to a Peltier-cooled CCD 

camera. We used a 532.12 nm (2.33 eV) laser excitation line with a power of 10 mW and 

a spectral resolution better than 2 cm-1. In order to analyze the Raman spectra under 

pressure, Raman peaks have been fitted when possible to a Voigt profile (Lorentzian 

profile convoluted by a Gaussian due to the limited resolution of the spectrometer) where 

the spectrometer resolution is a fixed parameter. For HP-RS experiments, samples loaded 

in a diamond anvil cell were surrounded by a 16:3:1 methanol-ethanol-water mixture 

acting as a pressure-transmitting medium, which provides a reasonable quasi-hydrostatic 

behavior in the pressure range studied.29 Ruby balls evenly distributed in the pressure 

chamber were used to measure the pressure by the ruby fluorescence method.30,31 The 

shape and separation of the R1 and R2 ruby lines were checked at each pressure and neither 
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a significant increase in width nor an overlapping of both peaks were detected; thus 

suggesting that nearly quasi-hydrostatic conditions are fulfilled in our experiments. 

 

III. Theoretical calculation details  

First principles total-energy calculations were performed within the framework of 

the density functional theory (DFT) and the projector-augmented wave (PAW) 32 method 

using the Vienna ab initio simulation package (VASP).33 A plane-wave energy cutoff of 

520 eV was used to ensure a high precision in the calculations. We also performed 

simulations with the Quantum Espresso Package 34 using ultrasoft pseudo-potentials. A 

cutoff energy of 60 Ry and a k-mesh of (4x4x4) were employed to obtain well-converged 

results. The exchange and correlation energy was taken with VASP and Quantum 

Espresso in the generalized gradient approximation (GGA) with the PBEsol 

prescription.35 For the sake of simplicity, only the ordered DC structure was simulated. 

Initially, lattice-dynamics calculations of phonon modes for the DC structure were 

performed at the zone center ( point) of the Brillouin zone (BZ) using VASP and the 

direct force-constant approach,35,36 as in previous studies of OVCs where details of the 

lattice dynamics calculations in the DC structure can be consulted. 15,16,19-21,36 The 

frequencies of the normal modes were provided by the diagonalization of the dynamical 

matrix at . These calculations also allowed to identify the symmetry and eigenvectors 

of the vibrational modes. In this work, we have gone one step further and have obtained 

the vibrational LO-TO splitting at  For that purpose, a non-analytical term due to the 

long-range interaction of the electric field must be taken into account. The phonon 

frequencies at Γ, including TO and LO phonon splitting, were evaluated using Density 

Functional Perturbation Theory (DFPT) with the Quantum Espresso package. To check 

the consistency of calculations, we compared the phonon frequencies calculated with 

Quantum Espresso and VASP finding a good agreement for the TO modes. Therefore, in 

the following we will only present theoretical results for Raman-active modes of the DC 

phase including the LO-TO splitting obtained with the Quantum Espresso package. 

 

 

IV. Results and discussion 

1. First upstroke 
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According to group theory, DC-CdGa2S4 (with 7 atoms per primitive unit cell) 

exhibits 21 vibrational modes at the BZ center that are described by the following 

irreducible representation: 

 3A (R) + 5B (R,IR) + 5E (R,IR) + B + E 

where E modes are doubly degenerated. Two modes are acoustic (an E mode and a B 

mode) and the rest are optical modes. The A modes are non-polar modes, which are 

Raman active (R), while the B and E modes are polar modes, show LO-TO splitting and 

are both Raman and infrared (IR) active. Taking into account the LO-TO splitting of the 

E and B modes, it should be possible to observe 23 Raman modes on DC-CdGa2S4. For 

the sake of clarity, we label each mode hereon with a letter concerning its symmetry and 

a superscript that numbers it. Besides, a subscript is added to B and E modes which points 

out whether it is the LO or TO counterpart. No subscript means that LO-TO splitting is 

not observed. 

Figure 2 shows the Raman spectra of DC-CdGa2S4 during the first upstroke up to 

25 GPa. The Raman spectrum of DC-CdGa2S4 can be divided into three regions: low-

frequency (below 200 cm-1), medium-frequency (between 200 and 300 cm-1), and high-

frequency (above 300 cm-1). The extensive literature has allowed to show that the low- 

and high-frequency regions are deeply dependent on the mass of AII (Cd) and BIII (Ga) 

cations, respectively; although the high-frequency region is mainly dependent of anions 

since it is usually dominated by stretching modes characterized by the vibrations of anions 

(S) against the cations.36-39 

The most intense Raman peak is the lowest-frequency A1 mode, known as the 

breathing mode since it is related to the symmetric vibration of anions around the 

stoichiometric vacancies. Strong A-symmetry Raman modes have been observed in other 

OVCs and even in mixed crystals with DC structure.16,20,21,36,39 The breathing mode is 

mainly influenced by the anion substitution and to a minor extent by the A cation.37,38 

Regarding the B and E modes, their strong cation dependence, mainly in the low and high-

frequency regions, has allowed to understand the different vibrations that occur inside the 

unit cell.40,41 In fact, the substitution of A (B) cations in OVCs has revealed a one-mode 

(two-mode) behavior of the low-frequency (high-frequency) vibrational modes.36,37,42 

In total, we have experimentally resolved 17 modes on DC-CdGa2S4 (taking into 

account TO-LO splittings). Unfortunately, the LO-TO splitting cannot be distinguished 

in the experimental B1 and E1 modes, and, therefore, a clear comparison with theoretical 

results cannot be made. Most modes shift to higher frequencies as pressure increases; 
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however, the low-frequency region modes are almost insensitive to pressure or even show 

a negative pressure coefficient, like the B2
TO and B2

LO modes. On the other hand, in the 

high-frequency region we have observed 9 modes rather overlapped. Therefore, we have 

used ab initio calculations in order to help us to assign properly the symmetry of each 

observed Raman mode (see Fig. 3 and Table 1). 

