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Electrical properties and phase transitions were investigated in the quasi-one-dimensional ternary
chalcogenides In,Nb X, (X = 8, Se, and Te; x = 0.5 for X = §, and 1.0 for X = Se and Te}, with
resuits indicating that the In Nb,Te, system has 1wo new kinds of phase transitions. Based on the
values of the transition temperatures T, this system is classified into two groups, i.e., Group 1 samples
with 0 = x < 0.55 having T, = =40 and =80 K. and Group 2 samples with 0.55 < x = 1.0 having
T, = =50 apd =140 K. Electron diflraction measurements showed the 140-K transition to be associated
with a charge-density-wave (CDW] formation accompanied by the appearance of a superstructure that
can be explained by the commensurate wave vectars ¢ = =(ka* + 16*) + §c*, which are slightly larger
in the ¢* component as compared with those previously observed in NbyTe, of g = ®(a* + 36*) +
ic*. The increase in the ¢* component was interpreted as being caused by the increase in Fermi
energy duc Lo 1a insertion. Thermopawer meastirements an In,Nb,Te, showed the dominant carriers
to he holes. In addition, the In,NbScy g system (0.40 < x < {.0) showed a new CDW-like transition
ot =30 K. The supcrconduocting critical temperature T, of 1n,Nb, X, was increased by several degrees.

wlhen the in content & was increasced above 1.5,

Introduction

Many transttion metal chalcogeaides
have low-dimensional structures due to
the inherent large covalency of their
mctal-chalcogen bonds. Foliowing the dis-
covery of charge-density-wave (CDW) in-
stabilities in many layered transition metal
chalcogenides (/), numerous low-dimen-
sional chalcogenides displaying COW tran-
sitions have been found, with subsequent
research interest in the 1980s being mainly
focused on CDW transport, i.e., the nonlin-
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ear conduction resulting from the sliding of
CDWs (2).

Figure | shows the crystal structure of
Nt X, (X = §, Se, and Te). The compounds
have a hexagonal cell (space group P6;),
which is built up by NbS, octahedra linked
together via shared faces and edges (3, ¢).
This structure is characterized by zigzag
Nb-Nb chains running parallel to the ¢ axis,
and also by large hexagonal tunnels runaing
along the same direction. The Nb chains are
depicted in Fig. 1 by the neighboring Nb
aloms that are shown linked together. Since
the Nb-Nb distance along the chains is
close to that in pure Nb metal, as well as
the Nb chains being well separated from
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FiG. 1. Crystal structure of NbyX, (X = 8, Se, and
Te) thexagonal; space group P6,) looking down the ¢
axis. The structure is buill up by NbX, octahedra,
which are linked by shared faces and edges. Nb—Nb
zigzag chains are running parallel 1o the ¢ axis. The
chains are depicted by two neighboring closed circles
linked together by the dashed fines; for simplicity only
three chains are shown. Large hexagonal tunnels also
run along the ¢ axis, being able to accommodate the
ternary elements (ions) as shown by the large open
circles together with the plus mark,

one another by the chalcogen atoms, these
compounds can be considered as having
quasi-one-dimensional structures.

Many ternary isotypic compounds have
been found, i.e., TIV S; (3, 6), TiTiSe; (7),
KTi.Se, and AV X; (A = K, Rb, and In;
X = 8, Se, and Te) (8), K .V S (9),
ANb. X, (A = alkali metals, Ag, Zn, Pb, In,
Tl, etc.; X = S, Se, and Te) (7, 10-12).

Amberger et al. found superconductivity
in Nb, X, for X = 8, Se, and Te having re-
spective critical temperatures T, = 4.0, 2.0,
and 1.8 K (13). Detailed electrical properties
of Nb, X, were subsequently reported by Is-
hihara and Nakada who observed highly ani-
sotropic resistivity p (/4) and in both Nb,§,
and Nb;Se, a 7° dependence of p along the
¢ axis in the low temperature region ({4, 15).
Theoretical electronic structures of Nb, X,
were presented by Oshiyama (16, 17) and
Bullett (I8) on the basis of the linear combi-
nations of atomic orbitals (LCAO) method,
and by Canadell and Whangbo (/9) who per-
formed a tight-binding calculation. The re-
suitant band structures calculated by these
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studies correlate well, thereby clearly indi-
cating a pseudo-one-dimensional nature.
Oshiyama (16, 17) reported that the Fermi
surfaces consist of three warped undulating
plane sheets perpendicular to the ¢ axis,
which correspond with the three Nb zigzag
chains within a unit cell, and furthermore
showed that the T3 dependence of p can
be explained by electron—electron Umklapp
scattering processes associated with the cal-
culated Fermi surfaces (16, I7).

