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Abstract 

 
We report on Raman scattering measurements in mercury digallium selenide 

(HgGa2Se4) up to 25 GPa. We also performed, for the low-pressure defect-chalcopyrite 

structure, lattice-dynamics ab initio calculations at high pressures which agree with 

experiments. Measurements evidence that the semiconductor HgGa2Se4 exhibits a 

pressure-induced phase transition above 19 GPa to a previously undetected structure. 

This transition is followed by a transformation to a Raman-inactive phase above 23.4 

GPa. On downstroke from 25 GPa till 2.5 GPa a broad Raman spectrum was observed, 

which has been attributed to a fourth phase, and whose pressure dependence was 

followed during a second upstroke. Candidate structures for the three phases detected 

under compression are proposed. Finally, we also report and discuss the decomposition 

of the sample by laser heating at pressures close to 19 GPa. As possible products of 

decomposition we have identified at least the formation of trigonal selenium 

nanoclusters and cinnabar-type HgSe. 

 

PACS numbers: 61.66.Bi, 63.50.-x, 64.70.kg, 78.30.-j, 78.30. Fs, 81.05.Hd  

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

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

Mercury digallium selenide (HgGa2Se4) is a semiconductor crystallizing in the 

tetragonal defect-chalcopyrite (DC) structure (space group (S.G.) I-4, No. 82, Z=2) 

[1,2]. It is one of the less studied adamantine-type A
II
B2

III
X4

VI
 ordered-vacancy 

compounds (OVCs). Unlike binary zinc-blende-type AX materials [3], OVCs are 

tetrahedrally-coordinated ternary semiconductors derived from the cubic diamond or 

zinc-blende structure (S.G. F-43m, No. 216, Z=4) with vacancies located in an ordered 

and stoichiometric fashion at a fixed Wyckoff position in the unit cell due to the 

unbalanced number of anions and cations. 

The presence of vacancies in the unit cell leads to a more complex physics in 

adamantine-type OVCs than in common semiconductors. A usual trend in OVCs is that 

they have several non-equivalent tetrahedrally-coordinated cations resulting in a 

distortion of the crystal lattice from cubic symmetry. The symmetry reduction provides 

them special properties with important applications in optoelectronics, solar cells, and 

non-linear optics [3-6]. Among the applications of A
II
B2

III
X4

VI
 OVCs, we highlight their 

use as infrared-transmitting window materials and in various nonlinear optical devices, 

especially as gyrotropic media in narrow-band optical filters. In addition, these 

compounds are promising optoelectronic materials due to their high values of nonlinear 

susceptibility, optical activity, intense luminescence, and high photosensitivity [4]. 

They are interesting in photovoltaic applications [7], and as diluted magnetic 

semiconductors [8] as well. Furthermore, compounds like CdGa2Se4 and CdAl2S4 have 

practical applications as tunable filters and ultraviolet photodetectors [9,10].  

 OVCs are also relevant materials in Solid State Physics from a theoretical point 

of view. They are useful to understand the role played by stoichiometric vacancies in 

the physical and chemical properties of solids. Note that OVCs constitute a bridge 

between perfect materials (with no vacancies at all) and defect materials (with random 

vacancies as point defects). Furthermore, OVCs are interesting to study the order-

disorder phase transitions occurring in tetrahedral semiconductors.  

High-pressure (HP) studies on A
II
B2

III
X4

VI
 compounds are receiving increasing 

interest [11-35]. In particular, the AGa2Se4 (A = Mn, Zn, and Cd) family has been 

recently studied by means of X-ray diffraction (XRD), Raman spectroscopy, and optical 

absorption measurements. In the last years we have conducted several studies of 

HgGa2Se4 at HP. Optical absorption and powder XRD under pressure in the defect 
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chalcopyrite phase were studied in Refs. 28 and 32. On the other hand, recent powder 

HP XRD measurements in HgGa2Se4 have reported a transition from the ordered DC 

structure to the disordered rock-salt (DR) phase (S.G. Fm-3m, No. 225, Z=1) on 

upstroke [33]. Furthermore, the transition to a disordered zinc-blende (DZ) phase (S.G. 

F-43m, No. 216, Z=1) on downstroke with recovery of the initial DC phase at 1.5 GPa 

after a thermal annealing was also reported [33]. These results are in good agreement 

with similar pressure-induced transitions in other selenium-based OVCs, like CdGa2Se4 

[16], MnGa2Se4 [23], CdAl2Se4 [24], ZnGa2Se4 [25], and HgAl2Se4 [26].  