Notably, neither our unpolarised RS spectra at room temperature nor those of 

Ursaki et al. 26 and Mitani et al 27 show the B1
LO, E1

LO, E2
LO, E3

LO, B3
LO and B4

LO modes. 

For the B1, E1 and E2 modes, our ab initio calculations indicate that the LO-TO splitting 

is too small to be distinguished with the resolution of our RS measurements. However, 

this explanation is not valid for the E3
LO, B3

LO and B4
LO modes. Since these modes were 

observed in DC-CdGa2S4 by Nebola et al. 43 and Syrbu et al. 44 for z(yx)y orientation in 

polarized RS measurements, we think that polarized RS measurements are required to 

observe such modes. 

Other relevant features of our RS spectra are the low intensities and large 

linewidths of some Raman modes, which lead to the appearance or disappearance of these 

modes at different pressures. For example, the weak B3 mode disappears above 1 GPa 

because it overlaps with the strong E3 mode, as also noted in Refs. 26,27. The situation is 

even more complex in the high-frequency region, where Mitani et al. 27 observed the 

emergence of the B4 (near 330 cm-1) and E5 (near 370 cm-1) modes at 1.43 and 1.25 GPa, 

respectively. Thanks to our calculations, we have resolved that these two emerging modes 

correspond to the B4
TO and E5

TO
 modes. The massive overlapping in the high-frequency 

region makes difficult to distinguish them at room pressure. 

To finish the discussion of Fig. 2, we must consider that Raman peaks were 

measured up to 14.2 GPa. Above 15 GPa, no signal in Raman spectra is observed, thus 

evidencing the PT to a Raman-inactive phase. This PT pressure is in accordance with 

Ursaki et al. and Mitani et al. results.26,27 We have assigned the HP phase to a DR structure  

[Fig. 1(c)] according to HP-XRD measurements that observed a PT to the DR phase 

above 17 GPa.22 It must be said that several photographs of the sample were taken in 

order to follow the changes on its colour under compression. In this respect, we observed 

some dark zones on the sample at 14.2 GPa and found that the sample was totally opaque 

when we reached the maximum pressure of this study (25 GPa). These results provide 

evidence of the stability range of the ordered (transparent) and fully disordered (opaque) 

phases, as have been previously observed in other OVCs.15,18,20 
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Figure 3 shows the pressure dependence of the experimental and theoretical 

Raman mode frequencies of DC-CdGa2S4 up to 14 GPa. At a glance, the comparison of 

ab initio calculations and measurements shows a rather good agreement of the frequencies 

and pressure coefficients, but a slight underestimation of the theoretical Raman 

frequencies. In general, the E modes are better described than the A and B modes and the 

agreement between experimental and theoretical frequencies in absolute value is much 

better in the low- and medium-frequency regions. Table 1 summarizes the experimental 

and theoretical zero-pressure Raman-active mode frequencies (ω0) and their pressure 

coefficients (a and b, lineal and quadratic terms, respectively). Experimental and 

theoretical results from Refs. 26-28 are also shown for comparison. Analysis of data in 

Table 1 indicate that our experimental frequencies and linear pressure coefficients agree 

quite well with those of Refs. 26 and 27, being the agreement better for the Raman modes 

of the high- and medium-frequency regions, except for the E5
TO and B5

TO mode. On the 

other hand, our theoretical frequencies and pressure coefficients agree rather well with 

our experimental results. Additionally, our theoretical TO modes agree with the previous 

ab initio calculations of Ref. 28, but show considerable deviation with the lattice dynamics 

calculations of Ref. 27 which are based on the Harrison-Keating model. In quantitative 

terms, we have found an average relative error between our calculations and our 

experiments of less than 5% in the Raman-mode frequencies and less than 10% in a 

parameters in the medium and high-frequency regions. The largest relative errors are 

found in the low-frequency region, except for the case of the B3
TO and B4

TO modes in the 

medium- and high-frequency regions, respectively. The reasons for the discrepancies 

could be the small pressure region in which the B3
TO mode is experimentally observed 

and problems with ab initio calculations for the B4
TO mode (see Fig. 3), whose theoretical 

a value is anomalously low in comparison with the rest of the high-frequency modes. 

Finally, our experimental and theoretical Grüneisen parameters will be discussed in detail 

in section V in relation to the calculation of the heat capacity and the thermal expansion 

coefficient.  

It is worth noting the anomalous changes on the trends of some Raman modes 

above 10-11 GPa; i.e. prior to the pressure-induced PT to the DR phase. In particular, we 

have noticed a decrease of the pressure coefficient of the A2 mode and an increase of the 

pressure coefficient of the TO modes E4
TO, E5

TO and B5
TO that makes them to approach to 

their respective LO counterparts at a much larger rate than at lower pressures. It is well 

known that the LO-TO splitting in most ionic (or polar) semiconductors, such as ZB-type 
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InAs, InP, GaSb, GaAs, and GaP,45-48 decreases under pressure due to the decrease of the 

ionic character of the cation-anion bonds, which leads to a decrease of the Born effective 

charges.45-48 Therefore, the decrease of the LO-TO splitting observed in our RS 

measurements indicate a decrease of the ionicity in DC-CdGa2S4 at HP that is more 

significant above 10-11 GPa. This decrease of the ionicity in DC-CdGa2S4 is in good 

agreement with recent theoretical studies on the elastic properties of DC-HgGa2Se4 and 

