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We report ultrafast x-ray scattering experiments of the quasi-1D charge density wave (CDW)

material (TaSes)21 following photoexcitation with femtosecond infrared laser pulses.

From the

time-dependent diffraction signal at the CDW sidebands we identify an amplitude mode derived
primarily from the transverse acoustic component of the CDW static distortion. The dynamics
of this acoustic amplitude mode are described well by a model of a displacive excitation, which
we interpret as mediated through a coupling to the optical phonon component associated with the

tetramerization of the Ta chains.

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]. The
fundamental collective modes of the CDW ground state
correspond to excitations of the amplitude and phase of
the condensed electron density and concomitant lattice
modulation. While frequency-domain inelastic scattering
techniques with neutrons [3] or x rays [4, 5] can generally
access collective excitations, they probe the equilibrium
spectrum and cannot disentangle couplings among these
modes or with other degrees of freedom. Time-domain
scattering techniques [6] can provide a direct probe of
these couplings by perturbing and observing different de-
grees of freedom. Here we use an x-ray free electron laser
(XFEL) to study the collective modes of the CDW in
(TaSeq)2I (TSI) after ultrafast near-infrared excitation.
Exploiting the extremely high frequency and wavevector
resolution enabled by the time-domain approach, we find
that the amplitude mode of this CDW has a strong acous-
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tic character, a manifestation of the composite nature of
the CDW.

(TaSeyq)2I (TSI) is a quasi-one-dimensional Weyl
semimetal that exhibits a CDW instability at a temper-
ature of T, = 263 K [7]. As a Weyl-CDW material it
has attracted much recent interest [8-11] due to its po-
tential for realizing a so-called dynamical axion insula-
tor state [12], a correlated topological phase where the
phase mode of the CDW becomes an analogue of the
proposed axial field in high energy physics [13, 14]. Yet,
in spite of their relevance to the low-energy electromag-
netic response, the CDW collective modes are poorly un-
derstood. Our wavevector-resolved measurements allow
us to clearly distinguish the amplitude mode from other
lattice modes and to show that the dominant amplitude
collective mode is primarily transverse acoustic, a type
of distortion which does not typically couple directly to
the Fermi surface instability in CDW systems [15].

The high-symmetry tetragonal structure of TSI, with
space group 1422, is chiral and is comprised of parallel
screw-like TaSe, chains separated by rows of iodine atoms
as shown in Figs. 1(a,b). On account of its chain-like
structure TSI has a very high electronic anisotropy [16],
with a relatively high conductivity along the chain result-
ing from a band formed by the Ta 5d,2 orbitals [17]. Al-



though the Ta-Ta distances along a chain are all equiva-
lent there are actually two crystallographically and chem-
ically distinct Ta sites due to slightly varying iodine en-
vironments, which have different formal oxidation states
of +4 and +5. This yields a filling of the Ta 5d,> band
up to the Z-point, which corresponds to a quarter-filling
of this band in the approximate one-dimensional Bril-
louin zone of a single Ta chain along the c-axis [17]. The
quasi-1D character of the partially-filled Ta 5d.,» band
suggests that the material may exhibit a strong instabil-
ity to a tetramerization of the Ta atoms along the chain
axis through a Peierls-like mechanism. Ab initio density
functional theory indeed predicts that the 1422 phase is
unstable to such a distortion [18]. However, while the ma-
terial exhibits a Ta-tetramerization pattern modulated
at gcpw, x-ray structural refinement has shown that the
dominant component of the CDW distortion below T,
is a frozen transverse acoustic (TA) phonon at gcpw
[19]. The magnitude of the optical-mode tetrameriza-
tion is about one-sixth that of the acoustic component,
and was only detected using resonant x-ray diffraction to
enhanced the sensitivity to the Ta displacements [20].
Understanding the collective modes and their dynam-
ics may illuminate the interplay between multiple dis-
tortions which otherwise occur simultaneously in equi-
librium. In the experiment presented here we resolve the
amplitude mode of the CDW from other phonon modes,
and find that the amplitude mode has a dominant trans-
verse acoustic character. This shows that the amplitude
mode of the CDW involves multiple coupled distortions
rather than solely the naively expected optical tetramer-
ization mode.