To complement previous studies in DC-HgGa2Se4 we report here HP Raman 

scattering measurements up to 25 GPa. We also performed ab initio lattice-dynamics 

calculations to help in the assignment and discussion of the Raman-active modes of the 

DC phase. Above 19 GPa, Raman measurements suggest a phase transition from the DC 

structure, probably to a defect stannite (DS) structure (S.G. I-42m, No.121, Z=2), that 

was not evidenced previously by XRD measurements [32,33]. A pressure-induced 

phase transition, prior to the phase transition to the Raman-inactive structure, was 

already proposed on the basis of Raman scattering results in CdGa2Se4 [31] and 

evidenced by Raman scattering in HgGa2S4 [34]. Furthermore, on decreasing pressure 

after the transition to the DR structure, a broad Raman spectrum, similar to those found 

in CdGa2Se4 [31] and ZnGa2Se4 [35] under similar conditions, was obtained. The broad 

Raman spectrum has been tentatively attributed to the metastable DZ phase already 

observed in Ref. 33 on downstroke. Raman spectra of this phase at HP were measured 

during a second pressure cycle. Finally, we also report results of a second experiment 

evidencing sample decomposition induced by laser heating at pressures close to the first 

transition pressure. The evolution of the Raman spectra with pressure during the second 

experiment allowed us to identify the presence of trigonal selenium, cinnabar-type 

HgSe, and likely Ga2Se3. Technical aspects of the experiments and calculations are 

given in Sections II and III. The results are presented and discussed in Sec. IV. Finally, 

we present the conclusions of this work in Sec. V. 

 

II. Experimental section 

 Single crystals of DC-HgGa2Se4 were grown from its constituents HgSe and 

Ga2Se3 by chemical vapor transport method using iodine as a transport agent [36]. The 

as-grown crystals represent triangular prisms with mirror surfaces. Chemical and 
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structural analyses have shown the stoichiometric composition of the crystals and no 

spurious phases were observed. The DC-HgGa2Se4 samples used in this study were the 

same used in three previous studies [28,32,33]. Evidence for the purity of our samples is 

provided by both XRD [32,33] and Raman scattering (here reported) measurements at 

ambient pressure which compare nicely with the available literature.  

 Non-resonant HP Raman scattering measurements at room temperature were 

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

camera and using a 632.81 nm (1.96 eV) HeNe 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. Otherwise, Raman 

peaks were fitted with Gaussians, where the spectrometer resolution was subtracted to 

get the real peak width. For Raman experiments samples were loaded in a diamond-

anvil cell (DAC) using a 16:3:1 methanol-ethanol-water mixture as pressure-

transmitting medium which exhibits reasonable quasi-hydrostatic behavior in the 

pressure range studied [37]. Ruby grains evenly distributed in the pressure chamber 

were used to measure the pressure by the ruby fluorescence method [38,39]. The shape 

and separation of the R1 and R2 ruby lines were checked at each pressure and neither 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. 

We have performed two experiments of non-resonant HP Raman scattering. In 

the first one, fluxes of the order of 10 W/mm
2
 and measurement times of around 2 min 

were used to avoid radiation damage to the sample by the incoming laser. To check 

the absence of heating effects, the sample was visually inspected before and after each 

measurement, and the Raman signal intensity was monitored during several 

accumulations in order to detect possible heating effects which could reduce the 

Raman signal or shift the Raman mode frequencies. In this experiment, Raman 

measurements were carried out till 25 GPa during the first upstroke and till almost 

ambient pressure during the first downstroke. Additionally, we measured Raman 

scattering up to 20 GPa during a subsequent second upstroke and down to ambient 

pressure during a second downstroke.   

In the second experiment, we explored the effect of laser heating. We observed 

that performing Raman measurements with a higher power density (100 W/mm
2
) of 
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the incoming laser in similar conditions as those in the first experiment (measurement 

times of 1-2 min and several accumulations) can easily cause local damage in the 

sample. The damage occurred at HP near the pressure (19 GPa) where changes in the 

Raman spectrum are detected in the first experiment. In order to study the effect of 

laser heating in HgGa2Se4 we decreased pressure till almost ambient pressure after 

realizing that new peaks appeared as a consequence of laser heating. Since the peaks 

remained on decreasing pressure, we performed HP Raman scattering measurements 

during a second upstroke in order to check the pressure dependence of the new Raman 

peaks. 

