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Abstract. Complex transmittance of the quasi-one-dimensional semiconductor (NbSe,);Iin
the 8-30 cm ™! range and reflectivity in the 15-650 cm™! range were measured as a function
of temperature (10-300 K) around the structural phase transition at 7, = 274 K. The spectra
show predominantly dielectric characters with a rich phonon structure between 20 and
300 cm™!. Several new lines gradually appear below T, in qualitative agreement with the
factor-group analysis. The submillimetre electronic conductivity along the chain direction is
appreciably higher than the DC conductivity in the whole temperature range which suggests
a hopping mechanism of the electron transport. This is even more directly documented by
the strong increase in submillimetre permittivity with temperature. The important role of
permittivity for proving the hopping transport is stressed.

1. Introduction

Infrared (IR) spectroscopy is a powerful technique in the study of phase transitions
(Petzelt and Dvorak 1984); it has been used in particular in the case of anisotropic
materials with one-dimensional (1D) or two-dimensional (2D) structures. These materials
are known to be unstable against a lattice distortion and to undergo a Peierls (1955)
transition between a high-temperature metallic state and a low-temperature charge-
density wave (CDW) state of less conductivity or with a semiconducting state. In the last
decade, such transitions have been found in many compounds such as 2D layered
dichalcogenides (Wilson et al 1975), or 1D organic conductors (Devreese et al 1979),
linear-chain platinum complexes, transition-metal trichalcogenides, molybdenum
oxides and halogenated transition-metal tetrachalcogenides of general formula (MSe,),I
with M = Ta or Nb (Monceau 1985, Caron and Jerome 1987). The 1D compounds have
been intensively studied because of the spectacular dynamical properties of the cbw
condensate which can be accounted for by the translational motion of the cbw ground
state when it has been freed from impurity centres which pin it (Monceau 1985, Rouxel
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1986, Griiner 1988, Schlenken 1989). In this respect, IR and far-IR measurements have
yielded the Frohlich effective mass of the condensate and allowed the determination of
the cpw excitations (Gorshunov er al 1986) in tetrathiofulvalinium-tetracyano-
quinodimethanide (TTF-TCNQ).

Compounds of the (MSe,),I family consist of MSe, chains parallel to the ¢ axis
separated from one another byiodine. Each metal atomis sandwiched by two rectangular
selenium units. The dihedral angle between adjacent rectangles is about 45° so that the
stacking unitin a chain is a [NbSeg] rectangular anti-prism. According to the composition
which varies the d? band filling of the transition metal M, different structural and
electrical properties occur; onthe one hand, {TaSe,),I and (NbSe,),;I; undergo a Peierls
transition at 7, = 263 K (Wang et a/ 1983a) and 285 K (Wang et al 1983b), respectively,
with, below T}, non-linear transport properties and, on the other hand, (NbSe,);I
exhibits a ferrodistortive structural phase transition at 7, = 274 K (Gressier et al 1984,
Izumi et al 1984a). For this latter compound the NbSe, chain along c comprises six NbSe,
units in the unit cell and is strongly distorted above T, with two long Nb—Nb distances
of 3.25 A and a short Nb-Nb distance of 3.06 A (Meerschaut et al 1977). Below T, the
chains are less distorted with a Nb-Nb sequence of 3.31, 3.17 and 3.06 A (Gressier et al
1985). This accounts for the semiconducting behaviour above T, with an energy gap of
0.21 eV (defined from the temperature variation in the electrical resistivity following
the law p(T) = p,exp(—A/kT) to a semiconducting state below T, with a much smaller
gap of 0.08 eV (Gressier er al 1984). At lower temperatures (7 < 120 K), different
activation energies have been reported on different types of crystals: crystals of type I
keeping the very low value for the gap measured just below 7 and crystals of type II for
which the activation energy increases again to a value of 0.15 ¢V (Gressier ez al 1984,
Taguchi er al 1986). Up to now it has not been possible to determine the physical
parameters which distinguish between these two types.

Structural analysis (Izumi ef al 1984b) of the two phases of (NbSe,);I above and
below T, shows that the phase transition is ferrodistortive but non-ferroelectric and non-
ferroelastic. The space group change is P4/mnc — P42,c without a change in the number
of formula units in the unit cell (Z = 4). The order parameter is of B;, symmetry and the
corresponding soft mode, which above T is a silent (IR- and Raman-inactive) zone-
centre mode, was observed below 7, in Raman spectra (Sekine eral 1984). Recently, the
softening of the ¢, elastic stiffness below 7T, has been studied by ultrasonic measurements
(Saint-Paul ef al 1988) and the dispersion of acoustic branches have been measured by
inelastic neutron scattering (Monceau et al 1989). The phase transition has also been
studied by x-ray diffraction (Iwazumi et a/ 1986), electron diffraction (Roucau etal 1984),
specific heat (Smontara et al 1986, 1987) and transport measurements (Smontara et al
1987, Gressier et gl 1984, Taguchi et al 1986, Izumi et al 1984a) and NMR techniques
(Butaud 1985).

