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Superconductivity of the Linear Trichalcogenide NbSe3 under Pressure
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We show that the linear compound NbSe3 becomes superconducting under pressure. We
have measured the initial slope of the magnetization of NbSe& as a function of pressure
down to temperatures as low as 50 mK. A very small pressure is necessary in order
for the superconductivity to occur. T~ is strongly pressure dependent. We find that the
initial slope dT, /dP =0.6 K/bar. We attribute this huge variation of T, to changes in the
band structure induced by pressure.

Until recently very few measurements of the
electronic properties of transition-metal trichal-
cogenides TX, (T: Ti, Zr, Hf, Nb, Ta; X: Se,
S, Te) have been reported. All these compounds
have structures made up of infinite chains of tri-
gonal prisms &X, extending parallel to the & axis
of their monoclinic cell.' ' The trichalcogenides
of the group-IV transition elements as well as the
sulfide compounds of group V& are semiconduc-
tors. Only TaSe, ' and NbSe, ' show a metallic
behavior from room temperature down to the hel-
ium range. In particular, NbSe, has very spec-
tacular properties": NbSe, exhibits two phase
transitions at T„=145K and T„=59K where a
sharp increase in resistivity occurs. These
anomalies in resistivity were ascribed to the for-
mation of charge-density waves (GDW). Applying
pressure causes the critical temperature of CDW
formation to decrease. ' It was also shown that
the resistivity anomalies are strongly nonlinear'

a small electric field (= 0.5 V/cm ') is enough
to cause the breakdown of these anomalies. Here
we have extended the pressure measurements at
lower temperatures and we report on the discov-
ery that NbSe, becomes a superconductor under
pressure.

Our samples of NbSe, were prepared by the di-
rect reaction of Se and Nb in stoichiometric pro-
portions. ' The mixture is sealed in a quartz tube
under vacuum and heated to 700'C for 15 days be-
fore quenching. NbSe, crystallizes in the form of
fibers which can be easily separated. Six NbSe,
groups form the unit cell. Direct bonding does
exist between the two nearest Se atoms in the
base of each prism. From one chain to the next
the atoms are translated by a 0.5 unit cell; the
distance between Nb atoms along the b axis is
3.478 A and varies from 4.45 to 4.25 A in the a-c
plane. This "one-dimensional" (1D) structure ex-
plains why NbSe, crystals are fibrous. This
structure is to be compared with that of transi-

tion-metal dichalcogenides of type 2H-NbSe,
where the NbSe, prisms are joined side by side
to form infinite 2D layers.

The dc electrical conductivity parallel to the
fibers lies between 1250 and 1700 (0 cm) ' at
room temperature, ' in good agreement with the
microwave conductivity at 9.3 GHz measured by
a cavity perturbation technique. ' We have also
measured the microwave transverse conductivity
at room temperature and have found it to lie be-
tween 1.3 and 3.8 (& cm) '.' This corresponds to
an anisotropy at room temperature of between
350 and 1200." It has also been shown that TX,
compounds retain the chain structure with inter-
calation of Li during reaction with n-butyl-lithium
in hexane yielding a ternary phase of Li,TX,." '
The inclusion with lithium forces an expansion
normal to the chains but the distance along the b

axis is essentially maintained. However, the in-
sertion of lithium breaks the polychalcogenide
bonds of the original structure and the process is
not reversible. Its structure, its large electri-
cal-conductivity anisotropy, and the fact that in-
tercalation maintains the chain structure are
properties which bring us to include NbSe, in the
group of quasi-1D conductors.

We have measured the initial susceptibility of
NbSe, under pressure in an adiabatic refrigerator
apparatus between 50 mK and 10 K. Typically 30
mg of fibrous strands of NbSe, were set in a be-
ryllium copper clamped piston and cylinder de-
vice using Teflon as the pressure medium. Pres-
sure was applied at room temperature. Because
of the different expansion coefficient between Tef-
lon and beryllium copper there is a decrease of
the pressure inside the cell during cooling. We
have obtained the pressure at the helium range by
measuring the decrease of the critical tempera-
ture of indium under pressure (assuming'4 AT,/
&& = —44.5X 10 ' K/kbar) set in the same cell but
replacing the NbSe, sample. The increase of the
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FIG. 1. Variation of the inital slope of the magnetiza-
tion of NbSe3 as a function of temperature for different
pressures. The different values of X at low tempera-
ture for 0.5 kbar, 2.25 kbar, and higher pressure are
due to the variation of the demagnetization coefficent of
the superconducting sample under pressure. The dot-
ted curve is the inital susceptibility of a second sample
with the same weight but a different demagnetization
coefficient. %e define T, as the middle of the variation
of X with T.

width of the superconducting transition gives also
the pressure distribution inside the cell (thus,
for 10 kbar at room temperature the pressure at
helium range is 6.5 kbar and the pressure distri-
bution is about a 0.4 kbar). Figure 1 shows the
initial slope of the magnetization versus tempera-
ture for different pressures. The residual sus-
ceptibility y. above 3 K is attributed to the pres-
ence of NbSe, impurities around the NbSe, fibers:
This susceptibility goes to zero above T, = 7.2 K,
the critical temperature of NbSe, . At ambient
pressure, NbSe, is not superconducting domn to
50 mK; but under pressure, it becomes fully su-
perconducting. The measured susceptibility X is
in good agreement with the theoretical value of
the susceptibility in the superconducting state,
—(4m) 'V/(1-n), where V is the volume of the

sample and n the demagnetization coefficient.
The different values of X at low temperatures for
0.5 kbar, 2.25 kbar, and the higher pressures
can be taken into account by the variation of n un-

der pressure. We define T, as the middle of the
variation of X with T. The variation of T, mith

pressure is plotted in Fig. 2. T, strongly de-
pends on P: T, first increases with P at lom val-
ues of the pressure with a slope dT,/dP =0.6
K/kbar, then it seems to saturate. We have not
observed any irreversibility in cycling the pres-
sure; after releasing the pressure, the sample
indicates no superconducting properties at ambi-
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FIG. 2. Variation of the superconducting critical
temperature of NbSe3 as a function of pressure. Error
bars indicate pressure distribution inside the cell which

was determined by measuring the increase of the width

of the superconducting transition of indium.

ent pressure down to 150 mK. Experiments are
under may to study the possibility of uniaxial ef-
fects in the occurrence of superconductivity in
NbSe, .

