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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 were

clearly observed by optical spectroscopy, which removes most part 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 investigations.

PACS numbers: 71.45.Lr, 78.20.-e, 78.47.+p

Charge-density-waves (CDW) is one of the most funda-

mental collective quantum phenomena in solids. Charge den-

sity waves display periodic modulations of the charge with a

period which is commensurate or incommensurate to the un-

derlying lattice. Most CDW states are driven by the nesting

topology of Fermi surfaces (FSs), i.e., the matching of sec-

tions of FS to others by a wave vector q = 2kF , where the

electronic susceptibility has a divergence. A single-particle

energy gap opens in the nested regions of the FSs at the tran-

sition, which leads to the lowering of the electronic energies

of the system. Simultaneously, the phonon mode of acoustic

branch becomes softened to zero frequency at q = 2kF as a

result of electron-phonon interaction, which further leads to

the periodic modulation of lattice structure.

CDW also has collective excitations referred to as an am-

plitude mode (AM) and a phase mode. Phase excitation cor-

responds to the translational motion of the undistorted con-

densate. In the q=0 limit, the phase mode should locate at

zero energy in ideal case since the translational motion does

not change the condensation energy[1]. In reality, due to the

presence of impurity or defects, the phase mode is pinned at

finite frequency, usually in the microwave frequency range.

The pinning/depinning of phase mode has dramatic effect on

charge transport properties[2–4]. On the other hand, the am-

plitude mode involves the ionic displacement and has a finite

energy even at q=0 limit. For most CDW materials, the am-

plitude mode has an energy scale of about 10 meV (or ∼ 2

THz)[5–11]. Due to presence of such a gap for the amplitude

mode (i.e. the mode energy at q=0), its effect on low temper-

ature physical properties of CDW condensate has been much

less studied. Generally, amplitude modes can be treated as op-

tical phonons, reflecting the oscillations of ions. Nevertheless,

it is also proposed to be intimately related with the modulation

of 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 = 207 K and TC2 = 184 K[14], pro-

viding 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 , being consis-

tent with de Haas-van Alphen (dHvA) measurement[15], and

the two CDW modulations are dominantly driven by the FS

nesting[16]. Recently, some renewed interest have been trig-

gered in the LaAgSb2 compound because of the possibility of

hosting Dirac fermions in this material. First-principles cal-

culation 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 addi-

tion, angle-resolved photoemission spectroscopy (ARPES) di-

rectly observed the Dirac-cone like 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 pos-

sible effect of AM, we performed infrared spectroscopy and

ultrafast pump probe measurement on the single crystalline

LaAgSb2, both of which are supposed to be very sensitive to

the formation of symmetry breaking gaps. Particularly, the

ultrafast spectroscopy are playing a more important role than

ever in studying the coherent vibrational dynamics, since this

method can easily access to oscillations of extremely low en-

ergy scale, as an extension of neutron and Raman scattering.

We have successfully synthesized large pieces of LaAgSb2

single crystals by self flux method[14]. The plate like samples

have shiny surfaces after eliminating the extra flux by a cen-

trifugal machine. The in plane reflectivity R(ω) was measured

by the combination of Fourier transform infrared spectrome-

ter Bruker 113 V and 80 V in the frequency range from 30 to

25 000 cm−1 .

As displayed in the upper inset of Fig.1(a), the room tem-
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FIG. 1. The temperature dependent (a) reflectivity R(ω) and (b)

optical conductivity σ1(ω) for LaAgSb2 single crystal below 7000

cm−1 and 4000 cm−1 , respectively. The insets of (a) present crystal

structure and R(ω) at 300 K over a broad frequency range up to 25

000 cm−1 . The inset of (b) displays σ1(ω) at 10 K together with a

Drude-Lorentz fit.

perature reflectivity was characterized by typical metallic re-

sponses: R(ω) approaches unit at zero frequency and a well

defined plasma edge was clearly observed around 10 000

cm−1 . The reflectivity spectrum of 200 K almost overlaps

with that of 220 K in the normal state. Although the first CDW

instability has already set in at 200 K, the modification of the

electronic band structure is yet too weak to be detected. With

temperature further cooling far below TC2, a pronounced dip

structure appears roughly between 1000-2000 cm−1 , which

strongly evidences the formation of a charge gap in the vicin-

ity of Fermi level, due to the development of the CDW order.

