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The charge density wave (CDW) state is a ubiquitous ordered phase in condensed matter systems, characterized by
a periodic modulation of the electronic charge density. In many CDW materials, superconductivity (SC) emerges in close
proximity to, or coexists with, the CDW phase, offering a valuable platform to explore the interplay between these two com-
peting orders. The ZrTes_,Se, family provides an ideal system for investigating this interplay, as both CDW-dominated
and superconductivity-dominated end members have been well studied, while the intermediate compositions remain largely
unexplored. In this study, we employ high-resolution angle-resolved photoemission spectroscopy (ARPES) to systemati-
cally investigate the band structure and CDW gap in Se-doped ZrTes;_,Se, (x = 0.015), a prototypical system exhibiting
the coexistence of CDW and superconductivity phases. Detailed analysis of the band structure across the Brillouin zone
reveals highly momentum-dependent, anisotropic CDW gaps. Quasi-2D Fermi surface centered at I" exhibits the absence
of CDW gap, while on quasi-1D Fermi surface along the Brillouin zone boundary, there is also a highly anisotropic dis-
tribution of CDW gap. The gap is zero at B, while reaching its maximum at a nesting vector consistent with the bulk
CDW modulation. These results provide direct evidence that quasi-1D Fermi surface nesting is the primary driving force
behind CDW formation in this compound. Notably, our measurements reveal a strongly suppressed density of state around
Er even out of CDW gap and absence of band folding induced by Fermi surface nesting. This observation suggests that
selenium doping enhances fluctuations of the CDW order parameter, thereby weakening the long-range CDW coherence.
Such enhanced fluctuations are likely to facilitate SC pairing, contributing to the observed increase in the SC transition
temperature of the doped samples. Our findings not only provide comprehensive understanding of the CDW state in the
ZrTes_,Se, family but also demonstrate that chemical doping provides an effective route to tune the competition between
CDW and superconductivity.

Keywords: charge density wave, superconductivity, angle-resolved photoemission spectroscopy, ZeTes;_,Se,
PACS: 71.45.Lr, 79.60.-, 71.55.-1, 71.20.-b

DOI: 10.1088/1674-1056/addcc5 CSTR: 32038.14.CPB.addcc5

1. Introduction

The charge density wave (CDW) state constitutes a ubig-
uitous ordered phase in condensed matter systems.!!! Con-
temporary theoretical frameworks attribute the emergence of
CDWs to three primary mechanisms: Fermi surface nesting,
electron—phonon coupling, and electron—electron correlations.

Among these, CDWs driven by Fermi surface nesting are pre-

TThese authors contributed equally to this work.
fCorresponding author. E-mail: baiging @sjtu.edu.cn

dominantly found in low-dimensional systems. Representative
examples include quasi-1D compounds such as LusIrsSijo?!
and Ba;TiTes,’! as well as kagome metals like CsV3Sbs. [
In such systems, CDW formation is associated with specific
portions of the Fermi surface connected by a characteristic
wave vector q. When parallel or nearly parallel segments

