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Room-temperature Raman spectra have been obtained between
20 cm~l and 400 cm~! on the low-dimensional metals TaSe
and NbSe3. The Ag spectra exhibit numerous closely
spaced lines corresponding to vibrational modes with
displacement vectors perpendicular to the chain axis.

To interpret these spectra we have made direct use of

the bond-strength results of our lattice dynamical model
for ZrSej, which has a similar prismatic chain structure.
The broad correlations obtained between the data and the
calculated frequencies indicate that the C,,, symmetry

of the chain is preserved in the B_ vibrations; that
strong metal-selenium bonds exist which 1link the chains
into layers; and that Se-Se pairing within the chains

is weaker and more varied in TaSej and NbSe3 than in
ZrSe3.

INTRODUCTION

In our previous papers we have described a valence force lat-
tice dynamical model for several structurally related MX
compounds (M = Ti,Zr,Hf; X = S,Se,Te), - which indicated the
presence of one- as well as two-dimensional features in the
phonon spectrum. TaSe3 and NbSe, have a similar prismatic
chain structure, although the number of chains passing through
the primitive cell is two or three times as large as that in
ZrSeq and the side linkages between the chains are more
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complex. The large number of atoms in the primitive cell

(16 for TaSe3 and 24 for NbSej) ylelds a rich Raman spectrum
composed of numerous closely spaced lines; the metal-selenium
and Se-Se bonds between the chains complicate the interpret-
ation of these spectra. We have found that the key to inter-
preting the Raman data on TaSe, and NbSe, i1s the lattice dyn-
amical model for the simpler ZrSe, structure, which gives a
starting point for estimating bond strengths and evaluating
bonding trends. Two principal results have been obtained by
applying this model: TaSe3 and NbSe3 have been shown to be
composed of inequivalent prismatic chains distinguished by
the degree of Se-Se pairing within the chain, and the phonon
system is mixed-dimensional, that 1is, it preserves features
of the isolated chain as well as the layered crystal struct-
ure. The existence of Se-Se bonding between the chains has
not as yet been established, but a detailed dynamical model
for the low-frequency vibrational modes might resolve this
question.

In TaSe, and NbSe3, wedged-shaped prisms are stacked base
to base to form chains along the z-axis.* The metal atom at
the center of each prism is coordinated to six selenium atoms
at the corners and to two other selenium atoms in neighboring
chains. These metal-selenium linkages between chains define
a set of weakly interacting layers that are parallel to (110)
in TaSej and to (010) in NbSe3.4a5 The combination of chailns
and layers within the crystal suggests the use of the correl-
ation method to relate the internal vibrations of the chain
to those of the layer or crystal. Since the chain, layer,
and crystal symmetries (sz, Copo and Coy, respectively) of
TaSeq and NbSe3 are identical to those of ZrSeg, we can use
the correlation diagram previously worked out for ZrSey.

The vibrational decompositions of the total representations
of the chain and the crystal are therefore given by

rchain = A2 + 3B1 + 24A1 + 4B2, (1)
xz z;yz  y3xT,y2,22 x,R,ixy
rTaSe3 = 8 + 8Bg + 168+ 16A§, (2)
z Xz;yz X,y Rz'xz,y ,z2,xy
and
FNbSeB = 12Au + 1ZBg + ZABu + 24Ag, (3)

*We have chosen the f%rst crystallographic setting for the
monoclinic (P2;/m - CZh) TaSe3 and NbSe3 structure.
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where we have written the transformation properties below
each ireducible representation. It should be noted that the
z—axis of the chain coincides with the z-axes of the crystals
but that the x~ and y-axes of the chain differ from the x-
and y-axes of the crystals. The correlation diagram also
shows that the B, modes are polarized along the z-axis,

whereas the Ag modes have eigenvectors only in the xy plane.

