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The modulated low-temperature structure of NiTa; ¢sNb, 0,Se;
has been determined by X-ray diffraction using synchrotron
radiation. The superspace group of the modulated structure at
15K is C2/m(0, g;, 0)s0 with g, = 0.483(2). The lattice para-
meters were determined to a«=13.807(6) A, b=3.483(1) A,
c=18.564(11) A, and B =108.95(4)° with Z = 4. Satellite reflec-
tions up to second order were measured. Refinement with first-
and second-order harmonic components of the modulation func-
tions converged to R = 0.059. The first-order harmonic was found
predominantly on the double chain of Ni and Se2 atoms. Shifts
were found parallel to the @ and ¢ axes, in good agreement with
earlier investigations. The major part of the second harmonic
was found on the Ta2 atoms, with amplitudes of secondary
importance on the surrounding Se atoms. Shifts of the Ta2 atoms
were found parallel to b, thus forming a longitudinal wave. It is
argued that the modulations according to the first-order and the
second-order harmonics should be considered as independent
CDW,S. © 2000 Academic Press
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1. INTRODUCTION

NiTa,Se,; belongs to the layered transition-metal chal-
cogenides of which several display interesting physical prop-
erties like charge-density-wave (CDW) states due to their
quasi-low-dimensional properties (1). The structure of
NiTa,Se; is monoclinic. It consists of two inequivalent
chains of Ta atoms along the monoclinic b axis. The atoms
of one chain are in trigonal prismatic coordination by Se
atoms, similar to the structure of TaSe;. The atoms of the
other chain are in octahedral coordination by Se atoms,
similar to the structure of 1T-TaSe, (Fig. 1). The two types
of chains are separated by chains of Ni atoms in highly
distorted octahedral coordination (2). The strings of metal
atoms support quasi-one-dimensional electron bands along
the b axis.

A phase transition toward a CDW state has been ob-
served at a temperature of 52.5 K (3). A CDW state is
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characterized by a modulation of the atomic positions com-
bined with a modulation of the charge in a quasi-one-
dimensional electron band. The modulation wave vector is
determined as twice the Fermi wave vector (4). For
NiTa,Se; the CDW shows up in X-ray diffraction by weak
satellite reflections characterized by the modulation wave
vector ¢ = (0, 0.483,0) (3). Recently an analysis of the in-
commensurately modulated structure was performed using
the intensities of first-order satellites (5). Major modulation
amplitudes were found on the Se2 and Ni atoms including
the surrounding atoms. The modulation was found to be
parallel to the d and ¢ axes and thus represents a transverse
wave. This situation is different from what was observed for
other CDW compounds [e.g., NbSe; (6)], for which a longi-
tudinal modulation was found. The transverse character of
the modulation can only be understood as a CDW, if one
assumes that the observed variation of the bond valence of
the bond between Ni and Se2 corresponds to the charge-
density variation (5).

In order to obtain further insight into the nature of the
CDW state, NiTa, Se, crystals with various amounts of Nb
doping were synthesized and their properties were charac-
terized. The distribution of Nb over the two independent Ta
sites was found to be uneven, and doping was found to
suppress the transition temperature by about 10 K for each
percent of Nb, as will be discussed in detail elsewhere (7). In
the present paper, the results are reported of an X-ray
diffraction study on the CDW state of the doped sample
NiTa; ggNby ¢,Se;. It is found that the modulation in-
volves both the Ni-Se2 double chain and the chain of Ta2
atoms. The detailed modulated structure will be presented,
and the implications for the understanding of the CDW
state in NiTa, Se-, will be discussed.

2. EXPERIMENTAL PROCEDURES
NiTa,_,Nb,Se, samples with black metallic gloss and

different concentrations x of niobium were prepared using
the gas transport technique (2). From the batch with
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FIG. 1. Projection of the unit cell of NiTa,Se, along b. Open circles
represent atomic positions at y = 0.5; hatched circles at y = 0. The modula-
tions with the first-order harmonics on Ni, Se2, and Se4 are indicated by
arrows; the modulations with the second-order harmonics on Ta2, Sel, and
Se3 are indicated by an extra circle in the upper left asymmetric unit.

x =0.02 a needle-shaped crystal with dimensions of
0.035 x 0.05 x 4 mm was chosen for X-ray diffraction experi-
ments on beamline D3 at Hasylab (DESY, Hamburg). Un-
fortunately, it was not possible to find a crystal of good
quality and sufficient scattering volume whose length did
not exceed the diameter of the beam. Cutting the crystals
was not possible without causing severe damage to the
sample. Therefore, a long needle-shaped sample was se-
lected for the diffraction experiment.

