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The electronic structure of NdTe3 in the charge density wave phase (CDW) is investigated by angle-resolved
photoemission spectroscopy. The combination of high-quality crystals and careful surface preparation reveals
subtle and previously unobserved details in the Fermi surface topology, allowing an interpretation of the rich
and unexplained quantum oscillations in the rare earth tritellurides RTe3. In particular, several closed Fermi
surface elements can be observed that are related to CDW-induced replicas of the original bands, leading to the
curious situation in which a CDW does not only remove Fermi surface elements but creates new ones that are
observable in transport experiments. Moreover, a large residual Fermi surface is found in the CDW gap, very
close to the position of the gapped normal-state Fermi surface. Its area agrees very well with high-frequency
quantum oscillations in NdTe3 and its presence is explained by either a phase separation between normal state
and CDW regions or by strong electron-phonon coupling combined with the quasi one-dimensional character of
the CDW. Finally, we identify the origin of the low-frequency α quantum oscillations ubiquitous for the lighter
R elements in the RTe3 family and responsible for the high mobility in these compounds.
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The rare-earth tritelluride compounds RTe3 are prototyp-
ical charge density wave (CDW) compounds with a quasi
one-dimensional (1D) CDW emerging on a square lattice of
Te atoms. They have been studied as model systems for CDW
physics but also because of their magnetic properties, the com-
petition of CDW transitions and magnetism and the analogy
of the CDW to ordering phenomena in high-Tc cuprates—but
without the difficulty of strong correlations [1]. Recent years
have seen a renewed interest in RTe3 because of fascinating
possibilities to modify the electronic ground state by magnetic
fields, ultrashort light pulses, or mechanical stress [2–8], and
as a model system to study the Higgs (amplitude) mode of the
CDW [9].

On the other hand, the rich spectrum of quantum oscil-
lations (QOs) in the RTe3 materials [6,7,10–12] is poorly
understood. Some frequencies have been assigned to Fermi
surface (FS) features that are not expected to be affected by
the CDW. Several QOs, however, have not been assigned to
any FS element, notably the low-frequency α QOs that are
ubiquitous for light R RTe3 and thought to be responsible for
the high mobility [7,13]. Moreover, recent studies of de Haas
van Alphen and Shubnikov-de Haas QOs in high mobility
crystals have revealed high-frequency QOs that should origi-
nate from large FS elements, covering a substantial fraction of
the Brillouin zone (BZ) [7,13]. However, there are no obvious
candidates for such large FS elements in the CDW phase,
since the CDW is expected to lead to a large gap in most of the
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BZ, as has been confirmed by angle-resolved photoemission
spectroscopy (ARPES) in numerous studies [2,3,13–21]. The
assignment of most of the observed QOs to FS elements is still
an outstanding problem.

We thus revisit the electronic structure of NdTe3 by
ARPES, using the same high mobility samples that show the
high-frequency QOs [7]. Combined with a careful surface
preparation that avoids ever exposing the samples to air, we
obtain ARPES results revealing not only detailed fine struc-
ture of band interactions and bilayer splitting, but also FS
elements inside the CDW gap and FS pockets that are created
by CDW-induced replica bands. These FS elements can ex-
plain most of the observed QOs but challenge the conventional
picture of CDWs as primarily removing FS elements.

The FS of RTe3 arises from interactions between quasi 1D
px and pz bands in a square lattice of Te atoms [16,17]. In
Fig. 1, we recapitulate the main features of CDW-induced
Fermi contour changes in a qualitative sketch—note that this
is not a proper calculation (see the Supplemental Material
(SM) for a more detailed introduction [22]). Figure 1(a) shows
the Fermi contour for a single layer of Te atoms without a
CDW. It arises from the px and pz bands with avoided cross-
ings, creating the “square” FS that lies completely inside the
first BZ, and four “outer” pockets crossing the BZ boundary
(the nomenclature of FS elements follows Refs. [16,17,23]).
The instability toward CDW formation arises from possible
interactions between the outer FSs and the square via the
nesting vector qN. In addition, due to the three-dimensional
crystal structure of RTe3, the unit cell projected onto the Te
sheets is larger than the unit cell of the square net, leading to a
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FIG. 1. Simplified sketch (not a proper calculation) of the RTe3

Fermi surface (FS) and the CDW formation. (a) FS of a single square
net of Te atoms. The dashed line is the Brillouin zone and qN is the
nesting vector. (b) The three-dimensional structure of RTe3 results
in a smaller BZ (black dashed line and high-symmetry points) and
a back-folded FS (red). In this situation, the CDW nesting vector is
qCDW. (c) Extended zone view of the situation in panel (b) with all
the shadow bands (green), created by displacing all the FS features
by ±qCDW .

