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Vibrational coherent control of localized d–d
electronic excitation
Alexandre Marciniak 1,2,8, Stefano Marcantoni 1,3,8, Francesca Giusti1,2, Filippo Glerean 1,2,
Giorgia Sparapassi 1,2, Tobia Nova 4, Andrea Cartella4, Simone Latini4, Francesco Valiera 1,
Angel Rubio 4, Jeroen van den Brink5,6, Fabio Benatti1,3 and Daniele Fausti 1,2,7 ✉
Addressing the role of quantum coherence in the interplay between the different matter constituents (electrons, phonons
and spin) is a critical step towards understanding transition metal oxides and designing complex materials with new functionalities. Here we use coherent vibrational control of on-site d–d electronic transitions in a model edge-sharing insulating
transition metal oxide (CuGeO3) to single out the effects of vibrational coherence in electron–phonon coupling. By comparing time-domain experiments based on high- and low-photon-energy ultrashort laser excitation pulses with a fully quantum
description of phonon-assisted absorption, we could distinguish the processes associated with incoherent thermal lattice fluctuations from those driven by the coherent motion of the atoms. In particular, while thermal fluctuations of the phonon bath uniformly increase the electronic absorption, the resonant excitation of phonon modes also results in light-induced transparency
that is coherently controlled by the vibrational motion.

T

he non-trivial interplay between high-energy electronic transitions, both on-site and charge transfer, with low-energy
lattice or magnetic excitations gives rise to the rich phase
diagrams of transition metal oxides1,2. Unveiling the details of this
reciprocal action among the different degrees of freedom is the key
to achieving a better and more reliable description and design of
material properties. We stress that the coherent interaction between
different excitations may be of relevance in determining the effectiveness of such interplay and that the incoherent energy exchange
rate may not provide a complete physical picture of the coupling
between the electrons and the phonons (or magnons). The role
that the coherences of low-energy excitations play in determining macroscopic material properties is often elusive and addressed
indirectly through population dynamics of high-energy excitations
interacting with low-energy modes.
In time-domain studies, electron–phonon coupling is often
addressed indirectly by inferring the strength of the coupling from
the relaxation dynamics following a sudden photoinjection of electronic energy via high-photon-energy pulses3. The measurements
of the different timescales for redistributing the excess electronic
energy to other degrees of freedom are commonly interpreted
through multi-temperature models, which consider the different
excitations as interdependent statistical ensembles and allow for
the extraction of the incoherent energy exchange among them4.
In this setting vibrational and magnetic coherences can be studied
only in cases subject mainly to two strong limitations: the sudden
photoexcitation should be able to trigger a coherent vibrational (or
magnetic) response, and the interaction between the probe and
the material ‘prepared’ in a coherent vibrational state should map
such coherence into photonic observables. The resonant excitation
of vibrational modes (commonly dubbed ‘phonon pump’) partially

lifts these limitations as the creation of the coherent lattice response
is driven directly by the electromagnetic field of the laser pulse
and not mediated by electron relaxation5–7. Contrary to what happens in standard high-photon-energy pump and probe measurements, mid-infrared (mid-IR) excitation drives a large-amplitude,
low-frequency vibrational response through the resonant excitation
of phonon-polariton modes. Under this condition, a coherent vibrational excitation is prepared in the electronic ground state of the
material, providing the means to dynamically control the atomic
position in matter8.
Here we use resonant vibrational excitation to coherently control
the crystal field surrounding the Cu ions in a model compound for
edge-sharing cuprate. In the following we explain the rationale of
our work that is also illustrated by Fig. 1. The mid-IR excitation
resonantly excites a large amplitude motion of the ions mainly
along an IR-active mode. The anharmonic coupling of the excited
IR-phonon to other vibrational modes results in a coherent contraction and expansion of the Cu–O bonds, within the octahedra,
which coherently control the absorption in the visible region due to
on-site optical transitions between crystal field levels. In detail, the
resonant excitation of IR-active phonon modes results in a coherent
vibrational motion of the apical oxygen that dynamically controls
the energy and oscillator strength of the orbital transition between
different crystal levels on Cu2+ ions. A density functional theory
(DFT) estimation of the anharmonic coupling was carried out and
the effective force field acting on the apical oxygen is depicted in
Fig. 1c (for more details see ‘DFT calculation’ in Supplementary
Information).
The coherent vibrational control of the electronic transition is evidenced by the striking contrast between the results of time-domain
experiments based on high-photon-energy pumps9 and mid-IR
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Fig. 1 | Coherent vibrational control of on-site d–d crystal field transitions between different Cu orbital states. a, The coupling of on-site transitions
between the different orbital states of Cu2+ to low-energy phonons in the ground state is indicated by the temperature-dependent static absorbance (inset,
data from ref. 13) that consists of three main features associated with electronic transitions from the electronic ground-state orbital dx2 y2 to the excited
I
states dxy (1.55 eV), dxz, dyz (1.70 eV) and dz2 (1.88 eV) whose oscillator strength increases with temperature. b, In our experiment, a mid-IR
pump pulse
I
excites vibrational modes that displace, through
nonlinear phononic couplings, the atomic positions along the normal coordinate axis Q (Bt in the model).
The resulting lattice distortion couples to the electronic wavefunction and induces oscillator strength variations of the Cu on-site d–d orbital transitions
that are probed, after a delay δτ, by a visible pulse whose central energy is tuned across the d–d transition energies. c, DFT estimate of the force field
(ΔFfield, red arrows) induced by the anharmonic response on the CuGeO3 lattice (details in the Supplementary Information).

