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CuTe is a two-dimensional (2D) layered material; yet it forms a quasi-one-dimensional (quasi-1D) charge-
density-wave (CDW) along the a axis in the ab plane at high transition temperature TCDW = 335 K. However,
the anisotropic properties of CuTe remain to be explored. Here, we performed combined transport, polarized
infrared reflectivity, and ultrafast pump-probe spectroscopy studies to investigate the underlying CDW physics
of CuTe. Polarized optical measurements clearly revealed that an energy gap gradually forms along the a axis
upon cooling, while optical evidence of a gap signature is absent along the b axis, suggesting pronounced
electronic anisotropy in this quasi-2D material. Time-resolved optical reflectivity measurements revealed that
the amplitude and relaxation time of photoexcited quasiparticles change dramatically across the CDW phase
transition. Performing fast Fourier transformation of the oscillation signals arising from collective excitations,
we identify the 1.65-THz mode as the CDW amplitude mode, whose energy softens gradually at elevated
temperatures. Consequently, we provide further evidence for the formation of completely anisotropic CDW
order in CuTe, which is quite rare in quasi-2D materials.
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I. INTRODUCTION

Charge density waves (CDWs) have been of great inter-
est in condensed matter physics for several decades. As the
name implies, the conducting electrons form a new periodic
modulation with a period that is commensurate or incommen-
surate with the underlying lattice. This phenomenon is usually
induced by Fermi surface nesting (FSN), where the Fermi
surface tends to nest between nearly parallel parts connected
by a vector q = 2kF , which causes the electronic susceptibil-
ity to diverge at the nesting wave vector [1]. Meanwhile, the
lattice responds to the electronic condensate through electron-
phonon coupling. At q = 2kF , acoustic phonons tend to be
softened to zero frequency, which further gives rise to the
periodic modulation of the lattice structure [2–5]. In the CDW
state, a single-particle energy gap will open in the nested
region of the Fermi surface, leading to the lowering of the
electronic energy of the system. Therefore the experimental
characterization of the single-particle energy gap would be a
key step in identifying the CDW state, which can be realized
by optical conductivity spectroscopy. Besides single-particle
excitation, CDWs also have collective excitations consisting
of an amplitude mode and a phase mode. The amplitude mode
corresponds to the ionic displacement with a finite gap at
the q = 0 limit and behaves like optical phonons [6,7]. In
this regard, measurement of the amplitude mode can also be
important evidence of CDW phase transition, which has been
verified by both pump-probe and Raman spectroscopy [8–11].
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Generally, CDWs tend to exist in low-dimensional sys-
tems. Typical examples include K0.3MoO3 [12], transition-
metal dichalcogenides [10,13], rare-earth tritellurides [14,15],
etc. Among all these materials, the underlying CDW mecha-
nism matches very well with the established theory, providing
standard systems to study new CDW materials. Recently, the
compound CuTe was reported to be a new CDW material,
which has attracted attention for it is a rare two-dimensional
(2D) layered material hosting quasi-1D CDW order. Its
structure is similar to the well-known prototype Fe-based
superconductor FeSe. There exists a small difference be-
tween in-plane lattice parameters a and b, resulting in an
orthorhombic lattice structure. It exhibits period modulation
corresponding to Te chains at low temperature, indicating a
CDW phase transition [16]. Angle-resolved photoemission
spectroscopy (ARPES) has identified CuTe as a CDW metal
with an anisotropic gap below transition temperature 335 K
[17]. The nested Fermi surface that drives CDW transition is
observed to emerge from nearly parallel line Fermi segments,
which is connected by CDW wave vector qx = 0.4a∗. Based
on the Seebeck coefficient, thermal conductivity, and specific
heat measurement, Kuo et al. reported that CDW order can
have a great influence on the thermal transport properties,
due to strong electron-phonon coupling [18]. Additionally, by
application of external pressure, the CDW transition tempera-
ture TCDW of CuTe decreases gradually [19]. With increasing
pressure, superconductivity emerges at 2.4 K after the CDW
gets suppressed completely, suggesting that the CDW order
competes with superconductivity in CuTe [19]. Despite these
experimental results, the electrical and optical response of
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CuTe along the b axis remains unclear. It is highly interest-
ing to investigate how the CDW phase transition affects the
anisotropic properties of the 2D layered material, in particular,
on the transport and optical conductivity properties.