Moreover, it has been reported that another phase transition may take place near
90 K (Izumi er al 1987) into a phase with the space group P4 (Z = 4) according to
the observation of new x-ray Bragg reflections forbidden in the P42,c group. The
corresponding soft mode is again a silent mode of A, symmetry in the P42,;c phase which
should become Raman active in the P4 phase. A weak mode showing partial softening
which disappears above about 100 K was actually observed in a’(cc)a’ Raman spectra
(Sekine et al 1987). However, it should be noted that recent neutron scattering experi-
ments (Currat and Bernard 1989) give no support to the existence of this phase transition
so that its existence is still questionable.

In this paper, we report the IR and submillimetre transmission measurements of
(NbSe,);I from room temperature down to 10 K. So far only qualitative reflectivity
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measurements carried out on non-ideal mosaic samples have been published (Izumi et
al 1984a, 1987). The progress in crystal growth and submillimetre spectroscopy allowed
us to perform quantitative measurements, enabling evaluation of the dielectric response
and conductivity spectra in this substance.

2. Experimental details

Two mosaic samples consisting of a few polished single-crystal platelets were prepared:
asmaller sample for transmission measurements with area of about 0.3 cm?and thickness
142 pum and a thicker sample of the same size for reflectivity measurements.

The transmission measurements in the 8-30 cm ™! range were performed using a self-
made quasi-optical Epsilon spectrometer based on tunable monochromatic backward-
wave-oscillator sources (Volkov et al 1985). In this technique, the intensity and phase
of the radiation transmitted through the plane parallel plate are usually measured using
a Mach-Zehnder interferometer and the spectra of complex dielectric function &(v) =
e'(v) — ie"(v) are directly calculated using standard formulae. The accuracy of this
method is much higher than that of the usual reflectivity measurements.

The reflectivity spectra were measured using a Bruker IFS 113v Fourier transform
interferometer with a Ge bolometer for the 15-100 cm ™! range and standard pyroelectric
detector for the 50-650 cm ™! range. The sample was stuck on a cold finger of an Oxford
Instrument CF 104 continuous-flow cryostat in vacuum.

3. Results and evaluation

In figure 1 we show the E| ¢ and E L ¢ room-temperature reflectivity spectra of
(NbSe,);1. No appreciable structure is seen above 400 cm™! so that we do not show this
part of the spectra. The temperature dependence was investigated only for the E || ¢
polarisation which is expected to be more informative. The results for some selected
temperatures are presented in figure 2. The reflectivities at 300 and 80 K were analysed
by Kramers—Kronig relations to obtain the complex dielectric functions. Outside the
measured spectral range the reflectivity was extrapolated by a constant. The calculated
real and imaginary parts of permittivity are shown in figures 3 and 4, respectively. Below
30 em™1, the more accurate values of £'(v) and £"(v) obtained directly from transmission
measurements (Epsilon spectrometer) are shown. This part is shown in more detail in
figure 5. Reasonable agreement between both types of experiment is found. In figure 6
we show the analogous spectra for E L ¢ polarisation. The low-frequency behaviour at
11 cm™! as a function of temperature is shown in figure 7.

All the mode frequencies evaluated from maxima of the £”(») spectra (corrected for
not very high damping) are listed in table 1. The 20 cm™! mode parameters were
evaluated by fitting the transmittance spectra to a model of a classical oscillator plus a
Drude term to account for the absorption background (see broken lines in figure 5).
The magnitude of the background for each temperature was determined from direct
evaluation of the ¢'(v) and &"(v) spectra near 10 and 30 cm™' where the sample is more
transparent (bold lines in figure 5). The temperature dependence of the oscillator
parameters isshownin figure 8. The temperature dependence of the conductivity o(v) =
(v/60) £"(v)(R27! cm™!) at 8 and 30 cm ™! and permittivity at 30 cm ™! are shown in figure
9 where the DC conductivity is added for comparison (Izumi et al 1984a).
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reflectivity of (NbSe,),l.
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Figure 6. Complex far-IR permittivity of (NbSe,);l at 300K forE L ¢:——, ¢';———, ¢".

4, Discussion

All the spectra show predominantly phonon absorption. The E | ¢ spectra are in agree-
ment with previous qualitative measurements by Izumi er al (1984a, 1987). The plasma
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Figure 7. Temperature dependence of the submillimetre conductivity (X) and permittivity
(@) of (NbSe,)slforE Le(v=11cm™),

edge of the free carriers is hidden in the stronger phonon reststrahl bands and is probably
overdamped.