Ishihara and Nakada also observed two
types of phase transitions in Nb,Te, at 38
and 80 K (20, 21), with Suzuki et al. (22)
using electron diffraction {ED) measure-
ments to show that the 80-K transition is
associated with CDW formation. The super-
lattice spots they observed below 80 K were
explained by commensurate wave vectors
q = %a* + #c*. Contrastingly, Sekine ez al.
(23) used X-ray diffraction measurements
to show that the superstructure of NbyTe,
is characterized by commensurate wave
vectors g = =(3a* + 1b*) + 3¢*, and sug-
gested that the ED patterns reported by Su-
zuki et al. (22) should be analyzed with their
newly found ¢ vectors. It is generally known
that the CDW state can coexist with the
superconductivity state when the CDWs are
weakened either by high pressure or through
doping by impurities, e.g., as observed in
NbSe, (24, 25). Nb,Te,, however, shows
the ability to coexist under no special condi-
tions; hence this compound is considered
an excellent material for investigating why
these conflicting phenomena coexist.

The tunnels in Nb, X, are able to accom-
modate a large variety of ternary elements,
thus leading to the chalcogenides of A,
Nb,S, (A = Li, Na, K, and Ca} being first
prepared by Schéllhern and Schramm (10)
using primarily an electrochemical method.,
Tl Nb;Se; was prepared by Boller and
Klepp (7), wherecas Huan and Greenblatt
prepared many other isotypic compounds:
A/ Nb;Se, (A = Na, K, Rb, Cu, Ag, Zn, and
Pb) ({1} and A,Nb;X, (A = Na, K, Rb, Cs,
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Cu, Ag, In, Zn, Cd, Sn, Pb, and Bifor X =
S and Te; A = 8n, Pb, and Bi (for X = Se)
(12) by applying molten salt exchange or
ternary element insertion methods. The in-
sertion of ternary elements is generally ex-
pected to have significant effects on the
physical properties of the host binary com-
pounds (/9), with Schéllhorn and Schramm
{/0) reporting that the superconducting criti-
cal temperature T, of Nb,S, is increased by
the introduction of potassium, i.e., T, = 7.3
K for K, ;Nb,S,. Huan and Greenblatt (/2)
reported that T, values for the ternary
phases of PbysNb,Se,, InNb;Te,, and
Zny sNb;Te, are considerably higher than
that of the corresponding binary phases.
However, more detailed 7, studies, as well
as other physical properties in these ternary
chalcogenides, have not yet been reported.

In the present study, electrical measure-
ments (electrical resistivity and thermo-
power:; Secbeck coefficients) were carried
outonIn Nb; X, (X =8, Se, and Te) in order
to investigate both the phase transitions and
the superconductivity. In addition, electron
diffraction studies were performed on In,
Nb;Te, to eclucidate existing transition
mechanisms,

