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Using infrared spectroscopy and ultrafast pump probe measurement, we have studied the two charge-
density-wave (CDW) instabilities in the layered compound LaAgSb2. The development of CDW energy
gaps was clearly observed by optical spectroscopy, which removed most of the free carrier spectral weight.
More interestingly, our time-resolved measurements revealed two coherent oscillations that softened by
approaching the two phase transition temperatures, respectively. We addressed that these two oscillations
come from the amplitude modes of CDW collective excitations, the surprisingly low energies (0.12 THz
and 0.34 THz for the higher and lower temperature ones, respectively) of which are associated with the
extremely small nesting wave vectors. Additionally, the amplitude and relaxation time of photoinduced
reflectivity of LaAgSb2 single crystals stayed unchanged across the CDW phase transitions, which is quite
rare and deserves further investigation.
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The charge-density wave (CDW) is one of the most
fundamental collective quantum phenomena in solids.
Charge density waves display periodic modulations of
the charge with a period which is commensurate or
incommensurate with the underlying lattice. Most CDW
states are driven by the nesting topology of Fermi surfaces
(FSs), i.e., the matching of sections of FSs to others by a
wave vector q ¼ 2kF, where the electronic susceptibility
has a divergence. A single-particle energy gap opens in the
nested regions of the FSs at the transition, which leads to
the lowering of the electronic energies of the system.
Simultaneously, the phonon mode of the acoustic branch
becomes softened to zero frequency at q ¼ 2kF as a result
of electron-phonon interaction, which further leads to the
periodic modulation of the lattice structure.
CDW also has collective excitations referred to as

amplitude mode (AM) and phase mode. Phase excitation
corresponds to the translational motion of the undistorted
condensate. In theq ¼ 0 limit, the phasemode should locate
at zero energy in an ideal case since the translational motion
does not change the condensation energy [1]. In reality, due
to the presence of impurities or defects, the phase mode is
pinned at a finite frequency, usually in the microwave
frequency range. The pinning or depinning of phase mode
has a dramatic effect on charge transport properties [2–4].
On the other hand, the amplitude mode involves the ionic
displacement and has a finite energy even at the q ¼ 0 limit.
For most CDWmaterials, the amplitudemode has an energy
scale of about 10 meV (or ∼2 THz) [5–11]. Because of the
presence of such a gap for the amplitudemode (i.e., themode
energy at q ¼ 0), its effect on low temperature physical
properties of CDW condensate has been much less studied.

Generally, amplitude modes can be treated as optical
phonons, reflecting the oscillations of ions. Nevertheless,
it is also proposed to be intimately related to the modulation
of the CDW energy gap [12,13], which is the most
fundamental difference between AM and optical phonons.
The compound LaAgSb2, which crystallizes in simple

tetragonal ZrCuSi2 structures as shown in the lower inset of
Fig. 1(a), was revealed to experience two CDW phase
transitions around TC1 ¼ 207 K and TC2 ¼ 184 K [14],
providing a unique platform to study the effect of amplitude
modes on physical properties, as will be elaborated below.
The electronic band structure calculation reveals that there
are four bands crossing the Fermi energy EF, consistent
with de Haas–van Alphen (dHvA) measurement [15], and
the two CDWmodulations are dominantly driven by the FS
nesting [16]. Recently, some renewed interest has been
triggered in the LaAgSb2 compound because of the
possibility of hosting Dirac fermions in this material.
First-principles calculation demonstrated that there are
both linear and parabolic bands crossing the Fermi level,
which was supported by the appearance of large linear
magnetoresistance [17]. In addition, angle-resolved photo-
emission spectroscopy (ARPES) directly observed the
Dirac-conelike structure in the vicinity of the Fermi level,
which was formed by the crossing of two linear Sb 5px;y

energy bands [18]. Of most significance, the nested FS
associated with CDW phase transition was proved to
emerge from two almost parallel segments of the Dirac
cone, leading to a very small modulation wave vector 2kF.
To investigate the potential relationship between Dirac

fermions and CDW orderings and to gain insight into the
possible effect of AM, we performed infrared spectroscopy
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frequencies of ν1 and ν2 are basically independent of pump
fluence. The good overlapping also suggested that the
amplitude of both the single exponential part and the
oscillating part increase linearly with pump fluence increas-
ing, which is in accordance with amplitude mode behavior.
Subtle deviation fromperfect overlap in the long time term is
due to the heating effect of laser illumination. Nevertheless,
such oscillation observed in the time domain could also be
connected to coherence lattice vibrations, such as non-
equilibrium phonon dynamics, which may emerge upon
entering theCDWstate due to lattice distortion accompanied
by the phase transition [26]. Furthermore, the surprisingly
low energy scales of both ν1 and ν2 are rarely seen for
amplitude mode of CDW orderings, whose magnitude is
usually one or a few terahertz. On the contrary, the
frequencies of the acoustic phonon and phase mode of
the CDW ordering locate generally in the sub-THz area
[27,28], consistent with our experimental results.
To exclude the possibility of coherent acoustic phonon

and phason, we further performed a wavelength-dependent
measurement at a fixed temperature of 100 K. The wave-
lengths of both pump and probe pulses were tuned to
730 nm, 850 nm, and 900 nm separately, and the obtained
phohe wave-



the single exponential part of ΔR=R remains unchanged
across both of the two phase transitions, generating con-
stant amplitude A and relaxation time τ. It seems that the
CDW phase transitions do not have any effect on the
transient reflectivity. To our knowledge, such an exotic
phenomenon has never been observed ever before, and it is
hard to understand, considering that more than half of the
FSs are gapped by the CDW orders. Compared with other
CDW materials, we highly suspect that the extraordinarily
low energy AM may play some role in this case. Based on
previous time-resolved ARPES measurement, the AM of
CDW orders could induce periodic modulation of the
conduction band, which further leads to CDW gap modu-
lation [12,13]. Around the phase transition temperatures
where the energy scales of gaps are actually very small,
such modulation may probably melt the CDW gap within
the time scale of the AM period, which is exceptionally
long for LaAgSb2. Consequently, the photoinduced ΔR=R
does not change across the CDW phase transitions since the
relaxation time is only about 0.5 ps.
In summary, we have utilized infrared and ultrafast pump

probe spectroscopy to investigate the charge and coherent
dynamics of the LaAgSb2 single crystal. The optical
conductivity revealed two energy gaps related to the higher
temperature CDW phase transition, whose energy scales
were identified to be 154 meV and 207 meV, respectively.
More significantly, our time-resolved ultrafast measure-
ment revealed two collective amplitude mode oscillations
at surprisingly low energy scales of about 0.12 THz and
0.34 THz at the lowest temperature. This low energy scale
implies that acoustic phonon mode, which softens and
triggers CDW instability, also has a very low energy scale.
We elaborate that those unusual properties are closely
linked to the extremely small nesting wave vectors of the
two CDW orders, which possibly results in the bizarre
transient dynamics of the compound.
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