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Phonon-mode-specific modulation of electronic states in molybdenum dioxide

Florence Burri®,” Marko Hollm®, Erik W. de Vos®, Lukas Gallmann ®, Ursula Keller®, and Sergej Neb
Department of Physics, ETH Zurich, Zurich, Switzerland

® (Received 23 July 2025; revised 1 September 2025; accepted 9 September 2025; published 23 September 2025)

Near-infrared pump and extreme ultraviolet probe transient absorption spectroscopy is employed to unravel
the phonon-mode-specific modifications of electronic states near the Fermi energy in molybdenum dioxide. We
observe distinct fingerprints of two coherent phonon modes at a frequency of 6 and 11 THz which differ vastly

in their energy-dependent modulations of the electronic response. By combining our measurements with density
functional theory calculations, we show that the measured energy-dependent contrast between the phonon modes
is primarily governed by the modification of the projected density of states. These findings highlight the pivotal
role of lattice dynamics in the ultrafast electronic response.
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I. INTRODUCTION

Near-infrared (NIR) pump and extreme ultraviolet (XUV)
probe transient absorption spectroscopy has been widely used
to investigate dynamical processes in molecules and solids on
subfemtosecond timescales [1-5]. Beyond capturing purely
electronic dynamics, it has proven to be a powerful tool for
accessing lattice dynamics in solids on timescales ranging
from a few hundred femtoseconds to a few picoseconds [6-8].
Its broad energy probing range provides unique access to the
interplay between phonon modes and electronic states, offer-
ing deep insight into the fundamental interactions governing
lattice and electronic dynamics.

Here, we study thin-film molybdenum dioxide (M00O,), a
transition metal oxide that crystallizes in the monoclinic space
group P2,/c, giving rise to 36 symmetry-allowed phonon
modes [9]. To the best of our knowledge, molybdenum diox-
ide has not yet been studied on the femtosecond to picosecond
timescales. In related molybdenum-based compounds, time-
resolved studies have revealed, among other observations, an
energy-dependent electron-phonon coupling effect [10]. Pre-
vious NIR-XUYV transient absorption spectroscopy studies on
transition metals [11,12] and transition metal dichalcogenides
[13] have primarily explored how pump-induced modifica-
tions to the localized character of d orbitals shape the transient
absorption response. Given the strong electron-phonon cou-
pling anticipated in MoO, [14], we shift our focus toward
the interplay of the electronic and phononic subsystem. This
interplay gives rise to a wide range of solid-state phenom-
ena governed by the electron-phonon coupling described in
the Frohlich Hamiltonian [15]. In this work, we focus on a
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different aspect of electron-phonon interactions. We specif-
ically study how coherent phonons perturb the d-orbital
projected density of states, revealing a direct link between
phononic motion and electronic structure modification.

In the analysis of NIR-XUV transient absorption spec-
troscopy measurements, theoretical modeling of pump-driven
absorbance changes typically relies on computationally de-
manding methods such as time-dependent density functional
theory (TDDFT) [16], or even more advanced approaches
like the Bethe-Salpeter equation (BSE) [17-19]. These tech-
niques are able to accurately describe band-gap dynamics in
semiconductors [20,21], the dynamical Franz-Keldysh effect
[22], or the effect of localization in the d states [11,13]. To
investigate the interplay between charge carriers and phonons,
we adopt a comparatively simple approach based on a finite-
displacement supercell approach and static density functional
theory (DFT). This model accounts for the phonon-mode-
specific modification of the electronic structure. Although
dynamically driven many-body effects are neglected, the ap-
proach qualitatively captures the defining characteristics of
the phonon-induced modulation depth in the transient ab-
sorbance signal.

In this work, we resolve a phonon-mode-specific and
energy-dependent modification of the d-orbital states in
MoO,. By comparing the phononic fingerprint in transient
absorption with the phonon-induced changes in the projected
density of states, we establish a direct link between lattice
motion and electronic structure. This connection offers an
intuitive framework for interpreting the experimental data and
opens a pathway to tailoring the ultrafast absorption properties
of materials through selective phonon excitation.