Experimental

Specimens of In, Nb,X,_, (X = §, Se and
Te; 0 = x = 1.0) were prepared by heating
mixtures of the desired ratio of In metal and
Nb,X,_, in evacuated silica tubes at 400°C
for | week, where NbyX,_ . was first pre-
pared by heating the appropriate mixture of
elements in silica tubes at 1100°C for 2
weeks. Obtained specimens were pelletized
under a 2000-kg/cm? pressure, sintered for
1 week in silica tubes at 1000°C, and then
annealed at 400°C for t week in order to
climinate possible lattice defects. In Nb,
Se,_, specimens were also obtained by heat-
ing a mixture of the desired ratio of elements
at 1000°C for 1 week, and then annealed at
400°C after pelletizing. Nb, X, single crystals
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were prepared by a chemical transport reac-
tion using iodine as a transport agent. The
transport tube had a 150-mm length, a 15-
mm diameter, and a temperature gradient
of 900-1000°C. The initial material was situ-
ated at the lower temperature side and the
reaction duration was 1 week. Single crys-
tals of Nb;Te, were occasionally formed by
the reaction of the elements without the use
of the chemical transport technique. All the
Nb. X, single crystals had a bundled needle
shape and were 5—10 mm in length. Suitable
conditions to produce single crystals of 1n,
Nb, X, were not found. Chemicai composi-
tions of all the specimens were analyzed
by an electron probe micreoanalyzer (X-650,
Hitachi Co. and EMAX-2200, Horiba Co.),
as well as by performing X-ray diffraction
measurements (RAD-B, Rigaku Denki Co.).

Electrical resistivity was measured from
1.5 to 273 K by the conventional dc four
probe method. The Seebeck coefficient §
was measured for In,Nb,Te, using a temper-
ature gradient of 0.3 K/cm from 90 to 273
K using a similar method to that previously
described (26). Temperature was measured
with Au + 0.07 at% Fe vs Chromel thermo-
couples in both the electrical resistivity and
thermopower measurements,

Electron diffraction measurements were
performed using an electron microscope
(JEM-4000EX and JEM-2000EX) down to
=60 K for In, Nb,Te, samples having vari-
ous x values.

Results and Discussion

Resultant X-ray diffraction and EPMA
data showed that the chalcogen content
(4 — y)in NbyJX,_, is at the most 3.84, 3.84,
and 4.0 for X = S, Se, and Te, respectively,
whereas for In, the maximum x content of
In Nb,X,_, is 1.0 for X = Se and Te. How-
ever, for X = S, the x content is 0.5, a differ-
ence which is believed to indicate that Nb,S,
is less capable to accommodate the In atoms
as compared with both Nb;Se, and Nb,Te,
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Fi1G. 2. Unit cell parameters of In,Nb;Se, g, as a func-
tion of In content x.

which have larger tunnel sizes. In contrast
to our results, Huan and Greenblatt (11, 12)
previously prepared the compounds of
Ing sNb;Se,, In; (Nb Te,, and In; ;Nb;S,.
The reason for the discrepancy in In con-
tents between the present and their samples
is not clear, although the slight difference
in the chalcogen contents may be most re-
sponsible for it.

Figure 2 shows cell parameters of In,
Nb;Se,q, (0 = x < 1.0) as a function of In
content x, where the a vs x curve is concave
downward and has a broad maximum
around x = 0.75. On the other hand, ¢ is
almost constant with respect to x, probably
due to that the tunnels are running along the
¢ axis. Consequently, the cell volume also
has a maximum near x = .75, with this
anomaly around x = 0.75 therefore suggest-
ing the existence of a new crystalline phase
near this x content. In Fig. 3 the same pa-
rameters are shown for In, Nb,;Te, (0 = x =
1.0). The insertion of In atoms into Nb;Te,
obviously has less influence on the lattice
parameters as compared with Nb,Se,,
which is probably due to that the tunnel
size in Nb,Te, is larger than in Nb,Se,. For
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Fig. 3. Unit cell parameters of In Nb;Te, as a func-
tion of In content x.

In,Nb;S; 5, samples with x = 0, (.25, and
0.50, slight increases in both a and ¢ were
found as x increased.

Figure 4 shows the temperature variations
of resistivity p along the ¢ direction for sin-
gle crystals of Nb, X, (X = S, Se, and Te)
from 4.2 to 273 K. Nb;S, and Nb,;Se, show
metallic behavior over the entire tempera-
ture range, whereas Nb;Te, shows distinct
p anomalies at =40 and =80 K, results simi-
lar to those observed by Ishihara and Na-
kada (/4, 15, 20, 21).

