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We report the electronic structure of CuTe with a high charge density wave (CDW) transition
temperature Tc ¼ 335 K by angle-resolved photoemission spectroscopy. An anisotropic charge density
wave gap with a maximum value of 190 meV is observed in the quasi-one-dimensional band formed by
Te px orbitals. The CDW gap can be filled by increasing the temperature or electron doping through in situ
potassium deposition. Combining the experimental results with calculated electron scattering susceptibility
and phonon dispersion, we suggest that both Fermi surface nesting and electron-phonon coupling play
important roles in the emergence of the CDW.
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Low dimensional materials have the tendency to form
new orderings with novel physics. Charge density wave
(CDW) [1] is one of the most fundamental phenomena
and has been discovered in various transition metal dichal-
cogenides (TMDCs) [2,3] (e.g., TaSe2 [4], TaS2 [5], and
NbSe2 [6]) and rare-earth tritellurides RTe3 [7,8]
(R ¼ rare earth elements, e.g., CeTe3 [9] and SmTe3
[10]). In the CDW state [11,12], an instability of the
metallic Fermi surface involving electron-phonon interac-
tion [13] or electron-electron scattering [10,14] leads to a
modulation of the lattice coupled to changes in the
conduction electron density in the real space with a period
λc. Such modulation induces an energy gap at the Fermi
wave vector kF ¼ π=λc, thereby lowering the electronic
energy of the occupied electronic states in the CDW phase.
Copper-based chalcogenides form a large family with

diverse properties and potential applications in solid-state
devices such as thermoelectrics, batteries, and photovol-
taics [15–17]. Among these materials, the stoichiometric
compound CuTe exhibits a modulation of Te atoms,
forming dimers and trimers at a low temperature, sug-
gesting a CDW transition [18]. Different from the quasi-2D
TMDCs and RTe3, Te atoms in CuTe form quasi-1D
chains, and therefore, CuTe can be viewed as a quasi-1D
CDW system with Peierls-like distortion [19]. So far, the
electronic structure of CuTe, in particular the electronic
structure signature of the CDW (e.g., CDW gap, nesting
vector, etc.) as well as the underlying mechanism for CDW,
has remained missing.
Here we provide direct experimental evidence for the

CDW in CuTe by angle-resolved photoemission

spectroscopy (ARPES) measurements. An anisotropic
CDW gap with a maximum value of 190 meV is observed
in the quasi-1D band formed by Te px orbitals through a
nesting wave vector qx ¼ 0.4 a�, which matches well with
previous diffraction results [18]. By increasing the temper-
ature or electron doping through in situ potassium depo-
sition, the CDW gap is gradually filled and eventually
disappears. These experimental results, combined with
analysis from the calculated electron scattering susceptibil-
ity and phonon spectrum, suggest that both electron-
phonon coupling and electron-electron interaction play
important roles in the CDW formation in CuTe.
High quality CuTe single crystals were grown by a self-

flux method. Surface-sensitive angle-resolved photoemis-
sion spectroscopy (ARPES) measurements have been
performed at BL 4.0.3 of the Advanced Light Source
and BL 1 [20] of Hiroshima Synchrotron Radiation Center.
The crystals were cleaved in ultrahigh vacuum and mea-
sured at a temperature of T ¼ 20 K. The band structure
calculation is performed using the VASP code [21] and the
Fermi surface is calculated by Wannier interpolation using
wannier90 [22]. The phonon dispersion is calculated by
QUANTUM ESPRESSO [23] with norm-conserving potential
on a q grid 10 × 6 × 4.
CuTe has an orthorhombic structure with space group

