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The physical properties and the structure of black solids obtained by the high-pressure reaction of CSe; were
examined by IR, X-ray diffraction, scanning electron microscope, electron diffraction, thermal analyses and
magnetic experiments. The crystalline solid, which was metallic (6(RT)=~50 S cm™!) at ambient pressure became
superconductor above 20 GPa(T(onset)=6 K), while the amorphous solid was insulating. Contrary to the
previously proposed one- or two-dimensional polymerization structure of (CSe,)y, it has been revealed that the
metallic CSe, sample have a rather complex structure that is composed of the crystalline hexagonal Se, graphite
and some amorphous parts. Thus, the high conductivity and the diamagnetism of the crystalline solid at
ambient pressure seems to come from graphite part and the superconductivity seems to come from hexagonal Se
part. The superconducting transition behavior depended on the path of the pressure-cooling steps. The
superconducting state was observed only when the pressure was increased at the low temperature.

Recent discoveries of many organic superconductors
based on the multi-sulfur (or selenium) w-donor or
m-acceptor molecules have aroused a considerable
interest in the field of synthetic metals. Contrary to the
traditional organic conductors with the disadvantage
of the Peierls instabilities originated from their one-
dimensionalities, in these multi-sulfur compounds the
two-dimensional (or three-dimensional) intermolecu-
lar close contacts of chalcogen atoms in the -
conjugated molecules play a central role for the forma-
tion of the conduction bands. Carbon diselenide is
the simplest m-conjugated molecule with Se atoms.

Okamoto and Wojciechowski reported that CSe,
was polymerized into conductive amorphous solid
(1073 Scm™1).! Okamoto et al. proposed the two step
reactions:
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The second step appears to be analogous to the solid
state polymerization of S;N,, into the well known
inorganic polymer superconductor, (SN),.? Since the
similar linear chain structure had been already sug-
gested in the polymerization of CS; under a pressure of
30 kbar,® this polymerization mechanism of CSe,
seemed to be reasonable. We tried to obtain the similar
polymer. Various types of the black solids were
obtained.#® Most of them were amorphous but in
some cases, highly conducting crystalline solids were
obtained. This crystalline solid was revealed to exhibit
a superconducting transition at high pressure.

Initially we proposed the two-dimensional polymer-
ization model as to the crystalline solid,® because the
EXAFS analysis showed that the linear chain structure
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model was incorrect. However, recently we have found
the evidence of the existence of hexagonal Se and gra-
phite in the conducting solid.

In this report, the electrical properties of the high
pressure reaction products of CSe; and their character-
ization by X-ray diffraction, scanning electron micro-
scope, chemical analysis, EXAFS, DSC, IR, electron
microscope, electron diffraction, magnetic susceptibil-
ity and ESR experiments are described.

Experimental

Carbon diselenide, CSe;, is a toxic, malodorus and golden-
yellow liquid reagent used in the synthetic studies of the
m-donor molecules with the Se atoms, which was obtained
by the reaction of Se vapor with dichloromethane in the
nitrogen stream and the subsequent distillation.” Liquid
CSe, in the teflon cell was pressurized at about 5 kbar and
heated to 80—100°C for 2—3 h. Then the pressure was
released and the cell was heated at 100—130°C. Various
types of black solids were obtained. About 0.3 ml of CSe,
was used at a time. The degree of the crystallinity of the
solid was very sensitive to the conditions of the preparation
(pressure and temperature) and the reaction was hardly to
controll. When the reaction temperature was too high
(130—160 °C), the amorphous solid was obtained. On the
contrary, when the reaction temperature was below 70 °C,
nonreacted CSe, was remained.

The conductivity measurements were performed by the
fourprobe method with silver paint within the temperature
range of 1.5 K to 300 K. The high-pressure resistivity exper-
iments were performed on the compaction sample by the two
probe method using the diamond anvil high-pressure cell.

The X-ray powder patterns were measured on a Rigaku
X-ray powder diffractometer. Intensities were extremely
weak and those data were obtained by scanning up to
26=130° (Cu Ka radiation, Ni filter, 35 kV, 15 mA) for a week
running (0.72°/h).

