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Electron-phonon driven charge density wave in CuTe
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The compound CuTe (vulcanite) undergoes a quasi-one-dimensional charge density wave (CDW) at T <

TCDW = 335 K with a 5 × 1 × 2 periodicity. The mechanism at its origin is debated. Several theoretical works
claimed that semilocal functionals are unable to describe its occurrence and ascribed its formation only to strong
electron-electron interaction. Moreover, the possible role of quantum anharmonicity has not been addressed.
Here, by performing quantum-anharmonic calculations, we show that semilocal functionals correctly describe
the occurrence of a CDW in CuTe if ultradense electron-momentum grids allowing for small electronic tem-
peratures are used. The distortion is driven by the perfect nesting among one-dimensional Fermi surface sheets
extending in the ky direction. Quantum anharmonic effects are important and tend to suppress both the distortion
and TCDW. The quantum anharmonic structural minimization of the CDW phase in the generalized gradient
approximation leads, however, to distorted Te-Te bond lengths in the low temperature phase that are 21% of the
experimental ones at T = 20 K. This suggests that, even if the electron-electron interaction is not crucial for
the mechanism of CDW formation, it is relevant to accurately describe the structural data for the low-T phase.
We assess the effect of electron-electron interaction on the CDW by using the DFT + U + V approximation
with parameters calculated from first principles. We find that electron-electron interaction enhances the Te-Te
distortion, TCDW, and the total energy gain by the distortion.
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I. INTRODUCTION

One-dimensional (1D) and quasi-1D crystals are prone to
charge density wave (CDW) instabilities due to their low-
dimensional, often pointlike, Fermi surfaces and the resulting
divergence in the charge response. This is what is predicted
by the Landau-Peierls theory, that is characterized by three
main features: (i) a transition that is second order and man-
ifests itself via a soft phonon going to zero at the transition
temperature (TCDW), (ii) the occurrence of an order param-
eter (the phonon displacement induced by the CDW) that
is nonzero only for T < TCDW and decreases by increasing
temperature until it becomes zero at the transition, and (iii)
the opening of a gap in the electronic excitation spectrum
whose magnitude should be of the same order of the total
energy gain by the CDW distortion. The common belief is
that most one-dimensional systems are globally well modeled
by the Landau-Peierls model.

The Landau-Peierls model is, however, incomplete as it
does not account for quantum anharmonicity (i.e., the quan-
tum nature of the ions and the anharmonicity in the ionic
potential) that is crucially important for light atoms and in
proximity of a second order structural instability. Moreover,
it neglects strong electron-electron interaction. Recently the
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archetypal case of carbyne in vacuum was studied with a
variety of density functional theory (DFT) and many-body
approaches accounting for nonperturbative quantum anhar-
monicity and electron-electron interaction [1]. It was shown
that the total energy gain by the distortion is two order of
magnitudes smaller (25 meV) than the distortion-induced
electronic gap (3 eV) and, most surprisingly, the order param-
eter increases with increasing temperature for T < TCDW. This
pathology of the carbon chain in vacuum is in part related to
the light mass of the carbon atoms and its quantum nature and
does not invalidate the applicability of Landau-Peierls theory
in a broader spectrum of materials. Still, it implies that there
could be remarkable exceptions to this theory, either because
quantum anharmonic effects and the electron-electron inter-
action are crucially important or because the Fermi surface
deviates from what is expected for a 1D system. The appli-
cability of the Landau-Peierls picture to higher-dimensional
material has been questioned in several works [2,3].

Recently, the layered material CuTe (vulcanite) has re-
ceived considerable interest [4–10]. In this compound Te
chains run above and below a puckered copper layer so
that each copper atom has a distorted tetrahedral environ-
ment (see Fig. 1 and Ref. [11]). At temperatures lower
than TCDW = 335 K, CuTe undergoes a 5 × 1 × 2 CDW [11].
The distortion involves a Te-Te bond alternation with phonon
displacements as shown in Fig. 1. The superstructure is vis-
ible in angle-resolved photoemission spectroscopy (ARPES)
data as a (partial) gapping of the Fermi surface [5], the
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FIG. 1. (a, b) Top and side views of the crystal structure of
CuTe in the high-T phase on a 5 × 1 × 2 cell. (c) Side view of the
displacements of the Te atoms in the low-T phase (green arrows).
The displacements are proportional to the phonon eigenvector of the
soft mode associated to the CDW. Gray and orange balls represent
Te and Cu atoms, respectively.

