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We report the electronic structure of CuTe with a high charge density wave (CDW)
transition temperature Tc = 335 K by angle-resolved photoemission spectroscopy
(ARPES). 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 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.

Low dimensional materials have the tendency to form
new orderings with novel physics. Charge density wave
(CDW) [1] is one of the most fundamental phenom-
ena and has been discovered in various transition metal
dichalcogenides (TMDCs) [2, 3] (e.g. TaSe2 [4], TaS2 [5]
and NbSe2 [6]) and rare-earth tritellurides RTe3 [7, 8](R
= 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 interaction [13]
or electron-electron scattering [10, 14] leads to a modu-
lation 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 vec-
tor kF=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 pho-
tovoltaics [15–17]. Among these materials, the stoi-
chiometric compound CuTe exhibits a modulation of Te
atoms, forming dimers and trimers at low temperature,
suggesting 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 mech-
anism for CDW, has remained missing.

Here we provide direct experimental evidence for the
CDW in CuTe by angle-resolved photoemission spec-
troscopy (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 = 0.4 a∗ which matches well with
previous diffraction results [18]. By increasing the tem-

perature or electron doping through in situ potassium de-
position, the CDW gap is gradually filled and eventually
disappears. These experimental results, combined with
analysis from the calculated electron scattering suscepti-
bility 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 self-
flux method. Surface-sensitive ARPES measurements
have been performed at BL 4.0.3 of the Advanced Light
Source and BL 1 [20] of Hiroshima Synchrotron Radi-
ation Center. The crystals were cleaved in ultra-high
vacuum and measured at a temperature of T=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 disper-
sion 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 = 3.149 Å, b = 4.086 Å,
c = 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 Supplementary Mate-
rials [25]. For the non-CDW structure, evenly-spaced Te
chains run 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 ad-
jacent 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 = 0.4 a∗
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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 mm 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 eV and p-polarization. The black arrow indicates the nesting wave vector, and
the red arrows mark the edges of the ungapped area.

and qz = 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 cal-
culated Fermi surface for the normal phase of CuTe is
shown in Fig. 1(d) with high symmetry points labeled.

Figure 1(e-j) shows 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 Supplementary Materials [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 the calcu-
lated 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 (la-
beled as α and β in Fig. 1(d)), which are contributed by
the px orbital of Te, are totally missing in the Fermi sur-
face 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 seg-
ments 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 seg-
ment, we further investigate the evolution of the gap with
momentum. Figure 2(a-g) shows the dispersions mea-
sured parallel to kx at different ky positions as marked
in Fig. 2(i). Near ky = 0 (cuts 1 and 2), the dispers-
ing 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 = 0.3 Å−1, and even-
tually 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 -0.15 eV and
becomes completely visible at -0.2 eV when the gap fully
closes. The gap anisotropy can also be directly visual-
ized by slicing along the quasi-1D line segment at kx =
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 = 0.3 Å−1, correspond-
ing to the bottom of the dispersing band in (h). Moving
toward the BZ boundary, the gap size decreases grad-
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FIG. 2. (a-g) Band dispersions along the kx direction at fixed ky = 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 = 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 = 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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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 = 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
analyser slit parallel to cut 5 direction, while maintaining other experimental conditions.
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ually, 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 Sup-
plementary Materials [25]. Such momentum dependence
is attributed to the imperfect nesting, and is in consis-
tent 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 Supplemen-
tary Materials [25]). Taking the maximum gap value of
0.19 eV and Tc = 335 K, we obtain the ratio of 2∆/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].

Figure 2(k-o) shows the temperature evolution of the
dispersions at ky = 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 , indi-
cating a decrease of the CDW gap size. The temperature
dependent energy distribution curves (EDCs) and cor-
responding reference spectra are shown in Fig. S6 in the
Supplementary Materials [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 Supplementary Materials [25], which can be used
to directly visualize the evolution of spectral weight dis-
tribution 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. The extracted gap size in Fig. 2(p) fits the
semi-phenomenological BCS gap equation in the mean
field theory 42(T) - 42(Tc) ∝ tanh2(A

√
Tc/T − 1) [28],

where A is a fitting constant. The temperature depen-
dence of the CDW gap confirms that the CDW transition
is in agreement with the reported transition temperature
from resistivity measurements, and suggests that quan-
tum fluctuation effects are negligible compared with ther-
mal fluctuation effects considering the high Tc value for
this system.