The real part of optical conductivity σ1(ω) was derived

from R(ω) through Kramers-Kronig transformation[19], as

shown in Fig.1 (b). In the normal state, the optical conductiv-

ity exhibits clear Drude peaks centered at zero frequency, and

the broad half width indicates large scattering rate γ of the free

carriers. Upon entering the CDW state, the spectral weight

of the Drude peak was substantially removed and transferred

to higher energies, and a broad bump locating around 1000

cm−1 emerges. Moreover, the bump position shifted to higher

energies as temperature decreases. In fact, these features are

the spectroscopic fingerprints of density wave materials, since

the case-I coherence factor of density wave order is expected

to cause a sharp rise in the optical conductivity spectrum just

above the energy gap[1]. Here, we can roughly take the cen-

tral position of the emerging bump as the energy scale of the

CDW gap.

To make the estimation more accurate, we have employed

the Drude-Lorentz model to fit the optical conductivity.

ǫ(ω) = ǫ∞ −
∑

s

ω2
ps

ω2 + iω/τDs

+
∑

j

S 2
j

ω2
j
− ω2 − iω/τ j

.

Here, ε∞ stands for the dielectric constant at high energy;

the middle and last terms are the Drude and Lorentz com-

ponents, respectively. We found that the σ1(ω) can be well

reproduced by two Drude terms and several Lorentz terms.

The bump appearing at low temperature is too broad to be

reproduced by a single Lorentz term, demonstrating possibly

two different gaps opening associating with the CDW phase

transitions. According to our experimental configuration, the

obtained σ1(ω) is supposed to be paralleled with ab plane,

thus the observed charge gaps shall be originated from the

CDW order with higher transition temperature. The obtained

gap energies are about 1240 cm−1 (∼ 154 meV) and 1670

cm−1 (∼ 207 meV) respectively. The number of lost free car-

riers could be estimated by the variation of plasma frequency

ωp ∼
√

n/m∗, where n and m∗ represent the number and ef-

fective mass of free carriers respectively. As we have em-

ployed two Drude terms to fit σ1(ω), the overall plasma fre-

quency was obtained by ωp = (ω2
p1
+ ω2

p2
)1/2, where ωp1 and

ωp2 represent the individual plasma frequencies correspond-

ing to respective Drude component. According to our fitting

procedure, as presented in the inset of Fig. 1 (b), ωp varies

from 40400 cm−1 at room temperature to 25500 cm−1 at 10 K,

which indicates that about 60 % of free carriers are removed

by the opening of CDW gaps. Meanwhile, the scattering rate

γ1 decrease violently from 457 cm−1 to 14 cm−1 , and γ2 also

reduces from 2073 cm−1 to 1097cm−1 , evidenced by the nar-

rowing of Drude peaks, which makes the compound an even

better metal in spite of the substantial carrier density loss.

Some more interesting properties of this material have been

revealed by our ultrafast pump probe measurement, which

has been proven to be particularly powerful in detecting

both of the single particle excitations across small energy

gaps[20–23] and collective excitations relevant to quantum

orderings[8, 24, 25]. We used a Ti:sapphire oscillator as the

light source for both pump and probe beams, which can pro-

duce 800 nm pulsed laser at 80 MHz repetition. The 100 fem-

tosecond time duration of the laser pulses enables ultrashort

time resolved measurement. The fluence of the pump beam

is about 2 µJ/cm2, and the fluence of the probe beam is ten

times lower.

The photoinduced transient reflectivity ∆R/R at several se-

lected temperatures are displayed in the main panel of Fig.2

(a), as a function of time delay. At room temperatures, ∆R/R

initially increases in a very short time due to the pump excita-

tion, then drops rapidly back to the equilibrium state within pi-
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FIG. 2. (a) The photoinduced reflectivity ∆R/R as a function of time delay at several selected temperatures. The experimental data are shifted

upwards for the sake of clearness. The red dotted line is the exponential fitting of ∆R/R at 3.6 K. The inset shows the oscillation part of ∆R/R

as described in the main text. (b) The fast Fourier transformation of the oscillation part of ∆R/R at 3.6 K. (c) The photoinduced reflectivity

