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Abstract
The high-pressure behavior of manganese diselenide  MnSe2 was investigated by synchrotron angle-dispersive X-ray dif-
fraction (ADXRD) and infrared reflection spectroscopy equipped with a diamond-anvil cell. It was found that  MnSe2 with 
a pyrite-type structure undergoes a transformation into a disordered intermediate phase at ~ 12.5 GPa, with a ground state 
composed of an arsenopyrite-type structure, as confirmed by laser-heating treatment. The pyrite to arsenopyrite phase 
transition was found to be coupled to a large collapse in the unit-cell volume (∆V ~ 19%) and an electronic transition from a 
high-spin to low-spin state for manganese cations  (Mn2+). With a fixed value for the pressure derivation of the bulk modulus 
K’ = 4, fitting of the pressure–volume data to a second-order Birch–Murnaghan equation of state yielded isothermal bulk 
modulus values of K0 = 56.1(9) GPa and K0 = 93.1(4) GPa for the pyrite-type and arsenopyrite-type phases, respectively. The 
measured infrared reflectivity (Rsd) for  MnSe2 showed a drastic increase at pressures between 13 and 20 GPa, but became 
insensitive to pressure under further compression, implying a pressure-induced transition from an insulator to metallic state.

Keywords Manganese diselenide  (MnSe2) · Arsenopyrite-type structure · Disordered intermediate · Large volume 
collapse · Pressure-induced metallization

Introduction

The transition-metal di-chalcogenides  TX2 (T=Mn, Fe, 
Co, Ni, Cu, Zn, X=S, Se, Te) with a pyrite-type structure 
(spacegroup Pa 

−

3 , Fig. 1a) exhibit diverse electrical, mag-
netic and optical properties (Bither et al. 1968; Lauer et al. 
1984; Ogawa 1979; Temmerman et al. 1993), and, hence, 
have important technical applications in many fields such 
as electrocatalysts for the hydrogen evolution reaction 
(Faber et al. 2014; Wu et al. 2019), supercapacitors and 

lithium-ion batteries (Gudelli et al. 2013; Yu et al. 2016), 
and thermoelectric materials and spin electronics (Feng et al. 
2018; Houari and Blöchl 2018). Quite a large number of 
experimental and theoretical studies have been conducted 
for pyrite-type  TX2 compounds and many intriguing phe-
nomena, such as half-metallicity, Mott–Hubbard insula-
tor, superconducting and pressure-induced metallization, 
have been unveiled (Chandra et al. 2014; Honig and Spałek 
1998; Houari and Blöchl 2018; Huang et al. 2018; Kakihana 
et al. 2018; Perucchi et al. 2009; Sidorov et al. 2011; Ueda 
et al. 2002; Yonggang and Ross 2010). Most pyrite-type 
 TX2 compounds, such as  FeS2,  CoS2 and  NiS2, can occur as 
natural minerals with ubiquitous distribution in the Earth’s 
surface and deep interior, forming as a result of hydrother-
mal activity, magma crystallization differentiation and so on 
(Reich et al. 2013; Tossell et al. 1981). Especially, some of 
these minerals might be important components in the Earth’s 
core, and may even exist in other planetary bodies as tran-
sition-metal sulfides are common minerals in meteorites. 
Therefore, the high-pressure behavior of pyrite-type  TX2 
compounds may play an important role in understanding 
the composition and differentiation of the Earth’s interior as 
well as that for other planets (Cohen et al. 1997).
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Normally, the 3d electrons of the transitional metal  T2+ 
cations present in  TX2 compounds with a pyrite-type 
structure are arranged in the low-spin electronic configura-
tion. Such low-spin  TX2 compounds can maintain their 
pyrite-type structure over a wide P–T stability field and 
the unit-cell parameters for such compounds follow 
Vegard’s law or the rigid sphere model, varying linearly 
with the size of the transitional-metal cations from Fe to 
Zn (Bither et al. 1968; Lauer et al. 1984; Ogawa 1979; 
Temmerman et al. 1993). Unlike other  TX2 compounds, 
the manganese di-chalcogenides  MnX2 (X=S, Se and Te) 
are abnormal in that the 3d electrons of the  Mn2+ cations 
are in a high-spin electronic state ( t3

2g
e2
g
, S =

5

2
 ), and they 

possess larger unit-cell parameters than low-spin  TX2 
compounds (Feng et al. 2018). For instance, the lattice 

parameter a for  MnS2 has been reported to be 6.1013 Å, 
which is much larger than that for  ZnS2 (5.9542 Å) and 
 FeS2 (5.4190 Å) (Bither et al. 1968; Feng et al. 2018).

