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The type-II Weyl semimetal (WSM) B-WP, was recently demonstrated as a supreme quantum material

with various interestingtransport properties. Toward deciphering these peculiar transport phenomena for future
topological device applications, it is highly necessary to understand the dynamical process of phonon scatter-
ings under nonequilibrium conditions. By performing temperature-dependent coherent phonon spectroscopy in
B-WP,, we provide here direct experimental evidence that phonons decaying into electron-hole pairs overwhelm
the anharmonic phonon-phonon scattering process. Remarkably, the dominating phonon-electron coupling in
B-WP;, is further supported by observations of the transient Fano resonance. First-principles calculations suggest
that the anomalous phonon decaying results from the acoustic bunching and the limited phonon density of states
in B-WP;. Our real-time observations provide dynamical insight into quasiparticle scatterings that are of vital
importance for fundamental transport properties in S-WP;.

DOI: 10.1103/PhysRevResearch.5.023137

I. INTRODUCTION

Topological semimetals offer excellent material platforms
for the design of solid-state devices thanks to their exotic
physical properties such as the anomalous Hall effect, large
magnetoresistance, and high carrier mobilities [1-5]. Among
the few topological semimetals that have been discovered,
the transition metal diphosphide B-WP; is a confirmed non-
layered type-II Weyl semimetal, which supports simple band
structure [6,7] and robust Weyl points against structural distor-
tions [6,8], hence attracting enormous attention in condensed
matter physics. More interestingly, static thermal and electri-
cal measurements recently demonstrated that S-WP, single
crystals exhibit hydrodynamic electron transport (i.e., in con-
trast to the ohmic electron transport in ordinary metals) and
violate the Wiedemann-Franz (WF) law in thermal transport
down to 5 K [9-11]. This observation raises fundamental
questions regarding the relevance of quasiparticle scattering
processes to this nontrivial transport phenomenon.
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Phonons, the fundamental vibrational modes of a crys-
tal lattice, play critical roles in determining both thermal
(e.g., thermal conductivity is depending on the anharmonic
phonon-phonon scatterings) [12,13] and electrical (e.g., elec-
trical conductivity is affected by electron scatterings with
optical phonons) [14] properties. It is thus speculated that
the observed exotic transport might be linked to the un-
usual phonon scattering processes in S-WP,. Following this
thought, previous computational works have suggested the
importance of electron-phonon coupling in understanding the
macroscopic transport properties of S-WP, [15]. Unfortu-
nately, experimental evaluation of microscopic dynamics of
phonon scatterings in 8-WP, has been elusive despite that
recent continuous-wave Raman measurements have roughly
estimated the optical decay rate based on the Raman spectra
linewidths [16—18]. Up to now, direct and unambiguously
experimental evidence is still lacking to validate the impor-
tance of phonon scattering in understanding the anomalous
transport properties in S-WP;.

To fill in this gap, we have performed femtosecond-
resolved coherent phonon spectroscopy to investigate the
dynamic phonon scattering process in B-WP,. A remark-
able finding is that coherent phonons in B-WP, tend to
decay by scattering off electrons (i.e., decay into electron-hole
pairs) rather than—as in conventional materials—by scatter-
ing off other phonons (i.e., decay into acoustic phonons) [19].
In addition, a transient (persisting up to ~1 ps after pho-
toexcitation) Fano resonance [20,21], which originates from
strong coupling between discrete phonons and continuous
electron-hole pair excitations, further supports the dominating

Published by the American Physical Society


https://orcid.org/0000-0003-1815-9485
https://orcid.org/0000-0003-2094-0967
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.5.023137&domain=pdf&date_stamp=2023-05-30
https://doi.org/10.1103/PhysRevResearch.5.023137
https://creativecommons.org/licenses/by/4.0/

YU, ZHAO, LV, HAN, HANG, XU, AND HU

PHYSICAL REVIEW RESEARCH §, 023137 (2023)

Glide plane

Ti:Sa

WP crystq)

-6
(c) 3 x10

2 L

RT

T —

0 3 6 9
Time (ps)

AR/Ry (arb. units)
>

24

x10®

~
=)
~

1
A®

FFT Amp (arb. units)
-

0 5 10 15 20
Frequency (THz)