maximum size of the gap being approximately 192 meV [5].
ARPES data [5] in the high-T phase show the occurrence
of quasi-1D Fermi surface sheets extending along the ky

direction and perfectly nested along kx. Resistivity [4] and
optical [12] data confirm the quasi-1D character of the CDW
as the temperature dependence of the resistivity along the b
axis shows the classical behavior of a metallic system and
is not affected by the CDW, while the resistivity along the
a axis (i.e., the CDW direction) displays a marked hump
at T = TCDW. Interestingly, the Hall coefficient is enhanced
by approximately a factor of 2 across the CDW transition
(larger values of RH are in the distorted phase) suggesting
a carrier reduction but an incomplete gapping of the Fermi
surface in the low-T one [4]. The constant pressure spe-
cific heat displays a marked jump at the transition albeit
with no hysteresis, confirming the second order nature of the
transition [6].

Thus, this experimental picture seems to point to a sec-
ond order Landau-Peierls transition mostly due to the perfect
nesting of the quasi-1D Fermi surface sheets. However, three
recent theoretical works [8,9,13] calculated the harmonic
phonon dispersion of the high-T phase of CuTe with semilocal
functionals and found no tendency toward CDW (i.e., no
imaginary phonon frequencies). The difficulty in reproduc-
ing the occurrence of the CDW with semilocal functionals
led some authors to speculate that the CDW in this system
is exclusively driven by electron-electron interaction [8,13].
Indeed, by performing DFT + U calculations, the authors of
Refs. [8,13] showed that very large values of U can induce a
structural instability comparable with the experimental one.
However the considered value for the Hubbard parameter
(U = 9 eV) is extremely large and not calculated ab initio.
Furthermore, the role of anharmonicity was not discussed.
Recently, a careful study of collective excitations in CuTe [10]
pointed out the possible existence of acoustic plasmons, mak-
ing the study of this compound even more appealing. Finally,
CuTe has been reported to support a superconducting state at
high pressures [14]

In this paper we investigate the electronic, structural, and
vibrational properties of CuTe within density functional per-
turbation theory. We include the effect of nonperturbative
quantum anharmonicity by using the stochastic self-consistent
harmonic approximation (SSCHA) [15–19]. We demonstrate
that, contrary to what is claimed in all published theoreti-
cal papers and in agreement with the experimental picture,
the CDW is mostly driven by the electron-phonon coupling
and Fermi surface nesting with relevant corrections related to
quantum anharmonicity. Electron-electron interactions are not
negligible but are not the driving force for the CDW transition:
they are probably required to accurately describe the structural
properties of the low-T phase.

The paper is structured as follows. In Sec. II we give the
technical details of the first principles calculations, in Sec. III
we address the electronic structure and the mechanism for
CDW formation, in Sec. IV we describe the structural prop-
erties of the CDW phase, and in Sec. VI we draw the main
conclusions.

II. TECHNICAL DETAILS

DFT and density functional perturbation theory calcula-
tions are carried out using the QUANTUM ESPRESSO pack-
age [20,21]. We use the generalized gradient approximation
in the Perdew-Burke-Ernzerhof (PBE) [22] parametrization.
The experimental measured lattice parameters for bulk CuTe
a = 3.151 Å, b = 4.089 Å, and c = 6.950 Å are adopted in
all calculations, while we perform structural optimization of
internal coordinates. We use ultrasoft pseudopotentials [23]
and a 50-Ry plane-wave energy cutoff for the kinetic energy
(500 Ry for the charge density).