of the Fermi surface are nested via g, the electronic suscep-
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tibility is significantly enhanced, promoting strong scattering
processes between nested regions. This redistribution of elec-
tronic states induces an instability, ultimately leading to the
formation of a CDW through partial or complete nesting of the
Fermi surface. In contrast, CDW formation in conventional
2D and 3D materials, such as transition metal dichalcogenides
(TMDs) including 2H-NbSe,,"! 2H-TaSe,,®) NbS,,[7! and
2H-Ta$S,,!® is primarily driven by electron—phonon cou-
pling. In these systems, softening of specific phonon modes
leads to lattice instabilities, often evidenced by the emer-
gence of imaginary phonon frequencies, which in turn re-
sult in periodic structural distortions that stabilize the CDW
state. Additionally, in strongly correlated electron systems,
where the Coulomb repulsion energy is comparable to the
kinetic energy, CDWs can arise from electronic correla-
tions. Notable examples include various cuprate supercon-
ductors, such as BiSr,CaCu,0s., 5,°! Bi,Sry_,La,CuOg, "
HgBa,CuO, 5" and (Y,Nd)BayCu306.,.!"?! Remarkably,
in all three classes of CDW systems, a complex interplay of-
ten exists between CDW and superconducting phases. This
observation highlights a profound connection between these
two competing orders. The delicate balance between CDW
and superconducting order parameters remains a central topic
in the study of quantum materials. Therefore, a comprehensive
investigation of the electronic structure in the CDW state is es-
sential for unraveling the mechanisms that govern the compe-
tition and coexistence between CDW and superconductivity.
The ternary telluride ZrTes is distinguished by the coex-
istence of CDW order and superconductivity,!'3] making it a
subject of considerable interest. Pronounced anomalies have
been observed in both electrical resistivity and elastic modu-
lus at the CDW transition temperature Tcpw = 63 K, 13 in-
dicating strong coupling between electronic and lattice de-
grees of freedom. Momentum-resolved angle-resolved pho-
toemission spectroscopy (ARPES) measurements support a
nesting-driven CDW mechanism, revealing gap openings pre-
dominantly on quasi-1D band dispersions near the Brillouin
zone (BZ) boundary.['¥l These results are further corrobo-
rated by electron diffraction studies, which identify a charac-
teristic CDW wave vector ¢ = (1/14,0,1/3).1"5] Consistent
with these momentum-space observations, real-space scan-
ning tunneling microscopy (STM) reveals a quasi-1D, incom-
mensurate CDW modulation characterized by the same wave
vector.!'6 As demonstrated in classical systems exhibiting in-
tertwined superconductivity and CDW, these two orders of-
ten compete. Consequently, suppressing CDW order is fre-
quently an effective strategy for enhancing superconductivity.
In ZrTes, the introduction of vacancies has been shown to ef-
fectively suppress long-range CDW order.['%!7] Early theo-
retical work has established that in low-dimensional systems,

weak disorder can inhibit the formation of long-range CDW

18,191 T particular, the ubiquitous presence of Te vacan-

order.!
cies in ZrTes leads to strong pinning effects and disrupts CDW
phase coherence, as confirmed by STM measurements. More-
over, vacancy tuning via crystal growth temperature can lower
the CDW transition temperature and simultaneously enhance

171 The coexistence and apparent competi-

superconductivity.
tion between CDW and superconductivity in ZrTes position it
as an ideal model system for exploring the intricate interplay
between these collective phenomena in low-dimensional ma-
terials.

Recent studies have demonstrated that chemical doping is
a powerful and systematic approach for tuning CDW and su-
perconducting states in a variety of quantum materials. In par-
ticular, systematic substitution of selenium in the ZrTes_,Se,
system has been shown to progressively suppress the CDW
order,?”! with Se acting as a dilute impurity that enhances
electron scattering and likely plays a role similar to that of
Te vacancies in pinning the CDW phase. Thermal conduc-
tivity measurements have identified a CDW quantum critical
point induced by Se doping, marking a critical transition in the
electronic ground state.?!! Intriguingly, Tsc reaches a maxi-
mum of 4.4 K within the doping range 0.04 < x < 0.07. Re-
markably, even in compositions where bulk CDW order ap-
pears to be suppressed (e.g., x = 0.1), Raman spectroscopy
continues to detect CDW-related phonon modes, suggesting
the persistence of dynamic CDW fluctuations. ?°! These fluc-
tuations above Tcpw have also been observed in undoped
ZrTes through ARPES and STM studies.!'*!01 Collectively,
these findings underscore the complex interplay among CDW
ordering, quantum criticality, and superconductivity in the
ZrTes_,Se, system. Despite this progress, current band struc-
ture investigations have largely focused on either the CDW-
dominated (low x) or superconductivity-dominated (high x)
regimes. To date, the electronic structure of intermediate com-
positions in the range x = 0.01-0.04 remains unexplored. Fur-
thermore, a comprehensive momentum-resolved mapping of
the CDW gap across the BZ is still lacking. Addressing these
gaps is essential for developing a deeper understanding of the
doping-tuned evolution of collective electronic states in this
material.