In this paper, we use a combination of transport, optical
spectroscopy, and ultrafast pump-probe reflectivity studies of
single-crystalline CuTe. Optical spectroscopy is a valuable
experimental method that probes the bulk properties of ma-
terials, including the charge dynamics and electronic band
structure of a system. On the other hand, ultrafast spec-
troscopy can probe coherent vibrational dynamics with high
resolution to approach a low energy scale. Furthermore, the
energy gap arising from CDW order plays an important role
in the relaxation process of quasiparticles. The relaxation
time and amplitude of quasiparticles show strong enhance-
ment near the transition temperature, which could also be
probed from the pump-probe measurements. From optical
spectroscopy, we find that there appears an energy gap along
the a axis which dramatically reduces the carrier density
across TCDW, while it behaves as a usual metal along the b axis
without showing any anomaly below TCDW. The amplitude
and the relaxation of photoinduced carriers exhibit a quasidi-
vergence behavior, yielding further evidence for CDW energy
gap formation. Moreover, photoinduced reflectivity displays
strong oscillation signals on top of the decay process at low
temperatures. One of the oscillations has a much higher signal
intensity, and its energy softens by over 18% upon heating
from 4.6 to 280 K. The temperature dependence of the oscil-
lation suggests that it arises from the amplitude mode of CDW
collective excitation.

II. EXPERIMENTAL RESULTS

Single crystals of CuTe were grown by melting stoichio-
metric amounts of Cu and Te at 500 ◦C. After 24 h, the melt
was cooled to 400 ◦C at a rate of 4 ◦C/h. Then the furnace was
shut down and cooled to room temperature. The crystal has a
flakelike shape with a shining ab plane as the cleavage plane,
consistent with its quasi-2D structure. We can identify the
crystallographic a axis perpendicular to the striplike structure,
determined using a Laue x-ray diffractometer.

CuTe is composed of a stack of edge-sharing CuTe4

tetrahedra layer by layer with space group Pmmn and or-
thorhombic lattice constants of a = 3.124 Å, b = 4.086 Å,
and c = 6.946 Å [20]. Figure 1(a) shows the top view of the
crystal of CuTe projected on the ab plane, where Cu atoms
and Te atoms form a rectangle-shaped lattice. In the normal
state, the Te atoms form a quasi-1D chain along the a axis
where the bond length is shorter than that along the b axis,
which runs above and below the puckered Cu layers with an
equal Te-Te distance as shown in Fig. 1(b). Below the transi-
tion temperature, units of two or three Te atoms (marked by
red dashed lines) with shorter distances [movement of atoms
indicated by black arrows in Fig. 1(b)] alternate with single Te
atoms along the a axis. Meanwhile, the modulation of the Te
position forces corrugated Cu layers to have a slight distortion
along the c axis, resulting in a 5 × 1 × 2 superstructure [16].

The temperature-dependent resistivity measurement was
performed with a standard four-probe method using a Quan-
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FIG. 1. Crystal structures of CuTe. (a) Top view and (b) side
view of the non-CDW phase. Arrows indicate the movement of Te
atoms in the CDW phase.

tum Design physical property measurement system (PPMS).
Figure 2(a) displays the resistivity with currents flowing along
the crystallographic a and b axes, respectively. When the
electric current flows along the a axis, the resistivity shows
metallic behavior in the entire measured range except for a
sudden upturn that appears at 335 K. This resistivity anomaly
is a result of CDW transition, which is consistent with a
previous report [17]. In contrast, we did not find a resistivity
anomaly along the b axis within our measurement resolution.
The resistivity data suggest that the CDW order is com-
pletely absent in the b axis, which is quite rare in a highly
2D system.

We performed polarized optical reflectance measurements
with E parallel to the a axis and E parallel to the b axis,
respectively, on a Bruker 80-V Fourier transform infrared
spectrometer in the frequency range from 30 to 30 000 cm−1.
An in-suit gold and aluminum overcoating technique was
used to get the reflectivity R(ω). At 345 K, the reflectivity
along the a axis and b axis over a broad frequency is plotted
in Fig. 2(b). Both directions show good metallic behavior
in agreement with the dc-resistivity measurement, since re-
flectivity reaches almost unity at low frequency with a large
plasma edge. Note that the reflectivity shows a tremendous
difference in edge frequency, suggesting that this compound
is highly anisotropic. The edge frequency, referred to usually
as the “screened” plasma frequency, is related to the density
n and effective mass m∗ of free carriers by ω′2

p ∝ n/m∗. The
larger plasma frequency along the a axis is consistent with a
previous report that the conductivity along the chain direction
is larger than the conductivity perpendicular to the chain at
room temperature [21].

