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Geometric frustration is a key parameter controlling electronic and magnetic properties of quan-
tum spin liquid systems, yet remains challenging to tune. Here, we coherently drive molecular
vibrations with midinfrared pulses in two organic quantum spin liquid candidates, the insulating
�-(BEDT-TTF)2Cu2(CN)3 and the metallic �-(BEDT-TTF)4Hg2:89Br8, and probe their electronic
response through ultrafast re�ectivity measurements. We observe a nonlinear coupling between
local molecular vibrations and nonlocal phonons, which is expected to directly modulate the geo-
metric frustration of their triangular lattice. Our �ndings establish a promising route to dynamically
control frustration in nonbipartite quantum materials.

Organic charge-transfer salts �-(BEDT-TTF)2X are
prototypical correlated electron systems exhibiting Mott
insulating, superconducting, and possible quantum spin
liquid (QSL) states [1�6]. These quasi-two-dimensional
compounds consist of alternating layers of BEDT-
TTF (bisethylenedithio-tetrathiafulvalene, abbreviated
ET) molecules and anionic charge reservoirs [Fig. 1(a)].
Within the ET layers, strong dimerization and charge
transfer to the anions yield one hole per dimer, e�ec-
tively realizing a half-�lled conduction band with strong
Coulomb repulsion [1]. As a result, they are well de-
scribed by a Hubbard model on an anisotropic triangular
lattice [Fig. 1(b)] with onsite Coulomb repulsion U , and
inequivalent hopping amplitudes t and t0 [5, 7, 8]. The
triangular geometry, with its inherent frustration and low
coordination number, makes them an ideal platform to
probe strong quantum �uctuations and emergent QSL
behavior.

The insulating QSL candidate �-(BEDT-
TTF)2Cu2(CN)3 (�-CuCN) is among the most com-
pelling members of this material class. Its S = 1=2
spins reside on a highly frustrated dimer lattice and
interact via an antiferromagnetic exchange J = 250 K,
yet remain magnetically disordered down to 32 mK [9].
This behavior has been interpreted as a gapless QSL
with decon�ned spinon excitations [10], although recent
electron spin resonance experiments point to a spin
gap, possibly re�ecting a valence bond solid stabilized
by magnetoelastic coupling [11]. A complete anion
substitution, resulting in the incommensurate structure
�-(BEDT-TTF)4Hg2:89Br8 (�-HgBr)[12�14], drives the
system into a metallic state with non-Fermi liquid�like
transport behavior and a superconducting phase below
4�6 K [15�18]. With comparable lattice geometry but
distinct ground states, �-CuCN and �-HgBr o�er a

unique opportunity to investigate how superconduc-
tivity and magnetic order emerge from a magnetically
disordered parent state, providing an alternative to the
antiferromagnetic route observed in high-Tc cuprates.

Electron correlations (U=t) and geometric frustration
(t0=t) are the key parameters governing the ground states
of �-type materials. Beyond equilibrium control via
chemical substitution and pressure [19, 20], ultrafast op-
tical methods o�er a powerful means to dynamically ma-
nipulate electronic correlations. In particular, nonres-
onant excitation of intradimer molecular displacements
has been shown to induce an insulator-to-metal transition
by modulating the dimer Coulomb repulsion [21]. Strong
electron-molecular vibration coupling in these systems
similarly enables control over the Hubbard U through
selective excitation of vibrational modes. Following light
control experiments in one-dimensional Mott insulators
[22, 23], this approach has recently led to the observation
of a nonequilibrium superconducting response in metal-
lic �-(ET)2Cu[N(CN)2]Br [24]. Whether such excitation
can also modulate geometric frustration, a key parameter
governing magnetic interactions, remains unexplored.

In this Letter, we demonstrate a route to ultrafast con-
trol of geometric frustration in �-(ET)2X compounds via
selective excitation of molecular vibrations. We use in-
tense midinfrared pulses, resonantly tuned to local ET
vibrational modes, to drive both insulating �-CuCN and
metallic �-HgBr, while monitoring the dimer response
via transient re�ectivity measurements. We �nd that
the excited local modes couple to �1.2 THz Raman-
active phonons involving dimer breathing and rotation,
accompanied by cooperative motion of the anionic and
cationic layers. These coherent lattice dynamics are pre-
dicted to induce substantial changes in both the correla-
tion strength U=t and, critically, the e�ective frustration
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FIG. 1. (a) Alternating cation and anion layers stacked along the a axis in the �-type structure of ET-based organic charge-
transfer salts. (b) In the cation layer, (ET)+