II. EXPERIMENTAL AND THEORETICAL METHODS

NIR pump and XUV probe transient absorption spec-
troscopy. In this experiment, thin-film MoO, deposited on
a silicon nitride substrate is excited by NIR pulses with
a spectral range of 610 to 840 nm, a peak intensity of
1.7 TW/cm?, and a repetition rate of 1 kHz. To probe the

Published by the American Physical Society


https://orcid.org/0000-0001-9701-6145
https://orcid.org/0009-0002-2714-3223
https://orcid.org/0000-0002-9363-1447
https://orcid.org/0000-0003-3167-8271
https://orcid.org/0000-0002-1689-8041
https://orcid.org/0000-0002-8684-7442
https://ror.org/05a28rw58
https://crossmark.crossref.org/dialog/?doi=10.1103/9zlm-bqbn&domain=pdf&date_stamp=2025-09-23
https://doi.org/10.1103/9zlm-bqbn
https://creativecommons.org/licenses/by/4.0/

FLORENCE BURRI et al.

PHYSICAL REVIEW B 112, 104320 (2025)

CCD
(@) MoO, Al filter
XUV probe N | | -

XUV spectrometer

NIR pump
I delay stage
(b) 4 () 1
>
35 =
3 =05
<, MoN,, £
/ 2
25 0
30 35 40 45 50 30 35 40 45 50
Photon energy (eV) Photon energy (eV)
(d) 20 ‘
f XUV N 1 ——DOS
S 15 \Mo4p :fPDOSMo4d,
[0)) /
~ |
= E
& 10
@)
Q5
0 N \'\\,/‘ L
-40 -35 -10 -5 0 5

Energy E-EF (eV)

FIG. 1. (a) Schematic of the ultrafast transient absorption spec-
troscopy setup. The XUV probe and NIR pump pulses, delayed in
time, impinge on the molybdenum dioxide sample. A thin aluminium
filter blocks the NIR radiation, allowing only the transmitted XUV
radiation to reach the spectrometer. (b) Static absorbance of MoO, at
Mo N, 3 absorption edge (gray dots), the black line is an interpolation
as guide to the eye. (c) XUV probe spectrum used in the experiment.
(d) Calculated total density of states of MoO,; (black line), along with
projected density of states onto Mo 4d orbitals (green line). Red and
violet arrows indicate the pump- and probe-induced transitions.

change in absorbance (AAbs) we use a XUV pulse train
generated via high-harmonic generation (HHG) spanning an
energy range from 30 to 50 eV [see Fig. 1(b)]. The instru-
mental time resolution, determined by the cross correlation
between the NIR pump and the XUV probe pulses, is 9 =1 fs
(see Appendix B). The probed energy range is dominated by
transitions from the shallow core-level state Mo 4p to the
Mo 4d conduction band states below and above the Fermi
energy, as highlighted in Fig. 1(c). The change in absorbance
is defined as

AAbs(r) = 1n<—
IxuviNr (1)

Ixuv >’ M

where Ixyvinir(?) and Ixyy are the transmitted intensities
with and without the near-infrared pulse present and ¢ denotes
the delay time between NIR and XUV pulse. Positive time
delays denote that the NIR pump arrives before the XUV

probe. A schematic of the experimental setup is shown in
Fig. 1(a) and more details can be found in [23]. To confirm the
oxidation state of the studied molybdenum oxide MoO,, we
perform a Raman spectroscopy measurement with a 532-nm
laser source.

Density functional theory and phonon mode calculation.
We use a density functional theory approach using a Perdew-
Burke-Ernzerhof (PBE) generalized gradient approximation
(GGA) [24] to model the density of states (DOS) and pro-
jected density of states (PDOS) [25-27]. To account for the
localized Mo d electrons we include a Hubbard U parameter
in the functional [28]. Its numerical value of 4.0 eV is compu-
tationally determined using a density functional perturbation
(DFPT) approach [29-31]. Convergence of the self-consistent
field calculations was found at a wave-function energy cutoff
of 80 Ry and a grid of 8% points in k space. Furthermore,
we retrieve the molybdenum dioxide phonon modes using a
finite-displacement supercell approach [32,33]. To study the
effect of phonon modes on molybdenum dioxide, we elon-
gated the atomic position of the atoms in equilibrium along
several A, modes and retrieved the corresponding projected
density of states by DFT calculations.