DC-HgGa2S4 at HP that show that their Poisson’s ratio increases at HP (especially quick 

close to the PT), thus indicating a decrease of the ionic character of these DC-type 

compounds under compression.2,49,50 

It must be mentioned that the steep increase of the frequency in some high-

frequency modes at pressures close to the PT was also observed by Mitani et al.  above 9 

GPa,27 but not by Ursaki et al. 26 A possible explanation regarding this discordance could 

be the different growth crystal methods used by Ursaki et al. (chemical transport method), 

26 and by Mitani et al. (Bridgman method).27 However, we have observed the same 

behaviour of the high-frequency modes as Mitani et al. in samples synthesized with the 

chemical transport method. Consequently, we may speculate that this feature could be 

associated with non-hydrostatic stresses, which could appear when using methanol-

ethanol around 10 GPa, or with a different initial degree of tetragonal distortion of the 

original samples, regardless of the crystal growth method.27,51 

Let’s now concentrate on the discussion of the two order-disorder stages which 

could occur prior to the DC-to-DR PT, as proposed in previous HP studies of OVCs. 

These two possible stages are: first, a disorder between both cations, and second, a 

disorder between both cations and vacancies. In this context, several studies on OVCs at 

room pressure have pointed out that the existence of disorder in the cation sublattice could 

be traced by the broadening observed on some Raman peaks.52 For instance, this 

broadening was observed in Zn1-xMnxGa2Se4 crystals for x<1, and was attributed to the 

partially disordered cation arrangement.53 On the other hand, the RS spectra of ZnGa2Se4 

and CdGa2Se4 compounds at 570 K in comparison with those taken at 300 K also 

exhibited a general broadening of some Raman peaks.54 Notably, Refs. 53,54 share a 

feature: a considerable intensity decrease of the A1 mode. 

In order to evaluate the existence of the order-disorder stages on CdGa2S4 at HP, 

Ursaki et al.26 and Mitani et al.27 analyzed the intensity and full width at half maximum 

(FWHM) of different Raman modes. Ursaki et al. observed a remarkable increase of the 

FWHM of the Raman modes and a decrease of the intensity of the A2 mode above 8 GPa, 
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whereas the intensity of most other Raman modes started to decrease at around 10 GPa, 

most notorious in the A1 mode. These pressures were assigned as the onsets of the first 

and second stages of disorder, respectively. On the other hand, Mitani et al. suggested 

that the first stage of disorder corresponds to the change in the FWHM of the A1 mode 

above 6 GPa and the second stage of disorder corresponds to the increase of the FWHM 

of the modes above 8 GPa. In summary, there exists several changes in the RS spectra 

that could indicate the existence of two order-disorder stages, but there is no agreement 

in the pressure for the onset of such stages. In this context, we have to mention that the 

assumption that the two stages of order-disorder should occur at HP are based on high 

temperature studies of OVCs;55 hence, extrapolate them to HP conditions at room 

temperature might lead to misinterpretations.  

In order to clarify the presence or not of the order-disorder stages during 

compression in DC-CdGa2S4, we have also analyzed the HP dependence of the FWHM 

(Fig. 4) and intensity (Fig. 5) of well-observed Raman modes. Regarding the FWHMs, 

an increase (decrease) of the FWHM of the E1 and E2 (A1) modes occurs above 9 GPa and 

a general increase of the FWHMs is observed above 12 GPa. Regarding the intensities, 

we have plotted, on one hand, the absolute intensity of the A1 mode and, on the other hand, 

the intensity of the other Raman modes normalized to that of the A1 mode, for each 

pressure value. The relative intensity of E1, E2 and A2 modes increases up to 9-10 GPa and 

drops slightly above that pressure. On the other hand, the intensity of the E4
TO mode drops 

gradually and the B4
TO mode disappears above 9 GPa. Finally, the A1 mode intensity does 

not significantly change up to this pressure and only decreases abruptly above 12 GPa.  

These changes can be understood if we consider that the first stage of disorder, 

involving only cation disorder, leads to a DS structure, which is more symmetric than the 

DC phase and consequently has one A mode less than the DC phase.56 The DS unit cell 

can be displayed as the DC one in which cations in Cd-Ga planes are randomly disordered 

between Cd and Ga sites; i.e. they have a fractional occupation factor (DS model 6 in Ref. 

56). In particular, the decrease of intensity and disappearance of the A2 mode in DC-

CdGa2Se4 above 8 GPa and in DC-CdAl2S4 above 6 GPa, respectively, was attributed to 

DC-to-DS PT.15,16 Since we have also observed changes in the A2 mode in DC-CdGa2S4 

above 9 GPa that are correlated with changes in the intensities, FWHMs and frequencies 

of different Raman modes at similar pressures, we conclude that the onset of the first 

order-disorder stage occurs above 9 GPa in DC-CdGa2S4. 
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On the other hand, we have found no evidences for a second order-disorder stage. 

The second order-disorder stage involves disorder in both cation and vacancy sites. This 

disorder in a tetrahedrally-coordinated structure would lead to a DZ phase in CdGa2S4, 

where both Cd and Ga cations and vacancies are all mixed in cation sites; i.e. with a 

complete disorder in cation sites.56 Since cubic ZB-type compounds are more symmetric 

than tetragonal DC and DS phases, they have only 3 Raman-active modes: the LO mode 

plus the doubly degenerated TO mode. This result is not consistent with our RS 

measurements during the first upstroke where much more than 2 Raman peaks are clearly 

observed prior to the almost complete disappearance of the Raman signal above 15 GPa. 

