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ABSTRACT 
The effects of temperature (300–600 K) and pressure (0–31.8 GPa) on the Raman spectra of natural 
cinnabar powder were investigated in a heatable diamond anvil cell. Raman spectral changes caused by 
phase transitions were observed at high pressures, which suggests a phase transformation from pure 
hexagonal to the coexistence of a hexagonal and rock salt structure, and finally to the rock salt structure. 
With increasing pressure, A1 and E2

TO modes exhibited a blueshift (0.87 cm� 1/GPa) and redshift 
(� 3.64 cm� 1/GPa), respectively, while both modes underwent a redshift (� 2.22 and � 2.09 � 10� 2 cm� 1/K, 
respectively) with increasing temperature. The mode Grüneisen parameters of A1 and E2

TO at room 
temperature were calculated by the pressure dependences of the vibrational frequencies and the 
X-ray diffraction data from previous research. Simultaneous high-pressure and high-temperature 
results were globally fitted, and the coupling coefficients for temperature and pressure dependence of 
the Raman shifts were determined to be 7.28 � 10� 4 and 5.12 � 10� 4 cm� 1/K · GPa for A1 and E2

TO, 
respectively. 
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Introduction 

Mercuric sulfide has two crystal structures, the more stable 
hexagonal (cinnabar) structure and the zinc blend 
structure.[1,2] The primitive cell of cinnabar is composed of 
two coaxial helices with three S atoms and three Hg atoms, 
respectively.[3] As the most common source ore for refining 
elemental mercury, the pressure-induced cinnabar phase tran-
sition from hexagonal to rock salt structure has been widely 
investigated.[4–7] In an X-ray diffraction study, Huang and 
Ruoff[5] found that cinnabar transitioned to its rock salt struc-
ture at a pressure of ∼13 GPa. Later, Fan et al.[4] observed a 
peak corresponding to the rock salt phase at ∼15 GPa, thereby 
suggesting the coexistence of rock salt and cinnabar structures 
in the 15–23 GPa range. A discontinuity in the pressure- 
induced reduction of the electrical conductivity was found at 
29 GPa, which seemed to indicate a phase transformation.[8] 

However, with the X-ray diffraction pattern and Raman 
spectra combined, Werner et al. suggested no phase transition 
occurred up to 24 GPa.[6] 

To date, to our knowledge, no systematic Raman study of 
cinnabar has been performed under simultaneous high- 
pressure and high-temperature conditions. In this work, we 
measured the Raman spectra of cinnabar up to 31.8 GPa and 
600 K, and apparent changes owing to phase transitions were 
observed. The temperature and pressure dependence of two 
Raman-active modes, A1 and E2

TO, were evaluated, and the 
Grüneisen parameter c at room temperature was calculated 
in combination with the pressure dependence of volume of 
cinnabar. 

Experimental 

The sample used in this study is naturally occurring single 
crystal of cinnabar collected from central Guangxi, Southwest 
China. The results of electron probe microanalysis present in 
Table 1 support the chemical formula of the crystal as 
mercuric sulfide in high purity. The X-ray diffraction data 
proceeding in jade 7.0 indicate that the sample has a 
hexagonal structure with the following lattice parameters: a ¼
b ¼ 3.165 Å, c ¼ 12.318 Å, and a ¼ b ¼ 90°, c ¼ 120° (Fig. 1). 

In this study, the sample was crushed into powder 
(∼10 micron) and then prepressed into a thin flake (∼40 micro 
in thickness), and finally loaded into a Zha-Bassett-type dia-
mond anvil cell with an external electric resistance heating 
furnace.[9,10] A few ruby grains were placed in the Re gasket 
chamber for pressure measurement, and the mixture of meth-
anol, ethanol, and water with the ratio of 16:3:1 was applied as 
the pressure-transmitting medium. The platinum-rhodium- 
platinum thermocouple was directly bonded to the diamond 
using heat conduction glue, and the heating furnaces around 
the sample cell were externally connected to an OMEGA 
temperature controller for real-time temperature regulation 
(regulation accuracy is 1 K). At room pressure, the thermal 
stage from Instec Inc. (with a mK2000 series high-precision 
temperature controller, �0.001 K) was applied to investigate 
the temperature dependence of Raman spectra of cinnabar. 
The Spectra Physics 514.5 nm argon ion laser (laser spot size 
is 5 µm) was used as the excitation light source in combination 
with a Renishaw inVia micro-confocal laser Raman spec-
trometer (spectrometer resolution: �1 cm� 1; repetition  
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rate: �0.2 cm� 1). In the simultaneous high-temperature and 
high-pressure experiments, the sample cell load was increased 
to a certain pressure, the diamond anvils were held fixed, and 
the temperature was gradually heated up to 600 K at 50 K 
intervals. The excitation laser powers were typically 40 mW 
for the Raman spectra and 10 µW for fluorescence. With a 
2400 groove/mm grating, the Raman spectra were collected 
in the ranges of 150–500 cm� 1 for the cinnabar Raman shift 
and at 685–720 nm for the ruby fluorescence. 