excitation. While high-photon-energy excitation results in thermal
disorder that uniformly increases the absorption of crystal field levels10,11, our experiments based on mid-IR pumps reveal a transient
response characterized by regions of induced transparency that can
be rationalized if the electronic transitions are dynamically controlled
by vibrational coherence in the electronic ground state. To disentangle the contributions to crystal field absorption that result from
coherent and thermal motion of the ions, we developed a fully quantum description of dynamical phonon-mediated crystal field excitations. We use the temperature-dependent equilibrium absorption to
benchmark the role of thermal fluctuations in the absorption process
and extract a quantitative description of coherent versus incoherent vibrational responses. We stress that our methodology allows to
distinguish the contributions to the absorption of crystal field levels
that are associated with the coherent motion of the ions from those
contributions driven by the incoherent thermal fluctuations.
The measurements are performed in a model system for an
edge-sharing cuprate, insulating CuGeO3. This sample is ideal for
two main reasons: (1) the phonons are long lived, allowing therefore
for a selective excitation of vibrational modes, and (2) the three d–d
electronic transitions at high energy (around 1.70 eV) are isolated
from other spectral features such as the charge transfer edge12 (see
‘CuGeO3 optical properties’ in Supplementary Information). The
relevant structural unit for our discussion is a CuO6 complex, with
the copper atom surrounded by six oxygens at the vertices of a distorted octahedron. The three observed optical absorptions (inset in
Fig. 1a) are due to on-site electronic transitions between the different d orbitals of copper whose degeneracy is removed by the broken
octahedral symmetry. In particular, the three transitions observed
are transitions from the ground state (dx2 y2 ) to the in-plane dxy
orbital and out-of-plane dxz, dyz and dz2 orbitals.
I
I
Importantly, these optical transitions
are phonon-assisted. The
on-site optical transition between orbitals of d symmetries should
be forbidden in centrosymmetric crystals due to dipole selection
rules, nevertheless, they are visible in absorption spectroscopy even
at very low temperatures (<10 K)13,14. This can be understood by
considering that the optical on-site d–d transitions are accompanied
Nature Physics | VOL 17 | March 2021 | 368–373 | www.nature.com/naturephysics

by the creation (and annihilation) of phonons that break the symmetry of the orbital transition, thereby removing the optical selection rules13–15. The involvement of a ground-state phonon mode in
the optical absorption process is confirmed by the observed strong
increase of the oscillator strength with temperature13,14.
We describe the transient coherent response in terms of an effective model for the phonon-mediated on-site absorption where we
describe the d–d transition by means of a two-level system interacting with a vibrational mode represented by a quantum harmonic
oscillator16. We choose this minimal model based on only one electronic transition and one phonon mode, because it is simple enough
and allows us to treat the electric field pulse with a full quantum
formalism. We will show that this simple model contains the relevant features to grasp the basic physical mechanism of vibrational
coherent and incoherent (thermal) control of d–d absorption.
The material effective Hamiltonian is chosen of the form:


ð1Þ
H ¼ ωby b þ ϵdy d þ Mdy d b þ by ;
where b (and b†) are bosonic operators for the phonon mode (of
energy ω, the reduced Planck constant ℏ = 1), d (and d†) are fermionic
operators describing the on-site d–d electronic transition (of energy
ϵ) and the last term describes the interaction between the electronic
and phononic degrees of freedom involved in the d–d transition, the
electrons being represented by their population and the phonons by
their displacement (with coupling strength M). In particular, this
Hamiltonian accounts for the fact that the equilibrium position of
the lattice in the electronic excited state is shifted with respect to the
equilibrium position in the ground state. To describe the coherent
and incoherent vibrational dressing of an on-site crystal field transition, we can consider the perturbative interaction between an external electric field and the on-site d–d transition coupled to low-energy
phonons using the following interaction Hamiltonian:

�
�
X 
Hint ¼ μ0 b þ by d þ d y
ak þ ayk ;
k

ð2Þ
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where the bosonic operators ak and ayk describe the electric field
operators at frequency νk interacting I with the sample and μ0 is
the coupling constant. The electric field operator can be used to
describe an incoherent field as in a linear response or the spectral
components of a probe pulse in time-domain experiments. With
this model we can retrieve the total absorption of phonon-assisted
d–d transitions at equilibrium that depends on the temperature of
the system as revealed by equilibrium absorption measurements
of CuGeO3 at different temperatures13,14 (see the Supplementary
Information for the analytical derivation of the temperature
dependence, Supplementary equation (14)17). Importantly, our
formalism also describes the non-zero absorption at T = 0 K and
validates the phonon-assisted character of the three d–d transitions
observed in optical spectroscopy (Fig. 1). Moreover, by treating the
light quantum mechanically, we are able to compute explicitly the
frequency-resolved absorption profile when the pump-induced
phonon coherence is present.
Therefore, the experimental investigation of this mechanism
consists in using a mid-IR pulse to excite a phonon mode that
drives a displacement of the ionic structure. This in turn modifies
the interaction energy between the lattice and the orbital degrees
of freedom that are then investigated by a visible probe pulse. Since
on-site d–d electronic transitions in CuGeO3 have different symmetries, the expected ultrafast variations of their oscillator strength and
central energy are determined by the structural changes induced by
the phonon pump. To reveal these effects, we developed an optical set-up that produces mid-IR pump pulses (tunable from 5 µm
to 18 µm) coupled with visible probe pulses (∼30 fs and tunable
from 650 nm, 1.91 eV, to 950 nm, 1.30 eV). The detection is made
by a low-noise balanced photodiode coupled to a fast digitizer system that measures the transient intensity of the probe transmitted
through the mid-IR-excited CuGeO3 single crystal fixed in a cryostat kept at 8 K. All polarizations were oriented along the c axis of
CuGeO3, which is the direction of the CuO6 octahedron chain (see
‘Experimental details’ in Supplementary Information).
The pump wavelength dependence of the transient transmissivity is reported in Fig. 2a (left panel) for a probe energy matching the centre of the d–d band (EVIS ≈ 1.75 eV). Similarly to
previous studies10,11, we observe that the change in transmission
is negative, indicating that the d–d transition oscillator strength
increases following the photoexcitation. Two different regimes
in the transient transmissivity can be distinguished: a broadband
fast one and a slow one, whose rise time is about several picoseconds, and is visible only for specific pump wavelengths (around
λpump ≈ 7.7 µm and λpump ≈ 11 μm). The slow picosecond dynamics
can be understood as a thermal response of the material, which
is maximized at pump wavelengths where the linear absorption is
maximum (right panel of Fig. 2a). This long-timescale behaviour
is present as long as the probe energy lies inside the d–d band.
However, as it is shown in Fig. 2c, when the probe photon energy
is on the edge of the d–d band, these dissipative dynamics disappear and only the fast response remains. Such a short-timescale
