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We present a systematic analysis of electrical properties of two transition metal selenides OsSe2 and RuSe2
under conditions of low temperature down to 1.8 K and external pressure up to 43 GPa. Both compounds
have a pyrite-type crystal structure under ambient conditions and, according to Raman spectroscopy, do not
undergo phase transitions up to the highest pressures. OsSe2 and RuSe2 undergo semiconductor-to-metal
transitions at pressures up to 15 GPa. Further increase in pressure leads to the appearance of a superconduct-
ing transition at low temperatures. At 40 GPa, the critical temperatures of the superconducting transition
reach maximum values of 5.5 and 6 K for RuSe2 and OsSe2, respectively.
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INTRODUCTION
In recent decades, considerable interest has been

focused on the structural, electronic, optical, and
chemical properties of transition metal dichalco-
genides (TMDs) TX2 (T is a transition metal cation
and X is a chalcogen anion) [1–6]. The weak van der
Waals bonding [1] between the two-dimensional
TMDs atomic layers allows the formation of various
low-dimensional structures that can compete with
graphene in important technical applications, includ-
ing nanoelectronics, photonics and energy storage [7,
8]. In this case, TMDs exhibit a significant variety of
electronic properties [1]. As for the type of conductiv-
ity, TMDs can be both insulators and semiconductors,
as well as metals and superconductors [7]. Moreover,
their electronic and structural properties can be sig-
nificantly modified by chemical substitution and the
application of high pressure [9–12]. Thus, in PdSe2
and PdS2, which have an orthorhombic structure of
the PdS2 type (  space group), external pressure
induces a structural transition to a pyrite-type struc-
ture (  space group). This transition is accompa-
nied by metallization and a transition to the supercon-
ducting state at low temperatures [13, 14]. The critical
temperature of the superconducting transition Tc
reaches 13.1 K in PdSe2 at 23.0 GPa [13], and 8.0 K in

PdS2 at 37.4 GPa [14]. Raman spectroscopy estab-
lished a direct correlation between the Tc value and the
strength of Se–Se bonds in palladium diselenide.

Another example of a chalcogenide with a pyrite
structure exhibiting superconducting properties is
IrSe2–RhSe2 solid solution, which was studied at the
Tokyo Institute of Technology [15]. It turned out that
the highest Tc value is achieved in the chemical com-
position Ir0.58Rh0.36Se2. This is associated with desta-
bilization of the Se–Se bonds and partial transfer of
electrons from Ir and Rh to Se.

OsSe2 is a diamagnetic semi-metal with a pyrite-
type structure [16, 17]. Using ab initio calculations, it
was shown that osmium diselenide can have symmetry
protected energy and direction-dependent spin sur-
face textures on the (001) surface [18]. RuSe2 is a dia-
magnetic semiconductor with an indirect band gap at
ambient pressure [19, 20]. The quantum dots of
RuSe2, nanotubes and nanoparticles have recently
been synthesized, which are promising materials for
nanotechnology applications [21–23]. RuSe2 also
exhibited the thermoelectric behavior with a Seebeck
coefficient of –200 μV/K near 730 K [20]. However,
the structural and electronic transport properties of
RuSe2 have not yet been studied under high pressure.
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Fig. 1. (Color online) Micrograph of an OsSe2 sample in a
high-pressure cell with four platinum electrodes at a pres-
sure of 38 GPa. The diamond culet size is 550 μm. A RuSe2
sample was prepared and investigated at the same condi-
tions.
In previous works on PdSe2 and Ir0.94 – xRhxSe2, the
presence of a correlation between the Se–Se oscilla-
tion frequency and the critical temperature of the
superconducting transition was shown. Some correla-
tions can also be expected between the pyrite-type
structure of TMDs and the appearance of a supercon-
ducting state. In this direction, it is interesting to study
and compare the transport properties and phonon
modes of osmium diselenide OsSe2 and ruthenium
diselenide RuSe2 under high-pressure conditions.

