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Long after its discovery superconductivity in alkali fullerides A3C60 still challenges

conventional wisdom. The freshest inroad in such ever-surprising physics is the be-

haviour under intense infrared (IR) excitation. Signatures attributable to a transient

superconducting state extending up to temperatures ten times higher than the equi-

librium Tc ∼ 20 K have been discovered in K3C60 after ultra-short pulsed IR irradiation

– an effect which still appears as remarkable as mysterious. Motivated by the obser-

vation that the phenomenon is observed in a broad pumping frequency range that co-

incides with the mid-infrared electronic absorption peak still of unclear origin, rather

than to TO phonons as has been proposed, we advance here a radically new mecha-

nism. First, we argue that this broad absorption peak represents a ”super-exciton”

involving the promotion of one electron from the t1u half-filled state to a higher-energy

empty t1g state, dramatically lowered in energy by the large dipole-dipole interaction

acting in conjunction with Jahn Teller effect within the enormously degenerate man-

ifold of
(
t1u
)2(

t1g
)1

states. Both long-lived and entropy-rich because they are triplets,

the IR-induced excitons act as a sort of cooling mechanism that permits transient

superconductive signals to persist up to much larger temperatures.

Superconducting alkali doped fullerenes A3C60 are molecular compounds where several actors

play together to determine an intriguing physical behaviour. The high icosahedral symmetry of C60
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implies, prior to intermolecular hybridisation, a large degeneracy of the molecular orbitals, thus

a strong electronic response to JT molecular distortions lowering that symmetry. In particular,

the t1u LUMO, which accommodates the three electrons donated by the alkali metals, is threefold

degenerate and JT coupled to eight fivefold-degenerate molecular vibrations of Hg symmetry,

which mediate the pairing[1]. The JT effect, favouring low spin, is partly hindered by (Coulomb)

Hund’s rule exchange, which favours high spin. Therefore the overall singlet pairing strength g,

though still sizeable, is way too small compared to the charging energy of each C3−
60 to justify

by simple arguments why A3C60 are s-wave superconductors. The explanation of this puzzle

proposed in [2, 3] and vindicated by recent experiments emphasises the crucial role of a parent

Mott insulating state where the JT coupling effectively inverts Hund’s rules, the molecular ground

state therefore turning to spin S = 1/2 rather than S = 3/2 [4]. A S = 1/2 antiferromagnetic

insulating phase is indeed the ground state in over-expanded NH3K3C60[5, 6] and in Cs3C60[7]

at ambient pressure. In the metallic state, attained under pressure in Cs3C60 and at ambient

pressure in K3C60 and Rb3C60, the incipient Mott localisation slows down the coherent motion

of quasiparticles while undressing them from charge correlations. As a result, the singlet pairing

strength g eventually overwhelms the quasiparticle Coulomb pseudopotential and, on approaching

the Mott transition, the system is effectively driven towards the top of the universal Tc vs. g curve

[8], where the critical temperature reaches the maximum possible value at a given non-retarded

attraction TMAX
c ∼ 0.055 g. Thus, according to the theory of Ref. [3], the peak Tc ∼ 38 K reached

by Cs3C60 at ∼ 7 kbar [9, 10] is actually the highest attainable at equilibrium in fullerides.

This equilibrium upper limit has been far surpassed in out-of-equilibrium conditions in a recent

remarkable pump-probe experiment on K3C60[11]. After irradiation by an intense femtosecond

infrared pulse between 80 and 200 meV, K3C60 showed a transient regime of some picoseconds

where the optical properties looked like those of a superconductor, alas up to a temperature

T & 200 K, ten times higher than the equilibrium Tc ∼ 20 K, see Fig. 1(b). This tantalising

observation has already elicited various theoretical efforts [12–16], where it was mainly assumed,

as in the original work [11], that TO phonon IR absorption acts as the crucial ingredient increasing

the pairing efficiency. Here we follow another route directly inspired by experimental features,

which leads to a totally different perspective.

First of all, the transient ”superconducting” gap does increase [11], yet not as much as the

transient Tc, see Fig. 1(b). More importantly, we note in Ref. [11] that the transient reduction

of optical conductivity (suggestive of a transiently enhanced superconducting state) is broadly
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FIG. 1: Experimental data from Ref. [11]. (a) Blue circles: spectral-weight reduction, ∆σ1(ω), in the

optical conductivity as a function of the laser frequency ω from different measurements (data from

Fig. 4d of Ref. [11]). Red dots: equilibrium optical conductivity at T = 25 K with the broad IR peak

which we interpret as involving a (t1u)3 ∪ (t1u)2(t1g)1 exciton. Dashed vertical lines: frequencies of

the T1u TO phonon modes. Note that, except at two lowest frequency points, ∆σ1(ω) follows closely

the shape of the mid IR absorption peak, rather than peaking at the T1u frequencies. (b) Optical

conductivities at equilibrium, red dots, and 1 ps after the photoexcitation, blue dots, for different

temperatures, below, T = 10 K, and above, T = 25, 100, 200, 300 K the equilibrium Tc (data from Figs.

2b, 2e, 3b, 3e and from Extended data figure 9e of Ref. [11])

distributed over the IR pumping frequency range from 80 to 200 meV, see Fig. 1(a). Although

that includes the two highest T1u IR-active modes near 150 and 170 meV[17], the enhancement does

not especially peak there, extending instead to lower frequencies, see Fig. 1(a). There is instead an

intriguing similarity between a long known [18, 19] broad absorption peak that characterises the

equilibrium IR response of K3C60 and Rb3C60. This peak is present and strong in the equilibrium

optical data of Ref. [11], centred around ∼ 50 meV and ∼ 100 meV broad, see Fig. 1(b). Given

these characteristics, the underlying excitation is not a phonon, and can only be electronic; yet,
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nobody seems to know exactly what it is [20–23].

Intriguingly, it now appears that the superconducting enhancement follows rather closely the

shape of this IR absorption feature. Our first task is therefore to understand this excitation which

might provide a precious clue to superconductivity enhancement in alternative to the resonance

with infrared-active TO modes.

In A3C60 the conduction electrons occupy the narrow band originated by the threefold degenerate

t1u LUMO of C60. The Coulomb interaction projected onto the t1u manifold includes a charge

repulsion, the Hubbard U ∼ 1 eV, plus a quadrupole-quadrupole electronic interaction providing

an intra-molecular Hund’s rule exchange JH > 0. The latter splits the twenty possible (t1u)3

configurations of C3−
60 , assumed at first with nuclei rigidly frozen in their ideal icosahedral positions,

as

E
(

2T1u

)
− E

(
4Au

)
= 10 JH ,

E
(

2Hu

)
− E

(
4Au

)
= 6 JH .

(1)

The highest-spin state, 4Au, has therefore the lowest energy, see Table I. Once the nuclei defreeze,

and the molecular ion can distort, the resulting JT energy EJT strongly competes against exchange

JH , since now the quadrupole operators of the t1u electrons couple with the quadrupole of the Hg

vibrational modes, but with opposite sign. [3] In C3−
60 , the JT effect actually prevails over Coulomb

exchange, effectively inverting Hund’s rules. The real ground state thus becomes the low-spin 2T1u

multiplet[24–29].

Next, what about the (t1u)2(t1g)1 configuration? Within each C3−
60 molecule, the lowest dipole-

allowed excitation corresponds to transferring one electron from the t1u LUMO to the t1g LUMO+1,

which is also threefold degenerate and whose single-particle energy level lies ∆ε ∼ 1.2 eV above.

High as this energy is, the (t1u)2 (t1g)1 subspace comprises as many as 90 states, hence many

times more susceptible to exchange splitting and JT effects than the lowest energy (t1u)3 subspace.