A few experimental studies have been conducted to inves-
tigate the structural behavior as well as magnetic and electri-
cal properties of  MnT2 compounds under high-pressure and/
or low-temperature conditions.  MnS2, which is paramag-
netic at ambient conditions, undergoes a first-order phase 
transition to an antiferromagnetic state with very small 
volume change when cooled below the Neel temperature 
TN = 48.2 K at ambient pressure, and the transition tempera-
ture TN increases with pressure at a rate of dTN/dP = 4.83 K/
GPa (Hastings et al. 1959; Sidorov et al. 2018). A paramag-
netic–antiferromagnetic transition has also been observed in 
 MnSe2 and  MnTe2 (Chattopadhyay et al. 1987; Vulliet et al. 
2001). Under compression,  MnS2 transforms from a high-
spin (HS) to low-spin (LS) electronic state at around 12 GPa, 
accompanied by a giant volume collapse (Bargeron et al. 
1971; Chattopadhyay and Schnering 1985; Chattopadhyay 
et al. 1986). The low-spin phase of  MnS2 was determined 
as a marcasite-type structure (spacegroup Pnnm) using con-
ventional laboratory energy-dispersive X-ray diffraction 
(Chattopadhyay and Schnering 1985). However, while syn-
chrotron radiation energy-dispersive X-ray diffraction was 
applied, the low-spin phase of  MnS2 appeared as an uniden-
tified disordered phase even though it was assumed to have 
a marcasite-type structure. Likewise,  MnTe2 was observed 
to transit to the low-spin electronic state with an abrupt vol-
ume decrease of 16% at around 8 GPa, and the low-spin 
 MnTe2 phase was found to possess a marcasite-type structure 
under non-hydrostatic conditions using conventional XRD 
or a pyrite-type structure under quasi-hydrostatic condi-
tions (Fjellvåg et al. 1995, 1985). It is particularly interest-
ing that the HS–LS transition for  MnTe2 is accompanied by 
a pressure-induced metallization leading to a non-magnetic 
 Mn2+ ground state (Vulliet et al. 2001). Recent synchro-
tron radiation XRD experiments combined with theoretical 
calculations revealed that  MnS2 transits into a disordered 
intermediate at ~ 11.8 GPa with a ground state that has a 
arsenopyrite-type structure (spacegroup P21/c, Fig. 1b, c), 
and accompanied by a HS–LS transition and a giant volume 
collapse of ~ 22%. However, the predicted metallization was 
not found to occur in the arsenopyrite-type phase of  MnS2 
because metallic Mn–Mn dimers are separated by a long 
Mn–Mn bondlength (Durkee et al. 2019; Kimber et al. 2014; 
Fig. 1c). Even though  MnS2 is predicted to transit into a low-
spin state under compression without metallization, which is 
different from  MnTe2, there is no experimental evidence for 
its transport property to support this prospect.

MnSe2 displays interesting electronic and antiferro-
magnetic properties, which is of potential applications in 
many technical fields such anode material for sodium-ion 
and lithium-ion batteries as well as spintronics (Kan et al. 

Fig. 1  Typical crystal structures of  TX2 transition-metal di-chalco-
genides: a the pyrite-type phase, b the arsenopyrite-type phase, c an 
edge-sharing chain of  TX6 octahedra in [101] direction of arseno-
pyrite-type phase. The large brown spheres are T (transition-metal) 
atoms and the small yellow spheres are X (chalcogenide) atoms
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2014; Pathak et al. 2020). However, in contrast to  MnS2 
and  MnTe2, no experiment for the high-pressure behavior 
of  MnSe2 has ever been performed until now. To obtain a 
thorough understanding of the high-pressure behavior of 
 MnX2 compounds, including the HS–LS transition, the 
pressure-induced metallization and the effect of element 
substitution from S to Te, experimental works for  MnSe2 
at high pressure are necessary. In this study, we carried out 
in situ synchrotron XRD and infrared reflection spectros-
copy measurements for  MnSe2 at high pressures and ambient 
temperature so as to investigate its structural behavior and 
pressure-induced metallization.

