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Using high-energy x-ray diffraction and large-scale three-dimensonal structure modeling, we reveal the
evolution of local lattice distortions in the archetypal charge density wave (CDW) system 2H-TaSe, as it is
cooled from its normal state above room temperature down to temperature where Ta atoms form a long-range
ordered superstructure. In particular, we find that the structure is formed via a gradual in-plane clustering of Ta
atoms exhibiting unusually short bonding distances already near room temperature, and not via a cooperative
distortion of Ta atomic planes taking place at the critical ordering temperature. Our findings clarify the debated
local symmetry and magnitude of the periodic lattice distortions in the CDW state of 2H-TaSe,, and emphasize
the role of locally correlated lattice distortions as a precursor of CDWs in low-dimensional solids. Also, we

demonstrate an efficient experimental approach to study them.

DOLI: 10.1103/PhysRevB.101.121114

Charge density waves (CDWs) in low-dimensional solids
are a subject of extensive research due to their relevance to
fascinating quantum phenomena such as superconductivity.
Also, they hold promise for practical applications in the fields
of ultrafast electronics and optics. Currently, the CDW state is
understood as a long-range modulation of the electron density
coupled to a periodic distortion of the crystal lattice (PLD)
emerging below a critical ordering temperature, Tcpw [1-7].
While PLDs in the regime of both weak- and strong-coupling
CDWs are well studied, little is known about the nature of
lattice distortions above Tcpw, and their relationship to the
PLDs below Tcpw. This is because lattice distortions related
to CDWs are largely studied by imaging and crystallographic
techniques that are difficult to apply when the distortions are
less well defined or not perfectly periodic, as they usually
are above Tcpw [8—11]. Here we use experimental techniques
that are applicable to systems with any degree of structural
distortions and periodicity to study the evolution of lattice
distortions in the archetypal CDW system 2H-TaSe, over a
broad temperature range. We find that lattice distortions in
this system appear as unusually short Ta-Ta bonding distances
already near room temperature. The distances fluctuate due to
thermal excitations but become increasingly correlated locally
with decreasing temperature, reflecting the formation of small
clusters of Ta atoms characteristic to the CDW/PLD state
of 2H-TaSe, well before it emerges. The clusters are well
separated from each other above Tcpw and merely form a
superstructure when Tepw is reached. Our observation of per-
sistent Ta clustering above Tcpw indicates that the long-range
ordered CDW/PLD state in 2H-TaSe, emerges via a gradual
buildup of locally correlated lattice distortions, and not via a
spontaneous emerging of uniform lattice distortions at Tcpw.
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This finding sheds new light on the genesis of CDW/PLDs in
low-dimensional solids and prompts further investigations.
The compound 2H-TaSe, belongs to the widely studied
family of transition metal chalcogenides, which, depending
on the chemical composition, parent structure type, and tem-
perature, appear in various CDW/PLD states [1,12—-14]. At an
atomic level, 2H-TaSe, may be looked at as a stack of Ta-Se
layers held together by weak van der Waals interactions. In a
layer, a Ta atomic plane is sandwiched between two hexagonal
Se atomic planes, forming strong ionic bonds within a local
trigonal-prismatic unit [Fig. 1(f)]. In the high-temperature
normal state, 2H-TaSe, is a bad metal with pseudogap and c-
axis resistivity 20-50 times larger than the in-plane resistivity.
It undergoes a transition to an incommensurate (I) CDW/PLD
phase at Tincpw ~ 122 K with a modulation close to a 3a x
3a superstructure followed by another transition into a com-
mensurate (C) 3a x 3a CDW/PLD phase at Ticycpw ~ 90K,
where a is the plane lattice parameter. Concurrently, a CDW
energy gap of ~80 meV appears [1,15-19]. In the CDW/PLD
state of 2H-TaSe,, Ta atoms appear displaced from their po-
sition in the undistorted hexagonal lattice forming a repetitive
pattern of small planar clusters. The in-plane static displace-
ment of Ta atoms has been found to be much larger than that of
Se atoms [20-26]. To date, no well-defined lattice distortions
have been identified above the temperature of the onset of the
first (I)-CDW/PLD phase. However, observed “pseudogap’-
like features, strong two-phonon mode in Raman spectra and
significant diffuse x-ray scattering near 3a x 3a superstruc-
ture reflections indicate that local structural distortions related
to the CDW/PLD state are likely to exist at temperatures as
high as room temperature [27-34]. We study the distortions by
both conventional and resonant high-energy x-ray diffraction
(XRD) coupled to atomic pair distribution function (PDF)
analysis and reverse Monte Carlo (RMC) simulations in the
temperature range from 400 to 100 K, concentrating on the
local arrangement of Ta atoms. Fine details of the arrangement
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FIG. 1. (a)—(d) Rietveld fit (red line) to high-energy XRD patterns (symbols) for 2H-TaSe, collected at different temperatures. The residual
difference (blue line) is shifted by a constant factor for clarity. (e) Ratio of the anisotropic thermal factors u;; and us; for Ta (red rhombuses)
and Se (blue squares) atoms obtained by Rietveld analysis. (f) Fragment of the layers of Ta-Se trigonal prisms forming 2H-TaSe,. (g) and
(h) Hexagonal lattice parameters a and ¢ for 2H-TaSe, as a function of temperature obtained by Rietveld (circles) and atomic PDF (squares)