EXPERIMENT

OsSe2 and RuSe2 single-crystal samples were syn-
thesized by the chemical vapor transport method
using polycrystalline OsSe2 and RuSe2 as starting
materials. First, polycrystalline compounds of OsSe2
and RuSe2 were synthesized by a direct reaction of the
elemental Os (Alfa Aesar 99.95%) or Ru (Alfa Aesar
99.95%), respectively, with Se (Alfa Aesar 99.999%) at
800°C in an evacuated fused silica tube during over
10 days. The phase purity of the obtained microcrys-
talline powder was confirmed by X-ray powder dif-
fraction. Starting synthesis with microcrystalline pow-
der, the single crystals of OsSe2 and RuSe2 were grown
by a chemical transport reaction using the temperature
gradient method (with 600°C for the source and
500°C for the sink) with PdCl2 (Alfa Aesar 99.9%) as a
transport additive. The stoichiometry of the obtained
crystals was proved using energy dispersive X-ray
spectroscopy. A screw-clamped diamond anvil cell
equipped with 550 μm culet diamond anvils was used
for the simultaneous Raman spectroscopy and electri-
cal resistivity measurements. The gasket was made of a
300 μm thick tungsten foil. To measure the electrical
resistivity, the tungsten gasket was insulated with a
cubic BN/epoxy mixture. Almost square-shaped sin-
gle-crystal samples with a characteristic size of about
190 μm in the plane and a thickness of about 5–10 μm
were loaded into the sample chamber (diameter
200 μm and height 40 μm) filled with NaCl as a pres-
sure-transmitting medium. Four electrical leads fabri-
cated from Pt foil 5 μm thick were attached firmly to
the sample surface by applying pressure to the anvils.
The dc resistivity of the sample was measured in the
van der Pauw configuration (see Fig. 1) in the tem-
perature range from 1.8 K to room temperature.
Raman spectra were collected at room temperature in
the backscattering geometry using a customary con-
focal micro-Raman spectrometer equipped with a
20X long working distance objective. A He–Ne laser
as an excitation source with a wavelength of 632.8 nm
and a single-grating spectrograph with a resolution of
1 cm–1 were used in the experiment. Pressure was
measured in situ with an accuracy of about 0.1 GPa
using a standard ruby f luorescence scale.
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EXPERIMENTAL RESULTS
Raman Spectroscopy

The evolution of Raman spectra of an OsSe2 crystal
under high-pressure is shown in Fig. 2a. The spectrum
obtained at the lowest applied pressure of 0.7 GPa is
similar to that reported in [17] for polycrystalline
osmium diselenide at ambient pressure. The most
intense peak (near to 219 cm–1), corresponds to the 
stretching mode of dumbbell-like Se–Se units.
Besides it, there is a peak at about 230 cm–1 corre-
sponding to the coupled stretching and librational
mode  or to the  librational mode. Further Raman
experiments on OsSe2 single crystals in pure hydro-
static conditions are required for the reliable assign-
ment of these modes. Unfortunately, only the Raman
spectra of polycrystalline OsSe2 sample are currently
available [17].

Above 5–7 GPa, the pressure dependence of the
shift of the Raman frequency modes  in OsSe2
can be well approximated by a linear function
(Fig. 3a). In the range of lower pressures, the experi-
mental data points for the  mode do not follow the
linear fit shown in Fig. 3a. Such nonlinear behavior
may be related to the transition of OsSe2 from single-
crystal to powder form. The linear fit slopes of the
experimental  curves for the OsSe2 and RuSe2
samples shown in Fig. 3 are presented in Table 1. A
further increase in pressure results in a redistribution
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Fig. 2. (Color online) Raman spectra of (a) OsSe2 and (b) RuSe2 at various pressures.
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of intensity between  and  modes, which occurs in
the pressure range 9.5–26.5 GPa. Only the  mode is
observed at higher applied pressures up to 40 GPa.

