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Ultrafast broadband optical spectroscopy for quantifying subpicometric coherent
atomic displacements in WTe2
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Here we show how time-resolved broadband optical spectroscopy can be used to quantify, with femtometer
resolution, the oscillation amplitudes of coherent phonons through a displacive model without free tuning
parameters, except an overall scaling factor determined by comparison between experimental data and density
functional theory calculations. WTe2 is used to benchmark this approach. In this semimetal, the response is
anisotropic and provides the spectral fingerprints of two A1 optical phonons at ≈8 and ≈80 cm−1 . In principle,
this methodology can be extended to any material in which an ultrafast excitation triggers coherent lattice modes
modulating the high-energy optical properties.
DOI: 10.1103/PhysRevResearch.1.032033

Several fundamental properties of materials, including the
electrical and thermal conductivities, are influenced by lattice
vibrations [1]. Recently, the possibility to control such behaviors by resonant coupling of ultrashort light pulses to specific
lattice modes has been proved [2,3]. Conversely, coherent
phonon spectroscopy has emerged as a powerful method to directly observe, in the time domain, coherent lattice vibrations
[4–6]. Despite the many studies, coherent phonons have been
exploited primarily to characterize ground-state properties
[7–10], rather than controlling the material properties. This
observation motivates the quest to learn how specific lattice
vibrations affect the electronic behavior in the vicinity of the
Fermi energy. Structural dynamics experiments, such as timeresolved x-ray diffraction [11] and time-resolved electron
diffraction [12], are currently used to measure the amplitude
of synchronized collective excitations of the atoms in a solid,
i.e., coherent phonon modes. Yet, subpicometer displacements
in complex materials are very challenging to resolve.
In time-resolved reflectivity experiments, such modes appear as ultrafast oscillations of the probe signal [13,14]. Their
amplitude has been related to the atomic shifts for singleelement materials [15,16] by using single-frequency measurements. In materials with complex unit cells, a larger number of
phonon modes is present and a method that avoids correlations
in the estimation of individual amplitudes is required. Here,
we report on an approach to estimate the nonequilibrium
atomic displacements of coherent optical phonon modes by
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detecting the modulation induced in a broadband reflectivity
probe signal, which is central to obtain reliable signatures of
the modes. Density functional theory (DFT) calculations are
applied to a displacive model to simulate the time-resolved
optical reflectivity signals and to estimate the coherent phonon
amplitudes in the tens of femtometers regime.
At present, our method is applied to the orthorhombic
semimetallic (Td) phase of tungsten ditelluride (WTe2 ), a
transition metal dichalcogenide that has recently gained interest for showing unusually high and nonsaturating magnetoresistance [17] along with a possible type-II Weyl semimetal
character [18]. WTe2 has a layered structure belonging to the
space group Pmn21 [19] (see Fig. S1 in the Supplemental
Material [20]) with in-plane covalent bonding and mainly van
der Waals interactions holding together the individual layers.
Furthermore, it has been shown that its electronic, optical, and
topological properties are influenced by strain forces [18,21],
which can be induced through nonequilibrium perturbations
[22], allowing an ultrafast control of the functionalities of this
material.
Expressly, we focus on two A1 coherent optical phonon
modes at ≈8 and ≈80 cm−1 . They are composed of nonequilibrium displacements of the atoms along the y and z crystallographic directions. The ≈8 cm−1 optical phonon is a uniform
in-plane shift of the atoms, estimated to be ≈350 fm using a
≈230 μJ/cm2 absorbed pump fluence, while the ≈80 cm−1
mode corresponds to atomic displacements of few tens of
femtometers which depend on the specific atom. A more
detailed description will be given further on in this work.
High-quality tungsten ditelluride samples were grown as
reported in Ref. [17]. The presence of defects was previously
studied [17,23] and has negligible impact on our estimate of
the average displacements. In order to identify the in-plane
crystallographic axes, low energy electron diffraction (LEED)
images were acquired under ultrahigh vacuum conditions.
Published by the American Physical Society
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was disturbed by the scattering of pump beam photons from
the sample, so it was removed.
The temporal evolution of the reflectivity is directly related
to the electronic and ionic degrees of freedom [4,13,14]. In
general, the DR/R is a superposition of signals due to transient variations of electronic density of states and population.
We describe the temporal evolution after the perturbation
(time zero, t = 0) as