The crystal was mounted on a closed-cycle helium cryo-
stat on a Huber four-circle diffractometer. Diffraction ex-
periments were performed at a temperature of 15 K using
a wavelength of 4 = 0.5608 A. The lattice parameters were
determined from the setting angles of 12 orientation reflec-
tions in the range 12° < 0 < 14° as a = 13.807(6) A, b=
3.482(1) A c= 18.564(11) A, and a monoclinic angle of
= 108.95(4)°.

Sharp reflections were observed at the expected positions
for the main reflections (m = 0) and for the first- and second-
order satellite reflections (|m| = 1, 2), according to an index-
ing of the diffraction pattern with four integers (hklm).

S = ha* + kb* + I¢* + mg. [1]

The three components of the modulation wave vector
q were confirmed to be (0, 0.483(2), 0) using ¢ scans along
the three directions of reciprocal space. Intensities of the
main Bragg reflections and satellites up to second order
were collected by w scans in the range 10° < 0 < 18° which
already covers a fair amount of reciprocal space due to the
short wavelength used (0.31 < sin(0)/4 < 0.55). For 0 values
below 10°, background radiation from the Be shields of the
closed-cycle cryostat was too high to measure the weak
satellite reflections, so this region was excluded from the
measurement. For the same reason, data collection could
not be performed with an area detector because the high
background cannot be eliminated any more by a detector
collimator, as it was done in the present experiment using
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a point detector. In total the intensities of 2360 reflections
with —14<h<14, —4d4<k< —1,and —18 << 18
were measured. The variations in scattering volume due to
length of the sample exceeding the diameter of the beam
were minimised by choosing an optimal i value for the data
collection. As discussed in Section 3, these variations affect
only the values of the temperature factors, but they did not
hamper the accurate determination of the structural and
modulation parameters.

The FWHM of the main reflections was less than 0.1°.
Due to the small angular divergence of the incident beam,
this width represents the mosaic spread of the sample. Inten-
sities were corrected for the variations of the intensity of the
incoming synchrotron radiation beam with two intensity
control reflections measured every 30 min. Lorentz and
polarization corrections were applied using the program
HeLena  (8). The correction for absorption effects
(n=293.1 cm™ ') was calculated with the shape of the crys-
tal as refined against { scans by the computer program
Hagrtus (9). The absorption correction was applied to the
data by the program Assors (8). The intensity data were
averaged in Laue symmetry 2/m with an R;,, = 0.005 result-
ing in 249 main reflections, 319 satellite reflections of first
order, and 324 satellite reflections of second order with
I > 30(I). This data set was used for subsequent structure
refinements (Table 1).

3. STRUCTURE DETERMINATION

As a first step the averaged structure was refined against
the main reflections (m = 0) measured at 15 K. No devia-
tions from C2/m symmetry were observed. Smooth conver-
gence was obtained toward Ry = 0.0383 and wR# = 0.0479.
As expected for the averaged structure, only minor devia-
tions from the positions of the atoms at room temperature
were found. Refinement of the niobium content of this
compound did not lead to significant site occupancies for
the doping atoms. Therefore niobium was neglected in
subsequent refinements. Detailed investigations of the dis-
tribution of Niobium atoms in doped NiTa,Se, will be
published elsewhere (7). All refinements were performed
with the program Jana98 (10).

With the second-order satellites included, the symmetry
of the modulated state was confirmed to be the superspace
group C2/m(0q,0)s0 (5) [the symmetry operators are
(X1, X2, X3, X4), (= X1, X2, — X3,3 + Xa), (X1, — X2, X3,
1 —x4), and (— x;, — X5, — X3, — X4)]. The modulation
was described by a Fourier series for the modulation func-
tions of each independent atom:

2
uli = > Ab,sin(2nnx,) + Bi, cos(2nnx,),

n=1

(2]

Xy =G F+1 [3]
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TABLE 1

Experimental Details

Crystal data

Chemical formula
Chemical formula weight
Crystal form

Crystal size (mm)
Crystal color

Cell setting

Laue symmetry

a(A)

b(A)

c(/-o\)

B(deg)

Modulation wavevector §
V4

D, (gem™)

Radiation type
Wavelength (/f\)

No. of reflections for cell
parameters

0-range (deg)

p(em™Y)

Data collection

Experimental station
Diffractometer
Temperature (K)

