PHYSICAL REVIEW RESEARCH 4, L022009 (2022)

Evidence of nested quasi-one-dimensional Fermi surface and decoupled charge-lattice orders in
layered TaTe,

Yi Lin®,"" Maximillian Huber,' Sangeeta Rajpurohit,” Yanglin Zhu,* Khalid M. Siddiqui,' Daniel H. Eilbott®,?

Luca Moreschini,!-3 Ping Ai,! Jonathan D. Denlinger,5 Zhiqiang Mao,* Liang Z. Tan 2 and Alessandra Lanzara

L3.§

"Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
2Molecular Foundry, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
3Department of Physics, University of California, Berkeley, California 94720, USA
4Department of Physics, The Pennsylvania State University, University Park, Pennsylvania 16802, USA
SAdvanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

® (Received 7 December 2021; revised 15 March 2022; accepted 18 March 2022; published 13 April 2022)

The formations of charge and lattice orders are generally coupled in charge density wave (CDW) materials and
share identical order wave vectors. Although this situation is usually satisfied in a large class of two-dimensional
materials, it falls short in describing the so-called CDW-like phase transition in layered tantalum ditelluride
(TaTe,), accompanied by anomalous low temperature transport properties and a periodic lattice distortion (PLD).
Here we combine angle-resolved photoemission spectroscopy and low energy electron diffraction to directly
access the charge and lattice structures in 17-polytypic TaTe, and study the anomalous phase transition. Our
data reveal the presence of a surprising quasi-one-dimensional Fermi surface with nesting (FSN) condition,
despite its van der Waals layered structure. We find that the wave vectors of the FSN and PLD are different,
suggesting the decoupled formation between charge and lattice orders. These conditions are accompanied by
rich footprints in band structure, including Fermi surface suppression, minigaps, and satellite bands. Our results
suggest that TaTe, manifests intrinsic mixed dimensionality between its electronic and lattice structure and that
the CDW-like phase transition is likely governed by multiple mechanisms. Our work provides routes for forging
unconventional CDW phases and charge-lattice entanglement that would otherwise not be available in materials

with fixed dimensionality.
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The study of charge density waves has been a topic of
great interest over several decades both for basic science,
being at the core of a variety of novel phenomena such as
superconductivity [1-3], and for applications, given the easy
tunability of charges [4-7].

The standard understanding of charge density wave (CDW)
formation is based on the presence of a strong entanglement
between charge and lattice [8—10]. The idea suggests that, in
some metallic systems, below a certain temperature, parts of
their electronic structure are nested by a characteristic wave
vector, realizing a condition known as Fermi surface nest-
ing (FSN). This nesting leads to periodic modulations of the
charge with a consequent reorganization of its ionic potential
and the formation of periodic lattice distortions (PLD). Under
these conditions, the ground-state charge order is believed
to be eventually commensurate with the underlying lattice
order, and the FSN wave vector coincides with those of the
PLD and CDW. In an ideal case, the CDW phase transition
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is accompanied by a metal-insulator transition with a global
band gap opening.

While this model has been generally accepted for ex-
plaining the CDW phase transition in one-dimensional (1D)
and quasi-1D limits [11-16], our knowledge of charge den-
sity waves and specifically of the charge-lattice entanglement
remains somewhat limited, especially in higher dimensions
[17,18]. Indeed, in a growing number of layered or three-
dimensional materials, even if the periodic charge modulation
is dominant, typical signatures of a CDW phase transition,
such as FSN, peaks in Lindhard function, Kohn’s anomaly and
metal-insulator transition, are often missing [17—-19].

