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The properties of organic conductors are often tuned by the application of chemical or external pressure,

which change orbital overlaps and electronic bandwidths while leaving the molecular building blocks

virtually unperturbed. Here, we show that, unlike any other method, light can be used to manipulate the

local electronic properties at the molecular sites, giving rise to new emergent properties. Targeted molecular

excitations in the charge-transfer salt κ-ðBEDT�TTFÞ
2
Cu½NðCNÞ

2
�Br induce a colossal increase in carrier

mobility and the opening of a superconducting optical gap. Both features track the density of quasiparticles

of the equilibrium metal and can be observed up to a characteristic coherence temperature T� ≃ 50 K, far

higher than the equilibrium transition temperature TC ¼ 12.5 K. Notably, the large optical gap achieved by

photoexcitation is not observed in the equilibrium superconductor, pointing to a light-induced state that is

different from that obtained by cooling. First-principles calculations and model Hamiltonian dynamics

predict a transient state with long-range pairing correlations, providing a possible physical scenario for

photomolecular superconductivity.

DOI: 10.1103/PhysRevX.10.031028 Subject Areas: Condensed Matter Physics,

Strongly Correlated Materials,

Superconductivity

Organic conductors based on the bisethylenedithio-

tetrathiafulvalene (BEDT-TTF) molecules display low-

dimensional electronic structures and unconventional

high-TC superconductivity [1–3]. In the crystals with

a κ-type arrangement, the ðBEDT − TTFÞþ0.5 molecules

(henceforth abbreviated as ET) form dimers, which are

organized in planes on a triangular lattice [4]. Because of

dimerization, the quarter-filled band originating from the

overlap of the molecular orbitals splits into pairs of

half-filled bands. The ET planes are separated by

layers of monovalent anions, which act as charge reservoirs

[Fig. 1(a)]. The compound with the highest superconducting

transition temperature is κ-ðETÞ
2
Cu½NðCNÞ

2
�Br (henceforth

abbreviated as κ-Br), for which TC ¼ 12.5 K.

The low-energy physics of the κ-phase compounds is

captured by a Hubbard model on a triangular lattice with

weak and strong bonds [Fig. 1(a), lower-right panel] [5–7].

The ground state can be tuned either by applying hydro-

static pressure or by chemical substitution with different

anions [8]. In both cases, the spacing between the dimers

changes [Fig. 1(a)], directly acting on the hopping integrals

(t, t0), leaving the on-site wave function and electronic

correlations essentially unperturbed. Here, we explore the

possibility of dynamically manipulating the Hamiltonian

parameters and the many-body wave function by resonant

excitation of ET molecular vibrations [Fig. 1(b)].

Equilibrium optical spectra were measured in the

normal state of κ-Br single crystals using a Fourier

transform spectrometer for temperatures between 15 K

and 300 K (see Fig. 2 and Supplemental Material [9]),

in good agreement with those reported previously in the
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literature [10,11]. In the equilibrium normal state (T > TC),

κ-Br is a quasi-two-dimensional Fermi liquid, characterized

by a narrow Drude peak in the in-plane optical conduc-

tivity, observed up to T� ≃ 50 K [12,13]. For temperatures

T > T�, the quasiparticle response vanishes, and the

material exhibits the behavior of a so-called “bad metal”

[see Fig. 2(b)]. A large gap and a temperature-independent

insulating optical conductivity are found along the

perpendicular (interlayer) direction [14] [Fig. 2(a)].

Several narrow peaks are also evident in the midinfrared

spectral region, corresponding to infrared-active vibrational

modes of the ET molecules [15–17].