2 dimers with e�ective charge +e and spin S = 1=2 are arranged in a triangular
lattice. (c)-(d) Equilibrium optical conductivity spectra of �-CuCN and �-HgBr measured at 100 K along the b-axis. The
optical response depends critically on the structure of the anion layers. At ! ! 0, �-CuCN exhibits insulating behavior,
whereas �-HgBr manifests a Drude peak. At higher energy, the response is characterized by sharp molecular modes and charge-
transfer excitations of the molecular dimers.

of the triangular lattice.
Fig. 1(c),(d) shows the equilibrium optical spectra

of �-CuCN and �-HgBr single crystals, measured us-
ing Fourier-transform infrared spectroscopy. The two
compounds di�er primarily in their anion layers and ex-
hibit distinct optical conductivities in the bc-plane. Both
systems share high-energy absorption features around
0.3�0.4 eV, corresponding to interdimer and intradimer
charge-transfer transitions [2]. At mid-infrared frequen-
cies, the spectra display multiple sharp peaks arising from
infrared-active vibrational modes of the ET molecules
[25]. However, �-CuCN is insulating, with vanishing in-
gap optical conductivity for ! ! 0, while metallic �-
HgBr exhibits pronounced Drude-like carrier excitations
[26]. Notably, the in-gap absorption of the QSL can-
didate �-CuCN exceeds expectations for a conventional
Mott insulator [27, 28]. Its origin has been variously
attributed to gapless spinons, a paired-electron liquid,
dipolar �uctuations, or quantum criticality [29�32].

We excite �-CuCN and �-HgBr samples with fem-
tosecond midinfrared pump pulses and probe their op-
tical response at near-infrared frequencies [Fig. 2(a)].
We generate carrier-envelope-phase stable pump pulses
via di�erence frequency generation in a 600-�m GaSe
crystal, using signal beams from two optical parametric
ampli�ers (OPAs) pumped by an ampli�ed Ti:sapphire

laser (800 nm, 1 kHz) and seeded by a common white-
light continuum. The resulting 200-fs mid-infrared pulses
are polarized along the in-plane crystallographic axes
and tuned at resonance with ethylene end-group modes
[Fig. 2(b)], which exhibit pronounced Fano pro�les, in-
dicative of strong electron-molecular vibration coupling.
We probe the intradimer response by monitoring re�ec-
tivity changes at 520 meV along the b-axis using the idler
output of one OPA and a fast photodiode. All measure-
ments are conducted at 100 K in a cryostat, deep in the
insulating and metallic phases of �-CuCN and �-HgBr,
respectively.

Figure 2(c) displays time-resolved re�ectivity changes
at the intradimer absorption following excitation with
161 meV pump photons at a �uence of 1 mJ/cm2.
We observe a prompt re�ectivity decrease of 5% in �-
CuCN and 10% in �-HgBr, followed by a rapid double-
exponential recovery. This transient reduction re�ects a
loss of intradimer charge-transfer spectral weight, con-
sistent with a light-induced change of electronic parame-
ters [21, 23, 33], the impulsive creation of doublon�holon
pairs [34�37], or a combination of the two mechanisms.
Recovery occurs on two distinct timescales. We attribute
the fast component �1 ’ 0:2 ps to electron�molecular vi-
bration energy transfer and the slower component �2 ’
1:2�1.5 ps to thermalization of high-energy vibrational
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FIG. 2. (a) Sketch of the midinfrared (MIR) pump - near-
infrared (NIR) probe experiment targeting the (ET)+

2 dimers.
(b) Pump and probe spectra (shaded areas) centered on the
ethylene group vibrations and the intradimer absorption band
of �-CuCN and �-HgBr, respectively. Solid curves are the
sample re�ectivities (b-axis, 100 K) (c) Time-dependent re-
�ectivity change of the intradimer resonance (symbols). Both
compounds exhibit a transient electronic response (top) fol-
lowing a double exponential decay (black solid lines) together
with a coherent oscillatory behavior, which we isolate by sub-
tracting the exponential contribution (bottom). The oscilla-
tions are approximately centered at 1.2 THz (inset, Fourier-
transform spectrum).

modes [23, 24, 38]. The amplitude of this re�ectivity
change scales linearly with �uence up to �3 mJ/cm2 and
increases gradually upon cooling (see Supplemental Ma-
terial [26]).