analysis.

are well revealed and thoroughly assessed to highlight the
important role of local lattice distortions in the temperature-
driven formation of the CDW/PLD state of 2H -TaSe,.

A high-quality 2H-TaSe, sample was provided by
2DSemiconductors [35]. It was subjected to XRD experi-
ments using synchrotron x rays with energy of 105.7 keV
(A =0.1173 A) [36]. Exemplary XRD patterns collected at
different temperatures and results from Rietveld fits to the
patterns are shown in Figs. 1(a)-1(d). The fits confirm the
hexagonal type (space group P63/mmc) of the average crystal
structure of 2H-TaSe; and also show that its lattice parameters
gradually diminish with decreasing temperature [Figs. 1(g)
and I(h)]. Refined thermal factors indicate that the ampli-
tude of the in-plane rms vibrations of Ta atoms is twice
that of the out-of-plane vibrations for all studied tempera-
tures. The situation with the displacements of Se atoms is
reversed [Fig. 1(e)]. Thus, in line with the findings of prior
studies [1,20,24], the results of Rietveld analysis indicate
the presence of significant positional disorder of Ta and Se
atoms within and between the Ta-Se layers, respectively.
Note that, due to their nature, XRD data reflect instantaneous
positions of atoms and, hence, the observed disorder may
reflect not only static but also possible dynamic rms atomic
displacements.

Analysis of total atomic PDFs derived from high-energy
XRD patterns provides more clues about the character of
that disorder (Fig. 2). In particular, the atomic PDF for
2H-TaSe, obtained at 400 K may be well approximated

with a model based on structure parameters, including lattice
parameters, atomic positions, and rms vibrational amplitudes,
obtained by Rietveld analysis of the corresponding XRD
pattern [Fig. 2(b)]. The result indicates that, barring the large
anisotropy of rms atomic vibrations, the local and average
crystal structures of 2H-TaSe, are similar above room tem-
perature. On the other hand, only the higher-r part of the
atomic PDF for 2H-TaSe, obtained at 100 K, i.e., below
Tcpw, may be well approximated by Rietveld fit derived
structure parameters [Fig. 2(c)]. The observation indicates
significant divergence of the local structure of the CDW/PLD
state of 2H-TaSe, from the average hexagonal crystal struc-
ture. Analysis of the low-r part of the PDFs indicates that
structural features that may not be explained by the average
crystal structure appear already at 300 K as a high- and
low-r shoulder of the first and second PDF peak, respectively
[Fig. 2(d)]. The features become increasingly distinct with
decreasing temperature, indicating that, upon cooling below
room temperature, the near neighbor distances in 2H-TaSe;
become multimodal.

In particular, the first peak in the PDF for undistorted
2H-TaSe, would be well defined, reflecting the set of identical
distances between Ta atoms centering the perfect trigonal-
prismatic units and Se atoms occupying the vertices of the
units [Fig. 2(a)]. The units appear increasingly distorted,
i.e., different near neighbor Ta-Se distances emerge, as the
CDW/PLD state of 2H-TaSe, is approached on cooling.
Furthermore, the second peak in the PDF for undistorted
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FIG. 2. (a) Computed total (symbols) and partial (colors) atomic PDFs for 2H-TaSe, showing the overlap of first neighbor Se-Se and Ta-Ta
bonding distances in undistorted 2H-TaSe,. (b) and (c) Fits (red line) to the experimental (symbols) total PDFs for 2H-TaSe, obtained at 400
and 100 K. The residual difference (blue line) is shifted by a constant factor for clarity. The fits are based on a single unit cell model with a
P6/3mmc symmetry. The low-r part of the 100 K PDF is poorly reproduced by the average hexagonal structure. (d) Low-r part of experimental
total PDFs (black line) for 2H-TaSe, obtained at different temperatures. Ta-differential PDF (red line) obtained by resonant high-energy XRD
is also shown. The first two physical peaks of the total PDFs are shown in the inset. Arrows mark the evolution of peak shoulders reflecting
the appearance of unusually long Ta-Se (blue) and short Ta-Ta (red) distances with decreasing temperature. Shaded areas emphasize long
Ta-Se (blue), short Ta-Ta (red), and unmodified (black) Ta-Se and Ta-Ta bonding distances. Note that the observed misfit between the local
and average structure in (c) and broad distribution of short Ta-Ta distances in (d) are reminiscent of the structural peculiarities exhibited by the
CDW state of CeTes;, where the PLDs involve the formation of an ordered pattern of distinct short and long Te-Te bonds [9].