TaTe,, a layered transition metal dichalcogenide, repre-
sents a canonical example where the standard description of
CDW phase transition does not hold, and the role and degree
of charge-lattice entanglements at the phase transition remains
elusive. In contrast to those in other members of the tantalum
dichalcogenide family, such as the widely studied TaS, and
TaSe, [20,21], the lattice distortion and transport properties
of TaTe, appear to be abnormal. Earlier reports have shown a
structural phase transition at temperature 7 ~ 170 K [22-28],
manifesting a PLD detected by Raman spectroscopy [24],
diffraction [28,29] and more recently visualized by scanning
transmission electron microscopy (STEM) [26]. However,
such a structural transition is characterized by a steplike de-
crease of the resistivity at the phase transition upon cooling
[22,23,27,30,31], in contrast to the typical CDW transition
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FIG. 1. Top view of (a) HT-TaTe, and (b) LT-TaTe, surface layer. Nominal 17-TaTe, 1 x 1 primitive lattice vectors in gray; HT 3 x 1
primitive lattice vectors in blue (semitransparent blue vector shows an alternative choice); LT 3 x 3 primitive lattice vectors in pink. LEED
pattern for (c) HT and (d) LT, with respective intensity profiles shown in (e,f). Reciprocal lattices for (g) HT and (h) LT. Reciprocal lattice
vectors and Brillouin zones are labeled in gray, blue, and red for 17-TaTe,, HT-TaTe,, and LT-TaTe,, respectively.

behavior, where a steplike increase is usually expected [17].
Because of this apparent discrepancy and the difficulty of the-
oretical models to address this resistance anomaly [22-24,32—
36], a term “CDW-like” has been minted to account for the
phase transition in TaTe, [24,25,28,33].

Insights on how this CDW-like phase transition emerges
can come from a detailed energy- and momentum-resolved
study of the material band structure. To date, few reports
exist in the literature [37,38], leaving our understanding of the
physics of 1T -polytypic TaTe, incomplete. Previous ARPES
results on 17’-TaTe, suffered from the contamination of a
“2H phase” on the surface [37]. Consequently, a threefold
Fermi surface was found with no signatures of FSN, leading
to an apparent disagreement with the anisotropy previously
reported in structural and transport measurements for the 17'-
polytypic TaTe, [27,30].

To resolve these controversies, we studied the crystal
and electronic structures of 17 -polytypic TaTe, through
a combination of low energy electron diffraction (LEED)
and angle-resolved photoemission spectroscopy (ARPES).
The details of sample preparation and instrumentation are
provided in the Supplemental Material [39]. ARPES mea-
surements reveal the band structure of 17”-TaTe, across the
phase transition. The band structure features a surprising
quasi-1D Fermi surface at high temperature (HT), with a
nearly perfect FSN condition whose nesting vector does not
coincide with the PLD vector that develops at low temper-
ature (LT). These results suggest a charge instability and a
decoupled formation of charge and lattice orders throughout
the phase transition and implies the possibility of incommen-

surability in the ground state. This incongruent situation is
not seen in the CDW prototypes, where the FSN, PLD, and
CDW share the same wave vector and ultimately favor a
commensurate ground state [17,18].

In Fig. 1 we report LEED measurements on TaTe, surface
and show their connection to the lattice structure in real and
reciprocal space. Panels (a,b) present the top view of the
crystal structure above and below the transition temperature
(~170K). At HT [panel (a)], TaTe, maintains a 17" (distorted
monoclinic) crystal structure [25,33,40,41], deformed from
a nominal 17 (monoclinic) structure [22,32,35,42,43]. The
Ta atoms form in-plane ribbon (double-zigzag) chains with a
3 x 1 primitive cell (blue vectors), with respect to the 1 x
1 1T primitive cell (gray vectors). In contrast, at LT [panel
(b)], the Ta atoms are horizontally displaced (trimerized) as
shown by the green arrows, forming a 17" structure. The
distortion breaks the Ta ribbon chain into butterflylike clusters
and leads to an extended 3 x 3 supercell indicated by the
red vectors. The corresponding LEED patterns for our sample
at HT and LT are shown in panels (c,d), respectively. The
relative intensity profiles for the primary and the satellite
LEED patterns are shown in panels (e,f). At HT [panels (c,e)],
only the primary diffraction peaks (blue vectors) are present,
supporting the existence of the 3 x 1 primitive cell. In con-
trast, at LT, beside the primary peaks, additional satellite peaks
appear [see red vector and intensity profile in panels (d,f)],
demonstrating the onset of a PLD forming the extended 3 x
3 supercell. In panels (g,h), we show the Brillouin zones and
reciprocal lattice vectors at HT and LT, corresponding to the
3 x 1 and 3 x 3 unit cells described earlier. From the recip-
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FIG. 2. Fermi surface of (a) HT-TaTe, and (b) LT-TaTe,. The red vector in (a) denotes the FSN wave vector. Momentum distribution curves
(MDCs) extracted at the Fermi surface for (¢c) HT and (d) LT. Horizontal arrows in (b,d) indicate the intensity suppressions in the nested FS
contours. (e,f) Dispersions from cuts III and V in (b). (g) EDCs extracted at the momenta indicated by the vertical dashed lines in (e,f).

