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Tunneling evidence for spatial location of the charge-density-wave induced band splitting
in 17-TaSe,
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We present the atomically resolved room temperature scanning-tunneling microscopy study of bias depen-
dent images of charge density waves (CDWs) in 17-TaSe,. With the help of angle-resolved photoemission of
the CDW-split Ta d_2 band in 17-TaSe,, we determine the electronic location of Ta d,> subbands on inequiva-
lent atoms of the reconstructed Ta plane. We thus demonstrate the atomic origin of the CDW-formation related

effects observed in the band structure of this material.
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The charge-density-wave (CDW) formation has been one
of the most popular topics of the last decades due to interest
in the mechanism behind the interplay of the complex struc-
tural and electronic changes. One of the convenient hosts of
the CDWs are the layered transition metal dichalcogenides
(TMDs) of the 1T type. The quasi-two-dimensionality of
these materials allows straightforward interpretations of the
band mapping in terms of the mapping of the initial bands of
the crystal and it promises conditions for the Fermi surface
nesting—one of the most popular mechanisms proposed to
be responsible for the CDW formation. Furthermore, recent
investigations reveal similar mechanisms behind the elec-
tronic instability driven pseudogap in high-temperature
superconductors'? and the pseudogapped Fermi surface in
17-TMDs: TaSe, and TaS,.>*

The advantage of studying 17-TaSe, originates from the
fact that it is in commensurate CDW phase already at room
temperature (RT). Scanning-tunneling microcopy (STM) on
this compound has revealed so far the CDW wavelength
Aepw=12.6 A (Ref. 5) and the image of the CDW
reconstruction,®~!° stating that the atomic modulation gives
minor contribution to the overall z deflection, which is domi-
nated by the CDW. Kim et al® were the first to apply
scanning-tunneling spectroscopy (STS) to investigate finger-
prints of the CDW-reconstructed band structure.

In this Brief Report, we present atomically resolved RT
STM measurements on 17-TaSe, in its CDW phase. By tun-
ing the bias voltage of the STM image, we tunnel into dif-
ferent CDW-split subbands of the Tad> band. These sub-
bands are identified by band mapping. We demonstrate that
they are spatially located on three groups of inequivalent
atoms by visualizing those atoms when tunneling at a bias
voltage same as the subband binding energy.

STM experiments on 17-TaSe, have been performed
in a UHV system equipped with a UHV atomic force
microscopy/STM scanning probe microscope from Omicron
NanoTechnology operating at RT described elsewhere.!! The
images were taken in a constant height mode. Bias voltages
are given with respect to the sample, i.e., positive bias means
tunneling from occupied states. Band-mapping experiments
have been performed using Vacuum Generators ESCALAB
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Mk II spectrometer at room temperature with monochroma-
tized Hel (hv=21.2 eV) photons'? by means of computer
controlled sequential sample rotation.'? The energy and an-
gular resolution were 20 meV and 0.5°, respectively. The
accurate position of the Fermi level (Er) has been deter-
mined on a polycrystalline copper sample. Surface recon-
struction was checked by low energy electron diffraction.
X-ray photoelectron diffraction was used to determine the
sample orientation in situ with an accuracy of better than
0.5°. Samples of 17-TaSe, have been prepared from the el-
ements by reversible chemical reaction with iodine as a
transport agent, between 950° (hot zone) and 900° (cold
zone).'* They were cleaved in situ at pressures in the lower
107'° mbar region.

Figure 1 shows experimental results obtained, implement-

ing angle-photoemission spectroscopy along the I'M (a) and

'K (b) directions and up to a binding energy of 2 eV. Spec-
tra cover the range between (a) 0° and 50° or (b) —5° and 20°

a) I'Mg!
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FIG. 1. (Color online) Band mapping along (a) M and (b) TK
of the cleaved 17-TaSe, with a photon energy of 21.2 eV at RT.
Dark circles represent the band splitting and folding with the new
periodicity. Black markers highlight the schematic position of the
unreconstructed band. High intensity in white.
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in a given polar direction (converted to k in the image). The
images depict dispersion of the Ta d band, which exhibits a

large electronlike pocket around the M point. At the higher
binding energies, the Se 4p band appears energetically close

to the Ta d2 band primarily in the vicinity of T' point.