In this study, we present a comprehensive ARPES inves-
tigation of the electronic structure in Se-doped ZrTe;_,Se,
(x = 0.015), with the coexistence of CDW (Tcpw = 55 K)
and superconducting orders (Tsc = 2.6 K). By systematically
examining the momentum dependence of anisotropic CDW
gaps, we elucidate the critical role of Fermi surface nesting
in driving the CDW instability. Notably, our measurements
reveal a significant suppression of spectral weight out of the
CDW gap region and the absence of obvious nesting-induced
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band folding near the Ef, implying that isoelectronic sele-
nium substitution enhances fluctuations of the CDW order
parameter, thereby weakening the CDW coherence and en-
hancing the competing superconductivity. Our work uncovers
a delicate competition between CDW and superconductivity,
demonstrating that controlled chemical doping provides an ef-
fective pathway for modulating the energy landscape of corre-
lated electron systems.

2. Method
2.1. Single crystal synthesis and characterization

High-quality ZrTes;_,Se, single crystals were grown by
chemical vapor transport (CVT) with a nominal composition
of x =0.015. The crystal structure was characterized by single
crystal x-ray diffraction (XRD). Electrical transport and mag-
netization measurements were performed in a physical prop-
erty measurement system from Quantum Design.

2.2. Angle-resolved photoemission spectroscopy

Our high-resolution ARPES measurements were con-
ducted at the BLO9U beamline of the Shanghai Synchrotron
Radiation Facility (SSRF) using a Scienta Omicron DA30L
analyzer. Photon energies ranged from 20 eV to 150 eV, with
the energy resolution of 10-80 meV and the angular resolu-
tion of 0.1°. The samples were cleaved in situ under a base
pressure better than 5.0 x 10~!! Torr.

3. Results

The compound ZrTes_,Se, crystallizes in a monoclinic
structure with space group P21/m. As illustrated in Fig. 1(a),
the lattice features quasi-1D trigonal prismatic ZrTeg chains
running along the crystallographic c-axis, where selenium
atoms partially substitute tellurium. The crystal structure was
confirmed by single-crystal XRD, as shown in Fig. 1(b). The
corresponding three-dimensional BZ for ZrTe;_,Se, is de-
picted in Fig. 1(c). To determine the basic physical properties
of ZrTe; 9855€0.015, we conducted electric transport and mag-
netic susceptibility measurements. Temperature-dependent
resistivity measurements reveal two distinct phase transi-
tions (Fig. 1(d)): a CDW transition at Tcpw = 55 K, and
a superconducting transition at Tgc = 2.6 K, which exceeds
the superconducting transition temperature of undoped ZrTe;
(Tsc < 2 K). Notably, the superconducting volume fraction of
ZrTe; 9855€0. 015 is nearly 100%, strongly demonstrating the
nature of the bulk superconductivity (inset of Fig. 1(d)).

To elucidate the electronic band structure of ZrTes_,Se,
(x =0.015), we conducted systematic ARPES measurements.
As shown in Fig. 2(a), photon-energy-dependent ARPES data
exhibit negligible dispersion along the k, direction, consis-
tent with the weak interlayer coupling characteristic of van der

Waals materials. This observation confirms the quasi-2D na-
ture of the electronic structure in ZrTes_,Se,.