The TSI crystals were grown by chemical vapor trans-
port of the elements in a thermal gradient of 600 °C to
500 °C, as described in Refs. [21, 22]. The ultrafast x-
ray scattering experiments were performed at the XPP
instrument of the Linac Coherent Light Source (LCLS)
[23, 24] at the SLAC National Accelerator Laboratory
and at the BL3 hutch of the SPring-8 Angstrom Com-
pact free-electron LAser (SACLA) [25] at the RIKEN
SPring-8 Center. A schematic of the experimental con-
figuration is shown in Fig. 1(c). In the experiments at
LCLS (SACLA) a 2 pm (800 nm) infrared laser pulse
with a duration of ~50 fs (45 fs) was used to excite the
TSI sample with a (1 1 0) surface normal at an incidence
angle of 7° from the sample surface. Following excita-
tion the sample was probed with a time-delayed ~30 fs
(<10 fs) x-ray pulse, and the delay-dependent single-shot
diffraction patterns were recorded on a 2D array detec-
tor 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 beams was corrected on a single-
shot basis to achieve a time resolution of < 80 fs [26, 27].
The pump laser pulses were p-polarized with respect to
the sample surface and focused to a spot on the sam-
ple with area of 0.15 x 1.2 mm? (0.15 x 0.2 mm?). The
x-rays were incident at grazing angles between 0.5°-1°
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FIG. 1. (a,b) Conventional unit cell of TSI in the high-
temperature (I422) phase. The lattice constants are a,b =
9.5317 A and ¢ = 12.761 A. (c) Schematic of the experimen-
tal setup. (d) Integrated diffraction image of a scan of the
sample azimuth ¢ around the (2 2 4) 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 ¢ is varied. (e) Reciprocal space mapping of the scan repre-
sented in (d), showing the first-order sidebands as the corners
of a box as well as two second-order sidebands. Sidebands
whose labels are the same color correspond to the same do-
main orientation. The colorbar indicates the value of ¢ in
degrees relative to the (2 2 4) Bragg condition.

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 x 1.2 mm? (0.03 x 3.4 mm?).
The sample temperature was maintained at ~150 K us-
ing a nitrogen gas cryostream cooling system. We do not
observe a pump wavelength dependence of the response.



Fig. 1(d) shows the sum of the detector images ob-
tained by scanning the sample azimuthal angle ¢ (i.e.,
the angle parametrizing rotations about the sample nor-
mal) near the (2 2 4) crystal Bragg reflection. Several
sidebands corresponding to the CDW lattice distortion
are visible around the central crystal Bragg peak. Fig.
1(e) shows a mapping of these data into reciprocal lat-
tice indices (h k 1). The eight first-order sidebands closest
to the crystal Bragg peak are at positions (2 + « 2 + «
4 4+ (3), where o & 0.055 and 8 ~ 0.112 reciprocal lattice
units (r.l.u.) Also visible are some of the second-order
sidebands at (2 &+ 2a 2 + 2« 4 + 23). For simplicity of
notation, we will refer to sidebands indices by their sign,
e.g. (— 4+ —) represents (—a a —f), whereas 2x (— +
—)is (—2a 2a —2p). The corresponding labels for each
of the sidebands observed are provided in Figs. 1(d,e).
Two labels are provided in the cases where two different
sidebands fall on the same detector position at different
values of ¢. According to the structural determination
[19] the CDW phase features a single wavevector with 4
possible orientational domains, which has been confirmed
experimentally by the observation of single-domain x-ray
diffraction [20]. Thus in Fig. 1(e) the sidebands that
lie on a common line passing through the central (2 2
4) crystal Bragg peak belong to the same domain, and
sidebands related by 90 deg rotations about the [-axis
correspond to different domains.