RAMAN SPECTRA

TaSe, and NbSe, grow as long needles or wires up to 5 cm in
leng?h and 75 jim in width. Although the length of the needle
is parallel to the chain axis of the crystal, the layer sur-
faces ((110) in TaSeq and (010) in NbSe3) cannot be readily
established by mechanical cleavage. Samples of the two crys-
tals were therefore mounted for light-scattering experiments
unoriented in the xy plane. To prevent thermal damage to the
small samples from the focused laser radiation, the crystals
were joined to an aluminum substrate with a liquid metal
alloy. The Raman spectra were obtained with a Spectra Physics
4 W argon-ion laser, an Amici prism filter for isolating the
laser line, a Spex double monochromator with holographic
gratings and polarization scrambler, and photon counting
electronics. Because of the irregular scattering surface of
the crystals, a large angle of incidence (=%75°) was used to
minimize the background level of the scattered light. Two
scattering geometries, illustrated in Figure 1, were chosen
to distinguish the Ag from the B, vibrations; but note that
the B_ spectrum in Figure 1 also contains many A, features,
since the electric vector of the incident laser beam has a
component lying in the xy plane of the crystal.

The A, spectrum of ZrSej consists of five or six lines,
three of wﬁich are relatively strong and appear at high freq-
uencies (177 - 302 cm-l).l’ If the interchain coupling in
TaSe3 and NbSe3 were weak, their A, spectra would be similar
to that of ZrSe3. However, the complex A, spectra of TaSe
and NbSeq in Figures 1 and 2 demonstrate %hat the 4A; + 4By
internal vibrations of the chain are substantially altered by
interchain bonding. The B, spectrum of ZrSeq, on the other
hand, has only a single line at 77 cm_ ~, identified as one of
the shearing vibrations of the chain.2 The frequency of this
vibration is controlled by the strength of the principal
metal-selenium bond within the chain. This line is also ex-
pected to appear in the TaSej and NbSej spectra, since the
chain symmetry probably continues to dominate in the B_  vib-
rations. Figure ] shows one clear feature at 129 cm - 1If
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FIGURE 1 Raman spectrum of TaSeq at room temperature (5145
A laser line)

this feature is the shearing vibration of the chain, then the
metal-selenium intrachain bond is stronger in TaSe3 than in
ZrSe3. This tentative conclusion will be supported by our
lattice dynamical model, which we now proceed to discuss.

BONDING AND LATTICE DYNAMICS

Although the starting point for interpreting the spectra of
Figures 1 and 2 is the ZrSe, force model, a few comparisons

of bond length in the three structures will prove to be use-
ful. First, the Se-Se bond length within the chain is longer
and more variable in TaSeq (2.58 A, chain I; 2.90 A, chain II)
and NbSej (2.50 A, chain I; 2.92 A, chain II; 2.37 A, chain
III) than in ZrSeq (2.35 A). Second, the nearest-neighbor
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FIGURE 2 Raman spectrum of NbSe3 at room temperature (5145
A laser line)

metal-selenium bonds within and between the chains are
approximately 0.1 A shorter on average in TaSe, and NbSe

than they are in ZrSe,. Finally, the Se-Se bonds between the
chains and within a layer are much shorter in TaSe3 (2.65 A)
than they are in ZrSej (3.04 A). These changes in bond length
have been found to correlate well with changes in the force
constants when the ZrSe, model is applied to TaSe3.

For simplicity, we have eliminated the bond-angle restor-
ing forces in the ZrSe3 model, which affect only the very low
frequency vibrations. The central force model that remains
consists of a metal-selenium force constant within the chain,
Cw; a Se-Se force constant within the chain, C&; a metal-sel-
enium force constant between chains, Cb; and a van der Waals
force constant, Cy» linking all pairs of Se atoms between
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chains. To this basic model for TaSeq has been added a sec-
ond force constant within the chain, C!', to distinguish the
strength of Se-Se pairing in chain II ?rom that in chain I.
A Se-Se interchain force constant, Cé, has also been added to
take into account the special arrangement of the chains in
TaSeB.