- NbsTes
at e i
=+ 4F
= NbaSes
" Nb3S4
L
200

Temperature (K3

Fic. 4. Temperature variations of electrical resisti-
vity p of single crystals of Nby X, (X = S, Se, and Te)
along the ¢ direction.
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FiG. 5. Temperature variations of electrical resisti-
vity p of polycrystalline In Nb.S; g, (x = 0.25 and 0.50).

The temperature variations of p for poly-
crystalline In Nb,§; 3, withx =0.25and 0.50
are shown in Fig. 5 from 1.5to 273 K, where
both contents show metallic behavior. The
cooling and heating results were consistent
with each other. The increase in resistivity
with increasing x is probably due to elonga-
tion of the Nb—Nb distance associated with
lattice expansion caused by In insertion. Su-
perconductivity was observed at 2.1 K for
x = 0.5 as shown. It should be noted that the
resistivity characteristics of both samples
show a T? dependence rather than a T° one
as previously reported (/4, 13).

Figure 6 shows temperature variations of
p for polycrystalline In Nb,Se, 5, with x =
0.10, 0.25, 0.40, 0.75, and 1.0. Since the
results were quite reversible in cooling and
heating runs, only the cooling data are
shown. The samples with x = 0.40 showed
superconductivity at 2-3 K, although these
data are not shown for the sake of simplicity.
The noticeable result is that the resistivity
shows a large jump at 25-45 K for the sam-
ples with x = 0.40. This jump in resistivity
clearly indicates the existence of a new kind
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of phase transition which has not been re-
ported in binary Nb;Se¢,_,. The most likely
origin for this transition is the formation of
a CDW, which is possibly supported by the
sharp increase in p. Superlattice spots in the
ED patterns could not be observed below
the transition, probably due to heating ef-
fects caused by electron beam irradiation.
The transition has the following interesting
features: (1) The transition temperature is
nearly constant with variations in In content
x, and (2) The magnitude of the jump in p
is most prominent in the x = 0.75 sample,
with this composition corresponding to the
maximum value of both a and the unit ¢ell
volume (Fig. 2). These results suggest the
formation of a new kind of crystalline phase
near x = 0.75 in the normatl state above the
phase fransifion, which may be related to
the ordering of the inserted In atoms in
Ing ;sNb;Se; 4. In preliminary ED studies
carried out at room temperature, rather
complex superlattice patterns were ob-
served in this compound with x = 0.75; how-

InaNbiSe3s4

p (102 Qwem)

Temperature (K}

FiG. 6. Temperature variations of electrical resisti-
vity p of polycrystalline In,Nb;Se; g, (x = 0.10, 0.25,
0.40, 0.75, and 1.0).
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Fii. 7. Temperature variations of electrical resistj-
vity p of pelycrystalline In Nb;Te, (x = 0.10, 0.50,
0.65, 0.85, and 1.0).

ever, further research is necessary to obtain
more detailed information on the crystalline
structure.

Figure 7 shows temperature variations of
p for polycrystalline In,Nb;Te, with x =
0.10, 0.50, 0.65, 0.85, and 1.0. Only data
from cooling experiments are shown, simi-
larly to Fig. 6. Superconductivilty was ob-
served in samples with x = 0.65, although
not shown to prevent confusion. Each sam-
ple shows two types of phase transitions,
with no hysteresis being observed in any
sample at either transition. The transition
temperatures T, are shown in Fig. 8 as a
function of x, where the top and the bottom
of the vertical bars respectively correspond
to the onset and the maximum p value of
the anomaly shownin Fig. 7. Based on the T,
values, this series of compounds is classified
into two groups, i.e., Group 1 with 0 = x <
0.55 and Group 2 with 0.55 < x = 1.0. Group
1 is characterized by transitions at =40 K
and ~80 K, being close to those in Nb,Te,,
whereas Group 2 by those at =50 K and

509

=140 K. These transitions are respectively
referred to as the 40-K, 80-K, 50-K, and
140-K transition. The nature of the Group 1
transitions is considered to be substantially
identical with that found in binary Nb,Te,
due to the correspondence between the tran-
sition temperatures. The 80-K transition is
therefore considered to be caused by the
same type of CDW transition as observed
in Nb,Te, . Although observations of the for-
mation of CDWs were attempted at low tem-
peratures for the Group 1 samples, none
were found.