  

III. Theoretical calculation details 

First principles total-energy and lattice-dynamics calculations were performed 

within the framework of the density functional theory (DFT) and the pseudopotential 

method using the Vienna ab initio simulation package (VASP) of which a detailed 

account can be found in Ref. 40. The exchange and correlation energy has been taken in 

the generalized gradient approximation (GGA) according to Perdew-Burke-Ernzerhof 

(PBE) prescription [41]. Details of total-energy and lattice-dynamics calculations in the 

ordered DC structure for AGa2Se4 (A=Cd, Hg) can be consulted in Refs. 28 and 31. In 

this work we only report calculations for the ordered DC structure at different pressures. 

We do not report calculations neither for the DZ phase nor for the DS phase of 

HgGa2Se4. Note that more than five different possible polytypes for the DS phase in 

OVCs have been previously suggested [31,42-44]. Furthermore, the DZ structure and 

several disordered DS polytypes have fractional atomic occupancies so thus requiring 

large supercells to simulate disorder using standard ab initio methods. In particular, 

calculations become very time consuming and not always the relaxed structure 

maintains the original symmetry. This is what happened to our calculations for the DZ 

structure, whose supercell relaxed into a non-cubic structure. Therefore, those 

calculations are not reported in this work.  

Lattice dynamics calculations of phonon modes for the DC structure were 

performed at the zone centre ( point) of the Brillouin zone. For the calculation of the 

dynamical matrix at  we used the direct force-constant approach (or supercell method) 

[45,46] which involves the calculation of all the atomic forces when each non symmetry 
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related atom in the unit cell is displaced along non symmetry related directions. Details 

of the lattice dynamics calculations in the DC structure can be consulted in Ref. 31.  

In order to include the LO-TO splitting in our study, we need to add the effect of 

the electric field, which is not directly taken into account by the force-constant method. 

To obtain the LO-TO splitting with VASP we have to add to the dynamical matrix a 

non-analytical term, which depends on the Born effective charge tensors and the 

electronic dielectric constant. If an exact solution close to the  point is required this 

requires the use of different supercell sizes for each pressure making this method very 

expensive in time. However, we checked that similar TO and LO phonon frequencies at 

the  point, but with lower CPU-time requirements, were found using Density 

Functional Perturbation Theory (DFPT) [47] with the Quantum Espresso package [48]. 

In this software, we added the non-analytic term, due to the long-range interaction, 

using the response of the system to the electric field, which allows us to obtain the LO-

TO splitting near the  point. Therefore, we can calculate the pure B and E modes with 

TO and LO splitting. In this context, we used ultrasoft pseudo-potentials with a cutoff 

energy of 60 Ry and a k-mesh of (4 4 4) in order to obtain well converged results. 

Moreover, the same exchange correlation energy prescription was used in the total 

energy and lattice dynamics DFPT calculations. 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 

A. First experiment 

According to group theory DC-HgGa2Se4 has 15 vibrational modes [49] 

 3A(R) + 6B(R,IR) + 6E(R,IR) 

B and E modes are polar modes which are both Raman (R) and infrared (IR) active, 

while A modes are non-polar modes which are only Raman active. All modes are noted 

hereafter with a superindex in order of increasing frequency. Both B modes and doubly-

degenerated E modes may exhibit longitudinal-transversal optic (LO-TO) splitting; and, 

because of the crystal anisotropy some modes could show mixed B and E symmetry 

[50,51]. Two of the 15 vibrational modes (an E mode and a B mode) are acoustic 

modes. Therefore, we expect 13 Raman-active optical modes: 3A+5B+5E and 10 IR-
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active optical modes: 5B+5E. Taking into account the LO-TO splitting, one could 

measure a maximum of 23 Raman-active first-order modes and 20 IR-active modes. 

Figure 1 (a) shows the Raman spectra at room temperature of DC-HgGa2Se4 up 

to 18.8 GPa during the first experiment. The Raman spectrum at low pressures is 

dominated by the A
1
 mode attributed to the breathing mode of Se atoms around the 

vacancies [52] as it has been observed in other OVCs [11,13,18,20-24,31,34]. The 

Raman spectrum of DC-HgGa2Se4 can be divided in three regions: low-frequency 

region (below 130 cm
-1

), medium-frequency region (between 130 and 200 cm
-1

), and 

high-frequency region (above 200 cm
-1

). As pressure increases, the Raman peaks of the 

medium- and high-frequency region shift to higher frequencies while most of the peaks 

of the low-frequency region show a negligible or even negative pressure coefficient. 