Figure 1 shows that the Ta d band [expected to disperse
along ticks in Fig. 1(a)] is instead split into three subbands
(circles). According to the Star-of-David model'> of the
(V13 % 13)R13 54° reconstruction in the Ta plane [Fig. 1(b),
inset], the three subband manifolds are expected in the CDW
phase. The formation of the stars breaks the hexagonal sym-
metry of the undistorted lattice and introduces three types of
inequivalent atomic positions: the atom in the center (1), the
six atoms constituting the first hexagon around it (2), and the
six atoms constituting the outmost hexagon of the starlike
cluster (3). These groups are assumed to correspond to dif-
ferent subband manifolds of the CDW-split Ta d band
[marked also as 1, 2, and 3 in Figs. 1(a) and 1(b)]. As the
bands within the manifolds are not resolved, we will con-
tinue addressing the subband manifolds just as subbands.

The photoemission intensities follow the unreconstructed
band structure'® and thus highlight the three new subbands
along the 1 1 dispersion:* high intensity of bands 1, 2, and
3 in Fig. 1(a) is mainly along the ticks marking the unrecon-
structed band. The new subbands are furthermore clearly
backfolding: circles in Figs. 1(a) and 1(b) are following pe-
riodic functions with the periodicity of the new, recon-
structed BZ and they describe the measured dispersion of the
subbands astonishingly well. Both the band splitting and the
backfolding of the subbands are CDW-related effects. A
splitting of the Ta d band into oscillating subbands was con-
firmed by the ab initio band-structure calculations for the
similar material—17-TaS, (Ref. 4) with the CDW-induced
atomic positions.

The periodic lattice distortion introduced by the CDW
lock-in can be visualized by an STM. Figure 2 shows (a) 7
X7 nm?, (b) 8 X6 nm?, and (c) 7 X 6.6 nm* of the in situ
cleaved 17-TaSe, surface measured with different bias volt-
ages and a tunneling current of 1.2 nA.

Figure 2(a) at a bias voltage of 0.4 eV (tunneling from the
occupied states) shows arrays of white flowerlike patterns.
Their periodicity is ~12 A, which corresponds to the diam-
eter of one star drawn schematically in Fig. 1(b) (inset) and
reproduced on the left side of Fig. 2. The periodic repetition
of this pattern confirms the presence of the charge density
waves. If we look at Fig. 1, the 0.4 eV binding energy cor-
responds mainly to the second subband. It is thus clear that
by tunneling from the occupied states of one of the subbands,
we achieve highest intensity on those atoms that electroni-
cally contribute to the chosen band. The resolution of Fig.
2(a) allows us to assign this subband to the first six atoms
surrounding the central atom of the reconstruction (see ar-
rows). It is clear from the image that the central atom as well
as the outer six atoms are much less intense than the inner
hexagon.

Figure 2(b) at a bias voltage of 0.2 V (tunneling from the
occupied states) shows similar CDW pattern as in Fig. 2(a).
In this image, the central atoms of the Star of David start to
become the most intense, while the hexagon formed by the
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FIG. 2. (Color online) STM images of the cleaved 17-TaSe,
surface taken at RT with 1.2 nA and (a) 0.4 V, (b) 0.2 V, and (c)
—0.4 V. Images are (a) 7 nm, (b) 8 nm, and (c) 7 nm wide. High
intensity in white.

first six atoms around the central one is still visible but much
less intense than in Fig. 2(a). This can be explained by the
correlation between the tunneling current and the electronic
structure. The topmost subband is lying closest to 0.2 eV,
which explains the intensity enhancement at the central atom
(see arrows). However, even subband 2 contributes to the
total intensity at this binding energy, which is why we see
atoms of the first hexagon around the central atom, although
less intense. Consequently, the outmost atomic hexagon in
the Star of David is electronically responsible for the Ta di
subband with the largest binding energy.