Experimental details

The  MnSe2 sample with a pyrite-type structure used in 
this study was synthesized by following the hydrothermal 
method reported by Wang et al. (2006). All the chemicals 
including manganese sulfate monohydrate  (MnSO4·H2O), 
sodium hypophosphite  (NaH2PO2·H2O) and Se powders of 
analytical pure grade were purchased from Alfa-Aesar. At 
first, stoichiometric amounts of  MnSO4·H2O and Se (1:2 in 
mole ratio) were dissolved into 50-ml distilled water, and an 
appropriate amount (0.01 mol) of  NaH2PO2·H2O was added 
into the solution. Then, the mixed solution was transferred 
into and sealed inside a Teflon-lined autoclave with a capac-
ity of 100 ml. The sealed autoclave was heated at 150 °C 
for 12 h in an electrical oven, and, then, naturally cooled 
down to room temperature. Finally, a black solid product 
was collected by filtrating the heated solution, which was 
washed with distilled water and ethanol and dried at 60 °C 
in a vacuum oven to get rid of impurities. The synthesized 
product was composed of small cube-like crystals approxi-
mately 80 µm in size that were composed of pure  MnSe2 
with a pyrite-type structure as confirmed by Raman spec-
troscopy and X-ray diffraction.

High-pressure angle-dispersive X-ray diffraction 
(ADXRD) experiments were performed for  MnSe2 at beam-
line 4W2 of the Beijing Synchrotron Radiation Facility 
(BSRF) and beamline 15U1 of the Shanghai Synchrotron 
Radiation Facility (SSRF). An incident monochromatic 
X-ray beam with a wavelength of 0.6199 Å was focused 
onto a ~ 5 μm × 5 μm spot on a sample for experiments at the 
SSRF beamline 15U1, and onto a ~ 20 μm × 10 μm spot on a 
sample for experiments at the BSRF beamline 4W2. X-ray 
diffraction patterns for samples were recorded by a Mar345 
image plate. The distance between sample and the image 
plate was calibrated using  CeO2 as a standard. High pres-
sure was generated by a short symmetric diamond-anvil cell 
(DAC) with a culet size of 400 μm. The synthesized  MnSe2 
crystals were crushed into powders and pressed into a pellet 
with a thickness of approximately 15 µm using a DAC with 

no gasket, and a piece of the pellet approximately 60 µm in 
diameter was prepared and chosen as a sample. This  MnSe2 
sample, together with several ruby chips, was loaded inside 
a 190-μm-diameter hole made at the center of a pre-indented 
area of a stainless gasket. Pressure was determined by the 
standard method of ruby fluorescence spectroscopy (Mao 
et al. 1986). Two series of ADXRD experiments were con-
ducted, one with argon as the pressure transmitting medium 
(PTM) and the other without a PTM, and the ADXRD data 
were collected during both the compression and decompres-
sion processes. For experiments with a PTM, the sample was 
heated after reaching the maximum pressure of 22.5 GPa 
using an SPI fiber laser (1064 nm). The collected ADXRD 
data were analyzed by integrating two-dimensional images 
as a function of 2θ using the Dioptas program to obtain con-
ventional one-dimensional diffraction patterns (Prescher and 
Prakapenka 2015). Structural refinements and lattice param-
eters were analyzed by the GSAS–EXPGUI (Toby 2001).

High-pressure infrared (IR) reflection spectra up to 
28.3  GPa were measured over a wavenumber range of 
600–7500 cm−1 using a Bruker Vertex 70 FTIR spectrometer 
combined with a Hyperion-2000 IR microscope equipped 
with a HgCdTe (MCT) detector. Pressure was generated 
by a short symmetric diamond-anvil cell with type IIa dia-
mond anvils with a 400-μm culet. The powdered  MnSe2 
sample was loaded inside the sample chamber and com-
pressed directly by diamond anvils without using a pressure 
transmitting medium. Several ruby chips were placed into 
the sample chamber to determine the pressure. The optical 
geometries used for the IR reflectivity measurements are 
shown in Fig. 2. The reflectivity of the sample–diamond 
interface, denoted as Rsd(ω), can be calculated using the fol-
lowing formula:

 where Isd and Id are the intensities reflected, respectively, 
from the sample–diamond culet interface and the external 
diamond–air interface at each pressure point, and Ie and Idʹ 
are the intensities reflected, respectively, from the air–dia-
mond culet interface and the external diamond–air interface 
for the empty cell. Rdia is the reflectivity of diamond in air, 
which can be fixed to 0.167 (Rabia et al. 2014).