Thenumber of phonon modes can be compared with the group theoretical prediction.
In table 2 we bring the results of factor-group analysis in all three phases using the
structural data of Meerschaut et al (1977) and the tables of Rousseau et a/ (1981). The
results for the high-temperature phase agree with those of Sekine ef al (1984). We can
see that the number of IR-active modes (ten and 21 E | ¢ modes for the high- and low-
temperature phases, respectively, and 27 modes for E L ¢) is in qualitative agreement
with table 2. All the modes lie below 400 cm™!, so that simplifying decomposition into
higher-frequency NbSe, internal modes and lower-frequency external modes seems to
be meaningless. Concerning IR selection rules, the suggested low-temperature phase
with P4 space group does not differ from the phase with P42,c space group so that no
conclusion concerning the existence of the second phase transition can be made from
our data.

The absorption backgroundin figure 5 gives evidence of some free-carrier absorption
in the submillimetre range. The corresponding submillimetre conductivity is higher than
the DC conductivity (see figure 9) which gives evidence of a hopping mechanism for the
conductivity in this compound. The strong increase in €' in the submillimetre range with
increasing temperature is in agreement with the increasing o(v) spectrum (via Kramers—
Kronig relations). The graphical estimate of phonon strength from figure 4 shows that
the low-frequency value £;(80 K) = 60 is entirely due to higher-frequency phonon
contributions &; = 50 and optical electronic processes €, = 10, £.(80 K) = £ (80 K) +
£.(80 K). However, these contributions are almost temperature independent so that the
increase in g to the value £ (300 K) = 90 (see also figures 5 and 9) must be caused by
the contribution from conduction electrons. Such a spectral behaviour is not described
by the classical Drude model. The Drude model leads to a slight negative contribution
to the static permittivity which relaxes in the same frequency range where the Drude
conductivity decreases to zero (i.e. near the plasma damping frequency I'). On the other
hand, hopping conductivity which is typical of band conductors, unlike the Drude model,
has g(v) which increases with increasing v typically in the microwave range and in this
way leads to strong positive contribution to static permittivity (Barker et al 1976). This



V Zelezny et al

10592

Am ﬂmw s a A;M mmw | zs q A;M.W:MW ww o
2, ohx 75 uhx, o *
2 “p 44 q ER (44 i ) w _”_NNM
22 <ty | ¥ . v — w v _ W ﬁm
“p o 4 Pp @ 'v g <ty 4 Ny WM u:__m
Aanoy sapow saadg Aanoy sopour soadg fnanoy sapour sa100dg
Jo JoquinN JO IoqUINN Jo JaquinN
v =27 ‘(Sird v =27 (ar'vd v =2z (tauw/frd

“(Ananoe Ar) sjusuodwod ITIBYD JANDI9JJ3 PIMO][E Y] ‘2 pue (ANIAT)OR UBWRY)
s1uauodwod 10SU9) UBUIRY PIMO][E Y] $310Udp (Z ‘A ‘x = 1) "o "[£(vagqN) jJo saseyd e ur suoneigia 2o118] Y13udpaem-3uof Jo sisAjeue dnoigd-101oe,] *7 dqeL

G8¢ 8I€ 982 09C 9¥Z 9¢C €IT €81 O0ST 9€l  TIT LOT L6 LL ¥9 iy 00¢ 2TH
¥8C LST 90T 9r1 L8 €9 961 00€ o7
POL  L8T 8LT 19T TST €€ 60T 90T €0C 061 981 LLT SST 9¥l ¢vl o611 €6 68 OL SS ¢€0C 08 olla
(, wo) souonboaiyg (31) uonesue[og
armeradwo],

TE(PasqN) ui souanbaiy spow uouoyd tejod os1oasuel] | qe],



Far-1R dielectric response and hopping conductivity in (NbSe,);I 10593

v (em™)
3
T

/’<
L

o ; 42 &
,.
4 7l Ae P
[ ! | A Figure 8. Temperature dependence of the classi-
0 100 200 300 cal oscillator parameters of the submillimetre A,,
K (B,) mode of (NbSe,);l for E | c.
6
J l ' -4 100
= b
£ y
o
=] 2 f—
0 100 200 300 400
T (K)
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is in complete agreement with the behaviour of (NbSe,);I for E | ¢. We note that
the behaviour of &'(v) is much more sensitive to the hopping mechanism than the
conductivity spectrum itself and therefore we stress the importance of its experimental
determination in semiconducting systems; this has not been generally appreciated so
far.

Finally, let us comment on the E L ¢ response (figures 6 and 7). The submillimetre
conductivity and permittivity are much lower than for the E | ¢ polarisation. The lower
conductivity is in agreement with its 1D character; the lower permittivity shows that the
effective charges of polar phonons are weaker than for the E | ¢ polarisation. It seems
that it is caused by stronger electron—phonon coupling in the E || ¢ polarisation whose
microscopic origin needs closer investigation. Also the microscopic mechanism of the
hopping conductivity between d,: orbitals of Nb atoms needs further study.

In conclusion, contrary to other more conducting 1D conductors, far-IR spectra in
(NbSe,);I are dominated by one-phonon absorption as in dielectrics. However, unlike
the situation in dielectrics the hopping conductivity in the submillimetre range is con-
nected by a strong additional positive contribution to the permittivity.
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