Finally, in Fig. 2(c), a bias voltage of —0.4 V has been
implemented to obtain the image. The image is dominated by
triangularly shaped groups of atoms which still have the pe-
riodicity of the CDW-induced superstructure. There are sev-
eral possible explanations for this. The lowest lying unoccu-
pied bands are of dy_, d,, character and should also
undergo splitting due to the CDW [see calculations for TaS,
(Ref. 4)]. If tunneling occurs into these bands, the spatial
distribution of high intensity in the STM image should reveal
their symmetry. Another possibility is that tunneling outside
the Tad,> band leaves most of the Star-of-David atoms in
low intensity [dark areas in Fig. 2(c)], enhancing most out-
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most atoms [compare triangles marked in Figs. 2(a)-2(c)].
This would be similar to the contrast reversal reported earlier
in purple potassium molybdenum bronze.!” In one previous
study,” images with similar triangular atomic groups have
been reported and explained by the changes in the electronic
structure of the tip. In our study, these images have appeared
only at a bias of —0.4 V.

Sacks et al.'® have made an attempt to resolve the STM
images of the CDW materials (such as 2H-NbSe,) by con-
sidering CDW effects on the band structure and thus on the
tunneling. They state that several bands define the Fermi
surface and that it will thus be tunneled from them all. Band
degeneracy is taken to originate from band folding, while
band splitting is disregarded. In our study we start from the
band-mapping data which show energetically localized sub-
bands of the Ta d 2 band and which are interpreted in agree-
ment with the band-structure calculations. Both band split-
ting and backfolding have influence on the formation of such
subbands. Tunneling occurs thus primarily from a subband,
in which the binding energy is the same as the bias.

In 17-TaSe, at room temperature, the slope of the
temperature-dependent resistivity is metallic. Although
17-TaSe, does not show any metal-insulator transitions
(MIT) at low temperatures, the surface MIT in 17-TaSe, has
been recently reported at 200—250 K.!'*2° The CDW-induced
band-structure changes lead to reduced bandwidth (W) and
reduced W/U (U measures electron-electron interaction),
which trigger a Mott-type transition.'” Our measurements
were performed at room temperature, in the electron-phonon
interaction determined CDW ground state, which is also ac-
cording to our STS measurements (not shown) metallic.

On the search for the driving mechanism of the CDW, the
idea of the Peierls transition in a quasi-one-dimensional sys-
tem has many times been considered even for a quasi-two-
dimensional system such as 17-TaSe,. However, this system
is quasi-two-dimensional with threefold symmetry and the
Peierls transition is not very likely. If we consider energetics
of the CDW transition, the CDW-induced band splitting
leads to new subbands which are energetically lower than the
original Ta 5d band of the unreconstructed lattice.* The en-
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ergy gained in this way can be used for elastic lattice distor-
tion.

Our STM results support this idea. The conduction charge
would be equally distributed over all Ta atoms in the unre-
constructed lattice. Upon CDW transition, small changes in
the atomic positions of all Ta atoms lead to periodic lattice
distortion. In the CDW phase, we see that the conduction
charge is mainly located on the central atom of the Star-of-
David cluster, meaning that only 1 out of 13 atoms is con-
tributing to the topmost band, which straddles the Fermi
level. This can explain the resistivity jump related to the
CDW transition in a rather obvious way. More than that, the
stability of the CDW phase and the compensation of the
lattice distortion energy clearly originate from the energeti-
cally lowered bands, which are spatially located on the re-
maining 12 atoms of the Star-of-David cluster and which are
completely filled.

To conclude, band mapping of 17-TaSe, along I'M and

'K reveals CDW-induced splitting and folding of the Ta d?
band into three subbands. Tunneling from separate subbands
allows direct visualization of the atoms contributing to
CDW-split electronic states. We thus assign the atoms of the
Star-of-David cluster to the Ta df subbands as follows: the
topmost subband is electronically located on the central
atom, the outer hexagon is the principal charge carrier of the
second subband, and the outmost hexagon is thus related to
the third subband. The relevance of this result is discussed in
terms of driving mechanisms for CDW formation: as the
conduction band has weight only on 1 out of 13 atoms in the
CDW phase, all remaining atoms contribute to the formation
of the energetically lowered bands, which could energetically
compensate the lattice distortion.
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