The mechanisms responsible for the tran-
sitions in Group 2 samples may also be simi-
lar to that found in Nb;Te, because of the
correlation between their temperature vari-
ations of p around 7T,. However, the discon-

200

T1(K)

il

0 0.5
% content in IngyNbiTeq

FiG, 8. Transition temperature T, in In Nb;Te, as a
function of In content x observed in the p measure-
ments, The top and the bottom of the vertical bars
respectively indicate the onset and the maximum tem-
perature in the p vs T curves (Fig. 7).
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FiG. 9. Electron diffraction patterns of Iny;sNb;Te, taken at room temperature (a) and at =60 K
(b). The incident electron beam is the direction of [1100].

tinuous change of 7, at x = 0.55 suggests
a change in the transition nature near this
composition. ED observations were con-
ducted at low temperatures to observe this
phenomena, and Fig. 9a and b respectively
show the ED patterns of In, ;sNb;Te, taken
at room temperature and ~60 K. The inci-
dent electron beam is the direction of [1100],
being identical to that used by Suzuki et al.
(22). The superlattice reflections are shown
at =60 K, and are characterized by com-
mensurate wave vectors ¢ = =(3a* + 16%)
+ 3c*. As mentioned previously, Sckine et
al. (23) found wave vectors of ¢ = £({a* +
ib*) + £c* in Nb,Te, below the 80-K transi-
tion using X-ray diffraction measurements,
and the present results are consistent except
for the slight increase in the value of ¢*.
Thus, it is quite likely that the 140-K transi-
tion in the Group 2 samples is due to a CDW

formation which is caused by a mechanism
similar to that occurring in Nb,Te,. Sekine
et al. pointed out that the value of #c* is
nearly equal to twice the Fermi wave vec-
tors of the two outer Fermi surfaces
(=0.25¢* and =0.17¢*) calculated by Oshi-
yvama (/6, 17), and suggested that this situa-
tion may be favorable for the formation of
the CDW state in Nb;Te,. This is considered
reasonable because of the strong one-di-
mensional nature of the energy band struc-
ture in this compound (/6—[9). Using the
same rationale, the increase in the ¢* com-
ponent of the g vectors in the present data
could be explained if the Fermi level is
raised slightly higher by the In insertion,
possibly caused by the subsequent charge
transfer from the In atoms to the Nb atoms
in the host lattice. This hypothesis is quite
feasible since the conduction bands in this
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compound have a d-band character originat-
ing from the Nb=Nb chains along the ¢ axis
(18). The increase of the Fermi energy then
leads to an increase in the ¢* component of
the Fermi wave vectors. Consequently, the
¢* component in the g vectors of the CDW
found here would increase in such a way as
to satisfy the nesting conditions for CDW
formation. Sekine et al. (23) reported that
the appearance of the a*~#* components of
the g vectors is due to an ordering of the
CDW phases on the individual Nb-Nb
chains, a phenomenon which originates
from interactions occurring between the
chains. The fact that the values of the a*-5*
components of the ¢ vectors in the present
case are same as in Nb,Te, indicates that
the interaction between the Nb chains is
not varied by the In insertion. The same
superlattice spots were observed in Ingg;
Nb,Te, at =60 K, yet did not appear in other
samples containing a greater In content x.
Sekine er al. (23) suggested the 30-K transi-
tion in Nb,Te, is possibly due to the forma-
tion of a CDW, and even though ED patterns
were not observed below 50 K, Group 2°s
50-K transition may be also associated by
the formation of a CDW having a different
superstructure from that of the 140-K transi-
tion. Nonlinearity of the DC resistivity p
below the 140-K transition was not found,
being compatible with the commensurate
superstructures existing below the transi-
tion. In addition, nonlinearity of p was not
observed below the 50-K transition.
Figure 10 shows the temperature depen-
dence of the Seebeck coefficient § for poly-
crystalline In,Nb,Te, samples with x = 0,
0.65, and 1.0. Tt should be noted that §
reaches a maximum at =110 K for Nb,;Te,,
and at 150-160 K for the x = 0.65 and 1.0
samples. Each anomaly respectively corres-
ponds to the phase transition observed in
the p measurements. In all the samples, the
value of § above the transition slightty de-
creases almost linearly with decreasing tem-
perature. The increase in § at the anomaly
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FiG. 10. Temperature variations of Seebeck coeffi-
cient § of polycrystalline In,NbyTe, (x = 0, 0.65, and
1.0).