As phonon dispersion curves in one-dimensional materials
are extremely sensitive to the k-point sampling and to the elec-
tronic temperature (Te) used in the calculation, we perform
extremely accurate convergence tests of the phonon frequency
at the CDW phonon momentum qCDW = [0.4, 0, 0.5] (square
brackets means that the components are given with respect to
the basis vectors of the reciprocal lattice). In more details, the
harmonic phonon dispersion is calculated using � centered
k-point meshes. We considered grids of the kind kx × 16 × 4
with kx values up to 150. We then calculate the phonon fre-
quency for each mesh as a function of the Fermi temperature
used in the calculations. The results of these calculations are
explained in more details in Sec. III. At the end of these
tests we adopted an 80 × 16 × 4 electron-momentum grid in
the 1 × 1 × 1 cell and an electronic temperature Te = 200 K
(Fermi Dirac smearing). When using supercells, the k-point
meshes are then rescaled according to the size of the super-
cells (e.g., we use a 8 × 16 × 2 k-point mesh on a 10 × 1 × 2
cell and a 16 × 16 × 4 k-point mesh on a 5 × 1 × 1 cell).

The quantum anharmonic calculation is performed with the
SSCHA [15–19]. The SSCHA is a stochastic variational tech-
nique that allows us to access the nonperturbative quantum
anharmonic free energy and its Hessian with respect to the
atomic positions [17] (i.e., the phonon spectrum). The SSCHA
technique requires the evaluation of forces in supercells with
atoms displaced from their equilibrium positions following
a suitably chosen Gaussian distribution. The forces can be
calculated by using any force engine. In this paper we used
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CDW

FIG. 2. Constant energy cuts from EF (0 eV) to −0.5 eV from EF (the value of the constant energy with respect to EF is shown on the top
of each panel) in the (kx, ky ) plane for kz = 0. Experimental ARPES intensity data are from Ref. [5]. Theory are the continuous yellow, green,
and blue lines.

DFT with the PBE functional for the force calculation. We
calculate the forces using the QUANTUM ESPRESSO package
and supercells ranging from 5 × 1 × 2 to 10 × 1 × 2. In a
10 × 1 × 2 supercell (80 atoms) of the high-T phase structure
the number of DFT force calculations needed to converge
the free energy is of the order of 800, while approximately
2000 forces are needed to converge the free energy Hessian
at T = 0 K. The computational effort is substantial given the
dense electron-momentum grids.

We determine the nature and the critical temperature TCDW

of the CDW transition by monitoring the positional free en-
ergy Hessian (second derivative of the free energy with respect
to the atomic positions) [17], as dictated by Landau theory of
phase transitions.

III. HIGH-T PHASE

We first calculate the electronic structure of the high-T
phase and compare the Fermi surface with that measured in
ARPES (see Fig. 2). Each panel refers to constant energy cuts
from EF to −0.5 eV from EF (the value of the constant energy
with respect to EF is shown on the top of each panel) in the
(kx, ky) plane and for kz = 0. Experimental ARPES data from
Ref. [5] are also included for reference.

Globally the agreement between the experimental and
measured constant energy scans is excellent. We are able to
recover both the pockets extending along the kx direction and
the quasi-1D line segments along the ky direction. These last
dispersionless bands extending only along the ky direction are
clear fingerprints of the 1D physics in vulcanite.

The sharpness of these 1D Fermi surface portions sug-
gests that a remarkably dense k-point mesh along the kx

direction may be required in order to correctly sample their
contribution to the phonon dispersion at phonon momentum
q = qCDW. We explicitly verified this point by performing
careful convergence of the lowest energy phonon frequency
at q = qCDW as a function of kx points and Fermi-Dirac elec-
tronic temperature Te. The results are shown in Fig. 3 (top) and
unambiguously show that grids having kx ≈ 80 and electronic
temperatures comparable to TCDW must be used to see the
CDW. By adopting an electronic temperature Te = 200 K and
a k-point mesh of 80 × 16 × 4 we find converged results. As
it can be seen, the lowest phonon frequency at q = qCDW is
imaginary and not positive as it has been reported in all pub-
lished theoretical papers in the field [7,9,13]. In these works,

the difficulty in performing Brillouin zone sampling for CuTe
has been completely overlooked. Much coarser grids, such as
30 × 16 × 4, and, most likely, larger electronic temperatures