rocal lattice and the data, we extract the wave vector of the
PLD [red vector b/]/ in panel (h)] with a magnitude of 0.66 A~!
based on the structure in panel (b).

In Fig. 2 we present the TaTe, electronic structure mea-
sured by ARPES. Panels (a,b) present the Fermi surface maps
at HT and LT. Despite the quasi-two-dimensional (2D) layered
structure of TaTe,, we find that its Fermi surface is quasi-1D
and twofold, in contrast to the threefold symmetry previously
reported [37,38]. At HT [panels (a,c)], the Fermi surface
shows a pair of antiparallel quasi-1D wavy contours along the
ky direction around k, = +£0.5 A1, pointing to the presence
of highly anisotropic coupling between the in-plane axes.
Even more interesting, we find that these wavy Fermi contours
satisfy the Fermi surface nesting condition, as they can be
perfectly translated on top of each other through a FSN vector
equal to ~0.85A~!, shown by the double-arrowed vector in
panel (a). The observation of the FSN provides direct evidence
of a charge instability in TaTe,. Within these outer wavy Fermi
surface contours, other features are present. However, none of
them appears to be relevant for the FSN. In the LT data [panels
(b,d)], we observe a suppression of the spectral weight in the
region of the nested wavy Fermi surface sheets, as indicated
by the horizontal arrows.

To better understand the spectral weight suppression along
the nested Fermi surface and the energy gap that may be
associated with it, we compare the evolution of the band

structure near the Fermi level between the gapped area
(cut III) and metallic area (cut V) labeled in Fig. 2(b). Fig-
ures 2(e) and 2(f) show the corresponding dispersions, with
the external bands constituting the wavy FS sheets indicated
by the vertical arrows. Already from the band plots, one can
see that while the external bands in panel (e) (indicated by the
gray arrows) reach the Fermi level, the bands in panel (f) (in-
dicated by the red arrows) do not, suggesting that the observed
spectral weight suppression is likely due to the opening of
local energy gaps. This is more evident in panel (g), where we
compare the energy distribution curves (EDCs) corresponding
to the momentum locations indicated by the gray and red
dashed lines in panels (e,f). A clear energy downshift of the
leading edge is observed for the red EDC from the gapped
region with respect to the gray one from the metallic region.
The overall magnitude of the energy shift (AE) is 11 meV,
which estimates the size of the local gaps. The observation of
the FSN and the appearance of the energy gaps suggest the
presence of a charge-related symmetry breaking in the TaTe;.

The band structure near high symmetry points is shown in
Fig. 3. As a guide to the eye, along the red dashed lines in
panels (a,c), near I'’, the bands mainly display a double-hump
shape. In contrast, near M’, the bands resemble the cross sec-
tion of a cone, as illustrated by the red dashed lines in panels
(b,d). These major band shapes are observed in both HT and
LT, and therefore are robust towards the phase transition. We

L022009-3



YILIN et al.