Pmmn and lattice constants of a ¼ 3.149 Å, b ¼ 4.086 Å,
c ¼ 6.946 Å [24]. The x-ray and Laue diffraction patterns
of the CuTe sample at room temperature in the ab plane are
shown in Fig. S1(a, b) in the Supplemental Material [25].
For the non-CDW structure, evenly spaced Te chains run
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above and below the puckered copper layers, and each
copper atom is coordinated with four Te atoms [Fig. 1(a)].
The crystal naturally cleaves between adjacent Te layers,
which is ideal for low energy electron diffraction (LEED)
and ARPES measurements. At low temperature, units of
two or three Te atoms (marked by red broken lines) with
shorter bond length [movement of atoms indicated by black
arrows in Fig. 1(a)] alternate with single Te atom along the
a axis with concomitant slight distortion of corrugated Cu
layers along the c axis direction. This results in a 5 × 1 × 2
superstructure [18] with projected modulation wave vectors
of qx ¼ 0.4 a� and qz ¼ 0.5 c� along the x and z directions,
respectively. The CDW is revealed by the 5 × 1
reconstruction peaks [red circles in Fig. 1(b)] in the
LEED pattern and a dip in transport measurement
[Fig. 1(c)]. Figure 1(d) shows the bulk Brillouin zone
(BZ) with the projected x and z components of the
modulation wave vector. The calculated Fermi surface
for the normal phase of CuTe is shown in Fig. 1(d) with
the high symmetry points labeled.
Figures 1(e)–1(j) show ARPES intensity maps measured

at 20 K from the Fermi energy (EF) to −0.5 eV with p
polarized light. Intensity maps with the s polarized light are
shown in Fig. S3 in the Supplemental Material [25]. The
Fermi surface map shows pockets extending along the kx
direction which are contributed by the py orbitals {yellow,
green, and red pockets in Fig. 1(d), or see the calculated
intensity maps in the non-CDW state in Fig. S2 of the
Supplemental Material [25] for more details}, while the

quasi-1D line segments along the ky direction [labeled as α
and β in Fig. 1(d)], which are contributed by the px orbital of
Te, are totally missing in the Fermi surface map, suggesting
that they are gapped. At −0.1 eV, part of the quasi-1D
line segments becomes observable and the gapped region
becomes smaller at lower energy (see red arrows for the
edges of the line segment). This indicates that the gap closes
in some momentum regions and suggests that the gap size is
rather anisotropic. At −0.2 eV, the gap is fully closed and
the entire line segments become detectable. The separation
between these line segments is qN ≈ 0.4 a�, which matches
well with the projected in-plane component of the CDW
wave vector qx [18]. Therefore, the gapped quasi-1D line
segments from the Te px orbital and the matching CDW
vector provide a direct experimental evidence for the CDW
formation at low temperature.
Since the gap is anisotropic along the quasi-1D line

segment, we further investigate the evolution of the gap
with momentum. Figures 2(a)–2(g) show the dispersions
measured parallel to kx at different ky positions as marked
in Fig. 2(i). Near ky ¼ 0 (cuts 1 and 2), the dispersing bands
are gapless and cross EF. Cut 3 starts to slice through the
line segment, and a gap of 0.12 eV is observed. The gap
increases and reaches the maximum value of 0.19 eV for
cut 4 at ky ¼ 0.3Å−1 , and eventually decreases to 0.09 eV
at the BZ boundary for cut 7. The evolution of the gap size
is in agreement with intensity maps shown in Fig. 1, where
the line segment is only partially observed between EF and
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FIG. 1. (a) Crystal structure of CuTe. Arrows indicate the movement of Te atoms in the CDW phase. (b) LEED pattern at 80 K shows
Bragg peaks (yellow circle) and reconstruction peaks (red circle). (c) Temperature dependent resistivity of CuTe. The inset shows a
picture of a typical single crystal of a few millimeters in size. (d) Bulk Brillouin zone and calculated Fermi surface for the normal phase
of CuTe with high-symmetry points labeled. (e)–(j) Intensity maps at constant energies from EF to −0.5 eV measured at 20 K, with
photon energy of 80 eVand p polarization. The black arrow indicates the nesting wave vector, and the red arrows mark the edges of the
ungapped area.
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−0.15 eV and becomes completely visible at −0.2 eV
when the gap fully closes. The gap anisotropy can also
be directly visualized by slicing along the quasi-1D line
segment at kx ¼ 0.4 Å−1 [cut 8 shown in Fig. 2(h)]. The
dispersion along the line segment suggests that this band still
has some extent of two-dimensional characteristics caused
by the hybridization of the Te px orbital with other orbitals.
This quasi-1D band is gapless around the Γ point and
reaches the maximum value at ky ¼ 0.3 Å−1, corresponding
to the bottom of the dispersing band in Fig. 2(h). Moving
toward the BZ boundary, the gap size decreases gradually,
corresponding to the slow rise of the dispersion towards EF
in (h). The momentum dependence of the gap size is in
overall agreement with the calculated band dispersion with a
5 × 1 × 2 supercell in Fig. S4 in the Supplemental Material
[25]. Such momentum dependence is attributed to the
imperfect nesting, and is inconsistent with the nesting-driven
scenario as observed in other CDW system [26].
The folded band can also be observed in the dispersion
by adjusting the color contrast of the data shown in Fig. 2(f)
(see Fig. S5 in the Supplemental Materials [25]). Taking the