Having established the quasi-2D nature of ZrTe;_,Se,,
we next examined its in-plane electronic structure. Near the
center of the BZ, I, ARPES measurements reveal a hole-like
Fermi pocket, along with an additional hole-like band located
just below Ef, as shown in Fig. 2(b). Furthermore, quasi-
1D electron-like Fermi surface sheets are observed along the
BZ boundary. A closer inspection along the B—D direction
reveals two distinct electron pockets (highlighted by white
dashed curves in Fig. 2(b)), which are attributed to the two
inequivalent Te atoms in the unit cell. This Fermi surface
splitting is consistent with previously reported features in pris-
tine ZrTe3,[>?! indicating that the essential band topology is
retained upon Se doping. The structural inequivalence is fur-
ther corroborated by the observed splitting of the Te 4d;/,
and 4ds /2 core levels, as shown in Fig. 2(c). The absence
of detectable Se-related core-level signals is expected given
the low doping concentration, and suggests that Se atoms be-
have as dilute impurities within the lattice. To further con-
firm that the band structure is not significantly altered by Se
doping, we compare ZrTe, 9g5Seg.o15 and ZrTe; 960S€0.040. AS
shown in Figs. 3(a) and 3(d), the overall band structure re-
mains largely unchanged upon light Se doping. The energy
distribution curves (EDCs) at I" and B [Figs. 3(c) and 3(d)]
also exhibit no significant differences, consistent with previ-
ous reports. >3] Collectively, these observations confirm that
the fundamental structural and electronic properties of ZrTes
are largely preserved in ZrTes_,Se,, despite the isoelectronic

substitution of Se at Te sites.
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Fig. 1. The lattice structure, Brillouin zone, and basic physical char-
acterization of ZrTe;_,Se,. (a) Schematic illustration of the crystal
structure of ZrTesz_,Se,. (b) Single-crystal XRD pattern of ZrTe;_,Sey.
(c) Three-dimensional Brillouin zone and the corresponding surface pro-
jected Brillouin zone. (d) Temperature-dependent resistivity p(7') of
ZrTep.0855€0.015- Inset: Temperature-dependent magnetic susceptibility.
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Fig. 2. Overall electronic structure of ZrTe; 9gsSep015. (a) Photon-energy-dependent Fermi surface map of ZrTe; og5S€eq 015 along B—I'-B
direction. (b) Constant energy map at selective binding energies (measured with #v = 38 eV, LH). The black dashed curves mark the hole
pockets centered at I", while white dashed curves highlight the electron pockets along B-D, yellow dashed lines indicate the ideal nesting
Fermi surfaces and yellow arrows highlight the nesting vector ~ 1/14a*. (c) Te 4d3/, and 4ds, core-level spectrum. Asterisks indicate the
splitting of the Te 4d peaks attributed to the presence of two inequivalent Te sites in the lattice, as illustrated in the inset. (d) Fermi surface of
ZrTe; 985S€0.015 in the surface BZ (measured with 2v = 60 eV, LH). Red and yellow dashed lines denote the momentum cuts corresponding to
the ARPES spectra presented in Figs. 3 and 4, respectively. Orange dashed lines and the arrow indicate the Fermi surface nesting positions and

nesting vector, respectively.

Intensity
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Fig. 3. Comparison of the band structure along B-I'-B between
ZrTe;.9855€0.015 and ZrTep.060S€0.40- (), (b) ARPES spectra along B—
I'-B for ZrTe; 9g55¢€0 015 (a) and ZrTes 90Seg 40 (b). Data in (a)—(d)
were measured using He I light from a helium discharge lamp. (c),
(d) EDCs, taken at I" (c) and B (d), for ZrTe; 9g5Seg 015 (blue lines) and
ZrTe; 960Se 40 (orange lines).

To further probe the mechanism underlying CDW for-
mation in ZrTes_,Se,, we systematically examined the elec-
tronic band structure along multiple momentum cuts in the
BZ to identify potential CDW energy gaps. Figures 4(a)—4(d)
present the ARPES band dispersions near the quasi-2D hole-
type Fermi surface at the I” point, measured along the mo-

mentum cuts marked by red dashed lines h1-h4 in Fig. 2(d).

To minimize the influence of the Fermi—Dirac cutoff, all raw
spectral data were divided by the Fermi-Dirac distribution
function. Careful analysis of Figs. 4(a)-4(d) reveals that the
electronic bands cross the Er without any discernible gap
opening. This finding is further substantiated by the sym-
metrized EDCs shown in Figs. 4(e)—4(h), which exhibit no
characteristic features indicative of CDW-induced gap forma-
tion in this region of momentum space. These combined ob-
servations demonstrate that no detectable CDW gap is present
on the prominent quasi-2D bands near I", suggesting that the
CDW order predominantly affects other regions of the Fermi
surface.