Results and discussions

The structural evolution of  MnSe2 under compression was 
investigated by synchrotron angle-dispersive X-ray diffrac-
tion equipped with a diamond-anvil cell. At first, a series of 
experiments were conducted under quasi-hydrostatic pres-
sures up to 22.5 GPa using argon as a pressure transmitting 

Rsd(�) =

[

Isd(�)

Id(�)
∕
Ie(�)

Id� (�)

]

Rdia,
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medium, the collected X-ray diffraction (XRD) data are 
presented in Fig. 3. Figure 3a shows the XRD patterns 
collected during the compression process. The diffrac-
tion pattern measured at 2.4 GPa can be indexed well to 
a pyrite-type structure.  MnSe2 was found to maintain the 
pyrite-type structure up to 12.1 GPa as no significant change 
was observed except for a slight diffraction peak shift and 
broadening. Several new diffraction peaks, as marked by 

pound signs, were observed in the diffraction pattern at 
12.8 GPa. Such discontinuous changes indicate a transi-
tion for  MnSe2 into a new high-pressure phase. The phase 
transition was completed below 16.5 GPa, as all diffraction 
lines for the low-pressure pyrite-type phase of  MnSe2 were 
observed to disappear in the diffraction pattern at 16.5 GPa. 
At pressures of 16.5 GPa and above, the XRD patterns are 
nearly identical, implying that  MnSe2 preserves the same 
crystal structure. However, the diffraction peaks due to the 
new high-pressure phase are very broad, rendering structural 
refinements impossible. 

To improve the quality of the diffraction pattern for the 
new high-pressure phase, we heated the  MnSe2 sample to 
approximately 1500 K at 22.5 GPa using an SPI fiber laser 
(1064 nm), followed by quenching to ambient tempera-
ture. The pressure of the sample was found to decrease to 
21.2 GPa after laser heating. Figure 3b shows the XRD 
patterns collected for the laser-heated  MnSe2 sample dur-
ing the decompression process. It can be seen that after 
laser heating treatment, the broad diffraction peaks due 
to the new high-pressure phase in the 22.5 GPa pattern 
evolve into sharp peaks in the 21.2 GPa pattern, and more 
peaks can be distinguished. Upon decompression,  MnSe2 
continued to show almost an identical diffraction pat-
tern at pressures down to 6.6 GPa, and began to transit 

Fig. 2  The optical geometries used for infrared reflectivity measure-
ments in a diamond-anvil cell

Fig. 3  Selected X-ray dif-
fraction patterns for  MnSe2 
obtained from experiments 
under quasi-hydrostatic condi-
tions using argon as a pressure 
transition medium: a compres-
sion, b decompression. At 
12.8 GPa, the appearance of 
several new peaks (marked by 
a pound signs (#)) implies that 
 MnSe2 begins to transit from 
a pyrite-type structure into a 
disordered intermediate phase. 
The decompression process was 
started after laser-heating the 
sample at the maximum pres-
sure of 22.5 GPa. The asterisks 
(*) denote the diffraction peaks 
for a minor unknown impurity
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into a pyrite-type structure at 5.2 GPa. The XRD pattern 
obtained at 0.45 GPa is identical to that of pyrite-type 
 MnSe2, although there exist some unknown peaks as 
marked by asterisks. The phase transition for  MnSe2 from 
the pyrite-type structure to the new high-pressure phase 
is reversible.

Figure 4 shows the results obtained from Lebail struc-
tural refinements for the XRD patterns for  MnSe2 at 
2.4 GPa and 21.2 GPa. All the diffraction lines for the 
2.4 GPa pattern can be perfectly indexed into a pyrite-
type structure (spacegroup Pa 

−

3 ) with lattice parameter 
a = 6.3478  Å and residual χ2 = 0.14 (Fig.  4a). For the 
21.2 GPa pattern, most of the diffraction lines can be well 
indexed to the monoclinic arsenopyrite-type structure 
(spacegoup  P21/c) with lattice parameters a = 5.7517 Å, 
b = 5.6772 Å, c = 5.8025 Å and β = 113.49 (Fig. 4b), and 

the Lebail refinement yields a good residual value of 
χ2 = 0.34. Several unknown weak peaks are observed (as 
marked by asterisks), which might arise from the coexist-
ence of a minor impurity with the arsenopyrite-type phase.