This behavior is similar to that found in other OVCs under pressure [11, 13, 18,20-24,  

31,34].  

Figure 1(b) shows the pressure dependence of the experimental and theoretical 

Raman mode frequencies of DC-HgGa2Se4 up to 18.4 GPa. In general, there is a rather 

good agreement between experimental and calculated Raman mode frequencies and 

their pressure coefficients at zero pressure. Raman mode frequencies and their pressure 

coefficients at zero pressure are summarized in Table I.  

In order to understand the HP behavior of the Raman modes in OVCs, and in 

particular in HgGa2Se4, it is important to take into account that both tetragonal DS and 

DC structures derive from the zinc-blende structure by a doubling of the unit cell along 

the c axis. This results in a folding of the X and W points of the Brillouin zone edge of 

the zinc-blende structure into the  point of these two tetragonal structures. Therefore, 

several Raman modes in the tetragonal DC and DS structures behave similarly to 

vibrational modes occurring at the X and W points of the cubic zinc-blende structure. 

With this in mind, the very small or even negative pressure coefficients of the low-

frequency E and B modes can be understood assuming that these two modes derive 

from transverse acoustic (TA) and longitudinal acoustic (LA) modes, respectively, at 

the X and W points of the Brillouin zone of the zincblende structure [11,18,53,54]. A 

similar HP effect was observed in chalcopyrites, like CuGaS2 [55]. On the basis of the 

comparison of the Raman modes of DC and DS structures and those of the zinc-blende 

structure, it is possible to understand why the Raman modes of DS and DC structures 

located in the medium-frequency region exhibit the largest frequency pressure 

coefficients and why the modes of the high-frequency region exhibit a little bit smaller 
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frequency pressure coefficients than the modes of the medium-frequency region. The 

explanation is that modes of the medium-frequency and high-frequency regions can be 

considered to be analogs of the TO and LO modes in the zinc-blende structure, where 

TO modes exhibit usually larger pressure coefficients than LO modes; a signature of the 

decrease of the ionicity of the semiconductor upon compression [56-58]. 

As regards the values of the measured Raman frequencies at ambient pressure, 

we must note that they correlate reasonably well with those previously reported in Ref. 

59 (see table I), except for some differences. In particular, the lowest-frequency phonon 

B
1
 that we have measured at 54.3 cm

-1
, seemingly was attributed to the E

1
LO mode in 

Ref. 59. Another difference is that in our measurements the B
3
 mode has a lower 

frequency at ambient pressure than the A
2
 mode while the opposite seems to be reported 

in Ref. 59. The last difference in Raman assignments between this work and Ref. 59 is 

the assignment for the highest-frequency modes. We have attributed the three modes of 

highest frequency to the E
5

LO, B
5

TO, and B
5

LO modes in order of increasing frequency, 

while in Ref. 59 the mode at 263 cm
-1

, which we have attributed to the E
5

LO mode, was 

not observed and the last two were assigned as E
5

LO and B
5

LO modes. Our experimental 

and theoretical frequencies at ambient pressure can be also compared with the already 

reported experimental IR-active optical modes at ambient pressure [60,61]. In general, 

our experimental and theoretical values for polar E and B modes agree with those 

measured by IR reflectivity, except for the B
1
 and B

2
 modes. These two modes 

measured by IR reflectivity around 120 and 160 cm
-1

, respectively, do not agree with 

our measured and calculated values, which are substantially smaller.  

Above 18.8 GPa, we observed changes in the Raman spectrum of HgGa2Se4. 

