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I. ULTRAFAST DYNAMICS OF THE (103) BRAGG PEAK
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FIG. S1. (a) Two-dimensional XRD images, showing the Bragg peak (103) in equilibrium without optical pumping, and (b)
the time-resolved XRD signal at the (103) peak.

We also observed time-resolved diffraction signals at the Bragg peak (103), as shown in Fig. S1. The non-equilibrium
dynamics at the Bragg peak can be described by a time-dependent Debye-Waller (DW) model, indicating the time
scale for energy transfer to the lattice via redistribution of photoexcited carriers [1]. We fit the data using the function
I(t) = I0(1− e−t/τB), revealing that energy is transferred from photoexcited carriers to the lattice within τB ∼ 10 ps
in TaAs. This is comparable to the relaxation time scales of < 2 ps for carrier cooling after optical excitation in TaAs;
the lifetime measured by optical pump-probe spectroscopy can be shorter, since carriers can incoherently couple to
many phonon modes [2].

II. TRUNCATION ROD SCATTERING: ROTATION SCANS

Consider elastic X-ray scattering under the phase matched condition for truncation rod scattering (TRS):

~k′ = ~k + ~G+ qn̂ = ~k + ~Q (1)

~k = k (cosα cosφ, cosα sinφ,− sinα) (2)

~Ghkl = G (cos θ1, cos θ2, cos θ3) (3)

Here we use crystal coordinates defined such that a general vector can be described as ~v = (~v · t̂1)t̂1 + (~v · t̂2)t̂2 + (~v ·
t̂3)t̂3 = (~v1, ~v2, ~v3), with orthonormal vectors t̂i, as shown in Fig. 1 of the main text. We choose the surface normal
vector to be the third component, such that t̂3 = n̂. Furthermore, we define directional cosines for the reciprocal
lattice vector with respect to our coordinate system as cos θi = Ĝ · t̂i. We will use parentheses without commas to

denote k-space vectors in terms of the reciprocal lattice, i.e. ~K = (ηκξ) = η~b1 + κ~b2 + ξ ~b3, where ~b1 = 2π/ak̂x,
~b2 = 2π/ak̂y, and ~b3 = 2π/ck̂z are reciprocal vectors under a tetragonal convention (TET), as is defined by the I41md

space group of TaAs. When η = h, κ = k, ξ = l are all integers, this corresponds to a reciprocal lattice vector ~Ghkl.
For a grazing angle, α > 0, a symmetric Bragg peak is defined as θ1 = θ2 = π/2, αsymm = θB . φ denotes a rotation

angle about the surface normal, n̂, that the X-ray beam makes with respect to some fixed direction, t̂1, of the crystal
surface.

From Eq. (1-3), we can derive the following equation

−2~k · ~Q = Q2 = G2
(
cos θ21 + cos θ22 + (cos θ3 + q/G)2

)
(4)

= −2~kG (cosα(cosφ cos θ1 + sinφ cos θ2)− sinα(cos θ3 + q/G)) (5)

This can be rewritten as

cos θ1 cosφ+ cos θ2 sinφ = tanα(cos θ3 + q/G)− Q2

2kG cosα
, (6)

which gives

φ(q) = cos−1

(
± sinα(cos θ3 + q/G) +Q2/2Gk

cosα
√

cos2(θ1) + cos2(θ2)

)
+ tan−1

(
cos θ2
cos θ1

)
, (7)
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where we have made use of the identity

A cosφ+B sinφ = C cos
(
φ+ tan−1 (−B/A)

)
(8)

A = cos θ1, (9)

B = cos θ2, (10)

C =
√

cos2 θ1 + cos2 θ2, (11)

where the positive (negative) sign corresponds to A = cos θ1 > (<)0.

Thus, for q = 0 and cos θ3 6= 1 we find the asymmetric Bragg condition,

φ0 = φ(q = 0) = cos−1

(
sinα cos θ3 − λ/2d

sgn(cosα
√

cos θ1
2 + cos θ2

2)

)
+ tan

(
cos θ2
cos θ1

)−1
(12)

where we use G/2k = λ/2d and Q ≈ G, for λ denoting the X-ray wavelength, while d defines the distance between
Bragg planes. Alternatively, from Eq. (1) and Eq. (2) we get,

q2 + 2bq + c = 0 (13)

b = G cos θ3 − k sinα (14)

c = G2 + 2~k · ~G (15)

q = −b±
√
b2 − c (16)

where ~k· ~G = kG (cosα(cosφ cos θ1 + sinφ cos θ2)− sinα cos θ3). Near the Bragg peak, q � 2b, and c = (~G+~k)2−k2 �
b, allowing us to take ∆φ = φ− φ0 � 1, such that a linear relation for small q can be obtained by considering a first
order expansion in φ,

q ≈ ∆φGkcosα
sinφ0 cos θ1 − cosφ0 cos θ2

G cos θ3 − k sinα
(17)

In TaAs, we measured TRS from the ~G = (103) Bragg peak to the surface normal ~n = (112). TaAs has a tetragonal
lattice, with a = 3.4348 Å and c = 11.641 Å. We take the X-ray photon energy E = 9518 eV (λ = 1.3026 Å−1),
the incident angle α = 3◦, and the rotation angle φ = 74.1◦ for the (103) Bragg peak. We measured truncation rod
scattering along the (103)− ξ(112) direction by varying the rotation angle, with ∆φ = −0.15◦,−0.3◦, and −0.5◦, in
which a phonon momentum, q, corresponding to ξ = 0.0153 is given for ∆φ = −0.5◦.