2H-TaSe, would also be well defined, reflecting the equal in
length Se-Se and Ta-Ta distances involving atoms from nearby
perfect trigonal-prismatic units [Fig. 2(a)]. Unusually short
either Ta-Ta or Se-Se distances emerge in 2H-TaSe, already
near room temperature. The distances become more distinct
upon cooling, as indicated by the thermal evolution of the
low-r shoulder of the second peak in the respective PDFs. To
identify these distances, we conducted a resonant high-energy
XRD experiment at the K edge of Ta. By its nature, the result-
ing Ta-differential atomic PDF reflects only structural features
involving Ta atoms, that is, Ta-Se and Ta-Ta atomic pair
correlations [36,37]. In addition, it doubles the experimental
sensitivity to the latter. For reference, the contribution of Ta-Ta
atomic correlations to the total and Ta-differential PDFs for
2H-TaSe; is about 28% and 50%, respectively. Experimental
Ta-differential PDF data help identify the low-r shoulder
of the second PDF peak as unusually short Ta-Ta bonding
distances (Supplemental Material Fig. S3). Evidently, upon
cooling below room temperature, some nearby Ta atoms in
2H-TaSe, come closer together in comparison to the average
crystal structure.

To reveal the character of the apparent clustering of Ta
atoms, we built large-scale three-dimensional (3D) struc-
ture models using RMC [36]. The models were based on a
150 Ax150 Ax90 A configuration of 80 500 Ta and Se
atoms cut out from the hexagonal lattice of 2H-TaSe,. The
large size of the model configuration allowed us to explore

Ta-Ta pair correlations well beyond the 3a x 3a repetitive unit
of the CDW/PLD state of 2H-TaSe,. The configuration was
refined against the total and Ta-differential PDF data obtained
at 300 K and a model for the room temperature structure of
2H-TaSe, was produced. The model was used as an initial
guess for the structure of 2H-TaSe, at 250 K and refined
further against the respective PDF data. Following the same
approach, we built a sequence of structure models tracking
the evolution of local distortions of Ta planes in 2H-TaSe;
upon cooling from above room temperature down towards
Tepw, where the first (I)-CDW/PLD phase is formed. The
models reproduce the experimental PDF data in very good
detail (Fig. S4).

Analysis of the RMC refined models shows that, above
300 K, Ta-Ta bonding distances in 2H-TaSe, exhibit a broad
symmetric distribution centered at about 3.45 A, i.e., that the
rms displacements of Ta atoms are largely uncorrelated in
nature. Clear signatures of correlated Ta displacements, ap-
pearing as unusually short Ta-Ta distances, emerge at 300 K.
The distances become increasingly distinct with decreasing
temperature, forming a pattern characteristic to the small-
size clusters of Ta atoms known to exist in the CDW/PLD
state of 2H-TaSe; (FIG. 3). The average value of the short
distances is about 3.35(1) A at 100 K [38]. Notably, not
all clusters appear perfect at that temperature [Fig. 3(f)].
However, when averaged out over the 3D model structure,
they appear consistent with the 3a x 3a superstructure of
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FIG. 3. Top view of 150 Ax 150 A Ta planes in the 3D structure
models for 2H-TaSe, representing the evolution of local lattice dis-
tortions with decreasing temperature. Dark short lines represent Ta-
Ta bonding distances shorter than 3.40 A. Such distances are present
but are orientationally disordered at temperature above 300 K. The
distances gradually become both more distinct and correlated with
decreasing temperature, eventually forming a periodic pattern at
100 K, i.e., below Tcpw. Broken lines in blue and read are a guide
to the eye.