FIG. 3. Top: Convergence of the lowest phonon frequency at the
qCDW wave vector with respect to the k-grid (kx × 16 × 4) and smear-
ing temperature at harmonic level. The magenta vertical dashed line
shows the electronic temperature adopted in this paper by using an
80 × 16 × 4 electron momentum grid. Imaginary phonon frequen-
cies are represented as negative values. Bottom: The harmonic (black
line) and quantum anharmonic (blue line) phonon bands (square root
of the eigenvalues of the free energy Hessian divided by the masses)
calculated for the high-T phase at T = 0 K.
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FIG. 4. Phonon linewidth of the low energy mode as a function
of phonon momenta along the ZU direction.

have been used. We point out that the technical details re-
ported in Refs. [8,9,13] are incomplete and the calculations
are not reproducible (as an example in Refs. [8,13] the value
of the electronic temperature is not reported).

From Fig. 3, it is also clear that by using the PBE semilocal
functional and simply increasing the electronic temperature,
i.e., neglecting quantum anharmonicity, the CDW critical tem-
perature is in the range TCDW = 700–750 K. This is only a
factor of 2 higher than the experimental one, suggesting that
Fermi surface nesting is an important effect in this system.

The CuTe harmonic phonon dispersion is reported in Fig. 3
(bottom panel). As it can be seen there are two sharp dynam-
ical instabilities corresponding to the modulations qCDW =
[0.4, 0, 0.5] and q′

CDW = [0.4, 0, 0.0]. The planar instability
at q′

CDW leads to slightly more unstable phonons. However,
small changes in the simulations details (structural parame-
ters, functional used, etc.) lead to a more unstable mode at
qCDW. These two instabilities are then almost degenerate. The
local character in momentum space of the instability points to
a crucial role of the Fermi surface.

In order to confirm this point we calculate the electron-
phonon contribution to the phonon linewidth (full width at
half maximum), namely,

γqν = 4πωqν

Nk

∑

k,n,m

∣∣gν
kn,k+qm

∣∣2
δ(εkn − EF )δ(εk+qm − EF )

(1)
where ωqν are the harmonic phonon frequencies, εkn are the
Kohn-Sham energy bands, EF is the Fermi level, and gν

kn,k+qm
is the electron-phonon matrix element. We calculate γqν for
the lowest energy phonon mode along the ZU high-symmetry
direction. The results are shown in Fig. 4 and show a strong
enhancement of the phonon linewidth at the CDW wave vector
mostly due to Fermi surface nesting. At the harmonic level and
by using the PBE functional the instability is then electron-
phonon driven.

The phonon patterns connected with these two instabilities
are very similar in the CuTe ab plane. The only difference is
that the distortion of momentum q = qCDW shifts two parallel
CuTe planes in antiphase. The calculation of the energy gain
obtained by displacing the ions along the directions of the
imaginary phonon mode is approximately 1.29 meV per Cu
atom in both cases.

The occurrence of imaginary phonon frequencies at the
harmonic level is, however, not enough to demonstrate
the presence of a CDW as quantum-anharmonic terms in the

FIG. 5. Top: Anharmonic phonon dispersion (square root of the
eigenvalues of the free energy Hessian divided by the masses) com-
puted at 0 and 200 K, respectively. Bottom: Square of the lowest
phonon frequency computed at phonon momentum q = qCDW as a
function of T .

potential could remove the instability. In order to explore this
possibility, we investigate quantum anharmonic effects within
the SSCHA [15–18,24] that has been proven to be very effec-
tive in describing anharmonic quantum effects in a plethora of
different systems [25–27].

The quantum anharmonic phonon dispersion is obtained
within the SSCHA by calculating the positional free energy
(F ) Hessian as a function of temperature. We define the tem-
perature dependent dynamical matrix as

D = M− 1
2
∂2F

∂R2

∣∣∣∣
Req

M− 1
2 (2)

where M is the matrix of the ionic masses Ma with Mab =
δabMa and R is a cumulative variable for all the ionic posi-
tions (see Ref. [17] for a detailed explanation). By Fourier
transforming the matrix D and by diagonalizing it, we obtain
as eigenvalues the squared quantum anharmonic phonon fre-
quencies.