Figs. 2(a,c,e) show the normalized diffracted signals
I(t)/ g integrated over regions of interest (ROIs) around
the (+ + +), (+ — —), and 2x(+ — —) sidebands as a
function of pump-probe delay, where I(t) is the recorded
x-ray intensity and I,g is the equilibrium intensity. The
data obtained at all twelve observed CDW sidebands
around the (2 2 4) crystal Bragg peak is provided in the
Supplemental Material [28]. As is evident from the am-
plitude of the Fourier transforms shown in Figs. 2(b,d,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 signifi-
cantly with sideband index. For example, the (+ + +)
sideband in Fig. 2(a-b) contains all three components,
while the (+ — —) sideband in Fig. 2(c-d) only shows
the 0.11 THz mode. All three components are absent
from the 1422 crystal Bragg peaks. Based on the appear-
ance of the 0.11 THz mode in all sidebands with equal
relative magnitude we assign this mode to be the ampli-
tude mode of the CDW. Furthermore, this mode mod-
ulates both the first- and second-order sidebands with
the same 0.11 THz frequency, clearly indicating that it
is related to the amplitude mode of the system rather
than to an unrelated acoustic phonon which would dou-
ble its frequency between qcpw and 2qcpw. Addition-
ally, the frequency of this mode is close to the transverse
acoustic (TA) phonon frequency at gopw for the high-
temperature phase, which is calculated to be 0.13 THz
from measured values of the elastic constants [29]. Im-
portantly, none of the Raman-active modes soften near
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FIG. 2. Time-domain signal and Fourier spectra obtained at
(a,b) the (2 2 4) (+ + +) sideband, (c,d) the (2 2 4) (—
+ —) sideband, and (e,f) the (2 2 4) 2x(+ — —) sideband.
The measured signals I are normalized by the static sideband
diffraction in the absence of the pump laser pulse I,g Promi-
nent 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 sidebands. Prominent 0.11 THz signal is also ob-
served in the second-order sidebands. These measurements
were made during the SACLA experiment.

the transition [30, 31], suggesting that this comparison
between similar modes at T' < T, and T > T, is mean-
ingful. We further note that the static CDW distortion
[19] is derived primarily from this TA mode of the high-
symmetry structure.

Similar frequencies as those in Fig. 2 have been re-
ported in optical reflectivity measurements [31]. These
have been tentatively associated with the CDW phase be-
cause they disappear for T' > T,. However, optical mea-
surements are only sensitive to long-wavelength excita-
tions and have limited sensitivity to the order parameter,
and thus they cannot easily distinguish a collective mode
of the CDW from a spectator phonon mode at qcpw
[32, 33]. This is especially true if the collective mode
does not exhibit softening or any other apparent critical
behavior, as is the present case [31]. On the other hand,
in our x-ray measurement we are effectively able to de-
termine the polarizations of the observed modes at gcpw
relative to the the CDW distortion. Furthermore, the ob-
servation of the 0.11 THz mode equally at all sidebands
and also at 2gcpw allows us to unequivocally identify



this modulation as originating from an amplitude mode
of the CDW.

The other two acoustic modes at gcpw, as determined
from calculations based on experimental values of the
1422-phase elastic constants [29], are a quasi-transverse
acoustic (QTA) mode at a frequency of 0.20 THz and a
quasi-longitudinal acoustic (QLA) mode at a frequency
of 0.38 THz. The calculated frequency of the QTA mode
is close to that of the observed 0.23 THz component, and
the calculated polarization of the QTA mode is also con-
sistent with the observed variation of the 0.23 THz mode
amplitude among the different CDW sidebands [28]. We
thus assign the 0.23 THz component to the QTA acous-
tic mode at gcpw. Given that the 0.46 THz component
appears only when the 0.23 THz component is promi-
nent, and that the maxima of the former are found to
temporally coincide with the extrema of the latter, it is
likely that the 0.46 THz component is a second harmonic
of the QTA due to nonlinearity of the diffracted inten-
sity with the mode amplitude [34]. This is supported by
the fact that no component with a frequency similar to
0.46 THz was observed in the optical transient reflectivity
measurements [31].