Temperature dependence of X-band ESR spectra from 100
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X-Ray diffraction diagrams of high-pressure
reaction products of CSes.

a): Metallic solid (50Scm™!), b): semiconducting

Fig. 1.

(5Scm~1) solid, c¢): low-conducting solid
(10-3S cm™?), d): insulating solid (10-8Scm™?).

to 300 K was examined on a JEX-FEIX ESR spectrometer
with flowing liquid nitrogen gas. Skin effect of ESR was
observed as to the metallic sample and the experiment was
performed on the finely-ground powder sample.

Magnetic susceptibility of metallic sample was measured
by a Faraday method on a powder sample of about 0.13 g over
a temperature range between 2 and 296 K. A permanent
magnet and electro-balance were used. The temperature of
the sample was controlled through the pure helium gas at a
pressure of about 3 Torr (1 Torr=133.322 Pa). The helium
gas was purified by passing through a charcoal trap held at

75 K.
The measurement of the EXAFS spectra was performed at

the Photon Factory of National Laboratory for High Energy
Physics (KEK-PF), using EXAFS facilities at the beam line
10-B with a Si(311) channel-cut monochromator.

The IR spectra were taken of a dispersion in KBr within
the range of 400 cm™ to 4000 cm™L.

The thermogravimetric analyses were performed on a
Rigaku differential scanning calorimeter within the temper-
ature range between 20 to 400 °C.

Electron microscope and electron diffraction experiments
were performed on H-800 Hitachi Electron Microscope.

Scanning electron microscope experiments were made by
using X-650 Hitachi Scanning Electron Microanalyser.

Results and Discussion

Electrical and Magnetic Properties. As described
before, black solids were prepared from CSe;. By
changing the applied pressure and the heating
temperature, we obtained various solids. The X-ray
diffraction diagrams of the products are shown in Fig.
1. There are various solids with different crystallini-
ties. The conductivity of the compaction sample of the
crystalline solid, which gave sharp X-ray diffraction
patterns (Fig. 1a), was about 50 S cm™! and the resistiv-
ity ratio at 1.7 K (p1.7/pse) was 2—3 (Fig. 2a). This
small resistivity ratio and almost linear temperature

[Vol. 59, No. 12

g 104,
Sk
S A N
S .,
:S n."um...“..“.
.‘ﬁ w2t ..“....."“"tO.“umoou
12}
&
0 160 200 300
T/K
(a)
—~
l
E
=5
<
H
% 0 ressoonees, | -
& - ..'%o
9‘ u«o.'...
d-10f e,
13} *eeae,,
Q
—~
g
& -
é’ 0 100 200 300
T/K
(b)
Fig. 2. a) Electrical resistivity of metallic crystalline
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lic crystalline solid.
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Fig. 4. Lattice spacings (d/A-1), intensities (I) and
diffraction powder patterns of metallic crystalline
solid. The small peak around 26° (Cu Kea) seems to
be 002 reflection from graphite.

dependence of the thermoelectric power described later
suggests that the highly conducting sample is essen-
tially metallic.

Besides the highly conducting samples, there are
insulating, low-conducting and semiconducting sam-
ples. The conductivity of the insulating sample,
which gave amorphous X-ray halos (Fig. 1c) was less
than 1078 Scm™! and that of the semiconducting sam-
ple was about 5 S cm~! with activation energy of 0.09
eV (Fig. 3a). The semiconducting solid gave extremely
broad Debye rings suggesting the heavily disordered
lattices (Fig. 1b). The conductivity of the samples
obtained by reheating the insulating sample up to
250°C is ca. 1073 Scm™1, almost identical to the con-
ductivity of poly(carbon diselenide) reported by
Okamoto and Wojciekowski.! The low-conducting
material was almost amorphous to X-ray diffraction
(Fig. 1d). These facts indicate that the solid is metallic
in an ordered crystalline state and it becomes less con-
ductive when crystalline imperfection increases. The
X-ray powder pattern of the crystalline material was
measured on the X-ray diffractometer and more than
twenty peaks were obtained. The lattice spacings and
the X-ray powder patterns are shown in Fig. 4. The
thermoelectric power of the crystalline solid was nega-
tive and as small as —12 uV/K at room temperature.
The almost linear temperature dependence suggests
the existence of negative free carriers (Fig. 2b).