FIG. 1. Crystal structure and room-temperature coherent phonon spectra of 8-WP,. (a) Crystal structure of S-WP,. The W and P atoms
are denoted by the light black and red spheres, respectively. The glide and mirror planes are also indicted. (b) Schematic experimental setup
of the ultrafast coherent phonon spectroscopy. (¢) Time-domain lattice vibrations in 8-WP, at room temperature (RT). Please note that the
excited carrier response has been subtracted. (d) FT spectrum of the time-domain lattice vibrations showing the two lowest-energy A; optical
phonon modes at ~5.05 and ~8.58 THz. Please note that the coherent phonon linewidth in the nonequilibrium measurement is typically larger
than that in the static Raman measurement [18], which is due to the transient temperature rise, transient depopulation, and transient dephasing

process with the ultrafast laser pulse excitation [26].

phonon-electron scattering scenario in S-WP;. In conjunction
with first-principles calculations, we argue that with such an
anomalous phonon-electron scattering picture, electrons and
phonons may become coupled, forming quasiparticles and
inducing unusual transport properties in S-WP,.

II. RESULTS AND DISCUSSION

The high-quality 8-WP; crystal with shiny surfaces was
prepared by a chemical vapor transport (CVT) technique
following the reported methods [16,22]. Details of the crys-
tal growth process and confirmations of the 8 phase can
be found in our previous publication [23]. As shown in
Fig. 1(a), B-WP; is demonstrated to crystallize in the space
group of Cmc2; and has a noncentrosymmetric structure
with a glide plane perpendicular to the b axis, and a mirror
plane perpendicular to the a axis [16,24,25]. The orthorhom-
bic, nonsymmorphic space group Cmc2; belongs to the G,y
point group and leads to a total of 18 phonon modes, in
which 15 optical modes (5A; 4 3A, + 2B; + 5B,) are all
Raman active and have been detected in the equilibrium Ra-
man spectroscopy [16-18]. Figure 1(b) presents a schematic
of the femtosecond-resolved coherent phonon spectroscopy,
allowing us to directly monitor nonequilibrium lattice vi-

brations in the time domain [26-30]. Briefly, an 800-nm
pump pulse with a pulse duration of 20 fs and a fluence of
~5uJ/cm? promotes B-WP, (the direct band gap: 0.6—
0.8 eV [23]) into the excited state and generates coherent
atomic motions via the displacive excitation mechanism
[28], which is then detected by an 800-nm probe pulse
with the same pulse duration and an order of magnitude
weaker fluence (more experimental details are provided in
Appendix A).

Figure 1(c) shows a typical time-domain signal measured
at room temperature after removing the nonoscillation sig-
nal related to photoexcited carriers by exponential fittings
convoluted with the instrumental response function [27-30]
and frequencies of coherent phonon modes can be clarified
from Fourier transform (FT) of the time domain oscillatory
pattern. Due to the isotropic detection scheme [31], only five
A; Raman-active phonon modes can be observed based on
the relationship among Raman tensors, polarizations of the
pump, and probe pulses [16]. As shown in Fig. 1(d), the FT
spectrum reveals two lattice modes at ~5.05 and ~8.58 THz,
the frequencies of which are in good agreement with previ-
ously reported Raman experiments [16—18] and thus can be
assigned as the two lowest-energy A; phonon modes (A(ll) and

A(lz)). The absence of other high-order A; phonon modes in
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FIG. 2. Temperature-dependent phonon damping rates in 8-WP,. (a) The coherent phonon spectra at various temperatures, which are fitted
by a linear combination of multiple damped harmonic oscillators (the black curves). (b) The extracted phonon damping rate of AE” mode as
a function of temperature (black circles). The blue curve is fitted by the optical phonons’ decay into e-h pairs model while the red curve is

indicating the optical phonons’ decay into acoustic phonons scenario.

the nonequilibrium measurements is possibly due to the weak
phonon amplitude [32] or relatively fast phonon damping rates
[21], leading to high-frequency modulations from the lattice
embedded in the noise background. Please note that at lower
temperatures with weaker thermal atomic motions [33], other
high-order A; phonon modes can be detected (please see the
FT spectrum at 5 K in Appendix A).