The main distortion associated with the CDW seems
to have acoustic character, however x-ray diffraction re-
finement reported a small optical component [19]. Fur-
thermore, ultrafast optical experiments [31] and Raman
scattering [30] report a prominent mode at ~ 2.7 THz,
which disappears at T > T, and is ascribed to the col-
lective mode corresponding to this optical component of
the CDW. We note that the structure factor of (2 2 4) is
not sensitive to this type of distortion [15] and thus we
do not expect this mode in the data in Fig. 2. The opti-
cal component of the CDW, associated with Ta motion,
is extremely small but its signature can be enhanced by
resonant diffraction on the Ta edge [20]. Furthermore,
density functional theory (DFT) calculations [18] predict
an instability of an optical mode of the 1422 phase with
B; and/or By symmetry that would produce a tetramer-
ization of the one-dimensional Ta chain similar to this
optical component of the CDW distortion. All these facts
taken together suggest that the CDW transition should
be thought of as two combined distortions, one optical
and one acoustical [15].

We model the signals at the (2 2 4) sidebands as a
displacive excitation of the harmonic oscillator [35] asso-
ciated with the acoustic component of the CDW [28]. We
define the amplitude of the CDW relative to the equilib-
rium distortion as 1 + &, with £ the mode displacement,
which oscillates around a displaced equilibrium position
at t > 0. We consider a potential of the form

V(1) = galé — &o(0))?
&o(t) = —n@(t)eft/T

which yields an equation of motion given by
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FIG. 3. Normalized signal at the (2 2 4) (— + —) sideband
for pump fluences of (a) 2 mJ/cm?, (b) 4 mJ/cm?, and (c) 8
mJ/ch, with a pump wavelength of 2 ym. Dashed lines are
fits to the model. These measurements were made during the
LCLS experiment.
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The diffracted intensity at gcpw is proportional to
(14-€)? [34]. Fig. 3 shows the normalized signals observed
at the (— + —) sideband for a range of excitation fluences.
Dashed black lines are the fits obtained for (1 + £)2 by
solving Eq. 2 for ¢ (details provided in the Supplemental
Material). We observe no dependence of the mode fre-
quency on the excitation fluence. The agreement shown
in Fig. 3 suggests that the acoustic amplitude mode is
excited through a sudden displacement of its equilibrium
position (the cosine phase of the oscillation is a signa-
ture of this effect [35]), although this mode is not itself
expected to couple directly to the photoexcited valence
electrons [15]. We argue next that this TA amplitude
mode is excited indirectly through its coupling to the op-
tical mode related to the Ta-tetramerization, rather than
directly by the photoexcited charge.

The structural instability of the 1422 phase, which is
related to the Ta-tetramerization distortion, is derived
from a linear combination of the lowest-frequency By and
By modes [18]. These optical modes interact strongly
with the charge and through phonon-phonon coupling
can induce a displacive excitation of the acoustic mode.



In fact, a phenomenological Ginzburg-Landau model of
coupled optical and acoustic modes was proposed to ex-
plain several features of the CDW in TSI [15]. In this
model, two soft optical modes of B; and By symmetries
with quartic bare potentials are coupled to the lattice
strain [36]. The inclusion of coupling terms that in-
volve the gradients of the phonon amplitudes yields a
CDW lattice modulation at finite wavevector with mixed
acoustic and optical character, qualitatively matching the
observed distortion [19]. The prominent 2.7 THz mode
observed in ultrafast reflectivity and Raman scattering
below T, [30, 31] has been associated with the optical
vibration corresponding to the Ta-tetramerization of the
CDW [31]. However, the dominant motion of the am-
plitude mode observed in our experiments is of acous-
tic character, and our results shown here further indicate
that the order parameter is composed of multiple coupled
modes of the high symmetry structure. Our results also
highlight the ability of ultrafast experiments to disentan-
gle complex structural pathways based on their fluence
and time dependences.