maximum gap value of 0.19 eVand Tc ¼ 335 K, we obtain
the ratio of 2Δ=kBTc ≈ 13, which is similar to that reported
in other CDW materials, e.g., 2H-TaSe2 [13], and is much
larger than the 3.52 expected from mean-field theory for a
weakly coupled CDW system [27].
Figures 2(k)–2(o) show the temperature evolution of the

dispersions at ky ¼ 0.47 Å−1 (similar to cut 5), where the
gap is close to maximum. With increasing temperature,
the top of the valence band moves up toward EF, indicating
a decrease of the CDW gap size. The temperature depen-
dent energy distribution curves (EDCs) and corresponding
reference spectra are shown in Fig. S6 in the Supplemental
Material [25], and the extracted gap size from the shift
of the leading edge is plotted in Fig. 2(p). We have also
included the normalized EDCs in Fig. S7 in the
Supplemental Material [25], which can be used to directly
visualize the evolution of spectral weight distribution
with temperature. The normalized EDCs show that there
is a spectral weight redistribution from lower binding
energies near EF to higher binding energies, and the total
spectral weight is conserved during the CDW transition.
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FIG. 2. (a)–(g) Band dispersions along the kx direction at fixed ky ¼ 0, 0.15, 0.25, 0.3, 0.45, 0.55, 0.77 Å−1, respectively. The CDW
gap size is labeled. (h) Band dispersion along the quasi-1D line segment at kx ¼ 0.4 Å−1. The locations of (a)–(h) momentum cuts are
marked by blue dashed lines in (i). Gap size extracted from (a)–(g) are appended as symbols. (j) Extracted gap size as a function of ky.
The error bars are smaller than the markers. (k)–(o) Evolution of band dispersions at ky ¼ 0.47 Å−1 with temperature from 20 K to
350 K with photon energy of 60 eV. (p) Extracted gap size as a function of temperature. The gray dashed line is the fitting curve using a
BCS-type gap equation.
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The extracted gap size in Fig. 2(p) fits the semiphenome-
nological BCS gap equation in the mean field theory
△2ðTÞ −△2ðTcÞ ∝ tanh2ðA ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Tc=T − 1
p Þ [28], where A

is a fitting constant. The temperature dependence of the
CDW gap confirms that the CDW transition is in agreement
with the reported transition temperature from resistivity
measurements, and suggests that quantum fluctuation
effects are negligible compared with thermal fluctuation
effects considering the high Tc value for this system.
In addition to increasing temperature, the CDW gap can

