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Direct Observation of Coherent Longitudinal and Shear Acoustic Phonons in
TaAs Using Ultrafast X-Ray Diffraction
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Using femtosecond time-resolved x-ray diffraction, we investigated optically excited coherent acoustic
phonons in the Weyl semimetal TaAs. The low symmetry of the (112) surface probed in our experiment
enables the simultaneous excitation of longitudinal and shear acoustic modes, whose dispersion closely
matches our simulations. We observed an asymmetry in the spectral line shape of the longitudinal mode
that is notably absent from the shear mode, suggesting a time-dependent frequency chirp that is likely
driven by photoinduced carrier diffusion. We argue on the basis of symmetry that these acoustic
deformations can transiently alter the electronic structure near the Weyl points and support this with model
calculations. Our study underscores the benefit of using off-axis crystal orientations when optically exciting
acoustic deformations in topological semimetals, allowing one to transiently change their crystal and

electronic structures.
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Ultrafast spectroscopy is a powerful tool for studying
structural dynamics in quantum materials through the
generation of coherent phonon oscillations driven by
femtosecond optical pulses [1-4]. The coherent excitation
of acoustic phonons occurs when an intense femtosecond
optical pump pulse launches a strain wave along the surface
normal, resulting from thermoelastic effects, piezoelectric
effects, or the deformation potential, driven by the photo-
excitation of charge carriers [4-9]. This strain wave is then
measured in the time domain via coherent oscillations in
reflection or transmission of an optical probe pulse, when
the probe penetrates deeper than the acoustic wavelength.
Optical pump-probe spectroscopy has thus been used to
observe longitudinal acoustic (LA) phonons with gigahertz
to terahertz frequencies in a wide range of materials [10]. In
contrast, the generation of transverse acoustic (TA) shear
modes is less common, as it requires a specific choice of
crystal geometry [5,6]. However, the ability to optically
excite these acoustic modes at ultrafast timescales could
provide a new opportunity for tuning both symmetry and
topology in quantum materials, especially in comparison to
previous approaches using static strain [11] or optical
phonons [12-17].
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Recently, the advent of ultrafast x-ray free-electron lasers
(XFELs) has led to significant advances in the study of
structural dynamics, making it possible to directly probe
the generation of coherent phonons following optical
excitation [8,18-20], even at high (terahertz) frequencies
[20]. Here, we take advantage of these recent developments
in ultrafast x-ray scattering to directly track coherent
acoustic phonons in the Weyl semimetal TaAs following
femtosecond optical excitation. Time-resolved x-ray dif-
fraction (TRXRD) was used to probe real-time oscillations
in the crystal truncation rod, arising from the structural
boundary at the surface [8,21,22]. Because of the distinct
orientation of the (112) face, we simultaneously observed
both longitudinal and shear acoustic phonon modes. Our
data reveal a positive frequency chirp in the longitudinal
mode, shown by its asymmetric spectral line shape, that is
absent from the shear mode. This is likely due to phonon
softening via ambipolar diffusion of photoinduced carriers.
More importantly, our calculations show that both acoustic
modes can transiently modify the electronic structure near
the Weyl points. These first ultrafast XRD experiments on
topological semimetals thus demonstrate the power of this
technique for probing and even modifying their properties.
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FIG. 1. Schematic diagram of (a) the time-resolved x-ray
diffraction experiment, including the crystal truncation rod
scattering (TRS) signal, performed on the (112) face of TaAs,
(b) Bragg reflection, and (c) x-ray TRS. The direction of 73 is
along the surface normal n, while the in-plane coordinates #; and
t, are along [111] and [110], respectively. The incident (k;) and
reflected (kf) x rays as well as the reciprocal vector for Bragg
reflection (Gyy,) are shown with black arrows.

We performed optical-pump, x-ray-probe measurements
at the x-ray pump-probe (XPP) instrument [8] of the
Linac Coherent Light Source (LCLS) XFEL [18] on a
2 mm x 1 mm, (112) oriented TaAs single crystal, whose
growth and characterization is described in [23]. Figure 1(a)
shows an experimental schematic, where photoinduced
changes in TaAs driven by 800 nm (1.55 eV) optical pump
pulses (incident fluence = 2.86 mJ/cm?) were probed by
monochromatic x-ray pulses at a 120 Hz repetition rate,
centered at 9.52 keV. We operated in a reflection geometry
with the x-ray probe (optical pump) projected onto the
sample at a grazing angle of & = 3° (5.3°) in order to match
the optical and x-ray penetration depths, allowing us to
capture optically induced lattice modulations [20].
Transient changes in the x-ray scattering intensity were
measured with an area detector [24]. The temporal reso-
lution of our TRXRD experiments was ~80 fs, with the
timing jitter between the optical pump and x-ray probe
corrected for on a shot-by-shot basis [25].