Consequently, we can conclude that there is no evidence for a second order-disorder 

stage, unlike proposed by Ursaki et al and Mitani et al.26,27 

 

2. Second upstroke 

In order to study the reversibility of the DC-to-DR PT and the stability of the DR 

phase upon decompression, we decompressed our diamond anvil cell from 25 GPa down 

to 1.8 GPa at a slow rate because the rate of the decompression, together with temperature, 

plays an important role in the quenching of the HP phases on OVCs.17,26,57,58 Figure 6 

displays the RS spectrum at 1.8 GPa and its evolution on increasing pressure during a 

second upstroke up to 21.5 GPa. The recovered sample at 1.8 GPa shows broad Raman 

bands and was not transparent as the initial DC phase. Therefore, it was clear that we did 

not recovered the DC phase on decompression, unlike it was suggested in Refs. 26,27 In 

this context, a DZ phase was observed upon a slowly decompression in other OVCs, like 

DC-CdGa2Se4 and DC-HgGa2S4. 20,21 They exhibited several broad bands similar to those 

of our RS spectrum at 1.8 GPa. Consequently, based on earlier HP studies, we have 

assigned the RS spectrum at 1.8 GPa to the DZ phase, where anions are at 4c sites and 

cations and vacancies are totally disordered at 4a sites [Fig. 1(d)]. Further support to our 

hypothesis is provided in Ref. 25, where a RS spectrum of DZ-CdGa2S4, similar to that of 

our recovered sample at 1.8 GPa, was observed under Berkovich indentation mixed with 

initial DC-CdGa2S4 (see Fig. 10 in Ref. 25).  

We must recall that the RS spectrum of DZ-CdGa2S4 consists of several broad 

bands that cannot be considered the 3 Raman-active modes of the ZB structure. Indeed, 

what can be observed is a disorder-activated Raman scattering (DARS) that occurs in 

disordered samples and that reveals the one-phonon density of states of the DZ 

structure.59,60 In Fig. 6, we have marked by arrows (from 1 to 7) the different Raman 
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bands at 1.8 GPa whose pressure dependence has been followed. As can be observed, the 

DZ phase persists up to 9.7 GPa and the Raman-inactive DR phase appears above that 

pressure, in good agreement with the pressure-induced transition from the ZB to the  

rocksalt phase observed in compounds, like ZnSe, ZnS, InP or InAs.61  

To the best of our best knowledge, Ursaki et al. were the first to perform a second 

upstroke on CdGa2S4.26 They assigned an amorphous DC phase on decompression for 

two reasons: i) a peak that resembles to the A1 mode of the DC phase at around 220 cm-

1, ii) on increasing pressure up to 4.7 GPa several narrow modes at low frequencies 

appeared, which was understood as the recrystallization of the DC phase. On the other 

hand, their recovered sample underwent a PT to the DR phase above 7.7 GPa in the 

second upstroke. Contrarily, we did not observe other new Raman peaks in our recovered 

sample on increasing pressure and the Raman signal persisted up to upper pressures (9.7 

GPa) in the second upstroke. The discrepancy between our RS measurements and those 

of Ursaki et al. can be understood if we consider that the recovered sample in the two 

measurements was obtained upon decreasing pressure from two different pressures. In 

the experiment of Ursaki et al., the sample was decompressed from 15 GPa, so the narrow 

modes observed in the recovered sample could be attributed to the DS phase if we assume 

that the DS-to-DR PT was not fully completed at 15 GPa. On the hand, in our experiment 

the sample was decompressed from 25 GPa, therefore the DS-to-DR PT was fully 

accomplished and the recovered sample corresponds to the completely disorder DZ phase. 

On downstroke from 21.5 GPa, we slowly decreased pressure down to 1 atm (see 

top RS spectrum of Fig. 6) in order to check the reversibility of the DZ-to-DR PT. As 

observed, the RS spectrum at 1 atm after the second upstroke is similar to the RS spectrum 

of DZ-CdGa2S4 at 1.8 GPa recovered from the first upstroke. Therefore, we can conclude 

that there the DZ-to-DR PT is a reversible one; i.e. our results show the inability of the 

fully disordered phases of CdGa2S4 to transform to an ordered phase under compression 

or decompression. In fact, fully disorder-order transitions have been observed in many 

OVCs under cooling during crystal growth, where the control of the temperature leads to 

avoid cracking defects.62 In summary, our measurements have clearly shown that there is 

an irreversible DC-to-DR PT on increasing pressure above 15 GPa which proceeds via an 

intermediate DS phase above 9 GPa. On decreasing pressure from the DR phase, a DZ 

phase that undergoes a reversible DZ-to-DR PT is obtained. 

Figure 7 shows the pressure dependence of the seven vibrational modes of DZ-

CdGa2S4. Table 2 shows the experimental Raman mode frequencies and their pressure 
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coefficient at room pressure for the DZ phase. The Raman modes of the DZ phase shift 

to high pressures with linear trend, but with smaller pressure coefficients than those of 

the DC phase. This result shows the effect of the disorder in the pressure dependence of 

the Raman wavenumbers; i.e. the larger the disorder, the smaller the pressure 

coefficients.20 In fact, the analysis of the effect of pressure on the RS spectrum of the 

recovered sample from Ursaki et al. shows that the pressure coefficient of the most intense 

mode, which resembles to the A1 mode of the DC phase, is around 6.5 cm-1GPa-1. This 

value is between the pressure coefficient of the A1 mode in the DC phase (7.0 cm-1GPa-1) 

and that of the band 4 of the DZ phase (3.7 cm-1GPa-1). Therefore, our analysis suggests 

the presence of the DS phase in the recovered sample of Ursaki et al. in the first upstroke. 