PHYSICAL REVIEW RESEARCH 4, 1022009 (2022)

-0.5 k, (1/A) 0.5

-0.5 k, (1/A) 0.5

0.5 k, (1/A) 0.5

'§ (9) v /)]
. LT
£
S
3 M H
! é ro HT ™ M |
0.8 -06 -0.8 -06 -200 0 -0.8 -06 -0.8 -0.6 -200 0
k (1/A) LowEEEEEHh E-E. (meV) k, (1/A) E-E: (meV)

FIG. 3. Dispersions near high symmetry points. Panels (a—d) are extracted from cuts I-IV in Fig. 2. Panels (e,f) [(h,i)] present the zoomed-in
views of the bands in the white dashed square areas in panels (a,c) [(b,d)], respectively. Panel (g) [panel (j)] presents the EDCs extracted at the

momenta of the vertical dashed lines in panels (e,f) [panels (h,i)].

now focus on the interesting changes in the band structure,
where we observe the appearance of satellite bands in the LT
phase, in the white dashed square areas of Figs. 3(a)-3(d). We
provide a closer look at these areas in panels (e—j), which
reveal the appearance of new satellite bands in the LT phase,
indicated by the arrows in panels (f,i). These satellite bands do
not exist in panels (e,h) of HT. The contrast is further visible
in the direct comparison between the raw EDCs shown in
panel (g) [panel (j)], extracted from the momenta indicated by
the dashed lines in panels (e,f) [panels (h,i)]. These satellite
features are attributed to the band-folding effects induced by
the periodic perturbations formed at the phase transition.
In Fig. 4 we report the formation of minigaps at higher
binding energies. Panels (a—d) show the measured dispersions

near I'" at different temperatures. At lower temperatures, a
suppression of spectral weight is observed at binding energies
around —0.1 and —0.27 eV, which manifest the minigap open-
ings. The persistence of the suppression at a different photon
energy [see panel (e)] rules out matrix element effects as a
trivial origin. As the temperature increases, minigaps tend to
fade [panels (a—c)] and eventually fully disappear above the
transition temperature (>170 K) in panel (d). To understand
the origin of the formation of these minigaps, we performed
density functional theory (DFT) band calculations, based on
the LT-TaTe, surface structure in Fig. 1(b) (see more compu-
tational details in the Supplemental Material [39]). When the
3 x 3 lattice superstructure is included for the PLD in the LT
phase, the calculated spectral weight [panel (f)] reproduces
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FIG. 4. Temperature-dependent measurements on minigaps. Dispersions near I'” [at cut VI in Fig. 2(a)] with minigaps at (a) 30 K, (b) 80
K, (c) 140 K, and (d) 180 K. The orange and green arrows point to the minigaps. (e¢) Minigaps reproduced via a HHG ultrafast laser source
at 21.3 eV. (f) Calculated spectral weights of LT-TaTe,. (g) EDCs at different temperatures. P, P», Vi, and V, label the intensity peaks and
valleys (minigaps). (h) Temperature-dependent energy positions of P; and P,. The energy interval between P; and P, is defined as AE’. (i)
Intensity contrast between the peaks and valleys at different temperatures. Contrast = [/ (P)—1(V)]/[U(P) 4+ I(V)], where I(P) = I(P,) + I(P»),
1(V) =1(Vy) + I(V,). [(X) defines the intensity (/) at energy location X .
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reasonably well the bands and the existence of the mini-
gaps with the calculated positions around —0.1 and —0.3 eV.
The agreement suggests that the minigaps are more likely
the footprints of the PLD-induced superstructure than being
directly linked to the charge instability induced by the FSN of
the different wave vector.

These minigaps are further studied in Fig. 4(g), using the
EDCs extracted from the momenta between the dashed lines
in panel (a). The positions of the valleys (V; and V;) in the
spectra define the positions of the minigaps. The temperature
dependence of the two peaks (P, and P,) is shown in panel
(h). The peak to peak energy difference (AE’) is taken as an
approximate size of the minigap V;, which remains largely
constant around 110 meV at LT, with a slight decrease, up
to 20-30 meV, in proximity of the transition temperature
(above ~140K). It is interesting to note that rather than a
simple scenario of gap closing, the data instead suggest an
additional but dominating scenario of gap filling. The gap
filling is better measured by the intensity contrast between
the valleys and peaks at different temperatures in panel (i).
Different from the slightly changing gap size, the intensity
contrast approximately shows a linear drop on raised tem-
perature, eventually reaching zero above ~160 K, where the
peaks and valleys can no longer be distinguished. A similar
trend (filling of the minigaps at almost constant gap size) has
been reported in prior studies for the quasi-1D CDW material
NbSe; and has been attributed to the weakening of long-range
interchain phase coherence, as opposed to the reduction of the
order amplitude seen in conventional CDWs of Peierls origin
[44,45].