We perform the SSCHA calculation on a 10 × 1 × 2 super-
cell. The results are shown in Fig. 3 (T = 0, bottom panel) and
in Fig. 5 (top panel) as a function of temperature. At T = 0 the
main effect of quantum anharmonicity is a hardening of the
CDW mode. However, the mode still remains imaginary, sig-
naling that at T = 0 quantum anharmonicity does not remove
the CDW.
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TABLE I. Comparison among first principles structural parameters for 5 × 1 × 1 within the SSCHA, 5 × 1 × 1 and 5 × 1 × 2 within the
harmonic approximation, and experimental CDW distortion patterns. The quantity 
Te is the difference among the maximal and minimal Te-Te
distances. 
F represents the total (electronic plus vibrational) free energy gain per formula unit due to the CDW distortion.

CDW periodicity Te-Te min. distance (Å) Te-Te max. distance (Å) 
Te (Å) 
F (meV/f.u.)

5 × 1 × 1 (classical ions) 3.084 3.222 0.138 1.47
5 × 1 × 2 (classical ions) 3.07 3.21 0.14 1.29
5 × 1 × 1 (quantum ions SSCHA) 3.109 3.196 0.087 0.47
Measured (T = 295 K [11]) 3.05 3.26 0.21
Measured (T = 20 K [11]) 2.95 3.32 0.37

The temperature dependence of the quantum anharmonic
phonon dispersion is shown in Fig. 5 (top panel). At T =
200 K the phonon dispersion does not display any dynami-
cal instability, meaning that the calculation is already in the
undistorted high-T phase. By plotting the square of the low-
est phonon frequency as a function of temperature in Fig. 5
(bottom panel) we estimate TCDW ≈ 60 K. This critical tem-
perature is approximately 5.6 times smaller than the real one.
As the transition occurs only via a change in the quantum free
energy Hessian that becomes negative at the transition along
the CDW pattern, we find that in our calculation the transi-
tion is purely second order, in agreement with experimental
data [6].

Two effects may be at the origin of the underestimation of
TCDW. The first one is that the supercell used in the calculation
could be too small. However, we have carefully monitored
the value of the phonon frequency at q = qCDW and q′

CDW
for supercells of sizes 5 × 1 × 1, 5 × 1 × 2, and 10 × 1 × 2,
finding that the quantum anharmonic phonon frequency varies
less than 1 cm−1. This excludes that this reduced TCDW is due
to a finite supercell effect.

The second and most probable reason causing the un-
derestimation of TCDW is the treatment of the exchange and
correlation used. In order to better understand this point we
examine in more details the low temperature phase.

IV. LOW TEMPERATURE CDW PHASE

In order to study the structural and electronic properties of
the CDW phase, we consider two supercells, the 5 × 1 × 1
and the 5 × 1 × 2 supercells, corresponding to instabilities
at q = q′

CDW and qCDW, respectively. We first displace the
atoms along the unstable phonon patterns and then perform
structural optimization (we minimize the classical Born-
Oppenheimer forces). The results of the optimization are
shown in Table I. As it can be seen, the structural distortion
of the Te atoms is in good agreement with experiments at
T = 20 K, although the distortion is somewhat underesti-
mated. Both the 5 × 1 × 1 and the 5 × 1 × 2 supercells give
comparable 1D distortion.

The fact that, as we have seen, quantum anharmonic effects
are important in this system, as they reduce TCDW more than a
factor of 10 with respect to the harmonic calculation, suggests
that the inclusion of quantum anharmonicity will reduce the
distortion. As the quantum anharmonic minimization in this
system is very expensive due to the very dense mesh needed,
we perform the quantum anharmonic structural optimization
with the SSCHA only in the 5 × 1 × 1 supercell. This is

justified as we know that the two supercells lead to practi-
cally identical distortion of the Te-Te bond along the CDW
direction.

The results of the quantum anharmonic minimization are
again shown in Table I. As expected the distortion is sub-
stantially reduced and the quantum anharmonic distortion
is approximately 41% (0.21%) of the experimental one at
T = 295 K (T = 20K). As in low-dimensional systems it is
well known that the exchange interaction is not completely
screened and the semilocal functional usually underestimates
the distortion [1], which has to be somewhat expected.