Moreover, one can notice that the narrow bands in the RS spectrum of the recovered 

sample of Ursaki et al. are on top of a broad RS spectrum (see Fig. 10 in Ref. 26) that is 

similar to that of our DZ phase at 1.8 GPa (see Fig. 6) above 220 cm-1. Therefore, we can 

conclude that the recovered sample of Ursaki et al. in the first upstroke was a mixture of 

DS and DZ phases and not an amorphous DC phase.  

As already commented, the RS spectrum of DZ-CdGa2S4 resembles the one-

phonon density of states of ZB-type compounds, and in particular of ZnS in the case of 

CdGa2S4,63-65 due to the similarity of the mass of Zn (65.39 uma) and the cation average 

mass (2 Ga + 1 Cd + 1 vacancy) in DZ-CdGa2S4 (62.96 uma). However, the modes of 

DZ-CdGa2S4 spread out in the same range of frequencies (up to 430 cm-1) of the DC 

phase, unlike in ZnS (up to 370 cm-1). The above features allow us to make a correlation 

in terms of frequency between the modes of the DZ and DC phase with the ZB-type ZnS 

by folding the phonon dispersion curves of ZnS into the BZ center.1,66 Moreover, the 

phonon density of states for ZnS allows us to assign the TA, LA, TO and LO mode 

character of the Raman bands of the DZ phase.64,67  

In DZ-CdGa2S4, bands 1 and 2 correspond to the E1, B1 and E2 modes in the DC 

phase that have a TA mode character. The frequency of band 3 matches with the B2
TO and 

B2
LO modes of DC phase and has LA mode character. Above 250 cm-1, bands 5 and 6 are 

close in frequency to the E3, B3, A2, B4
TO and E4

TO modes in the DC phase. Since the 

phonon density of states of the TO modes at the BZ center of the ZnS covers these latter 

bands in the DZ phase, we assign to bands 5 and 6 a TO mode character. The broad band 

7 is in the range defined by the E4
LO and B5

LO modes in the DC phase with LO mode 

character. Note that band 7 is the highest in frequency and falls into the narrow phonon 

density of states of LO modes of ZnS, which are centered at 370 cm-1.64 We think that the 
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large broadening of band 7, which extends up to much larger frequencies than in ZnS, 

can be explained by the LO two-mode phonon behavior of the modes in the high-

frequency region, already observed in mixed DC compounds.37,42,68 In this context, the 

mixture of LO modes corresponding to stretching vibrations of S anions against Cd 

cations, Ga cations and vacancies would explain that the low-frequency edge (350 cm-1) 

of this broad LO band in the DZ phase corresponds to the Cd-S stretching mode near the 

BZ zone center, while the high-frequency edge corresponds to the vacancy-S stretching 

mode. Finally, band 4 of the DZ phase, which has the highest intensity, is quite similar to 

the A1 mode of the DC phase, which is related to the breathing vibration of S atoms against 

the vacancies. Band 4 cannot be correlated neither with LA nor TO character because is 

located in the gap of the phonon density of states of ZnS between acoustic and optic 

modes, what confirms the non-polar character of this band. This is a remarkable feature 

since the presence of this band of the DZ phase related to the presence of vacancies cannot 

be deduced from those of the ZB phase in common binary AX compounds. 

 

V. Grüneisen parameter and thermal properties 

The use of the Grüneisen parameter to calculate thermal and elastic properties of 

materials allows circumventing some experimental limitations on direct measurements of 

these properties. For instance, the determination of the pressure dependence of the 

thermal conductivity of materials is a common technological issue, requiring the use of 

thermal contacts which are not always feasible.68,69 The Grüneisen parameter provides 

the asymmetry of the vibration of the atoms from their equilibrium position, giving 

information on the anharmonicity of the crystal.70-72 It must be considered for properties 

that depend directly on the anharmonicity of the crystal potential energy, i.e. thermal 

expansion, deviations from the Debye’s specific heat at high temperatures, and thermal 

conductivity in insulators.73 In addition, a correlation between the negative Grüneisen 

parameter of the TA phonon at the X point of the BZ and the PT pressure for various A, 

AX and ABX2-type semiconductors has been studied.74 Furthermore, under quasi-

harmonic conditions one can determine the molar heat capacity		ሺݒܥሻ and the thermal 

expansion coefficient ሺߙሻ by using the pressure or volume derivatives of the phonon 

frequencies at the BZ center, thanks to the Grüneisen parameter.69 

In this work, we will work with two formulations of the Grüneisen parameter (ߛ): 

the microscopic Grüneisen parameter,75 defined by Grüneisen  for a quasi-harmonic mode 
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of frequency i as ߛ௜ ൌ ሺܤ଴ ߱௜⁄ ሻሺ݀߱௜ ݀ܲ⁄ ሻ where ܤ଴ is the isothermal bulk modulus, and 

the macroscopic Grüneisen parameter (or average Grüneisen parameter),73 which is 

expressed in terms of ܥ ,ߙ௩ and molar volume ௠ܸ as ߛ௔௩ ൌ ߙ3 ௠ܸܤ଴ ⁄௩ܥ . From the 

microscopic formulation in the quasi-harmonic approximation, ߛ௔௩ can be calculated as 

௔௩ߛ ൌ ௜ߛ௜ܥ௜݌∑ ⁄௩ܥ  where ݌௜ is the Raman mode degeneracy, ܥ௜ the  Einstein molar heat 

capacity and ܥ௩ is defined as ܥ௩ ൌ  ௜ is obtained as a function ofܥ ,௜.76 In particularܥ௜݌∑

the energy of each mode, ܧ௜ ൌ  ,௜ݒ݄

௜ܥ ൌ ܴ
ሺா೔ ௞ಳ்⁄ ሻమ௘ಶ೔ ೖಳ೅⁄

൫௘ಶ೔ ೖಳ೅⁄ ିଵ൯
మ                                                     (1) 

where ݒ௜	is the frequency in Hz, T the temperature, and ݇஻, ݄ and R are the Boltzmann, 

Planck and ideal gas constants, respectively.  