In conclusion, we present an ultrafast x-ray study
of the low energy lattice modes of (TaSes)sI in the
CDW phase. The high resolution in both frequency and
wavevector of our measurements performed over multi-
ple CDW sidebands allows us to clearly distinguish lat-
tice modes from the dominant amplitude mode at gcpw .
Based on the structure factor sensitivity of the different
CDW sidebands, we identify a mode with a frequency of
0.11 THz as an amplitude mode derived from the domi-
nant component of the CDW distortion. This mode has
transverse acoustic character, and we observe no mea-
surable softening with pump fluence even for excitations

at which the lattice reaches the high-symmetry phase.
These two facts suggest that this mode may be excited
through coupling to the Ta-tetramerization distortion,
which is known to interact strongly with the charge, and
that the order parameter and the free energy may involve
multiple lattice distortions.
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MODELING THE EXCITATION OF THE ACOUSTIC AMPLITUDE MODE

The time-dependent potential used to model the excitation of the 0.11 THz amplitude

mode shown in Fig. 3 is given by

V(1) = galé ~ &0

&(t) = —n@(t)e_t/T

(S1)

where £y(t) is the location of the potential minimum and ©O(t) is the Heaviside step
function. For t < 0 the potential minimum is at £, = 0, and at ¢ = 0 it instantaneously
shifts by a magnitude given by 7 and gradually relaxes back with a timescale given by 7.

The equation of motion for & is

“E= ol — ok 52)

where 7 is the damping, ¢ = a/m, and m is the mass.

We now motivate the use of a displacive excitation as a model for our experiment. As
mentioned in the main text the CDW modulation contains two components, a transverse
acoustic distortion and Ta-tetramerization derived from optical phonons [1, 2]. The optical
component of the distortion is found to be involved in a predicted structural instability by
DFT calculations [3]. We thus begin by considering a heuristic Ginzburg-Landau theory
of an anharmonic optical mode with displacement & in a quartic potential, coupled to
a harmonic acoustic mode with displacement &. The resulting equilibrium CDW lattice
distortion will be a linear combination of these two coordinates. The potential expressed to

lowest order in mode coordinates is given by

V(&,6&,t) = %alr(t)§% + }lblff + %azfg + 98182 (S3)

where a1, as,b; > 0 and we include the effect of the pump through the time-dependent
term r(t) [4, 5]. Here r(t) = —1 for t < 0, at ¢ = 0 it suddenly jumps to a higher value,
and for ¢ > 0 it gradually and monotonically decays to r(t — oo) = —1. The pre-pump

equilibrium values for this potential are given by



[ /2
giO)(t < O) - 4+ g + a1as
b1a2 (84)

9
&'t <0) = —¢.
a2

Solving Eq. S3 for the equations of motion in the ¢ and normalizing by the equilibrium

values given in Eq. S4 we obtain

igl = —r(t)él —(A+ 1)5’ + Aéz — 715;1
C1 (85)