DR
Ai (hν)e−t/τRi + B(hν)e−t/τheat
(t, hν) = G(t )
R
i
⎤

+
C j (hν)cos(ω j t + φ j )e−t/τP j ⎦,
(1)
j

FIG. 1. (a) Sketch of the time-resolved broadband reflectivity
experiment; the reflected probe beam is dispersed through a glass
prism and detected by a photodiode array (PDA) detector. (b) Projection of a WTe2 layer on the xy plane with blue tungsten and
orange tellurium atoms showing multiple unit cells delimited by red
lines; other projections are reported in Ref. [20]. [(c), (d)] Ultrafast
broadband DR/R images for WTe2 with the probe beam polarization
along (c) x and (d) y, both taken at ≈710 μJ/cm2 absorbed pump
fluence and 1.55-eV pump photon energy at T = 295 K.

Time-resolved reflectivity experiments [sketch of the setup in
Fig. 1(a)] were performed using a Ti:sapphire femtosecond
(fs) laser system, delivering, at a repetition rate of 250 kHz,
≈50 fs light pulses at a wavelength of 800 nm (1.55 eV).
The broadband (0.8–2.3 eV) supercontinuum probe beam was
generated using a sapphire window.
DFT simulations were carried out using norm-conserving
(NC) [24] scalar relativistic [25] pseudopotentials with the
generalized gradient approximation (GGA) in the PerdewBurke-Ernzerhof (PBE) parametrization for the exchangecorrelation functional [26] chosen from the PseudoDojo
database [27,28]. Structural optimizations and zone-center
optical phonon calculations in the framework of density functional perturbation theory (DFPT) were performed using the
QUANTUM ESPRESSO (QE) [29] suite of codes. We calculated the diagonal macroscopic dielectric tensor components
through the YAMBO code [30] at the independent-particle
(IP) level, starting from the calculated wave functions and
eigenvalues obtained through QE [20].
The normalized time-resolved differential reflectivity
(DR/R), measured in a near-normal incidence geometry, revealed a large anisotropy consistent with the twofold in-plane
symmetry of WTe2 [Fig. 1(b)] also reported for equilibrium
electrodynamics [31].
In Figs. 1(c) and 1(d), the broadband probe beam polarization was set parallel to the x (η||x) and y (η||y) crystallographic axes respectively with pump beam polarization kept
perpendicular to the probe one. Measurements were acquired
with a ≈710 μJ/cm2 absorbed pump fluence and 1.55-eV
pump photon energy at T = 295 K. A region of the spectrum

where G(t ) represents the pump and probe pulses’ cross
correlation and Ai (hν), B(hν), and C j (hν) denote the amplitudes of three different phenomena: (i) electronic relaxation
phenomena with time constants τRi , (ii) heating contribution
with a characteristic time τheat , and (iii) oscillations due to
coherent phonons with angular frequency ω j , initial phase φ j ,
and decay time τP j .
After the pump pulse excitation, electron-electron and
electron-phonon scattering processes constitute the main incoherent relaxation phenomena in the first hundreds of femtoseconds and are responsible for the initial exponential decay
of the DR/R signal. After a few picoseconds, the differential
reflectivity DR/R reached a plateau, showcasing an offset
with respect to the equilibrium value. It vanished in almost
1 ns [20]. Because of its timescale, this effect is likely to be
associated with local lattice heating, as described in Ref. [32]
for transition metals. For our purposes, we can consider the
offset as a constant over the temporal range explored in
Figs. 1(c) and 1(d).
The temporal profiles are very well fitted by using Eq. (1)
[20]. Their sign and magnitude vary with the photon energy,
while the main relaxation presents a time constant which
is almost the same and equal to ≈1 ps with only small
differences, as previously found in Ref. [33] at hν = 1.55 eV.
Subtracting an exponential fit function from the experimental signals allows the extraction of the coherent component of the DR/R signal. The resulting signal displays marked
periodic modulations in the time domain, arising from the
excitation of coherent phonon modes. The most prominent
oscillating features, as detected by fast Fourier transform
(FFT) and in Ref. [33], have frequencies of 7.9 ± 0.4 cm−1
and 79.7 ± 0.4 cm−1 . For notation purposes, we refer to these
modes with the labels 8 cm−1 and 80 cm−1 . The associated
time-decay constants, derived by fitting the modulations with
two exponentially-damped cosine waves, are τP1 = 77 ± 4 ps
for the 8 cm−1 mode and τP2 = 12.1 ± 0.2 ps for the 80 cm−1
mode. DFPT results indicate that these frequencies are linked
to A1 zone-center optical phonon modes, represented in
Figs. 2(a) and 2(b). The 8 cm−1 mode can be pictured as adjacent layers moving in antiphase, while the 80 cm−1 involves
more complex in-plane and out-of-plane movements. The
smaller value of the experimental frequency for the 8 cm−1
mode with respect to the DFPT result (10.30 cm−1 ) can be