For the calculation of our experimental and theoretical ߛ௜	in DC-CdGa2S4, we 

have used a value of ܤ଴ ൌ	40.8 GPa obtained from our ab initio simulations under 

hydrostatic conditions (see Table 1); this value is similar to that obtained by Cabrera et 

al. (ܤ଴ ൌ	46 GPa).28 We have preferred not to use the experimental value (ܤ଴ = 64 GPa) 

obtained in Ref. 22 because that value was likely overestimated, due to the use of silicone 

oil as pressure-transmitting medium. In fact, the value of ܤ଴ for DC and DS compounds 

under hydrostatic conditions is usually in the range 39-52 GPa.2,77  

With all these considerations in mind, one can evaluate	ߛ௜ for each mode (see 

Table 1). In general, the experimental values of ߛ௜ are found to match quite well with the 

theoretical values of ߛ௜ obtained from our ab initio data. The highest value of ߛ௜ is found 

for the A1 mode, ahead of the E3
TO and E3

LO modes. The B2
TO and B2

LO modes have 

negative ߛ௜ meanwhile in the rest of the modes ߛ௜ fall between 0 and 1. Our experimental 

and theoretical ߛ௜ also show a good agreement with the experimental ones of Ref. 26 and 

with the theoretical ones of Ref. 28, respectively. However, our ߛ௜ do not agree much with 

those of Ref. 27 because in that work the bulk modulus obtained with the Harrison-Keating 

model (B0 = 88 GPa) is more than double than our calculated one. To conclude the 

discussion of	ߛ௜, only a few other studies dealt with the determination of ߛ௜ in DC and 

DS-type OVCs, such as ZnGa2Se4 or CdGa2Se4.57,78 Taking into account our calculated 

 ௅ை,௜. This trend has also beenߛ <ை,௜்ߛ ,௜ and Refs. 57,78 we can establish that, in generalߛ

observed in ZB and wurtzite-type AX and chalcopyrite-type ABX2 compounds.45,79-81 

We now turn to calculate ܥ௩,  from our experimental and theoretical ߙ ௔௩ andߛ

data. For each Raman mode with TO-LO splitting (E and B), we have used a frequency 
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and a Grüneisen parameter obtained from the average between the TO and LO 

contributions. Besides, for the calculation of ߙ, an experimental value of ௠ܸ = 312.44 

Å3,82 and a theoretical value of ௠ܸ = 308.99 Å3 (from our ab initio calculations) was used. 

The temperature, T, is set to 298 K. Table 3 summarizes the values of ܥ௩ and  obtained 

with our experimental and theoretical data for CdGa2S4. The values of ܥ௩ and   measured 

at 300 K for CdGa2S4 and other DC and DS compounds are also included. We note that 

our experimental and theoretical results for ܥ௩ are very similar; however, our value for Cv 

is 21% smaller than those measured at 300 K in CdGa2S4
83 and in other OVCs.83,84 On 

the other hand, we have obtained an average value of the macroscopic Grüneisen 

parameter, ߛ௔௩, of 0.46(2) and 0.49(1) from our experimental and theoretical data, 

respectively. These values agree quite well with the typical range of the ߛ௔௩ found in 

tetrahedral compounds (between 0.5 and 1.25).71  Regarding the averaged values of , 

they are found between those in other OVCs (see Table 3). We note that the positive 

values of ߛ௜ in the most part of the Raman modes in CdGa2S4 have given a positive value 

of ߛ௔௩ which indicates a positive expansion of this DC. This is in agreement with the 

positive value found in  for CdGa2S4 and the positive expansion ( > 0) found in other 

DC and DS compounds as shown in Table 3. In contrast, in ZrW2O8, the negative sign of 

several ߛ௜ at room temperature lead to a negative value for ߛ௔௩ which indicates a negative 

thermal expansion (NTE). This NTE was found experimentally on ZrW2O8 over a 

temperature range from 0.3 to 1050 K.85  

 

VI. Conclusions 

We have performed HP-RS measurements in DC-CdGa2S4 up to 25 GPa which 

have been compared with accurate ab initio calculations providing the LO-TO splitting 

and have allowed us, on one hand, to assign more clearly the Raman-active modes, and 

on the other hand, to clarify the previous disagreement between previous HP-RS studies 

of Ursaki et al. and Mitani et al. Our measurements show that the ordered DC phase 

undergoes an irreversible transition to a Raman-inactive structure above 15 GPa, which 

can be attributed to the DR phase. In contrast to previous HP-RS studies, our RS 

measurements show evidence of only one stage of disorder above 9 GPa that leads to an 

intermediate DS phase prior to the PT to the DR phase. On decreasing pressure from 25 

GPa, we show that a DZ phase is recovered, whose HP behavior of the Raman modes was 

studied in a second upstroke. The DZ phase undergoes a reversible PT to the DR phase 
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above 10 GPa. Consequently, this work evidences the irreversibility (reversibility) of the 

pressure-induced order-disorder (disorder-disorder) DC-to-DR (DZ-to-DR) transition. 

