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ABSTRACT: 2H-NbSe, is a canonical Charge-Density-
Wave (CDW) layered material the structural details of
which remained elusive. We report the detailed structure
of 2H-NbSe, below the CDW transition using a (3 + 2)-
dimensional crystallographic approach on single crystal X-
ray diffraction data collected at 15 K. Intensities of main
reflections as well as CDW satellites of first order were
measured. Quantitative information about the magnitude
of the structural distortions and clustering of Nb atoms
were extracted from the refined model. The Nb—Nb
distances were found to distort between 3.4102(8) and
3.4928(8) A in the CDW phase from the average
undistorted distance of 3.4583(4) A.

he understanding of electronic instabilities in low-

dimensional correlated electron systems is of fundamental
importance in condensed matter. Superconductivity and
Density Waves are competing orders that derive from such
instabilities." Spontaneous formation of periodic lattice
distortions and Charge Density Waves (CDW) can be
thermodynamically favorable under certain conditions in low-
dimensional metals where the wave vector is generally known
to depend on the nesting properties of the Fermi surface.”*
The symmetry breaking that follows the suggested phonon—
electron coupling occurs usually at low temperature at the so-
called Peierls phase transition temperature Tcpy-

CDW distortions have been observed in many low-
dimensional compounds, such as transition metal chalcogenides
and several of them, e.g, PbTez,5 2H—TaSZ,6 2H—TaSe2,6 and
2H-NbSe,,” are known to be superconducting. Consequently,
2H-NbSe, became the canonical CDW material and is one of
the most intensively studied to date.*™'* The superconducting
transition temperature (T) is around 7 K and the CDW Peierls
transition is around 33 K.'*'>'® The availability of large high-
quality single crystals made NbSe, the first material to be
studied by Scanning Tunneling Microscopy (STM) for
observing vortex distributions.'” Currently, NbSe, is a reference
material in the STM community for such investigations.
Neutron diffraction measurement, electron diffraction,'® and
STM revealed the presence of a complex CDW modulation
with three q-vectors around the main reflections of the
hexagonal lattice at q; = + 1/3a%, q,= + 1/3b*, and q3= =+
(1/3a* —1/3b*). A huge number of physical measurements
and chemical modifications have been applied to NbSe, and
other isostructural transition metal dichalcogenides in order to
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study the CDW behavior.'”>' The interplay of CDW
instability with superconductivity in NbSe, is not fully
understood'”'"'*'* mainly because its CDW structure is
unknown and the vast majority of reports is based on the
superconducting state. The present work solves the long-
standing question of the precise atomic structure of the CDW
state.

The fact that the CDW instability has a logarithmic
singularity at q = 2k and therefore it is fragile has led to the
question of whether the actual CDWs observed in quasi-2D
materials are indeed a result of the Peierls instability.”** Thus,
the exact mechanism of CDW formation in two-dimensional
metals is still under extensive discussion.””'"'*'* Electronic
structure calculations at the DFT level have shown that the bare
susceptibility does not have any sharp peak at the
experimentally observed CDW wave vector, qcpw= (27/3,
27/3), but at best a broad and shallow peak in the real part,
while the imaginary part which directly represents the Fermi
surface nesting does not peak at qcpyy at all*™° The lack of
nesting properties suggested that momentum dependence of
the electron phonon interaction plays a crucial role in driving
CDW instabilities.”* >* Neutron'>*® and X-ray scattering
phonon-dispersion experiments”*® give indirect confirmation
where a softening was detected in only one of the low energy
modes close to qcpy. Only recently the CDW gap at the Fermi
level was experimentally observed by high resolution Angle
Resolved Photoemission Spectroscopic (ARPES) studies on
single crystals of NbSe,” Theoretical calculations of the
electronic structure of NbSe, suggested that full Nb d-bands
close to the Fermi level are responsible for the CDW instability
which is not a Fermi surface effect.”® Furthermore, NbSe, was
suggested to be a two-band superconductor supported by
several experiments®*~>> but an alternative single-band scenario
with the involvement of an anisotropic s-wave could also
interpret the results.** >® These are some of the issues
highlighting the challenge in understanding the CDW and
superconductivity states and their interplay in 2D systems.
Compounding these challenges is the lack of information of the
structural details of CDW below Tcpy.>” Here we present for
the first time the detailed structural picture of the CDW of 2H-
NbSe, derived from a (3 + 2)-dimensional crystallographic
analysis of X-ray diffraction data obtained at 15 K on a single
crystal.
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NbSe, is a layered compound and it consists of trigonal
prismatic Nb atoms surrounded by six Se atoms and it can
crystallize into several polymorphs depending on the number of
NbSe, layers and their packing in the unit cell.*® In the most
stable room temperature form, two NbSe, layers separated by a
van der Waals gap are packed in a hexagonal unit cell (P6;/
mmc) to form the so-called 2H-NbSe,, Figure 1A. The Nb
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Figure 1. (A) Average structure of 2H-NbSe,. NbSe, layers are
separated by a van der Waals (vdW) gap as indicated in the figure by a
double arrow. (B) Hexagonal plane of Nb atoms in the 2H-NbSe,
average structure. The unit cell is marked with red solid lines. (C)
CDW structure. Plane of Nb atoms only obtained by the
crystallographic refinement at 15 K. The 3 X 3 commensurate
supercell along the hexagonal plane is marked with red solid lines. The
threshold of Nb—Nb connection was set equal to the a-parameter of
the 2H-NbSe, average cell at 15 K. The formation of Nb clusters is
apparent. (D) Superposition of the Nb atoms in the 3 X 3
commensurate CDW supercell (red inner circles) and the undistorted
subcell (green outer circles) illustrating the displacement of the Nb
atoms in the hexagonal plane. Direction of displacement due to the
CDW wave is marked with blue arrow.

