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We report ultrafast x-ray scattering experiments of the quasi-1D charge density wave (CDW) material
ðTaSe4Þ2I following ultrafast infrared photoexcitation. From the time-dependent diffraction signal at the
CDW sidebands we identify a 0.11 THz amplitude mode derived primarily from a transverse acoustic mode
of the high-symmetry structure. From our measurements we determine that this mode interacts with the
valence charge indirectly through another collective mode, and that the CDW system in ðTaSe4Þ2I has a
composite nature supporting multiple dynamically active structural degrees of freedom.
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Charge density wave (CDW) materials are low dimen-
sional systems that exhibit spontaneously broken sym-
metries associated with instabilities in the Fermi surface.
These systems are characterized by a modulation of the
valence electron density and a corresponding lattice dis-
tortion due to the electron-lattice interaction [1,2]. When
only a single lattice component is involved in the insta-
bility, the equilibrium distortion coincides with the CDW
amplitude mode. However, in the composite case, i.e.,
where more than one lattice mode are involved, the
observed equilibrium distortion alone does not contain
enough information to identify the active degrees of free-
dom of the CDW system.
In materials where the CDW is composed of multiple

degrees of freedom, understanding the ground state and
excitations requires a probe able to disentangle these
interacting modes. Time-domain scattering techniques
[3] can provide a direct probe of these couplings by
perturbing and observing the dynamics of different inter-
acting modes. Surprisingly, most works on ultrafast spec-
troscopy of prototypical CDW materials can be understood

in terms of a single order parameter and a single active
coordinate [4–8]. Here, we use an x-ray free electron laser
to study the collective modes of the quasi-1D CDW
material ðTaSe4Þ2I (TSI) after ultrafast near-infrared exci-
tation. We observe an amplitude mode of acoustic character
with a frequency of 0.11 THz, which is below the frequency
of the recently observed massive phase mode in this
material [9]. We find that the canonical treatment of
CDWs based on a single lattice coordinate is insufficient
to explain the observed behavior, revealing the composite
nature of the order parameter. These results highlight the
power of ultrafast spectroscopy to disentangle coupled
degrees of freedom in condensed matter.
TSI is a chiral quasi-1D Weyl semimetal with a crystal

structure in the I422 space group dominated by parallel
ðTaSe4Þn chains extending along the c axis. Upon cooling
below a temperature of Tc ¼ 163 K it exhibits a transition
into a CDW phase [10]. As a Weyl-CDW material it has
attracted recent interest [11–14] due to its potential for
realizing a so-called dynamical axion insulator state [15], a
correlated topological phase where the phase mode of the
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CDW becomes an analog of the proposed axial field in high
energy physics [16,17]. Neutron [18] and x-ray diffraction
[19,20] studies indicate that the CDW distortion projects
primarily onto the transverse acoustic (TA) mode (with a
magnitude of 0.13 Å) and onto two optical modes with B1

andB2 symmetry (with amagnitude of 0.03Å).These optical
modes yield a tetramerizationof the tantalumatoms along the
chain direction [20]. This distortion occurs with a small but
finite wave vector qCDW ¼ ðα α βÞ, where α ≈ 0.05 and
β ≈ 0.1 r:l:u. Band theory considerations [21] and ab initio
density functional theory calculations [22] predict an insta-
bility of the I422 phase to a tetramerization of the Ta atoms
along the chain similar to the secondary projection of the
CDW lattice distortion mentioned above. To explain the
nonzero wave vector of the CDW it was speculated that
the CDW instability is driven by the soft optical
Ta-tetramerization mode, which also couples to the strain
and leads to an actual CDW distortion of mixed acoustic-
optical character [18]. However, because these mixed modes
gradually renormalize with temperature, it is not possible to
experimentally distinguish a composite order parameter from
a one-dimensional distortion along a single lattice mode
using temperature-dependent equilibrium measurements
alone. On the other hand, ultrafast excitation can induce
nonequilibrium dynamics that reflect the mode composition
of the CDWorder. The collective modes of the CDW in TSI
are as yet poorly understood and highly unconventional, as
highlighted by the recent observation of an exotic massive
phason [9]. In our time- and momentum-resolved measure-
ments we identify an amplitude mode of the CDW and
determine that it derives from an acoustic mode of the
undistorted phase. From the observed dynamics we deter-
mine that the excitation of this mode must be mediated
through another structural degree of freedom, likely asso-
ciated with Ta tetramerization. In this sense, TSI is an
example of a complex CDW system where the dynamics
donot conform to the conventional scenario based on a single
degree of freedom [4–8].
The TSI crystals were grown by chemical vapor transport