The lattice parameters and unit-cell volume of the 
 MnSe2 pyrite-type and arsenopyrite phases were extracted 
from LeBail structural refinements for the XRD data col-
lected during both compression and decompression pro-
cesses. The pressure evolutions for the lattice parameters 
are plotted in Fig. 5. The relationship of lattice parameters 
versus pressure for both phases can be fitted by a second-
order polynomial function as follows:

Pyrite-type phase ∶ a =6.432(7) − 3.8(8)

× 10−2P + 9.6(9) × 10−4P2

Fig. 4  LeBail refinements for different phases of  MnSe2: a pyrite-
type phase at 2.4  GPa, b arsenopyrite-type phase at 21.2  GPa after 
laser-heating treatment. Experimental XRD patterns are represented 
by black dots; red, blue and magenta solid lines represent the refined 
XRD patterns, backgrounds and residuals, respectively; black verti-
cal ticks indicate the calculated positions for the Bragg reflections 
for pyrite-type and arsenopyrite-type phases and argon (Ar). Diffrac-
tion peaks marked by asterisks (*) denote a minor unknown impurity 
coexisting with the arsenopyrite-type phase

Fig. 5  a Pressure dependence of the lattice parameters for the pyrite-
type and arsenopyrite-type phases for  MnSe2. b Pressure dependence 
of the monoclinic angle in the arsenopyrite-type phase. Solid squares 
denote the compression data, while open squares and solid circles 
denote decompression data
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It can be seen that the pyrite-type phase is much more 
compressive than the arsenopyrite-type phase. The com-
pressibility of the arsenopyrite-type phase is nearly isotropic, 
but its b axis is more incompressible. Similar anisotropic 
compressibility was also reported for FeAsS arsenopyrite 
(Fan et al. 2011). To understand further the axial compres-
sion for the pyrite-type and arsenopyrite-type phases, the 
individual lattice parameters were analyzed by a modified 
form of the Birch–Murnaghan equation of state (Nishio-
Hamane and Yagi 2009), expressed as follows:

where l0, Kl0 and Kl0′ are the zero-pressure length 
(lattice parameter), incompressibility and the pres-
sure derivation of incompressibility, respectively. A 
least-square fit of the lattice parameter data yields 
Ka0 = 57.0(14) GPa and la0 = 6.425(4) with a fixed Kl0′ = 4 
(l = a, b or c) for the pyrite-type phase, and Ka0 = 93.7(86) 
GPa, Kb0 = 110.7(84) GPa and Kc0 = 95.6(85) GPa, and 
la0 = 6.057(17), lb0 = 5.943(12) and lc0 = 6.106(17) with 
fixed Kl0′ = 4 for the arsenopyrite-type phase. Clearly, Kb0 
of the arsenopyrite-type phase is larger than Ka0 and Kc0, 
implying that the b axis is the most incompressible axis. 
The large impressibility of b axis for the arsenopyrite-type 
phase is speculated to relate probably to the orientation 
and bond-strength of Se–Se dumbbells, and the distortion 
of  MnSe6 octahedrons on the ac plane, which results in 
the larger values of lattice parameters a and c than that of 
lattice parameter b.

Figure 6 displays the pressure dependence of the unit-
cell volume for pyrite-type and arsenopyrite-type phases. 
There exists a large volume difference between the pyrite-
type and arsenopyrite-type phases. The volume change 
across the pyrite-arsenopyrite phase transition at 12.5 GPa 
was estimated to be 19%. We fitted the pressure–volume 
data using the second-order Birch–Murnaghan equation of 
state. This fitting yields a ambient-pressure bulk modulus 
of K0 = 56.1(9) GPa and a zero-pressure unit-cell volume 
of V0 = 265.4(3) Å3 for the pyrite-type phase, and values of 
K0 = 93.1(4) GPa and V0 = 203.1(7) Å3 for the arsenopyrite-
type phase with the pressure derivative of the bulk modu-
lus K′ fixed to 4. The arsenopyrite-type phase for  MnSe2 

Arsenopyrite-type phase:

a = 6.111(4) − 2.9(6) × 10−2P + 5.9(2) × 10−4P2,

b = 5.969(9) − 2.1(6) × 10−2P + 3.6(5) × 10−4P2,

c = 6.153(9) − 2.8(4) × 10−2P + 5.5(0) × 10−4P2,

� = 112.2(4) + 0.113(3)P − 2.58 × 10−3P2.

