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Fig. 1. Structure and equilibrium optical properties of K3C60. (A) Face 
centered cubic (fcc) unit cell of K3C60xxxviii. Blue bonds link the C atoms on each 
C60 molecule. K atoms are represented as red spheres. (B) C60 molecular 
distortion (red) along the T1u(4) vibrational mode coordinates. Equilibrium 
structure is displayed in blue. The displacement shown here corresponds to 
~12% of the C-C bond length. (C-E) Equilibrium reflectivity and complex optical 
conductivity of K3C60 measured at T = 25 K (red) and T = 10 K (blue).  
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is reduced compared with that of the cases shown in Figs. 1 and 2, 
which were measured at 500 Hz.

The transient optical spectra measured in these conditions showed 
the same superconducting-like features as reported in Figs. 1d  
and 2b for all pump-pulse durations up to 1 ns after excitation. Note 
that the 10.6 µm wavelength radiated by the CO2 laser is differ-
ent from the 7.3 µm wavelength used in the experiments of Figs. 1  
and 2. However, excitation with femtosecond optical pulses at this 
wavelength had previously been shown to induce the same transient 
optical signatures generated with 7.3 µm wavelength excitation, 
although with a lower efficiency6.

The time evolution of the terahertz optical properties is shown 
in Fig. 3c. The top panel shows the average reflectivity R(ω) in the 
region where σ1(ω) exhibited a gap (2–10 meV). The lower panel 
shows the average value of the corresponding real part of the opti-
cal conductivity σ1(ω), which reached zero after optical excitation, 
reflecting full gapping. Both quantities remained unchanged after 
excitation for all time delays measured up to 1 ns. Extended mea-
surements indicate a lifetime of the light-induced superconducting 
state of τd ≈ 10 ns (Supplementary Section 11).

From the optical spectra, we also extracted an estimate of 
the ‘zero-frequency resistivity’ ρ0 ¼ 1= limω!0 σ1 ωð Þ

I
, which is 

based on a Drude–Lorentz fit to the transient optical properties 
(Supplementary Section 6). This fitting procedure yielded a vanish-
ingly small ρ0(t) for all time delays after excitation (Fig. 4a).

Estimates of ρ0 from optical measurements were comple-
mented with direct electrical measurements. The K3C60 pellets 
were incorporated into lithographically patterned microstrip 
transmission lines. Their resistance was tracked at different 
times after excitation by transmitting a 1 ns voltage probe pulse 
that yielded time-resolved two-terminal resistance measure-
ments (Supplementary Sections 7 and 8). The contributions due 
to contact resistance were normalized by performing equilib-
rium four-terminal measurements that were subtracted from the 
time-resolved resistance measurements (Supplementary Section 8).  

Figure 4b shows the time evolution of the two-terminal resistance 
of a K3C60 pellet measured at T = 100 K upon photoexcitation in 
similar conditions to those of the optical experiments reported 
in Fig. 3. As seen in the resistivity extrapolated from the optical 
measurements (compare to Fig. 4a), upon excitation the resistance 
drops to a value that is compatible with zero and recovers on the 
same timescale of tens of nanoseconds that was extracted from the 
fitted results of Fig. 4a (Supplementary Section 11).

The electrical probe experiments were repeated by varying the 
excitation pulse duration and fluence. Figure 5a shows exemplary 
pump-pulse duration dependencies of the measured sample pho-
toresistivity for excitation fluences of 1.5 mJ cm−2, 10 mJ cm−2 and 
25 mJ cm−2. The photoresistivity was mostly independent of the 
pump-pulse duration and depended only on the total energy of 
the excitation pulse. This is also underscored by the data shown in  
Fig. 5b, which illustrates the dependence of the sample resistance 
on the excitation fluence at a constant pulse duration. A long-lived 
state featuring zero resistance was observed for all excitation  
fluences in excess of 20 mJ cm−2.

These data provide evidence for a metastable state of K3C60 with a 
very large positive photoconductivity. The observation of such a large 
and positive photoconductivity would be highly unconventional for 
a metal, which generally exhibits photoconductivities of less than 1% 
(refs. 24–26) and which are often negative27, especially when excita-
tion is performed in the mid-infrared and far away from inter-band 
transitions. Rather, the combined observation of a vanishingly small 
resistance with the transient terahertz optical spectra shown in Fig. 3 
substantiates the assignment of a metastable superconducting state.

Note that the photo-induced high-temperature state survives far 
longer than the drive pulse, and hence exhibits intrinsic rigidity at 
timescales when the coherence is no longer supplied by the external 
drive. In search for a mechanism behind this long lifetime, we applied 
a phenomenological time-dependent Ginzburg–Landau model to 
capture the dynamics of the superconducting order parameter after 
laser excitation. In this model, we did not address the microscopic 
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Fig. 4 | Transient resistivity measurements of the long-lived, light-induced phase in K3C60. a, Time evolution of the transient resistivity ρ0 obtained from 
an extrapolation to zero frequency of a Drude–Lorentz fit to the transient optical conductivities (Supplementary Section 6). Error bars represent the ρ0 
confidence interval obtained from the fit. The inset shows a schematic depiction of the experimental arrangement indicating pump and probe beam 
and their electric fields in red and blue, respectively. b, Resistance of a laser-irradiated K3C60 pellet that was embedded in a microstrip transmission line 
as a function of time after photoexcitation. The resistance value is obtained from a transient two-point transport measurement in which contributions 
from contact resistances are calibrated from a static four-point measurement. The shaded area indicates an estimate of the systematic error that is 
introduced by this calibration (see the main text and Supplementary Sections 7–9). The inset shows a schematic of the electrical transport experiment 
with gold electrodes on K3C60 in yellow and the region of current flow in teal. The pump beam and its electric field are displayed in red. These data were 
acquired at a base temperature T!=!100!K with a fluence of ~25!mJ!cm−2. The pump-pulse durations were 200!ps and 75!ps for the optical and transport 
measurements, respectively.
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is reduced compared with that of the cases shown in Figs. 1 and 2, 
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that the 10.6 µm wavelength radiated by the CO2 laser is differ-
ent from the 7.3 µm wavelength used in the experiments of Figs. 1  
and 2. However, excitation with femtosecond optical pulses at this 
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optical signatures generated with 7.3 µm wavelength excitation, 
although with a lower efficiency6.

The time evolution of the terahertz optical properties is shown 
in Fig. 3c. The top panel shows the average reflectivity R(ω) in the 
region where σ1(ω) exhibited a gap (2–10 meV). The lower panel 
shows the average value of the corresponding real part of the opti-
cal conductivity σ1(ω), which reached zero after optical excitation, 
reflecting full gapping. Both quantities remained unchanged after 
excitation for all time delays measured up to 1 ns. Extended mea-
surements indicate a lifetime of the light-induced superconducting 
state of τd ≈ 10 ns (Supplementary Section 11).

From the optical spectra, we also extracted an estimate of 
the ‘zero-frequency resistivity’ ρ0 ¼ 1= limω!0 σ1 ωð Þ
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, which is 

based on a Drude–Lorentz fit to the transient optical properties 
(Supplementary Section 6). This fitting procedure yielded a vanish-
ingly small ρ0(t) for all time delays after excitation (Fig. 4a).

Estimates of ρ0 from optical measurements were comple-
mented with direct electrical measurements. The K3C60 pellets 
were incorporated into lithographically patterned microstrip 
transmission lines. Their resistance was tracked at different 
times after excitation by transmitting a 1 ns voltage probe pulse 
that yielded time-resolved two-terminal resistance measure-
ments (Supplementary Sections 7 and 8). The contributions due 
to contact resistance were normalized by performing equilib-
rium four-terminal measurements that were subtracted from the 
time-resolved resistance measurements (Supplementary Section 8).  

Figure 4b shows the time evolution of the two-terminal resistance 
of a K3C60 pellet measured at T = 100 K upon photoexcitation in 
similar conditions to those of the optical experiments reported 
in Fig. 3. As seen in the resistivity extrapolated from the optical 
measurements (compare to Fig. 4a), upon excitation the resistance 
drops to a value that is compatible with zero and recovers on the 
same timescale of tens of nanoseconds that was extracted from the 
fitted results of Fig. 4a (Supplementary Section 11).

The electrical probe experiments were repeated by varying the 
excitation pulse duration and fluence. Figure 5a shows exemplary 
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toresistivity for excitation fluences of 1.5 mJ cm−2, 10 mJ cm−2 and 
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pump-pulse duration and depended only on the total energy of 
the excitation pulse. This is also underscored by the data shown in  
Fig. 5b, which illustrates the dependence of the sample resistance 
on the excitation fluence at a constant pulse duration. A long-lived 
state featuring zero resistance was observed for all excitation  
fluences in excess of 20 mJ cm−2.

These data provide evidence for a metastable state of K3C60 with a 
very large positive photoconductivity. The observation of such a large 
and positive photoconductivity would be highly unconventional for 
a metal, which generally exhibits photoconductivities of less than 1% 
(refs. 24–26) and which are often negative27, especially when excita-
tion is performed in the mid-infrared and far away from inter-band 
transitions. Rather, the combined observation of a vanishingly small 
resistance with the transient terahertz optical spectra shown in Fig. 3 
substantiates the assignment of a metastable superconducting state.

Note that the photo-induced high-temperature state survives far 
longer than the drive pulse, and hence exhibits intrinsic rigidity at 
timescales when the coherence is no longer supplied by the external 
drive. In search for a mechanism behind this long lifetime, we applied 
a phenomenological time-dependent Ginzburg–Landau model to 
capture the dynamics of the superconducting order parameter after 
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Fig. 4 | Transient resistivity measurements of the long-lived, light-induced phase in K3C60. a, Time evolution of the transient resistivity ρ0 obtained from 
an extrapolation to zero frequency of a Drude–Lorentz fit to the transient optical conductivities (Supplementary Section 6). Error bars represent the ρ0 
confidence interval obtained from the fit. The inset shows a schematic depiction of the experimental arrangement indicating pump and probe beam 
and their electric fields in red and blue, respectively. b, Resistance of a laser-irradiated K3C60 pellet that was embedded in a microstrip transmission line 
as a function of time after photoexcitation. The resistance value is obtained from a transient two-point transport measurement in which contributions 
from contact resistances are calibrated from a static four-point measurement. The shaded area indicates an estimate of the systematic error that is 
introduced by this calibration (see the main text and Supplementary Sections 7–9). The inset shows a schematic of the electrical transport experiment 
with gold electrodes on K3C60 in yellow and the region of current flow in teal. The pump beam and its electric field are displayed in red. These data were 
acquired at a base temperature T!=!100!K with a fluence of ~25!mJ!cm−2. The pump-pulse durations were 200!ps and 75!ps for the optical and transport 
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is reduced compared with that of the cases shown in Figs. 1 and 2, 
which were measured at 500 Hz.

The transient optical spectra measured in these conditions showed 
the same superconducting-like features as reported in Figs. 1d  
and 2b for all pump-pulse durations up to 1 ns after excitation. Note 
that the 10.6 µm wavelength radiated by the CO2 laser is differ-
ent from the 7.3 µm wavelength used in the experiments of Figs. 1  
and 2. However, excitation with femtosecond optical pulses at this 
wavelength had previously been shown to induce the same transient 
optical signatures generated with 7.3 µm wavelength excitation, 
although with a lower efficiency6.

The time evolution of the terahertz optical properties is shown 
in Fig. 3c. The top panel shows the average reflectivity R(ω) in the 
region where σ1(ω) exhibited a gap (2–10 meV). The lower panel 
shows the average value of the corresponding real part of the opti-
cal conductivity σ1(ω), which reached zero after optical excitation, 
reflecting full gapping. Both quantities remained unchanged after 
excitation for all time delays measured up to 1 ns. Extended mea-
surements indicate a lifetime of the light-induced superconducting 
state of τd ≈ 10 ns (Supplementary Section 11).

From the optical spectra, we also extracted an estimate of 
the ‘zero-frequency resistivity’ ρ0 ¼ 1= limω!0 σ1 ωð Þ

I
, which is 

based on a Drude–Lorentz fit to the transient optical properties 
(Supplementary Section 6). This fitting procedure yielded a vanish-
ingly small ρ0(t) for all time delays after excitation (Fig. 4a).

Estimates of ρ0 from optical measurements were comple-
mented with direct electrical measurements. The K3C60 pellets 
were incorporated into lithographically patterned microstrip 
transmission lines. Their resistance was tracked at different 
times after excitation by transmitting a 1 ns voltage probe pulse 
that yielded time-resolved two-terminal resistance measure-
ments (Supplementary Sections 7 and 8). The contributions due 
to contact resistance were normalized by performing equilib-
rium four-terminal measurements that were subtracted from the 
time-resolved resistance measurements (Supplementary Section 8).  

Figure 4b shows the time evolution of the two-terminal resistance 
of a K3C60 pellet measured at T = 100 K upon photoexcitation in 
similar conditions to those of the optical experiments reported 
in Fig. 3. As seen in the resistivity extrapolated from the optical 
measurements (compare to Fig. 4a), upon excitation the resistance 
drops to a value that is compatible with zero and recovers on the 
same timescale of tens of nanoseconds that was extracted from the 
fitted results of Fig. 4a (Supplementary Section 11).

The electrical probe experiments were repeated by varying the 
excitation pulse duration and fluence. Figure 5a shows exemplary 
pump-pulse duration dependencies of the measured sample pho-
toresistivity for excitation fluences of 1.5 mJ cm−2, 10 mJ cm−2 and 
25 mJ cm−2. The photoresistivity was mostly independent of the 
pump-pulse duration and depended only on the total energy of 
the excitation pulse. This is also underscored by the data shown in  
Fig. 5b, which illustrates the dependence of the sample resistance 
on the excitation fluence at a constant pulse duration. A long-lived 
state featuring zero resistance was observed for all excitation  
fluences in excess of 20 mJ cm−2.

These data provide evidence for a metastable state of K3C60 with a 
very large positive photoconductivity. The observation of such a large 
and positive photoconductivity would be highly unconventional for 
a metal, which generally exhibits photoconductivities of less than 1% 
(refs. 24–26) and which are often negative27, especially when excita-
tion is performed in the mid-infrared and far away from inter-band 
transitions. Rather, the combined observation of a vanishingly small 
resistance with the transient terahertz optical spectra shown in Fig. 3 
substantiates the assignment of a metastable superconducting state.

Note that the photo-induced high-temperature state survives far 
longer than the drive pulse, and hence exhibits intrinsic rigidity at 
timescales when the coherence is no longer supplied by the external 
drive. In search for a mechanism behind this long lifetime, we applied 
a phenomenological time-dependent Ginzburg–Landau model to 
capture the dynamics of the superconducting order parameter after 
laser excitation. In this model, we did not address the microscopic 
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Fig. 4 | Transient resistivity measurements of the long-lived, light-induced phase in K3C60. a, Time evolution of the transient resistivity ρ0 obtained from 
an extrapolation to zero frequency of a Drude–Lorentz fit to the transient optical conductivities (Supplementary Section 6). Error bars represent the ρ0 
confidence interval obtained from the fit. The inset shows a schematic depiction of the experimental arrangement indicating pump and probe beam 
and their electric fields in red and blue, respectively. b, Resistance of a laser-irradiated K3C60 pellet that was embedded in a microstrip transmission line 
as a function of time after photoexcitation. The resistance value is obtained from a transient two-point transport measurement in which contributions 
from contact resistances are calibrated from a static four-point measurement. The shaded area indicates an estimate of the systematic error that is 
introduced by this calibration (see the main text and Supplementary Sections 7–9). The inset shows a schematic of the electrical transport experiment 
with gold electrodes on K3C60 in yellow and the region of current flow in teal. The pump beam and its electric field are displayed in red. These data were 
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is reduced compared with that of the cases shown in Figs. 1 and 2, 
which were measured at 500 Hz.

The transient optical spectra measured in these conditions showed 
the same superconducting-like features as reported in Figs. 1d  
and 2b for all pump-pulse durations up to 1 ns after excitation. Note 
that the 10.6 µm wavelength radiated by the CO2 laser is differ-
ent from the 7.3 µm wavelength used in the experiments of Figs. 1  
and 2. However, excitation with femtosecond optical pulses at this 
wavelength had previously been shown to induce the same transient 
optical signatures generated with 7.3 µm wavelength excitation, 
although with a lower efficiency6.

The time evolution of the terahertz optical properties is shown 
in Fig. 3c. The top panel shows the average reflectivity R(ω) in the 
region where σ1(ω) exhibited a gap (2–10 meV). The lower panel 
shows the average value of the corresponding real part of the opti-
cal conductivity σ1(ω), which reached zero after optical excitation, 
reflecting full gapping. Both quantities remained unchanged after 
excitation for all time delays measured up to 1 ns. Extended mea-
surements indicate a lifetime of the light-induced superconducting 
state of τd ≈ 10 ns (Supplementary Section 11).

From the optical spectra, we also extracted an estimate of 
the ‘zero-frequency resistivity’ ρ0 ¼ 1= limω!0 σ1 ωð Þ

I
, which is 

based on a Drude–Lorentz fit to the transient optical properties 
(Supplementary Section 6). This fitting procedure yielded a vanish-
ingly small ρ0(t) for all time delays after excitation (Fig. 4a).

Estimates of ρ0 from optical measurements were comple-
mented with direct electrical measurements. The K3C60 pellets 
were incorporated into lithographically patterned microstrip 
transmission lines. Their resistance was tracked at different 
times after excitation by transmitting a 1 ns voltage probe pulse 
that yielded time-resolved two-terminal resistance measure-
ments (Supplementary Sections 7 and 8). The contributions due 
to contact resistance were normalized by performing equilib-
rium four-terminal measurements that were subtracted from the 
time-resolved resistance measurements (Supplementary Section 8).  

Figure 4b shows the time evolution of the two-terminal resistance 
of a K3C60 pellet measured at T = 100 K upon photoexcitation in 
similar conditions to those of the optical experiments reported 
in Fig. 3. As seen in the resistivity extrapolated from the optical 
measurements (compare to Fig. 4a), upon excitation the resistance 
drops to a value that is compatible with zero and recovers on the 
same timescale of tens of nanoseconds that was extracted from the 
fitted results of Fig. 4a (Supplementary Section 11).

The electrical probe experiments were repeated by varying the 
excitation pulse duration and fluence. Figure 5a shows exemplary 
pump-pulse duration dependencies of the measured sample pho-
toresistivity for excitation fluences of 1.5 mJ cm−2, 10 mJ cm−2 and 
25 mJ cm−2. The photoresistivity was mostly independent of the 
pump-pulse duration and depended only on the total energy of 
the excitation pulse. This is also underscored by the data shown in  
Fig. 5b, which illustrates the dependence of the sample resistance 
on the excitation fluence at a constant pulse duration. A long-lived 
state featuring zero resistance was observed for all excitation  
fluences in excess of 20 mJ cm−2.

These data provide evidence for a metastable state of K3C60 with a 
very large positive photoconductivity. The observation of such a large 
and positive photoconductivity would be highly unconventional for 
a metal, which generally exhibits photoconductivities of less than 1% 
(refs. 24–26) and which are often negative27, especially when excita-
tion is performed in the mid-infrared and far away from inter-band 
transitions. Rather, the combined observation of a vanishingly small 
resistance with the transient terahertz optical spectra shown in Fig. 3 
substantiates the assignment of a metastable superconducting state.

Note that the photo-induced high-temperature state survives far 
longer than the drive pulse, and hence exhibits intrinsic rigidity at 
timescales when the coherence is no longer supplied by the external 
drive. In search for a mechanism behind this long lifetime, we applied 
a phenomenological time-dependent Ginzburg–Landau model to 
capture the dynamics of the superconducting order parameter after 
laser excitation. In this model, we did not address the microscopic 

0 0.5 1.0

0

0.5

1.0

1.5

5 10

a

Pump–probe delay (ns)
ρ 0 (

m
Ω 

cm
)

Time (ns)

b

R 
– 
R c

on
ta

ct (
Ω)

0 5 10

0

2

4

6

8

10

Fig. 4 | Transient resistivity measurements of the long-lived, light-induced phase in K3C60. a, Time evolution of the transient resistivity ρ0 obtained from 
an extrapolation to zero frequency of a Drude–Lorentz fit to the transient optical conductivities (Supplementary Section 6). Error bars represent the ρ0 
confidence interval obtained from the fit. The inset shows a schematic depiction of the experimental arrangement indicating pump and probe beam 
and their electric fields in red and blue, respectively. b, Resistance of a laser-irradiated K3C60 pellet that was embedded in a microstrip transmission line 
as a function of time after photoexcitation. The resistance value is obtained from a transient two-point transport measurement in which contributions 
from contact resistances are calibrated from a static four-point measurement. The shaded area indicates an estimate of the systematic error that is 
introduced by this calibration (see the main text and Supplementary Sections 7–9). The inset shows a schematic of the electrical transport experiment 
with gold electrodes on K3C60 in yellow and the region of current flow in teal. The pump beam and its electric field are displayed in red. These data were 
acquired at a base temperature T!=!100!K with a fluence of ~25!mJ!cm−2. The pump-pulse durations were 200!ps and 75!ps for the optical and transport 
measurements, respectively.

NATURE PHYSICS | VOL 17 | MAY 2021 | 611–618 | www.nature.com/naturephysics 615

ARTICLESNATURE PHYSICS

is reduced compared with that of the cases shown in Figs. 1 and 2, 
which were measured at 500 Hz.