of the elements in a thermal gradient of 600 °C to 500 °C, as
described in Refs. [23,24]. The ultrafast x-ray scattering
experiments were performed at the XPP instrument of the
Linac Coherent Light Source (LCLS) [25,26] at the SLAC
National Accelerator Laboratory and at the BL3 hutch of
the SPring-8 Angstrom Compact free-electron LAser
(SACLA) [27] at the RIKEN SPring-8 Center. A schematic
of the experimental configuration is shown in Fig. 1(a). In
the experiments at LCLS (SACLA) a 2 μm (800 nm)
infrared laser pulse with a duration of ∼50 fs (45 fs) was
used to excite the TSI sample with a ð1 1 0Þ surface normal
at an incidence angle of 7° from the sample surface. The
sample was probed with a ∼30 fs (< 10 fs) x-ray pulse,
and the diffraction patterns were recorded on a 2D array
detector positioned 600 mm (620 mm) away from the
sample. The x-ray photon energy and bandwidth were

9.55 keV and 0.5 eV, respectively, and the timing jitter
between the pump and probe pulses was corrected on a
single-shot basis to achieve a time resolution of < 80 fs
[28,29]. The pump pulses were focused to a spot on the
sample with area of 0.15 × 1.2 mm2. The x-rays were
incident at grazing angles between 0.5° and 1° with respect
to the sample surface in order to match the x-ray and optical
penetration depths, and the x-ray spot sizes on the sample
were 0.1 × 1.2 mm2 (0.03 × 2.6 mm2). The sample tem-
perature was maintained at ∼150 K using a cryostream
cooling system. We do not observe a pump wavelength
dependence of the response.
Figure 1(d) shows the sumof the detector images obtained

by scanning the sample azimuthal angle ϕ (i.e., the angle
parametrizing rotations about the sample normal) near the
ð2 2 4Þ crystal Bragg reflection. Several sidebands corre-
sponding to the CDW lattice distortion are visible around the
central crystal Bragg peak. The eight first-order side-
bands closest to the crystal Bragg peak are at positions

(b) (d)

(c)

(a)

FIG. 1. (a) Schematic of the experimental setup. (b),(c) Con-
ventional unit cell of TSI in the high-temperature (I422) phase.
The lattice constants are a; b ¼ 9.5317 Å and c ¼ 12.761 Å.
(d) Integrated diffraction image of a scan of the sample azimuth ϕ
around the ð2 2 4Þ Bragg peak in the CDW phase. Several first-
and second-order sidebands are visible. The discrete spots
passing diagonally through the Bragg peak are the intersections
of the Bragg rod with the Ewald sphere as ϕ is varied.
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ð2� α 2� α 4� βÞ, where α ≈ 0.055 and β ≈ 0.112 r:l:u.
Also visible are some of the second-order sidebands at
ð2� 2α 2� 2α 4� 2βÞ. For simplicity of notation, we will
refer to sideband indices by their sign, e.g., ð− þ −Þ
represents ð−α α − βÞ, whereas 2× ð− þ −Þ is
ð−2α 2α − 2βÞ. The corresponding labels for each of the
sidebands observed are provided in Fig. 1(d). According to
the structural determination [19] the CDW phase features a
single wave vector with four possible orientational domains,
which has been confirmed experimentally by the observation
of single-domain x-ray diffraction [20].
Figures 2(a), 2(c), and 2(e) show the normalized dif-

fracted signals IðtÞ=Ioff integrated over regions of interest
around the ðþ þ þÞ, ðþ − −Þ, and 2 × ðþ − −Þ side-
bands as a function of pump-probe delay, where IðtÞ is the
recorded x-ray intensity and Ioff is the equilibrium intensity.
The data obtained at all 12 observed CDW sidebands
around the ð2 2 4Þ crystal Bragg peak is provided in the
Supplemental Material [30]. As is evident from the ampli-
tude of the Fourier transforms shown in Figs. 2(b), 2(d),
and 2(f), there are three prominent oscillatory components

at 0.11, 0.23, and 0.46 THz. The 0.11 THz signal appears at
all sidebands with approximately equal normalized ampli-
tude, while the 0.23 and 0.46 THz signals vary significantly
with sideband index. For example, the ðþ þ þÞ sideband
in Figs. 2(a) and 2(b) contains all three components, while
the ðþ − −Þ sideband in Figs. 2(c) and 2(d) only shows the
0.11 THz mode. All three components are absent from
the I422 crystal Bragg peaks [30]. The appearance of the
0.11 THz signal at all sidebands with the same relative
amplitude indicates that it corresponds to a mode with a
polarization that projects strongly onto the polarization of the
equilibrium CDW lattice distortion, which has a primarily
TA character. Additionally, the fact that the 0.11 THz signal
appears at the second-order sidebands aswell indicates that it
is a collective mode of the CDW rather than a zone-folded
acoustic phonon (in the latter case, the frequency of a linearly
dispersing acoustic mode should double between qCDW and
2qCDW). Furthermore, the observed frequency is close to the
TA phonon frequency at qCDW for the high-temperature
phase, which is calculated to be 0.13 THz from measured
values of the elastic constants [32]. The fact that none of the
Raman-active modes soften near the transition [33,34]
indicates that there is not a dramatic general renormalization
of the lattice dynamics upon crossing into the CDW phase,
suggesting a valid comparison between modes above and
below Tc with similar frequencies. From these consider-
ations we identify the mode at 0.11 THz as an amplitude
mode of the CDWderived primarily from the I422-phase TA
phonon mode at qCDW.
The other two acoustic modes at qCDW, as determined