P =
3

2
K
l0

[

(

l0

l

)7

−

(

l0

l

)5
]{

1 +
3

4

(

K
l0
� − 4

)

[

(

l0

l

)2

− 1

]}

,

exhibits a much larger incompressibility than the pyrite-type 
phase.

To check the effect of hydrostaticity on the structural 
evolution of  MnSe2, a series of experiments was performed 
under non-hydrostatic conditions without using a pres-
sure transmitting medium. The XRD patterns collected 
from experiments under non-hydrostatic conditions are 
depicted in Fig. 7. It can be seen that the widths of the dif-
fraction peaks are relatively larger than those found under 
quasi-hydrostatic conditions (see Fig. 3a). With increasing 
pressure, some new diffraction peaks begin to emerge in 
the diffraction patterns at pressures of 13.0 GPa and above, 
implying that a phase transition occurs. The phase transition 
is completed at around 17.0 GPa. The new high-pressure 
phase under non-hydrostatic conditions is inferred to have 
the same crystal structure as that under quasi-hydrostatic 
conditions because the diffraction patterns are identical to 
each other. During the decompression process, the high-
pressure phase begins to transit to the pyrite-type phase at 
around 7.1 GPa, and becomes a pure pyrite-type phase at 
0.52 GPa. The evolution of the diffraction pattern under 
non-hydrostatic conditions is consistent with that under 
quasi-hydrostatic conditions, indicating that the condition 
of hydrostaticity does not significantly affect the structural 
evolution of  MnSe2.

A number of experimental studies have been carried out 
for  MnS2 and  MnTe2 to investigate their structural behav-
ior and physical properties at high pressure (Bargeron et al. 

Fig. 6  Pressure dependence of the unit-cell volume in  MnSe2. 
Squares and circles denote the experimental data obtained for the 
pyrite-type and arsenopyrite-type phases; solid squares denote 
the compression data, while open squares and solid circles denote 
decompression data. The solid lines represent the fitting results 
obtained using the second-order Birch–Murnaghan equation of state 
with a fixed K’ = 4
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1971; Chattopadhyay and Schnering 1985; Chattopadhyay 
et al. 1986; Durkee et al. 2019; Fjellvåg et al. 1985, 1995; 
Kimber et al. 2014; Vulliet et al. 2001). Even though these 
previous studies for  MnS2 and  MnTe2 observed a first-order 
phase transition accompanied by a large volume collapse, the 
derived structure for the high-pressure phase is not the same 
in these works. A high-pressure experimental study using 
conventional energy-dispersive X-ray diffraction (EDXRD) 
proposed that  MnTe2 transits from the pyrite-type structure 
into a marcasite structure at around 8 GPa (Fjellvåg et al. 
1985), but another experimental study using synchrotron 
EDXRD predicted pyrite-type or/and marcasite structures 
for the high-pressure phase, depending on the hydrostaticity 
of the sample (Fjellvåg et al. 1995). Early experimental stud-
ies for  MnS2 using conventional and synchrotron EDXRD 
methods observed that  MnS2 transits from the pyrite-type 
structure into a marcasite-type structure at approximately 