It is well established that phonon damping rates only con-
tain information related to available decay paths [34] while
phonon energies/amplitudes involve multiple effects (e.g.,
lattice expansion or anharmonic renormalization) [17]; we
hence begin the dynamic investigation of phonon scattering
in S-WP; by analyzing the temperature-dependent damping
rates. As shown in Fig. 2(a), the temporal oscillations are
fitted with a linear combination of multiple exponentially
decaying sinusoidal functions [28,32] (see Appendix B for the
fitting procedure). It is worth mentioning that there exists a
discrepancy between the experimental data and the theoreti-
cal fit at very early time delays, which indicates a transient
Fano resonance [21] and will be discussed later. The extracted
temperature-dependent damping rates of A(ll) are plotted in

Fig. 2(b). Here we focus on the Ail) mode due to low fitting

uncertainties and the Aﬁz) mode displays a similar damping
rate behavior, which is presented in Appendix C. Interestingly,
the A(ll) damping rate exhibits an anomalous 7-dependent
trend: at temperatures below ~50 K, the damping rate of
~0.33 ps~! maintains nearly constant. Then at the intermedi-
ate temperature range (S0K < T < 180K), the damping rate
grows rapidly up to ~0.41 ps~!, followed by a slight decrease
as the temperature further increases. This type of behavior is
distinct from that predicted by optical phonons decaying into
acoustic phonons [as depicted in the bottom inset of Fig. 2(b)].
Such a three-phonon process is mathematically described by
the cubic term of the anharmonic Hamiltonian (even higher
anharmonic terms are also possible but much less likely) and
the Bose-Einstein distribution of phonon populations will re-
sult in a monotonical, positive-curvature increase of damping
rate with higher temperatures [the red curve in Fig. 2(b)]
[35,36].

To understand this peculiar 7-dependent behavior, we try
to fit the damping rate by assuming that optical phonons
decay into electron-hole (e-h) pairs. In this e-h creation pro-
cess, an optical phonon with wave vector Il can excite an
initial electronic state |Wi) with a wave vector ¥ into the
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FIG. 3. Transient Fano resonance in 8-WP, at room temperature. (a) The coherent phonon spectrum in the time and frequency domain
obtained via the SWFT analysis. (b) Representative phonon spectra profiles at various delay times, where the solid lines present fittings with
the Fano function. (c) Time dependence of the Fano parameter (1/g). The blue curve is the simulated electronic temperature based on a
two-temperature model (TTM). The insert represents the Fano coupling mechanism in 8-WP;.

final electronic state |(W + IT)j) and the phonon damping
rate (i.e., the scattering probability y) thus can be expressed
by the Fermi (instead of Bose) functions at temperature 7
[17,20,37]: y(T)  f(wa, T) — f(wy + wpn, T), where f is
the Fermi function, wy, is the energy of the A(ll) optical
phonon mode, and w, denotes the energy distance between
the initial electronic state and the Fermi energy. Please note
that this model is entirely phenomenological, which can be
satisfied only if the phonon-electron scatterings overwhelm
phonon-phonon scatterings [37]. This model can produce a
nonmonotonic 7-dependent trend since the empty initial state
at low temperatures renders the phonon-electron scattering
less chance to occur while the thermally populated initial state
at high temperatures greatly enhances the phonons’ decay
into e-h pairs process, which thus yields a nice fitting for
the experimental results [see the blue curve in Fig. 2(b); the
detailed fitting procedure is provided in Appendix C]. This
agreement implies that momentum lost to phonons can return
to fermions in B-WP, [17,38], which may account for the
ultrahigh electron mobility.

As mentioned above, there possibly exists a transient Fano
resonance in coherent phonon spectra according to the fitting
discrepancy shown in Fig. 2(a). To confirm this scenario,
sliding window Fourier transformation (SWFT) is utilized to
obtain the time-frequency chronogram [21,29,39] from the
time-domain data presented in Fig. 1(c) after subtracting the
incoherent part (see details in Appendix D). As shown in
Fig. 3(a), the Agl) phonon spectrum displays an antisymmetric
line shape on the lower frequency side upon photoexcitation,
which then gradually changes into a symmetric peak when
the delay time is larger than ~1 ps. It is well known that,
in the absence of large coupling strength between phonons
and electrons, the phonon exhibits a symmetric line shape that
can be described by a Lorentz oscillator [28,39]. In contrast,
according to the many-body time-dependent model proposed
by Hase and co-workers [21,40], an asymmetric Fano-like
phonon line shape can be regarded as the coherent en-
ergy exchange between the optical phonon and electron-hole
pair continuum considering the quantum interference nature
of Fano resonance. Therefore, we argue that the observed
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asymmetric line shape of the Agl) phonon mode provides
another unequivocal signature of the “phonons’ decay into e-h
pairs” process in B-WP,, and more interestingly, the asym-
metry diminishes in a relatively short time range, suggesting
that the coupling-induced Fano resonance in §-WP; is highl‘y
dependent on nonequilibrium dynamics of electrons (the Aﬁ )
phonon lifetime of > 2.5 ps is incongruent with the vanished
time scale).