Femtosecond midinfrared pump pulses were polarized

along the out-of-plane crystallographic axis and tuned

to the spectral region where the molecular modes are

found (νpump ≃ 900–2000 cm−1, λpump ≃ 5–11 μm). The

peak pump electric field was varied between 500 kV=cm
and 4 MV=cm. The changes in low-frequency reflectivity

and complex optical conductivity induced by midinfrared

excitation were measured for frequencies between 0.8 and

7 THz, with probe pulses polarized along the conducting

layers. These were detected by electro-optical sampling

after reflection from the sample at different pump-probe

time delays.
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FIG. 1. (a) Left: Crystal structure of κ-ðBEDT�TTFÞ
2
Cu½NðCNÞ

2
�Br. Alternating blocks of conducting and insulating layers are

formed out of donor BEDT-TTF (abbreviated as ET) and polymeric chain-forming acceptor Cu½NðCNÞ
2
�Br molecules, respectively.

The ET molecules are paired in dimers. Right: View of the pressure-dependent arrangement of the dimers in the κ-phase (visualized

along the long axis of the molecules, i.e., top view from left panel). As (external or chemical) pressure is applied, the spacing between

dimers changes, thus acting on the transfer integrals (t, t0) and tuning the ground state of the material. (b) Left: Lennard-Jones

potential, along with highest occupied molecular orbital (HOMO) plots for the first two vibrational levels. Violet and yellow colors

denote the sign of the wave function. Right: Time evolution of the HOMO after pulsed excitation, creating a mixed population of

ν ¼ 1 and ν ¼ 0 states, and the corresponding arrangement of the ET dimers (seen from the top). The periodic changes in the wave

function introduce modulations in the on-dimer Hubbard U and transfer integral t, opening new dynamic pathways for controlling the

material properties.
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Figure 3 shows themost suggestive results discussed in this

paper. Therein, optical properties [RðωÞ, σ1ðωÞ þ iσ2ðωÞ]
are reported for four representative base temperatures

between T ¼ 15 K and T ¼ 70 K, measured before (red)

and 1 ps after photoexcitation (blue). Here, the pump pulses

were tuned close to resonance with molecular vibrations

corresponding to distortions of the C═C bonds on the ET

dimers (see sketch in Fig. 2). Importantly, these pump pulses,

polarized along the insulating direction, penetrated deeper

than the THz probe field (polarized along themetallic planes;

see also Supplemental Material [9]). Hence, from the “raw”

changes in electric field reflectance, r1ðωÞ þ ir2ðωÞ, one
could directly extract the complex optical conductivity,

σ1ðωÞ þ iσ2ðωÞ, without the need to account for an inho-

mogeneously excited medium [18–23].

The transient optical properties measured at base temper-

ature T ¼ 15 K, that is, immediately above TC ¼ 12.5 K,

exhibited the largest changes. The reflectivity saturated

to R ¼ 1 over a broad frequency range, decreasing only

above ∼120 cm−1. Correspondingly, a gap opened in

σ1ðωÞ, and a 1=ω divergence developed in σ2ðωÞ. A

qualitatively similar response was recorded for T ¼ 30 K

and T ¼ 50 K, although with a smaller gap and σ2ðωÞ
divergence. For these three temperatures, the metallic

optical spectra measured at negative time delays were

fitted with a Drude-Lorentz model (red lines in Fig. 3)

for normal conductors, whereas all the transient optical

properties were fitted with an extension of the Mattis-

Bardeen model for superconductors of variable purity

[24,25] (blue lines in Fig. 3; see also Supplemental

Material [9]).

A qualitatively different response was measured at

T ¼ 70 K, for which σ1ðωÞ increased rather than decreas-

ing to zero, and σ2ðωÞ remained characteristic of a metal

without diverging toward low frequencies. These 70-K

spectra were then fitted with the same Drude-Lorentz

model used to reproduce the equilibrium response.