III. RESULTS

In Fig. 2, the NIR pump-induced transient change in ab-
sorbance of molybdenum dioxide is shown as a function of
pump-probe delay. Typically, a transition from positive to
negative change in absorbance is expected along the energy
axis in the vicinity of the absorption edge, here the Mo N, 3
located at 37 eV. This effect is referred to as band filling, as
it arises from electrons promoted by the NIR pump above
the Fermi energy. According to the Pauli exclusion principle,
this produces an increase in XUV probe absorption below
the Fermi energy and a reduction above it, resulting in a
derivativelike signature in the absorbance change. In our case,
however, we observe an overall positive change in absorbance
from 34 to 47 eV, which is most likely driven by local field ef-
fects, as previously demonstrated for molybdenum diselenide
[13]. In that material, local field effects mediated by electron
localizations onto the Mo 4d orbitals result in a character-
istic positive change in absorbance. A similar mechanism is
also plausible for MoO,, given the well-established role of
electron localization in Mo 4d orbitals [11-13]. We observe
an increase in AAbs for photon energies ranging from 36 to
42 eV with arise time 7, = 20 £ 5 fs and a decrease in change
of absorbance with a decay time of 7; = 90 £ 10 fs, derived
from the fit with Eq. (C1) presented in Fig. 2(b). For higher
energies ranging from 44 to 45 eV the rise time of the positive
AAbs is T, = 130 £ 20 fs, derived from the fit with Eq. (C2)
presented in Fig. 2(b).

The transient absorption spectrogram is modulated by os-
cillations attributed to the 6-THz and 11-THz phonon modes,
as shown by the Fourier transform of the spectral line outs
thereof, depicted in Fig. 3(a). Note that a rise and decay
function [Eq. (C3) respectively (C4)] are subtracted from the
line outs before taking the Fourier transform. By comparing
the Fourier transform of the transient absorption spectroscopy
measurement [Fig. 3(a)] with the Raman spectrum [Fig. 3(b)],
we identify the symmetries of the phonon modes. Both modes,
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FIG. 2. (a) NIR pump and XUV probe transient absorption spec-
trogram as function of pump-probe delay time. The black dashed
line indicates the Mo N, ; absorption edge. (b) Time traces of (a) at
selected photon energies compared to fit with Eq. (C1) for 36.1 to
42.0 eV and Eq. (C2) for 44.2 to 45.4 eV. The fitting parameters can
be found in Tables I and II.

the 6 THz as well as the 11 THz, can be assigned to phonon
modes with A, symmetry. The A, symmetry of the Raman
peaks is determined by comparison with Ref. [34], which also
confirms the oxidation state MoO,. Notably, the oscillation
amplitude varies for different probing photon energies. This
can also be observed by fitting the line outs to an oscillatory
function [see Fig. 2(b)]. For energies close to the Fermi energy
we choose a function oscillating at two distinct frequencies
accompanied by an overall rise and decay [Eq. (C1)]. This
suggests a displacive excitation mechanism for the coherent
phonons, as the oscillation has a cosine phase (see Table I).
This can either be explained in the framework of displacive
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FIG. 3. (a) Fourier transform of the residual signal after remov-
ing the rise and decay dynamics from spectral line outs of the
transient absorption (Fig. 2) plotted with a constant offset, for better
readability. (b) Raman spectrum at 532-nm excitation wavelength.
The symmetries (A,) of the relevant modes are identified by com-
paring with Ref. [34]. In the inset the relevant modes are visualized.
The green arrows indicate the direction of displacement, blue and red
spheres represent the Mo and O atoms in the unit cell of MoO,.

excitation of coherent phonons or stimulated Raman scatter-
ing [35,36]. For higher-lying energy ranges, we use a function
that oscillates at a single frequency accompanied by an overall
rise [Eq. (C2)]. The fitting parameters can be found in Tables I
and II. The oscillation amplitudes are shown in Fig. 4, the
vertical error bars represent the confidence interval (95%). We
compare the extracted amplitudes to the convolution of the
Mo 4p states and the phonon-altered Mo 44 states, defined as
follows:

ASE)= ) A

* |PDOS™ — PDOS™|.
| 1+ (E — Eyj)?/T?