The IR spectrum of the insulating sample showed
the absorption bands at 880, 1260, and 1380 cm™1. The
strong band at 880 cm™! was assigned to the C=Se
stretching vibration. The conducting sample was
opaque down to at least 400 cm~! probably due to the
free carrier absorption.

The Fourier transform of EXAFS spectra of the
metallic sample was different from that of insulating
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Fig. 5. Fourier transform of the EXAFS oscillation,
k3x(k) for (a) metallic and (b) insulating solids.
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Fig. 6. Structure model of (CSez)x polymer.
a): Chain structure model? b): Two-dimensional
structure model.®

sample but was quite similar to that of hexagonal Se
powder (Fig. 5). The prominent peak in the Fourier
transform of metallic sample corresponded to Se-Se
bond. But no indication of Se-C or Se=C bond was
found except in the insulating sample. The bond dis-
tances and coordination numbers were obtained by the
curve-fitting analyses with empirical parameters.
Since hexagonal Se had a helical structure of Se-Se
distance of 2.37 A, the coordination number of Se in
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Fig. 7. ESR spectra of a) metallic and b) insulating
high pressure reaction products of CSes.

hexagonal Se was fixed as 2.0. The coordination
number of metallic sample was almost 2.0, which
indicates that each Se atom has two neighbouring
Se atom. Insulating sample had the coordination
number of 0.7, but Se-Se distances were almost the
same for all the samples. Since the result of EXAFS
analyses indicated the existence of -Se-Se- (2.37 A)
infinite chains in the metallic sample, the chain struc-
ture model proposed by Okamoto (Fig. 6a) did not
conform with the EXAFS experiments. Thus, two-
dimensional structure model with -Se-Se- chains was
proposed at this stage (Fig. 6b).® However, further
characterization revealed that this structure model was
not correct one, which will be mentioned later.
X-band ESR measurements of metallic and insulat-
ing powder samples of CSe; solid are shown in Fig. 7.
The broad ESR signal (the peak-to-peak linewidth is
98 G) and the g value of 2.0038, which is very close to
that of free electron (2.0023). The temperature was
varied within 123—243 K at the interval of 20 K. The
peak-to-peak linewidth and g-value, are almost con-
stant within this temperature range. The lineshape
was almost Lorentzian in the measured field range of
four times as large as the linewidth. These results
support the metallic character of the solid and the
existence of the conduction electrons. For insulating
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Fig. 8. DSC-TG curves of a) metallic and b)
insulating solids.

sample, ESR measurements were performed at room
temperature and 77 K. The g-anisotropic spectra at 77
K indicates that there are more than two radical spe-
cies. The large g-shift suggests that these radical spe-
cies are not C-centered radicals but Se-centered radi-
cals. These ESR measurements indicate that in the
metallic sample there exist conduction electrons and
in the insulating sample there exist Se-centered radi-
cals produced by broken Se-Se bonds.

Figure 8 shows the DSC-TG curves of the solids. For
metallic sample, the endothermic reaction was
observed at 220°C. The thermogravimetric study of
the insulating sample showed that three percent of the
weight was lost at ca. 160°C and the remaining was
stable up to 300 °C.

In Fig. 9 the magnetic susceptibility of the crystal-
line sample is shown. From 5 to 296 K the magnetic
susceptibility was almost constant and below 5 K the
susceptibility increased gradually, which would be an
effect of magnetic residuals. The effect of the oxygen
molecules included in the sample was observed around
40 K. The magnetic susceptibility performed diamag-
netic corrections was x=—1.75X10~¢ cgsemug~!. The
magnetic susceptibility of an electron gas mainly con-
sists of the Pauli paramagnetism and the Landau-
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Fig. 10. The pressure dependence of the normalized
room-temperature resistivity (p(P)/p(1Pa)). The
open circle indicates the value at 2.1 K obtained by
the measurements along the path A shown in Fig. 11.