hexagons of seven Ta atoms [Fig. 4(a)] suggested by prior
experiments [20-27]. Likely because of the imperfections,
the underlying crystal lattice appears somewhat distorted, i.e.,
not quite commensurate with the perfect hexagonal lattice of
undistorted 2H -TaSe, (Fig. S7). Due to the in-plane clustering
of Ta atoms and out-of-plane motion of Se atoms, Ta-Se units
in the CDW/PLD state of 2H-TaSe; also appear distorted (Fig.
S4) but, as analysis of Se-Ta-Se bond angles shows, their
trigonal-prismatic geometry is largely preserved (Fig. S6).
The picture, which emerges for the formation of the super-
structure of Ta atoms in the CDW/PLD state of 2H-TaSe;,
is therefore as follows (Fig. 3): Ta atoms suffer consider-
able in-plane positional disorder above room temperature,
where thermal excitation effects appear to destroy possible
correlations between their displacements. Short Ta-Ta bonds
though do exist and are seen to become fairly correlated
near room temperature. The correlations remain local with
decreasing temperature, leading to the formation of small-size
Ta clusters at about 200 K. The clusters become distinct and
clearly separated from each other at about 150 K. Likely,
that is because they share peripheral atoms with their neigh-
bors, and can no longer sustain a large distribution of Ta-Ta
bond lengths/strength upon further cooling. Finally, at 100 K,
i.e., below Tcpw, the clusters appear arranged in a distinct

Intensity (norm.)

0 100 200 300 400
Temperature (K)

FIG. 4. (a) Top view of a “bulk-averaged” Ta plane in the first
CDW/PLD phase of 2H-TaSe, obtained by mapping the respective
3D model onto a single Ta plane. The 3a x 3a superstructure unit
cell of the phase is outlined with a blue line. Red broken lines
highlight the presence of hexagon-shaped clusters of Ta atoms. The
average distance between Ta atoms at the center and outer part of
the clusters is 3.35(1) A. The average distance between the latter
and atoms that do not belong to the clusters is about 3.45(1) A.
Irregular gray spheres are contour plots of the bulk-averaged spatial
(density) distribution of Ta atoms in the first CDW/PLD phase of
2H-TaSe,, as evaluated from the respective 3D model. For clarity,
the contour plots are terminated at density values smaller than 5%
of the maximum value. (b) Normalized intensity of the higher-r
shoulder of the first peak in the PDF data as a function of temperature
(see Fig. S8). The intensity may serve as a “model-independent”
parameter describing the temperature-driven evolution of local lattice
distortions in 2H-TaSe, into the 3a x 3a superstructure shown in
(a). The evolution is seen to exhibit a kink close to Tcpw. The kink
may be associated with the crossover between the pseudogap and
band-gap regimes in 2H-TaSe, [32]. Also, it may be associated with
the observed kink in the transport properties of 2H-TaSe, [42].

3a x 3a periodic superstructure [Fig. 4(a)]. Because the
bonding distances between atoms in the clusters remain some-
what different, the clusters are unlikely to be completely
aligned with each other, thus leading to a finite average incom-
mensurability of the emerged first CDW/PLD phase (Fig. S7).
Upon further cooling the clusters are likely to become near
perfect and lock into a commensurate superstructure to min-
imize the elastic energy [27,33]. Upon a consequent warm-
ing/cycling in a narrow temperature range, the array of exist-
ing Ta clusters, or different parts of it, may follow a different
spatial trajectory and even form multiple transient CDW/PLD
phases, as observed by experiment [39-42].

In conclusion, experimental atomic PDF analysis and
large-scale 3D structure simulations allow us to reveal the
genesis of PLDs in the CDW phase of 2H-TaSe; in fine
detail. We find that Ta atoms undergo significant in-plane rms
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displacements seen as unusually short Ta-Ta distances already
near room temperature. The amplitude and direction of the
displacements above Tcpw appear close to those of the static
distortions of Ta planes observed below Tcpw. The difference
is that the latter form a 3D periodic pattern, whereas the
former are correlated over short-range distances alone, with
the correlation length gradually increasing with decreasing
temperature [Fig. 4(b)]. Thus, the transition between the
normal and CDW/PLD state of 2H-TaSe, appears gradual
and, in this respect, the locally correlated displacements of
Ta atoms above Tcpw may be looked at as a precursor of the
PLDs below Tepw. Such a relationship may well explain the
emergence of a “precursor” CDW pseudogap in the normal
state near room temperature and its smooth evolution into a
band gap below Tcpw [32]. In particular, the pseudogap may

be attributed to the locally correlated Ta displacements and
the band gap may be understood as a consequence of the
complete alignment of these displacements into a 3a x 3a
superstructure. Our findings can also help improve our un-
derstanding of CDWs in low-dimensional solids beyond
2H-TaSe,, including streamline theory relating the magnitude
of PLDs, CDW energy gap, and Tcpw (Fig. S9).
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