j=14.3

2

Here, PDOS™ and PDOS ™ represent the projected density of
states on the Mo 4d states for positive and negative atomic
displacement along the respective phonon mode. The spin-
orbit split 4py/, and 4p3/, states are modeled by the sum
of two Lorentz functions centered at Ey,i» = 36.7 eV and
E4p30 =35.9 eV with a spectral linewidth of I' = 0.55 eV

and an amplitude ratio of 2;—;2 = 5. The energy and the relative
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FIG. 4. Oscillation amplitudes of 6- and 11-THz modes retrieved
from an oscillatory fit function accounting for the rise and decay
of AAbs present in the transient absorption spectrum. The vertical
brackets depict the confidence interval (95%) of the fit, whereas the
horizontal ones indicate the XUV energy range over which the fit was
done. The amplitudes are compared to the phonon induced AS(E),
defined in Eq. (2). The shaded error bars represent the variation of
AS(FE) if the core level energy is shifted 0.5 eV and their spectral
linewidth 0.2 eV.

amplitude of the two shallow core levels are chosen to match
approximately with Fig. 1(c). The calculated AS(E) is shown
(Fig. 4); the colored bands represent the uncertainty with
respect to variations of the core level energy by 0.5 eV, as
well as the spectral linewidth by £0.2 eV. The oscillation am-
plitude at 11 THz peaks around 38 eV, while the oscillation
amplitude at 6 THz remains nearly constant throughout the
observed energy range. A similar qualitative behavior can be
observed for the aforementioned AS(E).

The unit cell of MoO, contains of four formula units,
comprising a total of 12 atoms in total. The molybdenum
atoms are symmetry equivalent, whereas the oxygen atoms
split up into two symmetry nonequivalent positions denoted as
O(1) and O(2). In our model, we displace the atoms along the
6-THz phonon mode at a certain amplitude. This leads to the
following atomic displacements. The Mo atom is displaced
by 0.0057 A, the O(1) atom by 0.0019 A, and the O(2) atom
by 0.0001 A. Analogously, we displace the atoms along the
11-THz phonon mode at a certain amplitude. The Mo atom
is displaced by 0.0035 A, the O(1) atom by 0.0058 A, and the
O(2) atom by 0.0073 A. We note that the 6-THz modes mostly
displace the molybdenum atom, whereas the 11-THz mode
mostly displaces the two oxygen atoms. Note that we cannot
make a statement about the absolute value of the phonon am-
plitude, but the chosen amplitudes lead to a reasonable order
of magnitude in lattice displacements within the Lindemann
limit [37], making them a reasonable parameter in our model.

IV. DISCUSSION

We observe a fast rise time of 7, =20 £ 5 fs in change
in absorbance close to the absorption edge and a slower
one of 7, = 130 £ 20 fs at higher probing energies. Regard-
ing the timescale, we attribute the response close to the

higher probing energies. A similar effect has been reported
in graphite, although in that case the rise of an oscillatory
component was observed, attributed to additional coherent
phonon excitation [38]. The observed relaxation of the hot
charge carriers is one order of magnitude faster compared to
prior work on a semiconductor [8]. This suggests either that
electron-electron scattering present in metals is more efficient
than electron-hole scattering and impact ionization present in
semiconductors or that a strong electron-phonon coupling is
dominant in molybdenum dioxide. It is worth noting that the
decoherence time of the observed coherent phonon modes
is longer than the measurement time of 1 ps. This is a key
ingredient in robustly extracting a phonon-mode-specific and
energy-dependent modulation amplitude in the change of ab-
sorbance. This is remarkable as the polycrystalline nature of
the sample can reduce the lifetime of coherent phonons.