In addition, the Coulomb interaction projected onto the enlarged t1u–t1g manifold also includes

a dipole-dipole interaction, which is stronger than the quadrupole-quadrupole. Through a fully

quantitative multipole expansion of the Coulomb interaction, Nikolaev and Michel found (omitting

JT couplings)[30] that the split (t1u)2 (t1g)1 subspace spans a gigantic 2 eV range, four times wider

than the splitting 10JH ' 476 meV of the (t1u)3, see Table I. The two lowest (t1u)2 (t1g)1 states

with symmetry 4Hg and 2T1g lie at only 494 meV and 525 meV, respectively, above the 4Au ground

state [31], and that is before JT coupling. After allowing for JT, there is a further lowering, and

the situation becomes richer [32, 33]. The quadrupole moment of the t1g LUMO+1 has opposite
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E(meV) (t1u)3 (t1u)2(t1g)1

0 4Au

285 2Hu

476 2T1u

494 4Hg

525 2T1g

618 4Ag

1109 2Gg +2 T2g

1143 4T1g

1280 2Hg

1496 2T1g

1947 2Hg

2218 2Ag

2549 2T1g

TABLE I: Molecular terms of undistorted C3−
60 calculated in the absence of Jahn Teller coupling within

the (t1u)3 ∪ (t1u)2(t1g)1 manifold according to the interaction model III of Ref. [30]. The zero of

energy is set at the lowest 4Au state and the single-particle energy difference between t1g and t1u,

∆ε = 1153 meV, is the same as in [30]. The electronic configurations are labeled according to the

irreducible representations of the icosahedral group Ih. Since the t1u and t1g orbitals transform as

atomic p orbitals, they are in one to one correspondence with angular momentum states in O(3)

symmetry: A→ S, T → P , H → D and G+ T → F . Note the exceptionally wide spread of terms in the

(t1u)2(t1g)1 configuration.

sign to the t1u LUMO, and its absolute value is 2.6 times larger, which makes JT couplings much

more effective. In particular, and unlike the (t1u)3 manifold, the JT effect in (t1u)2 (t1g)1 is stronger

in the high-spin S = 3/2 subspace than in low-spin S = 1/2. The reason is that in the S = 3/2

subspace the Hg vibrations couple together the lowest energy 4Hg with the 4Ag term, which is a

mere 124 meV above, see Table I. In the S = 1/2 subspace, by contrast, the lowest energy 2T1g is

only coupled to states higher than 600 meV above, which reduces the effect.

We further note that the new t ⊗ H (t1u)2 (t1g)1 JT problem within configurations 4Hg and 4Ag

is equivalent to that of C2−
60 in the S = 0 subspace of the (t1u)2 manifold, which involves the

configurations 1Hg and 1Ag and where the JT energy gain is known to be maximum [24–26, 28].

On the other hand, the Coulomb exchange splitting E(4Ag) − E(4Hg) = 124 meV of (t1u)2 (t1g)1

S = 3/2 subspace is smaller than E(1Ag) − E(1Hg) = 6JH = 286 meV of the S = 0 (t1u)2 case,

implying a larger JT energy gain.
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FIG. 2: Molecular terms in the presence of Jahn-Teller. Panel (a): Low-lying C3−
60 molecular terms

as function of the t1u JT energy EJT in the antiadiabatic approximation. Ungerade (u) and gerade

(g) terms derive from (t1u)3 and from (t1u)2(t1g)1 configurations, respectively. Terms are calculated

as in Table I, now with effective exchange parameters including JT contributions evaluated in the

anti-adiabatic approximation (see Supplementary Notes). The Coulomb exchange parameters such

as JH are the same as in Table I with a 14% reduction to mimic screening effects. The t1g JT

energy is taken as 1.252EJT and ∆ε = 1240 meV to account for the overestimate of the t1g downward

single-particle energy-shift within the antiadiabatic approximation. The vertical dashed line indicates

the suggested appropriate parameter for K3C60. Panel (b): Energy as a function of the modulus of

the JT distortion of the 2T1u and 4Ag configurations. The zero of energy is set at the 4Au level and

we take ∆ε = 1080 meV and an interaction screening reduction of 22%. The calculation is performed

within the single mode approximation by the variational approach of Ref. [28] using a mode frequency

ω = 100 meV, vibrational coupling g = 1.32 for t1u, which corresponds to EJT = 87 meV, and 1.25 g for

t1g. The differences in screening reduction and ∆ε with respect to the left panel take into account

the overestimated JT effect within the antiadiabatic approximation. The arrow shows the vertical

Franck-Condon exciton transition.
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Accurate estimates of the molecular terms within the enlarged (t1u)3∪(t1u)2(t1g)1 manifold and in

FIG. 3: The absorption process. Panel (a): diagrammatic representation of the absorption. The

photon induces a virtual dipolar transition t1u → t1g. This intermediate state spawns a triplet super-

exciton and a spin-triplet particle-hole pair. The high density of the latter near a Mott transi-

tion boosts the strength of this process. The circular vertex J is the intermolecular four-leg vertex

exchange, the square electron-hole interaction comprises intramolecular exchange, JT and Franck-

Condon effects, and all t1u (solid black lines) and t1g (dashed blue ones) Green’s functions include

self-energy corrections. Panel (b): pictorial representation of the same process with the absorption

of a paramagnon. In the initial state (1) two sites are both in the 2T1u configuration, here drawn in

the static JT limit. Note that site 2 is in a spin-state disfavoured by the inter-site antiferromagnetic

exchange, i.e. a paramagnon excitation is assumed to be present. The photon with energy hν trans-

fers a t1u electron (solid levels) into the t1g orbitals (dotted levels). Note that the JT distortion of

the t1u orbitals is opposite to that of t1g, as highlighted by the colours of the orbitals. In (2) → (3)

the antiferromagnetic exchange J flips the spins of the two sites, 1 and 2, so that site 2 has now the

right antiferromagnetic spin direction: the paramagnon has been absorbed. Through the emission of

Hg vibrations, site 1 relaxes to the optimal JT distortion corresponding to the state 4Ag.

presence of JT coupling to the Hg vibrations would require a precise knowledge of all Hamiltonian

parameters that are involved. That’s a tall order, because, while the frequencies of the Hg modes

are known from experiments, and different calculations of JT energy EJT more or less agree, the

individual values of the coupling constants with the t1u electrons are hard to establish [34] without

resorting to photoemission experiment [35]. Also questionable is whether the simple linear coupling

to vibrations, as usually assumed, is sufficient, as has been pointed out [36, 37]. Besides that, there

are so far no direct estimate of the Hg vibration coupling constants with the t1g electrons, obviously

not extractable from photoemission. We mentioned that the t1g quadrupole moment is larger in

absolute value than the t1u one, which would suggest stronger vibration coupling constants, as
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indeed observed in electronic structure calculations of isolated molecular anions [38]. Moreover,

t1g electrons couple preferentially to higher frequency Hg vibrations with tangential character,

while t1u electrons to lower frequency radial vibrations, which might also imply a larger t1g JT

energy [36]. One should finally note that, given the large size of the (t1u)2(t1g)1 subspace, even

small variations of the many Coulomb exchange parameters[30] and vibrational coupling constants

may lead to appreciably different results.

For these reasons we opt for a less ambitious approach and, following Ref. [3], we treat the JT

problem within the anti-adiabatic approximation, were all effects depend only on the value of the

total JT energy gain EJT, whose value for t1u electrons is far less uncertain than the value of each

vibrational coupling constant [34], see the Supplementary Notes for details. We use the model III

interaction parameters of Nikolaev and Michel[30], with a 14% reduction to account for screening

effects of nearby molecules[39], and we further assume, in accordance with the density functional

results of [38], that the t1g LUMO+1 JT energy is 1.252 larger than the t1u LUMO one. In the left

panel of Fig. 2 we show the low lying molecular terms as function of EJT [34].

We can now consider the full multiplet spectrum for a realistic estimate of EJT = 50−70 meV [34].

The 2T1u ground state and the lowest 2Hu excitation, whose role was recently discussed [29], both

belong to the (t1u)3 manifold. The very next state however is the 4Ag term, of (t1u)2 (t1g)1 origin,

dramatically pushed down close to the ground state by JT and dipole-dipole interaction, despite

the 1 eV energy of the t1g LUMO+1. We also performed a different calculation, treating the JT

coupling within the single mode approximation [40] and using a variational approach [28] that

consists of a statically distorted wavefunction projected onto a state with well defined icosahedral

symmetry (details are in the Supplementary Notes). In the right panel of Fig. 2 we show the

energies thus obtained of the 2T1u and 4Ag states as function of the distortion vector norm. As

anticipated, the 4Ag energy minimum is reached for a larger distortion than that of 2T1u, which

entails substantial Franck-Condon effects - further strengthened by the shape difference, bimodal

for 2T1u [24, 25] and unimodal for 4Ag.