The transient optical spectra measured in these conditions showed 
the same superconducting-like features as reported in Figs. 1d  
and 2b for all pump-pulse durations up to 1 ns after excitation. Note 
that the 10.6 µm wavelength radiated by the CO2 laser is differ-
ent from the 7.3 µm wavelength used in the experiments of Figs. 1  
and 2. However, excitation with femtosecond optical pulses at this 
wavelength had previously been shown to induce the same transient 
optical signatures generated with 7.3 µm wavelength excitation, 
although with a lower efficiency6.

The time evolution of the terahertz optical properties is shown 
in Fig. 3c. The top panel shows the average reflectivity R(ω) in the 
region where σ1(ω) exhibited a gap (2–10 meV). The lower panel 
shows the average value of the corresponding real part of the opti-
cal conductivity σ1(ω), which reached zero after optical excitation, 
reflecting full gapping. Both quantities remained unchanged after 
excitation for all time delays measured up to 1 ns. Extended mea-
surements indicate a lifetime of the light-induced superconducting 
state of τd ≈ 10 ns (Supplementary Section 11).

From the optical spectra, we also extracted an estimate of 
the ‘zero-frequency resistivity’ ρ0 ¼ 1= limω!0 σ1 ωð Þ

I
, which is 

based on a Drude–Lorentz fit to the transient optical properties 
(Supplementary Section 6). This fitting procedure yielded a vanish-
ingly small ρ0(t) for all time delays after excitation (Fig. 4a).

Estimates of ρ0 from optical measurements were comple-
mented with direct electrical measurements. The K3C60 pellets 
were incorporated into lithographically patterned microstrip 
transmission lines. Their resistance was tracked at different 
times after excitation by transmitting a 1 ns voltage probe pulse 
that yielded time-resolved two-terminal resistance measure-
ments (Supplementary Sections 7 and 8). The contributions due 
to contact resistance were normalized by performing equilib-
rium four-terminal measurements that were subtracted from the 
time-resolved resistance measurements (Supplementary Section 8).  

Figure 4b shows the time evolution of the two-terminal resistance 
of a K3C60 pellet measured at T = 100 K upon photoexcitation in 
similar conditions to those of the optical experiments reported 
in Fig. 3. As seen in the resistivity extrapolated from the optical 
measurements (compare to Fig. 4a), upon excitation the resistance 
drops to a value that is compatible with zero and recovers on the 
same timescale of tens of nanoseconds that was extracted from the 
fitted results of Fig. 4a (Supplementary Section 11).

The electrical probe experiments were repeated by varying the 
excitation pulse duration and fluence. Figure 5a shows exemplary 
pump-pulse duration dependencies of the measured sample pho-
toresistivity for excitation fluences of 1.5 mJ cm−2, 10 mJ cm−2 and 
25 mJ cm−2. The photoresistivity was mostly independent of the 
pump-pulse duration and depended only on the total energy of 
the excitation pulse. This is also underscored by the data shown in  
Fig. 5b, which illustrates the dependence of the sample resistance 
on the excitation fluence at a constant pulse duration. A long-lived 
state featuring zero resistance was observed for all excitation  
fluences in excess of 20 mJ cm−2.

These data provide evidence for a metastable state of K3C60 with a 
very large positive photoconductivity. The observation of such a large 
and positive photoconductivity would be highly unconventional for 
a metal, which generally exhibits photoconductivities of less than 1% 
(refs. 24–26) and which are often negative27, especially when excita-
tion is performed in the mid-infrared and far away from inter-band 
transitions. Rather, the combined observation of a vanishingly small 
resistance with the transient terahertz optical spectra shown in Fig. 3 
substantiates the assignment of a metastable superconducting state.

Note that the photo-induced high-temperature state survives far 
longer than the drive pulse, and hence exhibits intrinsic rigidity at 
timescales when the coherence is no longer supplied by the external 
drive. In search for a mechanism behind this long lifetime, we applied 
a phenomenological time-dependent Ginzburg–Landau model to 
capture the dynamics of the superconducting order parameter after 
laser excitation. In this model, we did not address the microscopic 
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introduced by this calibration (see the main text and Supplementary Sections 7–9). The inset shows a schematic of the electrical transport experiment 
with gold electrodes on K3C60 in yellow and the region of current flow in teal. The pump beam and its electric field are displayed in red. These data were 
acquired at a base temperature T!=!100!K with a fluence of ~25!mJ!cm−2. The pump-pulse durations were 200!ps and 75!ps for the optical and transport 
measurements, respectively.
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is reduced compared with that of the cases shown in Figs. 1 and 2, 
which were measured at 500 Hz.

The transient optical spectra measured in these conditions showed 
the same superconducting-like features as reported in Figs. 1d  
and 2b for all pump-pulse durations up to 1 ns after excitation. Note 
that the 10.6 µm wavelength radiated by the CO2 laser is differ-
ent from the 7.3 µm wavelength used in the experiments of Figs. 1  
and 2. However, excitation with femtosecond optical pulses at this 
wavelength had previously been shown to induce the same transient 
optical signatures generated with 7.3 µm wavelength excitation, 
although with a lower efficiency6.

The time evolution of the terahertz optical properties is shown 
in Fig. 3c. The top panel shows the average reflectivity R(ω) in the 
region where σ1(ω) exhibited a gap (2–10 meV). The lower panel 
shows the average value of the corresponding real part of the opti-
cal conductivity σ1(ω), which reached zero after optical excitation, 
reflecting full gapping. Both quantities remained unchanged after 
excitation for all time delays measured up to 1 ns. Extended mea-
surements indicate a lifetime of the light-induced superconducting 
state of τd ≈ 10 ns (Supplementary Section 11).

From the optical spectra, we also extracted an estimate of 
the ‘zero-frequency resistivity’ ρ0 ¼ 1= limω!0 σ1 ωð Þ

I
, which is 

based on a Drude–Lorentz fit to the transient optical properties 
(Supplementary Section 6). This fitting procedure yielded a vanish-
ingly small ρ0(t) for all time delays after excitation (Fig. 4a).

Estimates of ρ0 from optical measurements were comple-
mented with direct electrical measurements. The K3C60 pellets 
were incorporated into lithographically patterned microstrip 
transmission lines. Their resistance was tracked at different 
times after excitation by transmitting a 1 ns voltage probe pulse 
that yielded time-resolved two-terminal resistance measure-
ments (Supplementary Sections 7 and 8). The contributions due 
to contact resistance were normalized by performing equilib-
rium four-terminal measurements that were subtracted from the 
time-resolved resistance measurements (Supplementary Section 8).  

Figure 4b shows the time evolution of the two-terminal resistance 
of a K3C60 pellet measured at T = 100 K upon photoexcitation in 
similar conditions to those of the optical experiments reported 
in Fig. 3. As seen in the resistivity extrapolated from the optical 
measurements (compare to Fig. 4a), upon excitation the resistance 
drops to a value that is compatible with zero and recovers on the 
same timescale of tens of nanoseconds that was extracted from the 
fitted results of Fig. 4a (Supplementary Section 11).

The electrical probe experiments were repeated by varying the 
excitation pulse duration and fluence. Figure 5a shows exemplary 
pump-pulse duration dependencies of the measured sample pho-
toresistivity for excitation fluences of 1.5 mJ cm−2, 10 mJ cm−2 and 
25 mJ cm−2. The photoresistivity was mostly independent of the 
pump-pulse duration and depended only on the total energy of 
the excitation pulse. This is also underscored by the data shown in  
Fig. 5b, which illustrates the dependence of the sample resistance 
on the excitation fluence at a constant pulse duration. A long-lived 
state featuring zero resistance was observed for all excitation  
fluences in excess of 20 mJ cm−2.

These data provide evidence for a metastable state of K3C60 with a 
very large positive photoconductivity. The observation of such a large 
and positive photoconductivity would be highly unconventional for 
a metal, which generally exhibits photoconductivities of less than 1% 
(refs. 24–26) and which are often negative27, especially when excita-
tion is performed in the mid-infrared and far away from inter-band 
transitions. Rather, the combined observation of a vanishingly small 
resistance with the transient terahertz optical spectra shown in Fig. 3 
substantiates the assignment of a metastable superconducting state.

Note that the photo-induced high-temperature state survives far 
longer than the drive pulse, and hence exhibits intrinsic rigidity at 
timescales when the coherence is no longer supplied by the external 
drive. In search for a mechanism behind this long lifetime, we applied 
a phenomenological time-dependent Ginzburg–Landau model to 
capture the dynamics of the superconducting order parameter after 
laser excitation. In this model, we did not address the microscopic 
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introduced by this calibration (see the main text and Supplementary Sections 7–9). The inset shows a schematic of the electrical transport experiment 
with gold electrodes on K3C60 in yellow and the region of current flow in teal. The pump beam and its electric field are displayed in red. These data were 
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is reduced compared with that of the cases shown in Figs. 1 and 2, 
which were measured at 500 Hz.

The transient optical spectra measured in these conditions showed 
the same superconducting-like features as reported in Figs. 1d  
and 2b for all pump-pulse durations up to 1 ns after excitation. Note 
that the 10.6 µm wavelength radiated by the CO2 laser is differ-
ent from the 7.3 µm wavelength used in the experiments of Figs. 1  
and 2. However, excitation with femtosecond optical pulses at this 
wavelength had previously been shown to induce the same transient 
optical signatures generated with 7.3 µm wavelength excitation, 
although with a lower efficiency6.

The time evolution of the terahertz optical properties is shown 
in Fig. 3c. The top panel shows the average reflectivity R(ω) in the 
region where σ1(ω) exhibited a gap (2–10 meV). The lower panel 
shows the average value of the corresponding real part of the opti-
cal conductivity σ1(ω), which reached zero after optical excitation, 
reflecting full gapping. Both quantities remained unchanged after 
excitation for all time delays measured up to 1 ns. Extended mea-
surements indicate a lifetime of the light-induced superconducting 
state of τd ≈ 10 ns (Supplementary Section 11).

From the optical spectra, we also extracted an estimate of 
the ‘zero-frequency resistivity’ ρ0 ¼ 1= limω!0 σ1 ωð Þ

I
, which is 

based on a Drude–Lorentz fit to the transient optical properties 
(Supplementary Section 6). This fitting procedure yielded a vanish-
ingly small ρ0(t) for all time delays after excitation (Fig. 4a).

Estimates of ρ0 from optical measurements were comple-
mented with direct electrical measurements. The K3C60 pellets 
were incorporated into lithographically patterned microstrip 
transmission lines. Their resistance was tracked at different 
times after excitation by transmitting a 1 ns voltage probe pulse 
that yielded time-resolved two-terminal resistance measure-
ments (Supplementary Sections 7 and 8). The contributions due 
to contact resistance were normalized by performing equilib-
rium four-terminal measurements that were subtracted from the 
time-resolved resistance measurements (Supplementary Section 8).  

Figure 4b shows the time evolution of the two-terminal resistance 
of a K3C60 pellet measured at T = 100 K upon photoexcitation in 
similar conditions to those of the optical experiments reported 
in Fig. 3. As seen in the resistivity extrapolated from the optical 
measurements (compare to Fig. 4a), upon excitation the resistance 
drops to a value that is compatible with zero and recovers on the 
same timescale of tens of nanoseconds that was extracted from the 
fitted results of Fig. 4a (Supplementary Section 11).

The electrical probe experiments were repeated by varying the 
excitation pulse duration and fluence. Figure 5a shows exemplary 
pump-pulse duration dependencies of the measured sample pho-
toresistivity for excitation fluences of 1.5 mJ cm−2, 10 mJ cm−2 and 
25 mJ cm−2. The photoresistivity was mostly independent of the 
pump-pulse duration and depended only on the total energy of 
the excitation pulse. This is also underscored by the data shown in  
Fig. 5b, which illustrates the dependence of the sample resistance 
on the excitation fluence at a constant pulse duration. A long-lived 
state featuring zero resistance was observed for all excitation  
fluences in excess of 20 mJ cm−2.

These data provide evidence for a metastable state of K3C60 with a 
very large positive photoconductivity. The observation of such a large 
and positive photoconductivity would be highly unconventional for 
a metal, which generally exhibits photoconductivities of less than 1% 
(refs. 24–26) and which are often negative27, especially when excita-
tion is performed in the mid-infrared and far away from inter-band 
transitions. Rather, the combined observation of a vanishingly small 
resistance with the transient terahertz optical spectra shown in Fig. 3 
substantiates the assignment of a metastable superconducting state.

Note that the photo-induced high-temperature state survives far 
longer than the drive pulse, and hence exhibits intrinsic rigidity at 
timescales when the coherence is no longer supplied by the external 
drive. In search for a mechanism behind this long lifetime, we applied 
a phenomenological time-dependent Ginzburg–Landau model to 
capture the dynamics of the superconducting order parameter after 
laser excitation. In this model, we did not address the microscopic 
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as a function of time after photoexcitation. The resistance value is obtained from a transient two-point transport measurement in which contributions 
from contact resistances are calibrated from a static four-point measurement. The shaded area indicates an estimate of the systematic error that is 
introduced by this calibration (see the main text and Supplementary Sections 7–9). The inset shows a schematic of the electrical transport experiment 
with gold electrodes on K3C60 in yellow and the region of current flow in teal. The pump beam and its electric field are displayed in red. These data were 
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measurements, respectively.

NATURE PHYSICS | VOL 17 | MAY 2021 | 611–618 | www.nature.com/naturephysics 615

ARTICLESNATURE PHYSICS

is reduced compared with that of the cases shown in Figs. 1 and 2, 
which were measured at 500 Hz.

The transient optical spectra measured in these conditions showed 
the same superconducting-like features as reported in Figs. 1d  
and 2b for all pump-pulse durations up to 1 ns after excitation. Note 
that the 10.6 µm wavelength radiated by the CO2 laser is differ-
ent from the 7.3 µm wavelength used in the experiments of Figs. 1  
and 2. However, excitation with femtosecond optical pulses at this 
wavelength had previously been shown to induce the same transient 
optical signatures generated with 7.3 µm wavelength excitation, 
although with a lower efficiency6.

The time evolution of the terahertz optical properties is shown 
in Fig. 3c. The top panel shows the average reflectivity R(ω) in the 
region where σ1(ω) exhibited a gap (2–10 meV). The lower panel 
shows the average value of the corresponding real part of the opti-
cal conductivity σ1(ω), which reached zero after optical excitation, 
reflecting full gapping. Both quantities remained unchanged after 
excitation for all time delays measured up to 1 ns. Extended mea-
surements indicate a lifetime of the light-induced superconducting 
state of τd ≈ 10 ns (Supplementary Section 11).

From the optical spectra, we also extracted an estimate of 
the ‘zero-frequency resistivity’ ρ0 ¼ 1= limω!0 σ1 ωð Þ

I
, which is 

based on a Drude–Lorentz fit to the transient optical properties 
(Supplementary Section 6). This fitting procedure yielded a vanish-
ingly small ρ0(t) for all time delays after excitation (Fig. 4a).

Estimates of ρ0 from optical measurements were comple-
mented with direct electrical measurements. The K3C60 pellets 
were incorporated into lithographically patterned microstrip 
transmission lines. Their resistance was tracked at different 
times after excitation by transmitting a 1 ns voltage probe pulse 
that yielded time-resolved two-terminal resistance measure-
ments (Supplementary Sections 7 and 8). The contributions due 
to contact resistance were normalized by performing equilib-
rium four-terminal measurements that were subtracted from the 
time-resolved resistance measurements (Supplementary Section 8).  

Figure 4b shows the time evolution of the two-terminal resistance 
of a K3C60 pellet measured at T = 100 K upon photoexcitation in 
similar conditions to those of the optical experiments reported 
in Fig. 3. As seen in the resistivity extrapolated from the optical 
measurements (compare to Fig. 4a), upon excitation the resistance 
drops to a value that is compatible with zero and recovers on the 
same timescale of tens of nanoseconds that was extracted from the 
fitted results of Fig. 4a (Supplementary Section 11).

The electrical probe experiments were repeated by varying the 
excitation pulse duration and fluence. Figure 5a shows exemplary 
pump-pulse duration dependencies of the measured sample pho-
toresistivity for excitation fluences of 1.5 mJ cm−2, 10 mJ cm−2 and 
25 mJ cm−2. The photoresistivity was mostly independent of the 
pump-pulse duration and depended only on the total energy of 
the excitation pulse. This is also underscored by the data shown in  
Fig. 5b, which illustrates the dependence of the sample resistance 
on the excitation fluence at a constant pulse duration. A long-lived 
state featuring zero resistance was observed for all excitation  
fluences in excess of 20 mJ cm−2.

These data provide evidence for a metastable state of K3C60 with a 
very large positive photoconductivity. The observation of such a large 
and positive photoconductivity would be highly unconventional for 
a metal, which generally exhibits photoconductivities of less than 1% 
(refs. 24–26) and which are often negative27, especially when excita-
tion is performed in the mid-infrared and far away from inter-band 
transitions. Rather, the combined observation of a vanishingly small 
resistance with the transient terahertz optical spectra shown in Fig. 3 
substantiates the assignment of a metastable superconducting state.

Note that the photo-induced high-temperature state survives far 
longer than the drive pulse, and hence exhibits intrinsic rigidity at 
timescales when the coherence is no longer supplied by the external 
drive. In search for a mechanism behind this long lifetime, we applied 
a phenomenological time-dependent Ginzburg–Landau model to 
capture the dynamics of the superconducting order parameter after 
laser excitation. In this model, we did not address the microscopic 
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Fig. 4 | Transient resistivity measurements of the long-lived, light-induced phase in K3C60. a, Time evolution of the transient resistivity ρ0 obtained from 
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and their electric fields in red and blue, respectively. b, Resistance of a laser-irradiated K3C60 pellet that was embedded in a microstrip transmission line 
as a function of time after photoexcitation. The resistance value is obtained from a transient two-point transport measurement in which contributions 
from contact resistances are calibrated from a static four-point measurement. The shaded area indicates an estimate of the systematic error that is 
introduced by this calibration (see the main text and Supplementary Sections 7–9). The inset shows a schematic of the electrical transport experiment 
with gold electrodes on K3C60 in yellow and the region of current flow in teal. The pump beam and its electric field are displayed in red. These data were 
acquired at a base temperature T!=!100!K with a fluence of ~25!mJ!cm−2. The pump-pulse durations were 200!ps and 75!ps for the optical and transport 
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is reduced compared with that of the cases shown in Figs. 1 and 2, 
which were measured at 500 Hz.

The transient optical spectra measured in these conditions showed 
the same superconducting-like features as reported in Figs. 1d  
and 2b for all pump-pulse durations up to 1 ns after excitation. Note 
that the 10.6 µm wavelength radiated by the CO2 laser is differ-
ent from the 7.3 µm wavelength used in the experiments of Figs. 1  
and 2. However, excitation with femtosecond optical pulses at this 
wavelength had previously been shown to induce the same transient 
optical signatures generated with 7.3 µm wavelength excitation, 
although with a lower efficiency6.

The time evolution of the terahertz optical properties is shown 
in Fig. 3c. The top panel shows the average reflectivity R(ω) in the 
region where σ1(ω) exhibited a gap (2–10 meV). The lower panel 
shows the average value of the corresponding real part of the opti-
cal conductivity σ1(ω), which reached zero after optical excitation, 
reflecting full gapping. Both quantities remained unchanged after 
excitation for all time delays measured up to 1 ns. Extended mea-
surements indicate a lifetime of the light-induced superconducting 
state of τd ≈ 10 ns (Supplementary Section 11).

From the optical spectra, we also extracted an estimate of 
the ‘zero-frequency resistivity’ ρ0 ¼ 1= limω!0 σ1 ωð Þ

I
, which is 

based on a Drude–Lorentz fit to the transient optical properties 
(Supplementary Section 6). This fitting procedure yielded a vanish-
ingly small ρ0(t) for all time delays after excitation (Fig. 4a).

Estimates of ρ0 from optical measurements were comple-
mented with direct electrical measurements. The K3C60 pellets 
were incorporated into lithographically patterned microstrip 
transmission lines. Their resistance was tracked at different 
times after excitation by transmitting a 1 ns voltage probe pulse 
that yielded time-resolved two-terminal resistance measure-
ments (Supplementary Sections 7 and 8). The contributions due 
to contact resistance were normalized by performing equilib-
rium four-terminal measurements that were subtracted from the 
time-resolved resistance measurements (Supplementary Section 8).  

Figure 4b shows the time evolution of the two-terminal resistance 
of a K3C60 pellet measured at T = 100 K upon photoexcitation in 
similar conditions to those of the optical experiments reported 
in Fig. 3. As seen in the resistivity extrapolated from the optical 
measurements (compare to Fig. 4a), upon excitation the resistance 
drops to a value that is compatible with zero and recovers on the 
same timescale of tens of nanoseconds that was extracted from the 
fitted results of Fig. 4a (Supplementary Section 11).

The electrical probe experiments were repeated by varying the 
excitation pulse duration and fluence. Figure 5a shows exemplary 
pump-pulse duration dependencies of the measured sample pho-
toresistivity for excitation fluences of 1.5 mJ cm−2, 10 mJ cm−2 and 
25 mJ cm−2. The photoresistivity was mostly independent of the 
pump-pulse duration and depended only on the total energy of 
the excitation pulse. This is also underscored by the data shown in  
Fig. 5b, which illustrates the dependence of the sample resistance 
on the excitation fluence at a constant pulse duration. A long-lived 
state featuring zero resistance was observed for all excitation  
fluences in excess of 20 mJ cm−2.