plane that plays a key role to the CDW formation as suggested
by theory is perfectly hexagonal with a Nb—Nb separation
equal to the g-parameter of the hexagonal unit, Figure 2B. Most
of the physical characterization and interest has been focused
on the 2H-NbSe, form since it possesses a superconducting and
a CDW state at low temperature. We confirm that the structural
distortions are associated with the Nb—Nb distances in the
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Figure 2. (A) Electron diffraction pattern of 2H-NbSe, at 17 K along
the c*-axis. Reprinted with permission from ref 18. Copyright 1975
Elsevier. Main (average structure) reflections are marked with blue
circles and supercell CDW reflections around the main reflections are
marked with red circles. (B) Calculated diffraction pattern of the
refined structure based on the observed intensities from the X-ray data.
Main reflections are shown in blue and satellite reflections in red. The
three g-vectors qy, q,, and q, — q, are also indicated. The calculated
diffraction is in agreement with the previously reported electron
diffraction data.

hexagonal plane (which is in agreement with previous
theoretical work) and create clusters of Nb atoms, Figure 1C.

The CDW structure of 2H-NbSe, at 15 K adopts the
superspace group P65/m(00)(0/0).*® Generally, in superspace
crystallography the position of the atoms is described with a
combination of static waves using the atoms in the undistorted
unit cell (subcell) as a reference. Consequently, the number of
parameters required to describe a modulated system is much
smaller than the number of parameters used in a classical 3-
dimensional refinement since only the parameters for the atoms
in the subcell and their corresponding wave(s) is used.
Therefore, we used the multidimensional formalism to solve
the complex structural problem of the CDW phase of 2H-
NbSe,. Two independent commensurate g-vectors were used
for the data integration with q; = 1/3a* and q, = 1/3b*. The
remaining of the satellite reflections could be indexed by the
vector produced from the subtraction of q; and q,, namely, q; =
q; — q,- Therefore, a (3 + 2)-dimensional approach was
applied. The calculated diffraction pattern of our supercell
(Figure 2B) matches with the reported'® electron diffraction
pattern of 2H-NbSe, at 17 K, Figure 2A. A total of 5401
independent reflections were collected with 685 main and 4716
satellites (qy, q, and q3) of first order. The final agreement
factors converged to the excellent values of around 5.4% for all
observed reflections (I > 36(I)) and around 9.3% (wR) for all
reflections. All atoms are displaced from their average
(undistorted) position due to the CDW distortions. In more
details, the average Nb—Se distance of 2.609(2) A is distributed
between lengths of a minimum of 2.598(2) A and maximum
2.627(2) A. The Nb—Nb distances that are defined by the
length of the hexagonal cell constant a in the subcell distort
from 3.4102(8) to 3.4928(8) A. The CDW modulation breaks
the perfect hexagonal arrangement of the Nb atoms into
clusters as shown in Figure 1C. In the 3 X 3 commensurate cell,
almost half of the Nb—Nb pairs are longer than the unit cell
constant of 3.4583(4) A. The distribution of the separation of
Se atoms along the hexagonal layers from 3.4583(7) A in the
subcell becomes wider with a minimum Se—Se separation of
3.4490(7) A and maximum of 3.4671(7) A. Interestingly, the
structural modulations and clustering of the transition metal
atoms found in NbSe, are very different than those seen in the
isoelectronic 1T—Ta5240 and isostructural 2H—TaSe241 suggest-
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ing that electronic structure and Fermi surface alone may not
be the reason for the observed distortions. Interestingly,
hyperfine investigations on 2H-TaSe, have been interpreted
with a similar clustering of the Ta atoms. +2