The temperature-dependent reflectivity along the a and b
axes is displayed in Figs. 3(a) and 3(b), respectively. Let us
first discuss the optical response along the a axis. Firstly,
the low-energy reflectivity reaches almost unity. Additionally,
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FIG. 2. (a) The temperature-dependent resistivity of CuTe mea-
sured with currents flowing along the crystallographic a and b axes,
normalized at 380 K. (b) Optical reflectivity R(ω) in a broad range at
345 K, along the a and b axes, respectively.

when the temperature decreases, the low-energy reflectivity
increases. Both features show that the sample has a highly
metallic nature, in agreement with the dc-resistivity measure-
ment. When the temperature decreases, the most significant
feature in spectra R(ω) is the substantial suppression in the
midinfrared region, which is a typical optical signature of
a charge gap formation corresponding to CDW phase tran-
sition. The reflectivity exhibits a steep plasma edge around
1800 cm−1, revealing that the density of free carriers is sub-
stantially suppressed. In the meantime, the scattering rate is
also significantly reduced. The dip becomes more dramatic
at low temperatures, suggesting that the energy gap is further
enhanced.

The real part of the conductivity was derived from
R(ω) through Kramers-Kronig transformation, as shown in
Fig. 3(c). The conductivity consists of a Drude peak at zero
frequency and several other Lorentz peaks at a finite fre-
quency in the whole measurement temperature range. At high
temperatures, the Drude peak is rather broad demonstrating
a large scattering rate of the free carriers. Upon entering
the low-temperature phase, the spectral weight of the Drude
peak is substantially removed and transfers to higher energies
to form a broad peak around 4000 cm−1. The Drude peak
narrows continuously with decreasing temperature, implying

suppressed quasiparticle scattering. Meanwhile, the positions
of the Lorentz peak move to a higher frequency as a result
of the further enhancement of the energy gap. In fact, these
behaviors are supposed to be the contribution of the case I
coherent factor for density wave order [22]. We can roughly
estimate the scale of the CDW gap through the edge position
of the peak, which locates at 4000 cm−1 (500 meV). In an
earlier ARPES measurement, an anisotropic energy gap with
a maximum value of 190 meV was identified. It should be
noted that ARPES measures the gap relative to the Fermi
level, while optical spectroscopy measures the interband tran-
sition from the occupied state to the unoccupied state above
the Fermi level. The gap value determined by optics usually
doubles the energy gap obtained by ARPES if the Fermi
level is in the center of the gap. Nevertheless, the energy gap
determined by optics can only be taken as a rough estimation
because it is hard to determine accurately the conductivity
edge. Taking the transition temperature Tc = 335 K, we can
get the ratio 2�/kBTc = 17, which is similar to that reported
in other CDW materials, e.g., TbTe3 [15], and is much larger
than the weak-coupling theory prediction [2].

To get more information quantitatively, we use the Drude-
Lorentz model to decompose the conductivity into different
components:

σ1(ω) = ω2
p

4π

�D

ω2 + �2
D

+
∑

j

S2
j

4π

� jω
2

(
ω2

j − ω2
)2 + ω2�2

j

. (1)

The first term is the Drude components, attributed to the
intraband transition of itinerant carriers, while the second term
is the Lorentz components, which correspond to the interband
transition and excitation across energy gaps [9]. The inset of
Fig. 3(c) presents the fitting results along the a axis at 10 K.
The spectrum of 345 K can be well reproduced by one Drude
and one Lorentz term. At low temperature, one additional
Lorentz term needs to be added to reproduce the peak at
4500 cm−1. As mentioned above, the variation of plasma
frequency ωp is proportional to

√
n/m∗. From our fitting date,

the plasma frequency varies roughly from 48 000 cm−1 at
345 K to 22 000 cm−1 at 10 K. Assuming that the effective
mass of free carriers is constant at different temperatures, the
reduction of the plasma frequency indicates that 78% free
carriers are removed by the opening of the CDW energy gap.
Meanwhile, the scattering rate γ , i.e., the width of the Drude
peak, decreases dramatically from 2100 to 265 cm −1 at low
temperature. Consequently, it is reasonable that the compound
still behaves like metal even though more than half of the free
carriers are lost due to the formation of a CDW energy gap.