In addition to increasing tempeature, the CDW gap
can in principle also be filled by injection of charge
carrers. For examples, transient melting of the CDW
phase has been reported in TbTe3 [29] and TiSe2 [30, 31]
through photoexcitation 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 successful deposition is confirmed by the K 3p
core-level peaks at -18.5 eV as shown in Fig. 3(a). Figure
3(b-d) shows the band structure evolution of CuTe at ky
= 0.45 Å−1 as we deposit K on the sample surface. The
gapped electronic state is gradually filled by doped elec-
trons and eventually the band reaches EF (Fig. 3(d)),
indicating the closing of the CDW gap. A compari-
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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, d) Real-part and
Imaginary-part of the susceptibility between different bands
along the Γ-X direction.

son of constant energy maps for undoped (Fig. 3(e-g))
and doped (Fig. 3(h-j)) surfaces show that the originally
gapped region in the undoped sample becomes gapless
after doping (marked by arrows), indicating that injec-
tion 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 = (0.4, 0, 0) 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 co-
incides with the qCDW , suggesting electron-phonon cou-
pling as a possible origin for the CDW. Another possible
origin for CDW formation, namely Fermi surface nesting,
can be evaluated by the calculated real (χ′, diverging for
triggering CDW formation) and imaginary (χ′′, reflecting
the Fermi surface topology) parts of the electron scatter-

ing susceptibility [32] according to χ′ =
∑
k
f(εk)−fεk+q

εk−εk+q

and limω−>0
χ′′(ω)
ω =

∑
k δ(εk − εF )δ(εk+q − εF ), where

f(εk) is the occupation at energy εk. For both of two
quasi-1D 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 = 0.4 a∗ is obtained for
scattering between the straight α bands (Fig. 4(c, d)),
indicating that the contribution of nesting is mainly de-
rived from α-α scattering. Such Fermi surface nesting
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with high electron susceptibility can favour CDW forma-
tion at qx = 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 exper-
iments clearly show that the two quasi-1D like paral-
lel bands from the Te px orbitals are gapped in CDW
transition, and the gap is collapsed by increasing tem-
perature or electron doping. Our experimental results
together with first principles calculations suggest that
electron-phonon coupling and electron-electron scatter-
ing by Fermi surface nesting of the quasi-1D Te px or-
bitals both contribute to the formation of the CDW phase
of CuTe.
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A. Varykhalov, R. Follath, W. Eberhardt, L. Patthey,
and H. Berger, Phys. Rev. Lett. 102, 166402 (2009).

[7] E. Dimasi, M. C. Aronson, J. F. Mansfield, B. Foran,
and S. Lee, Phys. Rev. B 52, 14516 (1995).

[8] A. Sacchetti, E. Arcangeletti, A. Perucchi, L. Baldas-
sarre, P. Postorino, S. Lupi, N. Ru, I. R. Fisher, and
L. Degiorgi, Phys. Rev. Lett. 98, 026401 (2007).

[9] V. Brouet, W. L. Yang, X. J. Zhou, Z. Hussain, N. Ru,
K. Y. Shin, I. R. Fisher, and Z. X. Shen, Phys. Rev.
Lett. 93, 126405 (2004).

[10] G. H. Gweon, J. D. Denlinger, J. A. Clack, J. W. Allen,

C. G. Olson, E. Dimasi, M. C. Aronson, B. Foran, and
S. Lee, Phys. Rev. Lett. 81, 886 (1998).

[11] J. Wilson, F. D. Salvo, and S. Mahajan, Adv. Phys. 24,
117 (1975).

[12] G. Gruner, Density waves in solids (Addison-Wesley
Pub. Co., 2009).