Results and discussion 

Raman spectra of cinnabar under high pressure 
and ambient temperature 

At ambient conditions (1 atm. and 300 K), three first-order 
vibrational modes of the sample, A1 (255.6 cm� 1), E1

TO 
(284.3 cm� 1), and E2

TO (345.8 cm� 1), were observed in the fre-
quency range of 150–500 cm� 1, which is similar to previously 
published research.[11–16] The A1 and E2

TO spectral peaks were 
very sharp, although the E1

TO presented in low intensity. The dia-
mond anvil cell pressure was increased gradually, and the press-
ure generated in the sample cell was determined by an online 
ruby pressure calculator.[17,18] The Raman spectra of cinnabar 
at high pressure and room temperature are shown in Fig. 2(a). 

As shown in Fig. 2(a), the Raman peaks broadened, and the 
background signal increased as the pressure increased. The 

E1
TO peak spread more and became unresolvable at higher 

pressure, and the A1 and E2
TO peaks broadened, but were still 

visible up to 24 GPa. With increasing pressure, the A1 and 
E2

TO modes exhibited a redshift and blueshift, respectively, 
and the A1 mode depended more on pressure than the E2

TO 
mode; no anomalies were detected up to 20.7 GPa. As the 
pressure increased, the smooth spectra of cinnabar became 
rough and an obvious broadening of the A1 and E2

TO peaks 
occurred. When the pressure reached 25.5 GPa, the E2

TO peak 
disappeared and only two broad crests were observed—this 
state was observed up to a pressure of 31.8 GPa. 

The full width at half maximum of the A1 peak changed 
slightly when the pressure increased from ambient condition 
to 14.4 GPa, and then gradually increased with increasing 
pressure, whereas there was a steep increase in the full width 
at half maximum of the A1 band between 20.7 and 22.4 GPa 
(Fig. 2(b)). 

Comprehensive analysis of the pressure dependence of 
Raman spectra and full width at half maximum in addition 
to the X-ray diffraction results from Fan et al. suggest the 
phase boundaries of cinnabar are 15 GPa and 23 GPa. How-
ever, based on the Raman spectroscopy experiments, we 
concluded that there was no phase transition before 20.7 GPa, 
in accord with the findings of Werner et al., in which there was 
no sign of transition evidence in Raman spectra at pressures 
<20 GPa. Nevertheless, a phase transition from cinnabar to 
the rock salt structure may begin to occur at pressures between 
20.7 and 22.4 GPa, as some of the cinnabar structure was 
transformed into the rock salt structure during this pressure 
range, which led to a sharp peak widening of the Raman 
modes. Thus, both phases coexisted in the 22.4–24.7 GPa 
pressure range, and the remaining Raman peaks of the cinna-
bar structure possibly came from the residual phase resulting 
from the sluggishness of the transition at that pressure.[7] Most 
of the sample changed from cinnabar to the rock salt structure 
at pressures greater than 25.5 GPa, as indicated by the disap-
pearance of E2

TO. As there was no active optical phonon for 
the rock salt structure, a smooth Raman spectrum of the pure 
rock salt structure was not observed at pressures greater than 
25.5—there were only two broad crests, which may be 

Table 1. The chemical composition of the sample analyzed by electron probe 
microanalysis. (Operating conditions: accelerating voltage 25 kV; specimen 
current 10 nA). 