∆R/R as a function of time delay and temperature. (d) The temperature dependent frequencies of the two CDW amplitude modes ν1 (red dot)

and ν2 (black dot). (e) The photoinduced reflectivity ∆R/R across the first CDW phase transition and (f) the second CDW phase transition.

coseconds, the falling slope of which could be well described

by a single exponential decay ∆R/R = Aexp(−t/τ), where A

represents the amplitude of the photoinduced reflectivity and

τ stands for the relaxation time of the decay. Remarkably,

pronounced oscillatory signals were observed at lower tem-

peratures, the periodic time of which changes dramatically

with temperature variation. In order to analyze the oscilla-

tory component quantitatively, we first subtracted off the ex-

ponential fitting part, as shown in Fig.2 (a) by red dotted line

for T = 3.6 K. The fast Fourier transformation of the resid-

ual part, as shown in the inset of this figure, demonstrated the

frequencies of the oscillations. It is clearly seen in Fig.2 (b)

that there are three distinct modes at 3.6 K, the frequencies of

which are about 0.12 THz, 0.34 THz, and 1.5 THz, respec-

tively. It should be noted that the 0.12 THz oscillation is out

of the resolution limit of neutron and Raman scattering.

In order to investigate the origination of these oscillations,

we have explored their temperature dependence thoroughly

from 3.6 K to 320 K. The raw experimental data for all the

measured temperature range were plotted in a psudo-color

picture, as shown in Fig.2 (c). The oscillatory components,

which show up abruptly just below TC1, were highlighted by

setting the corlorbar in a small amplitude scale. The frequen-

cies evolution of the oscillations as a function of temperature

were displayed in Fig.2(d), yielded by fast Fourier transforma-

tion. The one locates around 1.5 THz is only visible at very

low temperatures and its frequency did not change with tem-

perature, most probably associated with a coherent phonon,

so we did not show it in this figure. The mode ν1 = 0.12 THz

is almost temperature independent at low temperature, but ex-

hibits dramatic softening on approaching TC1. It proceeds in

a fashion very similar with the BCS gap function, indicating

that ν1 is probably the amplitude mode of the first CDW order-

ing. Analogously, ν2 = 0.34 THz softens significantly around

TC2, implying the appearance of another amplitude mode.

We have also carried out fluence dependent measurement

at 10 K, as displayed in Fig.3(a). It is found that if scaling

∆R/R by pump fluence, shown in the inset of Fig.3(a), then the

renormalized transient reflectivity almost overlaps with each

other, indicating that the frequencies of ν1 and ν2 are basically

independent of pump fluence. The good overlapping also sug-

gested that the amplitude of both single exponential part and

oscillating part increases linearly with pump fluence increas-

ing, which is in accord with amplitude mode behavior. Subtle

deviation from perfect overlap in long time term is due to heat-

ing effect of laser illumination. Nevertheless, such oscillation

observed in time domain could also be connected to coherence

lattice vibrations, such as non-equilibrium phonon dynam-

ics, which may emerges upon entering the CDW state due to

lattice distortion accompanied with the phase transition[26].

Furthermore, the surprisingly low energy scales of both ν1
and ν2 are rarely seen for amplitude mode of CDW order-

ings, whose magnitude is usually one or a few terahertz. On

the contrary, the frequencies of acoustic phonon and phase

mode of the CDW ordering locate generally in the sub-THz

area[27, 28], being consistent with our experimental results.

To exclude the possibility of coherent acoustic phonon and

phason, we further performed wavelength dependent mea-

surement at a fixed temperature of 100 K. The wavelength of

both pump and probe pulses were tuned to 730 nm, 850 nm

and 900 nm separately, and the obtained photoinduced signals

are shown in the main panel of Fig.3 (b). There are actually

no detectable differences between those signals correspond-

ing to different wavelengthes. In addition, the obtained fre-

quencies was displayed in the inset of Fig.3 (b), all of which

indicates two modes locating around 0.12 THz and 0.3 THz.
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FIG. 3. (a) The photoinduced reflectivity under different pump

power. The illuminating spot keeps unchanged during the measure-

ment and 10 mW give rise to a fluece of about 2µJ/cm2. The inset

shows renormalized ∆R/R scaled by the pump power. (b) The renor-

malized photoinduced reflectivity obtained by different pump and

probe wavelength at 100 K. The inset displays the fast Fourier trans-

formation of the oscillation part corresponding to different wave-

length. (c) Amplitude and phase mode dispersion relations. (d) Soft-

ening of acoustic phonon mode at CDW wave vector 2kF .