Figure 2 shows the Raman spectrum of HgGa2Se4 at room temperature from 17.3 up to 

22.4 GPa. Several extra Raman peaks are clearly observed (see asterisks) above 19 GPa 

and most of the Raman peaks that seem to correspond to the original DC phase suffer a 

small shift in frequency. The frequencies of all modes observed above 19 GPa are 

shown in Fig. 1(b) (see rhombuses). We will show that the observed changes suggest 

that a phase transition occurs above 19 GPa in HgGa2Se4 prior to the phase transition to 

the Raman-inactive DR phase occurring above 22.4 GPa. In this context, it is interesting 

to note that the pressure-driven transition from the completely-ordered DC structure to 

the completely-disordered rock-salt (DR) structure, observed by XRD measurements in 

OVCs, [16,23-26,33] was considered to be associated to a disorder increase [11,13,24] 

as it occurs with temperature-induced transitions of many OVCs from the completely-
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ordered DC structure to the completely-disordered zinc-blende (DZ) structure [62]. We 

have shown in a previous study of a thermally-activated cation ordering in ZnGa2Se4 

crystal at ambient pressure the small differences in the Raman spectra of the DC phase 

and one of the polytypes of DS phase [63]. However, in the literature several polytypes 

of the DS phase with more Raman modes than the original DC phase have been 

proposed [31, 34, 44]. Therefore, on the basis of the extra Raman modes observed 

above 19 GPa and the shift of the modes previously attributed to the DC phase, we 

tentatively propose that HgGa2Se4 undergoes a DC to DS phase transition above 19 

GPa. This involves a partial cation-vacancy disorder and consequently an increase in the 

number of Raman modes likely due to the occupancy of 2b sites in the DS phase [34]. 

These sites were previously occupied by vacancies in the ordered DC phase and thus 

they did not contributed with any Raman mode in the DC phase.  

In order to characterize the new phase tentatively assigned as DS, we increased 

the pressure from 18.8 GPa in small steps till the sample loses its Raman signal above 

22.4 GPa, likely due to its transition to the DR phase observed in Ref. 33 and in good 

agreement with what was found in a number of defect chalcopyrites under pressure 

[16,23-26,31,34]. In this respect, we want to note that the detection of an intermediate 

phase between the DC and DR phases in HgGa2Se4 apparently contradicts the direct 

DC-DR transition detected by XRD experiments [33]. However, we think this apparent 

discrepancy can be caused by the laser absorption during Raman experiments, which 

may work as a thermal annealing, providing the thermal energy needed to induce the 

transition to the intermediate DS phase. Note that the DS phase is also observed in 

many OVCs at ambient pressure and moderate temperatures [62], so it is probably not 

observed in XRD experiments due to the presence of kinetic barriers [64, 65]. We want 

to stress here that in Ref. [33] the DC-to-DR phase transition in HgGa2Se4 was found to 

occur at 17 GPa, pressure considerably lower than that reported by our Raman 

measurements. This was because MgO was used as pressure transmitting medium in 

Ref. [33] and the non-hydrostatic conditions thus generated favor the occurrence of the 

phase transition at lower pressures [66-68]. 

After the transition to the DR phase, we raised pressure up to 25 GPa in order to 

complete the phase transition to the DR phase (as checked by the darkness and absence 

of Raman signal in several regions of the sample). Afterwards, we decreased pressure 

slowly to 2.5 GPa and we found that the sample showed a new Raman spectrum below 
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5 GPa which did not correspond to the original DC phase nor to the intermediate phase 

found at 19 GPa in the first upstroke. The new Raman spectrum, shown in Fig. 3, 

exhibits broad and overlapped bands. It looks like a one-phonon density of states typical 

of a completely disordered or amorphous structure. The broad bands of the new Raman 

spectrum can be compared to the relatively narrow Raman modes of the DC and the 

new phase reported in Figs. 1(a) and 2. As it can be observed, Raman spectrum on 

downstroke cannot be attributed to the Raman-inactive DR phase and cannot correspond 

neither to the DC phase nor the new phase shown in Figs. 1(a) and 2. In this context, if 

we consider that the octahedrally-coordinated DR phase is a totally disordered phase, 

we tentatively attribute the Raman spectrum on downstroke to the DZ phase (detected in 

XRD experiments [33]), which is a totally-disordered tetrahedrally-coordinated phase. 

The observation of the DZ phase on downstroke was previously found in several HP 

XRD studies in OVCs [16,24,26]. Therefore, no order was recovered on decreasing 

pressure. Finally, we must note that similar assignments of broad Raman spectra to the 

DZ phase on decreasing pressure from the DR structure have been recently done in 

CdGa2Se4 and HgGa2S4 [31,34].  

In order to study the Raman spectrum of the DZ phase we performed Raman 

scattering measurements of the recovered sample during a second upstroke till 20 GPa. 