Finally, we have calculated, both experimentally and theoretically, the microscopic and 

macroscopic Grüneisen parameters in DC-CdGa2S4 and have estimated both the molar 

heat capacity, ܥ௩, and the average thermal expansion coefficient, ߙ, for DC-CdGa2S4. In 

this sense, the Grüneisen parameter has proven to be a useful tool to give a first approach 

to evaluate the above-mentioned thermal properties, involving only data from HP 

experiments.    
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 Table 1. Experimental (exp) and theoretical (the) Raman-mode frequencies and their 

pressure coefficients at room pressure in DC-CdGa2S4 as obtained from fits to the data 

using equation, ω = ω0 + aP + bP2, where ω0 is expressed in cm-1, a in cm-1 GPa-1 and b 

in cm-1 GPa-2. The Grüneisen parameter, γi, is also included. Data of other authors are also 

included for comparison.  

 

 

 

a This work, b Ref. 27 (a calculated using B0 = 88 GPa), c Ref. 28 (γi calculated using B0 = 46 GPa), d Ref. 26 
(γi calculated using B0 = 40.6 GPa).  

Mode 

(sym.) 

ω0 

(the) 

a 

(the) 

100·b 

(the) 

γi 

(the) 

ω0 

(exp) 

a 

(exp) 

100·b 

(exp) 

γi 

(exp) 

B1
TO 

83.9(4)a,  
121b, 86.0c 

1.45(1)a,  
0.09b, 1.3c 

-1.42(3)a,  
-1.2c

0.71(1)a, 
0.07b, 0.7c

83.5(1)a, 
87b,87d

0.5(1)a, 
0.03b, 0.88d

-3(1)a, 
0.22d 

0.20(3)a, 
0.027b, 0.41d 

B1
LO 83.9(3)a 1.49(1)a -1.40(3) 0.73(1)     

E1
TO 

84.0(1)a,  
104b, 86.1c 

0.21(2)a,  
0.04b, -0.16c 

-2.1(1)a,  
-0.35c

0.10(1)a, 
0.03b, -0.09c

85.5(3)a, 
84b, 84d

0.40(2)a, 
0.04b, 0.63d

8(2)a,  
-3.62d 

0.2(1)a, 
0.045b, 0.31d

E1
LO 85.8(1)a 0.06(2)a -1.7(1) 0.03(1)     

E2
TO 

130.5(3)a, 
125b, 133.1c 

0.2(1)a,  
0.4b, 0.26c 

-0.9(3)a,  
-1.6c

0.06(2)a, 
0.03b, 0.09c

135.1(2)a, 
136b, 136d

0.20(2)a, 
0.14b, 0.52d

1(1)a,  
-2.63d 

0.05(3)a, 
0.09b, 0.16d

E2
LO 131.8(3)a 0.1(1)a -0.8(3) 0.03(2)     

B2
TO 

157.5(2)a, 
141b, 160.5c 

-0.1(2)a,  
0.14b, 0.22c 

-0.3(2)a,  
-3.4c

-0.04(1)a, 
0.09b, 0.06c

164(1)a, 
162b, 162d

-0.30(2)a, 
0.03b, -0.03d

1(2)a,  
-0.38d 

-0.08(3)a, 
0.02b, -0.008d

B2
LO 165.9(2)a -0.7(1)a 1.0(2) -0.18(1) 

165.8(4)a, 
168b, 168d

0.2(2)a, 
0.17b, -0.02d

-4(1)a,  
-4.65d 

0.05(2)a, 
0.09b, -0.005d

A1 
214.9(4)a, 

194b, 213.6c 
6.7(1)a,  

1.54b, 6.2c 
-7.9(4)a,  

-7.0c
1.26(3)a, 

0.70b, 1.34c
217(1)a, 

219b, 219d
7.0(2)a, 

5.82b, 6.36d
-10(1)a, 
-1.62d 

1.3(1)a, 
2.34b, 1.18d

E3
TO 

241(1)a,  
241b, 247.5c 

6.5(1)a,  
3.26b, 6.4c 

-10(1)a,  
-10.5c

1.11(4)a, 
1.19b, 1.2c

239.9(4)a, 
241b, 242d

6.9(1)a, 
5.42b, 6.54d

-14(1)a, 
-8.5d 

1.17(4)a, 
1.98b, 1.10d

E3
LO 246(1)a 6.8(1)a -10(1) 1.12(3) 245b 5.26d   

B3
TO 

252(1)a,  
259b, 257.8c 

5.9(1)a,  
2.6b, 5.7c 

-7(1)a,  
-8.4c

0.95(3)a, 
0.89b, 1.0c

259.9(1)a, 
261d

1.2(1)a,  
2.07d  

0.19(2)a, 
0.32d

B3
LO 266(1)a 5.2(1)a -6(1) 0.79(3)     