Atomic constituent Concentration in cinnabar (wt%)  

Sulfur  13.56 (11) 
Manganese  0.03 (0) 
Copper  0.00 (0) 
Iron  0.27 (4) 
Nickel  0.04 (1) 
Titanium  0.15 (3) 
Mercury  86.03 (51) 
Tin  0.01 (1) 
Lead  0.00 (0) 
Antimony  0.05 (1) 
Total  100.14 (72)   

Figure 1. The X-ray diffraction pattern of the sample. (Operating conditions: working voltage 40 kV; working current 40 mA.)  
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attributed to amorphization. When we released the pressure 
in the chamber, the cinnabar Raman spectra recovered and 
only a slight change in intensity was found, which indicated 
that the pressure-induced phase change of cinnabar is revers-
ible. The relationship between pressure and Raman shifting of 
A1 and E2

TO at pressures less than 20.7 GPa is shown in 
Fig. 2(c), and can be well fit to linear equations: 

vðA1Þ ¼ 254:0ð7Þ � 3:64ð06Þ � P ðR2 ¼ 0:995Þ
vðE2

TOÞ ¼ 345:6ð3Þ þ 0:87ð03Þ � P ðR2 ¼ 0:983Þ

�

ð1Þ

where v is wave number in cm� 1, and P is pressure in GPa. 
The mode Grüneisen constant of cinnabar can be expressed 

as follows:[19] 

ci ¼ �
d ln xi

d ln V
¼ �

d ln xi

dP
dP

d ln V
ð2Þ

where ci and xi are the Grüneisen constant and Raman shift of 
mode i, respectively. V is the volume of unit cell. The value of 

dP
d ln V at ambient temperature can be determined to be � 61.66 
by the x-ray experiment work was finished by Fan et al. in APS 
(Advanced Photon Source, USA). Then we can calculate ci 
using the data of our Raman experiment. 

cA1
¼ � 1:06; cE2

TO
¼ 0:15 ð3Þ

We found that mode Grüneisen constant of A1 is negative 
and its absolute value is much higher than E2

TO, suggesting that 
the anharmonicity effect on mode A1 vibration is larger than 
on mode E2

TO. 

Raman spectra of cinnabar under high temperature 
and ambient pressure 

To date, the temperature dependence of Raman spectra of 
cinnabar has been investigated only in low temperatures from 
70 K to 298 K.[20,21] In this study, the Raman scattering spectra 
were obtained using the thermal stage up to 600 K (at room 
pressure). One of the thin flakes (around 0.1 mm) of pre-
pressed powder sample was loaded on the heating area of 
the thermal stage, and the 180° back-scattering Raman signals 
were collected. 

With increasing temperature, the Raman peaks of the 
samples broadened, and most Raman vibrational modes were 
gradually masked by noise; however, the A1 and E2

TO modes were 
still resolvable. In the range of 300–573 K, the A1 and E2

TO modes 
followed a systematic redshift with increasing temperature 
(Fig. 3). The linear regression results are shown in Eq. [4], where 
T is the temperature in Kelvin. Both modes showed a normal 
mode behavior with increasing temperature—that is, negative 
∂ν/∂T and no sign of instability or discontinuity, which means 
that cinnabar remained stable over the temperature range of 
300–573 K. However, at temperatures higher than 600 K, the 
sample was burnt at the signal laser spot, and the Raman spec-
trum had no observable peak. 

vðA1Þ ¼ 261:7ð4Þ � 2:22ð10Þ � 10� 2 � T ðR2 ¼ 0:976Þ
vðE2

TOÞ ¼ 351:8ð5Þ � 2:09ð11Þ � 10� 2 � T ðR2 ¼ 0:967Þ

�

ð4Þ

Figure 2. Pressure dependence of (a) Raman spectra, (b) Raman shifts, and (c) full width at half maximum of cinnabar at room temperature. (Operating conditions: 
excitation laser power 40 mW; grating 2400 groove/mm.)  
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Raman spectra of cinnabar under simultaneous high 
pressure and high temperature 

The influence of temperature and pressure on the frequency shift 
of cinnabar has been discussed above. However, the total effect of 
temperature and pressure on the high-temperature and high- 
pressure environment is not simply the linear superposition of 
the two effects, as there may be coupling effects of pressure 
and temperature on the overall Raman frequency shift.[10] In this 
work, we fixed the diamond anvil cell at four different pressure 
values (3.9, 9.4, 12.6, and 16.3 GPa), heated the sample cell up 
to 600 K, and measured the in situ Raman spectra of the sample. 