We have also measured the susceptibility under
pressure of TaSe, . This compound has a very
similar structure' to NbSe, but with only four
TaSe, groups in the unit cell. The resistivity at
room temperature is the same as for NbSe, . The
temperature variation exhibits a metallic behav-
ior bebveen 300 and 1.2 K mithout any anomaly. '
The measurements of susceptibility at 50 mK at
ambient pressure and under 6.5 kbar have shown

no trace of superconductivity in this compound.
A general characteristic of 2D and 1D solids is

in their instability towards the formation of CDW
states in which the lattice and the induced modula-
tion of the electron charge density freeze into a
superlattice structure mhich create an energy gap
at the Fermi level. "'" For 1D conductors, be-
cause of the topology of their Fermi surface, this
instability transforms the material into a semi-
conductor. The 1D conductors such as KCP or
TTF-TCNQ show 1D distortions along the chains
in the metallic range at room temperature which
mere observed by diffuse scattering of x rays'7'"
or elastic neutron diffraction. ""These 1D dis-
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tortions are weakly coupled by the interchain cou-
pling. When the temperature is lowered, the
transverse coherence length increases, indicat-
ing a 3D ordering. For systems of higher dimen-
sionality the onset of CDW is less drastic and re-
sults in small anomalies in resistivity. Experi-
mentally the existence of CDW has been estab-
lished in the layered dichalcogenides such as 2H-
NbSe2 and 2H- TaSe2.

As explained above, NbSe, has 1D properties at
high temperature. However, the metallic phase
at low temperature has the characteristics of a
semimetal. We have observed a very large trans-
verse magnetoresistance and preliminary experi-
ments show Shubnikov-de Haas oscillations of the
resistivity with the magnetic field." The effec-
tive dimensionality at low temperature of NbSe,
may be 2D or 3D. NbSe, is liable to be compared
to the charge-transfer salt hexamethylenetetra-
selenafulvalene-TCNQ. This compound is the
best organic conductor known" [o' =1800+ 400
(& cm) '] and has a metallic behavior down to
45 mK. A semimetallic behavior under pressure
was observed by magnetoresistance. ~ At room
temperature, 1D distortions were observed by
diffuse x rays'~ but in contrast with TTF-TCNQ
these distortions have transverse components in
both directions.

To enhance T„assuming the McMillan rela-
tion,"it is necessary to increase the electron-
phonon coupling constant & =N(0)g'/M(~'), where
N(0) is the density of states at the Fermi level,
(~') the average phonon frequency, and g the elec-
tron-phonon matrix element. It may be possible
to have phonon modes which soften under pres-
sure as was proposed by Testardi" to explain
the pressure dependence of T, in &15 compounds.
However this soft-mode model predicts a maxi-
mum of T, when &cD~ = T, which was never ob-
served in layered compounds. Before ruling out
completely this possibility for NbSe„ it would be
necessary to perform experiments at higher pres-
sures. Another possibility for the enhancement
of &, is the increase of N(0) under pressure by
reducing the amplitudes of the gaps opened at the
Fermi surface by the CDW's." However we have
observed a huge variation of T, under pressure,
whereas the temperature of the onset of the CDW
T„and the amplitude of the resistive anomaly
have only slightly changed' (e.g. , for 1.5 kbar T,
=0.85 K and &„has changed from 59 K to 53 K
and the anomaly decreases by 55%). Such a large
effect of pressure on T, can be more satisfactor-
ily explained through a pressure-induced band-

structure change. Because of the semimetallic
behavior of NbSe, at low temperature, the Fermi
level is strongly dependent on external parame-
ters—in particular, pressure. Both effects, sup-
pression of GDW and change of the band struc-
ture, may be associated in enhancing T, but we
suspect that the latter is the more important.

In the course of these experiments we had ex-
pected TaSe, to become superconducting with
pressure mainly because it behaves like a nor-
mal metal. This is not the case, but it must be
kept in mind that T, for the dichalcogenide 2H-
TaSe, is very small (T, =0.15 K)" and its pres-
sure dependence dT, /dP&1. 3X10 ' K/kbar. "
The electron-phonon interaction is probably too
weak to make TaSe, superconducting (the molar
weight of Ta is much higher than that of Nb), or,
because of a different unit cell, the Fermi sur-
face may be much less pressure dependent.

In summary, we have found NbSe, to be super-
conducting under pressure. NbSe, can be de-
scribed as a 1D conductor at room temperature,
but has a semimetallic behavior at low tempera-
ture. The appearance and the variation of T, with
pressure is attributed to a change of the band
structure. At this point more experimental and
theoretical work is necessary to obtain a full un-
derstanding of the properties of this compound.

~ &Also at Service National des Champs Intenses, Cen-
tre National de la Recherche Scientifique, BP 166 X,
88042 Grenoble-Cedex, France.

~ &Permanent address: Laboratoire de Chimie Miner-
ale, 44087 Nantes-Cedex, France.
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