The electronic response of the dimers is accompanied
by a coherent oscillation, which constitutes the main ob-
servation of this work. By subtracting the electronic
background, we isolate and Fourier-transform the phonon
re�ectivity change (�R=R)ph [Fig. 2(c)], yielding a peak
located at 1.12 THz in �-CuCN and 1.18 THz in �-
HgBr. We characterize the coherent mode by analyzing
its dependence on pump energy and probe polarization.
We de�ne an e�ective photosusceptibility �ph = jd�=df j,
where � = (�R=R)ph and f = F (1 � R) is the absorbed
pump �uence (F being the incident pump �uence) [39].
As re�ectivity changes scale linearly with �uence (see
Supplementary [26]), we probe �ph as a function of pump
energy and �nd it strongly enhanced at resonance with
vibrations of the ethylene group in the absorption spec-
trum � of both �-CuCN and �-HgBr [Fig. 3(a)-(b)]. We
note that the electronic response is similarly resonant
with these vibrations (see Supplementary information

 0

0

FIG. 3. E�ective phonon photosusceptibility (symbols) and
linear absorption � (dashed lines) as a function of pump pho-
ton energy for �-CuCN (a) and �-HgBr (b). The oscillatory
response resonates with the ethylene molecular modes. The
pump is polarized along the c- and b-axes, respectively. The
probe polarization dependence of the e�ective phonon suscep-
tibility (measured with 161 meV pump along b) is isotropic
for �-CuCN (c) and anisotropic for �-HgBr (d), re�ecting the
distinct anion lattice symmetries.

[26], Section IIB). The probe polarization dependence
shows an isotropic photosusceptibility in �-CuCN and
a C2-symmetric pattern in �-HgBr [Fig. 3(c)-(d)]. While
both compounds share identical layered cation struc-
tures, their anion arrangements di�er: �-CuCN features
an isotropic anion network, whereas �-HgBr exhibits a
directional, C2-symmetric stripe-like pattern. Therefore,
the �1.2 THz mode modulating the intradimer optical re-
sponse must involve a cooperative motion of both cation
and anion layers, in which the anisotropy is transferred
to the BEDT-TTF layers by the coupling via ethylene
endgroups and hydrogen bonds [40, 41]. This coherent
response is found to persist upon cooling down to the
lowest temperatures accessed in our measurements (see
Supplementary Information [26] Section IIC).

Our observations are consistent with the nonlinear cou-
pling between a local molecular vibration and a nonlocal
phonon mode [42, 43]. The coherent mode is an A1-
symmetry phonon with mixed infrared and Raman char-
acter, involving both cation and anion layers [25, 32]. It is
strongly anharmonic and coupled to electronic states, as
evident from its pronounced broadening and Fano pro�le
in equilibrium Raman [32] and infrared spectra [25]. Its
resonant photosusceptibility enhancement underscores a
direct coupling with the driven ethylene vibrations. The
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lowest allowed nonlinear phonon coupling is cubic, of the
form Q2

IRQR[42, 43], where QIR is the driven infrared-
active molecular mode and QR is the coupled A1 phonon
mode. Within a C2v symmetry description, each CH2
ethylene mode (A1, B1, or B2) [44] can quadratically cou-
ple to the �1.2 THz A1 phonon, in agreement with the
jEpumpj2 dependence of the A1 mode amplitude [26]. In-
tuitively, this interaction is mediated by the ethylene end
groups, which act as structural hinges, extending distor-
tions of the BEDT-TTF molecules into the anion layers.
Beyond the coherent oscillations, this nonlinear coupling
also entails a quasistatic, displacive structural response
corresponding to a recti�cation of the mode coordinate
[42, 45], which should contribute to the initial exponen-
tial response, consistent with the energy-dependent pho-
tosusceptibility in Supplementary section IIB [26]. Fi-
nally, we note the presence of a �nite susceptibility per-
sisting when detuning the pump energy away from the
ethylene modes. This background �ph suggests the pres-
ence of a stimulated Raman scattering contribution in
addition to the Q2

IRQR coupling, in agreement with prior
o�-resonant optical experiments [46].

To determine the electronic parameters of the tran-
siently distorted structure, we perform ab initio band
structure calculations within the frozen-phonon approxi-
mation (see Supplementary [26]). Density functional the-
ory (DFT) calculations reveal multiple phonons in the
1.0�1.3 THz range, involving coupled displacements of
anion layers and ET dimers in both compounds. Among
these, modes featuring an in-phase modulation of the
dimers impart the largest variation in the Hubbard pa-
rameters (see Supplementary [26]). Figures 4(a)-(b) il-
lustrate the phonon-displaced ET layers: in �-CuCN,
the motion resembles a breathing of the dimers, while
in �-HgBr it also includes an azimuthal rotation around
their axis. The rotation is uniquely enabled by the rel-
ative out-of-plane displacement of the two anionic sub-
lattices. Intuitively, a larger dimer size reduces the on-
site Coulomb repulsion U , while increased proximity be-
tween dimers enhances the hopping integrals t and t0.
To extract phonon-induced changes in electronic correla-
tions and geometric frustration, we �t the displaced band
structures to a tight-binding Hubbard model. Note that,
to be able to investigate the dependence of the Hubbard
parameters on displacements along phonon coordinates,
we calculate the parameters around fully relaxed local
DFT structural minima, while previous investigations
commonly employed experimentally obtained or partially
relaxed structures [7, 8, 47�51] (see Supplementary [26]
for a detailed discussion on the dependence of the cal-
culated hopping parameters on the crystal structure).
Despite the mixed character of the nonlinearly excited
phonon, which involves both cation and anion motion,
the low-energy bands retain dominant ET character, jus-
tifying a triangular lattice description with renormalized
Hubbard parameters, consistent with prior ab initio cal-