These data provide evidence for a metastable state of K3C60 with a 
very large positive photoconductivity. The observation of such a large 
and positive photoconductivity would be highly unconventional for 
a metal, which generally exhibits photoconductivities of less than 1% 
(refs. 24–26) and which are often negative27, especially when excita-
tion is performed in the mid-infrared and far away from inter-band 
transitions. Rather, the combined observation of a vanishingly small 
resistance with the transient terahertz optical spectra shown in Fig. 3 
substantiates the assignment of a metastable superconducting state.

Note that the photo-induced high-temperature state survives far 
longer than the drive pulse, and hence exhibits intrinsic rigidity at 
timescales when the coherence is no longer supplied by the external 
drive. In search for a mechanism behind this long lifetime, we applied 
a phenomenological time-dependent Ginzburg–Landau model to 
capture the dynamics of the superconducting order parameter after 
laser excitation. In this model, we did not address the microscopic 
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from contact resistances are calibrated from a static four-point measurement. The shaded area indicates an estimate of the systematic error that is 
introduced by this calibration (see the main text and Supplementary Sections 7–9). The inset shows a schematic of the electrical transport experiment 
with gold electrodes on K3C60 in yellow and the region of current flow in teal. The pump beam and its electric field are displayed in red. These data were 
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is reduced compared with that of the cases shown in Figs. 1 and 2, 
which were measured at 500 Hz.

The transient optical spectra measured in these conditions showed 
the same superconducting-like features as reported in Figs. 1d  
and 2b for all pump-pulse durations up to 1 ns after excitation. Note 
that the 10.6 µm wavelength radiated by the CO2 laser is differ-
ent from the 7.3 µm wavelength used in the experiments of Figs. 1  
and 2. However, excitation with femtosecond optical pulses at this 
wavelength had previously been shown to induce the same transient 
optical signatures generated with 7.3 µm wavelength excitation, 
although with a lower efficiency6.

The time evolution of the terahertz optical properties is shown 
in Fig. 3c. The top panel shows the average reflectivity R(ω) in the 
region where σ1(ω) exhibited a gap (2–10 meV). The lower panel 
shows the average value of the corresponding real part of the opti-
cal conductivity σ1(ω), which reached zero after optical excitation, 
reflecting full gapping. Both quantities remained unchanged after 
excitation for all time delays measured up to 1 ns. Extended mea-
surements indicate a lifetime of the light-induced superconducting 
state of τd ≈ 10 ns (Supplementary Section 11).

From the optical spectra, we also extracted an estimate of 
the ‘zero-frequency resistivity’ ρ0 ¼ 1= limω!0 σ1 ωð Þ

I
, which is 

based on a Drude–Lorentz fit to the transient optical properties 
(Supplementary Section 6). This fitting procedure yielded a vanish-
ingly small ρ0(t) for all time delays after excitation (Fig. 4a).

Estimates of ρ0 from optical measurements were comple-
mented with direct electrical measurements. The K3C60 pellets 
were incorporated into lithographically patterned microstrip 
transmission lines. Their resistance was tracked at different 
times after excitation by transmitting a 1 ns voltage probe pulse 
that yielded time-resolved two-terminal resistance measure-
ments (Supplementary Sections 7 and 8). The contributions due 
to contact resistance were normalized by performing equilib-
rium four-terminal measurements that were subtracted from the 
time-resolved resistance measurements (Supplementary Section 8).  

Figure 4b shows the time evolution of the two-terminal resistance 
of a K3C60 pellet measured at T = 100 K upon photoexcitation in 
similar conditions to those of the optical experiments reported 
in Fig. 3. As seen in the resistivity extrapolated from the optical 
measurements (compare to Fig. 4a), upon excitation the resistance 
drops to a value that is compatible with zero and recovers on the 
same timescale of tens of nanoseconds that was extracted from the 
fitted results of Fig. 4a (Supplementary Section 11).

The electrical probe experiments were repeated by varying the 
excitation pulse duration and fluence. Figure 5a shows exemplary 
pump-pulse duration dependencies of the measured sample pho-
toresistivity for excitation fluences of 1.5 mJ cm−2, 10 mJ cm−2 and 
25 mJ cm−2. The photoresistivity was mostly independent of the 
pump-pulse duration and depended only on the total energy of 
the excitation pulse. This is also underscored by the data shown in  
Fig. 5b, which illustrates the dependence of the sample resistance 
on the excitation fluence at a constant pulse duration. A long-lived 
state featuring zero resistance was observed for all excitation  
fluences in excess of 20 mJ cm−2.

These data provide evidence for a metastable state of K3C60 with a 
very large positive photoconductivity. The observation of such a large 
and positive photoconductivity would be highly unconventional for 
a metal, which generally exhibits photoconductivities of less than 1% 
(refs. 24–26) and which are often negative27, especially when excita-
tion is performed in the mid-infrared and far away from inter-band 
transitions. Rather, the combined observation of a vanishingly small 
resistance with the transient terahertz optical spectra shown in Fig. 3 
substantiates the assignment of a metastable superconducting state.

Note that the photo-induced high-temperature state survives far 
longer than the drive pulse, and hence exhibits intrinsic rigidity at 
timescales when the coherence is no longer supplied by the external 
drive. In search for a mechanism behind this long lifetime, we applied 
a phenomenological time-dependent Ginzburg–Landau model to 
capture the dynamics of the superconducting order parameter after 
laser excitation. In this model, we did not address the microscopic 
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confidence interval obtained from the fit. The inset shows a schematic depiction of the experimental arrangement indicating pump and probe beam 
and their electric fields in red and blue, respectively. b, Resistance of a laser-irradiated K3C60 pellet that was embedded in a microstrip transmission line 
as a function of time after photoexcitation. The resistance value is obtained from a transient two-point transport measurement in which contributions 
from contact resistances are calibrated from a static four-point measurement. The shaded area indicates an estimate of the systematic error that is 
introduced by this calibration (see the main text and Supplementary Sections 7–9). The inset shows a schematic of the electrical transport experiment 
with gold electrodes on K3C60 in yellow and the region of current flow in teal. The pump beam and its electric field are displayed in red. These data were 
acquired at a base temperature T!=!100!K with a fluence of ~25!mJ!cm−2. The pump-pulse durations were 200!ps and 75!ps for the optical and transport 
measurements, respectively.
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is reduced compared with that of the cases shown in Figs. 1 and 2, 
which were measured at 500 Hz.

The transient optical spectra measured in these conditions showed 
the same superconducting-like features as reported in Figs. 1d  
and 2b for all pump-pulse durations up to 1 ns after excitation. Note 
that the 10.6 µm wavelength radiated by the CO2 laser is differ-
ent from the 7.3 µm wavelength used in the experiments of Figs. 1  
and 2. However, excitation with femtosecond optical pulses at this 
wavelength had previously been shown to induce the same transient 
optical signatures generated with 7.3 µm wavelength excitation, 
although with a lower efficiency6.

The time evolution of the terahertz optical properties is shown 
in Fig. 3c. The top panel shows the average reflectivity R(ω) in the 
region where σ1(ω) exhibited a gap (2–10 meV). The lower panel 
shows the average value of the corresponding real part of the opti-
cal conductivity σ1(ω), which reached zero after optical excitation, 
reflecting full gapping. Both quantities remained unchanged after 
excitation for all time delays measured up to 1 ns. Extended mea-
surements indicate a lifetime of the light-induced superconducting 
state of τd ≈ 10 ns (Supplementary Section 11).

From the optical spectra, we also extracted an estimate of 
the ‘zero-frequency resistivity’ ρ0 ¼ 1= limω!0 σ1 ωð Þ

I
, which is 

based on a Drude–Lorentz fit to the transient optical properties 
(Supplementary Section 6). This fitting procedure yielded a vanish-
ingly small ρ0(t) for all time delays after excitation (Fig. 4a).

Estimates of ρ0 from optical measurements were comple-
mented with direct electrical measurements. The K3C60 pellets 
were incorporated into lithographically patterned microstrip 
transmission lines. Their resistance was tracked at different 
times after excitation by transmitting a 1 ns voltage probe pulse 
that yielded time-resolved two-terminal resistance measure-
ments (Supplementary Sections 7 and 8). The contributions due 
to contact resistance were normalized by performing equilib-
rium four-terminal measurements that were subtracted from the 
time-resolved resistance measurements (Supplementary Section 8).  

Figure 4b shows the time evolution of the two-terminal resistance 
of a K3C60 pellet measured at T = 100 K upon photoexcitation in 
similar conditions to those of the optical experiments reported 
in Fig. 3. As seen in the resistivity extrapolated from the optical 
measurements (compare to Fig. 4a), upon excitation the resistance 
drops to a value that is compatible with zero and recovers on the 
same timescale of tens of nanoseconds that was extracted from the 
fitted results of Fig. 4a (Supplementary Section 11).

The electrical probe experiments were repeated by varying the 
excitation pulse duration and fluence. Figure 5a shows exemplary 
pump-pulse duration dependencies of the measured sample pho-
toresistivity for excitation fluences of 1.5 mJ cm−2, 10 mJ cm−2 and 
25 mJ cm−2. The photoresistivity was mostly independent of the 
pump-pulse duration and depended only on the total energy of 
the excitation pulse. This is also underscored by the data shown in  
Fig. 5b, which illustrates the dependence of the sample resistance 
on the excitation fluence at a constant pulse duration. A long-lived 
state featuring zero resistance was observed for all excitation  
fluences in excess of 20 mJ cm−2.

These data provide evidence for a metastable state of K3C60 with a 
very large positive photoconductivity. The observation of such a large 
and positive photoconductivity would be highly unconventional for 
a metal, which generally exhibits photoconductivities of less than 1% 
(refs. 24–26) and which are often negative27, especially when excita-
tion is performed in the mid-infrared and far away from inter-band 
transitions. Rather, the combined observation of a vanishingly small 
resistance with the transient terahertz optical spectra shown in Fig. 3 
substantiates the assignment of a metastable superconducting state.

Note that the photo-induced high-temperature state survives far 
longer than the drive pulse, and hence exhibits intrinsic rigidity at 
timescales when the coherence is no longer supplied by the external 
drive. In search for a mechanism behind this long lifetime, we applied 
a phenomenological time-dependent Ginzburg–Landau model to 
capture the dynamics of the superconducting order parameter after 
laser excitation. In this model, we did not address the microscopic 
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is reduced compared with that of the cases shown in Figs. 1 and 2, 
which were measured at 500 Hz.

The transient optical spectra measured in these conditions showed 
the same superconducting-like features as reported in Figs. 1d  
and 2b for all pump-pulse durations up to 1 ns after excitation. Note 
that the 10.6 µm wavelength radiated by the CO2 laser is differ-
ent from the 7.3 µm wavelength used in the experiments of Figs. 1  
and 2. However, excitation with femtosecond optical pulses at this 
wavelength had previously been shown to induce the same transient 
optical signatures generated with 7.3 µm wavelength excitation, 
although with a lower efficiency6.

The time evolution of the terahertz optical properties is shown 
in Fig. 3c. The top panel shows the average reflectivity R(ω) in the 
region where σ1(ω) exhibited a gap (2–10 meV). The lower panel 
shows the average value of the corresponding real part of the opti-
cal conductivity σ1(ω), which reached zero after optical excitation, 
reflecting full gapping. Both quantities remained unchanged after 
excitation for all time delays measured up to 1 ns. Extended mea-
surements indicate a lifetime of the light-induced superconducting 
state of τd ≈ 10 ns (Supplementary Section 11).

From the optical spectra, we also extracted an estimate of 
the ‘zero-frequency resistivity’ ρ0 ¼ 1= limω!0 σ1 ωð Þ

I
, which is 

based on a Drude–Lorentz fit to the transient optical properties 
(Supplementary Section 6). This fitting procedure yielded a vanish-
ingly small ρ0(t) for all time delays after excitation (Fig. 4a).

Estimates of ρ0 from optical measurements were comple-
mented with direct electrical measurements. The K3C60 pellets 
were incorporated into lithographically patterned microstrip 
transmission lines. Their resistance was tracked at different 
times after excitation by transmitting a 1 ns voltage probe pulse 
that yielded time-resolved two-terminal resistance measure-
ments (Supplementary Sections 7 and 8). The contributions due 
to contact resistance were normalized by performing equilib-
rium four-terminal measurements that were subtracted from the 
time-resolved resistance measurements (Supplementary Section 8).  

Figure 4b shows the time evolution of the two-terminal resistance 
of a K3C60 pellet measured at T = 100 K upon photoexcitation in 
similar conditions to those of the optical experiments reported 
in Fig. 3. As seen in the resistivity extrapolated from the optical 
measurements (compare to Fig. 4a), upon excitation the resistance 
drops to a value that is compatible with zero and recovers on the 
same timescale of tens of nanoseconds that was extracted from the 
fitted results of Fig. 4a (Supplementary Section 11).

The electrical probe experiments were repeated by varying the 
excitation pulse duration and fluence. Figure 5a shows exemplary 
pump-pulse duration dependencies of the measured sample pho-
toresistivity for excitation fluences of 1.5 mJ cm−2, 10 mJ cm−2 and 
25 mJ cm−2. The photoresistivity was mostly independent of the 
pump-pulse duration and depended only on the total energy of 
the excitation pulse. This is also underscored by the data shown in  
Fig. 5b, which illustrates the dependence of the sample resistance 
on the excitation fluence at a constant pulse duration. A long-lived 
state featuring zero resistance was observed for all excitation  
fluences in excess of 20 mJ cm−2.

These data provide evidence for a metastable state of K3C60 with a 
very large positive photoconductivity. The observation of such a large 
and positive photoconductivity would be highly unconventional for 
a metal, which generally exhibits photoconductivities of less than 1% 
(refs. 24–26) and which are often negative27, especially when excita-
tion is performed in the mid-infrared and far away from inter-band 
transitions. Rather, the combined observation of a vanishingly small 
resistance with the transient terahertz optical spectra shown in Fig. 3 
substantiates the assignment of a metastable superconducting state.

Note that the photo-induced high-temperature state survives far 
longer than the drive pulse, and hence exhibits intrinsic rigidity at 
timescales when the coherence is no longer supplied by the external 
drive. In search for a mechanism behind this long lifetime, we applied 
a phenomenological time-dependent Ginzburg–Landau model to 
capture the dynamics of the superconducting order parameter after 
laser excitation. In this model, we did not address the microscopic 
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and their electric fields in red and blue, respectively. b, Resistance of a laser-irradiated K3C60 pellet that was embedded in a microstrip transmission line 
as a function of time after photoexcitation. The resistance value is obtained from a transient two-point transport measurement in which contributions 
from contact resistances are calibrated from a static four-point measurement. The shaded area indicates an estimate of the systematic error that is 
introduced by this calibration (see the main text and Supplementary Sections 7–9). The inset shows a schematic of the electrical transport experiment 
with gold electrodes on K3C60 in yellow and the region of current flow in teal. The pump beam and its electric field are displayed in red. These data were 
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is reduced compared with that of the cases shown in Figs. 1 and 2, 
which were measured at 500 Hz.

The transient optical spectra measured in these conditions showed 
the same superconducting-like features as reported in Figs. 1d  
and 2b for all pump-pulse durations up to 1 ns after excitation. Note 
that the 10.6 µm wavelength radiated by the CO2 laser is differ-
ent from the 7.3 µm wavelength used in the experiments of Figs. 1  
and 2. However, excitation with femtosecond optical pulses at this 
wavelength had previously been shown to induce the same transient 
optical signatures generated with 7.3 µm wavelength excitation, 
although with a lower efficiency6.

The time evolution of the terahertz optical properties is shown 
in Fig. 3c. The top panel shows the average reflectivity R(ω) in the 
region where σ1(ω) exhibited a gap (2–10 meV). The lower panel 
shows the average value of the corresponding real part of the opti-
cal conductivity σ1(ω), which reached zero after optical excitation, 
reflecting full gapping. Both quantities remained unchanged after 
excitation for all time delays measured up to 1 ns. Extended mea-
surements indicate a lifetime of the light-induced superconducting 
state of τd ≈ 10 ns (Supplementary Section 11).

From the optical spectra, we also extracted an estimate of 
the ‘zero-frequency resistivity’ ρ0 ¼ 1= limω!0 σ1 ωð Þ

I
, which is 

based on a Drude–Lorentz fit to the transient optical properties 
(Supplementary Section 6). This fitting procedure yielded a vanish-
ingly small ρ0(t) for all time delays after excitation (Fig. 4a).

Estimates of ρ0 from optical measurements were comple-
mented with direct electrical measurements. The K3C60 pellets 
were incorporated into lithographically patterned microstrip 
transmission lines. Their resistance was tracked at different 
times after excitation by transmitting a 1 ns voltage probe pulse 
that yielded time-resolved two-terminal resistance measure-
ments (Supplementary Sections 7 and 8). The contributions due 
to contact resistance were normalized by performing equilib-
rium four-terminal measurements that were subtracted from the 
time-resolved resistance measurements (Supplementary Section 8).  

Figure 4b shows the time evolution of the two-terminal resistance 
of a K3C60 pellet measured at T = 100 K upon photoexcitation in 
similar conditions to those of the optical experiments reported 
in Fig. 3. As seen in the resistivity extrapolated from the optical 
measurements (compare to Fig. 4a), upon excitation the resistance 
drops to a value that is compatible with zero and recovers on the 
same timescale of tens of nanoseconds that was extracted from the 
fitted results of Fig. 4a (Supplementary Section 11).

The electrical probe experiments were repeated by varying the 
excitation pulse duration and fluence. Figure 5a shows exemplary 
pump-pulse duration dependencies of the measured sample pho-
toresistivity for excitation fluences of 1.5 mJ cm−2, 10 mJ cm−2 and 
25 mJ cm−2. The photoresistivity was mostly independent of the 
pump-pulse duration and depended only on the total energy of 
the excitation pulse. This is also underscored by the data shown in  
Fig. 5b, which illustrates the dependence of the sample resistance 
on the excitation fluence at a constant pulse duration. A long-lived 
state featuring zero resistance was observed for all excitation  
fluences in excess of 20 mJ cm−2.

These data provide evidence for a metastable state of K3C60 with a 
very large positive photoconductivity. The observation of such a large 
and positive photoconductivity would be highly unconventional for 
a metal, which generally exhibits photoconductivities of less than 1% 
(refs. 24–26) and which are often negative27, especially when excita-
tion is performed in the mid-infrared and far away from inter-band 
transitions. Rather, the combined observation of a vanishingly small 
resistance with the transient terahertz optical spectra shown in Fig. 3 
substantiates the assignment of a metastable superconducting state.

Note that the photo-induced high-temperature state survives far 
longer than the drive pulse, and hence exhibits intrinsic rigidity at 
timescales when the coherence is no longer supplied by the external 
drive. In search for a mechanism behind this long lifetime, we applied 
a phenomenological time-dependent Ginzburg–Landau model to 
capture the dynamics of the superconducting order parameter after 
laser excitation. In this model, we did not address the microscopic 
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and their electric fields in red and blue, respectively. b, Resistance of a laser-irradiated K3C60 pellet that was embedded in a microstrip transmission line 
as a function of time after photoexcitation. The resistance value is obtained from a transient two-point transport measurement in which contributions 
from contact resistances are calibrated from a static four-point measurement. The shaded area indicates an estimate of the systematic error that is 
introduced by this calibration (see the main text and Supplementary Sections 7–9). The inset shows a schematic of the electrical transport experiment 
with gold electrodes on K3C60 in yellow and the region of current flow in teal. The pump beam and its electric field are displayed in red. These data were 
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is reduced compared with that of the cases shown in Figs. 1 and 2, 
which were measured at 500 Hz.

The transient optical spectra measured in these conditions showed 
the same superconducting-like features as reported in Figs. 1d  
and 2b for all pump-pulse durations up to 1 ns after excitation. Note 
that the 10.6 µm wavelength radiated by the CO2 laser is differ-
ent from the 7.3 µm wavelength used in the experiments of Figs. 1  
and 2. However, excitation with femtosecond optical pulses at this 
wavelength had previously been shown to induce the same transient 
optical signatures generated with 7.3 µm wavelength excitation, 
although with a lower efficiency6.

The time evolution of the terahertz optical properties is shown 
in Fig. 3c. The top panel shows the average reflectivity R(ω) in the 
region where σ1(ω) exhibited a gap (2–10 meV). The lower panel 
shows the average value of the corresponding real part of the opti-
cal conductivity σ1(ω), which reached zero after optical excitation, 
reflecting full gapping. Both quantities remained unchanged after 
excitation for all time delays measured up to 1 ns. Extended mea-
surements indicate a lifetime of the light-induced superconducting 
state of τd ≈ 10 ns (Supplementary Section 11).

From the optical spectra, we also extracted an estimate of 
the ‘zero-frequency resistivity’ ρ0 ¼ 1= limω!0 σ1 ωð Þ

I
, which is 

based on a Drude–Lorentz fit to the transient optical properties 
(Supplementary Section 6). This fitting procedure yielded a vanish-
ingly small ρ0(t) for all time delays after excitation (Fig. 4a).