behaviour is instead associated with the nonlinear coherent phonon dynamics excited by the mid-IR driving pulse. Note that the
effect is maximized at frequencies (λpump ≈ 9 µm) higher than any
linear dissipative absorption of the phonon modes12,18. However,
pump–probe penetration depth mismatch, propagation effects and
multi-phonon absorption may play a role in determining the optimal pumping wavelength8 (see ‘Pump wavelength dependency’ in
Supplementary Information). The direct excitation of vibrational
modes drives large-amplitude ionic displacements that trigger a
nonlinear phononic response: the driven IR-active modes couple
to Raman-active excitations that results in a transient deformation
of the crystal lattice along the Raman coordinates (for a description of the nonlinear phononic coupling of type QIR2QRaman, see
‘Anharmonic coupling’ in Methods).
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To disentangle the coherent from the incoherent phononic
dressing of the d–d electronic transitions of CuGeO3, we measured
the probe transient transmissivity as a function of the probe photon energy, by keeping λpump centred at 9 µm and the sample at a
base temperature T = 8 K, where thermal broadening effects of the
d–d bands are minimized (see ‘Thermal effects’ in Supplementary
Information for measurements at 300 K). The measured response,
displayed in the main panel of Fig. 2b, reveals for short timescales
a very different transient response for different probe photon energies, as is better shown by the line cuts at probe energies of 1.37 eV,
1.55 eV, 1.70 eV and 1.89 eV (bottom panel). On longer timescales,
the signal is very weak but it shows an oscillatory behaviour that can
be associated with an Ag mode at 187 cm−1 and further validates the
nonlinear phononic couplings previously mentioned (see ‘Phonon
mode on long timescale’ in Supplementary Information).
We will focus on the 0 to 500 fs range. On short timescales,
we can observe three probe energy ranges giving rise to different
time-domain responses. For a probe energy below 1.45 eV, the transient transmissivity is negative in the delay range 0 fs to 300 fs, while
it changes sign after a delay time of 300 fs and remains positive up
to 500 fs. On the contrary for probes at 1.45 eV to 1.75 eV, the transient transmissivity is at first positive and subsequently drops to
negative values. Moreover, in that area, two energy substructures
are visible around 1.5 eV and 1.7 eV. For a probe energy greater than
1.75 eV, the transient transmissivity is fully negative and it shows an
uncommon temporal structure where the decreasing slope is longer
(about 350 fs) than the following rising edge (about 150 fs), indicative of the fact that the ultrafast response has a coherent nature. The
photon energy dependence of the probe response is representative
of the position of the three d–d transitions for which central energies are around 1.5 eV for dx2 �y2 ! dxy , 1.7 eV for dx2 �y2 ! dxz ; dyz
and 1.9 eV for dx2 �y2 ! dzI2 (refs. 13,19). The equilibrium
and tranI
sient response ofI the oscillators can be quantified by means of a
fit with three Gaussians representing the three d–d transitions.
We use a differential fit to extract quantitatively the time-domain
changes in the amplitudes, width and central energy of the d–d
bands with respect to equilibrium values (details in ‘Analysis’ in
Supplementary Information). The results of the fit are reported in
Fig. 2d for direct comparison with the data in Fig. 2b. Note that
the transparency regions cannot be obtained in the differential fit
without time-dependent changes of the central energy and width
of the lowest-energy d–d transition (dx2 �y2 ! dxy ). Altogether this
means that the mid-IR excitation coherently
controls the electronic
I
properties of the d–d bands.
To describe coherent and incoherent contributions to the
time-domain response of on-site d–d transitions we consider the
initial vibrational state (before the probe arrives) as a thermal phonon state. The equilibrium case showing the manifold of possible
transitions is illustrated in Fig. 3a. In this effective language, resonant excitation of the vibrational IR mode that is nonlinearly coupled to the relevant octahedral vibration controlling d–d transitions
y
is caused by a displacement operator, D ¼ eBt b �Bt b, acting on an
I
initial thermal vibrational state. The total absorption (computation
detailed in ‘Theory’ in Supplementary Information) reads:

 
βω
displaced
2
2
;
ð3Þ
Γ tot
¼ μ0 4Bt þ coth
2
where Bt corresponds to the time-dependent displacement along
the phonon normal mode of energy ω, μ0 is the oscillator strength
and β is the inverse temperature (1/kBT), where kB is the Boltzmann
constant. Note that this result is consistent with the empirical
description given in ref. 14 for the temperature-dependent d–d band
absorption measured.
As reported in Fig. 3b, our model accounts for all contributions
to the equilibrium d–d absorption including both thermal and
Nature Physics | VOL 17 | March 2021 | 368–373 | www.nature.com/naturephysics
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Fig. 2 | Experimental evidence of coherent and incoherent phonon dressings of d–d crystal field transitions. a,c, Pump wavelength dependency of the
transmissivity measured for a probe energy EVIS = 1.75 eV (a) and 1.37 eV (c). The long-timescale signals, at λmidIR ≈ 7.7 µm and λmidIR ≈ 11 µm, are
associated with a dissipative thermal response12,18 and overlap with the minima of CuGeO3 transmission (right panel of a, data reproduced from ref. 12).
b, Time-dependent transmissivity as a function of the probe photon energy for λmidIR = 9 µm pump wavelength. The bottom panel displays time-dependent
transmissivity at energies of 1.37 eV, 1.55 eV, 1.70 eV and 1.89 eV (highlighted respectively by the red, orange, green and purple dashed lines in the map).
The lowest energy is in the tail of the d–d absorption and the others correspond to the central energies of the d–d bands (right panel, data reproduced from
ref. 14). Transparency regions are observed at 1.55 eV in the first 50 fs and below 1.4 eV on longer timescales. d, Fitted map (left) obtained with the transient
Gaussian fitting parameters (Δp) of the three d–d absorption peaks (right): amplitude (Ai), central energy (Ei) and bandwidth (σi), and background (BG).
The time dependence of the parameters highlights the coherent nature of the fast time evolution of d–d phonon-assisted transitions.

quantum fluctuations of the atomic positions and identifies the frequency of the phonon mediating the coupling to be ω = 131 cm−1,
with a corresponding equilibrium displacement Bt,eq = 0.62 (in arbitrary units). We point out that the extracted values take into account
the overall d–d band absorption, which is not representative of a
single transition, and that we limited our description to one phonon
mode leading possibly to an overestimated Bt,eq (Supplementary Fig.
10). To tune our model parameters, we can compare the computed
equilibrium absorption as a function of the temperature (inset of
Fig. 3b). Note that the discrete spectral lines are expected in the case
of a molecular system, while, in the solid-state context, the lineshape
will be smeared out by the presence of a non-flat band structure,
inhomogeneous and homogeneous broadening. In agreement with
the experimental observation, the model shows that an increase of
the temperature mostly increases all the discrete transition probabilities that leads to a global increase of absorption.
Interestingly, the time dependence of the atomic position (Bt)
produced by the mid-IR excitation and the phonon nonlinear
coupling leads to a different behaviour for the phonon-assisted
absorption probabilities Γℓ (computation detailed in ‘Theory’
in Supplementary Information), where the parameter ℓ is the
Nature Physics | VOL 17 | March 2021 | 368–373 | www.nature.com/naturephysics

electronic transition accompanied by the production of ℓ phonons.
In Fig. 3c, we display the variations of the transition probability
disp
eq
with respect to the equilibrium distribution (Γ ‘  Γ ‘ ) in the
case of four distinct displacements away from theIequilibrium position. These profiles represent the changes in absorption induced by
coherent vibrational motion at different times and show that the
absorption central frequency can be shifted up or down in energy,
which results in regions of vibrationally controlled transparency, as
observed in experiments. A quanlitative agreement of the central
frequency and energy–bandwidth dynamics of the absorption line
profile can be extracted from the first and second momentum of
the distribution20. Elastic displacements ∆Bt of the order of 10−3,
which is equivalent to real atomic displacements of approximately
10−4 Å, result in changes of the central frequency of the electronic
absorption of about ∆E ≈ 60 μeV and bandwidth ∆σ ≈ 18 μeV
(Supplementary Information).
The paradigm of most of the pump and probe studies is to photoexcite at high frequency and to consider an energy flow from
electrons to phonons. The example of CuGeO3 is emblematic in
this respect. In standard photodoping experiments the excess of
electronic energy injected by the pump is quickly redistributed
371
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(few tens of femtoseconds) toward phonon modes and it induces a
global heating of the system. This leads to an increased disorder that
results in strengthening the phonon-assisted crystal field absorption10,11 (equation (3) and Fig. 3b)).
The coupling processes between electrons and phonons are
often described by an effective coupling between electrons and a
bath of phonons that is kept in thermal equilibrium. In this condition, the coupling between the material and the electromagnetic
field is described by Fermi’s golden rule where the absorption
cross-section is obtained by a dipole operator connecting two
eigenstates of the system with definite electronic and phononic
excitations. Importantly, the non-equilibrium evolution is normally described by a simple extension of this approach, dubbed
multi-temperature model, where the temperature of phonons and
electrons is allowed to change independently in time. This accounts
for a large part of our experiments because any injection of energy
should increase the phononic temperature and its disorder, enhancing the dipole-forbidden d–d transition probabilities.
Nevertheless, we stress that any effective-temperature approach
will fail in describing the coherent response observed when pumping
low-energy degrees of freedom with the mid-IR pulse and probing
372