The Raman intensity strongly decreases beyond 14 GPa [see Fig. 3]. Finally, it must be 

stressed that our Raman scattering measurements under pressure suggest a reversible 

transition from the DZ to the DR phase above 19 GPa in HgGa2Se4.  

In summary, the sequence of pressure-induced phase transitions observed in 

HgGa2Se4 (DC-DS-DR on upstroke and DR-DZ on downstroke) evidence the existence 

of an intermediate phase with partial cation-vacancy disorder between the ordered DC 

and the DR phases. They also evidence the irreversibility of the order-disorder DC-to-

DR phase transition and the reversibility of the DZ-to-DR phase transition, in good 

agreement with previous high-pressure measurements in CdGa2Se4, HgGa2S4 and 

ZnGa2Se4 [31,34,35].  

 

B. Second experiment 

 Since apparently laser absorption influence the observed structural sequence in 

HgGa2Se4, we carried out a second experiment in order to study the effect of laser 
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heating on the samples at HP. The first fact we noticed in these experiments was that the 

sample was locally damaged by the excessive laser excitation at pressures above 19 

GPa; i.e., close to the transition to the intermediate phase between DC and DR 

structures. We think that the damage was caused by heating due to the local absorption 

of the laser energy due to the decrease of the absorption edge energy at the DC to DS 

phase transition, but also likely due to the presence of some dark linear defects that 

appear in the sample as onset of the transition to the Raman–inactive phase [69] also 

noted in previous works in OVCs [28,31,34]. The temperature of the sample induced 

during laser absorption cannot be measured, but it can be estimated to be only a few 

hundred degrees since no thermal emission was detected from the sample [70]. 

 Figure 4 shows the Raman spectrum of HgGa2Se4 at room temperature from 

15.9 up to 22.4 GPa in a local zone damaged by the excessive laser power. New features 

appear in the Raman spectrum above 19.7 GPa due to laser heating (see asterisk in Fig. 

4). Note that during the first experiment the spectrum at 22.4 GPa was totally different 

to the one observed at the same pressure in the second experiment. We checked the 

reproducibility of the Raman spectra in the damaged sample because similar spectra 

were observed in different damaged zones along the sample. 

In order to check the reversibility of the observed changes due to laser heating, 

we decreased pressure close to ambient pressure. Figure 5(a) shows the Raman 

spectrum at 2.2 GPa on decreasing pressure. Clearly, the Raman spectrum is completely 

different from those attributed to the DC, the new phase, and DZ phases during the first 

experiment and commented in the previous section. In the following we will show that 

the new Raman modes correspond to the decomposition of the sample which leads to 

the observation of Raman scattering of trigonal Se, cinnabar-type HgSe, and likely 

Ga2Se3. Curiously, laser-induced decomposition of ZnSe near the zincblende to rocksalt 

phase transition with the corresponding observation of Se nanoclusters has been 

recently reported [71]. 

In order to investigate the nature of the species involved in the Raman signal 

after laser heating at HP we performed Raman scattering measurements during a second 

upstroke to get information about the pressure dependence of the new Raman modes. 

Figure 5(a) shows the Raman scattering spectra at selected pressures till 24.3 GPa 

measured in a zone of the sample that was damaged by the incoming laser excitation. 

The different Raman modes observed are referred by vertical arrows with numbers. 
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Note that we have not taken into account Raman modes below 100 cm
-1

 because we are 

not confident about the behavior of those modes, which can be influenced by the steep 

edge caused by the edge filter of our single stage spectrometer. The pressure 

dependence of the frequencies of the six experimental Raman modes analyzed is shown 

in Fig 5(b). We have identified four (bands 2, 3, 4, and 5) of the six Raman modes that 

correspond to the trigonal Se phase. This hypothesis is confirmed by the pressure 

dependence of these four modes which is similar to that of the Raman modes of the 

trigonal Se phase previously reported [71-76]. Among the four modes, the most distinct 

assignment is that of peak 4, which is characterized by a huge negative pressure 

coefficient and it has been associated to the trigonal Se A
1
 mode [71-76]. On the other 

hand, a broad band around 280 cm
-1 

(number 6) that disappears above 14 GPa does not 

fit with the Raman modes of the known polytypes (,,) of GaSe [77] and could be 

tentatively ascribed to either - or -Ga2Se3, whose HP behaviour was already partially 

reported and show phase transitions to the Raman-inactive rock-salt phase around 14 

GPa [78-80].  