III. CALCULATED PHONON POLARIZATION

Elastic waves in crystals follow the equation of motion [3]:

ρ
∂2ui
∂t2

= Ciklm
∂2um
∂xk∂xl

(18)

with an elastic modulus tensor Ciklm, a displacement vector ui = x′i − xi (where x′i is the displaced point and xi
is the point before displacement), and a mass density ρ. Considering a monochromatic elastic wave in the form of
ui = u0 exp(j(k · r− ωt)), where ui = δimum, then we can write Eq. (18) as:

(ρω2δim − Ciklmkkkl)um = 0 (19)

For TaAs, values for the elastic tensor elements, Ciklm, can be obtained from previous calculations [4], and are
shown in Table I.

From Eq. (19), the Ciklmkkkl term can be written in matrix form:

Ciklmklkm =

C11k
2
x + C66k

2
y + C44k

2
z (C12 + C66)kxky (C13 + C44)kxkz

(C12 + C66)kxky C66k
2
x + C11k

2
y + C44k

2
z (C13 + C44)kykz

(C13 + C44)kxkz (C13 + C44)kykz C44k
2
x + C44k

2
y + C33k

2
z

 (20)
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TABLE I. Elastic modulus tensor of TaAs

Cab (GPa) Ciklm

C11 = 310.5 Cxxxx = Cyyyy

C12 = 164.2 Cxxyy = Cyyxx

C13 = 128.9 Cxxzz = Czzxx = Cyyzz = Czzyy

C33 = 256.1 Czzzz

C44 = 94.5 Cxzxz = Cyzyz = Cxzzx = Cyzzy = Czxxz = Czyyz

C66 = 194.5 Cxyxy = Cyxyx = Cyxxy = Cxyyx

where a non-zero solution exists only if the determinant of the coefficient is zero, i.e. |Ciklmklkm−ρω2δim| = 0. By

using the experimental geometric conditions for X-ray truncation rod scattering with ~k = (112) and ρ = 12.4g/cm3,
we find phonon polarization vectors:

~vTA1 = 0.71k̂x − 0.71k̂y (21)

~vTA2 = 0.19k̂x + 0.19k̂y − 0.96k̂z (22)

~vLA = 0.68k̂x + 0.68k̂y + 0.26k̂z (23)

where TA and LA denote the transverse and longitudinal acoustic phonon modes, respectively. We display the TA2
and LA modes in Fig. 3(c), along with the quasi-shear (QS) and quasi-longitudinal (QL) modes observed from our
TRS data. The angle between the QL polarization ~vLA and the surface normal vector ~n = (112) is 7.52◦.

We also notice a close relation between the QS mode and shift current, which has recently been observed in terahertz
emission and time-resolved second harmonic generation experiments [5, 6]. From Fig. 3(a) of the main text, we find
that both the QS phonon polarization and shift current are nearly parallel to one another, with each being directed
slightly off the (111̄) axis. This suggests that the shift current might contribute to the generation of the QS mode in
TaAs via an inverse piezoelectric process [7], resulting in comparable amplitudes for the QS and QL modes; this is
unusual, considering the typical thermoelastic process for acoustic strain generation [8].

IV. CALCULATED PHONON DISPERSION

We performed first principles calculations of the phonon dispersion to compare with our experimental results. The
phonon momentum q is parallel to the (112) surface normal. As shown in Fig. S2, the (112) vector spans from zone
center (Γ) of the first Brillouin zone (BZ) to the Γ point of the neighboring zone. An arbitrary point along this line
can be expressed as ξ(112), such that ξ = 0 corresponds to the Γ point in the first BZ, while ξ = 1 denotes the Γ point
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FIG. S2. Brillouin zones of body centered tetragonal lattice type 2 (BCT2).
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in the neighboring BZ. Note that (112) = 1× ~b1 + 1× ~b2 + 2× ~b3, where ~b1 = 2π/ak̂x, ~b2 = 2π/ak̂y, and ~b3 = 2π/ck̂z
are primitive vectors under the TET convention defined earlier.