Peierls diamagnetism. The contribution from
Landau-Peierls-Pauli term is represented by®

Xipp = pp®N[3pep(3—<f2>)F'eg/FET
where ug: Bohr magneton

< f*>= effective mass correction (2m, +m,)/(m,2m,)1/3

xLep becomes large negative value, when the second
term of above equation is large. The second term is
dependent on the anisotropy of the mass. It is well-
known that in semimetallic materials such as graphite
a large negative magnetic susceptibility is observed
due to the large Landau-Peierls term which is derived
from the two-dimensional anisotropy. Therefore, it is
plausible that metallic crystalline sample has a possi-
bility of having an anisotropic electronic structure.

Superconductivity at High Pressure. The high
pressure resistivity experiments were performed on the
compaction sample by the two probe method using the
diamond anvil high pressure cell. The pressure
dependence of the room-temperature resistivity is
shown in Fig. 10. There was an anomaly around
3 GPa, where a high-conducting state appeared within
a small pressure range. Above this anomaly, the solid
transformed again into the less conductive state. The
resistivity of this high-conducting state was about 10
times smaller than the resistivity at ambient pressure.
Above 10 GPa, the pressure dependence of the resistiv-
ity became very small. Besides the hysteresis of the 3
GPa transition, the resistivity behavior was almost
reversible. The temperature and pressure dependences
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Fig. 11. Two paths (A, B) along which the resistivity

measurements were performed.
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Fig. 12. Superconducting transition obtained by the
measurement along the path B. The ordinate is the
normalized resistivity (o(T)/p(6 K)).

of the resistivity were measured along two different
paths shown in Fig. 11. In the path A, the pressure
was increased initially to ca. 20 GPa at room tempera-
ture, then the temperature was decreased at constant
pressure of ca. 20 GPa. The resistivity at high pressure
(20—22 GPa) was almost temperature-independent.
Any anomaly was not observed at least down to 2.1 K
(the lower temperature limit of the experiment) (Fig.
10).

On the other hand, in the path B, where the temper-
ature was lowered initially and the pressure was
increased above 20 GPa with keeping the low tempera-
ture, our crystalline sample showed a decrease of the
resistivity indicating the onset of the super conducting
transition. The result is shown in Fig. 12. Similar
dependence of the transition temperature on the mea-
surement process has been also found in black phos-
phorous.? The superconducting transition tempera-
ture of black phosphorus measured along the path B
(after temperature was decreased, pressure was in-
creased) was much enhanced than that obtained by the
path A (after pressure was increased, temperature was
lowered) (T«(25 GPa)=10 K (path B), 6 K (path A)).
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x1500

(a)

Fig. 13. Photographs of SEM. a) amorphous insu-
lating solid (X1500) b) metallic crystalline solid
(X3500).

Black phosphorus is considered to be converted into a
mixed system consisting of metallic fine threads
dispersed in the semiconducting matrix. The appear-
ance of superconductivity in the mixed system by the
excitonic mechanism was suggested by Fukuyama.l?
However, the origin of the enhancement of the transi-
tion temperature remains an open questions.

In our crystalline sample, the onset of the supercon-
ducting transition was 6 K with the mid-point temper-
atures of 3.5 K at 22 GPa and 4.1 K at 24 GPa. The
temperature range of the transition (AT) was fairly
large, but the transition became sharp with increasing
pressure (AT=2.7 K (22 GPa), 1.9 K (24 GPa)). This
superconducting transition of the crystalline sample
reminds us of those of various kinds of selenium by
ordinary path A. Amorphous Se undergoes a semi-
conductor to metal transformation at a pressure of 13
GPa and at 7 K superconductivity was observed.!!
Monoclinic Se has a discontinuity in resistance near 15
GPa, as in amorphous Se. Superconducting transition
has onsets at 7 K, but never complete.! Pure hexago-
nal Se was pressurized to about 16 GPa, no sharp semi-
conductor to metal transition was observed at any
pressure, and at high pressure no superconductivity
was found to 1.5 K.1V)