032033-2

ULTRAFAST BROADBAND OPTICAL SPECTROSCOPY …

PHYSICAL REVIEW RESEARCH 1, 032033(R) (2019)

FIG. 2. DFPT eigendisplacements and frequencies for the
(a) 8 cm−1 and (b) 80 cm−1 optical modes; the tungsten atoms are
blue, whereas the tellurium ones are orange. [(c), (d)] Oscillatory
signal due to coherent phonons (the two upper curves are shifted
from the central DR/R = 0) (c) at 1.40 eV photon energy for
different probe beam polarization angles, showing a π phase shift for
8 cm−1 mode between the two perpendicular configurations while
the 80 cm−1 mode appears to be unaffected, and (d) for η||x as a
function of the photon energy, evidencing a π phase shift for the
8 cm−1 mode when comparing the infrared (1.40 eV) to the visible
(2.21 eV) spectral regions.

attributed to a red shift as temperature or fluence are increased
[34]. The marked difference between the time constants of
the two modes could be linked to the different types of perturbation of the interatomic bonds induced by the associated
displacements. The 8 cm−1 mode [Fig. 2(a)] only alters the
interplanar, mainly van der Waals, interactions, whereas the
80 cm−1 mode [Fig. 2(b)] induces a modification of the inplane covalent bonds. A more detailed DFPT analysis could
provide a rigorous basis for this intuitive argument, which is
beyond the scope of the present work.
Weaker additional A1 contributions at 116.5 ± 0.4,
132.2 ± 0.4, and 210.2 ± 0.4 cm−1 frequency appear as beats
in the DR/R signal in the first hundreds of femtoseconds.
When switching the probed direction from η||x to η||y, a
π phase change for the 8 cm−1 mode [Fig. 2(c)] was clearly
registered for most of the probe photon energies. Analogous π
phase changes were found by comparing the temporal profiles
taken at different probe photon energies using the same polarization for the same mode [Fig. 2(d)]. These phase differences
can be explained in terms of the peculiar anisotropy of the dielectric function and were reproduced through our numerical
simulations (see the discussion for Fig. 4).