In the heating process, the pressure in the sample cell 
experiences variations caused by temperature-generated heat 
expansion of the diamond anvil cell. Therefore, ruby fluores-
cence spectra at every temperature point were collected for 

pressure correction. In simultaneous high-temperature and 
high-pressure condition, the fluorescent shift of ruby gauge 
will comprehensively be affected by temperature and pressure; 
however, in the range of 0–20 GPa and 300–600 K, there is 
weak temperature dependence of the pressure-induced wave-
length shift, so the pressure can be calculated after deducting 
the temperature-induced shift.[22] 

DkRT ¼ � 0:00746ð4ÞDT � 3:01ð25Þ � 10� 6DT2

þ 8:76ð33Þ � 10� 9DT3

P ¼ 1884 Dk
k0

� �
1þ 5:5 Dk

k0

� �h i

8
>><

>>:

ð5Þ

where DkRT is temperature-induced fluorescent shift in nm and 
ΔT ¼ T � 300 is in K. k0 is the fluorescent peak at 300 K and Δk  

¼ k � k0 is the pressure-induced shift of the fluorescent peak 
(after the deduction of temperature-induced shift DkRT ). 

The temperature in the sample chamber increased at 25 K 
intervals to 600 K, and the Raman spectra were collected when 
the temperature stabilized. The pressure dependence of the 
Raman shift at different temperatures and the global fitting 
results of both A1 and E2

TO modes are shown in Fig. 4(a) 
and Fig. 4(b), respectively. 

The experimental results under high temperature and high 
pressure were fit to two-variable linear equations using Origin 
software; the fitting results are shown as Eq. [2]. The pressure 
and temperature dependence of the A1 and E2

TO peaks were cal-
culated (Fig. 4(b), the color plane is the global fitting surface). 

vðA1Þ ¼ 262:0ð6Þ � 3:59ð6Þ � P
� 2:25ð13Þ � 10� 2 � T
þ 7:28ð1:26Þ � 10� 4 � P � T

ðR2 ¼ 0:991Þ

vðE2
TOÞ ¼ 351:6ð4Þ þ 0:76ð4Þ � P

� 2:08ð8Þ � 10� 2 � T
þ 5:12ð89Þ � 10� 4 � P � T

ðR2 ¼ 0:976Þ

8
>>>>>>>>><

>>>>>>>>>:

ð6Þ

Figure 3. The temperature dependence of Raman modes of cinnabar at 
ambient pressure.  

Figure 4. (a) Pressure dependence of the Raman shift at different temperatures and (b) its global fitting surface.  
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As shown in Eq. [6], the Raman shifts of A1 and E2
TO dis-

played a similar dependence on temperature at the rates of 
� 2.25(13) and � 2.08(8) � 10� 2 cm� 1/K, respectively, at ambi-
ent pressure. In addition, we obtained coupling coefficients for 
temperature and pressure, 7.28(1.26) � 10� 4 and 5.12(89) �
10� 4 (cm� 1/K · GPa), for the A1 and E2

TO Raman shifts, 
respectively. This indicated that the effect of temperature on 
the Raman shift weakens with increasing pressure, and, hence, 
the effect of temperature on the frequency shift at high press-
ure is much smaller than at ambient conditions, which can be 
observed in Fig. 4(b). 

Conclusions 

In situ Raman scattering measurements of natural cinnabar 
were conducted under pressure and temperature conditions 
not exceeding 31.8 GPa and 600 K, respectively. The following 
conclusions were made. 
1. Changes in the Raman spectra caused by pressure-induced 

phase transition were observed—the hexagonal to rock salt 
structure transition began at 20.7–22.4 GPa and the two 
phases coexisted from 22.4 to 24.7 GPa, followed by the 
disappearance of the hexagonal phase at pressures higher 
than 25.5 GPa. 

2. The A1 and E2
TO Raman modes of cinnabar had a negative 

and positive dependence on the pressure, respectively, 
while they experienced a systematic redshift with increasing 
temperature. 

3. The coupling effect of temperature and pressure on the A1 
and E2

TO Raman shifts were determined by simultaneous 
high-temperature and high-pressure experiments, which 
indicated that the redshift effect of temperature on the 
Raman peaks decreased with increasing pressure. 
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