Data collection method
Absorption correction

Tmin

T max

No. of measured reflections

No. of independent
reflections

No. of observed reflections

Criterion for observed
reflections

Rint

No. of standard reflections

Frequency of standard
reflections

Refinement

Refinement on
R
wWR
No. of reflections used

No. of parameters used

Weighting scheme

Extinction method

Extinction coefficient

Source of atomic scattering
factors

NiTa; 05 Nbg.02Ses
973.33

Needle
0.035x0.05x 4
Black metallic gloss
Monoclinic

2/m

13.807(6)

3.483(1)

18.564(11)
108.947(40)

(0, 0.483(2), 0)

4

7.24

Synchrotron radiation
0.5608

12
12.0-14.0
293.1

Beamline D3 Hasylab (Desy Hamburg)

Huber 4-circle, APD closed-cycle-cryostat

15K

® scans

y scans + Gaussian integration
(Herrendorf 1992)

0.16

0.69

2360

1209
892

1> 36(])
0.005
2

Every 30 min

F (using computer program JANA9S)

0.059

0.053

892 (all)

643 (satellite reflections)

122 (all)

60 (modulation parameters)

1/c*(F)

Isotropic, type 1 (Becker & Coppens, 1974)

0.047

International Tables for Crystallography
(1992, Vol. C)

The order of the harmonic is given by n; p indicates the
atom; and o = Xx, y, z. Because satellite reflections up to
order 2 were available, Fourier components up to the sec-
ond harmonic were included into the refinement. All atoms

are in mirror planes, on Wyckoff positions 4i: (x, 0, z). Sym-
metry restrictions on the modulation functions were derived
from the symmetry operator (x;, — x,, x3, 0.5 — x,), lead-
ing to

[4]

AZ,x = A2,z = B2,y =0 [5]
for all independent atoms.

Special methods like Patterson methods have not been
applied to determine the values of the modulation para-
meters. Starting from the averaged structure, the first-order
harmonics of the modulation functions were introduced.
The modulation parameters were refined against the inten-
sities of the main reflections and the first-order satellites for
different sets of starting values. Convergence to Ry = 0.0993
for the first-order satellites could only be achieved with
non-zero starting values for the modulation amplitudes of
Ni, Se2, and Se4. All other combinations of starting values
lead to a partial R value larger than 0.20.

Subsequently, the second-order harmonics of the
modulation functions were introduced. In contrast to
the first-order harmonics, a reasonably low R factor for the
second-order satellites (R &~ 0.20) could only be achieved
with predominant values for the second-order harmonics on
Ta2, Sel, and Se3. Furthermore the R factor for the first-
order satellites was significantly reduced when the second-
order harmonics were incorporated on Ta2, Sel, and Se3.
This means that the structure model for the second har-
monics is in agreement not only with the second-order
satellite intensities, but that it also leads to a better fit of the
first-order satellites as well even though the contribution of
the second harmonic modulation waves to the first order
satellite intensities is small.

With all independent parameters free to vary, the refine-
ment converged to final R values of Ry = 0.0593 and
wR# = 0.0531 (Table 4). Unfortunately the final structure
model could not be checked by difference Fourier because of
strong series termination effects due to the missing k =0
reflections. This was caused by the restricted area of recipro-
cal space that could be accessed with the cryostat mounted
on the diffractometer.

The parameters of the final structure model are sum-
marized in Tables 2 and 3. It should be noted that the
negative temperature parameters U, are not caused by an
overestimation of the modulation amplitudes. These nega-
tive values already appear in the refinement of the average
structure against main reflections only and they are small
compared to values of temperature parameters determined
at room temperature. They are caused by systematic errors
due to the needle shape of the sample, because the length of
the sample exceeded the diameter of the beam by a factor of 4.
A systematic correction for the changing scattering volume
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TABLE 2
Parameters of the Basic Structure of NiTa, ¢sNbg,Se; after Refinement with Two Harmonics for All Atoms