14 GPa (Chattopadhyay and Schnering 1985; Chattopad-
hyay et al. 1986). However, recent synchrotron ADXRD and 
XANES studies have shown that compressing pyrite-type 
 MnS2 to pressures above 12 GPa induces the formation of 
a disordered intermediate phase, which possesses a ther-
modynamic ground state for the arsenopyrite-type structure 
(Durkee et al. 2019; Kimber et al. 2014). The diffraction 
patterns observed for  MnSe2 in our present study reveal that 
the structural behavior of  MnSe2 at high pressure is almost 
the same as that for  MnS2. Under compression at ambient 
temperature,  MnSe2 transits from a pyrite-type structure 
to a disordered intermediate phase at ~ 12.5 GPa, with a 
thermodynamic ground state for the arsenopyrite-type struc-
ture. Both the disordered intermediate and arsenopyrite-type 
phases of  MnSe2 revert to the pyrite-type structure upon 
decompression to the ambient condition. In the periodic 
table of chemical elements, S and Se are adjacent chalco-
genide elements in the VIA main group, showing similar 
non-metal behavior. The values of electronegativity for Se 
and S are 2.58 and 2.55 Pauling units respectively, very close 
to each other. Besides, their atom radii are also close. The 
close values of electronegativity and atom radius for S and 
Se can explain why  MnSe2 shows very similar high-pressure 
behavior to  MnS2. A recent experimental study reported that 
MnS and MnSe also show very similar high-pressure behav-
ior (Wang et al. 2016).

The pyrite-type  MnX2 compounds are in a high-spin elec-
tronic state with  Mn2+ cations containing five unpaired 3d 
electrons ( t3

2g
e2
g
, S =

5

2
 ) (Hastings et al. 1959). The high-spin 

 MnX2 compounds possess larger unit-cell volumes and 
Mn-X bond lengths compared to other pyrite-type  TX2 com-
pounds in which transition-metal cations are in a low-spin 
state (Tokuda et al. 2019). Previous experimental and theo-
retical studies have shown that under compression, both 
 MnS2 and  MnTe2 experience a phase transition with a large 
unit-cell volume collapse, which is related to an electronic 
transition from the high-spin state ( t3

2g
e2
g
, S =

5

2
 ) to low-spin 

state ( t5
2g
e0
g
, S =

1

2

 ) for  Mn2+ (Bargeron et al. 1971; Persson 

et al. 2006; Perucchi et al. 2009; Sidorov et al. 2011; Ueda 
et al. 2002). In this study, we found that  MnSe2 undergoes a 
first-order phase transition accompanied by a large volume 
collapse of 19%. Such a phase transition can also be a result 
of the HS–LS transition of  Mn2+ in  MnSe2. However, further 
experimental studies using methods such as X-ray emission 
spectroscopy are required to confirm such a HS–LS transi-
tion more directly.

A structural transition for materials, especially that cor-
related with a spin-state electronic transition, is always 
accompanied by a substantial modification of the physi-
cal properties, such as elasticity, magnetism and electrical 
conductivity (Lin et al. 2013; Yang et al. 2015). Infrared 
reflection spectroscopy combined with a diamond-anvil cell 

Fig. 7  The X-ray diffraction patterns collected for  MnSe2 during 
compression and decompression processes for experiments carried 
out under non-hydrostatic conditions without a pressure transmitting 
medium
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provides an effective technique to probe the electronic struc-
tures of materials, especially, the pressure-induced insula-
tor–metal transition (Kobayashi 2001; Okamura et al. 2017). 
High-pressure infrared reflection spectroscopic measure-
ments have previously confirmed that the first-order phase 
transition in  MnTe2 with a large volume reduction (~ 16%) is 
accompanied by an insulator to metal transition (Mita et al. 
2005), agreeing well with the electrical resistance measure-
ments for  MnTe2 (Vulliet et al. 2001). To explore whether 
or not pressure-induced metallization occurs in  MnSe2, we 
performed infrared reflection measurements for  MnSe2 over 
a wavenumber range of 600–7500 cm−1 at pressures up to 
28.3 GPa. Pure  MnSe2 powder was compressed into the sam-
ple chamber without using a pressure transmitting medium 
so as to improve the signal-to-noise ratio. The IR reflectivity 
spectra collected at various pressures are depicted in Fig. 8. 
The spectral features observed between 1600 and 2600 cm−1 
(marked by dashed lines) mainly arise from the strong 
absorbance of diamond in this wavenumber region. Because 
the IR reflectivity, especially at low wavenumber, is related 
to the carrier concentration, the IR reflectivity for  MnSe2 at 
800 cm−1 is plotted as a function of pressure, as displayed 
in the inset in Fig. 8. It can be seen that the IR reflectivity 
at 800 cm−1 is relatively low at pressures below 12.0 GPa, 
but which increases suddenly upon further compression, 
finally becoming pressure-insensitive with a high value of 
~ 0.34 at pressures above 20 GPa. The sudden increase in 
IR reflectivity occurs at the same pressure as the first-order 
phase transition from a pyrite-type structure to a disordered 
intermediate phase. Many transition-metal compounds such 
as  VO2 and MnO undergo pressure-induced metallization, 
as revealed by IR reflectivity measurements combined with 