In contrast, the reflectivity and the real part of the optical
conductivity along the b axis, as shown in Figs. 3(b) and
3(d), do not exhibit these behaviors, but just behave like a
simple metal at all temperatures investigated. The scatter-
ing rate decreases monotonically upon cooling. There are no
signatures of gap formation along the b axis in the optical
spectroscopy measurements, consistent with CDW formation
along the chain direction.

In order to get further information on the CDW transition,
we performed ultrafast pump-probe measurements on this
compound, which have been proven to be particularly pow-
erful in detecting both the single-particle excitations across
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FIG. 3. The temperature-dependent optical reflectivity R(ω) along the a axis (a) and b axis (b), respectively. The optical conductivity σ1 at
different temperatures along the a axis (c) and b axis (d), respectively. The inset of (c) displays σ1(ω) along the a axis at 10 K together with a
Drude-Lorentz fit.

small energy gaps [23,24] and the collective excitations rel-
evant to long-range ordering [25–27]. We used a Ti:sapphire
oscillator as the light source for both pump and probe beams,
which can produce 800-nm laser pulses with 100 fs width and
80 MHz repetition rate. The fluence of the pump beam is about
4 μJ/cm2, while the fluence of the probe beam is ten times
lower. The polarization directions of the pump and probe
pulse are perpendicular to each other, in order to eliminate the
interference. We measured photoinduced transient reflectivity
�R/R with the electric field E direction of the probe beam
parallel to the crystallographic a axis.

The time-dependent �R/R along the a axis at several
selected temperatures are displayed in Figs. 4(a) and 4(b).
Each spectrum initially increases in a very short time induced
by the pump excitation and then drops back to the equilib-
rium state within picoseconds. The relaxation process can
be described by a single exponential decay and a constant
�R/R = A exp(−t/τ ) + C, where A represents the amplitude
of the photoinduced reflectivity change and τ stands for the
relaxation time for photon-excited carriers to decay to their
original states. The constant C indicates a long relaxation
time arising from thermal diffusion, where energy from the
electrons transfers to the environment.

Above the transition temperature, the amplitude A and
relaxation time τ depend mildly on temperature, while both

of them are strongly enhanced by entering the CDW state.
The temperature-dependent A and τ can be extracted by single
exponential fitting for various temperatures, which is plotted
in Figs. 4(c) and 4(d), respectively. The amplitude and relax-
ation time display anomalies near the transition temperature.
We also tried to fit the �R/R using a convolution between an
exponential decay function and a Gaussian response function
and found that the fitting results were almost unchanged. The
amplitude A drops sharply, while the relaxation time τ shows
a continuous divergence at 330 K. This anomaly behavior of
the relaxation process can arise from the energy gap opening,
as will be explained in detail later.

Here, we employ the Rothwarf-Taylor (RT) model to in-
terpret the decay of the photoexcited quasiparticles (QPs)
[28]. The RT model was first proposed to resolve the ultrafast
relaxation mechanism in superconductivity. It was proved to
be applicable for a wide range of materials with a gap opening
in the density of states. Photoexcitation would generate a
large number of QPs, which would decay via electron-electron
or electron-phonon interactions towards the initial equilib-
rium state. The formation of an energy gap would introduce
a bottleneck effect, which would significantly impede the
relaxation of QPs. The bottleneck effect is that when QPs
recombine across an energy gap, high-energy phonons are
generated, which could also induce a large number QPs in
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FIG. 4. (a) and (b) The photoinduced reflectivity �R/R along the a axis as a function of time delay at several selected temperatures. Curves
in (a) are vertically shifted for clarity. (c) and (d) The amplitude A and relaxation time τ of the fast decay process extracted from the exponential
fitting to the experimental data of �R/R at different temperatures. Error bars represent the standard deviation of the fit. The red curves are
fitting curves from Eqs. (2) and (3) below the phase transition temperatures. (e) The oscillation part of �R/R at 4.6 K after subtracting the
decay background. The inset presents the fast Fourier transformation of the oscillation. (f) The temperature-dependent frequencies of the CDW
amplitude mode. The red dashed curve is a guide to the eye.