For each of the three measurements at T ≤ 50 K

reported in Fig. 3, we extracted the optical gap 2Δ

from the Mattis-Bardeen fits. The temperature-dependent

gap size could be fitted by the function ΔðTÞ ¼

Δð0Þ tanhfβ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

½ðT 0
− TÞ=T�

p

g, where 2Δð0Þ ¼ 23 meV

was the zero-temperature nonequilibrium gap, β ¼ 1.74,

and T 0 ≃ 50 K provided an effective “critical” temperature

for the nonequilibrium state [see Fig. 4(a)]. Note that

T 0 ∼ T� ≃ 50 K, which coincides with the temperature at

which a coherent Drude peak was observed in the equi-

librium metallic state of Fig. 2.

The connection between the superconducting-like opti-

cal properties measured in the transient state and the

Fermi-liquid behavior of the equilibrium normal state

[13,26] is further underscored by the analysis reported in

Fig. 4(b). Therein, the divergence in transient σ2ðωÞ was

used to estimate the light-induced “superfluid density,”

determined as NTrans
eff ¼ ðmVCell=e

2Þlimω→0½ωσ
Trans
2

ðωÞ�.
This quantity was compared to the temperature-

dependent density of equilibrium quasiparticles, N
Equil
eff ¼

ðmVCell=4πe
2ÞðωEquil

P Þ2. Here, m is the bare electron mass,

VCell the unit cell volume, e the electron charge, and ω
Equil
P

the equilibrium carrier plasma frequency (extracted from

Drude-Lorentz fits). Even though the absolute values on the

two vertical axes of Fig. 4(b) are different, the temperature

dependences are similar, with the same onset at T� ≃ 50 K.

The time dependence of these features is visualized in

Fig. 5, where three different quantities are displayed.

Figure 5(a) reports the transient integrated spectral weight
R

110 cm−1

40 cm−1 σ1ðωÞdω, which, in a superconductor, exhibits a

depletion by an amount proportional to the density of

(a) (b)

FIG. 2. (a) Upper panel: Out-of-plane equilibrium optical conductivity of κ-ðETÞ
2
Cu½NðCNÞ

2
�Br measured at T ¼ 15 K [14]. Lower

panel: Midinfrared pump spectra tuned close to resonance with the ν27 molecular vibration. The eigenvectors corresponding to this mode

are displayed in the upper panel [17]. (b) Upper panel: In-plane equilibrium optical conductivity measured at different temperatures

between 15 K and 80 K. Lower panel: Frequency spectrum of the THz probe pulses used in our experiment.

PHOTOMOLECULAR HIGH-TEMPERATURE … PHYS. REV. X 10, 031028 (2020)

031028-3



FIG. 3. In-plane reflectivity, real and imaginary parts of the optical conductivity measured in κ-ðETÞ
2
Cu½NðCNÞ

2
�Br at equilibrium

(red circles) and at τ ≃ 1 ps time delay after vibrational excitation (blue circles), at four different base temperatures between 15 K and

70 K. Lines are corresponding fits to the spectra. These fits were performed with a Drude-Lorentz model for the equilibrium response at

all temperatures and for the transient spectra at T ¼ 70 K. AMattis-Bardeen model for superconductors was used instead for the out-of-

equilibrium response at T ≤ 50 K. All data have been taken upon vibrational excitation close to resonance with the C═C stretching

mode (νpump ≃ 1250 cm−1), with a pump fluence of 2 mJ=cm2.

(a) (b)

l

FIG. 4. (a) Photoinduced optical gap 2Δ, extracted fromMattis-Bardeen fits to the transient optical properties of Fig. 3, as a function of

base temperature. (b) Blue, left scale: Temperature dependence of the effective number of “condensed” carriers per unit cell in the

transient state, NTrans
eff . Red, right scale: Corresponding effective number of mobile carriers per unit cell in the equilibrium metallic state

before photoexcitation, N
Equil
eff (see discussion in the text). These data have been taken upon vibrational excitation with a pump fluence of

2 mJ=cm2.
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condensed pairs. Figure 5(b) shows the transient super-

fluid density NTrans
eff extracted from the low-frequency

imaginary conductivity, as in Fig. 4(b). Figure 5(c) reports

σ0 ¼ limω→0σ1ðωÞ, that is, the extrapolated “zero-

frequency” conductivity from Drude-Lorentz fits to the

transient optical properties (see Supplemental Material [9]).