from calculations based on experimental values of the
I422-phase elastic constants [32], are a quasitransverse
acoustic (QTA) mode at a frequency of 0.20 THz and a
quasilongitudinal acoustic mode at a frequency of
0.38 THz. The calculated frequency of the QTA mode is
close to the observed 0.23 THz, and we thus assign the
0.23 THz component to the QTA mode at qCDW. The
0.46 THz component is likely the second harmonic of
the QTA mode arising from the nonlinear dependence of
the diffracted intensity on the mode amplitude [35].
Similar frequencies as those shown in Fig. 2 have been

reported in optical reflectivity measurements [34]. These
have been tentatively associated with the CDW phase
because they disappear for T > Tc. However, from such
measurements is not possible to determine the polarizations
of these modes. Additionally, since none of the components
in these measurements exhibit any critical temperature
dependence it is not possible to distinguish the collective
mode of theCDWfrom a folded phononmode at qCDW [5,6].
Because of the momentum resolution of our measurements
we are able to make both of these determinations.
We model the 0.11 THz signal from the TA-derived

amplitude mode at the ð2 2 4Þ sidebands as a displacive
excitation of a harmonic oscillator [30,36]. We consider a
potential of the form

FIG. 2. Time-domain signal and Fourier spectra obtained at (a),
(b) the ð2 2 4Þ ðþ þ þÞ sideband, (c),(d) the ð2 2 4Þ ðþ − −Þ
sideband, and (e),(f) the ð2 2 4Þ 2 × ðþ − −Þ sideband. The
measured signals IðtÞ are normalized by the static sideband
diffraction in the absence of the pump laser pulse Ioff . Prominent
oscillations at 0.11 THz are observed at approximately the same
amplitude for all peaks, whereas the amplitudes of the 0.23 and
0.46 THz modes vary significantly among the different side-
bands. Prominent 0.11 THz signal is also observed in the second-
order sidebands. These measurements were made during the
SACLA experiment with an 800 nm pump fluence of 34 mJ=cm2

and a pump polarization rotated 45° out of the plane of incidence.
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Vðξ; tÞ ¼ 1

2
a½ξ − ξ0ðtÞ�2

ξ0ðtÞ≡ 1 − ηΘðtÞe−t=τ; ð1Þ

which yields an equation of motion given by

1

c
̈ξ ¼ −ξþ ξ0ðtÞ − γξ̇: ð2Þ

In this model, η represents the excitation fluence, τ is the
relaxation timescale of the potential following excitation, c
governs the oscillation frequency, γ is a phenomenological
damping rate, and ΘðtÞ is the Heaviside step function. We
define ξ ¼ 0 as the point at which the x-ray structure factor
of the mode vanishes, and ξ ¼ 1 as the equilibrium position
in the CDW phase. The structure factor associated with the
secondary Ta-tetramerization component of the equilibrium
lattice distortion vanishes at ð2 2 4Þ by symmetry and is thus
negligibly small at the small wave-vector CDW sidebands
surrounding ð2 2 4Þ [18]. Additionally, at several of the
CDW sidebands, for example ð− þ −Þ), only the 0.11 THz
signal is observed with the 0.23 THz component absent.
Since the tetramerization modes and the QTA mode are all
extinct at these sidebands, the only lattice component that
contributes to the x-ray diffraction is the TA component
corresponding to ξðtÞ. Given that the diffracted intensity at
a CDW sideband is proportional to the square of the
amplitude of the CDW lattice distortion [35], and since
only the TA component is detectable at these sidebands, the
entire x-ray diffraction signal at these peaks should be
proportional to ½ξðtÞ�2.
Using Eq. (2) we model the diffraction signal at the