Finally, for completeness, we address the pseudogap fea-
ture detected in ARPES [5] in the CDW phase. Previous
calculations already showed that this feature can be fairly well
reproduced if the distortion is large enough [7,8]. As it is typ-
ical for a Peierls distortion, the magnitude of the gap opening
is linearly related to the CDW distortion. This means that, as
the magnitude of the distortion depends on the exchange and
correlation approximation used in the calculation, the size of
the pseudogap also will.

We then consider the experimental distorted structure on
a 5 × 1 × 2 supercell, calculate the electronic structure, and
unfold it [28,29] on the CuTe unit cell in Fig. 6. A finite
Lorentzian linewidth of 20 meV is added to the theoretical
unfolded band structure in order to simulate the experimental
broadening. The comparison with ARPES data from Ref. [5]
is also shown in Fig. 6. Our calculations reproduce the
opening of the CDW with a pseudogap that is of the same
magnitude as the experimental one. Small differences occur
on the exact value of the experimental gap that are probably
due in part to the ARPES matrix element, not explicitly con-
sidered in our calculation.

V. ESTIMATION OF ELECTRON-ELECTRON
INTERACTION EFFECTS VIA DFT + U + V

In order to account for electron-electron interaction effects
on the electronic structure and the structural properties on
equal footing, we model the system in the DFT + U + V for-
malism within the rotationally invariant scheme first proposed
by Dudarev et al. in Ref. [30]. Following Ref. [31], the DFT
energy functional, EDFT, is corrected to include on-site and
interatomic interactions, by adding the term

EUV =
∑

I

U I

2
Tr[nIIσ (1 − nIIσ )] −

∗∑

I,J,σ

V IJ

2
Tr[nIJσ nJIσ ]

(3)
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FIG. 6. Comparison between the experimental ARPES spectrum
at ky = 0, 0.3, and 0.55 Å−1 [panels (a), (b), and (c), respectively,
taken from Ref. [5]] and the first principles unfolded band spectrum
for the 5 × 1 × 2 distortion pattern [panels (d), (e), and (f), respec-
tively]. The experimental amplitude of the CDW distortion has been
used in this calculation (see Table I).

where I and J represent atomic sites; the star in the sum op-
erator denotes that, for each atom I , J covers all its neighbors
up to a given distance; while the on-site parameter U I , the
intersite V I,J , and the occupation matrix nIJσ are defined as in
Ref. [31].

The new total energy EDFT+U+V is written as

EDFT+U+V = EDFT + EUV . (4)

The on-site and intersite parameters U I and V IJ are calculated
from first principles, using the linear response method intro-
duced by Timrov et al. in Refs. [32,33].

We use the atomic wave functions (3d for Cu and 5p
for Te) read from the pseudopotentials to build the Hubbard
projectors. In the calculation, all the neighboring atoms up to
the fourth shell were considered. A 8 × 4 × 1 momenta grid
was necessary to converge the U and V values within 0.1 eV.
The calculated inter- and on-site Hubbard values for CuTe in
the normal phase are reported in Table II.

CDW

FIG. 7. Constant energy cuts from EF (0 eV) to −0.5 eV from EF (the value of the constant energy with respect to EF is shown on the
top of each panel) in the (kx, ky ) plane for kz = 0 using calculated first principles Hubbard parameters of Table II. Theory is indicated by
continuous yellow lines.

TABLE II. Calculated U I and V IJ values for the generalized
Hubbard model in CuTe for the first five neighbor shells (shell 0
corresponds to the on-site term) and corresponding distances. Here,
the notation V II = U I is employed.