Finally, as regards mode 1, it has a negative pressure coefficient (-2.0 cm
-1

/GPa) 

and it seems not to be related with trigonal Se or Ga2Se3 since it disappears above 16 

GPa. Furthermore, these compounds do not show a mode with negative pressure 

coefficient in the 130 cm
-1

 region. Mode 1 cannot correspond to -HgSe with 

zincblende structure since this phase, despite having a TO mode near 130 cm
-1

 [81], is 

stable only below 1.5 GPa and we decreased pressure only till 2.2 GPa. Instead, we 

think that mode 1 could correspond to cinnabar-typeHgSe since this phase is stable 

between 1.5 GPa and 16 GPa when a phase transition to the Raman-inactive rocksalt 

phase occurs [82]. Unfortunately, no Raman measurements have been reported for 

HgSe under pressure neither in the zincblende nor in the cinnabar phase to our 

knowledge. However, Raman scattering measurements in cinnabar-type HgS under 

pressure report an intense mode above 200 cm
-1

 with a strong negative pressure 

coefficient [83]. In order to verify the attribution of the mode at 130 cm
-1

 to cinnabar-

type HgSe, we have performed Raman scattering measurements and ab initio 

calculations at different pressures for cinnabar-type HgSe (to be reported elsewhere) 

and we have found a Raman-active A1 mode near 130 cm
-1

 with a negative pressure 

coefficient similar to that of mode 1 in Fig. 5. In fact, previous theoretical results 

suggested the presence of a phonon around 130 cm
-1

 which softens with pressure [84]; 
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however, these authors do not report either the mode symmetry or the pressure 

coefficient. Therefore, we can safely attribute mode 1 with negative pressure coefficient 

to cinnabar-type HgSe. Its frequency, pressure coefficient, and observation between 2 

and 16 GPa is in good agreement with our Raman measurements and ab initio 

calculations for the A1 mode of cinnabar-type HgSe and with previous XRD 

measurements that show the phase transition from the cinnabar to the Raman-inactive 

rocksalt structure above 16 GPa. 

In summary, our Raman measurements with high laser power provide evidence 

of the local decomposition of the HgGa2Se4 sample near 19 GPa. Local decomposition 

by laser heating due to absorption of the laser energy occurs near the focus of the laser 

spot and leads to the formation of Se nanoclusters, HgSe, and likely Ga2Se3.  

 

V. Conclusions 

We have performed Raman scattering measurements in DC-HgGa2Se4 under 

high pressure. Our measurements and calculations provide evidence that the ordered 

defect chalcopyrite phase undergoes a progressive cation-vacancy disorder on 

increasing pressure that results in a phase transition towards a new phase that could be 

attributed to the partially-disordered defect stannite phase, which is prior to the phase 

transition to the disordered rock-salt structure. The transition to the intermediate 

partially disordered structure was not detected in prior XRD experiments in HgGa2Se4 

so we cannot discard that it could be enhanced by thermal annealing caused by laser 

absorption. We have also observed that once the transition to the Raman-inactive phase 

is completed near 25 GPa, a different metastable disordered phase is formed on 

decreasing pressure below 5 GPa. Therefore, the tentative sequence of phase transitions 

reported for HgGa2Se4 (DC  ---> DS ---> DR) on upstroke suggests the existence of an 

intermediate phase with partial cation-vacancy disorder between the ordered defect 

chalcopyrite phase and the disordered rock-salt phase, as already proved in HgGa2S4 

[34]. On the other hand, the sequence of phase transitions and DR ---> DZ on 

downstroke and DZ ---> DR on upstroke evidences the irreversibility of the pressure-

induced order-disorder processes and the reversibility of disorder-disorder processes 

occurring in this ordered-vacancy compound. 

A second experiment, where laser-heating-induced damage was caused to the 

sample at high pressures, has shown the decomposition of the sample. After decreasing 
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pressure near 2 GPa, on recompression the presence of trigonal Se, cinnabar-type HgSe, 

and likely Ga2Se3 were identified by the pressure dependence of the observed Raman 

modes. Therefore, this experiment stresses the importance of controlling laser excitation 

in HgGa2Se4 and in other ternary chalcogenides in order to avoid local heating effects 

that could cause the decomposition of the samples as it has been observed in binary 

chalcogenides [71]. 
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Table I: Experimental and theoretical Raman mode frequencies and their pressure 

coefficients at zero pressure derived from a fit with (P) = 0 + a1P+ a2P
2
. Raman-

active optical modes measured at ambient pressure [59] are also given for comparison.  