return, leading to a long relaxation time. Based on this model,
the density of thermally activated quasiparticles nT can be ob-
tained via the amplitude A(T ), nT ∝ [A(T )/A(T → 0)]−1 −
1. Considering the relationship between nT and �(T ), nT ∝√

�(T )T exp[−�(T )/T ], where �(T ) = �(0)
√

1 − T/Tc,
we can get [29]

A(T ) ∝ 	/(�(T ) + kBT/2)

1 + γ
√

2kBT/�(T ) exp[−�(T )/kBT ]
, (2)

where 	 is the pump fluence and γ is a fitting parameter.
As the temperature rises, more and more low-energy

phonons become available to break condensed carriers with
a reduction of the energy gap, which causes the relaxation
time of QPs to diverge at the transition temperature. In the
RT model, the relaxation rate near Tc is dominated by the
energy transfer from high-frequency phonons with ω > 2� to
low-frequency phonons with ω < 2�. The phonon relaxation
rate can be expressed as [29]

1

τ
= 12�ωkBT ′�(T )

h̄ω2
, (3)

where �ω is Raman phonon linewidth and T ′ is the QP tem-
perature. Apparently, τ (T ) ∝ �(T )−1 in the vicinity of Tc;
thus a divergence is expected at the phase transition tempera-
ture where the energy gap starts to open. Qualitatively, these
equations can reproduce the measurement results around Tc.
In the high-temperature limit, we take ω = 1.65 THz as the
phonon frequency and T ′ = 330 K as the QP temperature.

The best fits yield the phenomenological fitting parameter
γ ≈ 100 and �ω ≈ 10 cm−1, as shown in Figs. 4(c) and 4(d).

On the other hand, the transient reflectivity �R/R exhibits
pronounced oscillatory signals at low temperatures arising
from the coherent phonon. The lifetime and periods of the co-
herent phonon change with temperature variation. To analyze
the component quantitatively, we first subtract the exponential
fitting part and then perform a fast Fourier transformation of
the residual oscillation part. As an example, Fig. 4(e) displays
�R/R data at 4.6 K as a function of time delay within 25
ps after subtracting the decay background. The inset shows
the Fourier transform of the residual part. Five distinct peaks
are observed in the Fourier spectrum at 1.32, 1.65, 1.96, 2.31,
and 2.59 THz. Based on previous reports, the strength of
the CDW amplitude mode is much larger than that of other
phonon modes, and its frequency would exhibit softening
on approaching Tc. Indeed, here the mode at 1.65 THz has
a much larger strength and shows significant softening at
elevated temperature as shown in Fig. 4(f). Compared with
the 1.65-THz mode, the other four modes decay rapidly with
the increase in temperature. We can no longer resolve them
above 150 K, while their energy keeps nearly unchanged
within our measurement resolution. Therefore we identify the
1.65-THz phonon as a CDW amplitude mode. In principle,
the 1.65-THz phonon should be softened to zero at the phase
transition temperature. However, since the phonon mode is
heavily damped at elevated temperatures as reported before,
the CDW amplitude mode only softens to 1.34 THz, and it
could not be resolved above 280 K.
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III. CONCLUSION

To conclude, by combining transport, optical spectroscopy,
and ultrafast pump-probe spectroscopy studies, we provide
further evidence of anisotropic quasi-1D CDW phase transi-
tion in a CuTe single crystal. A strong anomaly near 335 K in
the resistivity is seen only along the a axis, while the feature
is completely absent along the b axis. Our polarized optical
measurements show that the optical responses along the a and
b axes are very different, where the plasma frequency with E
parallel to the a axis is much higher than that with E parallel to
the b axis. When E is parallel to the a axis, the real part of the
optical conductivity clearly reveals the formation of an energy
gap with associated spectral weight change. In contrast, the
optical response behaves like a simple metal at all measured
temperatures for E parallel to the b axis. Furthermore, the am-
plitude and relaxation time extracted from the photoinduced
reflectivity show a sudden enhancement, quite consistent with

the RT model prediction, which also confirms the opening of a
single-particle energy gap. Meanwhile, we identify the CDW
amplitude mode related to the collective excitation of CDW.
The spectroscopic information revealed by our anisotropic op-
tical measurements should be very helpful for understanding
the electronic properties and related physics. Taking account
of the rather high CDW phase transition temperature (above
room temperature), CuTe offers an ideal system to study CDW
physics as well as its interplay with superconductivity.
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