smaller BZ and thus to a back-folding of FS elements into this
smaller BZ. Both BZs are shown in Fig. 1(b), along with the
additional FS elements created by back-folding of the original
FS into the smaller BZ (in red). These FS elements are conse-
quently referred to as the “folded” FS. As far as the CDW is
concerned, the introduction of a smaller BZ requires a descrip-
tion by a shorter nesting vector qCDW = c∗ − qN between the
original and the folded FS, where c∗ is the reciprocal lattice
vector of the large unit cell in the z direction. Introducing a
periodicity corresponding to the incommensurate qCDW (equal
to 0.283c∗ for NdTe3 [24]) creates replicas of the original
bands shifted by ±qCDW (plus higher orders). These are the
green so-called CDW shadow bands in Fig. 1(c). Interaction
between the shadow bands and the original bands then opens
the CDW gap around kx = 0. We stress that this description of
the CDW mechanism is strongly simplified. Indeed, it is estab-
lished that factors such as strong and momentum-dependent
electron-phonon coupling and even electron-electron inter-
actions contribute [25–30]. As a final detail, the structure
of RTe3 contains two layers of Te atoms adjacent to each
other and an interaction between these layers gives rise to
an additional small splitting of the FSs known as bilayer
splitting [14,16,17,31].

NdTe3 crystals were grown using the same procedure as
in Ref. [7]. To avoid crystal degradation due to air exposure,
a glove box was used for opening the crystal ampules and
for mounting the samples on the holders used for ARPES.
From the glove box, the samples were moved into an ultrahigh
vacuum (UHV) suitcase and transferred to the ARPES setup.
The samples were then cleaved in UHV prior to measurement.

FIG. 2. Photoemission intensity at the Fermi level of NdTe3 (in-
tegrated in a ±25 meV window). Dark corresponds to high intensity.
(a) and (b) show the results from two different samples, collected
at photon energies of 55 eV and 35 eV, respectively. The Brillouin
zone and the region gapped by the CDW are indicated. The green
arrows show the crossing of the folded band and the CDW shadow
band. The red arrow shows an avoided crossing between the outer FS
and the CDW shadow band. The inset in (b) is a magnification of the
situation around the X point with the simple sketch of the bands from
Fig. 1(c) superimposed. (c) and (d) Photoemission intensity along
the dashed lines in (a) and (b), respectively. The arrows indicate the
bilayer splitting between some of the bands.

ARPES data for several samples were collected at the SGM-3
beamline of ASTRID2 [32] at a temperature of 35 K, with an
energy resolution varying between 60 and 25 meV, and an an-
gular resolution of 0.02◦. All samples showed very nearly the
same electronic structure but subtle details changed between
samples. We therefore show data from two representative
cases.

Starting with an overview of the FS topology, the photoe-
mission intensity at the Fermi level EF of NdTe3 is given in
Figs. 2(a) and 2(b) for two different samples. The maps are
generally in agreement with previously reported ARPES stud-
ies of RTe3 crystals [2,3,14–21], showing closed FS elements
around the X point, created by joining the original and the
folded FS, and a gap opening (removal of the FS) in a large
fraction of the BZ around kx = 0.

Compared to previous ARPES studies of RTe3, the features
in the maps are sharper and more detailed. In Fig. 2(a), a clear
doubling of the FS elements appears around the X point and
in the outer FS branch. This is ascribed to bilayer splitting.
For the second sample in Fig. 2(b), the bilayer splitting is
not observed at the FS but other features appear sharper. The
bilayer splitting can be detected for higher binding energies
in both samples [17], as shown by the cuts in Figs. 2(c) and
2(d) that are taken along the red dashed lines in panels (a)
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TABLE I. The size of the Fermi surface pockets taken from QO
frequencies of Ref. [7] and ARPES maps, measured as a fraction of
the BZ area a∗b∗ = 2.09 Å2.

Pockets QO value ARPES value

α 0.2% 0.16±0.1%
β1,2 2.1 and 2.3% 2.2±0.1%
γ1,2 3.7 and 3.9% 3.1±0.1%
η 9.6% 8.0 or 10.8±0.3%
δ1,2 16.6 and 17.5% 17.3±0.2%

and (b), respectively. Pairs of bilayer-split bands are indicated
by arrows in panels (c) and (d). Figure 2(c) shows data inside
the CDW gap, illustrating the opening of a large gap (for a
detailed analysis, see the SM [22]). There is no detectable
avoided crossing between the CDW shadow band and the
folded band in Figs. 2(a) and 2(b) (marked by green arrows) in
either sample, confirming earlier results [17] and underlining
the layer-confined character of the CDW. Finally, new features
observed here are the disruption of the outer FS in panel (a)
(red arrow), indicating an avoided crossing between the main
band and the CDW shadow band [see Fig. 1(c)] and the fine
structure around the ungapped corner of the inner square FS.
These are in reasonably good agreement with a tight-binding
model [22].