culations [49] and with the universal �-(ET)2X phase di-
agram upon anion substitution at equilibrium [2, 5]. As
shown in Fig.4(c), the frustration ratio t0=t varies lin-
early with the displacement along the �1.2 THz phonon
coordinate [26]. Interestingly, while both the e�ective
correlation strength U=t and t0=t scale proportionally in
�-CuCN, U=t is only slightly a�ected by the phonon dis-
placement in �-HgBr. We note that the ratio between
intradimer and interdimer distance is strongly modi�ed
by the phonon displacement in �-CuCN, while it is mini-
mally perturbed in �-HgBr, where dimer rotations dom-
inate the mode dynamics.

t

FIG. 4. (a) Phonon-displaced (ET)+
2 layers (S and C atoms

only) for �-CuCN (left) and �-HgBr (right). (b) Sketch of the
phonon-induced displacements of the (ET)+

2 dimers, featur-
ing intra-dimer distance changes in �-CuCN and dimer rota-
tion in �-HgBr. The resulting structural distortions modify
the Coulomb repulsion U and the inequivalent hopping ampli-
tudes t and t0. (c) Phonon-induced modulation of geometrical
frustration t0=t (top) and e�ective electronic correlation U=t
(bottom) as a function of phonon displacement QR, obtained
from ab initio band structure calculations [26].

This behavior mirrors equilibrium trends associated
with anion substitution [8, 52, 53]. Although a direct
calculation of the phonon-induced displacement is im-
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practical due to the large unit cell, nonlinear excitation
of ET molecular modes for �uence levels comparable to
these experiments is known to induce 1�10% changes in
the Hubbard U [23, 24]. At equilibrium, such variations in
U correspond to intradimer distance changes of approx-
imately 1-10 pm [49]. Accordingly, we expect photoin-
duced modulations of geometric frustration in the 1�10%
range for both compounds.

In summary, we have demonstrated a nonlinear
phononic coupling between local molecular vibrations
and nonlocal structural modes in �-(ET)2X compounds.
By resonantly driving ET molecular vibrations associ-
ated with the ethylene end groups, we induce a coop-
erative motion of cation and anion layers, which are ex-
pected to modulate correlation strength U=t and geomet-
ric frustration ratio t0=t. While the dynamical control of
electronic interactions has been previously explored [22�
24], the direct modulation of geometric frustration, an
essential parameter governing spin dynamics, has so far
remained elusive. Our results establish nonlinear phonon
excitation as a promising route to dynamically alter mag-
netic frustration in the quantum spin liquid candidates
�-CuCN and �-HgBr by modulating transfer integrals
within their triangular lattices over an extended tem-
perature range. This mechanism could open new con-
trol avenues for correlated states in frustrated systems,
potentially steering them toward nonequilibrium quan-
tum spin liquid states featuring renormalized spinon and
triplon excitations and detectable via mid-infrared opti-
cal [28] and 2D THz spectroscopy [54]. Moreover, the
dynamic tuning of geometric frustration could represent
a powerful lever to explore the phase diagram of light-
induced superconductivity in �-(ET)2X materials [55].
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I. SAMPLE PREPARATION AND
EQUILIBRIUM OPTICAL PROPERTIES

Single crystals of �-(BEDT-TTF)2Cu2(CN)3 (�-
CuCN) and �-(BEDT-TTF)4Hg2:89Br8 (�-HgBr) were
grown by electrochemical methods [1]. We employed
samples with shiny bc surfaces about 1�1 mm2 in size.
The typical thickness is 10-50 �m for �-CuCN crystals
and 200-300 �m for �-HgBr. For both materials, the b
and c axes describe the crystal layers, following the con-
vention in Ref. [1]. The samples have a large thermal
shrinkage rate and to avoid the formation of cracks we
modify the temperature at a rate slower than 1 K/min.