can be explained by the semiconductive na-
ture appearing at the transition as observed
in the p measurements. Above the transi-
tion, § is =20-30 pV/K, and shows a ten-
dency to decrease with increasing In content
x. The positive values of S indicate that in
this temperature range the dominant carri-
ers are holes. In a simple uncorrelated metal
without electron-phonon interactions (pho-
non drag), S is given by

S = n%3TleE,, (1)

where k, is the Boltzmann constant and Fy
the Fermi energy. Although the extrapo-
lated lines of the S vs T curves above T, do
not intercept the origin, the linear tempera-
ture dependence of § above T,, as well as
the relatively small values of §, suggests
that these compounds have normal metallic
characteristics above 7,. By applying Eq.
(1} to the present results which indicate that
S decreases with increasing x above T,, we
can speculate the Fermi energy is raised
slightly higher with increasing x. It should
be noted that this speculation is consistent
with the previous discussion concerning the
increase of ¢* in the g vectors as observed
in ED patterns of Fig. 9b. The observed
hole-like conduction conflicts with the re-
sults of Ishihara ef al. (21, 27} who reported
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TABLE I

SUPERCONDUCTING CRITICAL TEMPERATURE T,
AND TransiTiON TEMPERATURE T, FOR In,NbyX,_,
(X = S, Se, aND Te)

T, (midpoint} 7, (maximum)

(K) (K)
II]Iijslgﬂl
x=0 3.5 —
0.23 * —
0.50 2.1 —
In,Nb;Se; g
= { = —
0.10 * —
.25 * —
0.40 2.5 29
0.50 2.4 22
0.60 2.6 28
0.75 2.0 26
1.00 2.7 28
In,Nb,Te,
x=0 * 40 80
0.10 * 36 88
0.25 # AT
0.40 * — 78
0.50 * 35 90
0.55 * 3 88
0.60 * 32 120
0.65 4.4 50 138
0.75 3.0 48 137
0.88 33 48 138
1.00 3.0 52 142

Note. * indicates that T, was not observed above 1.5
K.

that § is negative in the ¢ direction of the
single crystals of NbyTe, over a wide tem-
perature range. This discrepancy may origi-
nate from the difference between the mea-
sured sampie forms, i.e., polycrystals in the
present study and single crystals in Ishihara
et al., hence suggesting these tellurides have
a strong aniso(ropy in §, e.g., § is negative
along the ¢ axis and positive perpendicular
to the ¢ direction.

Table I summarizes resultant supercon-
ducting critical temperatures 7, (midpoint
value) and transition temperatures T, (maxi-
mum point in p vs T curves). T, was not
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observed above 1.5 K in either Nb;Se; g,
or Nb,Te,, possibly being caused by the
presence of a small deviation of chalcogen
compositions from the stoichiemetry. In the
In Nb,Se, ¢, system T, was observed from
2010 2.7 K when 04 = x = 1.0. On the
other hand, when x = 0.25, a T, above 1.5
K was not observed, If the phase transition
at 25-45 K in this system is of a CDW-type,
the coexistence of the superconductivity
and the CDW state is realized in In,_ Nb,Se, 4,
system as in the tellurides. Thus, the nature
of the phase transition in the selenides must
be revealed by other methods such as X-
ray diffraction measurements. In the tellu-
rides, T, > 1.5 K was not observed when
x = 0.60, yet when x = 0.65, T_ appears
above 3.0 K. The increase in Group 2’s T,
value may be a result of the CDWs having
different characteristics than in Group 1. In
conclusion, it is believed that the present
compounds are excellent materials to pro-
vide a foundation from which to elucidate
the correlation phenomena between the su-
perconductivity and CDW states. Now
more detailed diffraction measurements will
be attempted for the further elucidation of
this phenomena.
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