To extract the phonon dispersion along the (112) direction, we must determine the k-space point (labelled with
E) where the (112) line crosses the first Brillouin zone boundary. Due to symmetry, this point should be on the line
between the high symmetry points of Y1 and P:

Y1 =
1

2
~b′1 +

1

2
~b′2 −

a2

2c2
~b′3 (24)

P =
1

4
~b′1 +

1

4
~b′2 −

1

4
~b′3 (25)

where ~b′i’s are primitive reciprocal lattice vectors in a type 2 body-centered tetragonal lattice(BCT2):

~b′1 = ~b3 + ~b1, ~b′2 = ~b2 + ~b3, ~b′3 = ~b1 + ~b2 (26)

Using these conditions, we can express the Y1 and P points with ~bi under the TET convention:

Y1 =

(
1

2

(
1− a2

c2

)
,

1

2

(
1− a2

c2

)
, 1

)
(27)

P =

(
1

2
,

1

2
,

1

2

)
(28)

Thus, we find that ξ = 0.4633 for E = ξ(112), given E to be the intersection between the (112) vector and Y1P .

We extracted the phonon dispersion along the line from Γ to E as shown in Fig. 3(b,c) in the main text. Here, we
plot the phonon frequency as a function of ξ, finding it to be linear in the phonon momentum qn̂ = −ξ(112), giving
~Q = ~G+ qn̂ = (103)− ξ(112). For ξ = 1, ~Q = (01̄1), which corresponds to a q = 2.803Å. The quasi-longitudinal (QL)
and the quasi-shear (QS) modes are respectively indicated by orange circles and blue diamonds (Fig. 3(c)), which
closely match the calculated acoustic phonon dispersion.

The phonon frequencies were determined using first-principles methods implemented in the plane wave density
functional theory (DFT) package QUANTUM ESPRESSO (QE) [9]. Ground state electronic wave functions were
calculated using a 12×12×12 Monkhorst-Pack k-point grid and an energy cut-off of 60 Ry, and lattice and atomic
positions were relaxed to a force threshold of 10−6 Ry/aB. The Perdew-Burke-Ernzerhof (PBE) generalized gradient
approximation (GGA) was used for the exchange correlation functional, and fully-relativistic pseudopotentials were
generated using the Optimized Norm-Conserving Vanderbilt PSeudoPotential (ONCVPSP) code [10] in order to
account for spin-orbit coupling (SOC). Density functional perturbation theory (DFPT) was applied to the ground
state information using the PHONON [11–13] code included in QE, and a commensurate 4×4×4 q-point grid was
used to calculate the phonon dispersion.

A comparison between first principles calculations and the experimentally determined acoustic phonon dispersion
along the (112) direction near the Brillouin zone center is shown in Fig. 3(b,c) as a function of phonon momentum q
(defined in Eq. (1)). Here, the calculated dispersion (Fig. 3(b)) reveals three acoustic branches that are attributed
to a single longitudinal acoustic (LA) mode and two transverse acoustic (TA) modes. This agrees well with the
experimentally determined q-dependence of the QL and QS modes obtained from our tr-XRD measurements, as
shown in Fig. 3(c) with solid lines.

We simulated the phonon dispersion by using elastic modulus tensor calculations (dashed lines in Fig. 3(c)), which
shows agreement with the phonon dispersion from first principles calculations (solid lines in Fig. 3(c)), allowing us
to conclude that the observed QL and QS modes are the LA and TA2 modes, respectively, in TaAs.

We note that the phonon dispersion obtained from first principles calculations are for polarization modes exactly
along, or perpendicular to, the propagating wavevector, (112). This might be the reason for the discrepancy between
the experimental data and the simulated phonon dispersion in Fig. 3(c).

V. SPECTRAL LINESHAPE ASYMMETRY OF THE LONGITUDINAL ACOUSTIC PHONON MODE

Time-domain data for the QL mode likewise supports the observation of a positive frequency chirp in the dynamics.
As shown in Fig. S3, little difference is seen between the chirped and un-chirped models at early time delays (Fig.
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S3(a)), but longer time delays at t > 40 ps reveal the chirped model to show better agreement with the raw data (Fig.
S3(b)).
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FIG. S3. The raw data of the QL mode for ∆φ = −0.5◦ in the time-domain from (c) 10-14 ps and (d) 41-45 ps, where orange
and red solid lines are fit results for the un-chirp and chirp models, respectively.

We plot Fourier transforms of the oscillatory signals for ∆φ = −0.5◦ over various time windows, as shown in Fig. S4.
For a fixed end point of 40 ps, the time window shrinks with increasing delay, leading to a diminished low-frequency
component in the longitudinal mode (∼400 GHz) while keeping its asymmetric spectral lineshape, which is not the
case for the shear mode at ∼200 GHz.
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FIG. S4. Fourier transforms of oscillatory signals over different time windows, starting at 0 ps (black), 4 ps (blue), 8 ps (purple),
and 12 ps (red) and all extending to 40 ps.