a diamond-anvil cell (Li et al. 2017; Mita et al. 2005; Zhang 
et al. 2018). It is found that as the insulator–metal transi-
tion takes place, the IR reflectivity for these compounds 
increases abruptly, and then becomes pressure independent 
at a high value when the metallic state is achieved, imply-
ing that the carrier concentration does not change anymore 
with pressure in the metallic state. Therefore, the variation in 
the IR reflectivity with pressure observed for  MnSe2 in this 
study can be interpreted to reflect that  MnSe2 starts to transit 
from an insulator to metallic phase at around 13.3 GPa and 
that this transition is accomplished at a pressure of around 
20 GPa. 

It is intriguing that both MnS and MnSe undergo a phase 
transition from an insulative rocksalt-type structure (cubic, 
P m

−

3 m ) to a metallic MnP-type structure (orthorhombic, 
Pnma) at around 30 GPa, coupled with a giant lattice col-
lapse (ΔV ~ 22%) and a HS–LS spin transition (Wang et al. 
2016). In the metallic phase of MnS and MnSe,  Mn2+ cati-
ons form Mn–Mn networks via metallic Mn–Mn bonds 
with a bond length of ~ 2.6–2.7 Å (Wang et al. 2016). In the 
arsenopyrite-type phase of  MnS2, even though  Mn2+ cations 
form Mn–Mn dimers with a metallic bond length of ~ 2.7 Å, 
the Mn–Mn distance between two neighboring dimers is 
around 3.4 Å, which is much larger than that for Mn–Mn 
metallic bonds. Hence, a metallic state is not predicted to 
occur (Kimber et al. 2014). However, evidence from both 
infrared reflectivity and electrical resistance experiments 
have clarified that  MnTe2 transits into a metallic state with 
a pyrite-type structure at high pressure (Mita et al. 2008; 
Vulliet et al. 2001). Here, we explain the metallic behavior 
of  MnSe2 in the disordered intermediate phase as being a 
result of the closure of the p–d charge-transfer gap (Δ) for 
the centered  Mn2+ cation and six  Se2− anion ligands in the 
 MnSe6 octahedrons in the disordered intermediate phase of 
 MnSe2, similar to that for the pressure-induced metalliza-
tion of  MnTe2. It is possible that the metal-like behavior 
can disappear when the disordered intermediate phase of 
 MnSe2 crystalizes into the ideal arsenopyrite-type structure 
after laser heating.

Conclusions

In summary, we have investigated the structural and elec-
tronic properties of pyrite-type  MnSe2 at high pressure 
using synchrotron ADXRD and infrared reflection spectro-
scopic techniques equipped with a diamond-anvil cell. Our 
experimental results show that  MnSe2 undergoes a struc-
tural transition from a pyrite-type structure to a disordered 
intermediate phase with a ground state composed of an 
arsenopyrite-type structure, which starts at around 12.5 GPa 
and is completed at around 16.5 GPa upon compression. 
Such a phase transition is reversible and cannot be obviously 

Fig. 8  Representative infrared reflectivity spectra for  MnSe2 upon 
compression. The spectral profiles measured between the two dashed 
lines are due to the strong absorption of diamond in the wavenumber 
range of 1600–2600 cm−1. The inset shows the pressure dependence 
of the reflectivity at 800 cm−1
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affected by hydrostatic conditions. The disordered interme-
diate phase is found to be in a metallic state, as indicated by 
its infrared reflectivity. The pyrite-arsenopyrite transition 
for  MnSe2 is coupled to a large volume collapse (∆V ~ 19%) 
and a HS–LS spin transition for  Mn2+. The isothermal bulk 
modulus for the pyrite-type and arsenopyrite-type phases 
was determined to be K0 = 56.1(9) GPa and K0 = 93.1(4) 
GPa, respectively, by fitting the pressure–volume data using 
the second-order Birch–Murnaghan equation of state and 
fixing the pressure derivation of the bulk modulus at K’ = 4. 
These results provide new insight to understand the struc-
tural behavior and physical properties of pyrite-type  MnX2 
compounds under extreme compression.
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