Atom X y z Ui, U,, Ui; Uis

Tal 0.15067(3) 0.0 0.39914(2) — 0.0089(3) 0.0034(3) 0.0026(3) —0.0035(2)
Ta2 0.22905(2) 0.0 0.08986(2) — 0.0085(3) 0.0051(3) 0.0031(3) —0.0027(2)
Ni 0.18927(9) 0.5 0.20890(6) — 0.0068(7) 0.0048(4) 0.0011(7) — 0.0030(5)
Sel 0.36646(6) 0.0 0.01299(4) — 0.0095(5) 0.0019(4) 0.0036(5) — 0.0045(4)
Se2 0.06115(6) 0.5 0.29486(4) — 0.0053(6) 0.0036(4) 0.0023(4) — 0.0063(4)
Se3 0.08074(6) 0.0 0.13693(4) — 0.0062(5) 0.0026(3) 0.0022(5) — 0.0034(4)
Se4 0.34644(6) 0.5 0.17386(4) — 0.0116(5) 0.0038(3) 0.0013(4) — 0.0056(4)
Se5 0.01887(6) 0.5 0.41832(4) — 0.0073(6) 0.0042(4) 0.0025(5) —0.0021(4)
Se6 0.30108(6) 0.5 0.44660(4) — 0.0094(5) 0.0020(3) 0.0050(5) — 0.0034(4)
Se7 0.25881(6) 0.0 0.29996(4) — 0.0106(5) 0.0039(4) 0.0027(5) — 0.0052(4)

Note. Given are the fractional coordinates of the atoms, and their temperature parameters U;; in Az Symmetry determines that U, = U,3 = 0.

Standard deviations are given in parentheses.

has proven difficult because of the inhomogeneities in the
beam profile of the synchrotron radiation. These errors do
not affect the accuracy of the structural parameters as can
be seen in the excellent fit of the main reflections to the
averaged structure, which is in agreement with previous
refinements of the average structure (2, 5).

4. DISCUSSION

A model is presented for the incommensurately
modulated structure of NiTa,Se, in its CDW state. Both
the first-order and the second-order harmonics of the modu-
lation functions could be determined. A major feature is that
the different harmonics affect different atoms. Maximum
modulation amplitudes with the first-order harmonic wave
appear predominantly on the Se2 atom and the neighboring
Ni atom. The distortion pattern is transverse to the Ni
chain. In contrast, the largest distortion with the second-
order harmonic can be found on the Ta2 atoms with shifts

parallel to the chain directions. All other observed modula-
tion amplitudes can be explained by elastic coupling to the
atoms carrying the primary distortions. This is the case in
particular for the small distortion amplitudes of the first
harmonic found on the Ta2 atoms. They are caused by
elastic coupling from the Ni atom via the Se4 atom to the
Ta2 atom. A complete picture of the distortion pattern is
given in Fig. 1.

The 2¢g component of the modulation cannot be con-
sidered as a second-order effect of the ¢ modulation, because
both orders affect different parts of the structure. Instead,
the g and 2g modulations are to be considered as indepen-
dent modulation waves. Additional support for this inter-
pretation comes from the observed temperature dependence
of the diffuse scattering (3). Diffuse intensity related to the
q distortion could be observed only below 70 K, while
diffuse intensity related to the 2¢ distortion was observed up
to 200 K.

The modulation parameters for the first-order harmonics
are in excellent agreement with a previous study on pure

TABLE 3
Modulation Amplitudes of All Atoms after the Final Refinement

Atom Ay« By, Ay B, « Az B, ..
Tal — 0.0023(6) 0.0281(4) — 0.0026(6) 0.0016(9) 0.0009(5) — 0.0022(8)
Ta2 — 0.0258(6) —0.0151(4) — 0.0260(6) 0.0010(11) —0.0442(4) 0.0001(11)
Ni — 0.0552(20) —0.0023(12) 0.0481(19) — 0.0002(28) 0.0011(15) 0.0038(27)
Sel 0.0076(14) 0.0107(9) 0.0069(13) 0.0061(20) —0.0087(11) 0.0048(19)
Se2 0.1221(15) 0.0003(10) — 0.0657(14) — 0.0019(20) —0.0019(11) 0.0035(19)
Se3 — 0.0083(14) —0.0241(9) 0.0004(13) — 0.0044(20) —0.0088(11) 0.0017(20)
Sed — 0.0442(14) 0.0130(9) 0.0279(14) 0.0021(19) 0.0013(11) 0.0064(19)
Se5 0.0205(14) 0.0012(9) 0.0231(13) — 0.0035(18) 0.0005(11) — 0.0009(18)
Se6 0.0220(14) — 0.0006(9) 0.0032(14) — 0.0003(19) 0.0004(11) 0.0022(19)
Se7 0.0058(14) — 0.0389(9) 0.0036(14) 0.0008(19) —0.0017(11) — 0.0015(19)