All three quantities changed promptly, immediately after

photoexcitation, and relaxed within a few picoseconds,

a timescale that we tentatively associate with the lifetime

of the resonantly driven ET vibration. Importantly, σ0
diverged to values larger than 105 Ω−1 cm−1 (correspond-

ing to mean free paths of at least 100 unit cells), limited

(a) (b) (c)

FIG. 5. (a) Dynamical evolution of the transient spectral weight in the real part of the optical conductivity as a function of pump-probe

time delay. (b) Time evolution of the effective number of “condensed” carriers per unit cell in the transient state, NTrans
eff . (c) Time

evolution of the zero-frequency extrapolation of the optical conductivity, σ0 ¼ σ1ðωÞjω→0
, extracted from Drude-Lorentz fits of the

transient optical properties. Data have been taken at T ¼ 30 K after vibrational excitation with a pump fluence of 2 mJ=cm2.

FIG. 6. Left panels: In-plane complex optical conductivity of κ-ðETÞ
2
Cu½NðCNÞ

2
�Br measured at T ¼ 50 K in equilibrium (red

circles) and at τ ≃ 1 ps time delay after photoexcitation (blue circles) at four different pump frequencies: νpump ¼

910 cm−1ðλpump ¼ 11 μmÞ, νpump ¼ 1250 cm−1ðλpump ¼ 8 μmÞ, νpump ¼ 1470 cm−1ðλpump ¼ 6.8 μmÞ, and νpump ¼ 2000 cm−1

ðλpump ¼ 5 μmÞ. Lines are corresponding fits performed with a Drude-Lorentz model. The νpump ¼ 2000 cm−1 spectra display an

enhancement of σ2ðωÞ in the absence of a gap opening in σ1ðωÞ. This is indicative of a slight increase in metallicity, with no

superconducting-like response. All data have been taken with a constant pump fluence of 2 mJ=cm2. Right panel: Zero-frequency

extrapolation of the transient optical conductivity, σ0 ¼ σ1ðωÞjω→0
(see main text), extracted from the spectra on the left for different

pump wavelengths (blue circles, left scale). A data point at νpump ¼ 1100 cm−1ðλpump ¼ 9 μmÞ is also reported, for which the transient

spectra look identical to those at νpump ¼ 910 cm−1 (negligible pump-induced effect). The equilibrium out-of-plane imaginary dielectric

function [14] is also displayed (black line, right scale) to visualize the resonant photoconductivity behavior on the C═C ET vibration.
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here by the 0.8-THz low-frequency cutoff of our meas-

urement, which in turn was set by the relaxation time of the

state (∼2 ps).

In Fig. 6, we report the transient complex optical

conductivity after photoexcitation at different driving

frequencies, all measured by keeping the pump fluence

fixed to 2 mJ=cm2. A superconducting-like response

could only be observed for excitation at 8 μm and

6.8 μm [see also Fig. 1(a)], while detuned driving

to both red (λpump ¼ 11 μm, resonant to a weaker ET

vibration) and blue (λpump ¼ 5 μm) sides resulted in a

slight increase in σ2ðωÞ and negligible changes in σ1ðωÞ.
The σ0 values extracted from these data are displayed in

the right panel of Fig. 6, along with the equilibrium out-

of-plane imaginary dielectric function. This plot confirms

that superconducting-like optical properties in the tran-

sient state can only be observed when pumping in the

6.8–8 μm range, close to resonance with C═C modes of

the ET molecule.