In Fig. S1 we show the full crystalline structure of
the two compounds. The samples have similar triangular
arrangements of molecular dimers separated by anionic
layers. Equilibrium optical properties of the two mate-
rials are measured with Fourier-transform infrared (FT-
IR) spectroscopy. FT-IR measurements were performed
using a Bruker Vertex 80v spectrometer equipped with

� These authors contributed equally to this work
y mmitrano@fas.harvard.edu

an Hyperion microscope and cryostat in the range of 600-
18000 cm�1 (MIR, NIR, VIS) with appropriate combina-
tion of source, beamsplitter, optical windows and using
a freshly prepared gold mirror (resolution = 2 cm�1). A
Bruker IFS 113v spectrometer with custom-built cryostat
equipped with gold overcoating setup was used to mea-
sure re�ectivity in the range 100-600 cm�1 (FIR range)
(resolution= 1 cm�1). The re�ectivity (> 600 cm�1) was
normalized by referencing it to FIR range. In order to
perform a Kramers-Kronig analysis, the data were ex-
trapolated below and above [2] the measured frequency
range. Results for �-CuCN were reported in [3], while
we included new original data for the optical properties
of �-HgBr.

II. PUMP-PROBE MEASUREMENTS

We provide here additional information supporting the
pump-probe results presented in Fig. 2 and Fig. 3 of the
main text. Unless otherwise stated, we measure the sys-
tem at 100 K, with 161 meV pump (1 mJ/cm2) polarized
// c (b) for �-CuCN (�-HgBr), and 520 meV probe // b
for both samples.

A. Time-dependent re�ectivity �ts

We analyze the time dependence of the transient re�ec-
tivity �R(t) by performing �ts of the exponential decay
time using the function

�R
R

(t) =
1
2

h
1 + erf

� t � t0

�0

�i�
A0 +

X

i=1;2

Aie
�( t�t0

�i
)
�

;

(1)
where t0 is an arbitrary o�set to correct for the pump
arrival time and �0 is the initial rise time of the response.
�1 and �2 are two characteristic decay timescales, while
A0 accounts for longer relaxation processes. Figure S2
shows the �ts of the curves presented in Fig. 2 of the
main text, and the �t parameters are reported in Table
S1.
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(a)
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FIG. S4. E�ective photosusceptibility as a function of pump
photon energy for �-CuCN (a) and �-HgBr (b). The excited
re�ectivity response (symbols) resonates with the ethylene
molecular modes observed in linear absorption (dashed lines).
The pump is polarized along the c- and b-axes, respectively.
The probe polarization dependence of the photosusceptibil-
ity (measured with 161 meV pump along b) is isotropic for
�-CuCN (c) and anisotropic for �-HgBr (d), re�ecting the
distinct anion lattice symmetries.

dependence with

AC2 sin2 (# + �) + AC4 sin2 (2# + �) + AC1 (2)

to describe C2, C4 and isotropic components. The re-
sponse, in Fig. S4(c),(d) and in the main text, is always
isotropic for �-CuCN, while it presents C2 and C4 sym-
metry components in �-HgBr.

C. Temperature dependent measurements

The transient re�ectivity change in both �-CuCN and
�-HgBr gradually increases as temperature is lowered
[Fig. S5]. The �1.2-THz phonon oscillations are co-
herent at lower temperatures. As temperature increases,
the phonon lifetime decreases and the oscillations almost
completely disappear above 250 K.

III. PHONON-MODULATED ELECTRONIC
BAND STRUCTURES

The low-energy electronic band structure of the �-
(BEDT-TTF)2X charge-transfer salts is well captured by

FIG. S5. Temperature-dependent transient re�ectivity �R=R
for �-CuCN (a) and �-HgBr (b), employing pump �uence
of 2.3 mJ/cm2 and 2.8 mJ/cm2 respectively. Insets show
the peak response as a function of temperature. (c),(d)
Temperature-dependent phonon oscillations after subtraction
of exponential electronic background. Curves are vertically
shifted for clarity.

the four-band, 3/4-�lled Hubbard Hamiltonian [5�7]:

H =
X

ij�

tij
�
cy

i�cj� + h.c.
�

+
U
2

X

i�

ni�ni��; (3)

where cy
i� (ci�) create (annihilate) an electron with spin

� in an orbital of the ith BEDT-TTF molecule, tij are
the intermolecular hopping parameters, U is the Hubbard
parameter and ni� = cy

i�ci� (see Fig. S6).
By considering the four largest hopping parameters

(t1; t2; t3; t4), we adopt an e�ective model in which hop-
ping between the (BEDT-TTF)2 dimers is de�ned by the
following geometric formulas [8]:

t = jt2j+jt4j
2 ; (4)

t0 = jt3j
2 : (5)

The Hubbard U parameter is given by U � 2jt1j.
In this work, we aim to estimate the variation of

tij , t, t0 and U in �-CuCN and �-HgBr as a conse-
quence of phonon excitations. To this end, we em-
ploy density-functional theory (DFT) calculations in the
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FIG. S6. (a) Hubbard parameters describing the on-dimer
repulsion U and inter-dimer hoppings t; t0 on the the �-(ET)2
layer. (b) Schematic representation of the intermolecular
transfer parameters employed to model the electronic inter-
actions.

frozen-phonon approximation. In Section III A, we de-
scribe the computational methods, while we discuss the
results for �-CuCN and �-HgBr in Sections III B and
III C, respectively.