Since the vanished time scale of Fano resonance is largely
consistent with the time scale when the electronic distribution
is nonthermal as observed in other Weyl semimetals (i.e.,
400-1200 fs) [41,42], we speculate that the transient behav-
ior of Fano resonance may be dominated by the coherence
loss of the continuumlike electrons during the thermal equi-
librium establishment process between electronic and lattice
subsystems. To test this hypothesis, we have fitted the ex-
perimental SWFT phonon spectra with the Fano line shape

[20,21]: [(w) = %, where ¢ is the Fano parameter,
characterizing the specific asymmetric profile of the Fano
response function (i.e., 1/¢ = 0 indicates a perfect Lorentzian
line shape); wp and y correspond to the resonance frequency
and linewidth of the phonon, respectively. Fitting results based
on the Fano line shape are shown in Fig. 3(b) with a frequency
range 3.8-7.5 THz and in Fig. 9 with a wider frequency range
(i.e., 0.5-7.5 THz). Meanwhile, we have also calculated the
nonequilibrium electronic temperature in 8-WP, upon pho-
toexcitation using the two-temperature model [43] (details of
the calculation are provided in Appendix E). These results are
depicted in Fig. 3(c) as a function of the delay time and it
can be found that the two-temperature model (the blue curve)
predicts the time dependence of 1/g (the red circles) in a very
good manner.

This agreement encourages us to interpret the transient
Fano resonance as follows [see the inset in Fig. 3(c)]: Upon
laser excitation, the displacive photogenerated coherent op-
tical phonon (the A(ll) mode) is strongly coupled with the
photoexcited electrons through decaying into or being gener-
ated from the continuumlike conduction band electronic states
[40,44], resulting in a Fano-like asymmetric phonon line
shape. During this mutual energy and momentum exchange
process, the photoexcited electrons gradually lost coherence
(i.e., electrons dephase within 1 ps) in the electron-phonon
thermalization process via the coherent emission of optical
phonons or collision with ions, which finally causes the sup-
pression of the Fano resonance. Please note that this transient
Fano behavior is temperature independent (see the Fano anal-
ysis of SWFT data at other temperatures in Appendix D),
which further supports that the transient Fano coupling is
dominated by the electronic dephasing rather than the thermal
populated electronic state occupation [20,44]. Moreover, it is
worth mentioning that we have excluded the possibility that
the Fano resonance is coming from the coupling between
Weyl fermions and phonons, as recently reported in Weyl
semimetal TaAs [20]. In 8-WP;, the Weyl nodes are located
hundreds of meV below the Fermi surface [6], these Weyl
points hence are less likely to interact with the displacive
photogenerated coherent phonons with the energy scale of
several tens meV.

To further support the experimental observation of
phonons’ decay into e-h pairs in B-WP,, we turn to first-
principles calculations to illustrate the possible scattering
pathway of low-energy coherent phonon modes (calculation
details are presented in Appendix F). Figure 4(a) shows
the calculated phonon band structure with the phonon den-
sity of states (DOS). Consistent with previous calculations
[17,34], there are three acoustic branches (0—4 THz) with
very narrow bandwidth lying closer to one another. As previ-
ously discussed in boron arsenide [43], the bunching of three
sharp acoustic branches restricts the phase space for decaying
into acoustic phonons and makes the momentum conserva-
tion of three-phonon scatterings difficult to satisfy. Besides
the reduced phase space, there is a relatively small amount
of phonon DOS below ~5.2 THz, which also decreases
the possibility of low-energy optical phonons decaying into
acoustic phonons [17,34]. These two features in S-WP, lead
to a prolonged phonon-phonon scattering lifetime and al-
lows phonon-electron scattering processes to dominate the
conventional phonon-phonon decay. The bunching and DOS
arguments can also be quantitatively visualized by calculating
phonon-phonon (z,p-pn) and phonon-electron (zpp.. ) scattering
lifetimes. As shown in Fig. 4(b), we have evaluated Tph.pn
at high (300 K) and low (50 K) temperatures by using the
PHONO3PY and VASP software packages [45]. For the A§1 op-
tical phonons with a frequency of ~5 THz, the median tpp_ph at
room temperature is about ~24 ps while this value increases
to ~930 ps at 50 K due to the smaller amplitude of lattice
atomic vibration and weaker anharmonicity [33]. For compar-
ison, the temperature-dependent phonon-electron lifetimes for
the same modes are estimated following the first-principles
density-functional theory [34] [see Fig. 4(c),] which presents
a Tphph /Tph-e ratio at least larger than 10 (Tpnpn /Tph-e gOES
to beyond 30 at 50 K). This magnitude of lifetime difference
strongly suggests that phonons are likely to scatter much more
frequently with electrons instead of phonons in B8-WP,. Please
note that the calculated phonon lifetime is separated from
experimental data in Fig. 2(b) at low temperatures, which
is likely due to lacking consideration for defects/boundary
scatterings in an idealized electronic structure calculation.