In searching for a microscopic mechanism for the

observed photomolecular response, we note that in a

previous work on the one-dimensional Mott insulator

ET-F2TCNQ, featuring the same ET molecular building

block as κ-Br, selective driving of an IR-active vibration

was shown to provide a dynamical modulation of the on-

site Hubbard-U interaction, achieved by quadratic electron-

phonon coupling [27,28].

In the κ-Br system studied here, ab initio calculations

in the frozen-phonon approximation yielded an estimate

for the on-dimer Hubbard U, hopping matrix elements t

(strong bonds), and t0 (weak bonds) as a function of normal

mode distortion (see Supplemental Material [9]). Excitation

of the molecular C═C stretching modes (i.e., the ν27
vibration at 6.8 μm) leads to a significant modulation of

U and t, whereas t0 remains mostly unaffected [Fig. 7(a)

and Supplemental Material [9] ]. By contrast, excitation of

molecular modes that involve mainly motions in the

terminal ethylene groups of the ET molecule (i.e., at 9

and 11 μm) does not produce any sizable change in the

effective electronic parameters [Fig. 7(b)].

Starting from these estimates, we performed simulations

of a driven Fermi-Hubbard model on a triangular ladder

system (see Supplemental Material [9] for the Hamiltonian

and specific geometry of the system). In the driven state,

-1)(b)  Terminal ethylene mode (920 cm

(a)  C=C stretching mode (1470 cm-1)

IR
IR

FIG. 7. Left panels: Atomic motions corresponding to the 1470 cm−1 (a) and 920 cm−1 (b) modes of the ET molecule. Center panels:

Time-dependent displacement along the normal coordinates and induced modulations of the on-site HubbardU interaction and hopping

matrix element t, calculated with ab initio simulations in the frozen-phonon approximation for the two different driven modes. Right

panels: Corresponding spatial evolution of the pair correlation function, calculated with a time-dependent triangular ladder Fermi-

Hubbard model in the undriven case (blue dashed line) and driven case (blue solid lines) for the two modes. The insets display a

schematic representation of the correlation between pairs on different sites.
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correlations between pairs of doublons residing on different

sites were quantified by the doublon correlation function

d†i dj ¼ c†i↑c
†

i↓cj↓cj↑ (here, c†iσ and ciσ are single-particle

creation and annihilation operators, respectively). In the

simulations, the system was initialized in its half-filled

zero-temperature ground state, yielding doublon correla-

tions that decay exponentially with distance [blue dashed

line in Fig. 7(a)]. When the driving was turned on, long-

range, uniform on-site doublons were formed with long

correlation distances. These correlations stabilized and

persisted for timescales compatible with those explored

in the experiment [blue solid line, Fig. 7(a); see also

Supplemental Material [9] ]. When considering these theo-

retical predictions, a driving-induced emergence of long-

range order in the system is hypothesized, where the

external driving establishes both a large density of on-site

doublons and phase coherence over macroscopic distances.

The predictions reported in Fig. 7(b) for excitation of a

terminal ethylene mode, for which no enhancement in

coherent on-site doublons is expected, are in agreement

with the experimental results of Fig. 6, which show that a

coherent state is induced only for excitation of the C═C

stretching mode.

The scenario proposed by the model sketched in Fig. 7 is

notable as it implies the formation of a qualitatively new

state of the system, with double occupancies that are

“synchronized” through the U=t modulation. This mecha-

nism, which may explain the appearance of a large gap not

present in the low-temperature equilibrium superconductor,

bears some resemblance to the proposed photoinduced

η− pair superconductor [29–31], in which repulsive pairs

are activated by the drive.

Other mechanisms, different from the one discussed

here, may also be at play [32–34], including the stabiliza-

tion of preexisting Cooper pairs in the normal state [35],

which have been revealed by superconducting Nernst effect

measurements [36]. Finally, the possible appearance of a

negative-U superconductivity through electronic squeezing

in a molecular excited state should also be considered,

especially in the context of a nearly frustrated electronic

structure like the present one [37,38].
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