A. Computational method

To perform DFT calculations, we employed the open-
source Quantum ESPRESSO suite for quantum sim-
ulations of materials [9, 10]. We used the Garrity-
Bennett-Rabe-Vanderbilt (GBRV) pseudopotentials [11]
and the vdW-DF-cx [12�15] exchange-correlation func-
tional, with the kinetic energy cuto� of the plane-wave
basis set equal to 90 Ry. The self-consistent �eld calcu-
lations were performed on a 1 � 3 � 2 (for �-CuCN) or
3�2�1 (for �-HgBr) Monkhorst-Pack k-point grids [16],
while the non-self-consistent �eld calculations were per-
formed on uniform 6 � 6 � 6 grids. All atomic positions
and cell parameters were relaxed until the force on each
ion was less than 10�4 Ry/Bohr and the potential energy
changed less than 10�5 eV/atom between subsequent op-
timization steps. The target pressure was set to 0 kbar
with a convergence threshold of 0.5 kbar.

We obtained the phonon modes at the � point in
the harmonic approximation using the �nite-di�erences
method as implemented in the open-source phonopy soft-
ware package [17, 18]. We then modulated the relaxed
atomic structure along two directions of the selected
phonon modes by displacing the ith atom in the structure
using the formula:

~Qi = �
~Q

p
Nmi

~ei; (6)

where N is the total number of atoms, mi is the mass of
the ith atom and ~ei is the ith part of the mode eigenvector.
The + and � signs correspond to the two investigated
directions of a selected phonon mode. We calculated the
amplitude ~Q as:

~Q =
(N � NH)

p
NP

i 6=H j~eij=
p

mi
nQ0; (7)

where NH is the number of hydrogen atoms and the
sum in the denominator runs over all atoms except hy-
drogens. By using equation (7), we ensure that the aver-
age displacement Q of the atoms in the modulated struc-
tures, disregarding hydrogen atoms, is equal to nQ0. We
create modulated structures for typical displacements on
the order of picometers (as observed in non-equilibrium
[19, 20] and temperature dependent studies [21]) us-
ing n = (1; 5; 10) and Q0 = 1:20 pm for �-CuCN and
Q0 = 1:08 pm for �-HgBr.

For each equilibrium (relaxed) and modulated struc-
ture, we constructed four Wannier functions centered on
the BEDT-TTF molecules using the open-source Wan-
nier90 package [22]. By including the two bands cross-
ing the Fermi level, for �-CuCN we performed a disen-
tanglement procedure on the top 6 valence bands, while
for �-HgBr we considered only the top 4 valence bands,
as they are well isolated from the lower-energy valence
bands. We obtained excellent �ts for the low-energy DFT
band structures by specifying the initial projection func-
tions for the unitary transformation matrix as pz orbitals
centered at BEDT-TTF centers of mass, with z oriented
perpendicularly to the plane �tted to the positions of the
atoms in the BEDT-TTF molecules. The hopping pa-
rameters (t1; t2; t3; t4) are equal to the matrix elements
of the Hamiltonian written in the basis of the four Wan-
nier functions.

B. �-(BEDT-TTF)2Cu2(CN)3

The hopping parameters (t1; t2; t3; t4), t and t0 for �-
CuCN have been calculated using ab initio methods in
several works [5�7, 21, 23�25]. As shown by Koretsune
et al. [6], a seemingly small change (about 2%) in atomic
positions and cell parameters, resulting from ab initio
optimization of the experimental crystal structure, may
lead to a large variation (more than 25%) of the hop-
ping integrals. For this reason, in the majority of prior
studies, the hopping integrals were evaluated either using
the unrelaxed or partially relaxed crystal structures. In
the following paragraph, we review results from previous
studies and for the structures used therein.