[13] K. Rossnagel, E. Rotenberg, H. Koh, N. V. Smith, and
L. Kipp, Phys. Rev. B 72, 121103(1 (2005).

[14] T. Straub, T. Finteis, R. Claessen, P. Steiner, S. Hfner,
P. Blaha, C. S. Oglesby, and E. Bucher, Phys. Rev. Lett.
82, 4504 (1999).

[15] B. Li, Y. Xie, J. Huang, Y. Liu, and Y. Qian, Chemin-
form 31, 2614 (2000).

[16] W. S. Chen, J. M. Stewart, and R. A. Mickelsen, Appl.
Phys. Lett. 46, 1095 (1985).

[17] H. Okimura, T. Matsumae, and R. Makabe, Thin Solid
Films 71, 53 (1980).

[18] K. Stolze, A. Isaeva, F. Nitsche, U. Burkhardt, H. Lichte,
D. Wolf, and T. Doert, Angew. Chem. Int. Ed. 52, 862
(2013).

[19] R. E. Peierls, Oxford University Press, London (1955).
[20] H. Iwasawa, K. Shimada, E. F. Schwier, M. Zheng,

Y. Kojima, H. Hayashi, J. Jiang, M. Higashiguchi,
Y. Aiura, and H. Namatame, J. Synchrotron Radiat.
24, 836 (2017).

[21] G. Kresse and J. Hafner, Phys. Rev. B 47, 558 (1993).
[22] A. A. Mostofi, J. R. Yates, G. Pizzi, Y.-S. Lee, I. Souza,

D. Vanderbilt, and N. Marzari, Comput. Phys. Commun.
185, 2309 (2014).

[23] P. Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car,
C. Cavazzoni, Davide Ceresoli, G. L. Chiarotti, M. Co-
coccioni, I. Dabo, A. D. Corso, S. d. Gironcoli, S. Fabris,
G. Fratesi, R. Gebauer, U. Gerstmann, C. Gougoussis,
Anton Kokalj, M. Lazzeri, L. Martin-Samos, N. Marzari,
F. Mauri, R. Mazzarello, Stefano Paolini, A. Pasquarello,
L. Paulatto, C. Sbraccia, S. Scandolo, G. Sclauzero, A. P.
Seitsonen, A. Smogunov, P. Umari, and R. M. Wentz-
covitch, J. Phys. Condens. Matter 21, 395502 (2009).

[24] S. Seong, T. A. Albright, X. Zhang, and M. Kanatzidis,
J. Am. Chem. Soc. 116, 7287 (1994).

[25] See Supplemental Material at
http://link.aps.org/supplemental for sample charac-
terization, calculated spectral intensity maps of normal
state CuTe.

[26] R. Lou, Y. Cai, Z. Liu, T. Qian, L. Zhao, Y. Li, K. Liu,
Z. Han, D. Zhang, and J. He, Phys. Rev. B 93, 115133
(2016).

[27] M. Tinkham, Introduction to superconductivity (Courier
Corporation, 2004).

[28] P. Chen, Y. H. Chan, X. Y. Fang, Y. Zhang, M. Y. Chou,
S. K. Mo, Z. Hussain, A. V. Fedorov, and T. C. Chiang,
Nat. Commun. 6, 8943 (2015).

[29] F. Schmitt, P. S. Kirchmann, U. Bovensiepen, R. G.
Moore, L. Rettig, M. Krenz, J. H. Chu, N. Ru, L. Per-
fetti, and D. H. Lu, Science 321, 1649 (2008).

[30] T. Rohwer, S. Hellmann, M. Wiesenmayer, C. Sohrt,
A. Stange, B. Slomski, A. Carr, Y. Liu, L. M. Avila,
and M. Kallane, Nature 471, 490 (2011).

[31] S. Hellmann, T. Rohwer, M. Kallane, K. Hanff, C. Sohrt,
A. Stange, A. Carr, M. M. Murnane, H. C. Kapteyn, and
L. Kipp, Nat. Commun. 3, 1069 (2012).

[32] M. Johannes and I. I. Mazin, Phys. Rev. B 77, 165135
(2008).