Altogether, our works experimentally evaluate the
nonequilibrium phonon scattering process in S-WP,,
providing direct and unambiguous evidence to validate the
dominant phonon-electron scattering process as previously
suggested in the computational work. More importantly, in
conjunction with first-principles calculations, our results put
the seemingly unrelated hydrodynamic electron transport
and Wiedemann-Franz deviated thermal transport into the
same unified microscopic physical picture: as a result of the
anomalous phonon-electron scattering process, electrons and
phonons may become coupled, forming quasiparticles that
lead to exotic transport properties [46]. Meanwhile, it would
be very interesting to look for such dominant phonon-electron
scattering in other heavy-atom-containing semimetals, which
may provide unique insight into the phonon-mediated
electron correlation phenomena (e.g., charge density waves
or superconductivity) and offer a possible route to engineer
these exotic quantum properties at high temperature.
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FIG. 4. First-principles calculations to illustrate the phonon scattering in 8-WP,. (a) Calculated phonon dispersion for the orthorhombic
B-WP, structure with the phonon densities of states. (b) Calculated phonon-phonon scattering lifetime in S-WP, at 50 K (the left panel) and
300 K (the right panel) using PHONO3PY and VASP software packages [43]. (c) Calculated temperature-dependent phonon-electron scattering
lifetime in B-WP, using the first-principles density-functional theory [34]. The calculated median lifetimes of phonon-phonon scatterings are

also presented for comparison.

III. CONCLUSIONS

In summary, we have performed ultrafast coherent phonon
spectroscopy to investigate the dynamical phonon scattering
processes in B-WP,. Compelling evidence for dominat-
ing scattering of optical phonons by electrons has been
found through the observation of an anomalous temperature-
dependent phonon damping rate and the transient Fano line

shape of phonon spectra. Our nonequilibrium spectroscopy
studies, combined with the first-principle calculations on
the phonon dispersion/lifetime, provide insight into previous
Raman experiments that were restricted under equilibrium
conditions and may enhance current understandings of the
link between phonon-related scatterings and anomalous trans-
port properties in WP;.
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FIG. 5. FT spectrum of the time-domain lattice vibrations at 5 K
showing other high-order A; phonon modes.
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APPENDIX A: FEMTOSECOND-RESOLVED COHERENT
PHONON SPECTROSCOPY

Besides the description in the main text, other experimental
details of coherent phonon spectroscopy are provided here.
The reflected probe pulse from the SnSe sample is fed into
a polarization beam splitter. The parallel (AR)) and perpen-
dicular (AR ) polarized portion of the reflected probe pulse
is monitored with balanced photodiodes (PDl and PD2). The
differential reflectivity is calculated using R = M to
cancel the common mode noise and then amphﬁed ‘with a
current amplifier and averaged in a digital oscilloscope. To
filter the nonoscillatory background in the temporal evolution,
a bandpass filter (3-300 kHz) was used to amplify the mea-
surements (see Fig. 5).

APPENDIX B: FITTING THE OSCILLATORY
TIME-DOMAIN DATA

To analyze the 7-dependent damping rate of the coherent
phonon modes, we have fitted the time-domain oscillation
signals with the damped harmonic oscillator model [28-31]:

AR(t)
R

where A, ¥ph, @ph, and @y, are the amplitude, the damping rate,
the frequency, and the initial phase of the coherent phonon
mode, respectively, and C is a constant background.