Estimates of ρ0 from optical measurements were comple-
mented with direct electrical measurements. The K3C60 pellets 
were incorporated into lithographically patterned microstrip 
transmission lines. Their resistance was tracked at different 
times after excitation by transmitting a 1 ns voltage probe pulse 
that yielded time-resolved two-terminal resistance measure-
ments (Supplementary Sections 7 and 8). The contributions due 
to contact resistance were normalized by performing equilib-
rium four-terminal measurements that were subtracted from the 
time-resolved resistance measurements (Supplementary Section 8).  

Figure 4b shows the time evolution of the two-terminal resistance 
of a K3C60 pellet measured at T = 100 K upon photoexcitation in 
similar conditions to those of the optical experiments reported 
in Fig. 3. As seen in the resistivity extrapolated from the optical 
measurements (compare to Fig. 4a), upon excitation the resistance 
drops to a value that is compatible with zero and recovers on the 
same timescale of tens of nanoseconds that was extracted from the 
fitted results of Fig. 4a (Supplementary Section 11).

The electrical probe experiments were repeated by varying the 
excitation pulse duration and fluence. Figure 5a shows exemplary 
pump-pulse duration dependencies of the measured sample pho-
toresistivity for excitation fluences of 1.5 mJ cm−2, 10 mJ cm−2 and 
25 mJ cm−2. The photoresistivity was mostly independent of the 
pump-pulse duration and depended only on the total energy of 
the excitation pulse. This is also underscored by the data shown in  
Fig. 5b, which illustrates the dependence of the sample resistance 
on the excitation fluence at a constant pulse duration. A long-lived 
state featuring zero resistance was observed for all excitation  
fluences in excess of 20 mJ cm−2.

These data provide evidence for a metastable state of K3C60 with a 
very large positive photoconductivity. The observation of such a large 
and positive photoconductivity would be highly unconventional for 
a metal, which generally exhibits photoconductivities of less than 1% 
(refs. 24–26) and which are often negative27, especially when excita-
tion is performed in the mid-infrared and far away from inter-band 
transitions. Rather, the combined observation of a vanishingly small 
resistance with the transient terahertz optical spectra shown in Fig. 3 
substantiates the assignment of a metastable superconducting state.

Note that the photo-induced high-temperature state survives far 
longer than the drive pulse, and hence exhibits intrinsic rigidity at 
timescales when the coherence is no longer supplied by the external 
drive. In search for a mechanism behind this long lifetime, we applied 
a phenomenological time-dependent Ginzburg–Landau model to 
capture the dynamics of the superconducting order parameter after 
laser excitation. In this model, we did not address the microscopic 
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as a function of time after photoexcitation. The resistance value is obtained from a transient two-point transport measurement in which contributions 
from contact resistances are calibrated from a static four-point measurement. The shaded area indicates an estimate of the systematic error that is 
introduced by this calibration (see the main text and Supplementary Sections 7–9). The inset shows a schematic of the electrical transport experiment 
with gold electrodes on K3C60 in yellow and the region of current flow in teal. The pump beam and its electric field are displayed in red. These data were 
acquired at a base temperature T!=!100!K with a fluence of ~25!mJ!cm−2. The pump-pulse durations were 200!ps and 75!ps for the optical and transport 
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is reduced compared with that of the cases shown in Figs. 1 and 2, 
which were measured at 500 Hz.

The transient optical spectra measured in these conditions showed 
the same superconducting-like features as reported in Figs. 1d  
and 2b for all pump-pulse durations up to 1 ns after excitation. Note 
that the 10.6 µm wavelength radiated by the CO2 laser is differ-
ent from the 7.3 µm wavelength used in the experiments of Figs. 1  
and 2. However, excitation with femtosecond optical pulses at this 
wavelength had previously been shown to induce the same transient 
optical signatures generated with 7.3 µm wavelength excitation, 
although with a lower efficiency6.

The time evolution of the terahertz optical properties is shown 
in Fig. 3c. The top panel shows the average reflectivity R(ω) in the 
region where σ1(ω) exhibited a gap (2–10 meV). The lower panel 
shows the average value of the corresponding real part of the opti-
cal conductivity σ1(ω), which reached zero after optical excitation, 
reflecting full gapping. Both quantities remained unchanged after 
excitation for all time delays measured up to 1 ns. Extended mea-
surements indicate a lifetime of the light-induced superconducting 
state of τd ≈ 10 ns (Supplementary Section 11).

From the optical spectra, we also extracted an estimate of 
the ‘zero-frequency resistivity’ ρ0 ¼ 1= limω!0 σ1 ωð Þ

I
, which is 

based on a Drude–Lorentz fit to the transient optical properties 
(Supplementary Section 6). This fitting procedure yielded a vanish-
ingly small ρ0(t) for all time delays after excitation (Fig. 4a).

Estimates of ρ0 from optical measurements were comple-
mented with direct electrical measurements. The K3C60 pellets 
were incorporated into lithographically patterned microstrip 
transmission lines. Their resistance was tracked at different 
times after excitation by transmitting a 1 ns voltage probe pulse 
that yielded time-resolved two-terminal resistance measure-
ments (Supplementary Sections 7 and 8). The contributions due 
to contact resistance were normalized by performing equilib-
rium four-terminal measurements that were subtracted from the 
time-resolved resistance measurements (Supplementary Section 8).  

Figure 4b shows the time evolution of the two-terminal resistance 
of a K3C60 pellet measured at T = 100 K upon photoexcitation in 
similar conditions to those of the optical experiments reported 
in Fig. 3. As seen in the resistivity extrapolated from the optical 
measurements (compare to Fig. 4a), upon excitation the resistance 
drops to a value that is compatible with zero and recovers on the 
same timescale of tens of nanoseconds that was extracted from the 
fitted results of Fig. 4a (Supplementary Section 11).

The electrical probe experiments were repeated by varying the 
excitation pulse duration and fluence. Figure 5a shows exemplary 
pump-pulse duration dependencies of the measured sample pho-
toresistivity for excitation fluences of 1.5 mJ cm−2, 10 mJ cm−2 and 
25 mJ cm−2. The photoresistivity was mostly independent of the 
pump-pulse duration and depended only on the total energy of 
the excitation pulse. This is also underscored by the data shown in  
Fig. 5b, which illustrates the dependence of the sample resistance 
on the excitation fluence at a constant pulse duration. A long-lived 
state featuring zero resistance was observed for all excitation  
fluences in excess of 20 mJ cm−2.

These data provide evidence for a metastable state of K3C60 with a 
very large positive photoconductivity. The observation of such a large 
and positive photoconductivity would be highly unconventional for 
a metal, which generally exhibits photoconductivities of less than 1% 
(refs. 24–26) and which are often negative27, especially when excita-
tion is performed in the mid-infrared and far away from inter-band 
transitions. Rather, the combined observation of a vanishingly small 
resistance with the transient terahertz optical spectra shown in Fig. 3 
substantiates the assignment of a metastable superconducting state.

Note that the photo-induced high-temperature state survives far 
longer than the drive pulse, and hence exhibits intrinsic rigidity at 
timescales when the coherence is no longer supplied by the external 
drive. In search for a mechanism behind this long lifetime, we applied 
a phenomenological time-dependent Ginzburg–Landau model to 
capture the dynamics of the superconducting order parameter after 
laser excitation. In this model, we did not address the microscopic 
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as a function of time after photoexcitation. The resistance value is obtained from a transient two-point transport measurement in which contributions 
from contact resistances are calibrated from a static four-point measurement. The shaded area indicates an estimate of the systematic error that is 
introduced by this calibration (see the main text and Supplementary Sections 7–9). The inset shows a schematic of the electrical transport experiment 
with gold electrodes on K3C60 in yellow and the region of current flow in teal. The pump beam and its electric field are displayed in red. These data were 
acquired at a base temperature T!=!100!K with a fluence of ~25!mJ!cm−2. The pump-pulse durations were 200!ps and 75!ps for the optical and transport 
measurements, respectively.
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is reduced compared with that of the cases shown in Figs. 1 and 2, 
which were measured at 500 Hz.

The transient optical spectra measured in these conditions showed 
the same superconducting-like features as reported in Figs. 1d  
and 2b for all pump-pulse durations up to 1 ns after excitation. Note 
that the 10.6 µm wavelength radiated by the CO2 laser is differ-
ent from the 7.3 µm wavelength used in the experiments of Figs. 1  
and 2. However, excitation with femtosecond optical pulses at this 
wavelength had previously been shown to induce the same transient 
optical signatures generated with 7.3 µm wavelength excitation, 
although with a lower efficiency6.

The time evolution of the terahertz optical properties is shown 
in Fig. 3c. The top panel shows the average reflectivity R(ω) in the 
region where σ1(ω) exhibited a gap (2–10 meV). The lower panel 
shows the average value of the corresponding real part of the opti-
cal conductivity σ1(ω), which reached zero after optical excitation, 
reflecting full gapping. Both quantities remained unchanged after 
excitation for all time delays measured up to 1 ns. Extended mea-
surements indicate a lifetime of the light-induced superconducting 
state of τd ≈ 10 ns (Supplementary Section 11).

From the optical spectra, we also extracted an estimate of 
the ‘zero-frequency resistivity’ ρ0 ¼ 1= limω!0 σ1 ωð Þ

I
, which is 

based on a Drude–Lorentz fit to the transient optical properties 
(Supplementary Section 6). This fitting procedure yielded a vanish-
ingly small ρ0(t) for all time delays after excitation (Fig. 4a).

Estimates of ρ0 from optical measurements were comple-
mented with direct electrical measurements. The K3C60 pellets 
were incorporated into lithographically patterned microstrip 
transmission lines. Their resistance was tracked at different 
times after excitation by transmitting a 1 ns voltage probe pulse 
that yielded time-resolved two-terminal resistance measure-
ments (Supplementary Sections 7 and 8). The contributions due 
to contact resistance were normalized by performing equilib-
rium four-terminal measurements that were subtracted from the 
time-resolved resistance measurements (Supplementary Section 8).  

Figure 4b shows the time evolution of the two-terminal resistance 
of a K3C60 pellet measured at T = 100 K upon photoexcitation in 
similar conditions to those of the optical experiments reported 
in Fig. 3. As seen in the resistivity extrapolated from the optical 
measurements (compare to Fig. 4a), upon excitation the resistance 
drops to a value that is compatible with zero and recovers on the 
same timescale of tens of nanoseconds that was extracted from the 
fitted results of Fig. 4a (Supplementary Section 11).

The electrical probe experiments were repeated by varying the 
excitation pulse duration and fluence. Figure 5a shows exemplary 
pump-pulse duration dependencies of the measured sample pho-
toresistivity for excitation fluences of 1.5 mJ cm−2, 10 mJ cm−2 and 
25 mJ cm−2. The photoresistivity was mostly independent of the 
pump-pulse duration and depended only on the total energy of 
the excitation pulse. This is also underscored by the data shown in  
Fig. 5b, which illustrates the dependence of the sample resistance 
on the excitation fluence at a constant pulse duration. A long-lived 
state featuring zero resistance was observed for all excitation  
fluences in excess of 20 mJ cm−2.

These data provide evidence for a metastable state of K3C60 with a 
very large positive photoconductivity. The observation of such a large 
and positive photoconductivity would be highly unconventional for 
a metal, which generally exhibits photoconductivities of less than 1% 
(refs. 24–26) and which are often negative27, especially when excita-
tion is performed in the mid-infrared and far away from inter-band 
transitions. Rather, the combined observation of a vanishingly small 
resistance with the transient terahertz optical spectra shown in Fig. 3 
substantiates the assignment of a metastable superconducting state.

Note that the photo-induced high-temperature state survives far 
longer than the drive pulse, and hence exhibits intrinsic rigidity at 
timescales when the coherence is no longer supplied by the external 
drive. In search for a mechanism behind this long lifetime, we applied 
a phenomenological time-dependent Ginzburg–Landau model to 
capture the dynamics of the superconducting order parameter after 
laser excitation. In this model, we did not address the microscopic 
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with gold electrodes on K3C60 in yellow and the region of current flow in teal. The pump beam and its electric field are displayed in red. These data were 
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is reduced compared with that of the cases shown in Figs. 1 and 2, 
which were measured at 500 Hz.

The transient optical spectra measured in these conditions showed 
the same superconducting-like features as reported in Figs. 1d  
and 2b for all pump-pulse durations up to 1 ns after excitation. Note 
that the 10.6 µm wavelength radiated by the CO2 laser is differ-
ent from the 7.3 µm wavelength used in the experiments of Figs. 1  
and 2. However, excitation with femtosecond optical pulses at this 
wavelength had previously been shown to induce the same transient 
optical signatures generated with 7.3 µm wavelength excitation, 
although with a lower efficiency6.

The time evolution of the terahertz optical properties is shown 
in Fig. 3c. The top panel shows the average reflectivity R(ω) in the 
region where σ1(ω) exhibited a gap (2–10 meV). The lower panel 
shows the average value of the corresponding real part of the opti-
cal conductivity σ1(ω), which reached zero after optical excitation, 
reflecting full gapping. Both quantities remained unchanged after 
excitation for all time delays measured up to 1 ns. Extended mea-
surements indicate a lifetime of the light-induced superconducting 
state of τd ≈ 10 ns (Supplementary Section 11).

From the optical spectra, we also extracted an estimate of 
the ‘zero-frequency resistivity’ ρ0 ¼ 1= limω!0 σ1 ωð Þ

I
, which is 

based on a Drude–Lorentz fit to the transient optical properties 
(Supplementary Section 6). This fitting procedure yielded a vanish-
ingly small ρ0(t) for all time delays after excitation (Fig. 4a).

Estimates of ρ0 from optical measurements were comple-
mented with direct electrical measurements. The K3C60 pellets 
were incorporated into lithographically patterned microstrip 
transmission lines. Their resistance was tracked at different 
times after excitation by transmitting a 1 ns voltage probe pulse 
that yielded time-resolved two-terminal resistance measure-
ments (Supplementary Sections 7 and 8). The contributions due 
to contact resistance were normalized by performing equilib-
rium four-terminal measurements that were subtracted from the 
time-resolved resistance measurements (Supplementary Section 8).  

Figure 4b shows the time evolution of the two-terminal resistance 
of a K3C60 pellet measured at T = 100 K upon photoexcitation in 
similar conditions to those of the optical experiments reported 
in Fig. 3. As seen in the resistivity extrapolated from the optical 
measurements (compare to Fig. 4a), upon excitation the resistance 
drops to a value that is compatible with zero and recovers on the 
same timescale of tens of nanoseconds that was extracted from the 
fitted results of Fig. 4a (Supplementary Section 11).

The electrical probe experiments were repeated by varying the 
excitation pulse duration and fluence. Figure 5a shows exemplary 
pump-pulse duration dependencies of the measured sample pho-
toresistivity for excitation fluences of 1.5 mJ cm−2, 10 mJ cm−2 and 
25 mJ cm−2. The photoresistivity was mostly independent of the 
pump-pulse duration and depended only on the total energy of 
the excitation pulse. This is also underscored by the data shown in  
Fig. 5b, which illustrates the dependence of the sample resistance 
on the excitation fluence at a constant pulse duration. A long-lived 
state featuring zero resistance was observed for all excitation  
fluences in excess of 20 mJ cm−2.

These data provide evidence for a metastable state of K3C60 with a 
very large positive photoconductivity. The observation of such a large 
and positive photoconductivity would be highly unconventional for 
a metal, which generally exhibits photoconductivities of less than 1% 
(refs. 24–26) and which are often negative27, especially when excita-
tion is performed in the mid-infrared and far away from inter-band 
transitions. Rather, the combined observation of a vanishingly small 
resistance with the transient terahertz optical spectra shown in Fig. 3 
substantiates the assignment of a metastable superconducting state.

Note that the photo-induced high-temperature state survives far 
longer than the drive pulse, and hence exhibits intrinsic rigidity at 
timescales when the coherence is no longer supplied by the external 
drive. In search for a mechanism behind this long lifetime, we applied 
a phenomenological time-dependent Ginzburg–Landau model to 
capture the dynamics of the superconducting order parameter after 
laser excitation. In this model, we did not address the microscopic 
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from contact resistances are calibrated from a static four-point measurement. The shaded area indicates an estimate of the systematic error that is 
introduced by this calibration (see the main text and Supplementary Sections 7–9). The inset shows a schematic of the electrical transport experiment 
with gold electrodes on K3C60 in yellow and the region of current flow in teal. The pump beam and its electric field are displayed in red. These data were 
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is reduced compared with that of the cases shown in Figs. 1 and 2, 
which were measured at 500 Hz.

The transient optical spectra measured in these conditions showed 
the same superconducting-like features as reported in Figs. 1d  
and 2b for all pump-pulse durations up to 1 ns after excitation. Note 
that the 10.6 µm wavelength radiated by the CO2 laser is differ-
ent from the 7.3 µm wavelength used in the experiments of Figs. 1  
and 2. However, excitation with femtosecond optical pulses at this 
wavelength had previously been shown to induce the same transient 
optical signatures generated with 7.3 µm wavelength excitation, 
although with a lower efficiency6.

The time evolution of the terahertz optical properties is shown 
in Fig. 3c. The top panel shows the average reflectivity R(ω) in the 
region where σ1(ω) exhibited a gap (2–10 meV). The lower panel 
shows the average value of the corresponding real part of the opti-
cal conductivity σ1(ω), which reached zero after optical excitation, 
reflecting full gapping. Both quantities remained unchanged after 
excitation for all time delays measured up to 1 ns. Extended mea-
surements indicate a lifetime of the light-induced superconducting 
state of τd ≈ 10 ns (Supplementary Section 11).

From the optical spectra, we also extracted an estimate of 
the ‘zero-frequency resistivity’ ρ0 ¼ 1= limω!0 σ1 ωð Þ

I
, which is 

based on a Drude–Lorentz fit to the transient optical properties 
(Supplementary Section 6). This fitting procedure yielded a vanish-
ingly small ρ0(t) for all time delays after excitation (Fig. 4a).

Estimates of ρ0 from optical measurements were comple-
mented with direct electrical measurements. The K3C60 pellets 
were incorporated into lithographically patterned microstrip 
transmission lines. Their resistance was tracked at different 
times after excitation by transmitting a 1 ns voltage probe pulse 
that yielded time-resolved two-terminal resistance measure-
ments (Supplementary Sections 7 and 8). The contributions due 
to contact resistance were normalized by performing equilib-
rium four-terminal measurements that were subtracted from the 
time-resolved resistance measurements (Supplementary Section 8).  

Figure 4b shows the time evolution of the two-terminal resistance 
of a K3C60 pellet measured at T = 100 K upon photoexcitation in 
similar conditions to those of the optical experiments reported 
in Fig. 3. As seen in the resistivity extrapolated from the optical 
measurements (compare to Fig. 4a), upon excitation the resistance 
drops to a value that is compatible with zero and recovers on the 
same timescale of tens of nanoseconds that was extracted from the 
fitted results of Fig. 4a (Supplementary Section 11).

The electrical probe experiments were repeated by varying the 
excitation pulse duration and fluence. Figure 5a shows exemplary 
pump-pulse duration dependencies of the measured sample pho-
toresistivity for excitation fluences of 1.5 mJ cm−2, 10 mJ cm−2 and 
25 mJ cm−2. The photoresistivity was mostly independent of the 
pump-pulse duration and depended only on the total energy of 
the excitation pulse. This is also underscored by the data shown in  
Fig. 5b, which illustrates the dependence of the sample resistance 
on the excitation fluence at a constant pulse duration. A long-lived 
state featuring zero resistance was observed for all excitation  
fluences in excess of 20 mJ cm−2.

These data provide evidence for a metastable state of K3C60 with a 
very large positive photoconductivity. The observation of such a large 
and positive photoconductivity would be highly unconventional for 
a metal, which generally exhibits photoconductivities of less than 1% 
(refs. 24–26) and which are often negative27, especially when excita-
tion is performed in the mid-infrared and far away from inter-band 
transitions. Rather, the combined observation of a vanishingly small 
resistance with the transient terahertz optical spectra shown in Fig. 3 
substantiates the assignment of a metastable superconducting state.

Note that the photo-induced high-temperature state survives far 
longer than the drive pulse, and hence exhibits intrinsic rigidity at 
timescales when the coherence is no longer supplied by the external 
drive. In search for a mechanism behind this long lifetime, we applied 
a phenomenological time-dependent Ginzburg–Landau model to 
capture the dynamics of the superconducting order parameter after 
laser excitation. In this model, we did not address the microscopic 
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Fig. 4 | Transient resistivity measurements of the long-lived, light-induced phase in K3C60. a, Time evolution of the transient resistivity ρ0 obtained from 
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and their electric fields in red and blue, respectively. b, Resistance of a laser-irradiated K3C60 pellet that was embedded in a microstrip transmission line 
as a function of time after photoexcitation. The resistance value is obtained from a transient two-point transport measurement in which contributions 
from contact resistances are calibrated from a static four-point measurement. The shaded area indicates an estimate of the systematic error that is 
introduced by this calibration (see the main text and Supplementary Sections 7–9). The inset shows a schematic of the electrical transport experiment 
with gold electrodes on K3C60 in yellow and the region of current flow in teal. The pump beam and its electric field are displayed in red. These data were 
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is reduced compared with that of the cases shown in Figs. 1 and 2, 
which were measured at 500 Hz.