To simulate the asymmetric lineshape of the QL mode for ∆φ = −0.15◦ and −0.3◦, we used a model considering
a time-varying increase in the phonon frequency, as described in the main text: Iosc(t) = A cos (2πf(t)t− ϕ), where
f(t) = f0(1 + Ct) for a frequency increasing monotonically with time. The time-varying frequency model fits better
to the phonon spectra than an un-chirped model for all angles, as shown in Fig. S5, demonstrating that this effect is
independent of phonon momentum.
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FIG. S5. Fits (solid lines) to the spectral lineshape of the QL mode (open circles) for (a) ∆φ = −0.15◦ and (b) −0.3◦.

Microscopically, such a positive frequency chirp has been observed using picosecond ultrasonics, in which a broad-
band strain pulse, injected by impulsive optical excitation, spreads in both time and space through phonon dispersion,
but does not produce an asymmetric lineshape [14, 15]. This is unlikely to be due to a nonlinear process, as the over-
all magnitude of the acoustic strain is small (< 20 pm), and a previous study revealed a negative frequency chirp
under strong optical pumping [16], much higher than in our experiments. Instead, the positive chirp and asymmetric
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lineshape of the QL mode can be linked to the ambipolar diffusion of photoinduced carriers [17], as we discuss in the
main text.

VI. NUMERICAL SIMULATIONS WITH A TWO-TEMPERATURE MODEL

We simulated electron and lattice temperature dynamics using a two-temperature model, taking carrier diffusion
into account [18]. We used various values for the ambipolar diffusivity (De) of TaAs, which has not been measured
before. This reveals a significant heat gradient over an approximate depth (a >100 nm) far greater than the optical
skin depth (22 nm) along the surface normal (Fig. S6). Our simulation also shows a rapid thermalization of the lattice
after optical excitation, as the electronic and lattice temperatures equilibrate within ∼5 ps, while cooling occurs over
a relatively slow (> 100 ps) timescale. This indicates that the rapid development of the thermal gradient is governed
by the ambipolar diffusion of photoinduced carriers [17].
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FIG. S6. (a-c) Simulated temporal evolution of lattice heating induced by optical pumping as a function of sample depth and
time. (d-f) Time evolution of the electronic (Te) and lattice (Tl) temperatures induced by a femtosecond optical pulse. We
used ambipolar diffusivity values of De = (a,d) 1 cm2/s, (b,e) 20 cm2/s, and (c,f) 500 cm2/s, which all show fast development
of a heat gradient within <∼ 5 ps over a depth of ∼ 100 nm.

VII. OPTICALLY-INDUCED LATTICE MODULATIONS IN AN ANISOTROPIC MEDIUM

Despite the observed asymmetric lineshape, the generation of a QL mode under ultrafast optical excitation is a
common phenomenon brought on by thermoelastically driven strain wave propagation [19]. In contrast, the observation
of a QS mode necessitates the breaking of axial symmetry, which is readily accomplished by choosing an off-axis crystal
orientation (e.g., the (112) face of TaAs) [20]. In this specific crystal geometry, the excitation of a QS mode follows
from an asynchronous generation mechanism, in which an in-plane strain arises after the initial optical excitation due
to a difference in propagation velocities between the LA and TA modes (Fig. S7). In order to analytically resolve
the ultrafast laser excitation of QL and QS strains in TaAs, it is required to solve the coupled Newton’s second law,
which for continuous media can be written as

ρ
∂2ui
∂t2

=
∂σij
∂xj

(29)

where ui denotes the acoustic displacement or polarization vector, ρ the mass density and σij the stress tensor. We
only consider the propagation of plane acoustic waves along the out-of-plane z direction, consequently, all partial
derivatives associated with the propagation along x and y can be omitted and only the terms where j = z in Eq. (29)
remain

ρ
∂2ui
∂t2

=
∂σiz
∂z

, (30)
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where σiz are the components of the elastic stress tensor in the coordinate axes (i = x, y, z). The general expression
of the stress tensor is given by

σij = cijklεkl −BijT, (31)

where cijkl is the elastic modulus tensor, εkl = 1/2(∂uk/∂xl + ∂ul/∂xk) the strain tensor, Bij the thermoelastic
tensor that follows Bij = cijklβkl with βkl the thermal dilatation tensor, and T the temperature rise induced by the
laser. The right hand term in Eq. (31) denotes the stress source driven by the laser, it comprises the laser-induced
thermoelastic stress −BijT , while the left hand term denotes the elastic component. By combining Eq. (29) and
Eq. (30), we obtain,

ρ
∂2ui
∂t2

= ci3k3
∂2uz
∂z2

− ci3klβkl
∂T

∂z
, (32)

Note that since the dilatation tensor βkl is diagonal in the case of TaAs, this last expression can be simplified further.