The phonon modes at 6 and 11 THz present in this study
have a different effect on the Mo 4d states of MoQO,. Ex-
perimentally, we observe a stronger maximum amplitude of
the transient absorption spectrum’s modulation by the 11-THz
mode. This differs from the Raman spectroscopy measure-
ment, where the peak intensity is lower for the 11-THz
mode than for the 6-THz modes. This is to be expected as
our measurement scheme involves resonances with electronic
transitions, which can modify the relative amplitude of Raman
scattering probabilities [39]. Furthermore, the aforementioned
amplitude varies over the observed energy range for the
11-THz mode, while it remains approximately constant for
the 6-THz modes. This qualitative behavior remains for peak
intensities of the NIR pump at 1.3, 1.4, and 1.8 TW/cmz, as
shown in Fig. 5. In comparison with theory, we can explain
this difference from the effect of the phonon modes on the
Mo 4d states. The phonon modes at 6 and 11 THz share the
same symmetry Ag, but act with different magnitudes on the
atomic species. The 11-THz phonon mode mostly displaces
the oxygen atoms. Therefore, we conclude that the displace-
ment of the oxygen atoms has a stronger effect on the valence
electrons of molybdenum dioxide and that the effect is very
sensitive to the electron’s energy. The 6-THz phonon mode,
on the other hand, mainly displaces the molybdenum atoms.
This has an overall lower impact on the Mo 4d states and the
impact remains constant over the energy range where Mo 4d
states have a major contribution to the density of states. We
observe that although we do not probe the oxygen states of
MoOQO,; directly with the XUV probe, we are highly sensitive
to displacements of the oxygen atoms, even more than to
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FIG. 5. Oscillation amplitude as a function of probe photon
energy, retrieved from fitting procedure described in main text at
NIR pump peak intensity (a) 1.3 TW/cm?, (b) 1.4 TW/cm?, and
(c) 1.8 TW/cm?.

displacements of molybdenum atoms. This emphasizes the
sensitivity of electronic states to displacements of neighboring
atoms, especially in materials where hybridization effects are
present.

XUV absorption can be modulated by the variation in
the number of unoccupied electronic states. In our work, we
considered the modulation of the PDOS to the Mo 4d states
by two distinct phonon modes. We find agreement with the
experimentally observed variation of the oscillation amplitude
across the probed XUV photon energy range from 36.1 to
41.0 eV and the convolution of Mo 4p states with the phonon-
altered Mo 4d states. For the oscillation amplitude around
45 eV the model’s validity is limited as at 7 eV above Fermi
energy almost no Mo 4d states are available [see Fig. 1(c)].

Given that previous studies [11,13] have emphasized the
significant role of local field effects in shaping the transient
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FIG. 6. (a) Time-of-flight measurement of electrons escaping
from argon gas by irradiation of XUV beam and NIR beam. Black
lines indicate a sideband which is displayed in (b). (b) Integrated
sideband as indicated in (a) and fit with Eq. (B1). The arrows indi-
cate the FWHM of the cross correlation between NIR and XUV of
9 £ 1 fs. (c) Normalized spectrum of the NIR pulse after hollow-core
fiber compression.

absorption spectrum, it may seem surprising that such a sim-
ple model is sufficient. However, a key distinction is that we
do not model the full pump-induced transient absorption spec-
trum but rather its modulation by comparing two extrema of
the phonon displacement, which decreases the requirements
for a model. These are fulfilled by our simple and intuitive
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model how coherent phonons perturb the d-orbital projected
density of states. This qualitatively captures the observed
variation in oscillation amplitude. We note that the remain-
ing small discrepancies may stem from neglecting local field
effects, which could introduce subtle energy-dependent vari-
ations. Nevertheless, we find that the dominant contribution
to the variation in oscillation amplitudes across the probed
energy range arises from phonon-induced modifications of the
Mo 4d projected density of states, with other contributions
playing a minor role.

V. CONCLUSION

In this NIR pump and XUV probe transient absorption
spectroscopy study, we reveal a phonon-mode-specific and
energy-dependent variation of the electronic structure, driven
by coherent lattice vibrations. This effect manifests as a dis-
tinct modulation in the amplitude of the absorbance change,
which strongly depends on both the phonon mode and probing
photon energy. Using a model based on density functional
theory and a finite-displacement supercell approach, we can
identify the variation of available Mo 4d states to be re-
sponsible for the characteristic variation of this modulation
amplitude through the probed energy range. This methodol-
ogy can be further refined by projecting the density of states
onto specific orbitals, particularly in materials where orbital
contributions are energetically well separated. Moreover, this
analysis is expected to be even more effective in materials
with weaker or negligible electron localization effects, where
the response is more directly governed by band-structure
modulations.
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APPENDIX A: SAMPLE PREPARATION

To prepare the MoO, samples, 14 nm of molybdenum is
evaporated on a 10-nm silicon nitride substrate (Agar Scien-
tific) by electron beam evaporation and subsequently annealed
in atmospheric, oxidation-enabling conditions at a tempera-
ture of 550 °C for 45 min. To evaluate oxygen concentration
and structure of the sample, we perform a Raman spec-
troscopy measurement [see Fig. 3(b)] and compare it with the
literature [34]. The broad peaks for frequencies above 14 THz
indicate the polycrystalline nature of the sample.