We propose that the IR peak observed in A3C60 corresponds precisely to the low lying 4Ag state,

the 2T1u →4 Ag transition essentially turning into a genuine triplet exciton in the bulk material.

The parity allowed but spin forbidden optical creation of this exciton can actually acquire oscillator

strength and appear in the IR optical spectrum of a narrow-band nearly (antiferro)magnetic metal,

through the simultaneous absorption/emission of a low energy spin-triplet particle-hole excitation,

that is a paramagnon. For that it is important to recall that A3C60 are indeed narrow quasiparticle-

band metals, close to a transition into an antiferromagnetic Mott insulator state, so much so
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that the transition is realised when the cation A merely changes from Rb to Cs. The absorption

process is schematically shown in Fig. 3. The photon induces a virtual spin-conserving transition

t1u → t1g. This intermediate state then transforms into the triplet exciton by absorbing/emitting

a paramagnon via intermolecular exchange. One should note that this absorption mechanism is

of the very same nature to that introduced by Rice and Choi [41], which is necessary to explain

why uncharged T1u vibrations acquire oscillator strength and thus are observed in optics. The

contribution of the 2T1u → (4Ag ± paramagnon) peak to the optical conductivity reads

δσ1(ω) ∝
∫

0
dεAexc(ε)

[
θ(ε− ω) b(ε− ω)χ”(ε− ω) + θ(ω − ε)

(
1 + b(ω − ε)

)
χ”(ω − ε)

− b(ε+ ω)χ”(ε+ ω)

]
,

(2)

where Aexc(ε) is the exciton absorption spectrum, b(ε) the Bose distribution function, and χ”(ε)

the imaginary part of the dynamical local spin susceptibility. Equation (2) suggests that the large

width of the absorption peak, which experimentally corresponds to a timescale of about 7 fs, is

the result of a convolution between the paramagnon bandwidth and a Franck-Condon broadening,

rather than a radiative lifetime of the exciton. In fact, the expectedly strong Franck-Condon ef-

fect must cause a large broadening in Aexc(ε) corresponding to the non-radiative relaxation of the

triplet exciton to a dark state whose lifetime might be much longer, possibly picoseconds or more,

before eventual (phosphorescent) recombination. In agreement with this exciton-paramagnon in-

terpretation, the IR absorption peak grows in importance and intensity from K3C60 to Rb3C60[18],

the latter closer to Mott insulation (realised in Cs3C60), thus with stronger and narrower param-

agnons.

The next and central question in the present context is if and why this exciton peak should actually

play a role in the apparent enhancement of Tc found by Ref. [11] where IR-pumping is roughly in

the same frequency range. We start by noting that the experimental transient superconducting-like

absorption spectra suggest, see Fig. 1(b), that the IR pump can act to sweep away the thermally

excited quasiparticle states that, at equilibrium, are responsible for the gap filling-up and closing

with the transition to the normal state. Things superficially seem as if the pump effectively cooled

down quasiparticles. Following this hypothesis, we can qualitatively describe how the quasiparticle

distribution should evolve first during the IR laser pulse, about 300 fs long. Within that short

time lapse, the system is effectively isolated from the environment, with which it was in thermal

equilibrium before the IR shot. The IR pulse supplies the initial normal metal with energy, which

is sunk in the exciton-paramagnon excitation as well as by the vibrations that are emitted dur-
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FIG. 4: Effective temperature Teff after the laser pulse calculated as explained in the main

body of the text, for initial values T = 300, 200, 150, 100, 50, 25 K, from the top curve (black) to

the bottom one (red), as function of ω−Eexc, where ω is the light frequency, with an assumed

quasiparticle bandwidth of 100 meV and a sharp exciton line. The coefficient that multiplies

the process in Fig. 3 is fixed to reproduce in linear response the excitonic peak value of the

optical conductivity at equilibrium. The horizontal line at 20 K is the value of the equilibrium

Tc

ing the molecular relaxation after the vertical Franck-Condon transition. If we assume that the

quasiparticle collision rate is high enough, as expected by the poor Fermi-liquid character above

Tc [3], then the quasiparticle subsystem will exit the laser shot time in an effective microcanonical

ensemble identified by an energy E and quasiparticle number N . At a later time the quasiparticles

will eventually come to equilibrium with the excitons, the lattice and the molecular vibrations (the

decay times of the eight Hg modes into t1u particle-hole excitations range between 0.03 and 4 ps).

Yet, in the long transient before that happens, we can legitimately define an entropy S(E ,N ) of

the quasiparticle liquid and its effective temperature T−1
eff = ∂S/∂E . Moreover, if the quasiparticle

collision integral is strong enough to establish local equilibrium during the whole pulse duration,
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we are additionally allowed to define an entropy S
(
E(t),N (t)

)
that depends on the quasiparticle

energy, E(t), and number, N (t), at time t after the pulse front arrives. The absorption process of

Fig. 3 implies that the creation rate of excitons is

Ṅexc(t) =

∫
dεAexc(ε) ṅexc(ε, t) , (3)

where ṅexc(ε, t) is equal to the term in square brackets of Eq. (2) multiplied by a parameter that we

fit from equilibrium optical data (see Supplementary Notes), with the Bose distribution function

and magnetic susceptibility corresponding to the instantaneous local equilibrium conditions. Since

at ω ≤ Eexc, for each extra exciton a quasiparticle is annihilated then Ṅexc(t) = −Ṅ (t). Moreover

energy conservation implies that

Ė(t) =

∫
dε
(
ω − ε

)
Aexc(ε) ṅexc(ε, t) =

(
ω − Eexc

)
Ṅexc(t) , (4)

where ω is the laser frequency and the last equivalence holds if Aexc(ε) ∼ δ(ε − Eexc), which we

shall assume hereafter for simplicity. Because of our assumption of local equilibrium, it follows

that the quasiparticle entropy satisfies

T (t) Ṡ(t) = Ė(t)−µ(t) Ṅ (t) =

∫
dε
(
ω−ε+µ(t)

)
Aexc(ε) ṅexc(ε, t) =

(
ω−Eexc+µ(t)

)
Ṅexc(t) , (5)

where T (t) and µ(t) = −T (t)−1
(
∂S/∂N )E are, respectively, the instantaneous temperature and

chemical potential. The entropy is expected to be maximum when the number of t1u quasiparticles

is equal to its initial value of three per molecule, so that µ(t) < 0 for any N (t) < N (0). Through

Eq. (5) we thus reach the conclusion that the quasiparticle entropy can indeed decrease, and so the

effective temperature, especially for frequencies ω ≤ Eexc when exciton creation requires absorption

of thermal quasiparticle-quasihole triplet pairs. To simplify the calculation of Teff = T (t ' 300 fs)

at the end of the laser pulse, besides assuming Aexc(ε) ∼ δ(ε − Eexc), we also neglect the contri-

bution from the change in quasiparticle density, i.e. we take µ(t) = 0 in (5), which implies that

the entropy may decrease only below resonance. Furthermore we assume for χ′′(ε) the expression

of non-interacting quasiparticles at half-filling and temperature T (t) with a reduced bandwidth of

100 meV, and model the evolution of their distribution function by a Boltzmann type of equation

(see Supplementary Notes). In Fig.4 we show Teff thus obtained for equilibrium sample tempera-

tures T = 25, 50, 100, 150, 200, 300 K. The result of this modelling, crude but we believe inevitable,

is that the effective temperature Teff can indeed be substantially lower than the equilibrium value

– thermal triplet quasiparticle-quasihole pairs being absorbed so that IR pumping can reach the

exciton energy.
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Conclusions – The apparently tenfold critical temperature enhancement discovered by IR pump-

ing in K3C60 [11] is explained by a novel mechanism. First, noting that the effect broadly overlaps

in frequency with the unexplained equilibrium mid-infrared absorption peak observed in all A3C60

fullerides, that peak is argued, on the basis of single-molecule calculations, to correspond to the

creation of a triplet exciton, Frank-Condon broadened and downshifted from its high LUMO–

LUMO+1 energy by large intra-molecular interactions. Spin conservation requires this process to

be accompanied by absorption/emission of a paramagnon.