The x-ray scattering signal was measured along the
(103)-¢g(112) truncation rod, where g defines the wave
vector parallel to the (112) surface normal. Detection of the
(103) Bragg peak was accomplished by satisfying the Laue
condition éh,d = 12f - I:,», in which éhkl defines the recip-
rocal lattice vector for the body centered tetragonal (14, md)
space group of TaAs [26-28], while l_c',- (7(}) defines the
wave vector for the incident (diffracted) x-ray beam
[Fig. 1(b)]. Following 800 nm photoexcitation, energy
transfer from photoexcited carriers to the lattice occurs
within ~10 ps for this (103) Bragg peak (Sec. I in
Supplemental Material [29]).

We then rotated the sample about the surface normal n by
a small angle A(,b [50] This modifies the scattering
condition to kf — k = thl + ¢, where the wave vector
g = gh is directed along the surface normal, resulting in
truncation rod scattering (TRS) [Fig. 1(c)]. The incident
angle a remains fixed, as is necessary to maintain a constant
x-ray penetration depth at grazing incidence. The momen-
tum ¢ can then be determined from

sin ¢by cos 8 — cos ¢ cos 0,
thl COS 93

q = A¢th1k cos o

(1)

—ksina

where k = |k;| =

the Laue condition for the (103) Bragg peak, and éhkl =
G(cos 0y, cos 0,, cos 03) defines the reciprocal lattice vector
in terms of directional cosines with respect to the rotated
coordinate frame of the (112) surface (¢,1,,1;) (Fig. 1)
(Sec. I in [29]).

Figures 2(a)-2(c) depict two-dimensional images from
our TRXRD experiments, showing both diffuse scattering
and TRS signals. The separation between these two
features grows with increasing A¢. Without optical exci-
tation, we can see the bulk diffraction as well as the static
TRS signal due to the surface [51]. The optical pump pulse
then generates a broadband coherent acoustic phonon pulse
propagating along the surface normal [4,20,21]. Since the
acoustic phonon wave vector ¢ is normal to the surface,
x-ray scattering from coherent phonons occurs in the same
direction as the static TRS signal, with the magnitude of g
given by Eq. (1). By varying A¢, one can then probe
different spatial Fourier components of the broadband
coherent phonon pulse.

Figures 2(d)-2(f) show transient changes in the TRS
signal [/, (2)], obtained by integrating the diffraction
intensity over a small 3 x 3 pixel area of the detector
[indicated by the blue arrows in Figs. 2(a)-2(c)] and
normalizing to the static TRS signal measured prior to
pump excitation (t < 0). We find that 7, (#) exhibits clear
oscillations at subterahertz frequencies that scale with
increasing g [20,21]. These oscillations result from the
interference of the signal scattered from the coherent
phonons, which undergoes a phase shift as the phonons
propagate deeper into the material, with the static TRS
signal [20]. In essence, the static TRS signal serves as a
local oscillator for heterodyne detection of the coherent
phonons. To extract the relevant oscillatory and decay
parameters, we fit our data in Figs. 2(d)-2(f) to a function
composed of f(z)g(t), where the step function f(¢)
captures the initial rise and g() is given by

g(t) = A+ Y " Ae i cos(2afit — ;). (2)
i=1.2

The time constants 7; (z;) represent decays due to lattice
cooling (dephasing) times for multiple oscillatory
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(a)—(c) Two-dimensional XRD images, showing diffuse scattering and TRS signals without pump excitation. Here, variation of

the rotation angle A¢ enables the TRS peak (blue arrow) to be resolved. (d)—(f) Time-resolved TRS signal traces, integrated over the
3 x 3 pixel area of the detector (0.36° x 0.36°) indicated by the blue arrow, reveal clear coherent acoustic phonon oscillations. These
oscillations were isolated and extracted from (d)—(f) for A¢ = (g) —0.15°, (h) —0.3°, and (i) —0.5°, along with their spectral amplitudes
(j)—(1). Experimental data (open symbols) were fit (red lines) as described in the text, where the separate fit components for
quasilongitudinal (QL-orange lines) and quasishear (QS-blue lines) modes are shown below.

components due to coherent phonons. Similarly, A; repre-
sents the amplitude of the slow dynamics, and A;, f;, and ¢;
denote the respective amplitude, frequency, and initial
phase for the oscillations, respectively.