The transient optical spectra measured in these conditions showed 
the same superconducting-like features as reported in Figs. 1d  
and 2b for all pump-pulse durations up to 1 ns after excitation. Note 
that the 10.6 µm wavelength radiated by the CO2 laser is differ-
ent from the 7.3 µm wavelength used in the experiments of Figs. 1  
and 2. However, excitation with femtosecond optical pulses at this 
wavelength had previously been shown to induce the same transient 
optical signatures generated with 7.3 µm wavelength excitation, 
although with a lower efficiency6.

The time evolution of the terahertz optical properties is shown 
in Fig. 3c. The top panel shows the average reflectivity R(ω) in the 
region where σ1(ω) exhibited a gap (2–10 meV). The lower panel 
shows the average value of the corresponding real part of the opti-
cal conductivity σ1(ω), which reached zero after optical excitation, 
reflecting full gapping. Both quantities remained unchanged after 
excitation for all time delays measured up to 1 ns. Extended mea-
surements indicate a lifetime of the light-induced superconducting 
state of τd ≈ 10 ns (Supplementary Section 11).

From the optical spectra, we also extracted an estimate of 
the ‘zero-frequency resistivity’ ρ0 ¼ 1= limω!0 σ1 ωð Þ

I
, which is 

based on a Drude–Lorentz fit to the transient optical properties 
(Supplementary Section 6). This fitting procedure yielded a vanish-
ingly small ρ0(t) for all time delays after excitation (Fig. 4a).

Estimates of ρ0 from optical measurements were comple-
mented with direct electrical measurements. The K3C60 pellets 
were incorporated into lithographically patterned microstrip 
transmission lines. Their resistance was tracked at different 
times after excitation by transmitting a 1 ns voltage probe pulse 
that yielded time-resolved two-terminal resistance measure-
ments (Supplementary Sections 7 and 8). The contributions due 
to contact resistance were normalized by performing equilib-
rium four-terminal measurements that were subtracted from the 
time-resolved resistance measurements (Supplementary Section 8).  

Figure 4b shows the time evolution of the two-terminal resistance 
of a K3C60 pellet measured at T = 100 K upon photoexcitation in 
similar conditions to those of the optical experiments reported 
in Fig. 3. As seen in the resistivity extrapolated from the optical 
measurements (compare to Fig. 4a), upon excitation the resistance 
drops to a value that is compatible with zero and recovers on the 
same timescale of tens of nanoseconds that was extracted from the 
fitted results of Fig. 4a (Supplementary Section 11).

The electrical probe experiments were repeated by varying the 
excitation pulse duration and fluence. Figure 5a shows exemplary 
pump-pulse duration dependencies of the measured sample pho-
toresistivity for excitation fluences of 1.5 mJ cm−2, 10 mJ cm−2 and 
25 mJ cm−2. The photoresistivity was mostly independent of the 
pump-pulse duration and depended only on the total energy of 
the excitation pulse. This is also underscored by the data shown in  
Fig. 5b, which illustrates the dependence of the sample resistance 
on the excitation fluence at a constant pulse duration. A long-lived 
state featuring zero resistance was observed for all excitation  
fluences in excess of 20 mJ cm−2.

These data provide evidence for a metastable state of K3C60 with a 
very large positive photoconductivity. The observation of such a large 
and positive photoconductivity would be highly unconventional for 
a metal, which generally exhibits photoconductivities of less than 1% 
(refs. 24–26) and which are often negative27, especially when excita-
tion is performed in the mid-infrared and far away from inter-band 
transitions. Rather, the combined observation of a vanishingly small 
resistance with the transient terahertz optical spectra shown in Fig. 3 
substantiates the assignment of a metastable superconducting state.

Note that the photo-induced high-temperature state survives far 
longer than the drive pulse, and hence exhibits intrinsic rigidity at 
timescales when the coherence is no longer supplied by the external 
drive. In search for a mechanism behind this long lifetime, we applied 
a phenomenological time-dependent Ginzburg–Landau model to 
capture the dynamics of the superconducting order parameter after 
laser excitation. In this model, we did not address the microscopic 
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Fig. 4 | Transient resistivity measurements of the long-lived, light-induced phase in K3C60. a, Time evolution of the transient resistivity ρ0 obtained from 
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and their electric fields in red and blue, respectively. b, Resistance of a laser-irradiated K3C60 pellet that was embedded in a microstrip transmission line 
as a function of time after photoexcitation. The resistance value is obtained from a transient two-point transport measurement in which contributions 
from contact resistances are calibrated from a static four-point measurement. The shaded area indicates an estimate of the systematic error that is 
introduced by this calibration (see the main text and Supplementary Sections 7–9). The inset shows a schematic of the electrical transport experiment 
with gold electrodes on K3C60 in yellow and the region of current flow in teal. The pump beam and its electric field are displayed in red. These data were 
acquired at a base temperature T!=!100!K with a fluence of ~25!mJ!cm−2. The pump-pulse durations were 200!ps and 75!ps for the optical and transport 
measurements, respectively.
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is reduced compared with that of the cases shown in Figs. 1 and 2, 
which were measured at 500 Hz.

The transient optical spectra measured in these conditions showed 
the same superconducting-like features as reported in Figs. 1d  
and 2b for all pump-pulse durations up to 1 ns after excitation. Note 
that the 10.6 µm wavelength radiated by the CO2 laser is differ-
ent from the 7.3 µm wavelength used in the experiments of Figs. 1  
and 2. However, excitation with femtosecond optical pulses at this 
wavelength had previously been shown to induce the same transient 
optical signatures generated with 7.3 µm wavelength excitation, 
although with a lower efficiency6.

The time evolution of the terahertz optical properties is shown 
in Fig. 3c. The top panel shows the average reflectivity R(ω) in the 
region where σ1(ω) exhibited a gap (2–10 meV). The lower panel 
shows the average value of the corresponding real part of the opti-
cal conductivity σ1(ω), which reached zero after optical excitation, 
reflecting full gapping. Both quantities remained unchanged after 
excitation for all time delays measured up to 1 ns. Extended mea-
surements indicate a lifetime of the light-induced superconducting 
state of τd ≈ 10 ns (Supplementary Section 11).

From the optical spectra, we also extracted an estimate of 
the ‘zero-frequency resistivity’ ρ0 ¼ 1= limω!0 σ1 ωð Þ

I
, which is 

based on a Drude–Lorentz fit to the transient optical properties 
(Supplementary Section 6). This fitting procedure yielded a vanish-
ingly small ρ0(t) for all time delays after excitation (Fig. 4a).

Estimates of ρ0 from optical measurements were comple-
mented with direct electrical measurements. The K3C60 pellets 
were incorporated into lithographically patterned microstrip 
transmission lines. Their resistance was tracked at different 
times after excitation by transmitting a 1 ns voltage probe pulse 
that yielded time-resolved two-terminal resistance measure-
ments (Supplementary Sections 7 and 8). The contributions due 
to contact resistance were normalized by performing equilib-
rium four-terminal measurements that were subtracted from the 
time-resolved resistance measurements (Supplementary Section 8).  

Figure 4b shows the time evolution of the two-terminal resistance 
of a K3C60 pellet measured at T = 100 K upon photoexcitation in 
similar conditions to those of the optical experiments reported 
in Fig. 3. As seen in the resistivity extrapolated from the optical 
measurements (compare to Fig. 4a), upon excitation the resistance 
drops to a value that is compatible with zero and recovers on the 
same timescale of tens of nanoseconds that was extracted from the 
fitted results of Fig. 4a (Supplementary Section 11).

The electrical probe experiments were repeated by varying the 
excitation pulse duration and fluence. Figure 5a shows exemplary 
pump-pulse duration dependencies of the measured sample pho-
toresistivity for excitation fluences of 1.5 mJ cm−2, 10 mJ cm−2 and 
25 mJ cm−2. The photoresistivity was mostly independent of the 
pump-pulse duration and depended only on the total energy of 
the excitation pulse. This is also underscored by the data shown in  
Fig. 5b, which illustrates the dependence of the sample resistance 
on the excitation fluence at a constant pulse duration. A long-lived 
state featuring zero resistance was observed for all excitation  
fluences in excess of 20 mJ cm−2.

These data provide evidence for a metastable state of K3C60 with a 
very large positive photoconductivity. The observation of such a large 
and positive photoconductivity would be highly unconventional for 
a metal, which generally exhibits photoconductivities of less than 1% 
(refs. 24–26) and which are often negative27, especially when excita-
tion is performed in the mid-infrared and far away from inter-band 
transitions. Rather, the combined observation of a vanishingly small 
resistance with the transient terahertz optical spectra shown in Fig. 3 
substantiates the assignment of a metastable superconducting state.

Note that the photo-induced high-temperature state survives far 
longer than the drive pulse, and hence exhibits intrinsic rigidity at 
timescales when the coherence is no longer supplied by the external 
drive. In search for a mechanism behind this long lifetime, we applied 
a phenomenological time-dependent Ginzburg–Landau model to 
capture the dynamics of the superconducting order parameter after 
laser excitation. In this model, we did not address the microscopic 
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and their electric fields in red and blue, respectively. b, Resistance of a laser-irradiated K3C60 pellet that was embedded in a microstrip transmission line 
as a function of time after photoexcitation. The resistance value is obtained from a transient two-point transport measurement in which contributions 
from contact resistances are calibrated from a static four-point measurement. The shaded area indicates an estimate of the systematic error that is 
introduced by this calibration (see the main text and Supplementary Sections 7–9). The inset shows a schematic of the electrical transport experiment 
with gold electrodes on K3C60 in yellow and the region of current flow in teal. The pump beam and its electric field are displayed in red. These data were 
acquired at a base temperature T!=!100!K with a fluence of ~25!mJ!cm−2. The pump-pulse durations were 200!ps and 75!ps for the optical and transport 
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is reduced compared with that of the cases shown in Figs. 1 and 2, 
which were measured at 500 Hz.

The transient optical spectra measured in these conditions showed 
the same superconducting-like features as reported in Figs. 1d  
and 2b for all pump-pulse durations up to 1 ns after excitation. Note 
that the 10.6 µm wavelength radiated by the CO2 laser is differ-
ent from the 7.3 µm wavelength used in the experiments of Figs. 1  
and 2. However, excitation with femtosecond optical pulses at this 
wavelength had previously been shown to induce the same transient 
optical signatures generated with 7.3 µm wavelength excitation, 
although with a lower efficiency6.

The time evolution of the terahertz optical properties is shown 
in Fig. 3c. The top panel shows the average reflectivity R(ω) in the 
region where σ1(ω) exhibited a gap (2–10 meV). The lower panel 
shows the average value of the corresponding real part of the opti-
cal conductivity σ1(ω), which reached zero after optical excitation, 
reflecting full gapping. Both quantities remained unchanged after 
excitation for all time delays measured up to 1 ns. Extended mea-
surements indicate a lifetime of the light-induced superconducting 
state of τd ≈ 10 ns (Supplementary Section 11).

From the optical spectra, we also extracted an estimate of 
the ‘zero-frequency resistivity’ ρ0 ¼ 1= limω!0 σ1 ωð Þ

I
, which is 

based on a Drude–Lorentz fit to the transient optical properties 
(Supplementary Section 6). This fitting procedure yielded a vanish-
ingly small ρ0(t) for all time delays after excitation (Fig. 4a).

Estimates of ρ0 from optical measurements were comple-
mented with direct electrical measurements. The K3C60 pellets 
were incorporated into lithographically patterned microstrip 
transmission lines. Their resistance was tracked at different 
times after excitation by transmitting a 1 ns voltage probe pulse 
that yielded time-resolved two-terminal resistance measure-
ments (Supplementary Sections 7 and 8). The contributions due 
to contact resistance were normalized by performing equilib-
rium four-terminal measurements that were subtracted from the 
time-resolved resistance measurements (Supplementary Section 8).  

Figure 4b shows the time evolution of the two-terminal resistance 
of a K3C60 pellet measured at T = 100 K upon photoexcitation in 
similar conditions to those of the optical experiments reported 
in Fig. 3. As seen in the resistivity extrapolated from the optical 
measurements (compare to Fig. 4a), upon excitation the resistance 
drops to a value that is compatible with zero and recovers on the 
same timescale of tens of nanoseconds that was extracted from the 
fitted results of Fig. 4a (Supplementary Section 11).

The electrical probe experiments were repeated by varying the 
excitation pulse duration and fluence. Figure 5a shows exemplary 
pump-pulse duration dependencies of the measured sample pho-
toresistivity for excitation fluences of 1.5 mJ cm−2, 10 mJ cm−2 and 
25 mJ cm−2. The photoresistivity was mostly independent of the 
pump-pulse duration and depended only on the total energy of 
the excitation pulse. This is also underscored by the data shown in  
Fig. 5b, which illustrates the dependence of the sample resistance 
on the excitation fluence at a constant pulse duration. A long-lived 
state featuring zero resistance was observed for all excitation  
fluences in excess of 20 mJ cm−2.

These data provide evidence for a metastable state of K3C60 with a 
very large positive photoconductivity. The observation of such a large 
and positive photoconductivity would be highly unconventional for 
a metal, which generally exhibits photoconductivities of less than 1% 
(refs. 24–26) and which are often negative27, especially when excita-
tion is performed in the mid-infrared and far away from inter-band 
transitions. Rather, the combined observation of a vanishingly small 
resistance with the transient terahertz optical spectra shown in Fig. 3 
substantiates the assignment of a metastable superconducting state.

Note that the photo-induced high-temperature state survives far 
longer than the drive pulse, and hence exhibits intrinsic rigidity at 
timescales when the coherence is no longer supplied by the external 
drive. In search for a mechanism behind this long lifetime, we applied 
a phenomenological time-dependent Ginzburg–Landau model to 
capture the dynamics of the superconducting order parameter after 
laser excitation. In this model, we did not address the microscopic 
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is reduced compared with that of the cases shown in Figs. 1 and 2, 
which were measured at 500 Hz.

The transient optical spectra measured in these conditions showed 
the same superconducting-like features as reported in Figs. 1d  
and 2b for all pump-pulse durations up to 1 ns after excitation. Note 
that the 10.6 µm wavelength radiated by the CO2 laser is differ-
ent from the 7.3 µm wavelength used in the experiments of Figs. 1  
and 2. However, excitation with femtosecond optical pulses at this 
wavelength had previously been shown to induce the same transient 
optical signatures generated with 7.3 µm wavelength excitation, 
although with a lower efficiency6.

The time evolution of the terahertz optical properties is shown 
in Fig. 3c. The top panel shows the average reflectivity R(ω) in the 
region where σ1(ω) exhibited a gap (2–10 meV). The lower panel 
shows the average value of the corresponding real part of the opti-
cal conductivity σ1(ω), which reached zero after optical excitation, 
reflecting full gapping. Both quantities remained unchanged after 
excitation for all time delays measured up to 1 ns. Extended mea-
surements indicate a lifetime of the light-induced superconducting 
state of τd ≈ 10 ns (Supplementary Section 11).

From the optical spectra, we also extracted an estimate of 
the ‘zero-frequency resistivity’ ρ0 ¼ 1= limω!0 σ1 ωð Þ

I
, which is 

based on a Drude–Lorentz fit to the transient optical properties 
(Supplementary Section 6). This fitting procedure yielded a vanish-
ingly small ρ0(t) for all time delays after excitation (Fig. 4a).

Estimates of ρ0 from optical measurements were comple-
mented with direct electrical measurements. The K3C60 pellets 
were incorporated into lithographically patterned microstrip 
transmission lines. Their resistance was tracked at different 
times after excitation by transmitting a 1 ns voltage probe pulse 
that yielded time-resolved two-terminal resistance measure-
ments (Supplementary Sections 7 and 8). The contributions due 
to contact resistance were normalized by performing equilib-
rium four-terminal measurements that were subtracted from the 
time-resolved resistance measurements (Supplementary Section 8).  

Figure 4b shows the time evolution of the two-terminal resistance 
of a K3C60 pellet measured at T = 100 K upon photoexcitation in 
similar conditions to those of the optical experiments reported 
in Fig. 3. As seen in the resistivity extrapolated from the optical 
measurements (compare to Fig. 4a), upon excitation the resistance 
drops to a value that is compatible with zero and recovers on the 
same timescale of tens of nanoseconds that was extracted from the 
fitted results of Fig. 4a (Supplementary Section 11).

The electrical probe experiments were repeated by varying the 
excitation pulse duration and fluence. Figure 5a shows exemplary 
pump-pulse duration dependencies of the measured sample pho-
toresistivity for excitation fluences of 1.5 mJ cm−2, 10 mJ cm−2 and 
25 mJ cm−2. The photoresistivity was mostly independent of the 
pump-pulse duration and depended only on the total energy of 
the excitation pulse. This is also underscored by the data shown in  
Fig. 5b, which illustrates the dependence of the sample resistance 
on the excitation fluence at a constant pulse duration. A long-lived 
state featuring zero resistance was observed for all excitation  
fluences in excess of 20 mJ cm−2.

These data provide evidence for a metastable state of K3C60 with a 
very large positive photoconductivity. The observation of such a large 
and positive photoconductivity would be highly unconventional for 
a metal, which generally exhibits photoconductivities of less than 1% 
(refs. 24–26) and which are often negative27, especially when excita-
tion is performed in the mid-infrared and far away from inter-band 
transitions. Rather, the combined observation of a vanishingly small 
resistance with the transient terahertz optical spectra shown in Fig. 3 
substantiates the assignment of a metastable superconducting state.

Note that the photo-induced high-temperature state survives far 
longer than the drive pulse, and hence exhibits intrinsic rigidity at 
timescales when the coherence is no longer supplied by the external 
drive. In search for a mechanism behind this long lifetime, we applied 
a phenomenological time-dependent Ginzburg–Landau model to 
capture the dynamics of the superconducting order parameter after 
laser excitation. In this model, we did not address the microscopic 
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is reduced compared with that of the cases shown in Figs. 1 and 2, 
which were measured at 500 Hz.

The transient optical spectra measured in these conditions showed 
the same superconducting-like features as reported in Figs. 1d  
and 2b for all pump-pulse durations up to 1 ns after excitation. Note 
that the 10.6 µm wavelength radiated by the CO2 laser is differ-
ent from the 7.3 µm wavelength used in the experiments of Figs. 1  
and 2. However, excitation with femtosecond optical pulses at this 
wavelength had previously been shown to induce the same transient 
optical signatures generated with 7.3 µm wavelength excitation, 
although with a lower efficiency6.

The time evolution of the terahertz optical properties is shown 
in Fig. 3c. The top panel shows the average reflectivity R(ω) in the 
region where σ1(ω) exhibited a gap (2–10 meV). The lower panel 
shows the average value of the corresponding real part of the opti-
cal conductivity σ1(ω), which reached zero after optical excitation, 
reflecting full gapping. Both quantities remained unchanged after 
excitation for all time delays measured up to 1 ns. Extended mea-
surements indicate a lifetime of the light-induced superconducting 
state of τd ≈ 10 ns (Supplementary Section 11).

From the optical spectra, we also extracted an estimate of 
the ‘zero-frequency resistivity’ ρ0 ¼ 1= limω!0 σ1 ωð Þ

I
, which is 

based on a Drude–Lorentz fit to the transient optical properties 
(Supplementary Section 6). This fitting procedure yielded a vanish-
ingly small ρ0(t) for all time delays after excitation (Fig. 4a).

Estimates of ρ0 from optical measurements were comple-
mented with direct electrical measurements. The K3C60 pellets 
were incorporated into lithographically patterned microstrip 
transmission lines. Their resistance was tracked at different 
times after excitation by transmitting a 1 ns voltage probe pulse 
that yielded time-resolved two-terminal resistance measure-
ments (Supplementary Sections 7 and 8). The contributions due 
to contact resistance were normalized by performing equilib-
rium four-terminal measurements that were subtracted from the 
time-resolved resistance measurements (Supplementary Section 8).  

Figure 4b shows the time evolution of the two-terminal resistance 
of a K3C60 pellet measured at T = 100 K upon photoexcitation in 
similar conditions to those of the optical experiments reported 
in Fig. 3. As seen in the resistivity extrapolated from the optical 
measurements (compare to Fig. 4a), upon excitation the resistance 
drops to a value that is compatible with zero and recovers on the 
same timescale of tens of nanoseconds that was extracted from the 
fitted results of Fig. 4a (Supplementary Section 11).

The electrical probe experiments were repeated by varying the 
excitation pulse duration and fluence. Figure 5a shows exemplary 
pump-pulse duration dependencies of the measured sample pho-
toresistivity for excitation fluences of 1.5 mJ cm−2, 10 mJ cm−2 and 
25 mJ cm−2. The photoresistivity was mostly independent of the 
pump-pulse duration and depended only on the total energy of 
the excitation pulse. This is also underscored by the data shown in  
Fig. 5b, which illustrates the dependence of the sample resistance 
on the excitation fluence at a constant pulse duration. A long-lived 
state featuring zero resistance was observed for all excitation  
fluences in excess of 20 mJ cm−2.

These data provide evidence for a metastable state of K3C60 with a 
very large positive photoconductivity. The observation of such a large 
and positive photoconductivity would be highly unconventional for 
a metal, which generally exhibits photoconductivities of less than 1% 
(refs. 24–26) and which are often negative27, especially when excita-
tion is performed in the mid-infrared and far away from inter-band 
transitions. Rather, the combined observation of a vanishingly small 
resistance with the transient terahertz optical spectra shown in Fig. 3 
substantiates the assignment of a metastable superconducting state.