The first calculation of the A_ frequencies of TaSey was
carried out with the force constanté for ZrSe, and with
Cy = Cy and C = 0. The calculation yielded an A, doublet at
308/300 cm™! and opened up a gap in the A_ spectrum down to
144 cm1 (compare Figure 1). Reducing C& from 2.0 x 10° dyn/
cm to 1.3 x 10° dyn/cm brought the doublet down to 255/245
em™! but did not affect the A, mode at 144 cm™l. The gap in
the calculated spectrum could only be closed by increasing
Cy and Cy 1in roughly equal proportions; the agreement between
the model and the two highest A_ frequencies (240 and 258
em~1) was further improved by réducing Cy+ Table 1 summarizes
the best fit obtained with the following force constants: Cy
= Cy = 9.8 x 10% ¢} = 1.1 x 10%, C, = 7.2 x 10%, C} = 0, and
Cy = 4 x 10" dyn/cm. Increasing C} from zero to 5 x 10
dyn/cm raised several of the low frequency A_ modes but did
not appreciably affect the best-fit values o Cys C&, C,, and
C;. A more detailed force model, one that includes bond-angle
restoring forces, will be required to determine whether Cg
is important to the lattice dynamics of TaSeg. The agreement
in Table 1 between the calculated frequencies and the Raman
data is seen to deteriorate at the lower frequencies. This is
an expected result since the low frequency modes in the ZrSej
structure were found to be sensitive to bond-angle restoring
forces. We conclude from the TaSe, model that the strength
of the intrachain Se-Se bond is di%ferent in the two chains,
that the metal-selenium bond is stronger in TaSeg than in
ZrSe,, and that the B_ modes are almost independent of the
coup%ing between the §hains. A comparison between the dis-
placement vectors of the B_ modes in TaSeq and those of an
isolated chain shows that %hey are nearly identical. The
layering of the TaSej structure is established by the strength
of the interchain Ta-Se bond (C, = C, = C%), which joins the
chains into layers along (110).

The NbSe3 spectrum of Figure 2 displays many of the
features of the TaSe., spectrum of Figure 1. While we have
not calculated the A~ frequencies for NbSe,, based on the
modified ZrSe model% two tentative conclusions can be
reached. The triplet at 219/243/260 cm™! in Figure 2 is prob-
ably the remmant of the diatomic mode in ZrSeq and corresponds
to the 240/258 cm~l doublet in TaSe3j. (Since there are three
different chains in the unit cell of NbSes, the diatomic mode
will become a triplet in NbSeg.) In addition, the line at
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Table 1 Raman data (295 K) for ZrSe, and TaSe3 compared
with the calculated frequencies (cm_1 of the valence
force? or central force models

Vibrational symmetry ZrSe3 TaSe3
Chain Crystal Raman Calc.® Raman Calc.
Al(diatomic) A 302 303 258 257
8 240 240
B, (rigid- B - 177 - 208
sublattice) g - 207
A1 Ag 236 240 - 230
217 218
B2 A - 176 - 191
& 177 187
A1 A 177 140 164 169
& 142 153
B, A 106.5P 96 122 135
& 109 128
A2 B 77 86 129 138
& - 137
B1 B - 85 - 137
& - 136
A (acous./ A 78 71 101 77
r}gid—chain) & 84 73
B, (rot./ A 50 50 60 24
1ibration) & 52 23
B,(acous./ A - 16 - 18
rigid-chain) & - 11
B, (acous./ B - 20 - 17
r%gid—chain) g - 11

aReference 2
Reference 6

119 cm~! in the B spectrum of Figure 2 is probably the shear-
ing mode of the cﬁain; its relatively high frequency suggests
that the metal-selenium bond within the chain is stronger than
that in ZrSes. The lattice dynamics of NbSe3 should generally
be similar to the results obtained for TaSej.
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