electronic d–d transitions in the visible frequency range. The coherent control of transmissivity at short timescales (<500 fs) revealed
a complex probe energy dependency (Fig. 2b). In particular, the
dx2 �y2 ! dz2 transition is continuously made more absorptive by
the
I mid-IR excitation and quickly recovers the equilibrium value
when the exciting field is gone. More interestingly, both transitions
dx2 �y2 ! dxy and dx2 �y2 ! dxz ; dyz show a transient transparency at
short
times that cannot
be described by an increase of the phonon
I
I
temperature and indicate a coherent vibrational control of the electronic transition probabilities.
The optical absorption dynamics is the result of coherent lattice distortion along different phonon modes of the system. Our
model explains this fact as the result of a displacement of the ions
in the electronic ground state along a direction coupled to the
electronic transition, which could not be described by standard
multi-temperature models but requires a full treatment of the coherences of the low-energy degrees of freedom. The dissipative dynamics
of the coherent response observed for short timescales (<500 fs) that
relaxes into an incoherent quasi-thermal response at longer times is
determined by the details of the dissipation properties of the material. These will result from the coupling of the modes relevant for
Nature Physics | VOL 17 | March 2021 | 368–373 | www.nature.com/naturephysics
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the vibrational coherent control of d–d transitions to other degrees
of freedom in the material that cannot be described by the minimal
model proposed here and will be the subject of future studies.
In summary, we have demonstrated that vibrational pumping
can be used to coherently control optical transitions of electronic
origin. The mid-IR excitation of IR-active phonon modes, together
with a strong lattice anharmonicity, can be used to dynamically
control the position (and momentum) of the atoms that in turn
modifies the crystal field electronic transition in a model system for
transition metal oxides. The experimental evidence of light-induced
transparency controlled by the coherent vibrational motion, supported by a minimal theoretical model, provides the means to measure electron–phonon coupling in complex materials with phase
sensitivity with respect to the vibrational motion, that is, beyond
the population-driven incoherent coupling description. In the context of superconductivity, our approach, which could be extended
to more complex Hamiltonian interactions, may provide a guideline
to experimentally address the gap between the Bardeen–Cooper–
Schrieffer theory (BCS), with non-local and instantaneous interactions, and Eliashberg approaches that are local in space and retarded
in time. The possibility of driving coherent vibrational excitations
and to control local electronic degrees of freedom may provide the
means to address the coherent versus incoherent contributions to
the interactions between electrons and phonons (or spins21–24) and
to address directly the delay in the development of the overscreening of Coulomb repulsion that is at the core of most of the quantum
coherent phases observed in transition metal oxides.
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Methods

Experimental method. The experiment was performed on our recently developed
mid-IR pump and visible probe set-up operating up to a repetition rate of 50 kHz
(more details can be found in refs. 25,26). The mid-IR pulses were generated by
difference-frequency generation between the output of a twin optical parameric
amplifier (ORPHEUS-Twin, Light Conversion). The pump central wavelength can
be tuned from 4 µm up to 18 µm. The pump pulses were then focused on the sample
with a spot size of about 150 ± 50 µm diameter, which allows to reach fluences up to
few mJ cm−2. The probe pulses were produced with a non-collinear optical parameric
amplifier (ORPHEUS-N, Light Conversion) that generates visible probe pulses whose
central wavelength is tunable from 650 nm (1.91 eV) up to 950 nm (1.30 eV) keeping a
bandwidth of about 60 ± 10 meV, which corresponds to a Fourier-transform-limited
pulse duration shorter of 30 fs (checked with frequency-resolved optical gating27).
The probe beam goes towards a delay line and a 90/10 beamsplitter to obtain a
reference probe beam (10%) and a main part (90%) that goes through an achromatic
half-wave plate followed by a polarizer, to control its power. The main part is then
focused on a spot size of about 75 ± 25 µm diameter. A probe excitation density
smaller than 2 µJ cm−2 was chosen. Pump and probe pulses interact in a non-collinear
scheme (angle < 15°) on the CuGeO3 sample (100 µm thick) that is inside an
ultra-low-vibration closed-cycle cryostat (CS204-DMX20-OM, Advanced Research
Systems) mounted on a three-axis positioning stage. Moreover, both pump and probe
beams have a vertical polarization. For each delay step, we measured the transmitted
probe beam with one channel of the balanced photodiode detector and the other
channel was used to measure the reference probe beam. The transmissivity (∆T/T)
measurements were carried out by subtracting the reference probe beam signal
from the sample-transmitted signal to remove the intensity fluctuations of the laser.
Then, the differential signal was processed by a lock-in amplifier, in phase with an
optical chopper wheel (500 Hz) located on the pump arm. The set-up is sensitive to
transmissivity variation as small as 10−5.
Analysis. We performed a fit of the transmissivity map in the energy domain and
we repeated this fit for each time delay. To obtain a set of initial parameters, we
firstly fitted the linear optical absorption of the d–d transitions (measured in ref. 14)
by a set of three Gaussians plus a background (Fig. 1a):