Note that the photo-induced high-temperature state survives far 
longer than the drive pulse, and hence exhibits intrinsic rigidity at 
timescales when the coherence is no longer supplied by the external 
drive. In search for a mechanism behind this long lifetime, we applied 
a phenomenological time-dependent Ginzburg–Landau model to 
capture the dynamics of the superconducting order parameter after 
laser excitation. In this model, we did not address the microscopic 
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as a function of time after photoexcitation. The resistance value is obtained from a transient two-point transport measurement in which contributions 
from contact resistances are calibrated from a static four-point measurement. The shaded area indicates an estimate of the systematic error that is 
introduced by this calibration (see the main text and Supplementary Sections 7–9). The inset shows a schematic of the electrical transport experiment 
with gold electrodes on K3C60 in yellow and the region of current flow in teal. The pump beam and its electric field are displayed in red. These data were 
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is reduced compared with that of the cases shown in Figs. 1 and 2, 
which were measured at 500 Hz.

The transient optical spectra measured in these conditions showed 
the same superconducting-like features as reported in Figs. 1d  
and 2b for all pump-pulse durations up to 1 ns after excitation. Note 
that the 10.6 µm wavelength radiated by the CO2 laser is differ-
ent from the 7.3 µm wavelength used in the experiments of Figs. 1  
and 2. However, excitation with femtosecond optical pulses at this 
wavelength had previously been shown to induce the same transient 
optical signatures generated with 7.3 µm wavelength excitation, 
although with a lower efficiency6.

The time evolution of the terahertz optical properties is shown 
in Fig. 3c. The top panel shows the average reflectivity R(ω) in the 
region where σ1(ω) exhibited a gap (2–10 meV). The lower panel 
shows the average value of the corresponding real part of the opti-
cal conductivity σ1(ω), which reached zero after optical excitation, 
reflecting full gapping. Both quantities remained unchanged after 
excitation for all time delays measured up to 1 ns. Extended mea-
surements indicate a lifetime of the light-induced superconducting 
state of τd ≈ 10 ns (Supplementary Section 11).

From the optical spectra, we also extracted an estimate of 
the ‘zero-frequency resistivity’ ρ0 ¼ 1= limω!0 σ1 ωð Þ

I
, which is 

based on a Drude–Lorentz fit to the transient optical properties 
(Supplementary Section 6). This fitting procedure yielded a vanish-
ingly small ρ0(t) for all time delays after excitation (Fig. 4a).

Estimates of ρ0 from optical measurements were comple-
mented with direct electrical measurements. The K3C60 pellets 
were incorporated into lithographically patterned microstrip 
transmission lines. Their resistance was tracked at different 
times after excitation by transmitting a 1 ns voltage probe pulse 
that yielded time-resolved two-terminal resistance measure-
ments (Supplementary Sections 7 and 8). The contributions due 
to contact resistance were normalized by performing equilib-
rium four-terminal measurements that were subtracted from the 
time-resolved resistance measurements (Supplementary Section 8).  

Figure 4b shows the time evolution of the two-terminal resistance 
of a K3C60 pellet measured at T = 100 K upon photoexcitation in 
similar conditions to those of the optical experiments reported 
in Fig. 3. As seen in the resistivity extrapolated from the optical 
measurements (compare to Fig. 4a), upon excitation the resistance 
drops to a value that is compatible with zero and recovers on the 
same timescale of tens of nanoseconds that was extracted from the 
fitted results of Fig. 4a (Supplementary Section 11).

The electrical probe experiments were repeated by varying the 
excitation pulse duration and fluence. Figure 5a shows exemplary 
pump-pulse duration dependencies of the measured sample pho-
toresistivity for excitation fluences of 1.5 mJ cm−2, 10 mJ cm−2 and 
25 mJ cm−2. The photoresistivity was mostly independent of the 
pump-pulse duration and depended only on the total energy of 
the excitation pulse. This is also underscored by the data shown in  
Fig. 5b, which illustrates the dependence of the sample resistance 
on the excitation fluence at a constant pulse duration. A long-lived 
state featuring zero resistance was observed for all excitation  
fluences in excess of 20 mJ cm−2.

These data provide evidence for a metastable state of K3C60 with a 
very large positive photoconductivity. The observation of such a large 
and positive photoconductivity would be highly unconventional for 
a metal, which generally exhibits photoconductivities of less than 1% 
(refs. 24–26) and which are often negative27, especially when excita-
tion is performed in the mid-infrared and far away from inter-band 
transitions. Rather, the combined observation of a vanishingly small 
resistance with the transient terahertz optical spectra shown in Fig. 3 
substantiates the assignment of a metastable superconducting state.

Note that the photo-induced high-temperature state survives far 
longer than the drive pulse, and hence exhibits intrinsic rigidity at 
timescales when the coherence is no longer supplied by the external 
drive. In search for a mechanism behind this long lifetime, we applied 
a phenomenological time-dependent Ginzburg–Landau model to 
capture the dynamics of the superconducting order parameter after 
laser excitation. In this model, we did not address the microscopic 
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as a function of time after photoexcitation. The resistance value is obtained from a transient two-point transport measurement in which contributions 
from contact resistances are calibrated from a static four-point measurement. The shaded area indicates an estimate of the systematic error that is 
introduced by this calibration (see the main text and Supplementary Sections 7–9). The inset shows a schematic of the electrical transport experiment 
with gold electrodes on K3C60 in yellow and the region of current flow in teal. The pump beam and its electric field are displayed in red. These data were 
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is reduced compared with that of the cases shown in Figs. 1 and 2, 
which were measured at 500 Hz.

The transient optical spectra measured in these conditions showed 
the same superconducting-like features as reported in Figs. 1d  
and 2b for all pump-pulse durations up to 1 ns after excitation. Note 
that the 10.6 µm wavelength radiated by the CO2 laser is differ-
ent from the 7.3 µm wavelength used in the experiments of Figs. 1  
and 2. However, excitation with femtosecond optical pulses at this 
wavelength had previously been shown to induce the same transient 
optical signatures generated with 7.3 µm wavelength excitation, 
although with a lower efficiency6.

The time evolution of the terahertz optical properties is shown 
in Fig. 3c. The top panel shows the average reflectivity R(ω) in the 
region where σ1(ω) exhibited a gap (2–10 meV). The lower panel 
shows the average value of the corresponding real part of the opti-
cal conductivity σ1(ω), which reached zero after optical excitation, 
reflecting full gapping. Both quantities remained unchanged after 
excitation for all time delays measured up to 1 ns. Extended mea-
surements indicate a lifetime of the light-induced superconducting 
state of τd ≈ 10 ns (Supplementary Section 11).

From the optical spectra, we also extracted an estimate of 
the ‘zero-frequency resistivity’ ρ0 ¼ 1= limω!0 σ1 ωð Þ

I
, which is 

based on a Drude–Lorentz fit to the transient optical properties 
(Supplementary Section 6). This fitting procedure yielded a vanish-
ingly small ρ0(t) for all time delays after excitation (Fig. 4a).

Estimates of ρ0 from optical measurements were comple-
mented with direct electrical measurements. The K3C60 pellets 
were incorporated into lithographically patterned microstrip 
transmission lines. Their resistance was tracked at different 
times after excitation by transmitting a 1 ns voltage probe pulse 
that yielded time-resolved two-terminal resistance measure-
ments (Supplementary Sections 7 and 8). The contributions due 
to contact resistance were normalized by performing equilib-
rium four-terminal measurements that were subtracted from the 
time-resolved resistance measurements (Supplementary Section 8).  

Figure 4b shows the time evolution of the two-terminal resistance 
of a K3C60 pellet measured at T = 100 K upon photoexcitation in 
similar conditions to those of the optical experiments reported 
in Fig. 3. As seen in the resistivity extrapolated from the optical 
measurements (compare to Fig. 4a), upon excitation the resistance 
drops to a value that is compatible with zero and recovers on the 
same timescale of tens of nanoseconds that was extracted from the 
fitted results of Fig. 4a (Supplementary Section 11).

The electrical probe experiments were repeated by varying the 
excitation pulse duration and fluence. Figure 5a shows exemplary 
pump-pulse duration dependencies of the measured sample pho-
toresistivity for excitation fluences of 1.5 mJ cm−2, 10 mJ cm−2 and 
25 mJ cm−2. The photoresistivity was mostly independent of the 
pump-pulse duration and depended only on the total energy of 
the excitation pulse. This is also underscored by the data shown in  
Fig. 5b, which illustrates the dependence of the sample resistance 
on the excitation fluence at a constant pulse duration. A long-lived 
state featuring zero resistance was observed for all excitation  
fluences in excess of 20 mJ cm−2.

These data provide evidence for a metastable state of K3C60 with a 
very large positive photoconductivity. The observation of such a large 
and positive photoconductivity would be highly unconventional for 
a metal, which generally exhibits photoconductivities of less than 1% 
(refs. 24–26) and which are often negative27, especially when excita-
tion is performed in the mid-infrared and far away from inter-band 
transitions. Rather, the combined observation of a vanishingly small 
resistance with the transient terahertz optical spectra shown in Fig. 3 
substantiates the assignment of a metastable superconducting state.

Note that the photo-induced high-temperature state survives far 
longer than the drive pulse, and hence exhibits intrinsic rigidity at 
timescales when the coherence is no longer supplied by the external 
drive. In search for a mechanism behind this long lifetime, we applied 
a phenomenological time-dependent Ginzburg–Landau model to 
capture the dynamics of the superconducting order parameter after 
laser excitation. In this model, we did not address the microscopic 
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from contact resistances are calibrated from a static four-point measurement. The shaded area indicates an estimate of the systematic error that is 
introduced by this calibration (see the main text and Supplementary Sections 7–9). The inset shows a schematic of the electrical transport experiment 
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of the core upon hole doping 

Score = �2n� ln(n�)� 2(1� n�) ln(1� n�)

�Score % ) �Ssystem & cooling of system due to entropy reshuffling 
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Figure 3. Charge transfer and quasi-particle cooling in the first set-up.
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Nonthermal superconductivity in entropy-cooled systems

   pairing in a repulsive Hubbard model with inverted population 
and positive effective doublon/holon temperature      
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FIG. 1. Doublon-holon condensate on a three-colorable frustrated lattice. The persistent currents are indicated by
black arrows. A high-frequency driving (red wavy line in panel (b)) induces an artificial gauge field coupling to the hopping t0
through the Peierls phase ', resulting in a flux (indicated by a dot and cross) for the triangular and hexagonal motifs in panels
(b) and (c). (a) The doublon-holon exchange interaction mediated by a virtual recombination. The amplitude J⊥ is positive,
in contrast to analogous processes in the equilibrium attractive Hubbard model. It can induce staggered ⌘–pairing on bipartite
lattices and 120○ pairing on three-colorable lattices. (b) The condensate on the triangular lattice. a1,2 are the basis vectors of
the lattice. This panel also shows a constant vector potential along the x–direction. (c) The condensates on the Bethe (left)
and Kagome (right) lattices. One of several possible 120○ condensates (the q = 0 order) is shown for the Kagome lattice. The
magnitude of the flux through the hexagon is twice that of a triangle. (d) The longitudinal (Jx, solid lines) and transverse (Jy,
dashed lines) superconducting current density under the constant vector potential A along the x–direction for the triangular
lattice (with A = 2�A� cos(⇡�6)), see panel (b). ' is given in radians.

Peierls phases 'ij represent an artificial gauge field imple-
mented through a periodic (Floquet) modulation [25, 26].
As will be demonstrated below, the gauge field can be
used to tune the superconducting (SC) condensate’s sta-
bility, but the twisted condensate also exists for ' = 0 on
the triangular and Bethe lattices. To realize a long-lived
photodoped state, we assume that a driving term gHdr

with an overall amplitude g generates a nonthermal pop-
ulation of doublons and holons. One example of Hdr is a
resonant optical excitation between the Hubbard bands,
as widely adopted in experiments. Another example is
the coupling of the system to two separate fermion baths
(electrodes), as explained in Methods, and widely used
in theoretical studies to emulate the photoexcitation pro-
tocol.

We will focus on the strong interaction regime with
a weak driving g � t0 � U which is nearly resonant
with the Mott gap. In this regime one generically finds
a stationary nonequilibrium state whose properties are
independent of the details of the driving. The system
is Mott insulating in equilibrium, and the photodoped
carriers have a long lifetime due to the large Mott gap
[29–31]. An e↵ective description of the photodoped state

can be obtained from a 1�U expansion. As g � t0, the
driving term does not a↵ect He↵ to leading order, but it
can control the doublon density. Analogous to the doped
Mott insulators at equilibrium, the e↵ective physics of
the photodoped state is well described by a generalized
t-J model [21, 22, 32] He↵ =Ht +HJ +Hdh with hopping
Ht = −t0∑�ij�� ei'ij [ni�̄c

†
i�
cj�nj�̄ + n̄i�̄c

†
i�
cj�n̄j�̄] + h.c.

and spin exchange HJ = ∑�ij� JexSi ⋅ Sj , where Jex =

4t20�U . We have defined n̄i�̄ = 1 − ni,−�. The doublon-
holon interaction term reads

Hdh =
J⊥
2
��ij�
(e

2i'ij�
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�
z

i
�
z

j
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where the pairing operators �+
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= (�

−
i
)
†
= c

†
i↑c†i↓ and �

z

i
=

(ni−1)�2 span a pseudospin su(2) algebra similar to that
of spin Si. The original model (1) yields J⊥ = −Jz = Jex.
The first term in Eq. (2) originates from a doublon-holon
exchange process, illustrated in Fig. 1(a), which favors a
doublon-holon condensation with ��+

i
� ≠ 0. In solids, the

second term is generically renormalized by the intersite
Coulomb repulsion which suppresses charge segregation.
We will focus in the following on uniform phases with
�ni� = 1 (��z

i
� = 0).
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FIG. 7: Results for the model with next-nearest neighbor hop-
ping vNNN

system = 0.25vNN
system . The top panel shows the double

occupation and η-pairing oder parameter during and after the
symmetric cooling-by-photo-doping process. The interaction
strength is U = 9, the initial inverse temperature β = 5, and
the applied staggered pair field is 0.001. The dashed red line
indicates the order parameter induced by a weak pair field
pulse at t = 62 in a simulation without constant pair field,
and the blue curve the current induced by a short and weak
probe field pulse applied at t = 108, divided by the vector
potential of the field after the pulse. Gray lines indicate the
evolution of the order parameter for pulse duration > 160.
The bottom panel shows the spectral function and popula-
tion measured after the end of the pulse (t = 110), as well as
the distribution function A</A and a fit to a Fermi function
in the energy region of the upper Hubbard band.

at long times, since the narrow bands are decoupled near
the maximum of the first “Higgs” oscillation, and also
because of thermalization and heating effects. The gray
lines indicate the evolution of the order parameter for
pulse duration > 160. In the simulation with weak pair
field pulse (dashed red line), the order parameter also
decreases slowly after the switch-off of the pulse, in con-
trast to the simulation with continuous driving, where it
grows up to t ≈ 125. This indicates that the coupling to
the narrow bands is essential for the growth of the order
parameter, since it allows to remove the entropy released
by the symmetry-breaking from the system.
Despite the thermalization effects, the system remains

in the symmetry-broken state much beyond the longest
simulation times. The effective inverse temperature of
the doublons and holons measured after the decoupling

is approximately βeff = 10.5, see bottom panel, which
shows the population and energy distribution at t = 110,
including a fit of the energy distribution A</A to a Fermi
function (pink curve).
Note that the η-paired state is a long-lived nonequi-

librium state of the system, which in contrast to the
negative-temperature state is not expected to last forever
in the isolated system. On exponentially long timescales,
doublon-holon recombination and scattering processes
will thermalize the system and lead to a melting of the
order. (Because of the large energy of the population
inverted state, this thermalized state will be a negative
temperature state.) On the other hand, due to the pos-
itive βeff, the transient state realized after the photo-
doping is robust against cooling by phonons or other
baths with positive temperature, in contrast to the con-
ventional superconducting state with negative βeff dis-
cussed in Sec. III B, which is not expected to last very
long in the presence of energy dissipation.

IV. CONCLUSIONS

We have demonstrated the versatility of the cooling-
by-doping approach by producing different types of
nonequilibrium states of the Hubbard model, which were
inaccessible in previous nonequilibrium DMFT based
studies. The formation of photo-doped Mott insulat-
ing states with low effective temperature have been ham-
pered by the high entropy and high effective temperature
resulting from doublon-holon production in an initially
Mott insulating single-band system, while the formation
of quasi-particle bands in a photo-doped state cooled by
the coupling to a boson bath was found to be very slow.
Here, we showed that the simultaneous doping of the
Hubbard bands by particle exchange with narrow bands
and the transfer of entropy into these bands allows to
realize cold photo-doped states with sharp quasi-particle
features in the spectral function and optical conductiv-
ity. We also showed that the optical conductivity of
this state is essentially identical to that of a chemically
doped state with the same temperature and a doping
concentration which amounts to the photo-doped den-
sity of doublons and holons. It appears that cooling-by-
doping circumvents potential bottlenecks in the forma-
tion of quasi-particles by evolving the system along the
filling, rather than temperature axis, and by avoiding the
passage through high-entropy regions.
Using a similar doping protocol, we also realized

a negative-temperature state in a moderately corre-
lated Hubbard model, which was cold enough for the
symmetry-breaking into a superconducting state. This
superconducting state is equivalent to the usual s-wave
superconducting state realized in the attractive Hubbard
model, since there is an exact mapping between the re-
pulsive system with βeff < 0 and the attractive system
with βeff > 0. While it is intriguing to think about the
possibility of realizing such a superconducting state in
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Figure 4. Charge transfer and quasi-particle cooling in the first set-up.
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local spin angular momentum operator S
µ
i = 1

2d
†
i↵�

µ
↵�dj� only acts on the singlon subspace {|"i , |#i}. The second

term is simply the superexchange interaction between two neighboring sites. The third term describes the exchange of
neighboring singlon and doublon-holon states. This model is a generalization of the t–J model in equilibrium and its
general properties can be di�cult to extract. One may exclude a coherent superposition of singlon and doublon-holon
states at the same site, and in the large coupling U � t limit, the system should exhibit the demixing of doublon-holon
and singlon liquids, which are dominated by doublon-holon pairing (⌘i ·⌘j) and antiferromagnetic correlations (Si ·Sj),
respectively. For a large population of doublon-holon pairs, the system should thus exhibit enhanced ⌘–pairing and
even an ⌘–paired phase with non-zero order parameter h⌘x,yi, i.e., a non-zero staggered superconducting pairing field.

III. THE ⌘–PAIRED HIDDEN PHASE

To study the quantitative properties of the photodoped state, we use non-equilibrium dynamical mean-field theory
(DMFT) to examine the excited Hubbard model on a Bethe lattice with infinite coordination number. A strong-
coupling expansion limited to the lowest order (non-crossing approximation) is used to solve the associated Anderson
impurity model. With phonon coupling, the system driven by a chirped electric pulse shows a significantly enhanced
⌘–pairing susceptibility [26]. Furthermore, with an evaporative cooling protocol, one can reach a cold photodoped
state, allowing for a fast formation of the ⌘–paired phase [29].

A more systematic study can be carried out through a bath-coupling protocol. By coupling the Hubbard lattice to
two separate fermion baths, one can simultaneously inject doublons and holons into the ground state of the system.
The protocol is illustrated in Fig. 3. As long as the bath coupling is small, the physical properties of the state should
be minimally a↵ected. On the other hand, due to the small recombination rate of charge excitations, a weak bath
coupling su�ces to produce a large amount of doublons and holons in the system.

Specifically, we consider a bath coupling of the form

Hcoupl = g

X

i↵�

(c†i↵�di� + h.c.) +
X

i↵�

✏↵c
†
i↵�ci↵�, (4)

with semi-elliptic densities of states for the baths D(!) /
p
1� (! � Vs)2/W 2 of bandwidth 2W = 4t. Two fermionic

baths s = U,L are considered with VU = U/2 and VL = �U/2. The chemical potential µU = �µL and the bath
temperature Tb can be changed to implicitly control the density of doublon-holon pairs (measured by double occupancy
d = n"n#) and e↵ective temperature of doublon-holon liquid Te↵ . The spectral function and occupation is shown
for increasing chemical potential µU in Fig. 4. In practice, Te↵ is measured by fitting the distribution function
f(!) = � ImG

<(!)/2 ImG
r(!) at the two e↵ective Fermi surfaces of the doublon and holon separately.

With � = g
2
/W

2 = 0.1, one can observe the emergence of a nonzero order parameter h⌘xi at about d ⇠ 0.3,
indicating the formation of an ⌘–paired phase. Moreover, this state is robust to a small next-to-nearest-neighbor
hopping, which corresponds to a frustration term for the ⌘–order.
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FIG. 1. (a) Spectral function A(!) and occupied density of
states A<(!) at µb=5.4, which corresponds to the data point
labeled by the arrow in (b). The dashed green curve indicates
the equilibrium (µb = 0.0, � = 0.05) spectral function for
�eq = 100. The blue curve shows the density of states of the
baths, while their fillings at µb = 5.4 are shown as shaded
areas. Dashed black lines indicate A(!)fFD(!), with a Fermi
distribution fFD of inverse temperature �e↵ = 7.7901 and
chemical potential µ = µb. (b) Susceptibility of both ⌘ and s–
wave SC pairing as a function of double occupancy. � = 0.05
and �b = 100. The equilibrium (d ⇠ 0.01) is indicated by the
vertical dashed line.

order 1/hx = 104 to the susceptibility, but an order pa-
rameter Rehd#d"i & 0.2 clearly indicates the symmetry
breaking. By also varying the inverse bath temperature
�b and thus implicitly �e↵ = 1/Te↵ , we obtain di↵erent
scans which can then be combined into a phase diagram
(Fig. 2), showing �⌘ as a function of d and �e↵ . The
phase boundary between the normal and ⌘–pairing phase
around d & 0.3 and �e↵ & 6.0 can be roughly identified,
except for very large doping d ⇠ 0.5 or low temperature
due to the di�culty of precisely controlling �e↵ in these
regimes.