in principle also be filled by injection of charge carries. For
examples, transient melting of the CDW phase has been
reported in TbTe3 [29] and TiSe2 [30,31] through photo-
excitation by ultrashort laser pulses. Here we investigate the
collapse of the CDW gap upon electron doping by in situ
surface deposition of potassium (K) on CuTe. The suc-
cessful deposition is confirmed by the K 3p core-level
peaks at −18.5 eV as shown in Fig. 3(a). Figures 3(b)–3(d)
show the band structure evolution of CuTe at ky¼0.45Å−1
as we deposit K on the sample surface. The gapped
electronic state is gradually filled by doped electrons
and eventually the band reaches EF [Fig. 3(d)], indicating
the closing of the CDW gap. A comparison of constant
energy maps for undoped [Figs. 3(e)–(g)] and doped
[Figs. 3(h)–(j)] surfaces show that the originally gapped
region in the undoped sample becomes gapless after doping
(marked by arrows), indicating that injection of electrons
by surface K doping destroys the CDW gapped state.
First principles calculations of the phonon dispersion and

the electron susceptibility have been performed to provide
theoretical insights to the CDW mechanism. A phonon
softening is observed at both q ¼ ð0.4; 0; 0Þ and (0.4, 0,
0.5) (pointed by red arrows) in the calculated phonon
spectra shown in Fig. 4(a), suggesting that it does not

strongly depend on kz. Such Kohn anomaly coincides with
the qCDW, suggesting electron-phonon coupling as a possible
origin for the CDW. Another possible origin for CDW
formation, namely Fermi surface nesting, can be evaluated
by the calculated real (χ0, diverging for triggering CDW
formation) and imaginary (χ00, reflecting the Fermi surface
topology) parts of the electron scattering susceptibility
[32] according to χ0 ¼ P

k½fðϵkÞ − fϵkþq=ϵk − ϵkþq� and
limω−>0½χ00ðωÞ=ω�¼

P

kδðϵk−ϵFÞδðϵkþq−ϵFÞ, where fðϵkÞ
is the occupation at energy ϵk. For both of two quasi-1D
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FIG. 3. (a) Evolution of K 3p core-level spectra upon surface deposition of K atoms. (b)–(d) Band structure evolution of CuTe at
ky ¼ 0.45 Å−1 [cut 5 in Fig. 2(i)] with potassium doping at different time. (e)–(g) Constant energy maps from EF to −0.15 eV before
doping at 20 K. (h)–(j) Constant energy maps from EF to −0.15 eV after doping at 20 K. The constant energy maps in Fig. 3 were
measured by rotating the sample plane (azimuthal angle) by 90 degrees relative to Fig. 1 in order to align the analyzer slit parallel to cut 5
direction, while maintaining other experimental conditions.
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FIG. 4. (a) Calculated phonon spectrum along the high sym-
metry directions. The red arrows indicate the Kohn anomaly
along the Γ–X and Z–U directions. (b) Schematic drawing of
scattering between α and β bands. (c) and (d) Real part and
Imaginary part of the susceptibility between different bands along
the Γ–X direction.
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bands from the Te px orbitals [labeled as α and β in
Fig. 4(b)], a peak is observed at qx ≈ 0.4 a� and the best
match for qCDW ¼ 0.4 a� is obtained for scattering between
the straight α bands [Figs. 4(c) and 4(d)], indicating that the
contribution of nesting is mainly derived from α-α scattering.
Such Fermi surface nesting with high electron susceptibility
can favour CDW formation at qx ¼ 0.4 a�. Therefore, both
electron-phonon interaction and electron-electron scattering
due to Fermi surface nesting are possible origins of the CDW
phase formation in the ground state of CuTe.
In summary, we report the electronic structure and

provide experimental evidence for the CDW phase in
CuTe containing quasi-1D Te chains. ARPES experiments
clearly show that the two quasi-1D like parallel bands from
the Te px orbitals are gapped in CDW transition, and the
gap is collapsed by increasing temperature or electron
doping. Our experimental results together with first prin-
ciples calculations suggest that electron-phonon coupling
and electron-electron scattering by Fermi surface nesting of
the quasi-1D Te px orbitals both contribute to the formation
of the CDW phase of CuTe.
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