2 !
X
E � E0i
þ BG
Γ 0fit ðEÞ ¼
A0i exp �
σ 0i
i
where A0i , E0i and σ 0i , respectively, correspond to the amplitude, central energy and
I of
I the Gaussian
I
bandwidth
representing the ith d–d transition, and BG accounts
for the background absorption. Based on the equilibrium fit we defined a fitting
function for the transient transmissivity map as:


ΔT
0
ðτÞ ¼ 10Γfit ðEÞ�Γfit ðτ;EÞ � 1
T
fit
where τ is the pump–probe delay and Γfit(τ,E) is the total absorption where each
Gaussian parameter (Ai, Ei or σi) can be free to change or not. We tested several
combinations of free parameters with the aim to find the best compromise of (1)
obtaining a good fitted map (done by letting all the parameters be free) and (2)
using a minimum number of free parameters. The minimal set of parameters
allowing for a good quality fit included the three amplitudes (Ai(τ)), the central
energy and bandwidth of the first d–d transition (Ei(τ), σi(τ)) and the background
BG(τ)) to be free in order to obtain a good agreement with the measured map
(Supplementary Information).
Fully quantum model. The calculation details of the theoretical model are explained
in the Supplementary Information and here is a summary of the main steps. We
describe the localized d–d transition by means of a two-level system interacting
with a single vibrational mode of the crystal represented by a quantum harmonic
oscillator (H, equation (1)). Our theoretical model assumes the electronic transitions
to be induced by the interaction of the sample electronic and phononic degrees of
freedom with the probe light. For a fully quantum picture, we have chosen a dipolar
electron–phonon–photon interaction (Hint, equation (2)) that allows us to compute
the average number of transmitted photons at a certain frequency, up to leading
order in perturbation theory. This, in turn, gives information about the absorption
spectrum of the sample in the frequency range pertaining to the electronic degrees
of freedom, which, for sake of simplicity, have been restricted to a single dressed
electronic transition. The theoretical expressions for the relevant quantities are
derived by taking into account the phonon displacement induced by the pump
displaced
pulse. The expected temperature dependence of the absorption profile (Γ tot
,
I
equation (3)), consistent with the experimental findings14, is correctly predicted
by
our model. Finally, we can compute the spectral lines, namely the phonon-assisted
absorption probabilities, Γℓ, where the parameter ℓ refers to an electronic transition
accompanied by the production of ℓ phonons. They are defined by:
�
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where D ¼ eBt ðb �bÞ is a phononic displacement operator sending b into b–Bt,
I
with Bt a time-modulated real parameter, ρβ is the thermal state for the vibrational
degree of freedom at inverse temperature β, and jni are the Fock states with n
vibrational excitations. The analytic computationIof each Γℓ is non-trivial (see the
Supplementary Information for details) and leads to:
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where we defined the three adimensional parameters A, Bet , C as:
I
M2
ω
βω
A ¼ 2 ; Bet ¼ Bt ; C ¼
:
ω
M
2