Decomposition Reaction of CSe,. The physical
properties and the structure of the black solids
obtained by the high pressure reaction of CSe, were
examined by several methods as described above.
EXAFS indicated the existence of an infinite -Se-Se-
chain in the metallic sample, which showed that the
(CSey). chain model (Fig. 6a) was not correct at least
for the high conducting samples. Thus, we proposed
two-dimensional structure model of (CSe,).. However,
recent examination of the metallic samples have
revealed the existence of the crystals of hexagonal Se.
Except for the appearance of the small peak around
26° (Cu Ka) and large intensities of the peaks around
90°, the X-ray diffraction patterns of the metallic sam-
ple (Fig. 4) are almost identical to that of hexagonal Se

[Vol. 59, No. 12

Fig. 14. Photographs of metallic crystalline solid by
the electron microscope (X1500000 magnification).
Crystalline parts with lattice spacings of ~3 A and
some amorphous or cluster regions are observed.

crystal. Since hexagonal Se is not high conductive, the
metallic nature of the reaction product seems to be
puzzling. However, DSC of the crystalline sample
gave another evidence of the existence of hexagonal Se
crystals. An endothermic peak was observed around
the temperature of the m.p. (220 °C) of the hexagonal Se
crystal. The photographs of SEM showed that the
amorphous insulating solid was composed of the
spheres with diameter of about 13000 A, while the
metallic solid appeared to be composed of the uniform
black flakes (X3500) ( Fig. 13). However, recent elec-
tron microscope (X1500000 magnification) and elec-
tron diffraction experiments (Fig. 14) have suggested
the existence of graphite, which is consistent with the
appearance of the small peak around 26° (d=3.375 &1,
the strongest peak of graphite crystal) in the X-ray
powder diffraction. The electron microscope photo-
graphs show that the metallic solid is composed of the
crystalline regions and the amorphous or cluster ones.
Although the patterns of the electron diffraction and
microscope photographs are not simple,'? the con-
ducting product could be characterized fairly satisfac-
torily. There are considerable amount of evidences
showing the existence of hexagonal Se. Graphite
powder seems to also exist. The value of magnetic
susceptibility is plausible for that of graphite. If we
assume magnetic susceptibility is derived from almost
graphite, it will be —24.8X107% cgsemug™!. Thus we
may say that the unexpected novel reaction took place.
Contrary to the expected polymerization reaction, CSe,
is decomposed into the component atoms to produce
crystalline hexagonal Se with small crystal size (<500
A), graphite and some amorphous solids or clusters.
Although there exist considerably large amorphous (or
cluster) regions, any conductive anomaly was not
observed around the pressure where the insulating
amorphous Se transform into the metallic (or super-
conducting) state (=15 GPa). Therefore, it may be
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unlikely that there are large amount of amorphous Se.
The high conductivity and the diamagnetism seems to
come from the properties of the graphite and the
superconductivity from crystalline hexagonal Se.
Thus our experiment seems to indicate that supercon-
ducting transition of hexagonal Se occurs at the pres-
sure greater than 20 GPa and this may be the first
observation of the superconducting transition of hex-
agonal Se.

However, there remain unsolved interesting features
concerning the superconducting transition:

(1) Superconductivity was observed only along the
path B. What is the mechenism of the enhancement of
T.? Is it plausible that the superconducting transition
occurs under 2.1 K (lower limit of the experiments)
along the path A and is observed at 2.5—6 K along the
path B by the enhancement of the superconducting
transition temperature ?

(2) Why the transition occurs stepwise (Fig. 12) ?
The sharpning of the transition with increasing the
pressure seems to indicate the increase of the onset
temperature of the second step, which shows that there
exist two situations of the solid which have different
superconducting transition temperatures individually.
Since the onset temperature of 6 K resembles that of the
transition of Se, what is the origin of the transition
with onset temperature of 3.5 K ? Further, what is the
reason of the partial occurrence of the superconduct-
ing transition of 6 K ?

In this paper, we presented a novel decomposition
reaction of CSe, and the characterization of the con-
ducting solid product. What triggars the decomposi-
tion of CSe, and systematic recombination of the com-
ponent atoms ? What is the mechanism of the abnor-
mal superconducting behavior ? These problems are
open questions.
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