Since the experimental coordinate system (x, y, z) does not correspond to the [100], [010], [001] crystallographic
directions, which form the conventional (x∗, y∗, z∗) coordinate system for tensorial expressions, it is required to
calculate the tensors upon a transformation of the coordinate system (x∗, y∗, z∗) into (x, y, z). The most general
transformation matrix, to transform these coordinate systems, have the form

[a] =

a11 a12 a13
a21 a22 a23
a31 a32 a33

 . (33)

The calculation of the elastic tensor cmnop in the coordinate system (x, y, z) is derived after transformation of the
elastic tensor c∗ijkl from the generic transformation equation of tensors,

cmnop = ami anj aok apl c
∗
ijkl. (34)

The Einstein summation notation is used all along to imply summation over repeated indices. The calculation of each
component of the transformed tensor carrying full subscripts is cumbersome. Thus, it is possible to adopt abbreviated
subscripts and transform the abbreviated tensor from the following equation,

[c] = [M ][c∗][M ]t, (35)

where [c∗] is the untransformed 6×6 elastic matrix in abbreviated form. As in any tetragonal system, including the
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FIG. S7. (a) Schematic showing the laser-excitation of the QL and QS modes. At time t ∼ 0, the in-plane shear displacements of
both modes are perfectly balanced and there is no shear stress or strain until both modes propagate away from the laser-excited
area. (b) the polarization of the QL and QS acoustic modes induced by optical pumping in TaAs.
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I41md space group of TaAs, the elastic tensor contains 6 constants and reads,

[c∗] =



c11 c12 c13 0 0 0

c12 c11 c13 0 0 0

c13 c13 c33 0 0 0

0 0 0 c44 0 0

0 0 0 0 c44 0

0 0 0 0 0 c66


. (36)

[M ] and [M ]t in Eq. (35) are the transformation and transposed transformation matrices, respectively. These matrices
can be calculated analytically as in [21],

[M ] =



a211 a212 a213 2a12a13 2a13a11 2a11a12
a221 a222 a223 2a22a23 2a23a21 2a21a22
a231 a232 a233 2a32a33 2a33a31 2a31a32

a21a31 a22a32 a23a33 a22a33 + a23a32 a21a33 + a23a31 a22a31 + a21a32
a31a11 a32a12 a33a13 a12a33 + a13a32 a13a31 + a11a33 a11a32 + a12a31
a11a21 a12a22 a13a23 a12a23 + a13a22 a13a21 + a11a23 a11a22 + a12a21


. (37)

In a very general situation such as in our (112) TaAs sample, the calculation of the elastic tensor has to be performed
numerically. Solving Eq. (32) can then be performed analytically and numerically by transposing the results detailed
in [20, 22], where the mathematical analysis to solve the thermoelastic laser-excitation in anisotropic media is fully
described, to our current model. Shortly, the analytical solutions of the t-Fourier transformed surface displacements
transmitted in the dielectric medium can be obtained after solving the full set of equations contained in Eq. (32) and
taking into account the continuity of the stresses and displacements at the free boundary. The solutions adapted from
[20, 22], can be written in the general form,

ũi(z, ω) = ΓimT̂im(−jkm, ω)ejkiz. (38)

where the Γim coefficients expressions are given in [20, 22], ki are the wavevectors, ω the angular frequency and

T̂im the t-Fourier x-Laplace transform of the laser-induced temperature rise. To proceed further, it is required to

model the laser-excitation effect itself in order to calculate T̂im. For simplicity, we will assume that the laser-induced
temperature rise is instantaneous and we will neglect thermal diffusion which is a rather slow effect as compared to
the acoustic excitation process. In this case, the solution of the acoustic displacement amplitudes at the free surface
take the simple form,

ui(0, t) = (
F

ρcp
)Γim(1− eαvmt), (39)

where F = F0 (1 − R) with F0 the laser fluence and R the sample reflectivity at the pump wavelength, cp the heat
capacity and vm the elastic velocity of the three different acoustic modes, namely the quasi-longitudinal mode QL and
the two quasi-transverse modes QS1 and QS2. The velocity vm of these modes that are in fact the elastic eigenvectors
of the elastic tensor can be calculated from the Christophel equation. Note that at normal incidence, the acoustic
reflection of these eigenvectors at the free surface does not lead to acoustic mode conversion, these eigenvectors are
preserved upon reflection, which is not the case if the interface is loaded with another material. In this specific case,
the reflection coefficients of the quasi-longitudinal mode are [23],

Rqlql =
(zl − zql)(zt + zqt) + sin2 α(zt − zl)(zqt + zql)

(zl + zql)(zt + zqt) + sin2 α(zt − zl)(zqt − zql)

Rqlqt =
zql(zl − zt) sin 2α

(zl + zql)(zt + zqt) + sin2 α(zt − zl)(zqt − zql)

where zl, zt, zql, zqt are the acoustic impedances of the two different media, α is the angle between the quasi-
longitudinal polarization and the z-direction. If the anisotropic medium has a free surface boundary for which zl = 0
and zt = 0, then Rqlql = −1, Rqlqt = 0, meaning no conversion of the quasi-longitudinal mode into the quasi-shear
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mode can occur. Therefore the excitation of each individual mode can be analyzed independently and from Eq. (39),
we can obtain the analytical expression of the vectorial displacements of these modes at the free surface,

~uQS1
(0, t) = (

F

ρcp
)(1− eαvmt)(Γ11 ~t1 + Γ12 ~t2 + Γ13 ~t3)

~uQS2
(0, t) = (

F

ρcp
)(1− eαvmt)(Γ21 ~t1 + Γ22 ~t2 + Γ23 ~t3)

~uQL(0, t) = (
F

ρcp
)(1− eαvmt)(Γ31 ~t1 + Γ32 ~t2 + Γ33 ~t3).