Second, we propose that the transient Tc enhancement occurs because, in the process of promot-

ing quasiparticles into these long-lived triplet excitons, the laser pulse effectively cools down the

quasiparticles system. This also explains why the experiment at 300 K [11] still shows a transient

increase of reflectivity, even though the optical data cannot be fit by a model for a superconducting

state.

Differently from other laser cooling techniques [42], this mechanism relies on the triplet excitons

generated by the laser pulse, which effectively act as charge and spin reservoir soaking up entropy

from quasiparticles [43].

While compatible with existing data, various aspects and implications of the present theory can be

tested against further experiments. For one, the exciton and its spin-triplet nature could be tackled

by magnetic fields and other spectroscopic tools, including e.g., detection of phosphorescence in

pumped Cs3C60.

The possible existence and detection at ambient pressure of the same broad IR absorption peak

near 50 meV in the Mott insulating A15-Cs3C60 at ambient pressure would provide support to

our proposal of a light-induced intra-molecular exciton 4Ag without charge transfer among nearby

molecules as opposed to the alternative 4Au, a term which besides spin is also parity forbidden

and thus much weaker as it requires additional inter-molecular excitations. It may be noted, on

the other hand, that the lack of inversion symmetry in merohedrally disordered fcc fullerides might

partly allow the parity forbidden dipole transitions [21, 23], mixing in case the spin-quartet 4Au

state with the 4Ag. Our theory of pumping-induced cooling is sufficiently general and would apply

to that case too.

Also important would be a re-examination of NMR data, where signatures of a 75 meV spin-gap

in Rb3C60 [44] have been so far attributed to thermal population of the 4Au state, for the possible

presence of another, possibly even lower energy 4Ag spin-quartet state.

Finally, the role of the triplet exciton in the IR-pumping enhancement of Tc could be addressed in a

variety of ways and of materials. The strongest candidate remains pressurised Cs3C60, which met-
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allizes and superconducts above 5 kbar, and where the full range of parameters becomes available

as a function of pressure. The ideal maximum equilibrium Tc=38 K of fullerides being achieved

near 7 kbar[9], it would be exciting to explore whether the transient Tc might conceivably even be

raised closer to room temperature.
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Supplementary Notes

In these Supplementary Notes we present in detail the calculations whose results are discussed
in the main text, as well as other related ones.

S1 LUMO and LUMO+1

The electrons hopping between the sixty carbon atoms of each buckminsterfullerene can be also
regarded as moving on a sphere and subject to an icosahedral crystal field. Their wavefunctions
are therefore product of a radial one times a combination of spherical harmonics[1]. In particular,
upon defining the real spherical harmonics for m > 0,

Y c
lm =

1√
2

(
Ylm + (−1)m Yl−m

)
,

Y s
lm = − i√

2

(
Ylm − (−1)m Yl−m

)
,

(S1.1)

then the angular part of the t1u LUMO is

ψz
(
t1u
)

= −
√

36

50
Y50 −

√
14

50
Y c

55 ,
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(
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=
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3
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Y c
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√

7

10
Y c

54 ,

ψy
(
t1u
)

=

√
3

10
Y s

51 +

√
7

10
Y s

54 ,

(S1.2)

while that of the t1g LUMO+1 reads

ψz
(
t1g
)

= −Y s
65 ,

ψx
(
t1g
)

=

√
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50
Y s

61 +

√
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Y s
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√
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11

50
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√

6

50
Y c
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(S1.3)

These sets of orbitals can be regarded for all purposes as p-orbitals. We can also rotate the basis
into that of eigenstates of the z-component of the l = 1 angular momentum,

ψ0 = ψz ,

ψ+1 =
1√
2

(
ψx + iψy

)
,

ψ−1 = − 1√
2

(
ψx − iψy

)
.

(S1.4)
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In what follows we shall use either equivalent representations. Through equations (S1.2) and
(S1.3) one can easily calculate the angular components of the quadrupole moment Qu and Qg
of the LUMO and LUMO+1, respectively. They have opposite sign and, specifically,

Qg
Qu
' −2.6. (S1.5)

This suggests that the vibronic coupling constants between the Hg modes and the t1g electrons
have also opposite sign with respect to those of the t1u electrons, and are presumably bigger in
absolute value.

S2 Interaction parameters

The multipole expansion of the Coulomb interaction

V (r, r′) =
∑

lm

vl(r, r
′) (−1)m Ylm

(
θr, φr

)
Yl−m

(
θr′ , φr′

)
,

projected onto the t1u–t1g manifold contains, besides the l = 0 monopole, i.e. the Slater integral
F0 that is simply the Hubbard U , an exchange Hexchange, which includes all l > 0 terms and,
implicitly assuming normal ordering, can be generally written as

Hexchange =
g1

2

[
4

3

∑

a

nu a nu a −
2

3

∑

a6=b
nu a nu b +

∑

a>b

∆u ab ∆u ab

]

+
g2

2

[
4

3
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ng a ng a −
2

3

∑
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ng a ng b +

∑
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∆u ab ∆g ab
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g4

2
nu nu +
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ng ng + g6 nu ng

+
g7
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[(
Γab − Γba

)(
Γab − Γba

)]
,

+
g8
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∑

ab

[(
Γab + Γba

)(
Γab + Γba

)]
+

g9

2

∑

ab

Γaa Γbb

≡
9∑

i=1

Hi ,

(S2.1)

S2



II III

g1 99.4 95.2

g2 153.6 149.0

g3 -77.2 -75.0

g4 43.7 41.7

g5 34.3 33.7

g6 24.7 24.7

g7 227.9 224.7

g8 26.3 25.0

g9 -35 -33.5

II III

g′7 -724.89 -710.44

g′8 438.17 432.83

g′9 -368.17 -365.83

Table S2.1: Interaction parameters in meV extracted from models II and III of Ref. [2].

where nu a and ng a are the occupation numbers of orbital a = x, y, z of the t1u LUMO and t1g
LUMO+1, respectively, nu(g) =

∑
a nu(g) a, while

∆u ab =
∑

σ

(
c†u aσ cu bσ +H.c.

)
,

∆g ab =
∑

σ

(
c†g aσ cg bσ +H.c.

)
,

Γab =
∑

σ

(
c†u aσ cg bσ +H.c.

)
,

with c†u(g) aσ and cu(g) aσ the operators that create and annihilate, respectively, an electron with
spin σ and orbital index a in the t1u(g). We mention that g1, g2 and g3 are the coupling
constants of the t1u-t1u, t1g-t1g and t1u-t1g quadrupole-quadrupole interactions; while g7 the
coupling constant of the dipole-dipole interaction. In Table S2.1 we list the values of the gi’s
extracted by models II and III of Ref. [2].

We note that the Coulomb exchange (S2.1) includes a pair-hopping from t1u to t1g and
viceversa. Since the single particle energy of LUMO+1 lies ∆ε & 1.2 eV above that of LUMO,
we can safely neglect pair-hopping in the calculation of molecular terms. In this approximation
and since the t1u and t1g orbitals behave as p-orbitals, we can exploit O(3) symmetry. Therefore
each state within the

(
t1u
)n

subspace can be labelled by a total angular momentum Lu and its
z-component Λu, as well as by the total spin Su and its z-component Σu. Seemingly a state
within the

(
t1g
)m

subspace can be labelled by Lg, Λg, Sg and Σg. It follows that a state in the

S3



(
t1u
)n ⊗

(
t1g
)m

manifold can be labelled by total L, Λ, S and Σ and defined as

| L,Λ, S,Σ;
(
n,Lu, Su

)
,
(
m,Lg, Sg

)〉
=

∑

Λu,Λg ,Σu,Σg

CLΛ
LgΛg ,LuΛu

CSΣ
SgΣg ,SuΣu

| m, Lg,Λg, Sg,Σg

〉
| n, Lu,Λu, Su,Σu

〉
,

(S2.2)

where Cabcd,ef are Clebsch-Gordan coefficients. The matrix elements of the exchange Hamiltonian,
which is a scalar under O(3), can be readily calculated by means of the Wigner-Eckart theorem.
In reality, it is convenient to manipulate Hexchange and make it more manageable through the
Wigner-Eckart theorem. We define the quadrupole operators