Mode 

sym-

metry 

0 
a 

[cm
-1

] 

 a 

[cm
-1

GPa
-1
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 a 

x100 

[cm
-1

GPa
-2

] 

0
 b

 

[cm
-1

] 

 

b
 

[cm
-1

GPa
-1

] 

 b
 

x100  

[cm
-1

GPa
-2

] 

0
 c
 

[cm
-1

] 

E
1

TO 

E
1

LO
 

51.1 

 

0.30 

 

-2.3 

 

49.1 

53.0 
 

0.26 

-0.02 

-2.9 

-2.2 

51 

55 

B
1

TO 

B
1

LO 

54.7 

 

1.50 

 

-2.1 

 

49.9 

50.9 
 

1.73 

1.60 

-2.7 

-2.3 
 

E
2

TO 

 E
2

LO 

100.1 

 

0.03 

 

-0.8 

 

94.9 

95.0 
 

-0.13 

-0.13 

 100 

 

B
2

TO 

B
2

LO 

119.5 

 

0.07 

 

5.9 

 

116.0 

119.3 
 

-0.10 

-0.26 

 121 

 

A
1
 139.2 4.72 -7.3 126.8  4.53 -5.1 141 

E
3

TO 

E
3

LO  

157.8 

 

4.66 

 

-8.5 

 

143.8 

150.9 
 

4.65 

4.54 

-7.2 

-6.7 

162 

 

B
3

TO 

B
3

LO 

176.4 

 

4.72 

 

-10.6 

 

161.2 

169.1 
 

4.55 

4.86 

-6.6 

-7.4 

186 

 

A
2
  182.6 4.45 -18.0 165.4  4.00 -6.5 181 

A
3
 205.4 2.86 -3.6 185.0  2.97 -2.6 208 

B
4

TO 

B
4

LO  

216.3 

 

2.01 

 

0.4 

 

198.6 

213.9 
 

2.04 

1.91 

       0.5 

-0.2 

218 

 

E
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TO 

E
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LO 

235.8 

 

4.17 

 

-7.6 

 

215.9 

224.8 
 

4.71 

4.43 

-7.5 

-6.4 
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E
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TO  242.8 4.47 -9.7 232.3  3.61 -3.7 245 

E
5

LO 271.5 2.54 -2.85 249.9  3.48 -4.7 271 

B
5

TO 272.3 4.90 -5.94 240.4  6.60 -10.3 245 

B
5

LO 288.4 3.08 -0.92 252.7  6.07 -9.0 274 

a 
Experimental Raman data (this work)  

b 
Theoretical calculations (this work) 

c
 Experimental Raman data (Ref. 59) 
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Figure Captions 

Figure 1. (Color online) (a) Room-temperature Raman scattering spectra of DC-

HgGa2Se4 up to 18.8 GPa. Arrows indicate the frequencies and symmetry of the Raman 

modes at 1.0 GPa. (b) Pressure dependence of the experimental (symbols) and 

calculated (lines) vibrational modes in HgGa2Se4 up to 22.4 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. The solid/open rhombses (green) represent 

the modes of the new phase above 19 GPa.  

Figure 2. Room-temperature Raman scattering spectra of HgGa2Se4 at selected 

pressures. The Raman spectrum of the DC phase at 17.3 GPa is shown for comparison. 

Asterisks mark the new peaks of the new phase appearing above 19.0 GPa.  

Figure 3. (Color online) Room-temperature Raman scattering spectra of DZ-HgGa2Se4 

up to 18.7 GPa.  

Figure 4. Room-temperature Raman scattering spectra of HgGa2Se4 at selected 

pressures from 15.9 to 22.4 GPa corresponding to the first upstroke of the second 

experiment. The asterisk in the spectrum at 19.7 GPa marks a new broad band formed 

when the sample was damaged by the incoming laser radiation. 

Figure 5. (Color online) (a) Room-temperature Raman scattering spectra of HgGa2Se4 

at selected pressures up to 24.3 GPa corresponding to the second upstroke of the second 

experiment. Vertical arrows with numbers refer to the different Raman modes observed 

due to the damage of the sample caused by laser heating. (b) Pressure dependence of the 

experimental Raman mode frequencies observed in the second upstroke of the second 

experiment. 
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Figure 1 (b)  
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