ð− þ −Þ sideband as ĨmðtÞ ¼ ½ξðtÞ�2 þ Ĩos, where Ĩos is a
static offset corresponding to diffraction from unpumped
material due to penetration depth mismatch. Figure 3 shows
the normalized signals observed at the ð− þ −Þ sideband for
a range of excitation fluences along with the fits obtained for
ĨmðtÞ (details provided in the Supplemental Material [30]).
We observe no dependence of the frequency ν0 ≡ ffiffiffi

c
p

=2π on
the excitation fluence. The agreement shown in Fig. 3
suggests that this mode is excited through a sudden dis-
placement of its equilibrium position (the cosine phase of the
oscillation is a signature of this effect [36]), although this
mode is not itself expected to couple directly to the photo-
excited valence electrons given the small deformation
potential expected for an acoustic mode at such a small
wave vector [37]. Additionally, the lack of softening with
increasing fluence further suggests that this mode is not
directly affected by the photoexcited charge, since photo-
excitation would change the shape of the potential and yield
critical softening as the fluence approaches the melting
threshold [7,8]. In fact, at the highest fluence of
8 mJ=cm2 the material is indeed excited out of the CDW
phase. This can be deduced fromFig. 3(c) where at∼4 ps the
signal features a small local maximum that is not present at

the lower fluences. This corresponds to ξ overshooting the
origin and is a consequence of the quadratic dependence of
the diffraction signal on ξðtÞ [7,8,35]. Since ξ ¼ 0 corre-
sponds to the equilibrium value of the TAmode in the I422
phase, the presence of this feature indicates that the CDW
has been quenched by the photoexcitation. However, at this
fluence we continue to observe a 0.11 THz oscillation even
after the CDW has been quenched. This indicates that the
0.11 THz amplitude mode is not the mode that directly
couples to the charge and drives the CDW instability, since
such a mode would vanish with the CDW order at the
quenching threshold. Instead, at high fluence when the
I422 phase is recovered, the 0.11 THz amplitude mode
simply becomes the I422-phase TA phonon and oscillates
around the I422 equilibrium position of ξ ¼ 0. The notion
that the 0.11 THz amplitude mode does not directly couple
to the valence charge is supported by time- and angle-
resolved photoemission spectroscopy experiments, which
do not observe any oscillations in the spectral weight near
the Fermi energy at this frequency following photoexci-
tation [38].
The lack of critical softening with increasing fluence,

even past the threshold for CDW quenching, necessitates
the existence of at least one other CDW degree of freedom
to mediate between this mode and the photoexcited charge.

FIG. 3. Normalized signal at the ð2 2 4Þ ð− þ −Þ sideband
for pump fluences of (a) 2 mJ=cm2, (b) 4 mJ=cm2, and
(c) 8 mJ=cm2, obtained during the LCLS experiment. The pump
was p-polarized with a wavelength of 2 μm. Dashed lines are the
fits obtained for the model ĨmðtÞ described in the text. For all
three fluences the fitted value obtained for the restoring frequency
ν0 ≡ ffiffiffi

c
p

=2π was 0.11 THz.
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As mentioned previously, the I422 phase of TSI is predicted
to be unstable to a Ta-tetramerization lattice distortion
derived from a linear combination of the lowest-frequency
B1 and B2 modes [22]. A prominent mode at around
2.6 THz has been observed in ultrafast reflectivity and
Raman scattering below Tc [33,34], which has been
associated with a Ta-tetramerization collective mode of
the CDW. These optical modes interact strongly with the
charge, and through phonon-phonon coupling can induce a
displacement of the TA mode.
Previous studies have speculated from the observed

equilibrium structure about similar mechanisms involving
interactions between the Ta-tetramerization modes and the
material strain [18–20], but equilibrium measurements
alone do not provide sufficient information to disentangle
the active degrees of freedom of the distortion. Our time-
domain measurements reveal dynamics that are inconsis-
tent with the prototypical treatment of ultrafast CDW
dynamics involving a single active lattice degree of free-
dom. The observed 0.11 THz amplitude mode additionally
has the unusual characteristics that it is derived from an
acoustic rather than optical mode of the high-symmetry
phase, and that it has a lower frequency than the massive
phase mode observed in this material at low temperatures
(T < 100 K) [9]. Our findings distinguish the observed
amplitude mode from an optical phason at a frequency of
0.2 THz observed recently [9] and may have implications
for the axionic effects proposed for this material, which are
governed by CDW collective modes [11–14].
In conclusion, we present an ultrafast x-ray study of the

low energy lattice modes of ðTaSe4Þ2I in the CDW phase.
From the diffraction signal at different CDW sidebands we
identify a mode with a frequency of 0.11 THz as an
amplitude mode of the CDW derived from the dominant TA
component of the CDW distortion. This mode inherits the
character of the I422 TA phonon at qCDW, and we observe
no measurable softening with pump fluence even for
excitations at which the lattice reaches the high-symmetry
phase. These findings indicate that this mode is indirectly
coupled to the valence charge through another CDW
collective mode, likely associated with the secondary Ta-
tetramerization component of the CDW lattice distortion.
Our measurements reveal experimentally that the CDW in
TSI has a composite nature involving multiple intercoupled
lattice degrees of freedom, unlike conventional systems
studied in the past. These results also highlight the ability of
ultrafast time-domain approaches to resolve such mecha-
nisms in systems exhibiting composite orders.
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