In Figs. 2(g)-2(i), we isolate these frequency compo-
nents by subtracting the effect of lattice cooling [i.e., the
first term in Eq. (2)] from the overall transients. Fourier
transforms of the coherent phonon oscillations clearly show
two distinct frequencies [Figs. 2(k) and 2(1)]. Using Eq. (2)
to fit the transient TRS signal for different values of A¢
reveals multiple frequency components. This observation
of multiple coherent phonon modes with TRXRD is
surprising, as previous experiments on other materials have
predominantly revealed a single LA mode traveling along
the surface normal [20-22]. This is due to the fact that shear
deformations are not generated under photoexcitation when
the surface plane is isotropic, as the transverse lattice
displacements that accompany shear wave generation
require broken symmetry [5-7].

However, since the (112) surface normal of TaAs
deviates from a high symmetry axis (e.g., the a and c¢
axes), the excitation of shear acoustic waves becomes
possible [5,7]. Here, photoinduced stress drives both
quasilongitudinal (QL) and quasishear (QS) acoustic
modes, with displacements that are not purely longitudinal
or transverse to the (112) axis. While the generation of
shear modes is often forbidden by crystal symmetry, the
choice of a miscut or reduced symmetry face supports their
excitation [5-7,52-56].

For insight into the origin of the observed acoustic
modes, we used the elastic modulus tensor to calculate the
phonon polarization (Sec. III in [29]). This shows that the
atomic vibrations of the LA mode predominately align

along the (112) surface normal, with an angular deviation
of 7.5° with respect to this axis [Fig. 3(a)]. Similarly, the
higher-frequency TA mode (TA2) is nearly orthogonal to
(112), at 82.5° to this direction. In addition, we note that
only TA2 was observed in our experiments, as the other
mode (TA1) is polarized along the [110] axis. This makes it
orthogonal to the sagittal [110] plane and therefore invisible
in our TRS experiments.

Furthermore, by using an x-ray probe, we can trace the
dispersion of coherent acoustic modes by changing the
scattering geometry [Eq. (1)] [20,22], overcoming one
limitation of optical experiments [8]. Recent TRXRD
studies observed shear strain in molecular films and
multiferroic oxides [53,54], but they only focused on
Bragg peaks, not the TRS signal, preventing them from
measuring the phonon dispersion. We obtained the acoustic
phonon dispersion vs frequency for the QL and QS modes
from our experimental data, agreeing well with our elastic
tensor and first-principles calculations [Figs. 3(b) and 3(c)]
(Sec. IV in [29]). This allows us to conclude that the
observed QL and QS modes are the LA and TA2 modes,
respectively.

Closer examination of the QL mode in Figs. 2(j)-2(1)
reveals an asymmetric spectral line shape, contrasting
strongly with the symmetric line shape of the QS mode
[Figs. 3(d) and 3(e)]. We found that a Fano line shape failed
to capture the observed asymmetry [Fig. 3(e)] [57], con-
sistent with the weak electron-phonon coupling for acoustic
phonons near the Brillouin zone center [58]. Instead, we
found that a time-varying frequency given by f(z) =
fo(1 + Ct) reproduces the asymmetric spectral line shape
of the QL mode for C = 1 ns™! with minimum deviation
from our data [Fig. 3(e)], in contrast with fits based on a
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FIG. 3. (a) Schematic diagram illustrating the polarization of

the QL (LA, orange), QS (TA2, blue), and transverse acoustic
(TA1, gray) modes with respect to the wave vector along the
surface normal (n) of the (112) plane, displayed in red. The a, b,
and ¢ axes define the vector norms to the (100), (010), and (001)
planes, respectively. (b),(c) Calculated phonon dispersion along
the (112) direction in TaAs, with the LA (orange), TA2 (blue),
and TAl (gray) modes clearly indicated. (¢) Comparison of
calculated (lines) and experimentally determined (open symbols)
acoustic phonon dispersion measured near the Brillouin zone
center (000). Here, the QL (QS) mode is indicated in orange
(blue). The solid (dashed) lines are obtained from first-principles
(elastic constants) calculations. (d),(e) Fits (solid lines) to the
spectral line shape of the (d) QS and (e) QL modes (open circles)
for A¢p = —0.5° using Fano resonance (blue), time-invariant
(unchirped frequency, orange), and time-variant (positive fre-
quency chirp, red) frequency models.

time-invariant frequency f that explain the QS line shape
[Fig. 3(d)]. Furthermore, our model incorporating a positive
chirp provides a better fit to the time-domain data (Sec. V
in [29]).