In the fitting process, we first fit the mode that has the
strongest amplitude (i.e., the Aﬁl) mode), then subtract the
resulting fit from the raw data, and perform the same routine
on the residual signal to extract the data on the next most
intense mode.

= A x exp(—1 X ypn) cos(wpnt + ¢pn) +C,  (B1)

-6
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FIG. 6. Oscillatory time-domain data at RT and numerical fitting
based on the damped harmonic oscillator model. The residual is
offset for clarity.

As shown in Fig. 6, using the room temperature (RT) time
domain data as an example, the oscillation signal can be well
fitted for later delay times (i.e., At > 1 ps). In fact, there is a
significant phase shift of the coherent phonon at the early time
delays (i.e., At < 1 ps), which cannot be modeled by a simple
damped oscillator. This discrepancy, observed only at early
time delays, is ascribed to a coherent correlation between
the phonon and the photogenerated excitation, as detailed in
Fig. 3.

APPENDIX C: T-DEPENDENT DAMPING RATE OF
COHERENT PHONONS

According to the discussion in Fig. 2, we can model the 7-
dependent damping rate of coherent phonons by assuming that
they are decaying into electron-hole (e-h) pairs. As detailed
previously [17], if considering a system with a null electron
gap, the phonon damping rate or the phonon linewidth can be
expressed by Fermi-Dirac functions (Fermi energy Er = 0),
which takes the form

ha)ph ha)ph

V(T)—Vo[f< ZkBT) f<2kBT>]’ (ChH

where the first Fermi factor accounts for the initial electron

state (hole), the second accounts for the final electron state,

hapy 1s the energy of the optical phonon, f(x)= 1/[exp(x) + 1]

is the Fermi-Dirac distribution, and yy is the zero-temperature
damping rate.

If the Fermi energy is nonzero, the above expression should

be modified as
hw E hw E
ph + Rl f ph  LF )
2kgT kT 2kgT kT

(e2))

y(T) = Vo[f<—

While considering the nearly parallel spin-orbit split bands
of B-WP, and refering to the inter-/intraband transitions pro-
duced by the decay of an optical phonon (see Figs. 7), we can
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FIG. 7. Schematic illustrating the interband and the intraband
electron transitions excited by optical phonons.

further modify the expression as follows:

y(I)=A+ m[f(h‘”“) - f(M)] (C3)

kgT kgT

where A is a temperature-independent term that accounts for
any anharmonic renormalization and /iw, is the energy dis-
tance between Er and the initial state of the electron.

Using this model, the 7T-dependent damping rate of Ail) and
A(lz) (see Fig. 8) modes can be well-reproduced with the fitting
parameters shown in Table 1.

APPENDIX D: SLIDING WINDOW FOURIER
TRANSFORMATION

Consistent with previous transient Fano analysis in co-
herent phonon spectroscopy, we utilize the sliding window
Fourier transform (SWFT) with smoothed-pseudo-Wigner-
Ville functions to extract time-dependent spectral profiles of
coherent phonons (see Figs. 9 and 10). SWFT is operated
based on the fact that a frequency-dependent power spectrum,
S(w)?, can be expressed as the Fourier transform of the time-

0.4

S
()
N

Damping rate (ps'l)
e
W

0.25

10 70 130 190 250 300
Temperature (K)

FIG. 8. The extracted phonon damping rate of A<12) mode as a
function of temperature (black circles). The blue curve is fitted by
the optical phonons’ decay into e-ph pairs model.

TABLE 1. Fitting parameters for A(ll> and A(l2> modes with the
optical phonons’ decay into e-ph pairs model.

Mode A (1/ps) vo (1/ps) w, (THz)
ALY 0.3328 0.4978 4.6453
AP 0.2597 0.7626 4.8117
dependent signal, R(¢):

IS(w)> = / dtR(t) e ™", (D1)

Here, R(t) is obtained by scanning across the experimental
time-dependent oscillatory pattern with a Hann window func-
tion. Therefore, the frequency resolution of this method is
mainly determined by the width (7) of the selected window
function (e.g., a narrower width means higher frequency res-
olution but massive computer calculations), while in our case,
we have tested different T values and found that t= 500 fs is
precise enough to obtain an optimized frequency resolution.