ié =&+ 6 - 7252
Co

where &(t) = @-(t)/[gi(o)(t < 0)], ¢; = a;/m;, A = g*/ajas, and m; are the mass terms.
The mode 51 directly experiences the effect of the pump through the term r(t), and the
subsequent motion of & then drives the mode &. In our experiment the high-frequency
optical component of the CDW corresponds to & , while the harmonic low-frequency acoustic
component corresponds to 52. The sudden change in the quartic potential at ¢ = 0 for 51
caused by the r(tf) pump term in Eq. S3 will induce oscillations of this mode around
the slowly recovering potential minimum with a frequency of about 2.7 THz. The high
frequency of these oscillations is well outside the bandwidth defined by the values of ¢ and
7 obtained from fitting the data shown in Fig. 3 to Eq. S2 (see Table S1). As such,
52 will not respond to these fast transients and they can be neglected in the equation of
motion for &. If additionally the coupling term ¢ < ay,as so that A < 1 then the &
term in the equation of motion for & is negligible. With these assumptions the effective
driving in the equation of motion for & by the & term can then be approximated by the
value of & that minimizes the uncoupled potential, which is £\ (t) = \/—r(t). If we then
define &y(t) = ~fo)(t) —1=/—r(t)—1, ¢c = ¢, v = 72, and allow r(¢) to have the
phenomenologically reasonable form 7(t) = —[1 — nO(t)e™*7]?, the equation of motion for

& in Eq. S5 becomes identical to Eq. S2.

The values obtained for the restoring frequency vy = /c¢/27, damping rate I' = ~¢/2,
fluence 7, and relaxation time 7 corresponding to the fitted dashed black lines in Figs. 3(a-c)

are given in Table S1.



2 mJ/cm? 4 mJ/cm? 8 mJ/cm?

v (THz)| 0106  0.105  0.109
I' (THz)| 0033 0035  0.069
n 0.24 0.43 0.91

7 (ps) 9.3 20.9 58.1

TABLE S1. Parameters obtained by fitting solutions of Eq. S2 (for (1 + £)?) to the fluence-

dependent data shown in Fig. 3.
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FIG. S1. Data from all eight first-order sidebands around the (2 2 4) crystal Bragg peak of TSI.

DATA FROM ALL OBSERVED CDW SIDEBANDS

The time domain signals (Al/Ig, where AI(t) = I(t) — I,s) and the Fourier spectra for
all twelve observed CDW sidebands around the (2 2 4) crystal Bragg peak are shown in Figs.
S1 and S2. These measurements were obtained during the SACLA experiment described in
the main text. The curves in Figs. S1 and S2 are color coded such that sidebands with the

same color belong to the same orientational domain according to the structure determination

of the CDW phase [1].
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FIG. S2. Data from the four observed second-order sidebands around the (2 2 4) crystal Bragg

peak of TSI.

[1]

2]

S. van Smaalen, E. J. Lam, and J. Liidecke, Structure of the charge-density wave in (TaSey)sl,
J. Phys. Condens. Matter 13, 9923 (2001).

V. Favre-Nicolin, S. Bos, J. E. Lorenzo, J.-L. Hodeau, J.-F. Berar, P. Monceau, R. Cur-
rat, F. Levy, and H. Berger, Structural evidence for Ta-tetramerization displacements in the
charge-density-wave compound (TaSey)2I from x-ray anomalous diffraction, Phys. Rev. Lett.
87, 015502 (2001).

Y. Zhang, L.-F. Lin, A. Moreo, S. Dong, and E. Dagotto, First-principles study of the low-
temperature charge density wave phase in the quasi-one-dimensional Weyl chiral compound
(TaSey)2I, Phys. Rev. B 101, 174106 (2020).

M. Trigo, P. Giraldo-Gallo, M. E. Kozina, T. Henighan, M. P. Jiang, H. Liu, J. N. Clark,
M. Chollet, J. M. Glownia, D. Zhu, T. Katayama, D. Leuenberger, P. S. Kirchmann, I. R.
Fisher, Z. X. Shen, and D. A. Reis, Coherent order parameter dynamics in SmTes, Phys. Rev.
B 99, 104111 (2019).

H. Schaefer, V. V. Kabanov, and J. Demsar, Collective modes in quasi-one-dimensional charge-

density wave systems probed by femtosecond time-resolved optical studies, Phys. Rev. B 89,



045106 (2014).