Kandpal et al. [5] have based calculations on a crys-
tal structure obtained experimentally at ambient pres-
sure [26], with the hydrogen positions computation-
ally found using the Car-Parrinello projector-augmented
wave molecular dynamics (CPMD). To model structures
at low and high pressures, the experimental structure
was then either partially relaxed, with the positions of S
and Cu atoms and the lattice parameters kept �xed, or
fully relaxed, with the pressure being constrained to 0.75
GPa. Nakamura et al. [23] used the same experimental
crystal structure [26]. Jeschke et al. [24] also found the
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FIG. S7. Equilibrium electronic bands calculated for the relaxed crystal structures and their tight binding �ts of the low energy
bands, for �-CuCN (a) and �-HgBr (b). For �-CuCN, we include the electronic bands obtained from the T = 20 K experimental
structure reported in Ref. [21].

hydrogen positions, which were lacking in the experimen-
tally solved structure [26], using CPMD and compared
the hopping integrals for several computational setups.
In a combined experimental and theoretical study by
Schlueter et al. [21], the crystal structure of �-CuCN was
solved for a series of temperatures between 5 K and 300 K
and the temperature dependence of the hopping integrals
was calculated for these experimental structures. Koret-
sune et al. [6] performed a detailed comparative study,
elucidating the dependence of the hopping parameters on
di�erent crystal structures [21, 26], crystal symmetries
and geometry relaxation. Guterding et al. [25] calcu-
lated the hopping integrals for various conformations of
the BEDT-TTF molecules by relaxing the ethylene end
groups and the two neighboring S atoms.

As we are interested in electronic structure changes in-
duced by phonon excitation, we must �rst relax the crys-
tal structure to a local minimum to be able to calculate
the interatomic force constants. For the initial struc-
ture, we use the crystal structure obtained by Schlueter
et al. [21] at T = 20 K [27], as the Cambridge Structural
Database (CSD) [28] entry of the structure obtained at
T = 5 K, at the time of writing this work, does not cor-
respond to the structure described in the original publi-
cation [21, 29]. The symmetry of the experimental struc-
ture is P 21=c [21]. We select the orientation of the CN�

group in the inversion center corresponding to Pc sym-
metry.

A comparison of the initial and relaxed unit cell pa-
rameters in this work and Koretsune et al. [6] is given
in Table S2. As we discuss below, the comparison with
Ref. [6] is relevant since it is the only investigation in
which the hopping parameters were calculated for a fully
relaxed structure at low pressure. We �nd that the cell
parameters we obtained after optimization are in good
agreement with the initial (experimental) parameters for

T = 20 K. We may ascribe this agreement to the in-
clusion of the Van der Waals (VdW) interactions in the
calculations by using the vdw-df-cx exchange correlation
functional [12�15] (for more details, see Sec. III A), since
VdW interactions have been shown to be pivotal to the
accuracy of modeling the physics of �-(BEDT-TTF)2X
salts [30]. The optimization procedure in Koretsune et
al. [6] led to an expansion of the experimental unit cell;
most likely due to the use of the Perdew-Burke-Ernzerhof
(PBE) [31] exchange-correlation functional.

A comparison of the calculated electronic band struc-
tures for the initial and relaxed structures is shown on
Fig. S7(a). The band structure around the Fermi level
changes signi�cantly as a consequence of the seemingly
small variation of the geometric parameters between the
initial and relaxed structures. As discussed below, and
as was previously observed in the literature [6], this vari-
ation in the band structure also leads to a large deviation
in the hopping parameters. In Fig. S7(a), we show the
tight-binding (TB) �t (corresponding to the kinetic part
of the Hamiltonian (3)) of the low-energy band structure
obtained by constructing Wannier functions, as described
in Sec. III A. The agreement between the band structure
and the TB �t is excellent. To validate our �tting method
and estimate the e�ects of crystal structure optimization,
we performed the same �tting procedure on the experi-
mental structure obtained at T = 20 K. The results for
the relevant hopping parameters are shown in Table S3,
along with a comparison to the values obtained by Ko-
retsune et al. [6]. The values of the hopping parameters
obtained for the respective experimental structures are
in close agreement, with the small discrepancies being
attributable to the di�erences in the structures at 5 and
20 K and exchange-correlation functionals used in this
work and Ref. [6]. On the other hand, there are signif-
icant discrepancies in the calculated parameters for the
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TABLE S2. Unit cell parameters for the �-CuCN crystal structures. The �-CuCN initial experimental structures at di�erent
temperatures are obtained from Ref. [21]. As the initial structure, we used the T = 20 K experimental structure. We include
for comparison the relaxed structure obtained by Koretsune et al. [6], starting from the T = 5 K structure. Note that the cell
angles � = 
 = 90°.