Note. The amplitudes according to Eq. [2] are given in A along the coordinate axes. The parameters Ay ,, By ., B ., A2, A, ., and B, , are equal to

zero by symmetry.
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TABLE 4
Partial R Factors for the Best Structure Model, and the Number
of Reflections Used in the Refinements

Reflection group No. total No. observed Ry (%)  wR}E (%)
Main 252 249 3.86 4.80
1-order satellites 464 319 8.83 8.09
2-order satellites 493 324 21.41 23.33
All 1209 892 5.93 5.31

NiTa,Se,; (5). Furthermore, the transition temperature to
the CDW state of the present sample was determined by
conductivity measurements as T, = 54 K. This value is
close to the transition temperature of the samples used in
the previous investigations (3, 5), indicating samples of com-
parable purity. We expect that the effect of the small
amounts of impurities is not responsible for the observed
modulation effects, and that the observed pattern of dis-
tortions with the second-order harmonic is an intrinsic
property of the low-temperature CDW state of NiTa, Se-.

The pattern of distortions for the 2q wave on the chain of
Ta2 atoms gives evidence for a regular Peierls distortion
with this period. The transverse character of the ¢ modula-
tion on the double chain of Ni and Se2 atoms can only be
understood in terms of a CDW under the assumption that
the variation of the Ni-Se2 bond valence corresponds to
a charge density modulation (5). Alternatively, the two dis-
tortions could be related to a CDW and an SDW (spin
density wave), respectively. However, indications for a mag-
netic component of the phase transition have not been
found. The most likely explanation for our results is that
independent CDWs are present, corresponding to 2k and
4k distortions.

Band structure calculations are in favor of this interpreta-
tion (11). Overlapping partly filled bands with a low-dimen-
sional character were found on the bicapped trigonal
prismatic coordinated Tal chain (which includes the Se2
atom) and on the Ta2 chain. With the newly found 2q
distortions on the Ta2 chain, both low-dimensional electron
bands lead to a charge density wave on the related chain.
On the other hand, the estimated size of 0.1b* for the Fermi
surface nesting vector is not in agreement with the observed
modulation wave vector. A 4ky CDW requires a band of
strongly correlated electrons. This is not what was found for
the subband on the Ta2 atoms (11). At present, a complete
understanding of the 2k and 4k, instabilities observed in
NiTa,Se- has not yet been achieved.

The results on NiTa,Se, can be compared with observa-
tions on the organic quasi-one-dimensional conductor
TTF-TCNQ (tetrathiafulvalene-tetracyanoquinodimetha-
ne). For TTF-TCNQ incommensurate modulations with ¢’
and 2q’ wave vectors have been found by X-ray diffraction
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(12). Similar to NiTa,Se;, the temperature dependence of
the diffuse scattering was found to be different for the ¢g" and
the 2¢q’ scattering. From these observations it was proposed
that independent 2k; and 4k CDW modulations exist in
TTF-TCNQ, and these CDWs were related to the different
phase transitions observed in this compound. Different
models have been proposed to explain the existence of two
independent CDWs. The most favorable one is that the 2kg
CDW occurs on the TCNQ chain, while the 4k CDW
resides on the TTF chain. The 4k character of the instabil-
ity in the TTF chains, then, is caused by strong correlations
of the electrons on this chain (13). In contrast to our results
on NiTa,Se-,, detailed structural information for TTF-
TCNQ is only available for the 2k modulation (14, 15). The
modulation was found to incorporate amplitudes of similar
sizes for both the TTF and TCNQ molecules. This contra-
dicts a model of independent CDWs on the independent
chains, and the question about the nature of both CDWs in
TTF-TCNQ is as yet unresolved.

5. CONCLUSIONS

The modulated low-temperature structure of NiTa,Se,
was investigated by X-ray diffraction. First- and second-
order satellites were measured, so the first- and the second-
order harmonics of the modulation functions could be
determined. It was found that first-order and second-order
harmonics describe different modulation waves in different
parts of the structure. The modulation pattern of the first-
order harmonics could be confirmed, as it was previously
determined by Spijkerman et al. (5). The major part of the
first-order harmonics is a transverse wave on the Ni and Se2
atoms. The second-order harmonic modulation can be
characterized as a longitudinal wave on the Ta2 atoms.
With the support of the temperature dependence of the
diffuse scattering, it is thus concluded that the ¢ and 2gq
distortions correspond to independent modulation waves.

The most likely explanation for these features is the
coexistence of a 2k CDW and a 4k CDW, as they can exist
on different quasi-one-dimensional electron bands in differ-
ent parts of the structure.
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