The positive chirp and asymmetric line shape of the QL
mode may be linked to the ambipolar diffusion of photo-
induced carriers [59]. We estimate that these carriers diffuse
over a distance of ~70 nm [60], much larger than the
penetration depth of the optical pump (22 nm), but within
our x-ray probing depth (500 nm). The resulting carrier
density gradient could influence the frequency chirp by
changing the charge density distribution and total energy of
the system, which would in turn modify interatomic forces
and cause phonon softening [63]. This would initially
reduce the frequency of the QL mode, which would then
increase as the acoustic wave propagates deeper into the
sample, leading to the observed chirp. Alternatively, the
photoinduced carrier density gradient also creates a thermal
gradient along the surface normal [64]. This can be driven

by fast electron-phonon thermalization within ~5 ps,
as revealed by our numerical simulations using a two-
temperature model (Sec. VI in [29]). This could soften the
QL mode near the surface, which then would harden as the
strain wave travels to cooler regions of the crystal. In
contrast, the symmetric line shape of the QS mode may
indicate that the atomic potential along the in-plane
direction is less sensitive to carrier diffusion or temperature
[65,66] than its longitudinal counterpart.

The use of an off-axis crystal orientation when optically
exciting acoustic deformations also offers a promising
route for transiently altering the electronic structure of
topological semimetals. Symmetry is closely related to
topology, especially in Weyl and Dirac semimetals, where
topological phases can be tuned through breaking or
restoring electronic and lattice symmetries [11-16].
Similar to static strain, the dynamic strain resulting from
acoustic phonon propagation can alter crystalline symmetry
by inducing lattice distortions along a given direction [17].
While the generation of LA phonons along [001] does not
alter the 4mm point group symmetry of TaAs, as the
inversion symmetry is already broken within the unstrained
lattice, shearing in the ab plane can break mirror sym-
metries and change the energy and position of Weyl nodes
reflected across these planes. Such an in-plane shear is
forbidden on a (001) face, but in the (112) oriented crystal
used here, longitudinal stress along the normal direction
excites both QL and QS modes due to elastic anisotropy in
TaAs (Sec. VII in [29]); importantly, the excitation of a QS
mode can occur without shear stress.

For more insight, we performed first-principles calcu-
lations to determine whether the QL and QS Ilattice
distortions can transiently alter the electronic structure of
TaAs. We calculated the electronic structure for an undis-
torted 2 x 2 x 2 supercell [Fig. 4(a)] (Sec. VIII in [29]) to
directly compare with snapshots of the nonequilibrium
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FIG. 4. (a) Simulated electronic structure of TaAs, obtained
from the crystal structures of the 2 x 2 x 2 supercell in equilib-
rium. The red box in (a) indicates the region near one of the Weyl
points, magnified in (b) and (c). (b),(c) The electronic structure
near the Weyl point in (black dashed line) and out of equilibrium
after being shifted by 0.2 pm within the supercell for the QL
(orange) and QS (blue) acoustic distortions and for ab-plane
shear (red) and c-axis longitudinal distortions (sky blue).
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structure following acoustic deformation, and then devel-
oped a new theoretical model (Sec. VIII in [29]) to extract
the magnitude of the acoustic displacements from our
TRXRD data. Using these values, we could then model
the effect that the QL and QS modes have on the electronic
structure by defining a strain wave with an artificial
periodicity constrained by the supercell (Sec. IX in [29]).
Importantly, this reveals that dynamical strain from both
modes alters the electronic structure near the Weyl points
[Figs. 4(b) and 4(c)]. However, the overall change in their
energies and positions is relatively small, and their number
is conserved under acoustic distortion.

For comparison, we examined the influence of com-
pressive and shear stress along the high-symmetric [100],
[010], and [001] axes. Using the same amount of distortion
estimated for the QL and QS modes, we found that c-axis
longitudinal deformation does not alter the electronic
structure with respect to equilibrium, while ab-plane shear
distortions within the supercell create a noticeable change
[Figs. 4(b) and 4(c)]. This is consistent with our expectation
that the Weyl nodes can be modified more effectively by
ab-plane shearing, suggesting that this is the most signifi-
cant contribution to changes in the low energy electronic
structure of TaAs induced by the QL and QS modes.

In conclusion, we investigated coherent acoustic pho-
nons in TaAs following optical excitation with TRXRD.
Because of the distinct crystallographic orientation, both
longitudinal and transverse acoustic modes were excited.
We observed an asymmetric spectral line shape for the QL
mode, attributed to phonon frequency chirp arising from
the ambipolar diffusion of photoinduced carriers on ultra-
fast timescales. We also argue using symmetry that the
Weyl points in TaAs can be transiently altered by the
coherent QL and QS modes, as supported by model
calculations. Although this does not represent a true
topological phase transition, it does demonstrate that
light-driven dynamic strain could induce topological phase
transitions in other materials, particularly when the elec-
tronic structure depends sensitively on strain [11-17].
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