The evolution of Raman spectra of RuSe2 under
applied pressure (Fig. 2b) differs significantly from
that for the OsSe2 compound. At the lowest pressure of
2.5 GPa, three typical of pyrite-type structure peaks
can be seen in RuSe2: libration , stretching  (most
intensive) and coupled . The Raman spectrum of
the RuSe2 single crystal at ambient conditions is well
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studied [17], so there are no problems with the deter-
mination of modes, as occurs in OsSe2. In RuSe2,
there is no redistribution of mode intensity up to the
highest applied pressure of 42.7 GPa, and the main 
mode remains detectable over the entire pressure
range. On the other hand, the intensities of both 
and  modes vanish and are hardly detectable at pres-
sures above 21.2 GPa (Fig. 2b). Their  curves
can be approximated by linear dependences similar to
OsSe2 (Fig. 3b). The slopes for the  modes for both
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Fig. 3. (Color online) Positions of Raman modes versus the applied pressure for (a) OsSe2 and (b) RuSe2.
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compounds are almost equal, as shown in Table 1,
however, the slope for the  mode of RuSe2 appears
to be 2.6 times higher than that for OsSe2.

Electrical Transport Measurements

The temperature dependences of the resistivity
 of the OsSe2 sample at constant high pressures

are shown in Fig. 4a. It should be noted that at the
lowest pressure of 0.7 GPa attained in our experiment,
the form of the  curve is characteristic of semime-
tals. In the high temperature region, the resistivity
decreases with decreasing temperature, while at low
temperatures it increases, similar to the  behavior
reported in [18] for OsSe2 at ambient pressure. With
increasing pressure from 2.6 GPa to about 40 GPa, a
noticeable drop of the sample resistivity occurred over
the entire temperature range, as shown in Fig. 5a.
Under pressures above 15–20 GPa, we observed the
metallic type of resistivity in the OsSe2 sample at room
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Table 1. Linear fit slopes of the experimental Raman mode
frequency obtained from the pressure dependences shown
in Fig. 3 for OsSe2 and RuSe2

Sample OsSe2 RuSe2

0.60 1.80 1.52 1.54 1.81

−∂Δν ,
∂

1cm
GPaP

gA gT gE gA gT
temperature. The similar effects reported in [13, 14]
were associated with a substantial overlapping of the
conduction and valence bands.

The sample resistivity remained almost unchanged
with a further increase in pressure. We will consider
this state to be metallic despite a slight increase in the
sample resistivity observed at low temperatures
(Fig. 5a). This effect is caused by the peculiarities of
the Fermi surface of the material.

At pressures in the range of 20–40 GPa, the electri-
cal resistance of the sample OsSe2 drops in the tem-
perature range 2–6 K (see the inset of Fig. 4a). This
might be caused by a transition to the superconducting
state. However, the sample resistance does not reach
zero value, probably, due to the partial transition of the
sample to the superconducting state. Nevertheless, an
increase in pressure leads to an increase in the resis-
tance drop value, which implies an increase in the
fraction of the superconducting phase in the sample.
This state is usually called filamentary superconduc-
tivity. The formation of this state may be due to the
high sensitivity of the sample electronic properties to
the nonhydrostatic environment of the sample in the
DAC gasket hole [24]. A similar effect has recently
been reported for ReS2 [12].

We observed the transition to the superconducting
state in OsSe2 at all pressures above 20 GPa (inset of
Fig. 4a). The pressure dependence of the critical tran-
sition temperature Tc(P) is shown in Fig. 5a. The Tc
value increases as the pressure increases to 40 GPa.
Probably, this is just the ascending part of the dome-
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Fig. 4. (Color online) Temperature dependences of the resistivity in (a) OsSe2 and (b) RuSe2 measured in the pressure increase
mode. The inset in panel (a) shows the resistivity of OsSe2 at low temperatures. The inset in panel (b) shows the resistance from
a single van der Pauw channel at low temperatures.
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shaped curve. Thereby, an increase in the pressure to
40 GPa stabilizes the superconducting properties of
OsSe2.