The effect of the modulation on the distances between Nb
and Se atoms and their displacements is illustrated in the plots
of Figure 3. All curves in Figure 3 have been drawn for u = 0
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Figure 3. (A) Modulation curves of the Nb—Se distances (A) found in
the CDW crystallographic model as a function of t-coordinate for u = 0
(see text for details). Symmetry operators of the atoms in the unit cell
are labeled next to each curve. (B) Modulation curves of the Nb—Nb
distances as a function of t-coordinate for u = 0. (C) Modulation
curves of the Se—Se distances as a function of t-coordinate for u = 0
and (D) Displacement parameters (A) along the a-axis (dx), b-axis
(dy), and c-axis (dz) of all atoms in the asymmetric unit cell as a
function of t-coordinate for u = 0.

where u is defined in a similar fashion as the t-coordinate for
the fifth dimension (see Supporting Information for more
details). Therefore, the values in these plots do not show
necessarily the total minimum or maximum displacements but
they give a good representation of the trend of the distortion
along the g-vector. The majority of nearest neighbor Nb—Se
distances in the trigonal prisms vary in the range of 2.610 +
0.012 A indicating a very weak distortion of the first
coordination sphere of Nb, Figure 3A. The separation of the
Nb—Nb atoms on the contrary is significantly affected with a
distribution of 3.458 + 0.042 A, Figure 3B. The Se—Se
distances along the hexagonal layer range around 3.458 + 0.012
A that is a difference of the same magnitude than the Nb—Se
separation, Figure 3C. The distances between the Se atoms
separated by the vdW gap fall in the range of 3.531 + 0.005 A,
Figure 3C. The analysis of the atomic displacements (Figure
3D) suggests that the distortions of the Nb atoms are located in
the hexagonal plane without a deviation from a planar
arrangement. In the case of the Se atoms, the deviations from
the average undistorted position are comparable for all three
directions in real space and much weaker than those found for
Nb. The structure of CDW in NbSe, elucidated here explains
why the electron phonon coupling'* is large. The entire CDW
is an extended metal bonded network. The Se atoms are not
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involved. The driving force for this arises from the d' electronic
configuration of Nb atoms and attempts to create a diamagnetic
ground state. Thus, the previously observed extended phonon
collapse'® in X-ray inelastic scattering experiments has its origin
in the movement of Nb atoms from the ideal positions to
participate in Nb—Nb bonding.

Despite the vast amount of experimental work on the CDW
of NbSe,, contradictions and controversy continue about the
role of Fermi surface nesting in driving the distortions. At the
same time, different theoretical models have supported the
experimental results thh interpretations ranging from nesting
of the Fermi surface'® or, saddle points*** to the nesting being
irrelevant to the CDW.*® Nevertheless, a clear answer to this
problem does not exist since a proper structural model of the
distorted state was missing. The detailed structure of the CDW
in NbSe, reported here provides critical information on the
exact nature of the CDW instability in this system. It is the Nb
network that defines the CDW instability whereas the Se atoms
act as spectators. These insights open a path for more informed
theoretical treatments and better data interpretation as well as
new lines of experimentation and deeper understanding. The
new results may shed more light on the issue of how the CDW
competes with the superconducting ground state that is present
at lower temperature. The Nb—Nb interactions in the CDW of
NbSe, are to be contrasted with the non-metal Te-Te
interactions in the CDW structures of the RETe3 materials
which are non superconducting.** In the latter super-
conductivity can be induced via the application of pressure.
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