Close to the equilibrium half-filled state d ⇠ 0 (d ⇡
0.01 for the shown parameters), we have also sketched
the antiferromagnetic phase, which is known to persist
for weak photodoping but is quickly destroyed due to

the doublon (hole) hopping processes41–43. (DMFT gives
a stability range of d . 0.05 for the antiferromagnetic
phase under photodoping in the same model35.) Ap-
parently, the ⌘–pairing phase persists under photodop-
ing over a much larger doping range d as compared to

FIG. 2. Non-equilibrium phase diagram of the repulsive Hub-
bard model at U = 8 under photodoping. The data points
show the susceptibility �⌘ along scans through the phase dia-
gram, obtained by varying the inverse temperature of the aux-
iliary bath at � = 0.05 and di↵erent µb from �b = 100.0, 50.0,
33.3, 20.0, to 17.2. The phase boundary is only schematic
(�⌘ ⇠ 103) and a guide to the eye. The negative temperature
region is obtained from the positive one by reflection. The
region close to equilibrium does not extend to d = 0 but is
limited by the double occupancy of the equilibrium state.

antiferromagnetism.

A. The universality of photodoped ⌘–paired phases

To explain the phenomenology, we first note that
the ⌘–pairing order parameter can be expanded into
three pseudospin components spanning the charge-sector
SU(2) symmetry: ⌘+

i
= ⌘x

i
+ i⌘y

i
= ✓id

†
i"d

†
i#, ⌘

� = (⌘+)†,

and ⌘z
i

= 1
2 (ni � 1), where ✓i = ±1 on the two sub-

lattices. The ⌘–pairing phase can then be explained by
a superexchange mechanism between the ⌘–pseudospins.
In fact, for U � t0, one can project out doublon-hole
creation and recombination processes using a Schrie↵er-
Wol↵ transformation26,44, and obtain a two-liquid model
where a doublon-hole liquid with exchange interaction
�
P

hiji Jex⌘i · ⌘j couples (through doublon/holon hop-
ping) to a singlon liquid with AFM exchange interactionP

hiji JexSi · Sj . Specifically, the e↵ective Hamiltonian
reads,

He↵ = �
X

hiji

Jex⌘i · ⌘j +
X

hiji

JexSi · Sj � t0
X

hiji�

[Pid
†
i�
dj�Pj + Pid

†
i�
dj�Pj ], (3)
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local spin angular momentum operator S
µ
i = 1

2d
†
i↵�

µ
↵�dj� only acts on the singlon subspace {|"i , |#i}. The second

term is simply the superexchange interaction between two neighboring sites. The third term describes the exchange of
neighboring singlon and doublon-holon states. This model is a generalization of the t–J model in equilibrium and its
general properties can be di�cult to extract. One may exclude a coherent superposition of singlon and doublon-holon
states at the same site, and in the large coupling U � t limit, the system should exhibit the demixing of doublon-holon
and singlon liquids, which are dominated by doublon-holon pairing (⌘i ·⌘j) and antiferromagnetic correlations (Si ·Sj),
respectively. For a large population of doublon-holon pairs, the system should thus exhibit enhanced ⌘–pairing and
even an ⌘–paired phase with non-zero order parameter h⌘x,yi, i.e., a non-zero staggered superconducting pairing field.

III. THE ⌘–PAIRED HIDDEN PHASE

To study the quantitative properties of the photodoped state, we use non-equilibrium dynamical mean-field theory
(DMFT) to examine the excited Hubbard model on a Bethe lattice with infinite coordination number. A strong-
coupling expansion limited to the lowest order (non-crossing approximation) is used to solve the associated Anderson
impurity model. With phonon coupling, the system driven by a chirped electric pulse shows a significantly enhanced
⌘–pairing susceptibility [26]. Furthermore, with an evaporative cooling protocol, one can reach a cold photodoped
state, allowing for a fast formation of the ⌘–paired phase [29].

A more systematic study can be carried out through a bath-coupling protocol. By coupling the Hubbard lattice to
two separate fermion baths, one can simultaneously inject doublons and holons into the ground state of the system.
The protocol is illustrated in Fig. 3. As long as the bath coupling is small, the physical properties of the state should
be minimally a↵ected. On the other hand, due to the small recombination rate of charge excitations, a weak bath
coupling su�ces to produce a large amount of doublons and holons in the system.

Specifically, we consider a bath coupling of the form

Hcoupl = g

X

i↵�

(c†i↵�di� + h.c.) +
X

i↵�

✏↵c
†
i↵�ci↵�, (4)

with semi-elliptic densities of states for the baths D(!) /
p
1� (! � Vs)2/W 2 of bandwidth 2W = 4t. Two fermionic

baths s = U,L are considered with VU = U/2 and VL = �U/2. The chemical potential µU = �µL and the bath
temperature Tb can be changed to implicitly control the density of doublon-holon pairs (measured by double occupancy
d = n"n#) and e↵ective temperature of doublon-holon liquid Te↵ . The spectral function and occupation is shown
for increasing chemical potential µU in Fig. 4. In practice, Te↵ is measured by fitting the distribution function
f(!) = � ImG

<(!)/2 ImG
r(!) at the two e↵ective Fermi surfaces of the doublon and holon separately.

With � = g
2
/W

2 = 0.1, one can observe the emergence of a nonzero order parameter h⌘xi at about d ⇠ 0.3,
indicating the formation of an ⌘–paired phase. Moreover, this state is robust to a small next-to-nearest-neighbor
hopping, which corresponds to a frustration term for the ⌘–order.
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FIG. 1. (a) Spectral function A(!) and occupied density of
states A<(!) at µb=5.4, which corresponds to the data point
labeled by the arrow in (b). The dashed green curve indicates
the equilibrium (µb = 0.0, � = 0.05) spectral function for
�eq = 100. The blue curve shows the density of states of the
baths, while their fillings at µb = 5.4 are shown as shaded
areas. Dashed black lines indicate A(!)fFD(!), with a Fermi
distribution fFD of inverse temperature �e↵ = 7.7901 and
chemical potential µ = µb. (b) Susceptibility of both ⌘ and s–
wave SC pairing as a function of double occupancy. � = 0.05
and �b = 100. The equilibrium (d ⇠ 0.01) is indicated by the
vertical dashed line.

order 1/hx = 104 to the susceptibility, but an order pa-
rameter Rehd#d"i & 0.2 clearly indicates the symmetry
breaking. By also varying the inverse bath temperature
�b and thus implicitly �e↵ = 1/Te↵ , we obtain di↵erent
scans which can then be combined into a phase diagram
(Fig. 2), showing �⌘ as a function of d and �e↵ . The
phase boundary between the normal and ⌘–pairing phase
around d & 0.3 and �e↵ & 6.0 can be roughly identified,
except for very large doping d ⇠ 0.5 or low temperature
due to the di�culty of precisely controlling �e↵ in these
regimes.

Close to the equilibrium half-filled state d ⇠ 0 (d ⇡
0.01 for the shown parameters), we have also sketched
the antiferromagnetic phase, which is known to persist
for weak photodoping but is quickly destroyed due to

the doublon (hole) hopping processes41–43. (DMFT gives
a stability range of d . 0.05 for the antiferromagnetic
phase under photodoping in the same model35.) Ap-
parently, the ⌘–pairing phase persists under photodop-
ing over a much larger doping range d as compared to

FIG. 2. Non-equilibrium phase diagram of the repulsive Hub-
bard model at U = 8 under photodoping. The data points
show the susceptibility �⌘ along scans through the phase dia-
gram, obtained by varying the inverse temperature of the aux-
iliary bath at � = 0.05 and di↵erent µb from �b = 100.0, 50.0,
33.3, 20.0, to 17.2. The phase boundary is only schematic
(�⌘ ⇠ 103) and a guide to the eye. The negative temperature
region is obtained from the positive one by reflection. The
region close to equilibrium does not extend to d = 0 but is
limited by the double occupancy of the equilibrium state.

antiferromagnetism.

A. The universality of photodoped ⌘–paired phases

To explain the phenomenology, we first note that
the ⌘–pairing order parameter can be expanded into
three pseudospin components spanning the charge-sector
SU(2) symmetry: ⌘+

i
= ⌘x
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+ i⌘y
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= ✓id

†
i"d

†
i#, ⌘

� = (⌘+)†,

and ⌘z
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= 1
2 (ni � 1), where ✓i = ±1 on the two sub-

lattices. The ⌘–pairing phase can then be explained by
a superexchange mechanism between the ⌘–pseudospins.
In fact, for U � t0, one can project out doublon-hole
creation and recombination processes using a Schrie↵er-
Wol↵ transformation26,44, and obtain a two-liquid model
where a doublon-hole liquid with exchange interaction
�
P

hiji Jex⌘i · ⌘j couples (through doublon/holon hop-
ping) to a singlon liquid with AFM exchange interactionP

hiji JexSi · Sj . Specifically, the e↵ective Hamiltonian
reads,

He↵ = �
X

hiji

Jex⌘i · ⌘j +
X

hiji

JexSi · Sj � t0
X

hiji�

[Pid
†
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dj�Pj + Pid
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dj�Pj ], (3)
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which includes both exchange interactions and a hopping
term that “exchanges” the position of a pair of neighbor-
ing doublon/holon and singlon. The operator Pi rep-
resents the projection to the doublon-holon subspace of
site i spanned by |0i and |"#i and P̄ = 1 � P. This ef-
fective model is a generalization of the t–J model, which
is derived in the Appendix. The two exchange inter-
actions share the same coupling constant Jex = 2t20/U ,
and thus are closely related. The ⌘–exchange interaction
originates from a virtual process exchanging a neighbor-
ing doublon-hole pair, see Appendix for more details.
This model therefore explains both the antiferromag-
netic phase at d ⇠ 0 and the ⌘–pairing at d ⇠ 0.5.
The above-mentioned universal photodoped state is, in-
deed, rigorously defined by this model. A photodoped
Mott insulator is then characterized by a mixture of dou-
blons/holons carrying ⌘–pseudopin and localized elec-
trons carrying spin. We further note that, in a chemi-
cally doped Mott insulator, only one type of the charge
excitations (doublon or holon) exist and the ⌘–exchange
term �Jex⌘

+
i
⌘�
j
+ h.c. vanishes.

Furthermore, a particle-hole transformation di" !
d̃i", di# ! (�1)id̃†

i# maps charge to spin (⌘i ! S̃i) and
U ! �U . The sign reversal of U is equivalent to the
e↵ect of negative temperature (a highly excited state
with completely inverted charge distribution in the en-
ergy spectrum, see Ref. 45 for more details), leading to a
negative temperature phase diagram which may be real-
ized through strong external driving46, see the lower half
of Fig. 2. Hence, the ⌘–pairing phase is dual to a fer-
romagnetic state, with singly occupied sites mapped to
charge excitations, which also explains its larger stability
in terms of the stability of a ferromagnetic phase against
defects. Indeed, the hopping of charge excitations in the
FM phase does not create strings of defects in the or-
dered background, in contrast to the AFM phase, where
this e↵ect contributes significantly to the destruction of
staggered spin ordering41,43.

Finally, we also checked that the ⌘–pairing phase sur-
vives in the presence of small (particle-hole) symmetry-
breaking terms in the Hamiltonian, as one expects for
a symmetry-breaking phase. In particular, all conclu-
sions survive under a next-to-nearest-neighbor hopping
t1 = 0.1t0. Di↵erent U and g are also studied, which
give no qualitatively di↵erent results.

Since the bath coupling in the above discussion is weak
and does not selectively favor the ⌘–pairing phase, the
latter should be an intrinsic property of the photodoped
state, and thus be accessible in real time with any
protocol which realizes strong photodoping at low Te↵

and breaks the conservation of h⌘i. This is fundamen-
tally di↵erent from the previous works requiring spe-
cific properties of the driving and the SO(4) symme-
try protection20–23,47. We demonstrate the universality
of our steady-state theory by considering two real-time
protocols. Firstly, we consider the resonant excitation
of doublon-hole pairs induced by an electric pulse in a
Hubbard model coupled to bosonic baths, which leads
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p
UD as a function of ⌘–pairing. The rescaling is

intended to demonstrate the D / ⌘2/U scaling. The real-
time results for U = 9 and 18 are obtained using the entropy-
cooling protocol (ii), where external narrow bands are coupled
up to about t ⇡ 100 and then detached, leaving behind an ⌘–
pairing phase. A superconducting current j is then created
by a short electric pulse satisfying A = �

R
dtE(t) ⇡ �0.020

to measure D. The dashed line is predicted by the mean-field
result for the phase sti↵ness.

to significantly enhanced �⌘ = 15 up to the maximum
simulation time. Better results can be obtained by cou-
pling the Hubbard bands to external narrow bands, e.g.,
core levels, which cool down the electrons by absorbing
large amounts of entropy (evaporative-cooling e↵ect)32.
In this case we observed a symmetry breaking ⌘–paired
phase which remains beyond t ⇠ 10045, see Appendix D
for more details.

B. Optical signature of the ⌘–paired phase

In this section, we study the superconducting optical
response of the hidden phase. In DMFT, the optical
conductivity can be evaluated from the current–current
(j–j) correlation function �jj(t, t0) = �j(t)/�A(t0) with
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FIG. 1. Doublon-holon condensate on a three-colorable frustrated lattice. The persistent currents are indicated by
black arrows. A high-frequency driving (red wavy line in panel (b)) induces an artificial gauge field coupling to the hopping t0
through the Peierls phase ', resulting in a flux (indicated by a dot and cross) for the triangular and hexagonal motifs in panels
(b) and (c). (a) The doublon-holon exchange interaction mediated by a virtual recombination. The amplitude J⊥ is positive,
in contrast to analogous processes in the equilibrium attractive Hubbard model. It can induce staggered ⌘–pairing on bipartite
lattices and 120○ pairing on three-colorable lattices. (b) The condensate on the triangular lattice. a1,2 are the basis vectors of
the lattice. This panel also shows a constant vector potential along the x–direction. (c) The condensates on the Bethe (left)
and Kagome (right) lattices. One of several possible 120○ condensates (the q = 0 order) is shown for the Kagome lattice. The
magnitude of the flux through the hexagon is twice that of a triangle. (d) The longitudinal (Jx, solid lines) and transverse (Jy,
dashed lines) superconducting current density under the constant vector potential A along the x–direction for the triangular
lattice (with A = 2�A� cos(⇡�6)), see panel (b). ' is given in radians.

Peierls phases 'ij represent an artificial gauge field imple-
mented through a periodic (Floquet) modulation [25, 26].
As will be demonstrated below, the gauge field can be
used to tune the superconducting (SC) condensate’s sta-
bility, but the twisted condensate also exists for ' = 0 on
the triangular and Bethe lattices. To realize a long-lived
photodoped state, we assume that a driving term gHdr

with an overall amplitude g generates a nonthermal pop-
ulation of doublons and holons. One example of Hdr is a
resonant optical excitation between the Hubbard bands,
as widely adopted in experiments. Another example is
the coupling of the system to two separate fermion baths
(electrodes), as explained in Methods, and widely used
in theoretical studies to emulate the photoexcitation pro-
tocol.

We will focus on the strong interaction regime with
a weak driving g � t0 � U which is nearly resonant
with the Mott gap. In this regime one generically finds
a stationary nonequilibrium state whose properties are
independent of the details of the driving. The system
is Mott insulating in equilibrium, and the photodoped
carriers have a long lifetime due to the large Mott gap
[29–31]. An e↵ective description of the photodoped state

can be obtained from a 1�U expansion. As g � t0, the
driving term does not a↵ect He↵ to leading order, but it
can control the doublon density. Analogous to the doped
Mott insulators at equilibrium, the e↵ective physics of
the photodoped state is well described by a generalized
t-J model [21, 22, 32] He↵ =Ht +HJ +Hdh with hopping
Ht = −t0∑�ij�� ei'ij [ni�̄c

†
i�
cj�nj�̄ + n̄i�̄c

†
i�
cj�n̄j�̄] + h.c.

and spin exchange HJ = ∑�ij� JexSi ⋅ Sj , where Jex =

4t20�U . We have defined n̄i�̄ = 1 − ni,−�. The doublon-
holon interaction term reads

Hdh =
J⊥
2
��ij�
(e

2i'ij�
+
i
�
−
j
+ h.c.) + Jz ��ij�

�
z

i
�
z

j
, (2)

where the pairing operators �+
i
= (�

−
i
)
†
= c

†
i↑c†i↓ and �

z

i
=

(ni−1)�2 span a pseudospin su(2) algebra similar to that
of spin Si. The original model (1) yields J⊥ = −Jz = Jex.
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exchange process, illustrated in Fig. 1(a), which favors a
doublon-holon condensation with ��+
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second term is generically renormalized by the intersite
Coulomb repulsion which suppresses charge segregation.
We will focus in the following on uniform phases with
�ni� = 1 (��z
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FIG. 1. Doublon-holon condensate on a three-colorable frustrated lattice. The persistent currents are indicated by
black arrows. A high-frequency driving (red wavy line in panel (b)) induces an artificial gauge field coupling to the hopping t0
through the Peierls phase ', resulting in a flux (indicated by a dot and cross) for the triangular and hexagonal motifs in panels
(b) and (c). (a) The doublon-holon exchange interaction mediated by a virtual recombination. The amplitude J⊥ is positive,
in contrast to analogous processes in the equilibrium attractive Hubbard model. It can induce staggered ⌘–pairing on bipartite
lattices and 120○ pairing on three-colorable lattices. (b) The condensate on the triangular lattice. a1,2 are the basis vectors of
the lattice. This panel also shows a constant vector potential along the x–direction. (c) The condensates on the Bethe (left)
and Kagome (right) lattices. One of several possible 120○ condensates (the q = 0 order) is shown for the Kagome lattice. The
magnitude of the flux through the hexagon is twice that of a triangle. (d) The longitudinal (Jx, solid lines) and transverse (Jy,
dashed lines) superconducting current density under the constant vector potential A along the x–direction for the triangular
lattice (with A = 2�A� cos(⇡�6)), see panel (b). ' is given in radians.

Peierls phases 'ij represent an artificial gauge field imple-
mented through a periodic (Floquet) modulation [25, 26].
As will be demonstrated below, the gauge field can be
used to tune the superconducting (SC) condensate’s sta-
bility, but the twisted condensate also exists for ' = 0 on
the triangular and Bethe lattices. To realize a long-lived
photodoped state, we assume that a driving term gHdr

with an overall amplitude g generates a nonthermal pop-
ulation of doublons and holons. One example of Hdr is a
resonant optical excitation between the Hubbard bands,
as widely adopted in experiments. Another example is
the coupling of the system to two separate fermion baths
(electrodes), as explained in Methods, and widely used
in theoretical studies to emulate the photoexcitation pro-
tocol.

We will focus on the strong interaction regime with
a weak driving g � t0 � U which is nearly resonant
with the Mott gap. In this regime one generically finds
a stationary nonequilibrium state whose properties are
independent of the details of the driving. The system
is Mott insulating in equilibrium, and the photodoped
carriers have a long lifetime due to the large Mott gap
[29–31]. An e↵ective description of the photodoped state

can be obtained from a 1�U expansion. As g � t0, the
driving term does not a↵ect He↵ to leading order, but it
can control the doublon density. Analogous to the doped
Mott insulators at equilibrium, the e↵ective physics of
the photodoped state is well described by a generalized
t-J model [21, 22, 32] He↵ =Ht +HJ +Hdh with hopping
Ht = −t0∑�ij�� ei'ij [ni�̄c

†
i�
cj�nj�̄ + n̄i�̄c

†
i�
cj�n̄j�̄] + h.c.
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holon interaction term reads
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=

(ni−1)�2 span a pseudospin su(2) algebra similar to that
of spin Si. The original model (1) yields J⊥ = −Jz = Jex.
The first term in Eq. (2) originates from a doublon-holon
exchange process, illustrated in Fig. 1(a), which favors a
doublon-holon condensation with ��+

i
� ≠ 0. In solids, the

second term is generically renormalized by the intersite
Coulomb repulsion which suppresses charge segregation.
We will focus in the following on uniform phases with
�ni� = 1 (��z
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� = 0).
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Nonthermal superconductivity in entropy-cooled systems

What happens in photo-doped systems on frustrated lattices?

Can we realize an analogue of 120-degree order? 