APPENDIX B: PULSE CHARACTERIZATION

To determine the temporal overlap between pump and
probe beam, we perform a reconstruction of attosecond beat-
ing by interference of two-photon transitions (RABBITT) [41]
measurement. By fitting a sideband indicated by black lines
(Fig. 6) to a 2w oscillatory function of the form

=1 2
() = ae 35 [cosQuot + 1) + 1]+ d, (B1)

we find delay zero #y and a full-width at half-maximum
(FWHM) of 941 fs of the cross correlation between the
electric fields of the NIR and XUV pulses. All pump-probe
data appearing in the main paper are calibrated with this delay
zero fo. Note that w is the center frequency of the NIR beam.

APPENDIX C: FITTING OF PHONON OSCILLATION

In the main paper, we show the amplitude and rise time
obtained by fitting the spectral averages of the transient ab-
sorption spectroscopy measurement to Eq. (C1) for energies
ranging from 36.1 to 42.0 eV and to Eq. (C2) for energies
ranging from 44.2 to 45.4 eV:

AAbs(t) = I;ZI[AI cos(2m fit + ¢)

+ew

1+ Arcos2r for +¢)+ Bei +C], (C)

%[Az cos2r fot + ¢) +C], (C2)
l4+e =

where the oscillation amplitudes A;, A,, the decay amplitude
B, the oscillation frequencies fi, f>, the rise time t,, the decay
time 7,4, time #;, and the phase ¢ are fit parameters. The
averaged change in absorbance compared with the fit can be
seen in Fig. 2(b). In Tables I and II, we present all the fit
parameters, including their confidence interval (95%).

AAbs(t) =

TABLE 1. Fit parameters of Eq. (C1) at NIR pump peak intensity of 1.7 TW /cm?.

Energy range (eV) (36.1,37.4] [37.7,38.7] [38.8,39.7] [39.6,41.0] [41.0,42.0]
1034, 2403 5404 4403 34+03 2403
10°A, 0.6 £ 03 24 04 2403 2403 14+03
10°B 30 £ 2 30 £ 2 30 + 2 20 + 2 10 £2
fi (THz) 10.6 £ 0.07 10.7 £ 0.05 10.7 £ 0.05 10.7 £ 0.05 10.7 £ 0.07
f> (THz) 6.0 £ 0.1 59 + 0.06 6.0 + 0.06 6.0 + 0.05 59 + 0.08
¢ 1.1 £ 0.09 1.0 £ 0.06 1.1 £ 0.06 1.1 £ 0.06 1.0 £ 0.09
7, (fs) 20 £ 3 20 + 4 20 + 4 20 + 4 20 + 7
7, (fs) 90 + 1 90 + 8 90 + 8 90 + 8 100 + 20
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TABLE II. Fit parameters of Eq. (C2) at NIR pump peak inten-
sity of 1.7 TW /cm?2.

Energy range (eV) [44.2,45.4]
10°A, 1£03
f2 (THz) 6 + 0.1
T l¢ 2 £0.1
7, (fs) 130 £+ 20
t; (fs) 100 £ 10

In Fig. 3(a) we take the Fourier transform of the averaged
AAbs’s residual after subtraction of rise and/or decay of the
signal. For energies ranging from 30.8 to 31.8 eV the original
averaged AAbs is taken for the Fourier transform. For ener-
gies ranging from 36.1 to 42.0 eV the following rise and decay

function is subtracted:

1 =t
E— [B e + C]
I+ew
The parameters are the same as in Eq. (C1). For energies
ranging from 44.2 to 45.4 eV the following rise function is
subtracted:

AAbs(1) = (€3)

C

—20—1) *
I4+e =
The parameters are the same as in Eq. (C2). In the main paper
all the analysis is done for a transient absorption spectroscopy
measurement at a NIR pump peak intensity of 1.7 TW /cm?.
Here, we present the oscillation amplitude for three additional
transient absorption spectroscopy measurements at 1.3, 1.4,
and 1.8 TW /cm?. We observe that the energy-dependent vari-
ation of the oscillation amplitude is qualitatively the same over
the observed NIR pump peak intensity range.

AAbs(1) = (o))
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