In summary, the data presented so far show that the topol-
ogy of the Fermi surface is dictated by the highly anisotropic
twofold configuration. The quasi-1D wavy FS sheets com-
mitted FSN and local intensity suppression due to symmetry
breakings. At the same time, a new lattice periodicity is
caused by the PLD, whose fingerprints are present in the
LT electronic structure as minigaps. However, the CDW-like
material manifests two different wave vectors, one of the
FSN (¢™N = 0.86 A™"), and one corresponding to the PLD
(g™ = 0.66 A™"). These wave vectors are incongruent, sug-
gesting the decoupled formations of charge and lattice orders.

To account for these intriguing observations, we propose
a scenario where the CDW-like phase transition in TaTe,
is driven by multiple mechanisms due to mixed dimension-
alities. Recently, effects of mixed dimensionality have also
attracted great attention in investigating the possible multi-
ple driving forces at the origin of complex CDW systems
[18,44,46-49]. Conventionally, two mechanisms have been
often discussed for explaining CDW formations: (i) Fermi sur-
face nesting (pure charge instability), mostly preferred in 1D
or quasi-1D systems [11-16], and (ii) g-dependent electron-
phonon coupling, mostly responsible for CDW formation in
2D materials [18,38,50-53].

Our results suggest that TaTe, represents an interesting
example of a material with mixed dimensionality, rooted in
its unique combination of the nested quasi-1D Fermi surface
within the overall 2D layered structure. This nested quasi-1D
Fermi surface, often observed by ARPES in 1D or quasi-
1D atom chains, is quite rare and in fact unreported in the
Fermi surface measured from other layered tantalum or ditel-

luride families, TaX, (X =S, Se) [54,55] or ZTe, (Z = Nb,
Ti, Ir, La, U) [38,56-60], despite the presence of a similar
ribbon-chain-like lattice structure in some of them [38,61,62].
Overall, TaTe, electronic structure appears to be more 1D-
like than those in prototypical 2D layered materials, while its
crystal structure tends to be clearly more 2D-like than those
of 1D chainlike systems.

This mixed dimensionality could lead to the CDW-
like transition being governed by multiple mechanisms.
On the one hand, several prior publications have argued
that g-dependent electron-phonon coupling is the mecha-
nism responsible for the phase transition in layered TaTe,
[20,24,27,28,32,37,38,41,42], which could explain the PLD.
On the other hand, our observed quasi-1D FSN and the local
FS suppression suggest an additional mechanism at play, the
charge instability of typical Peierls systems. While these two
mechanisms usually occur separately in materials with fixed
dimensionalities, here they seem to coexist independently,
which results in the different PLD and FSN wave vectors. In
addition, our observation of the gap-filling behavior of mini-
gaps at higher temperatures suggests the long-range phase
coherence within the LT TaTe, [44,45], which could further
complicate the dimensionality effect via interchain or inter-
layer couplings.

Finally, we argue that our observation of the incom-
mensurate FSN and PLD wave vectors provides a hint to
understanding the intriguing anomalous resistivity drop ob-
served in TaTe, [22,23,27,30]. Prior theoretical work [24,33]
suggests a decrease of density of state near the Fermi level
in LT-TaTe,, which seems counterintuitive given the decrease
in resistivity. Indeed, in conventional CDW phase transition,
the electron density is believed to be ultimately locked in to
the lattice modulation in a commensurate ground state. This
scenario naturally leads to an increase of the resistivity at LT.
In contrast, when the formations of charge and lattice order
are decoupled, the incommensurate wave vector configuration
could release part of the electrons at the Fermi level from the
locked-in confinement to the lattice modulation, leading to an
increased electron mobility and to a decrease of the resistivity,
despite a lower number of charge carriers. To seek for more
definitive explanation for the anomalous resistivity behavior
in TaTe,, finer ARPES inspections of the complicated multi-
band structure near the Fermi surface and their variation in
samples at different Te doping levels [30] are of strong interest
for future work.
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