Having confirmed the absence of a CDW gap on the
quasi-2D hole pocket near I", we turned our attention to the
quasi-1D Fermi surface along the Brillouin zone boundary
B-D. To quantitatively investigate the CDW gap formation,
we performed momentum-resolved measurements along the
B-D symmetry line, as indicated by the yellow dashed lines
el—e6 in Fig. 2(d). Figures 5(a)-5(f) display the correspond-
ing ARPES spectra, divided by the Fermi—Dirac distribution
function, which reveal two key features: the absence of a
CDW gap at B and a pronounced suppression of the density
of states (DOS) near the Er at momenta away from B. These
results provide direct evidence for anisotropic CDW gap open-
ing along the quasi-1D Fermi surface.

077106-4



Chin. Phys. B 34, 077106 (2025)
_(b)h2

(c) h3

E—EF (eV)

Intensity (arb. units)

T T T T L T
—02 0 0.2 —02 0 0.2 —02 0 0.2 -0.2 0 0.2
E—FEy (eV) E—Ey (V) E—FEy (eV) E—Ey (V)

Fig. 4. ARPES spectra of the quasi-2D hole pockets. (a)—(d) ARPES intensity plot, along h1-h4 cuts indicated in Fig. 2(d), divided by Fermi—
Dirac distribution function. Data in (a)—(c) were measured using 38 eV LH light; (d) was measured using 60 eV LH light. (e)—(f) Symmetrized
EDCs taken from (a)—(d).
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Fig. 5. ARPES spectra of the quasi-1D electron pockets along B-D direction. (a)—(f) ARPES intensity plots along momentum cuts e1—€6, as
indicated in Fig. 2(d), shown after division by the Fermi—Dirac distribution function to enhance visibility near the Er. Data from (a)—(f) were
measured using 38 eV LH light.

To further elucidate the anisotropic nature of the gap and  momentum-dependent variation in gap size, providing direct
quantitatively determine its magnitude, we performed a de-  evidence for an anisotropic CDW gap in ZrTe;_,Se,. The
tailed analysis of the symmetrized EDCs. The symmetrized = maximum gap amplitude, approximately 51 meV, is observed
EDCs, present in Fig. 6, along the B-D direction exhibitaclear ~ at cut €5, where the nesting vector g connecting segments of
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the Fermi surface is ~ 0.068a* (a* = 27/a), closely aligning
with the reported CDW modulation wave vector along the a*
direction (~ 1/14a*). In contrast, at the high-symmetry point
B both the Fermi-Dirac-divided spectra and the symmetrized
EDCs show no discernible gap opening. This absence is at-
tributed to the van Hove singularity near Ey, which results in
a nesting vector q ~ 0.2>23] Interestingly, we also observe a

Fermi surface, even outside the gapped region, extending over
an energy range of approximately 100 meV near Er. More-
over, no clear signatures of band folding, typically associated
with Fermi surface nesting, are detected. These observations
suggest that additional effects such as impurity-induced elec-

tronic scattering may play a significant role in modifying the

substantial suppression of spectral weight along the quasi-1D ~ CDW coherence and spectral features.!>*!
(a) el gap~0 meV (b) e2 _ gap~19 meV (¢) e3  gap~26 meV
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Fig. 6. Symmetrized EDCs of the quasi-1D electron pockets spectra along B-D direction. (a)—(f) Symmetrized EDCs extracted from the

ARPES spectra along momentum cuts el—e6, as defined in Fig. 2(d). The

4. Discussion

Through a systematic momentum-resolved characteriza-
tion of the CDW gap across the BZ of ZrTe; 9g5Seg.015, our
analysis confirms that the CDW formation is primarily driven
by quasi-1D Fermi surface nesting. The extracted nesting vec-
tor is consistent with earlier diffraction studies, ' reinforcing
the nesting-driven nature of the CDW instability in this mate-
rial.