These three parameters completely specify the model in the approximation we
used. The parameter A quantifies the phonon–electron coupling and therefore the
displacement of the nuclear positions in the electronic excited state. The parameter
Bet instead is a dynamical one, originated by the pump pulse, and given by the
I between the light-induced instantaneous displacement and the displacement
ratio
due only to the electron–phonon coupling. The third parameter, C, specifies the
temperature in units of the phonon frequency. By choosing these parameters
correctly, we can predict a shift of the central frequency (that is, energy) of the
transmitted photon distribution.
Anharmonic coupling. Oscillations in the transmissivity map are observed at long
timescales at the frequency of the low-energy Raman-active Ag mode (187 cm−1)18.
However, given the pump frequency (around 9 µm) and polarization (along the c
axis), the mostly coupled phonon mode should be the high-frequency IR-active
mode B2u (720 cm−1). The observed phenomenology can be explained by means
of anharmonic coupling between the high-frequency IR-active mode and the
low-frequency Raman-active mode as given by the following Hamiltonian5:
HA ¼ �NAQ2IR QRS ;

where A is some anharmonic coupling constant, N is the number of cells in the
lattice, QIR is the coordinate of the IR-active mode and QRS is the coordinate of the
Raman-active mode. As a consequence, the equation of motion for the coordinate
QRS reads
d2 QRS
ðt Þ þ Ω2RS QRS ðt Þ ¼ AQ2IR ðt Þ;
dt 2

where ΩRS is the frequency of the Raman mode, so that the fast oscillation of the
high-energy mode acts as a force field for the low-frequency mode. In particular,
the pump field induces the following evolution of the IR-active-mode coordinate
Z 1
e* E0
pﬃﬃﬃﬃﬃﬃﬃﬃ cosðΩIR t Þ;
QIR ðt Þ ¼
F ðτÞdτ
Ω
IR MIR
�1

where F(τ) is the pulse envelope, E0 is the electric field amplitude, ΩIR is the
frequency, MIR is the reduced mass and e* is the effective charge. Therefore, the
coordinate QRS evolves in time as
Z 1
2 * 2
A
ðe E0 Þ
ð
Þdτ
ð1 � cosðΩRS t ÞÞ:
QRS ðt Þ ¼
F
τ
2Ω2RS
MIR Ω2IR
�1
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Assuming a much longer lifetime for the low-frequency phonon mode, we can
explain the long-lived oscillations of transmissivity at the frequency ΩRS.
DFT calculations. The structure optimization was performed using the dedicated
software QUANTUM ESPRESSO (QE)28. The lattice parameters were taken from
the literature18 and the initial data for the atomic positions inside the unit cell were
taken from the Materials Project website https://materialsproject.org/materials/
mp-21344. We used the PBE functional29 and PSEUDODOJO pseudopotentials30
generated with the same functional. As a first step, we reproduced the known
results for the ground-state properties of CuGeO3 (ref. 31). In particular, as
discussed in ref. 31, we verified that standard DFT calculations fail to predict
the insulating bandgap of this material and a more refined treatment is needed.
We used a spin-polarized calculation with a Hubbard correction DFTS+U32.
We performed the calculation with both QE and octopus33,34, another DFT
dedicated software. The obtained band structures are compatible and in turn
they are in agreement with the result presented in ref. 31 (see ‘DFT calculations’ in
Supplementary Information).
The calculation of the phonon modes was performed with the software QE.
The diagonalization of the dynamical matrix was performed without the Hubbard
correction because this function is currently not available in the software (results
are in Supplementary Table 1). After the structure relaxation, there are still two
negative eigenvalues, however, this is consistent with the uncertainty of around
40 cm−1 that can be estimated by comparing the theoretical result with the fit of
experimental data18. We are mostly interested in the high-frequency sector of the
spectrum, in particular in the IR-active mode B2u (702 cm−1), which is a linear
combination of the x coordinates (equivalent to the c axis in our case) of the 10
atoms in the unit cell. Therefore, this mode should be the mostly excited with a
pump polarized along the c axis as it is the highest frequency among the modes
with the right symmetry. To estimate the anharmonic effects on the perturbation of
the octahedron we displaced the atoms along the normal mode B2u and computed
the force field resulting on each atom for a positive displacement (+∆x) and for
a negative displacement (−∆x). The remaining force field, which is computed by
the sum of the force fields for opposite displacements, is depicted in Fig. 1c and it
shows that the apical oxygen atoms are forced to move along the y direction (see
Supplementary Table 2 for values).

Data availability

Source data are provided with this paper. All other data that support the
plots within this paper and other findings of this study are available from the
corresponding author upon reasonable request.
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