Q2m =

√
20π

3
Y2m ,

with m = −2, . . . , 2, for both t1u and t1g electrons. Using the complex representation (S1.4),
so that the orbitals are now labeled by the projection of the l = 1 angular momentum, i.e.
a = −1, . . . , 1, the m = 0 component of the quadrupole is

Qp 20 =
1√
3

(
2np 0 − np+1 − np−1

)
, (S2.3)

where p = u, g refers to t1u and t1g electrons. One can readily show that, upon transformation
into the complex representation (S1.4), the following equivalence holds

4

3

∑

a

np a np a −
2

3

∑

a6=b
np a np b +

∑

a>b

∆p ab ∆p ab −→
∑

m

(−1)mQp 2mQp 2−m

≡ Q2p ·Q†2p = 15− 4Sp

(
Sp + 1

)
− Lp

(
Lp + 1

)
− 5

3

(
np − 3

)2
,

(S2.4)

where the dot represents the scalar product between vector spherical harmonics, and the last
expression is the value on a state identified by np electrons in the t1p orbital, p = u, g, with total
angular momentum Lp and spin Sp.
Moreover the sum of operators in Eq. (S2.1) that involve the coupling constants g7, g8 and g9

can be equivalently written, once pair hopping terms are neglected, as

9∑

i=7

Hi =g′7

(
Su · Sg +

1

4
nu ng

)
+ g′8

(
Q†2g ⊗ Sg ·Q2u ⊗ Su +

1

4
Q†2g ·Q2u

)

+ g′9

(
Lg ⊗ Sg · Lu ⊗ Su +

1

4
Lu · Lg

)
,

(S2.5)
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where e.g. Lu⊗Su is the single-particle spin-orbit operator for t1u electrons that corresponds to
an orbital operator with l = 1 and a spin operator with s = 1. Seemingly Q2u ⊗ Su is a single-
particle operator with orbital momentum l = 2 and spin s = 1. The new coupling constants are
defined in terms of those in Table S2.1 through

g′7 = − 8

3
g7 −

16

3
g8 +

2

3
g9 ,

g′8 = 2g7 − 2g8 + g9 ,

g′9 = −2g7 + 2g8 + g9 ,

(S2.6)

and their values are shown in the same table.
In conclusion the exchange Hamiltonian (S2.1) without pair hopping terms among t1u and t1g
can be rewritten as

Hexchange =
g1

2

[
15− 4Su

(
Su + 1

)
− Lu

(
Lu + 1

)
− 5

3

(
nu − 3

)2
]

+
g2

2

[
15− 4Sg

(
Sg + 1

)
− Lg

(
Lg + 1

)
− 5

3

(
ng − 3

)2
]

+ g3 Q†2g ·Q2u

+
g4

2
nu nu +

g5

2
ng ng + g6 nu ng

+ g′7

(
Su · Sg +

1

4
nu ng

)
+ g′8

(
Q†2g ⊗ Sg ·Q2u ⊗ Su +

1

4
Q†2g ·Q2u

)

+ g′9

(
Lg ⊗ Sg · Lu ⊗ Su +

1

4
Lu · Lg

)
,

(S2.7)

which is easier to deal with by means of Wigner-Eckart theorem, and reproduces all molecular
terms obtained in Ref. [2].

For our purposes, we shall concentrate here only on few configurations. Within the
(
t1u
)3

subspace, we consider all twenty states, i.e. the multiplets with L = 0 and S = 3/2, L = 2 and
S = 1/2, and finally L = 1 and S = 1/2, which we denote as 4Au, 2Hu and 2T1u, respectively.

On the contrary, within the
(
t1u
)2(

t1g
)1

subspace, we shall focus only on the states with L = 2
and S = 3/2, and L = 0 and S = 3/2, which we denote as 4Hg and 4Ag, respectively. Their
energies are explicitly

E
(

4Au

)
= −5g1 + 3g4 ,

E
(

2Hu

)
= −2g1 + 3g4 ,

E
(

2T1u

)
= 3g4 ,

E
(

4Hg

)
= ∆ε− 5

3
g1 −

1

3
g3 + g4 + 2 g6 + g′7 −

1

6
g′8 +

1

2
g′9 ,

E
(

4Ag

)
= ∆ε− 5

3
g1 −

10

3
g3 + g4 + 2 g6 + g′7 −

5

3
g′8 − g′9 ,

(S2.8)
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g ω(meV) EJT = ω g2/2 (meV) 3EJT/2 (meV)

(1) 1.14 100.15 64.83 97.25

(2) 1.12 99.89 62.38 93.56

(3) 1.01 96.61 57.62 86.43

(4) 1.43 76.61 78.25 117.37

(5) 1.41 82.84 82.00 123.00

Table S3.1: Dimensionless vibronic coupling g, phonon frequency ω and Jahn-Teller energy gain
EJT = ω g2/2 obtained in Ref. [4] by fitting two sets of photoemission spectra of C−60. The labels
are the same as in Table I. of [4]. (1), (2) and (3) refer to three equally good fits of the same
experimental data, while (4) and (5) to fits of another set of data.

where ∆ε is the single-particle energy difference between t1g and t1u electrons.

S3 Jahn-Teller effect

The quadrupole moment of the t1u and the t1g electrons are coupled to the eight fivefold degen-
erate Hg vibrations, which actually correspond to quadrupolar distortions of the molecule. In
the single-mode approximation [3] and using the same conventions, we have to add the following
operator to the Hamiltonian

HJT =

√
3

4
g ω

1∑

m=−1

(−1)m q−m
(
Qu 2m − λQg 2m

)
+

ω

2

(
q · q† + p · p†

)
, (S3.1)

where, as mentioned previously, λ ≥ 1. There are different estimates of g and ω. In Table S3.1
we list the results of Ref. [4] obtained by fitting photoemission spectra of C−60.

S3.1 Anti-adiabatic regime

The simplest approximation of the Jahn-Teller Hamiltonian (S3.1) is to integrate out the vi-
brations and neglect the frequency dependence of the vibron-mediated interaction. This corre-
sponds to the so-called anti-adiabatic approximation [5], and amounts to an additional exchange
interaction

δHexchange = − 3

4
EJT

(
Q†u 2 − λQ†g 2

)
·
(
Qu 2 − λQg 2

)
, (S3.2)

which, unlike Eq. (S2.7), must not be normal ordered, so that

δHexchange = : δHexchange : − 5

2
EJT

(
nu + λ2 ng

)
, (S3.3)
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where : (. . . ) : denotes normal ordering. This implies that the coupling constants g1, g2 and g3

changes according to

g1 → g1∗ = g1 −
3

2
EJT ,

g2 → g2∗ = g2 −
3

2
λ2EJT ,

g3 → g3∗ = g3 +
3

2
λEJT .

(S3.4)

Through Eqs. (S2.8) and (S3.3), we can actually define three different spin gaps, ∆(1), ∆(2), and
∆(3),

∆(1) = E
(

4Au

)
− E

(
2T1u

)
= −5 g1∗ = 5

( 3

2
EJT − g1

)
' −476 +

15

2
EJT , (S3.5)

∆(2) = E
(

4Ag

)
− E

(
2T1u

)
' ∆ε− 1011− 5

2
EJT

(
2λ+ λ2 − 2

)
, (S3.6)

∆(3) = E
(

4Hg

)
− E

(
2T1u

)
' ∆ε− 1135− 1

2
EJT

(
λ+ 5λ2 − 10

)
, (S3.7)

where energies are in meV and we use the interaction model III of Table S2.1.