Despite this correspondence, several notable deviations
from the conventional Fermi surface nesting picture are ob-
served: (1) a substantial suppression of the DOS near the
Er, extending across an energy window of approximately
100 meV, even outside the identified CDW gap region; and
(2) the absence of clear band folding typically associated with
nesting-induced CDW states. Previous studies!?*! have shown
that dilute Se substitution significantly enhances electronic
scattering, which likely accounts for the pronounced DOS sup-
pression near Er. Such enhanced scattering can disrupt long-
range CDW coherence, thereby suppressing the formation of
well-defined folded bands in momentum space.

It is worth noting that even in undoped ZrTes, no promi-
nent band folding has been observed. STM studies!'®! have

red dashed lines and triangles indicate the CDW gap position.

reported the ubiquitous presence of Te vacancies in pristine
ZrTes, which induce short-range CDW fluctuations persisting
well above the CDW transition temperature. These findings
suggest that strong electronic scattering, whether from intrin-
sic vacancies or extrinsic dopants, plays a critical role in mod-
ulating CDW coherence throughout the ZrTes;_,Se, system.
Crucially, we emphasize the strong interplay between
CDW order and superconductivity in ZrTe;_,Se,. Whether by
intercalating ZrTes with Ni/Cu?*-2%! or by reducing its thick-
ness via exfoliation,?”] both approaches reveal a clear anti-
correlation between superconductivity and CDW, underscor-
ing the competitive relationship between these two electronic
phases. Since the CDW in this system is primarily driven
by Fermi surface nesting, the observed anisotropic supercon-
ductivity likely originates, at least in part, from the quasi-
1D Fermi surface. Indeed, by systematically controlling the
vacancy concentration!!”! through varying the crystal growth
temperature, upper critical field measurements indicate that
the bulk and filamentary superconducting components are as-
sociated with the quasi-2D and quasi-1D Fermi pockets, re-
spectively. Once the CDW develops, it suppresses the density
of states at the DOS at Er — as evidenced by our experiments
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— thereby disfavoring superconductivity on the same quasi-
1D Fermi surface.!?8! In contrast, Se doping or increasing Te
vacancies suppresses long-range CDW order and consequently
promotes superconductivity, highlighting the need for further
investigation into the delicate balance between these compet-
ing electronic states.

5. Conclusions

In summary, we have characterized the electronic band
structure of Se-doped ZrTes_,Se, (x = 0.015), which exhibits
a CDW transition at Tcpw = 55 K and a superconducting
transition at Tsc = 2.6 K, using ARPES. The system dis-
plays a mixture of two-dimensional bulk states and quasi-1D
chain-like electronic features near the BZ boundary — con-
sistent with observations in both CDW-dominated ZrTe; and
superconductivity-dominated ZrTeggsSes. Core-level spec-
troscopy of Te reveals a clear splitting of both the 4ds3/, and
4ds ), states, indicating the presence of two inequivalent Te
sites in the lattice. Momentum-resolved analysis along the B—
D direction reveals an anisotropic CDW gap, with the maxi-
mum gap occurring between B and D corresponding to a nest-
ing vector q =~ 1/14a*. In contrast, no gap is observed at B
(where g =~ 0) or on the central quasi-2D Fermi pocket. These
findings support a nesting-driven CDW formation mechanism
rooted in the quasi-1D Fermi surface topology. Notably, the
spectral weight remains strongly suppressed even outside the
primary gap region along the quasi-1D Fermi surface, and no
clear band folding is detected. We attribute these features
to impurity-induced electronic scattering, which is particu-
larly pronounced in ZrTes;_,Se, due to intrinsic Te vacancies
and/or Se dopants. This enhanced scattering disrupts long-
range CDW coherence, thereby obscuring the conventional
signatures expected from a fully developed nesting-induced
gap. Our findings demonstrate that chemical doping serves
not only to enhance the superconducting transition temper-
ature but also provides a tunable platform for investigating
the competition between CDW order and superconductivity in
low-dimensional quantum materials.
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