In order to model the effects of the coherent phonons on the
reflectivity, we first calculated the wave functions and eigenvalues for the equilibrium configuration using QE and the
macroscopic dielectric tensor diagonal components and the
reflectivity curves through YAMBO. Then, we considered four
out-of-equilibrium configurations labeled as 0 and π phases,
corresponding to displacements in opposite directions, for
each of the coherent phonon modes, using the eigendisplacements obtained through DFPT with respect to the equilibrium
positions. The optical phonons led to modifications of the
electronic band structure that, although small, were beyond
the numerical accuracy and were confirmed by linearly rescaling the effects of larger perturbations [20]. For each configuration, we calculated the associated reflectivity and DR/R
with respect to the equilibrium configuration. These curves
describe the effect of the optical phonons on a quasiequilibrium adiabatic system. Indeed, a few picoseconds after time
zero, the system relaxed through electron-phonon scattering
processes and the incoherent part of the DR/R signal reached
a plateau having a decay time much larger than the coherent
phonon period and damping timescale.
Experimentally, the effects of each single optical phonon
mode on the DR/R were isolated with the following
procedure. For the 8 cm−1 phonon, we took the mean value
over one period of the 80 cm−1 modulation around two
consecutive 8 cm−1 extrema (Fig. 3). For the 80 cm−1 oscillation, we directly used the spectral profiles at the extrema,
considering that the period of the slower phonon is about
ten times larger. The spectral profiles were collected after
the main relaxation peak, as precisely indicated in the insets.
The difference between the spectral profiles at the maximum
(0 phase) and minimum (π phase) of the coherent phonons,
named with respect to the η||x DR/R, gives an unique signature of the phonon mode.
Analogously, in our calculations, we considered the difference between the calculated DR/R curves at 0 and π , multiplied by an exponential factor derived from the experimental
data, to account for the damping of the optical modulation.
The DFT predictions closely match the experimental results
for both the 8 and 80 cm−1 modes by rescaling the atomic displacements, whose relative amplitude is given by DFPT, with
a global multiplicative factor, common to both polarizations
(Fig. 4). The agreement is particularly good for η||x, where
the phonon effects are most prominent. Peculiar features, such
as their trend and change of sign, are maintained throughout
the relaxation process as previously illustrated in Figs. 2(c)
and 2(d).
From this comparison, we can quantify the magnitude of
the ionic displacements right after the perturbation, when the
atoms of different unit cells move uniformly in the probed
region. The estimated displacements have to be regarded as
average displacements over the probed volume and photon
energies. The penetration depth, derived from the optical
data in Ref. [31], is almost constant and similar for the two
perpendicular polarizations in the probed spectral region, with
minor deviations toward the infrared for the y direction.
In order to evaluate very small atomic displacements, we
repeated the experiments at lower fluence (≈230 μJ/cm2 ).
We checked that the DR/R spectral shape does not change
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FIG. 3. Experimental spectral profiles extracted from the
DR/R (t, hν ) maps reported in Figs. 1(c) and 1(d). The linearly
polarized probe is oriented as (a) η||x and (b) η||y. The 0 and π
phases are referred to the maximum and minimum of the oscillation
in the DR/R signal for η||x in the infrared spectral region; the insets
show the time delays at which the curves were extracted. The vertical
axis and color scale of the insets are the same as for Figs. 1(c) and
1(d).

at lower temperature or lower fluence, where we showed that
the phonon effects can be considered linear with the deposited
energy [20]. This is not the case for ≈710 μJ/cm2 , since the
phonon effects measured at that fluence are only twice those
at ≈230 μJ/cm2 . At ≈230 μJ/cm2 , for the 8 cm−1 mode,
the initial positions shifts are found to be ≈350 fm along the
y direction. For the 80 cm−1 mode, the displacements are
quite distinct for the twelve atoms in the basis cell. The four
tungsten atoms remain almost fixed (displacements smaller
than 10 fm) along the y direction whereas they shift by
≈40 fm along the interlayer z direction. Four tellurium atoms
are displaced by ≈90 fm along the y direction and by ≈25 fm
along z. The remaining four tellurium atoms are displaced by
≈15 fm along the y direction and by ≈30 fm along z. None of
these modes involves movements along the x crystallographic
direction.
We highlight that with the present approach the atomic
displacements can be evaluated with a precision of a few
femtometers without free tuning parameters, except a scaling
factor determined by an overall comparison between experimental data and numerical simulations of the broadband
DR/R signal. Concerning WTe2 , a good agreement between
the measured and calculated phonon effects on the optical

FIG. 4. Comparisons between the experimental and DFT calculated DR/R difference between the 0 and π phases, showcasing the
effects of the 8 and 80 cm−1 optical phonons for (a) η||x and (b) η||y
using an ≈710 μJ/cm2 absorbed pump fluence and T = 295 K.

properties for both in-plane crystal axes has been obtained.
This finding confirms that the macroscopic lattice distortions
excited in WTe2 at 8 and 80 cm−1 can be entirely mimicked
by the coherent population of selected zone-center A1 lattice
modes. We stress that the possibility of measuring the optical properties on a wide spectral range is fundamental to
extracting reliable quantitative results about the magnitude
of eigendisplacements of multiple and intertwined phonon
modes. Finally, we mention that the method described here
is not system specific and in principle can be extended to
any crystalline material, provided that its high-energy optical
properties are affected by the coherent motion of atoms. Our
findings can pave the way to the design of tailored devices
in which the coherent lattice motion (at selected frequencies and up to large displacements) is exploited to finely
tune the functional properties of semiconducting and metallic
systems.
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