We now attempt an understanding of the full FS topology,
trying to reconcile the ARPES results with those from recent
QO experiments. A comparison is summarized in Table I
using the QO results from Ref. [7], and discussed in the
following. The α, β1,2, and γ1,2 QO frequencies agree with an
investigation of NdTe3 in Ref. [6], but the high-frequency η

and δ1,2 structures are only reported in Ref. [7] (note that the
nomenclature is different between Refs. [6] and [7] and we
adopt the latter). Note also that the structure called α contains
several frequencies, the dominant corresponding to 0.2% of
the BZ area, as well as two additional ones of 0.7% and 0.9%
(see Ref. [7] including the SM and, in particular, Fig. S10).

The approach to assigning the observed frequencies to the
ARPES data is illustrated in Fig. 3. Figures 3(a) and 3(b) show
the same data as Figs. 2(a) and 2(b), i.e., equivalent maps from
two different samples, but the grayscale is chosen such that
many features are saturated to emphasize the weaker struc-
tures. The upper inset of Fig. 3(b) shows a high-resolution
view of the FS near X taken from a higher BZ, giving better
k resolution. Panels (c) and (d) show the same data as (a)
and (b) but with a tentative assignment of the Fermi contours
superimposed as colored outlines. These were obtained by a
fit to momentum distribution curves near EF on the nonsym-
metrized data. The dots in the figures mark the positions of the
Fermi level crossings determined by these fits and the lines
simply connect these dots. For the contours within the CDW
gap, this was possible due to the presence of weak ungapped
bands crossing EF, as will be discussed below.

The intermediate β1,2 and γ1,2 QOs have already been
assigned to the pockets around the X point in Ref. [10] and this
is supported by our data. The areas of the contours averaged
over Figs. 3(c) and 3(d) are 2.2±0.1 and 3.1±0.1% of the BZ,
respectively, in good agreement with the QO results. Note that

FIG. 3. (a), (b) Same data as in Figs. 2(a) and 2(b) but with the
grayscale saturated to emphasize the weaker features. The upper
inset shows the “butterfly” structure near X collected in a higher
BZ (integrated in an energy window of ±5 meV around EF). The
lower inset displays entire structure D. The locations of the insets
can be seen in Fig. S4 [22]. (c), (d) Same as (a) and (b) but with
superimposed closed FS elements for smallest α, β1,2, γ1,2, and δ1,2

structures, as well as for elements involving shadow bands (A–D,
dashed lines). The dots mark the Fermi level crossings determined by
a fit to the data. (e), (f) Photoemission intensity along the dashed lines
in (a) and (b), respectively. Again, the grayscale is saturated for most
of the features. The features marked by green arrows correspond to
the bands creating the residual FS.

the splitting of the β and γ QOs can be explained by a small
ky dispersion for each bilayer-split FS tube.

The high-resolution data near the X point reveals a tiny
pocket in the “wings” of the “butterfly” structure and we
assign this to the lowest frequency α pocket observed for
the entire RTe3 family with light R elements [6,7,10,12]. We
estimate the area to be 0.16±0.1% of the BZ. The fact that the
wings form a closed contour is seen in the inset of Fig. 3(b)
and in the individual energy vs k cuts through the structure in
Fig. S2 [22]. It is challenging to determine how the individual
bands contribute to the butterfly structure. As seen in the inset
of Fig. 2(b), we expect contributions from the main px and pz

bands and the CDW-shifted shadow bands in this region and
these four bands are again split by the bilayer interaction [22].
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The CDW gap in a large part of the BZ makes it difficult
to identify a FS element that could be responsible for the δ1,2