Exp. (20 K) Relaxed Exp. (5 K) Relaxed
(Ref. [21]) (this work) (Ref. [21]) (Ref. [6])

a (¯) 16.072 15.979 16.062 16.45
b (¯) 8.536 8.580 8.544 8.83
c (¯) 13.262 13.061 13.271 13.76
� (°) 115.088 115.056 115.093 112.47

TABLE S3. Hopping parameters calculated for �-CuCN and �-HgBr. For �-CuCN, we include for comparison the parameters
obtained for the initial and relaxed structures in this work and by Koretsune et al. [6].

�-CuCN �-HgBr

Init. (20 K) Relaxed Init. (5 K) Relaxed Relaxed
(This work) (This work) (Ref. [6]) (Ref. [6]) (This work)

t1 (meV) 204 188 199 146 201
t2 (meV) 87 107 85 65 63
t3 (meV) 93 76 91 65 99
t4 (meV) 18 18 17 30 45
t0=t 0.89 0.61 0.89 0.68 0.91

relaxed structures, consistent with the di�erences in the
unit cell parameters given in Table S2 and the aforemen-
tioned sensitivity of the hopping integrals to the crystal
structure.

We now discuss the e�ect of the light-induced phonon
displacement on the hopping parameters. We calcu-
lated the hopping parameters for modulations along �ve
phonon modes with frequencies near 1.12 THz (for com-
putational details, see Sec. III A). The TB band struc-
tures for the equilibrium and modulated structures are
shown in Fig. S8(a-e), together with the corresponding
dimer hopping integrals t, t0 and the Hubbard repulsion
U .

Among the displacements in this energy range, by far
the largest oscillation of the TB parameters is obtained
for the mode with a frequency of 1.18 THz [Fig. S8(d)],
which dominates the nonequilibrium response.

C. �-(BEDT-TTF)4Hg2:89Br8

As opposed to �-CuCN, for which several computa-
tional investigations have been performed in previous
studies, no previous ab initio calculations on �-HgBr can
be found in the literature. This is due to the incom-
mensurate two-sublattice crystal structure of the mate-
rial [1], making precise DFT calculations computation-
ally unfeasible. In this work, we modeled the �-(BEDT-
TTF)4Hg2:89Br8 crystal structure starting from the crys-
tal structure obtained at room temperature [1] and con-
structing a primitive cell from the �-(BEDT-TTF)2Br8
sublattice. Subsequently, we added three Hg atoms into
the primitive cell at positions we approximated by in-

specting the original Hg2 sublattice, �nally resulting in a
crystal structure containing 115 atoms. The initial and
relaxed model �-HgBr structures are given in CIF format
in the Supplemental Data. The relaxed band structure
is shown in Fig. S7(b) together with the relative TB �t.
The hopping parameters derived from the �t are included
in Table S3.

To calculate the dependence of hopping parameters
of the phonon-displaced structure, we then followed
the same procedure used for �-CuCN and described in
Sec. III A. The corresponding �-HgBr phonon-dependent
Hubbard parameters are shown in Fig. S9(a-e). Com-
pared to �-CuCN, we observe a distinctly di�erent disper-
sion of the valence bands and distinguishable oscillation
of the hopping parameters for all investigated phonon ex-
citations. Nevertheless, the 1.26 THz mode [Fig. S9(d)]
shows the largest e�ect on the U and the ratio t0=t and
dominates the nonequilibrium response. We note that,
due to the aforementioned sensitivity of the hopping in-
tegrals to the details of the crystal structure [6], a more
detailed investigation is warranted to validate the accu-
racy of the employed model of the �-HgBr crystal struc-
ture.
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(a)

(b) (c)

(d) (e)

FIG. S8. Modulation of electronic properties of �-(BEDT-TTF)2Cu2(CN)3 for displacements along the calculated phonon
modes with frequencies near 1.12 THz: (a) 1.09 THz, (b) 1.11 THz, (c) 1.15 THz, (d) 1.18 THz, (e) 1.20 THz. TB electronic
band structures at equilibrium and for structures modulated with di�erent phonon amplitudes (left panel); the dependence of
the ratio of the hopping integrals t, t0 and the Hubbard U parameter on the average modulation amplitude Q (right panels).
Shaded areas in the band structures correspond to di�erences between the modulated and equilibrium bands.



8

FIG. S9. Modulation of electronic properties of �-(BEDT-TTF)4Hg2:89Br8 for displacements along the calculated phonon
modes with frequencies near 1.1 THz: (a) 1.10 THz, (b) 1.19 THz, (c) 1.20 THz, (d) 1.26 THz, (e) 1.27 THz. TB electronic
band structures at equilibrium and for structures modulated with di�erent phonon amplitudes (left panel); the dependence of
the ratio of the hopping integrals t, t0 and the Hubbard U parameter on the average modulation amplitude Q (right panels).
Shaded areas in the band structures correspond to di�erences between the modulated and equilibrium bands.
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