In solution the molecular ground state of C3−
60 seems to be a spin doublet [6, 7, 8], with

a very small excitation energy to another magnetic state [6], which was ascribed to the 2T1u

splitting into 2Eu and 2Au in a non-icosahedral environment, or, alternatively, to an excitation
between the spin-doublet 2T1u ground state and a spin-quartet with A symmetry [9]. C2−

60 in
solution has instead a non-magnetic ground state with a sizeable spin gap of 75 meV. There are
also evidences of a lower magnetic state lying only a wavenumber above the ground state [8],
which might correspond to a genuine C2−

60 spin excitation or, more likely, to the contribution of
C120O2− and C120O4− impurities [7].
In the solid state, NMR spectra in metallic A3C60 and non-magnetic insulating A2C60 reveal the
existence of a spin gap of magnitude 75−100 meV [10, 11]. We must however mention that there
are discrepancies between the magnetic susceptibility of A3C60 (A=K,Rb) measured, e.g., by
ESR and by SQUID, see [12] and references therein. While the former is an increasing function
of temperature, the latter decreases with increasing T . This behaviour has been explained
assuming the presence of magnetic impurities [12], though it could well indicate the existence of
intrinsic low-lying spin excitations.
Electronic structure calculations of isolated molecular anions Cn−

60 [9] find almost vanishing
spin gaps between distorted 1Ag and 3T1g states for n = 2, and between undistorted 4Au and
distorted 2T1u for n = 3. However, if one adds for n = 3 the zero-point energy of the molecular
vibrations [13], the energy balance changes appreciably in favour of the distorted spin-doublet,
leading to a ∆(1) = 75 meV, see Eq. (S3.5), much in agreement with the experimental value in
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the solid state. This calculation seems therefore to support the original interpretation of EPR
spectra of C3−

60 in solution given by the authors of Ref. [6], who associated the observed low-lying
excitation to the 2T1g splitting in a non-icosahedral environment. There are so far no calculations
of the vibrational zero-point energy contribution in C2−

60 . However, since both 1Ag and 3T1g allow
for unimodal Jahn-Teller distortion, we expect they will have similar zero-point energy gains
and thus remain almost degenerate. Therefore, while electronic structure calculations of isolated
molecular anions, including the zero-point energy of the molecular vibrations, seem to reproduce
the physics of C3−

60 both in solution and in the solid state, they might fail in the case of C2−
60 ,

where instead the evidence of a low-spin ground state well separated from high-spin excited
states is more undeniable, especially in alkali fullerides.
The conventional explanation of this failure invokes the screening of Coulomb exchange by
nearby polarisable molecules, which is absent in single molecule calculations. This argument
is in our opinion not fully satisfying. First, we mentioned that single molecule calculations
for C3−

60 , including the zero-point energy for vibrations, do predict a spin-doublet ground state
with a gap to the spin-quartet state of similar magnitude to that observed in A3C60. Second,
we do not understand why the quadrupole-quadrupole electron-electron interaction should be
screened, whereas the interaction between the electron and molecular quadrupoles, of similar
origin, should not. We instead tend to believe that electronic structure calculation may rather
fail because of correlation effects not well captured by independent particle schemes.
In this perspective, we cannot exclude that the low lying spin excitations observed in C3−

60 in
solutions [6], and by SQUID measurements in K3C60 and Rb3C60, might actually correspond to
a genuine molecular excitation between the spin-doublet ground state and a spin-quartet one,
different from the 4Au and elusive to electronic structure calculations because of correlations.
We shall argue that such a state does exist and must be associated to the lowest among ∆(2)

and ∆(3), i.e. to an excitation between a
(
t1u
)3

spin-doublet and a
(
t1u
)2(

t1g
)1

spin-quartet.

Under this assumption, ∆(1) ' 75 meV implies

EJT & 74.5 meV , (S3.8)

larger than the estimates (1)–(3) in Table S3.1, but lower than (4) and (5). The magni-
tudes of ∆(2) and ∆(3) critically depend on ∆ε and λ. Electronic structure calculations [9]
suggests that λ ' 1.25. Near IR absorption spectra of C−60 [14, 15] show a main peak at
∆ε∗ = 1150 − 1163 meV, which is the bare t1u → t1g excitation energy ∆ε reduced by a Jahn-
Teller contribution. In the antiadiabatic limit we are using here,

∆ε∗ = ∆ε− 5

2
EJT

(
λ2 − 1

)
, (S3.9)

which, through Eq. (S3.8), would imply ∆ε = 1253−1266 meV but negative spin gap ∆(2). This
result contradicts the experimental evidence and might be due to the antiadiabatic approxima-
tion that overestimates the Jahn-Teller effect, which is stronger in 4Ag than in 2T1u. Since the
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antiadiabatic approximation has nonetheless the advantage of being very simple and to depend
only on the overall Jahn-Teller energy EJT and not on the precise values of the vibrational
coupling constants to each of the eight Hg modes, we shall keep using such an approximation
and cure its deficiency by a 14% screening reduction of the Coulomb exchange that leads to the
following estimates

EJT ' 64.6 meV ,

∆ε ' 1241− 1254 meV ,

∆(1) ' 75 meV ,

∆(2) ' 38− 51 meV ,

∆(3) ' 295− 308 meV .

(S3.10)

S3.2 Variational calculation

In order to assess the accuracy of the antiadiabatic limit, in this section we shall attach the
Jahn-Teller problem by a variational approach introduced by Wehrli and Sigrist [16], which we
first briefly sketch.
One starts from the wavefunction of a product state,

| Ψ(q)
〉

=| q〉v ⊗ | ψ(q)〉e , (S3.11)

where | q〉v is a coherent state of the Hg modes with average displacement q, see Eq. (S3.1),
which serves as a variational parameter, while | ψ(q)〉e is the (Born-Oppenheimer) electronic
ground state at fixed q. Since the Hamiltonian has SO(3) symmetry, its expectation value over
a wavefunction like (S3.11) is also invariant under rotation of q. In other words, under the
transformation

q =




q+2

q+1

q0

q−1

q−2



→ Û(Θ) q | Ψ(q)

〉
→| Ψ

(
Û(Θ) q

) 〉
, (S3.12)

where Û(Θ) is the SO(3) rotation by Euler angle Θ, in this specific case the Wigner-D matrix
with angular momentum L = 2, the expectation value of the Hamiltonian is independent of Θ.
We can enforce SO(3) symmetry by parametrising the displacement q through a magnitude q
and shape-angle α, as

q =
q√
2




sinα
0√

2 cosα
0

sinα



,
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and defining a variational wavefunction

| ΨL
MK(q, α)

〉
= QLMK | Ψ (q)

〉
, (S3.13)

through the projection operator

QLMK =
2L+ 1

8π2

∫
dΘDL

MK (Θ) Û (Θ)

where the integration is over the Euler angles,

∫
dΘ =

2π∫

0

dφ

2π∫

0

dγ

π∫

0

sin θ dθ ,

DL
MK (Θ) are the real Wigner-D functions and Û (Θ) is the rotation operator. The variational

wavefunction thus depends on two variational parameters, q and α, as well as on the quantum
numbers L, the total angular momentum, its z-component M , and an additional integer K that
is non-zero only in the case of bimodal distortions sinα 6= 0 6= cosα.
In the case of C−60 with an electron in the t1u orbital, α = 0, i.e. the distortion is unimodal, and
the variational energy is obtained by minimising with respect to q the functional

E
[
(t1u)1

]
(g, q) =

(
q2

2
h (q)− gq

)
ω

where

h (q) =

1∫

−1

t2
(

3

2
t2 − 1

2

)
e−

3
4
q2(1−t2)dt

1∫

−1

t2e−
3
4
q2(1−t2)dt

.