QOs, simply because of their size. We assign these frequen-
cies to a closed contour similar to the inner part of the FS
surface, as shown in Figs. 3(c) and 3(d). Although this struc-
ture resides almost entirely within the CDW gap, there are
compelling arguments for this assignment. First of all, a weak
intensity near the location of the inner FS is always present
in the maps of Figs. 2 and 3. Its origin is seen in Figs. 3(e)
and 3(f), showing the photoemission intensity along lines
deep inside the gap with the grayscale saturated. Very weak
ungapped bands dispersing up to EF are observed (marked
by arrows in the figure) in addition to the gapped states [22].
These bands are responsible for the observed photoemission
intensity at EF in the gap, creating a residual FS near the
expected normal state inner FS. The residual FS pocket has
an area of 17.3±0.2% of the BZ, averaged over the two data
sets, and in excellent agreement with the δ1,2 frequencies in
QOs. Note that one needs to consider the possibility that the
residual FS elements could be created by experimental arti-
facts, such as crystal twinning or detector nonlinearities [34],
or that the δ1,2 QOs originate from magnetic breakdown across
the CDW gap [33]. As discussed in the SM, these scenar-
ios can be ruled out [22]. A magnetic breakdown scenario
that involves several of the observed shadow FSs (see be-
low) cannot be strictly ruled out but the excellent agreement
between the measured FS areas in ARPES and QOs makes
the residual FS an excellent candidate for explaining the δ1,2

frequencies.
A likely explanation for the residual FS is that electron-

phonon coupling contributes to opening the CDW gap but
leaves the spectral function inside the gap finite. In 1D,
this is expected for a CDW driven by electron-phonon
coupling [35,36], and while the Te-net in RTe3 is two-
dimensional (2D), the CDW shows several characteristics of
being 1D [30,37]. It is interesting that such a situation can
lead to QOs despite the fact that there is no real Fermi level
crossing, just a finite spectral function at EF, a situation that
has been invoked previously to describe QOs in a pair density
wave state of the cuprate superconductors [38]. Strong and
q-dependent electron-phonon coupling has repeatedly been
discussed as the driving mechanism of CDWs in RTe3 [25,27]
and experimentally shown to be present in the lattice vi-
brations [26,28,29]. Our results are consistent with this and
establish the manifestation and significant consequences of
electron-phonon coupling in the electronic structure. On
the other hand, it is not clear if the CDW in NdTe3 is
sufficiently 1D to justify a comparison to a strict Peierls
model.

An alternative explanation for the finite intensity in the gap
is a phase separation between CDW and normal state regions
of the sample, leaving some minority part of the sample in the
normal state. This could be induced either by defects [39] or
by imperfect nesting [40]. Phase separation has been observed
in other CDW systems, e.g., in 1T-TiSe2 [41], Lu2Ir3Si5 [42],
or indium atomic wires on Si [39]. In the case of RTe3, how-
ever, published scanning tunneling microscopy results show
no indications of phase separation [43–46].

We note that the in-gap photoemission intensity ob-
served here is consistent with previous ARPES studies of
RTe3 [2,4,15,18,21]. However, the phenomenon was not
discussed.

Finally, the weak η QO, as well as the two remaining α

frequencies, need to be accounted for. ARPES reveals several
possible candidates for closed contours matching these. These
are outlined in Fig. 3(d) as dashed lines and labeled A–D, with
sizes of A (10.8 ± 0.3%), B (8.0 ± 0.3%), C (2.4 ± 0.2%), D
(1.4 ± 0.2%), such that the A and D contours can be tenta-
tively assigned to the η and highest α QO. Interestingly, these
contours are not present in the original FS without the CDW
and arise only due to the presence of CDW-induced shadow
band crossings. In fact, there potentially is a multitude of new
closed FS contours induced in this way [see Fig. 1(c)] but not
all of these are observed, as the shadow bands are generally
weak in ARPES [16,17,23].

The presence of the residual normal state FSs, along
with the QOs arising from CDW shadow bands, raises in-
teresting questions about the energy balance of the CDW. A
nesting-driven CDW is commonly viewed as electronically
stabilized by a partial removal of the FS [47]. While this
picture is too simple to explain many real systems including
RTe3 [25–28,30,31], it is intriguing that the CDW formation
should not only remove FS elements but also create new ones,
as this leads to an electronic energy increase. A proper ac-
count for the CDW’s energy balance thus requires considering
the many-body spectral function of the CDW state, especially
for the incommensurate case, for which the conventional band
structure picture is, strictly speaking, not valid [48].

In conclusion, we have addressed the open question of
assigning QOs in the RTe3 group to specific FS contours. This
has revealed the origin of the α pocket that is responsible for
the high mobility in the materials. We have also found several
QOs that can be explained by CDW-induced shadow bands.
This leads to the interesting scenario in which the introduction
of a CDW not only removes FS elements but also creates new
ones, relevant for the transport properties and the energetics of
the CDW state. Finally, we have found a remaining spectral
weight with the shape of the original FS in the gap of the
CDW. We have assigned this residual FS to the high-frequency
QO observed for NdTe3 and GdTe3. This can be seen as a
manifestation of the 1D character of the CDW, where a finite
spectral function in the gap is expected for an electron-phonon
coupling driven CDW.
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