APPENDIX E: TWO-TEMPERATURE MODEL

To further understand the transient Fano resonance (i.e.,
the 1/q value), we have utilized the two-temperature model
(TTM) to describe the thermalization process between the
lattice temperature 7; and the electron temperature 7, [47]:

0T,

Cea—t =—g(T. = T)) + PQ1),

(ED)
0T

C— =g(I. = T),

ot
where T, and T; are the temperatures of the electrons and the
lattice, respectively. C, and C; are the heat capacity of the elec-
tron and the lattice, respectively. The temperature-dependent
heat capacity of electrons is determined by C, = ”TZN ké%
(kg is the Boltzmann constant and N is the electron den-
sity per mole; Er is the Fermi energy) [5], while the lattice
heat capacity is determined via C; = C-C, (the temperature-
dependent heat capacity C is taken from Ref. [6]). g is the
electron-phonon coupling constant which gives the relation
between the heating of the electrons and the lattice (this will
be an adjustable fitting parameter). The final term P(¢) in the
first equation is the source term of the laser pulse that heats
the sample. The laser pulse can be written as the Gaussian
function:

AR
TFWHMA/ 7T

P(t)=Fu (E2)
where F is the pump fluence, « is the absorption coefficient,
and tpwyy is the full width at half maximum of the laser pulse
(~20 fs).

Therefore, taking the environment temperature of 298 K
and the pump fluence of 5u//cm?, using the TTM with g as
an adjustable parameter (g = 1.34x 10" W/m?/K, which is
almost an order of magnitude larger than the value in simple
metals [22]), we can extract the reliable electron and lattice
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FIG. 9. SWFT in a broad frequency range. (a) The coherent phonon spectrum at room temperature in the time and frequency domain
obtained via the SWFT analysis. In such a wider energy range, both A(ll) and Aiz) modes can be resolved. (b)—(d) Representative phonon
spectra profiles at 0 ps (b), 0.5 ps (c), and 1 ps (d). The extract g values are listed and the solid lines present fittings with the Fano function.
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FIG. 10. The coherent phonon spectrum in the time and frequency domain obtained via the SWFT analysis at four different temperatures,

which shows a T-independent transient Fano resonance.
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temperatures depending on an accurate fitting of the time-
dependent 1/g.

APPENDIX F: FIRST-PRINCIPLES CALCULATIONS

First-principles calculations were performed based on the
density functional theory (DFT), as implemented in the QUAN-
TUM ESPRESSO package [48,49]. The exchange-correlation
functional is treated with the generalized gradient approxi-
mation using the Perdew-Burke-Ernzerhof (PBE) realization
[50]. The ultrasoft pseudopotentials are adopted. We consid-
ered 14 electrons for W (5s% 5p°® 5d* 6d?), and 5 electrons for
P (35s%3p?) as valence electrons. Spin-orbit coupling effects
were included in the calculation. The kinetic energy cutoff for
the wave functions was set to 60 Ry, while for the charge den-
sity it was fixed to 600 Ry. For the self-consistent calculations,
the Brillouin zone integration was performed on grid mesh
of 10 x 10 x 12 k points for electronic band structure, and
5 x5 x 6 g points for phonon dispersion. The convergence

criterion was set to 1078 Ry. To calculate the electron-phonon
coupling matrix elements of WP, with the electron-phonon
WANNIER package [51,52], a Wannier tight-binding Hamilto-
nian consisting of W-6s, W-5d, P-3s, and P-3p orbitals was
constructed.

For the thermal conductivity and phonon lifetime cal-
culation, we employed PHONO3PY [53] and VASP [54,55]
software packages. The projector-augmented wave (PAW)
pseudopotentials were adopted in the calculation [56,57]. The
generalized gradient approximation with the Perdew-Burke-
Ernzerhof (PBE) realization was used for the exchange-
correlation functional. The valence electrons treated in the
calculations include W (5d* 6s%) and P (3s? 3p?). The kinetic
energy cutoff was fixed to 400 eV. The third-order force
constants were calculated using the 2 x 2 x 2 supercell (48
atoms) with finite atomic displacements of 0.03 A. The Bril-
louin zone (BZ) integration was performed on a I'-centered
mesh of 4 x 4 x 5 k points. The energy convergence criteria
were set to be 1077 eV.
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