Seemingly, the energies of C3−
60 in the S = 1/2

(
t1u
)3

subspace, with bimodal distortion and

thus K 6= 0, or in the S = 3/2
(
t1u
)2(

t1u
)1

subspace with unimodal distortion, are obtained by
minimising with respect to q the functionals

E
[
(t1u)3

]
(g, q)

ω
= LowerEigenvalue




q2

2
GTL,K
NT
L,K

+
r E

(
2T1u

)
ω

√
3

2 gq
NT
L,K +NH

L,K√
NT
L,KN

H
L,K√

3
2 gq

NT
L,K +NH

L,K√
NT
L,KN

H
L,K

q2

2
GH

L,K

NH
L,K

+
r E

(
2Hu

)
ω



,
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and

E
[
(t1u)2 (t1g)

1
]

(g, q)

ω
= ∆ε

+ LowerEigenvalue




q2

2
F 1
L

F 0
L

+
r E

(
4Ag

)
ω

λgq√
2

(√
F 1
L

F 0
L

+

√
F 0
L

F 1
L

)

λgq√
2

(√
F 1
L

F 0
L

+

√
F 0
L

F 1
L

)
q2

2
F 2
L

F 1
L

− λgq +
r E

(
4Hg

)
ω



,

where

NT
L,K (q) =

2L+ 1

8π2

∫
dΘDL

KK(Θ)D1
00(Θ) e−

q2

2

(
1−D2

22(Θ)
)
,

NH
L,K0 (q) =

2L+ 1

8π2

∫
dΘDL

KK(Θ)D2
−2−2(Θ) e−

q2

2

(
1−D2

22(Θ)
)
,

GTL,K (q) =
2L+ 1

8π2

∫
dΘDL

KK(Θ)D1
00(Θ)D2

22(Θ) e−
q2

2

(
1−D2

22(Θ)
)
,

GHL,K (q) =
2L+ 1

8π2

∫
dΘDL

KK(Θ)D2
−2−2(Θ)D2

22(Θ) e−
q2

2

(
1−D2

22(Θ)
)
,

FnL (q) =
2L+ 1

2

1∫

−1

dt PL (t)
(
P2 (t)

)n
e−

3
2
q2
(

1−t2
)
, (S3.14)

involve real Wigner-D functions and Legendre Polynomials. The lower energies are obtained for
(L,K) = (1, 0) , (2,−2), and for L = 0, 2 in the (t1u)3 and (t1u)2 (t1g)

1 cases, respectively.
We have optimised the wavefunctions for two vibrational frequencies in the single-mode ap-
proximation, rows (1) and (4) in Table S3.1. The value of ∆ε is obtained as before through the
main near-IR absorption peak ∆ε∗ = 1150−1163 meV subtracting the Jahn-Teller contribution.
In the variational scheme the latter can be approximately obtained through the product state
(S3.11) assuming a vertical Franck-Condon transition, which provides a somehow lower estimate
∆ε ' 1080 meV. We observe that the two different vibrational frequencies lead to similar results
when plotted as function of the Jahn-Teller energy. Moreover, consistently with the Jahn-Teller
effect being overestimated within the anti-adiabatic approximation, in this variational approach
we get sensible results only assuming a larger screening reduction, r = 0.78 of the bottom panels,
and larger Jahn-Teller energy EJT ∼ 90 meV. Such a value is above the estimates extracted
from most recent photoemission data, (1)–(3) in Table S3.1, but close to those usually adopted
in the literature, see e.g. [16]. Moreover, as suggested in Refs. [17, 18], quadratic couplings
among the electrons and Hg modes, allowed since Hg ×Hg includes still Hg and not accounted
for in the fit, might be not negligible. In view of the uncertainty in the values of the vibrational
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coupling constants and in the accuracy of the single-mode approximation, in the main text we
have preferred to emphasise more the results obtained in the antiadiabatic approximation, which
depend on a single vibrational parameter EJT.

Figure S3.1: Variational energies for the (t1u)3 and the (t1u)2 (t1g)
1 configurations. Left panels

are obtained with ω = 100.13 meV meV while right panels with ω = 76.61 meV. Top panels
corresponds to r = 1, central panels to r = 0.86, and finally bottom panels to r = 0.78. The
zero of energy is fixed at the energy of the 4Au state, while the horizontal line at E = −75 meV
is supposedly the energy of the 2T1u, which corresponds to (L,K) = (1, 0). Seemingly, the state
2Hu corresponds to (L,K) = (2,−2), while L = 0 and L = 2 correspond to the states 4Ag and
4Hg, respectively.
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E(meV)

EJT(meV)

2T1g

4Au

2Hu

4Ag

4Hg

2T1u

Figure S3.2: Molecular terms calculated in the antiadiabatic approximation, to be compared
with Fig. 2(a) of the manuscript. The parameters are the same as in that figure, but replacing
Eq. (S3.4) with (S3.15) with λ2 = 0.1 and λ1 = 1.7. The dark blue line is a 2T1g state pushed
by the new parameters that we use close to the 2T1u ground state.

We conclude with some comments concerning the results of the present and the previous
sections. Originally we were hoping that, in the presence of Jahn-Teller, the lowest energy state
within the

(
t1u
)2(

t1g
)1

subspace should have been one within the manifold of symmetry 2T1g,
which includes a very low-lying state already in the absence of JT. Evidently that circumstance
would have been very pleasant since the 2T1u →2 T1g transition is parity and spin allowed.

We mention that the 2T1g manifold comprises three states: a state (1) obtained by the
(
t1u
)2

1Ag plus one electron in the t1g; a state (2) obtained by the
(
t1u
)2 1Hg coupled to one electron

in the t1g into a 2T1g-symmetry state; and finally a state (3) obtained by the
(
t1u
)2 3T1g coupled

to one electron in the t1g still into a 2T1g-symmetry state. We note that the 1Ag state within

the
(
t1u
)2

subspace is the one gaining the largest Jahn-Teller energy. Therefore our expectation

was that 1Ag ⊕
(
t1g
)2 →2 T1g(1) should have been the winner among the three. However, the

Coulomb exchange splitting couples among each other all the three 2T1g states, more strongly
the state (2) with (3). As the result, the lowest 2T1g state in the absence of JT is a mixture
with almost similar weights of (2) and (3) and none of (1). The next, 1 eV above, is mostly
contributed by (1), and lastly the highest, 2 eV above, is again a mixture mainly of (2) and (3).
The Jahn-Teller effect, though sizeable, is not strong enough to push (1) down enough and
below the spin-quartet 4Ag. However there might still be a chance for that to happen under
particular circumstances that would need further investigation. It has been suggested [17] that
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the t1g electrons may couple preferentially of Hg modes that are instead the less coupled to t1u
electrons. If this were confirmed, one should better work in a two-mode approximation, rather
than a single-mode. Alternatively, within the anti-adiabatic approximation, the equation (S3.4)
should be replaced by

g1 → g1∗ = g1 −
3

2
EJT ,

g2 → g2∗ = g2 −
3

2
λ2

1EJT ,

g3 → g3∗ = g3 +
3

2
λ2EJT .

(S3.15)

with 0 < λ2 � λ1. With properly massaged values of λ2 = 0.1 and λ1 = 1.7 we obtain the
molecular terms of Fig. S3.2, to be compared with Fig. 2(a) of the manuscript. Indeed with such
values we are able to push 2T1g below 4Ag and close to the 2T1u ground state. As we mentioned,
this scenario could explain much more simply the origin of the mid infrared peak. However the
cooling mechanism that we propose, see the following section, would not work anymore. One
could consider a different scheme taking into account the radiative decay of such an exciton,
which would be much faster than that of 4Ag, and the fact that also the 2T1g is entropy-rich. We
tend however to believe more in the physical parameters used in the manuscript, mainly because
this new scenario requires λ2 . 0.1, which implies that the set of Hg modes that couple to t1u
has almost no overlap to that coupling to t1g. Nonetheless we think this alternative possibility
worth to be further investigated by more ab-initio techniques.