(40)

The calculation of the Γim coefficients can be performed numerically as in [20, 22] for the quantitative evaluation of
the acoustic displacements of the modes. We obtain the value of, at a given laser fluence F0 of 2.86 mJ/cm2 and a
sample reflectivity R of 0.85 at 800 nm pump wavelength for a grazing incidence condition,

(
F

ρcp
)[Γim] =

 0 11.2 −3.2

0 0 0

0 −1.4 −25.9

× 10−12 m. (41)

As expected, since the second line in Eq. (41) is zero, the QS2 mode which is in fact a pure shear mode is not

detected for symmetry reasons. The amplitude of the QL mode of about
√

(−1.4)2 + (−25.9)2 = 25.9 pm is 2.2

times higher than the amplitude of the QS1 mode of
√

(11.2)2 + (−3.2)2 = 11.6 pm. It is important to understand
that the excitation of the QS1 mode does not require any shear stress impulse. Due to the elastic anisotropy, a
purely longitudinal stress along the normal of the sample can excite both modes. This is at the origin of the so-
called asynchronous shear excitation. In our specific situation, the input thermoelastic stress B∗ij in the conventional
coordinate system (x∗, y∗, z∗) is indeed purely longitudinal, with only diagonal terms. From the known values of the
thermal dilatation coefficients along the a and c lattice dimensions taken from [24], and the elastic coefficients taken
from [4], we calculate

[B∗] =

 6.55 0 0

0 6.55 0

0 0 6.1634

× 106 Pa/K. (42)

The thermoelastic stress Bij in the experimental coordinate system (x, y, z) is calculated in its contracted form from
the relationship,

[B] = [M ][B∗], (43)

where [M ] is the transformation matrix of Eq. (37), where we obtain the numerical value,

[B] =

 6.22 0 0.14

0 6.55 0

0.14 0 6.49

× 106 Pa/K. (44)

In the experimental coordinate system (x, y, z), a slight off-diagonal component B13= 0.14 Pa/K emerges which, after
numerical evaluation, is responsible for only 12% of the amplitude for the quasi-shear excitation. This shear stress
directly couples to the shear excitation, however, the predominant part of the excitation of the quasi-modes and in
particular of the QS1 comes from the diagonal component B33 of the input thermoelastic tensor that is responsible for
88% of the amplitude for the quasi-shear excitation. From this thermoelastic model, this mechanism of quasi-shear
excitation is purely elastic. In fact, an out-of-plane stress applied to a canted crystal with broken symmetry, that
sustain quasi-modes tilted with respect to the sample surface, gives rise to in-plane acoustic displacements as well. If
the off-diagonal stress B13 is negligible, these acoustic displacements of the two QL and QS1 are perfectly balanced
at time zero but arise due to the acoustic mismatch propagation of the modes at two different acoustic velocities, see
Fig. S7 [20].
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VIII. TRUNCATION ROD SCATTERING: ACOUSTIC WAVES

In this section, we introduce how we determined the value of acoustic strain from our tr-XRD data. Assuming that

the crystal occupies a half-space z > 0, and only considering the contribution of one reciprocal lattice vector ~G, the
electron density is given by

ρe(~r) = θ(z)e−j
~G·~r, (45)

where θ(z) is the Heaviside step function. In the presence of an acoustic pulse, this becomes

ρe(~r) = θ(z)e−j
~G·(~r+~u(~r)), (46)

where ~u(~r) is the acoustic displacement, as defined in the previous section. Assuming that the displacement is small,
~G · ~u� 1, we get

ρe(~r) = θ(z)(1− j ~G · ~u(~r))e−j
~G·~r. (47)

For an acoustic wave propagating along the surface normal, the acoustic displacement is ~u(~r) = êuz(z), where ê is
a unit vector denoting the polarization.When the acoustic pulse is far from the surface boundary, z = 0, such that
the acoustic displacement, u, vanishes at the boundary, we get

ρe(~r) = θ(z)e−j
~G·~r − jγGu(z)e−j

~G·~r, (48)

where γ is the cosine of the angle between ê and ~G.