A2 
302(1)a,  

296b, 307.9c 
4.7(1)a,  

3.6b, 4.6c 
-6(1)a,  
-7.4c

0.63(2)a, 
1.06b, 0.69c

309.9(1)a, 
311b, 311d

5.0(2)a, 
4.45b, 4.72d

-9.3(4)a,  
-5.73d 

0.66(1)a, 
1.26b, 0.62d

B4
TO 

312(1) a,  
352b, 313.2c 

1.7(1)a,  
4.3b, 1.5c 

1.9(1)a,  
-0.73c

0.22(3)a, 
1.07b, 0.22c

324(1)a, 
325b, 323d

2.8(1)a, 
2.33b, 2.29d  

0.36(2)a, 
0.63b, 0.29d

E4
TO 

315(1)a,  
356b, 321c 

4.3(1)a,  
4.3b, 4.2c 

-5(1)a,  
-6c

0.56(2)a, 
1.06b, 0.60c

322(3)a, 
323b, 322d

4.9(2)a, 
4.29b, 4.89d

-9(2)a, 
-8.07d 

0.62(3)a, 
1.17b, 0.62d

B4
LO 335(1)a 3.6(1)a -4(1)a 0.44(2)a     

E4
LO 343.0(1)a 3.9(1)a -5(1)a 0.46(2)a 

350(1)a, 
350b, 351d

4.0(3)a, 
3.94b, 4.4d

-5(2)a, 
-9.8d 

0.47(2)a, 
0.99b, 0.51d

A3 
343.3(2)a, 
343b, 346c 

3.3(1)a,  
3.9b, 3.0c 

-2.3(2)a,  
-2.1c

0.40(5) a, 
1.00b, 0.40c

361(1)a, 
361b, 362d

3.3(1)a, 
3.32b, 3.66d

-4(1)a, 
-5.96d 

0.38(2)a, 
0.81b, 0.41d

E5
TO 

351(1)a,  
402b, 357.5c 

3.8(1)a,  
4.7b, 3.7c 

-3.6(4)a,  
-4c

0.43(1)a, 
1.03b, 0.48c

361(2)a, 
367b, 366d

4.6(2)a, 
6.38b, 3.49d

-9(2)a, 
-1.48d 

0.52(2)a, 
1.53b, 0.39d

B5
TO 

360(1)a,  
412b, 368.9c 

7.3(1)a,  
4.7b, 6.8c 

-10.5(4)a, 
-10.1c

0.83(1) a, 
1.00b, 0.85c

363(3)a, 
364b, 367d

5.3(2)a, 
6.33b, 7.02d

-13(2)a, 
-18.5d 

0.60(2)a, 
1.53b, 0.78d

E5
LO 376(1)a 3.2(2)a -3(1)a 0.35(1)a 

388(1)a, 
390b, 389d

4.5(2)a, 
4.79b, 5.71d

2(1)a, 
-8.16d 

0.48(3)a, 
1.08b, 0.60d

B5
LO 383(2)a 5.7(1)a -6.1(2)a 0.61(1)a 

392(1)a, 
393b, 394d

5.2(2)a, 
5.62b, 5.71d

-2(1)a, 
-6.93d 

0.54(2)a, 
1.26b, 0.59d
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Table 2. Experimental Raman-mode frequencies and their pressure coefficients at room 

pressure in DZ-CdGa2S4 as obtained from fits to the data using equation ω = ω0 + aP, 

where ω0 is expressed in cm-1 and a in cm-1 GPa-1. 

 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Peak ω0 a 

1 96.0 (5) 0.8 (1)
2 118.8 (3) 1.9 (1)
3 162.1 (6) 1.9 (1)
4 247 (1) 3.7 (2)
5 267 (1) 5.6 (2)
6 313 (2) 4.4 (2)
7 408 (1) 2.4 (2)
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Table 3. Experimental (exp) and theoretical (the) molar heat capacity, Cv, and averaged 

linear expansion coefficient, , obtained for CdGa2S4. Experimental measurements of Cv 

and  in other OVCs are also included for comparison purposes (data from the literature 

measured at 300 K).  

Compound 
Cv 

(J K-1 mol-1) 
Compound α (10-6 K-1) 

CdGa2S4 
130.9 (1)a, 
131.6 (1)b, 

162.0c 
CdGa2S4 

5.2 (2) a, 
5.7 (2)b 

CdIn2S4 166.8c CdGa2Se4 10.97e 
ZnGa2Se4 166.6d ZnGa2Se4 2.10f 
ZnGa2S4 164.6d MnGa2S4 0.88g 

a Our experimental data, b Our theoretical data, c Ref. 83, d Ref. 86, e Ref. 87 (obtained in the 
temperature range 300-873 K), f Ref. 88, g Ref. 84 
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FIGURES 
 
Figure 1. (Color online) Crystalline structure of (a) DC-CdGa2S4, (b) DS-CdGa2S4 (c) 

DR-CdGa2S4, (d) DZ-CdGa2S4. Medium brown balls are Cd cations, big yellow balls are 

Ga cations and small blue balls are S anions. Orange and open orange balls represent the 

sites shared between Cd + Ga and Cd + Ga + V (vacancy), respectively. The Wyckoff 

sites are given in parenthesis for the phases described.  

Figure 2. Room temperature Raman scattering spectra of DC-CdGa2S4 up to 24.8 GPa.  

Figure 3. (color line) Pressure dependence of the experimental (symbols) and calculated 

(lines) vibrational modes in CdGa2S4 up to 14.2 GPa. Experimental values of A, BTO/BLO 

and ETO/ELO Raman modes are represented by solid triangles (black), solid/open circles 

(blue), and solid/open squares (red), respectively. Theoretical calculations for the TO 

(LO) phonons of pure B and E symmetry are represented by solid (dotted) lines with blue 

and red colors, respectively. In the case of A modes calculations are shown by solid black 

lines.  

Figure 4. (Color online) FWHM of the E1, E2 and A1 modes of DC-CdGa2S4 during the 

first upstroke. Solid straight lines are a guide to the eyes. 

Figure 5. (Color online) Pressure dependence of the intensity of the A1 mode (right 

vertical axis) and E1, E2, A2, E4
TO and B4

TO modes (left vertical axis). In the left vertical 

axis, intensities are normalized to that of the A1 mode. Solid straight lines are a guide to 

the eyes. 

Figure 6. Room temperature Raman scattering spectra of DZ-CdGa2S4 up to 21.5 GPa. 

The Raman spectrum of the recovered sample at 1 atm is shown at the top. 

Figure 7. (Color online) Pressure dependence of the experimental (symbols) vibrational 

modes in DZ-CdGa2S4 during the 2nd upstroke. Solid lines correspond to linear fits to 

experimental data. 
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