S4 Boltzmann equation and effective temperature

In this section we give some details on the Boltzmann equation that we use to describe the time
evolution of the quasiparticle distribution under the effect of the laser pulse. First we make
explicit all approximations. We mentioned that the energy supplied by the laser pulse is partly
used to create the exciton by absorbing/emitting spin-triplet quasiparticle-quasihole excitations,
and partly to emit Hg vibrations because of the Franck-Condon effect. We shall neglect the
latter and thus assume a δ-like spectrum of the exciton Aexc(ε) = δ

(
ε− Eexc

)
. Within such an

approximation, the effect of the laser is therefore: (1) to create excitons and correspondingly
lower the density of quasiparticles; (2) change the distribution of spin-triplet quasiparticle-
quasihole excitations. The diminishing of quasiparticle density below half-filling already brings
about a reduction of quasiparticle entropy. We shall neglect this effect and just concentrate
on the distribution of quasiparticle-quasihole excitations, which implies underestimating the
entropy reduction. Finally, we shall not take into account the radiative decay of an exciton back
into a photon with simultaneous emission/absorption of a spin-triplet quasiparticle-quasihole
excitation, as well as non-radiative decay processes.
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The equations that control the rate of creation of triplet excitons per molecule, NSz with Sz =
−1, 0, 1, are

Ṅ+1(t) = γ
(

1−Nexc(t)
) 3∑

a=1

∫
dε ρ(ε) ρ(ε+ ∆ω)na↑(ε, t) n̄a↓

(
ε+ ∆ω, t

))
,

Ṅ−1(t) = γ
(

1−Nexc(t)
) 3∑

a=1

∫
dε ρ(ε) ρ(ε+ ∆ω)na↓(ε, t) n̄a↑

(
ε+ ∆ω, t

))
,

Ṅ0(t) =
γ

2

(
1−Nexc(t)

) 3∑

a=1

∑

σ

∫
dε ρ(ε) ρ(ε+ ∆ω)naσ(ε, t) n̄aσ

(
ε+ ∆ω, t

))
,

(S4.1)

where naσ(ε, t) is the distribution of quasiparticles with orbital index a and spin σ, n̄aσ(ε, t) =
1 − naσ(ε, t), ∆ω = ω − Eexc, with ω the laser frequency, and ρ(ε) the quasiparticle DOS. The

factor
(

1 − Nexc(t)
)

, where Nexc(t) = N+1(t) + N0(t) + N−1(t), stems from the fact that only

one exciton per molecule can be created. The coupling constant γ depends on the strength of
the absorption process as well as on the properties of the light beam, and can be parametrised
as

γ = αN (ω) ~ω , (S4.2)

where N (ω) is the density of photons per molecule and α a parameter of dimension
[
time−1

]

that depends only on the system properties. Correspondingly, the equation of motion of the
quasiparticle distribution is

ṅa↑(ε, t) =
γ

2

(
1−Nexc(t)

)[
− 2na↑(ε, t) n̄a↓

(
ε+ ∆ω, t

)
− na↑(ε, t) n̄a↑

(
ε+ ∆ω, t

)

+ 2 n̄a↑(ε, t)na↓
(
ε−∆ω, t

)
+ n̄a↑(ε, t)na↑

(
ε−∆ω, t

)]
+ Ia↑(ε, t) ,

ṅa↓(ε, t) =
γ

2

(
1−Nexc(t)

)[
− 2na↓(ε, t) n̄a↑

(
ε+ ∆ω, t

)
− na↓(ε, t) n̄a↓

(
ε+ ∆ω, t

)

+ 2 n̄a↓(ε, t)na↑
(
ε−∆ω, t

)
+ n̄a↓(ε, t)na↓

(
ε−∆ω, t

)]
+ Ia↓(ε, t) ,

(S4.3)

where Iaσ(ε, t) is the collision integral due to the residual interaction among quasiparticles. By
writing Eq. (S4.1) and Eq. (S4.3) we have assumed that the spin-triplet quasiparticle-quasihole
spectrum is that of weakly interacting quasiparticles. In other words, the paramagnon enhance-
ment is taken into account only in the strength of the parameter α and not in the spectral
redistribution of the joint quasiparticle-quasihole density of states.
Since the collision integrals conserve the quasiparticle energy per molecule, E(t), one can readily
verify that the rate of its change is simply

Ė(t) =
∑

aσ

∫
dε ε ρ(ε) ṅaσ(ε, t) =

(
ω − Eexc

)
Ṅ(t) . (S4.4)
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On the contrary, the number of quasiparticles per molecule N (t) is assumed to be constant,
even though, in reality, Ṅ (t) = −Ṅexc(t). Eq. (S4.4) implies that below resonance, i.e. for
ω < Eexc, the energy of quasiparticles diminishes, while above it increases. We emphasise that
this result is due to our approximation Aexc(ε) = δ

(
ε−Eexc

)
and to neglecting the reduction in

quasiparticle number.
We solve the Boltzmann equations (S4.1) and (S4.3) assuming that the collision integral is so
strong that local equilibrium is established at any instant of time during the pulse duration. We
can therefore define an instantaneous value of the temperature T (t). If we assume, besides the
conservation of quasiparticle number, also particle-hole symmetry, then the chemical potential
remains zero during the evolution. Under these assumptions it follows that

nσ(ε, t) = f
(
ε, T (t)

)
≡
(

1 + exp
ε

T (t)

)−1

, (S4.5)

namely the distribution at time t is the Fermi-Dirac one at temperature T (t). Therefore, through
equations (S4.1) and (S4.4), we have to solve

Ė(t) = 6
Ṫ (t)

T (t)2

∫
dε ε2 ρ(ε) f

(
ε, T (t)

)[
1− f

(
ε, T (t)

)]

= 9γ∆ω

∫
dε ρ(ε) ρ(ε+ ∆ω) f

(
ε, T (t)

)[
1− f

(
ε+ ∆ω, T (t)

)]
,

(S4.6)

which is a first order integro-differential equation for the instantaneous temperature T (t) with
initial condition T (0) = T , where T is the equilibrium value of the temperature before the
pulse. This equation can be integrated numerically. In particular we used a Runge-Kutta based
algorithm, and a semicircular ρ(ε) with half-bandwidth of 50 meV. The effective temperature
at the end of the pulse with duration 300 fs is therefore Teff = T

(
t = 300 fs

)
.

In order to make contact with optical conductivity, we calculate in linear response the energy
absorbed by the quasiparticle plus the exciton at frequency ω per unit time, in seconds, and per
molecule, which, through (S4.1) and (S4.4) and relaxing the assumption Aexc(ε) = δ

(
ε− Eexc

)
,

reads

W(ω) = ~ω Ṅ(t) ' 9 γ ~ω
∫
dεexcAexc

(
εexc

) ∫
dε ρ(ε) ρ(ε+ ω − εexc) f(ε, T ) f̄

(
ε+ ω − εexc, T

)

≡ 9α ~2 ω2N (ω) J(ω, T ) ,

(S4.7)

where f̄(ε, T ) = 1 − f(ε, T ). The density of the electromagnetic field at frequency ω and per
molecule is

EEMF(ω) = ~ωN (ω) ,
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so that, since in the units of Ref. [19]

1 Ω cm = 0.423 ps → ~
Ω cm

= 1.56 meV ,

the absorption rate in unit energy is

~
τ(ω)

' 1.56 meVσ1(ω)
[
Ω−1 cm−1

]
=

~W(ω)

EEMF(ω)
= 9 ~α ~ω J(ω, T ) . (S4.8)

Figure S4.1: Calculated contribution of the excitonic absorption to optical conductivity at T =
25 K assuming semicircular ρ(ε) and Aexc(ε), the former with half-bandwidth 50 meV, left panel,
and 40 meV, right panel, and the latter with a tenth of it. The exciton is centred at 50 meV,
left panel, and 20 meV, right panel.

In the left panel of Fig. S4.1 we plot the excitonic contribution to optical conductivity cal-
culated at T = 25 K assuming semicircular ρ(ε) and Aexc(ε), the former with half-bandwidth
D = 50 meV and the latter with a tenth of it and centred at Eexc = 50 meV. The fitting
parameter is such as to give a peak of 300

[
Ω−1 cm−1

]
, which we find corresponds to ~α = 2.2D.

In comparison with the experimental data, the curve is shifted to higher frequency. A better fit
could be obtained with smaller values of Eexc = 20 meV and D = 40 meV, right panel of the
figure. We repute those values a bit unphysical and believe that the higher peak frequency as
compared with experiment is rather due to our approximation of the dynamical spin suscepti-
bility with that of weakly interacting quasiparticles.
The experiment of Ref. [19] is performed at fixed fluence, which implies at fixed value of
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EEMF(ω) = ~ωN (ω). A fluence of 1 mJ cm−2 with a penetration depth of 220 nm [19] would cor-
respond to an energy of the electromagnetic field per molecule of around EEMF(ω) = 207 meV.
Given the crudeness of our modelling and the neglect of other absorption processes, in the calcu-
lation we took a smaller EEMF(ω) = 100 meV, which provides results closer to the experiment.

References
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