The evolution of the  curves for the RuSe2
sample (Fig. 4b) appears to be similar to that of the
OsSe2 compound. Being a semiconductor at ambient
conditions, in the pressure range from 3 GPa to about
24 GPa, RuSe2 behaves as a semiconductor and
demonstrates a clear increase in resistivity in the low
temperature range, as shown in Fig. 4b. The resistivity
curves  are f lattened with increasing pressure.
The resistivity of the RuSe2 sample at 300 K (Fig. 5b)
also decreases with pressure, as it was observed in
OsSe2. Both the  curve f lattening and resistivity
drop at 300 K can be explained in terms of the collapse
of the RuSe2 band gap and the metallization of a sam-
ple similar to OsSe2.

Under pressure, RuSe2 also demonstrates a transi-
tion to the superconducting state (inset of Fig. 4b).
Thus, a noticeable drop in resistivity at low tempera-
tures is observed at pressures above 15 GPa and
extends up to 43 GPa (inset of Fig. 4b). In contrast to
OsSe2, the Tc(P) dependence for RuSe2 does not have
a dome-like shape. The Tc value in RuSe2 reaches a
plateau at about 5.5 K above 19 GPa and remains
almost constant up to the highest applied pressure of
42.7 GPa (Fig. 5b).
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DISCUSSION

In recent studies of superconductivity in TMD
with a pyrite-type structure, the relationship between
superconductivity and structural instability, which
involves the destabilization of anionic dimers, has
often been discussed. In PdSe2, such destabilization is
caused by the application of external pressure [13], and
in IrSe2 by Rh doping [15]. This kind of structural
instability leads to a decrease in the frequency of the
stretching  Se–Se mode due to an increase in the
length of the Se–Se bond, as demonstrated by Raman
spectroscopy.

However, for the PdS2 and NiSe2 dichalcogenides
with a pyrite-type structure, it was shown that the
destabilization of anionic dimers is not necessary for
the occurrence of superconductivity, and such desta-
bilization is not a sufficient condition for the forma-
tion of superconductivity [14]. Therefore, in PdS2
there is no correlation between the softening of the
S‒S dumbbell bonds and the dependence Tc(P).
Meanwhile, despite the elongation of Se–Se bonds
under pressure in NiSe2, the sample remains a normal
non-superconducting metal.

In our samples, weakening of the Se–Se chemical
bonds in OsSe2 and RuSe2 under high pressure is not
observed, which is confirmed by a constant increase in
the frequency of the Ag mode with pressure in both
compounds. Moreover, our Raman spectroscopy

gA
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Fig. 5. (Color online) Pressure dependence of the room
temperature resistivity and the onset temperature Tc of the
superconducting transition for (a) OsSe2 and (b) RuSe2
compounds.
studies did not reveal any indication of structural
phase transitions up to pressures of about 40 GPa.
Thus, it can be assumed that the pyrite-type structure
remains stable up to the highest pressures attained in
the experiments. Thus, in contrast to Ir1 – xThxSe2 or
PdSe2, the appearance of superconductivity in OsSe2
and RuSe2 is not due to a phase transition or instability
of anionic dimmers. For both materials, a supercon-
ducting transition is observed at pressures above the
transition to the metallic state, which is achieved
during the slow evolution of semimetal into metal
under pressure.
JETP LETTERS  Vol. 111  No. 8  2020
CONCLUSIONS

Single crystals OsSe2 and RuSe2 were investigated
by Raman spectroscopy and electrical transport mea-
surements at high pressures up to 40 GPa. Electrical
resistivity measurements for both compounds revealed
their metallization above 10–15 GPa. Transitions to
the superconducting state were observed above
~15 GPa.

An increase in the critical temperature Tc with the
pressure was found for both samples. OsSe2 demon-
strated the classic dome-shape behavior of Tc(P)
dependence, while for RuSe2, the critical temperature
Tc remains constant above 35 GPa. For both materials,
no indications of a structural phase transition were
found in our spectroscopic studies up to the highest
pressures.
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