Let us now calculate the structure factor F =
∫
ρe(~r)e

i~k·~rd~r. By using the substitution ~k = ~q + ~G, where ~q is the
momentum of an acoustic phonon, the structure factor can be written as

F =

∫
(θ(z)− jγGu(z))ejqzzdzδ(qx)δ(qy), (49)

where δ denotes a delta-function in qx and qy. Thus, the structure factor is non-zero only for ~q directed along z,
reducing the calculation to a one-dimensional integral

F =

∫
(θ(z)− jγGu(z))ejqzzdz, (50)

where q = qz = |~q|. We now assume that the strain in the acoustic pulse has a bipolar profile given by

du

dz
= −η0sgn(z − vt)e−|z−vt|/a, (51)

a Δϕ = -0.3° Δϕ = -0.5° b
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FIG. S8. Time-resolved TRS oscillatory signals from coherent acoustic phonons with (a) ∆φ = −0.3◦ and (b) −0.5◦. These
signals are normalized by the static TRS signal of S0 = 1 at the negative time delay, and we extract the peak-to-peak ratio of
the QL (orange) and QS (blue) modes at around t = 10 ps to consider cases when the acoustic waves is far from the boundary
z = 0, as indicated by the dashed lines and solid arrows.
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where v is the acoustic velocity, as noted before, η0 is the strain amplitude, and a is the acoustic pulse length determined
here by the diffusion length of photoinduced carriers (a ∼ 100 nm). This value can be achieved by ambipolar diffusion
with a diffusion length De = µkBT/e, where µ, kB , T , and e are the mobility, Boltzmann constant, temperature, and
electron charge, respectively. With µ = 3000 cm2V1s−1 at T = 300 K [25] and an electron-phonon scattering time
of τ = 0.62 ps (revealed by our time-resolved reflectivity change measurements after the 800 nm pump), we obtain
De = 77.6 cm2/s, resulting in a diffusion length of l =

√
Deτ = 69.4 nm.

Integrating Eq. (51) then gives a displacement profile of

u(z) = η0ae
−|z−vt|/a. (52)

Performing the integration in Eq. (50), we obtain

F =
1

jq
− 2jγGη0a

2 1

1 + a2q2
ejqvt. (53)

The X-ray diffraction signal at a momentum transfer ~G + ~q is proportional to |F |2. Retaining only the lowest order
term in Gu, we find

|F |2 =
1

q2
+

4γGη0a
2

q(1 + a2q2) cos (qvt)
= S0 +

1

2
Sosc cos (qvt), (54)

where Sosc is the peak-to-peak oscillations amplitude and S0 is the static signal. Showing their relation

Sosc
S0

=
8γGη0a

2q

1 + a2q2
, (55)

where we can finally obtain an estimate for the strain, u:

u = η0a =
Sosc
S0

1 + a2q2

8γGaq
(56)

Hence, by using Eq. (56), we can estimate the magnitude of acoustic strain displacement (u) from our experimental
tr-XRD data. From the data of ∆φ = −0.5◦, as shown in Fig. S8 and Table II, using the ratio of Sosc/S0 for QL
and QS modes, we obtain an acoustic displacement of uQL = 15.0 pm and uQS = 12.6 pm, representing the total
displacement over the crystal volume defined by the carrier diffusion length (∼70 nm) along the surface normal. These
values are close to the calculated values (uQL = 25.9 pm and uQS = 11.6 pm) obtained from the elastic tensor in Sec.
VII.

∆φ -0.3◦ -0.5◦

q 0.20 Å
−1

0.33 Å
−1

QL QS QL QS

γ 0.64 -0.49 0.64 -0.49

Sosc/S0 0.063 0.044 0.085 0.052

uQL,QS 6.67 pm 6.39 pm 15.0 pm 12.6 pm

uQL/uQS 1.04 1.19

TABLE II. The parameters used to calculate the acoustic displacement uQL,QS from Eq. (56)

However, we note the time delay chosen to extract the peak-to-peak ratio for the QL and QS amplitudes (Sosc/S0)
is arbitrary, exhibiting a time dependence that is shown in Fig. S9. Here, using fit results from a binary sinusoidal
model (Eq. (2)) in the main text), we plot the time-dependent peak-to-peak ratio Sosc/S0 for the QL and QS modes,
respectively, in Fig. S9(a,b), and their relative ratio AQL/AQS as a function of time delay in Fig. S9(c,d). Although
our model assumes to take Sosc/S0 at time delays far from t = 0, when the acoustic pulse is no longer near the surface
boundary, the initial ratio of AQL/AQS shows a values of ∼ 2, which corresponds to a result of 2.2 obtained from our
previous calculations in Sec. VI. However, for t > 0 this amplitude ratio drops to ∼ 1 − 0.5 due to a difference in
dephasing times between the QL and QS modes.
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FIG. S9. Time-dependent amplitudes of the QL and QS modes and their relative ratio for (a,b) ∆φ = −0.3◦ and (c,d) −0.5◦.

IX. MODELING THE ELECTRONIC STRUCTURE OF DYNAMICALLY STRAINED TAAS

In this section, we introduce a model calculation that describes how a dynamically strained crystal structure can
produce changes in the electronic structure that are attributed to QL and QS lattice distortions. For temporal delays
t > 0, an acoustic wave will propagate into the crystal at a sound velocity, v, introducing a structural distortions u(z),
as described by Eq. (52) due to the bipolar strain pulse, du/dz, given in Eq. (51) (assuming a symmetric shape).
This is depicted schematically in Fig. S10(a), which shows a peak displacement of z0 at a finite time delay t0 > 0.