Atom 1 Atom 2 Shell Distance (Å) V IJ (eV)

Cu Cu 0 0 16.71
Te Te 0 0 4.32
Cu Te 1 2.6 0.08
Cu Cu 2 2.66 −0.12
Cu Te 3 2.661 −0.09
Te Te 4 3.15 0.97

We find large on-site repulsion parameters of 16.71 and
4.32 eV for Cu(3d ) and Te(5p) sites, respectively. Further-
more, we observe that interatomic Cu-Te interactions are
negligible, while a sizable first-neighbor Te-Te repulsive inter-
action (0.97 eV) exists. The inclusion of Hubbard parameters
importantly modifies the electronic structure, resulting in the
Fermi surface shown in Fig. 7 (top panel, yellow lines).
By looking at the comparison between the ARPES and the
Fermi surface predicted by first principles calculations em-
ploying DFT + U + V , we conclude that the first principles
on-site and intersite parameters are not substantially improv-
ing the agreement between the theory and the experiment,
especially in regard to the electron pocket around the �

point.
Finally, we calculate the energy gain in the charge density

wave phase with respect to the normal state with the inclusion
of Hubbard parameters, and compare the results to the predic-
tions given by PBE. The results are depicted in Fig. 8. We find
that the inclusion of correlation effects enhances the CDW
energy gain by more than one order of magnitude, i.e., from
1.29 meV/f.u. in PBE to 32 meV/f.u. if both inter- and on-site
parameters are included in the calculation, while we obtain
an energy gain of 17 meV/f.u. if only on-site terms on Cu
and Te are included in the calculation. Correspondingly, the
predicted structural distortion due to the charge density wave
is notably enhanced, with a maximum Te-Te dimerization 
Te

of the order of 0.9 Å, overestimating the measured values
of Ref. [11] of a factor ≈2.4 at T = 20 K. Moreover the
free energy versus 
 profile becomes even more anharmonic,
suggesting both an increase of TCDW at the harmonic level
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FIG. 8. Energy gain along the Te-Te maximum dimerization,

Te, with (filled green dots) and without (filled blue dots) the in-
clusion of the Hubbard U on the Cu(3d) orbitals (equal to 10 eV).
The lines are guides to the eye.

as well as an enhancement of quantum anharmonic
effects.

As it was already clear at the PBE level, the charge density
wave temperature is the result of a delicate compensation
among the electron-phonon interaction (enhancing the ten-
dency towards CDW) and anharmonicity (suppressing the
CDW). Both effects are substantially enhanced by electron-
electron interaction effects and both effects are crucial and
comparable in order. Within DFT + U + V at the harmonic
level, we do indeed estimate TCDW as being as large as 6000 K,
in stark disagreement with experiments, signaling once more
the need of including anharmonicity to obtain results in better
agreement with experiments.

VI. CONCLUSION

In this paper, by performing nonperturbative quantum-
anharmonic calculations, we studied the CDW formation in
CuTe. Contrary to all existing theoretical calculations in lit-
erature [8,9,13], we find that semilocal functionals correctly

describe the occurrence of CDW in this system. Previous
calculations were unable to describe the CDW instability most
likely due to the use of a too large electronic temperature.

We find that the CDW is due to the almost perfect nesting
among the quasi-1D Fermi surface sheets extending along the
ky direction resulting in a large electron-phonon interaction
and a consequent phonon softening. Quantum anharmonicity
reduces this softening but does not suppress the CDW at
T = 0. Quantum anharmonic effects reduce the TCDW by a
factor of 10 with respect to the harmonic estimate based on
the electronic temperature only.

The calculated TCDW ≈ 60 K, resulting from the combined
effect of the electron-phonon interaction and anharmonicity,
underestimates the experimental one by a factor ≈5.6. Simi-
larly, the quantum anharmonic structural minimization of the
CDW phase leads to distorted Te-Te bond lengths in the low
temperature phase that are 40% smaller than the experimental
ones. These two underestimations are related and suggest that,
even if the electron-electron interaction is not crucial for the
mechanism of CDW formation, it is relevant to accurately
describe the structural data for the low-T phase.

In order to validate this statement we employ the DFT +
U + V approximation with on-site and off-site Hubbard pa-
rameters calculated ab initio. Within this approximation, the
CDW distortion is strongly enhanced and overestimates the
experimental one by a factor 5.6. At the harmonic level
TCDW ≈ 6000 K, approximately 20 times larger than the ex-
perimental value. However, anharmonic effects also becomes
substantially larger, underlining once more the need of in-
cluding quantum anharmonic effects to obtain results in better
agreement with experiments.
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