It is well known that the frequency of amplitude mode ex-

hibit a gap when the wave vector approaches zero, whereas

the phase mode is gapless, as shown in Fig.3 (c). The dis-

persion of acoustic phonon is similar to that of phase mode.

That is, the frequency of acoustic phonon shall increase with

the probe wavelength decreasing[28]. Consequently, the con-

tribution from acousticlike phonons including phason for the

modes observed in our experiments could be ruled out imme-

diately. It is also noted that temperature dependence of optical

phonons behaves quite differently from our results[29].

Now we are quite certain that ν1 and ν2 come from the am-

plitude mode of the two CDW orderings. Remarkably, the fre-

quencies of ν1 and ν2 are extraordinarily low. It is well known

that the acoustic phonon softens significantly at q = 2kF upon

the CDW phase transition, as exhibited in Fig.3 (d). Theo-

retical calculation suggested that the frequency of amplitude

mode ωA satisfies[1]:

ωA = (λω2
2kF
+

1

3

m

m∗
V2

Fq2)1/2, (1)

where ω2kF
is the frequency of the softening phonon above

the phase transition temperature; λ and VF are the electron-

phonon coupling constant and Fermi velocity, respectively. In

the q = 0 limit, ωA ∼ λ
1/2ω2kF

. The modulation wave vec-

tors of the two CDW order in LaAgSb2 were identified to be

∼ (0.026 0 0) for the higher temperature transition and (0 0

0.16) for the lower one[16], both of which are uncommonly

small, suggesting extremely long lattice modulation periods

in the real space. As the softened phonon dispersion is of

acoustic type, the tiny modulation wave vectors directly lead

to a low energy ω2kF
, which further give rise to rarely low en-

ergy amplitude modes ν1 and ν2. It is worth pointing out that

the frequency of ν1 is lower than ν2, which is in good agree-

ment with our interpretation, because the modulation wave

vector of the first phase transition is much smaller than the

second one. Furthermore, our result also provided insight to

the velocities VF1 and VF2 of corresponding acoustic phonon

branches. The ratio between them is given by

VF1

VF2

=
ω2kF1

/2kF1

ω2kF2
/2kF2

∼
ν1/kF1

ν2/kF2

∼ 2.2. (2)

As mentioned above, the ultrafast pump probe measure-

ment is very powerful in detecting the low energy gaps open-

ing on the FS, such as density wave or superconducting

gaps, which can be well explained by the phenomenological

Rothwarth-Taylor (RT) model[30]. The two most pronounced

features of relevant phase transitions are the significant en-

hancement of the amplitude A and the quasi-divergence be-

havior of the relaxation time τ[20–23]. However, we did not

observe either of such characters in LaAgSb2 single crystals.

As plotted in Fig. 2 (e) and (f), the single exponential part of

∆R/R remains unchanged across both of the two phase transi-

tions, generating constant 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 FS

are gapped by the CDW orders. Compared with other CDW

materials, we highly suspect that the extraordinarily low en-

ergy 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 lead to CDW gap modulation[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 exceptional long for LaAgSb2. Consequently, the

photoinduced ∆R/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 dy-

namics of the LaAgSb2 single crystal. The optical conductiv-

ity 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 measurement revealed two collec-

tive amplitude mode oscillations at surprisingly low energy

scales of about 0.12 THz and 0.34 THz at the lowest tem-

perature. This low energy scale implies that acoustic phonon

mode, which softens and triggers CDW instability, also has

very low energy scale. We elaborate that those unusual prop-

erties are closely linked to the extremely small nesting wave

vectors of the two CDW orders, which possibly result in the

bizarre transient dynamics of the compound.
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[26] H. Schäfer, V. V. Kabanov, M. Beyer, K. Biljakovic, and

J. Demsar, Physical Review Letters 105, 066402 (2010).

[27] D. Lim, V. K. Thorsmølle, R. D. Averitt, Q. X. Jia, K. H.

Ahn, M. J. Graf, S. A. Trugman, and A. J. Taylor,

Physical Review B 71, 1 (2005).

[28] Y. Ren, Z. Xu, and G. Lüpke,
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