As a proof of principle, we model crystal structures with and without acoustic distortions using a 2×2×2 supercell, as
shown in Fig. S10(b). When modeling the effect of static, uniaxial strain from ab initio, lattice constraints orthogonal
to the strain axis are relaxed to account for the Poisson effect, allowing for calculations to be performed on a single
unit cell assuming periodic boundary conditions. In contrast, no such lattice deformation perpendicular to the strain
axis occurs under dynamic strain, meaning a complete theoretical description of our experiment would require a large
supercell having a length scale of a few tens of nanometers, equivalent to the wavelength of our acoustic modes.
Practical limitations on computational time necessitates that we choose a smaller 2× 2× 2 cell, which does introduce

(112)
2x2x2
tetragonal 
unit cell

ba

z

z

atomic 
displacement
 

strain

u(z,t)

z
z0 z1

z1

upeak = η0a

du(z,t)/dz

QL

QS
Ta

As

z0

FIG. S10. (a) Profiles of optically-induced strain (du/dz) and atomic displacement (u) by acoustic phonons along the direction
of the surface normal (z). (b) Crystal structure in the 2 × 2 × 2 tetragonal unit cell, where atomic positions are shifted by QL
and QS distortions. The amount of distortions are set to be different depending on atomic positions relative to z = z0.
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FIG. S11. Simulated electronic structures of TaAs from the crystal structures of (a) 1× 1× 1 primitive cell and (b-d) 2× 2× 2
cell. The electronic structures in equilibrium (black dashed line), after being shifted by 0.2 pm within the 2 × 2 × 2 supercell
for the QL (orange) and QS (blue) acoustic distortions, and for ab-plane shear (red) and c-axis longitudinal distortions (sky
blue), are shown near the Weyl point.

an artificial periodicity to lattice distortions as compared to the experimental acoustic wavelength. Despite this
computational simplification, we believe calculations using the experimentally inferred picometer displacements of the
QL and QS modes, obtained from the peak-to-peak amplitude ratio measured at 10 ps from our tr-XRD experiments
(Table II in Sec. VII), applied within the 2 × 2 × 2 supercell can shed light on how QL and QS acoustic distortions
can modify the electronic structure of TaAs, particulalry in vicinity of the Weyl nodes. To do so, we shifted atomic
positions along the QL and QS directions, where the amount of distortion, u(z, t), is relatively different for each atom
depending on its distance from z = z0 = vt0 (the position for the largest QL and QS distortions) at a finite time delay
t0 > 0, as shown in Fig. S10(a).

Using these crystal structures, we performed first-principles calculations to simulate the electronic structure of TaAs
under acoustic deformation. Here, we used the full-potential linearized augmented plane-wave (FP-LAPW) method
of WIEN2K to carry out calculations on both the equilibrium and distorted crystal structures. Relativistic spin-orbit
coupling effects were included using a k-point grid of 11×11×3 for each supercell and a 12×12×12 grid for primitive
cell calculations.

Weyl points from the undistorted, equilibrium crystal structure are shown in Fig. S11(a-d), where small gaps are
found at the Weyl nodes due to spin-orbit coupling [26, 27]. Here, electronic structure calculations from the primitive
cell (Fig. S11(a)) show excellent agreement with previous calculations [26, 27]. When doubled, the electronic band
structure from the undistorted 2× 2× 2 supercell (Fig. S11(b)) is represented in a triclinic basis to directly compare
with snapshots of the non-equilibrium structure following acoustic deformation (Fig. S11(c-d)). By shifting atomic
positions by an amount estimated from our tr-XRD experiments, we find the low energy electronic structure in vicinity
of the Weyl points to shift in energy with respect to equilibrium, indicating that both QL and QS distortions alter
the low energy electronic structure of TaAs, while conserving the total number of Weyl nodes (Fig. S11(c,d)).

We similarly examined the effect of acoustic lattice displacement on the electronic structure under compressive
and shear stress directed along more conventional crystal axes ((100), (010), (001)). Here, both a shear distortion in
the ab-plane (ab-shear) and longitudinal distortion along the c-axis(c-longitudinal), result in changes to the electronic
structure that are consistent with symmetry. Using the same sub-picometer distortion as estimated for the QS and QL
modes, we find c-axis deformation does not alter the electronic structure with respect to equilibrium, while an in-plane
shear distortions within the 2 × 2 × 2 supercell creates a more noticeable change. Such a finding is consistent with
the fact that the generation of LA phonons along (001) does not significantly alter the 4mm point group symmetry
of TaAs, while shearing in the ab-plane can break mirror symmetries and change the energy and position of Weyl
nodes reflected across these planes. These results suggest the most significant contribution in altering the low energy
electronic structure of TaAs by QL and QS acoustic deformations can be attributed to shearing within the ab-plane.
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