Evidence from entropy-cooling protocol (for          )       

Superconductivity

Li, Mueller, Kim, Laeuchli & Werner, arXiv (2022)

with constant applied seed field

with short seed-field pulse
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FIG. 2. The chiral 120○ condensate on the Bethe lattice. In panels (a,b,c) the system is driven by two fermion baths,
where the “upper” bath injects high-energy electrons to form doublons, while the “lower” bath absorbs low-energy electrons on
singly occupied sites to form holons. Panels (d,e) show real-time simulations with an explicit photo-doping pulse. (a) Spectral
function and occupation at ' = 0 for the driven Bethe lattice, with µb = 4.5, Tb = 0.01,� = 0.045, U = 8.0 and bandwidth 4 (in
units of t0). The red-shaded area indicates the occupation of the Hubbard bands, while the blue-shaded area indicates the bath
occupation. (b) The nd–' phase diagram for the 120○ condensate sampled by varying the parameters of the fermion baths.
The phase ' is in radians and varies from 0 to ⇡�6. W = 2 for the square symbols and W = 2.7 for the triangles. The blue dots
are obtained by fitting the phase boundary. The black diamond is the extrapolated critical nd for Te↵ = 0 and ' = 0. (c) The
persistent current evaluated with Tb = 0.01,W = 2. A weak symmetry-breaking field h = 0.001 is used in the DMFT iterations.
(d) and (e) Transient 120○-ordered states obtained by means of the entropy cooling protocol for the Bethe lattice with U = 9.0
and ' = 0 using two ways to break the symmetry by a small pair field (green curves h(t)). v(t) is the oscillating system-bath
coupling which produces the photo-doped state. It is plotted with arbitrary units.

In pump-probe experiments on Mott insulating solids,
a strong pump pulse is often applied for a short dura-
tion to create a quasi-stationary photodoped state, which
can also be described by the above Hamiltonian He↵

with g = 0. In either set-up, the e↵ective theory for the
nonequilibrium state of the Hubbard model is a general-
ized t-J model of nd doublons and holons and ns = 1−2nd

unpaired electrons per site.

In this prethermal phase, the positive exchange am-
plitude J⊥ tends to impose a staggered phase twist for
the doublon-holon condensate (⌘–pairing) [33], but this
alternating SC order is generically impossible on a frus-
trated non-bipartite lattice. Instead, we consider a 120○
twisted pairing for the three-colorable lattices, defined by
��
+
i∈R� = e−i2⇡�3��+i∈G� = e−i4⇡�3��+i∈B� = �0, which sponta-

neously breaks time-reversal and inversion symmetry. To
understand the energetics of the condensate, we can ex-

amine the mean-field energy for the order ��+
i
� = �0e

iq⋅ri

with momentum q, given by �Hdh��Nsite = ��0�
2
✏(q) per

site, see Supplemental Note 1. In the following, we re-
strict ourselves to the case 'ij = ' along each bond of
an R → G → B cycle. For the triangular lattice, the
above 120○ order is of momentum q = 2⇡

3 b1 −
2⇡
3 b2 with

reciprocal lattice vectors b1,b2, and corresponds to one
of the two chiral minima of the energy dispersion. This
minimum can be further stabilized by an artificial Peierls
phase 0 < ' < ⇡�3, with ' = ⇡�6 realizing the most sta-
ble condensate. The above discussion applies equally to
the opposite chirality with a reversed phase twist. The
Kagome lattice has three sites in a unit cell, giving rise
to three bands in ✏(q). For J⊥ > 0 the lowest-lying band
for J⊥ > 0 is flat for ' = 0, which implies that no order-
ing pattern is singled out as energetically most favorable.
The artificial gauge field 'ij can however distort the flat
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Superconductivity
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FIG. 3. Exact diagonalization results for the triangular and Kagome lattices. (a) The pairing structure factor S(120)
of the 120○-twisted condensate versus the doublon number per site nd for the 12-site triangular lattice at Te↵ = 0. The Peierls
phase ' is varied from 0 to ⇡�6. (b) The pairing structure factor of the (q = 0) 120○ order as a function of the doublon density
for the 12-site Kagome lattice. The amplitude A of the dressing field is varied from 0 to 1.4 to produce di↵erent ' values, as
indicated in the label. Here, an external driving with frequency ⌦ = 5 is assumed. The dashed line shows the structure factor
for the uniform order. J⊥ = −Jz = 0.5 is assumed and we impose a spatially homogeneous solution.

band and favor a certain 120○ twisted order. As we shall
show later in the paper, the order with q = 0 illustrated
in Fig. 1(c) can be stabilized by an artificial gauge field
generated by circularly polarized light.

It remains to be shown that the 120○ condensate is
stable against quantum fluctuations. We first consider
the maximum photodoping situation (nd = 0.5) where
all sites are either doubly occupied or empty. In this
case He↵ = Hdh corresponds to an XXZ model of pseu-
dospin �. With spatial homogeneity assumed, it is
known that the 120○ condensate is generically stabilized
on the triangular lattice. Furthermore, the 120○ con-
densates constitute the exact ground-state manifold if
Jz = J⊥ cos(2⇡�3 +') (Jz = −J⊥�2 for ' = 0, which may
be realized with an NN Coulomb repulsion) for both the
triangular and Kagome lattices considered here, see Sup-
plemental Note 1 for a proof following the idea of Ref. 34.
Away from maximum photodoping, the twisted 120○ con-
densate is challenged by the presence of singly occupied
sites, and the additional terms in He↵ , such as electron
hopping, while the condensate should survive at least for
1�2 − nd � O(t0�U). We will numerically confirm that
this condensate is in fact stable in an extended param-
eter regime away from the maximum photodoping limit
nd = 1�2.

Optical response of the 120○ chiral condensate

The twisted 120○ condensate embodies a spatially vary-
ing phase twist and thus carries a persistent current
even in the absence of an external field. With an ex-
ternal vector potential Aij along bond �ij�, the doublon-
holon current contribution along the cycle R → G → B

is J dh

ij
(Aij) = �Hdh��Aij ≈ 2J dh

0 sin(2⇡�3 + 2' + 2Aij)

on the mean-field level, where J dh

0 = −2eJ1��0�
2 with

the elementary charge e. A persistent current J dh

ij
(0) =

2J dh

0 sin(2⇡�3 + 2') flows even when Aij = 0, see arrows
in Fig. 1. Indeed, the phase-twisted condensate can be
viewed as a frustrated array of Josephson junctions [35].

As usual, a macroscopic superconducting current
emerges when the condensate undergoes a uniform elec-
tric pulseE(t), which generates a vector potentialA(t) =
− ∫

t
dsE(s). However, the breaking of the time-reversal

and inversion symmetries allows for a nonlinear and
anisotropic supercurrent response, of the general form
J

a
=D

ab
Ab +T

abc
AbAc +� with indices a, b, c = x�y and

Einstein convention. This is in contrast to conventional
superconductors, where the fully symmetric tensor T

abc

vanishes due to unbroken inversion or time-reversal sym-
metries, which imply J(−A) = −J(A), and where the
London equation J ∝A usually holds.

In particular, the chiral condensate allows for a non-
linear transverse current response perpendicular to A,
which constitutes a characteristic signature of the sym-
metry breaking. For the triangular lattice in Fig. 1(b),
the three-fold dihedral symmetry (D3) imposes T

xyy
=

T
xxx
= 0, but allows for nonzero entries obeying T

xxy
=

−T
yyy. The value of T xxy is determined by evaluating the

gauge-invariant supercurrent density J a
=

1
S
�
�Hdh

�Aa
� with

a = x, y and the total area S. At the mean-field level, one

obtains D
ab
=

�
2
0

Su.c.

@
2
✏(q+A)

@Aa@Ab
and T

abc
=

�
2
0

2Su.c.

@
3
✏(q+A)

@Aa@Ab@Ac
,

with the unit-cell area Su.c., see Supplemental Note
2. Here we consider A along the x–direction. The
second-order response emerges due to the trigonal warp-
ing @

3
✏�@kx@kx@ky of the energy dispersion near the con-

densation minimum.

The current density is illustrated in Fig. 1(d) and de-
pends strongly on the artificial gauge field '. In par-
ticular, the transverse current vanishes for ' = ⇡�6. The
nonlinear and anisotropic response is phenomenologically
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Compute effective Hamiltonian by Schrieffer-Wolff transformation 


U-V Hubbard model


Photo-doping leads to steady-state with “cold” doublons/holons


GGE description of photo-doped states

Murakami et al., Comm. Physics (2022)
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Metastable state

Intraband
cooling

UHB

Photo-doping

LHB

FIG. 1. (a) Schematic picture of the photo-doing and in-
traband cooling processes that result in a metastable state
of the large-gap Mott insulator. UHB (LHB) stands for up-
per (lower) Hubbard band. (b) The wave function of the
metastable state in the limit of U ! 1 can be expressed as
a direct product of the charge wave function, the spin wave
function in the squeezed space and the ⌘-spin wave function
in the squeezed space. The green shaded circles in the charge
wave function represent spinless fermions, while “h” and “d”
stand for a holon and a doublon, respectively. This example
depicts a CDW state.

Fig. 1(a). As previously discussed, such a quasi-steady
state can be described with the e↵ective Hamiltonian ob-
tained by a Schrie↵er-Wol↵ transformation [48] from the
original Hamiltonian (1) [19, 34–40, 47], see also the Sup-
plemental Material (SM) [49]. This e↵ective Hamiltonian
explicitly conserves the number of doublons and holons.
Up to O(t2hop/U), it takes the form

Ĥe↵ =ĤU + Ĥkin + ĤV

+ Ĥspin,ex + Ĥdh,ex + ĤU,shift + Ĥ3�site, (2)

where Ĥkin = �thop
P

hi,ji,� ˆ̄ni,�̄(ĉ†
i,� ĉj,� + h.c.)ˆ̄nj,�̄ �

thop
P

hi,ji,� n̂i,�̄(ĉ†
i,� ĉj,� + h.c.)n̂j,�̄ represents the hop-

ping of a doublon or a holon, �̄ is the opposite spin of
�, and ˆ̄ni,� = 1 � n̂i,�. The other terms are propor-

tional to Jex ⌘ 4t2hop

U . Ĥspin,ex = Jex
P

hi,ji ŝi · ŝj is the

spin exchange term, and Ĥdh,ex = �Jex
P

hi,ji[⌘̂
x
i ⌘̂

x
j +

⌘̂
y
i ⌘̂

y
j + ⌘̂

z
i ⌘̂

z
j ] is the exchange term for doublons and

holons on neighboring sites. Here the spin operators
are ŝ = 1

2

P
↵,�=",# ĉ

†
↵�↵� ĉ� with � denoting the Pauli

matrices, and we introduced the ⌘-spin operators as
⌘̂
+
i = (�)i

ĉ
†
i#ĉ

†
i", ⌘̂

�
i = (�)i

ĉi"ĉi# and ⌘̂
z
i = 1

2 (n̂i �1) [50–

52]. ĤU,shift describes the shift of the local interaction

and Ĥ3�site represents three-site terms such as correlated

doublon hoppings, see SM [49]. In equilibrium (without
doublons), the model corresponds to the t-J model when
Ĥ3�site is neglected [53]. In the following, we denote the
model without Ĥ3�site by Ĥe↵2. When V = 0, Ĥ, Ĥe↵

and Ĥe↵2 host an SU(2) symmetry of the doublon-holon
sector [50] that corresponds to the spin SU(2) symmetry
via a particle-hole (Shiba) transformation [54].

We consider an e↵ectively cold system with arbitrary
filling, whose state is described by the ground state of
the e↵ective Hamiltonian for a given number of dou-
blons and holons, i.e., we assume that the system is ther-
malized into the lowest energy state for the given con-
straint. We show that the corresponding wave function
can be expressed as the direct product of the charge,
spin and ⌘-spin wave functions in the limit of Jex ! 0
with V/Jex = const, similar to the Ogata-Shiba state of
the doped Hubbard model in equilibrium [55, 56]. To be
more specific, we set the system size to L and the number
of singly occupied sites to Ns, so that the number of dou-
blons and holons (the number of ⌘ spins) is N⌘ = L�Ns.
Now we introduce the Hilbert space

H0 =
n

|ri|�i|⌘i ⌘
⇣Y

r2r

ĉ
†
r

⌘
|vaci|�i|⌘i

: #r = #� = Ns and #⌘ = N⌘

o
. (3)

Here r, � and ⌘ are sets of space, spin and ⌘-spin indices,
ĉ
†
r is a creation operator of a spin-less fermion (SF), and

# indicates the number of elements. ⌘ takes the values
" or # and r = {rNs , · · · , r1} with L � rNs > rNs�1 >

· · · > r1 � 1. We identify this Hilbert space with the
original Hilbert space using the unitary transformation
Û : H ! H0 defined by

Û

 ⇣ NsY

i=1

ĉ
†
ri,�i

⌘⇣ N⌘Y

j=1

â
†
r̄j ,⌘j

⌘
|vaci

!
=
⇣Y

r2r

ĉ
†
r

⌘
|vaci|�i|⌘i.

(4)

Here, r̄ = {r̄N⌘ , · · · r̄1} with L � r̄N⌘ > r̄N⌘�1 > · · · >

r̄1 � 1, r [ r̄ = {L, L � 1, · · · , 1}, â
†
r̄," = (�)r̄

ĉ
†
r̄#ĉ

†
r̄"

and â
†
r̄,# = 1. With this identification, |ri is the ba-

sis of SF and |�i (|⌘i) is the basis of the squeezed spin
(⌘-spin) space. Note that the ⌘-spin configuration rep-
resents the sequence of doublons and holons. As shown
below, Hamiltonians ruling the � and ⌘ spaces are not
fully symmetric due to the staggering of the doublons.

The wave function in the limit of Jex ! 0 can be
constructed by degenerate perturbation theory [56]. For
Jex = V = 0, the eigenstates of Ĥe↵ are degenerate with
respect to the configurations of spins and ⌘-spins. This
is because Ĥkin never exchanges the positions of spins or
those of doulons and holons. Specifically, one can show
that ÛĤkinÛ

† = �thop
P

hi,ji(ĉ
†
i ĉj + h.c.) (⌘ Ĥ0,SF).

This means that in the representation of H0 the ground

cold doublons

cold holons
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must split the operators A and B into terms which 
change the doublon number by +1, 0, -1 and 
multiply these terms with appropriate phase factors 
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FIG. 5. Correlation functions � evaluated by iTEBD for the
photo-doped states described by Ĥe↵2. The data sets are the
same as for Fig. 2 in the main text. The dashed lines shows
C1/r

2 + C2 cos(qr)/r
a extracted by fitting for r 2 [6, 30],

where q = 2nd⇡ and q = ⇡ for charge and SC correlations,
respectively.

Appendix C: Additional results from iTEBD

In Fig. 5, we show the correlation functions as a normal
scale plot. The data sets are the same as for Fig. 2 in the
main text.One can now see how the correlation functions
oscillate and how the fitting works. In order to further
clarify the size of the correlations in the short range and
the relevant momentum, we consider the window-Fourier
transformation of the correlation functions �(q;�) de-

FIG. 6. Window-Fourier transformed correlations �(q;�) for
the indicated conditions. Here, we use Ĥe↵2, half filling for
U = 10 and Te↵ = 0. Vertical dashed lines show q = (1 �
2nd)⇡ (blue) and q = 2nd⇡ (black).

FIG. 7. iTEBD Phase diagram of the photo-doped Mott in-
sulator determined by the relative size of the window-Fourier
transformed correlations �(q;�) at the peak position. Here,
we use Ĥe↵2, half filling, U = 10 and Te↵ = 0. � = 10.0 is
used for the window.

fined as
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Here, Fgauss(r;�) ⌘ exp(� r
2

2�2 ). We introduced ↵c = 1
4 ,

↵s = 1 and ↵sc =
1
2 , so that the direct comparison of the

intensities of di↵erent correlations is meaningful. Note
that �c(r) ⇠ 4⌘z⌘z and �sc ⇠ ⌘

x
⌘
x + ⌘

y
⌘
y.

In Fig. 6, we show �(q;�) for several cases. �sc(q;�)
always exhibits a peak at q = ⇡, i.e. staggered SC corre-
lations. �s(q;�) also shows peaks, which are located at
q = (1 � 2nd)⇡ and q = (1 + 2nd)⇡. When V is small,
�c(q;�) shows no clear peak, which is consistent with the
lack of CDW correlations in �c(r). When V is su�ciently
large, peaks develop at q = 2nd⇡ and q = (2� 2nd)⇡.

The window-Fourier transformed correlations also help
us to identify the dominant “short-range” correlation by
comparing the peak intensities of �(q;�), see illustration
in Fig. 7. Compared to the phase diagram determined
by the exponents of the correlation functions in the main
text, the SDW region is extended and the CDW region
is suppressed. We note that the relative size of peaks
strongly depends on the choice of the width of the window
�.

In Fig. 8, we show the critical exponents obtained by
the fitting of �(r) with C1/r

2 + C2 cos(qr)/ra, where
q = 2nd⇡, q = (1 � 2nd)⇡ and q = ⇡ for charge, spin
and SC correlations, respectively. It is clear that for
V = Jex/2, the exponents of CDW, SDW and SC corre-
lations are all less than 2 (quasi-long ranged). However,
it turns out that determining the exact boundaries where
the exponents exceed 2 is di�cult within our present nu-
merical scheme, where the correlation functions can be

charge correlations  

dominate for V=0.4

eta pairing correlations  

dominate for V=0.1, 0.2
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FIG. 1. Phase diagram of the half-filled photo-doped Mott
insulator described by Ĥe↵2 in the plane of the doublon den-
sity (nd = 1

N

P
ihn̂i,di) and the nonlocal interaction V , for

U = 10. Phases are categorized by the dominant correla-
tion evaluated from iTEBD, i.e. the correlation with the
smallest critical exponent a. The phase boundary is only
schematic and a guide to the eye. The critical exponent
is extracted by fitting the correlation functions (�(r)) with
C1/r

2 + C2 cos(qr)/r
a, where q = 2nd⇡, q = (1 � 2nd)⇡ and

q = ⇡ for charge, spin and SC correlations, respectively. We
use r 2 [6, 30] for the fitting range.

As in the case of the t-J model, the e↵ect of Ĥ3�site is
not essential. We confirm this for the photo-doped sit-
uation using ED in the SM. Thus, in the following, we
focus on the e↵ective model Ĥe↵2, which ignores Ĥ3�site.
We consider cold systems (Te↵ = 0) to clarify the pos-
sible emergence of nonequilibrium ordered phases. Such
a situation may be achieved by energy dissipation to the
environment47,53,54 or entropy reshu✏ing55,56. In the fol-
lowing, we use thop as the energy unit, and fix U = 10,

i.e. Jex ⌘
4t2hop
U

= 0.4. We examine the charge correla-
tions �c(r) ⌘

1
N

P
i
h(n̂i+r � nav)(n̂i � nav)i, spin cor-

relations �s(r) ⌘
1
N

P
i
hŜ

z

i+r
Ŝ
z

i
i, and SC correlations

�sc(r) ⌘
1
N

P
i
h�̂†

i+r
�̂ii. Here, N is the system size,

nav = 1
N

P
i
hn̂ii, Ŝz

i
= 1

2 (n̂i," � n̂j,#), and �̂i = ĉi"ĉi#.
⌘-pairing is characterized by staggered SC correlations.
Note that Ĥ, Ĥe↵ , and Ĥe↵2 are SUc(2) symmetric with
respect to the ⌘-operators for V = 044,57. Due to this
symmetry, a homogeneous state with long-range ⌘-SC
correlations is on the verge of phase separation, which
we avoid by considering non-zero V

42, see SM.
In Fig. 1, we show the computed nonequilibrium phase

diagram for the photo-doped Mott insulator. In one-
dimensional quantum systems, spatial equal-time corre-
lations can show quasi-long-range order, i.e., power-law
decay with a critical exponent a less than 2, which corre-
sponds to a diverging susceptibility in the low-frequency
limit58. The corresponding spatial dependence of the
correlation functions is shown in Fig. 2. We see that
generically more than one correlation function exhibits
quasi-long-ranged order. The phase shown in Fig. 1 is
identified from the correlation function with the smallest

FIG. 2. Correlation functions � evaluated by iTEBD for
the photo-doped states described by Ĥe↵2. a Normal scale
plot for V = 0.2 and the corresponding fitting with C1/r

2 +
C2 cos(qr)/r

a, where q = 2nd⇡, q = (1 � 2nd)⇡ and q = ⇡

for charge, spin and SC correlations, respectively. c-d Log-
scale plots of the absolute value of the correlation functions
for specified values of V . Empty (filled) markers correspond
to � < 0 (� > 0). The dashed (dot-dashed) lines show C2r

�a

(C1r
�2 ) extracted by fitting. For all panels, we use nd = 0.23

and r 2 [6, 30] for the fitting range.

critical exponent. Without photo-doping, a SDW phase
with staggered spin correlations is found59. However,
other correlations quickly become dominant with photo-
doping. When V . 0.2 (= Jex

2 ), the ⌘-SC phase emerges
in a wide photo-doping range. This is consistent with re-
cent dynamical mean-field theory (DMFT) analyses for
the pure Hubbard model in the infinite spatial dimension
employing entropy cooling or heat baths37,55. Impor-
tantly, the sign of the SC correlations remains staggered
regardless of doping and V . For larger V , the CDW phase
is stabilized. We note that, in the extreme photo-doping
limit (nd = 0.5), the e↵ective model (Ĥdh,ex + ĤV ) be-
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FIG. 4. iTEBD single-particle spectral functions, Aloc(!)
(left) and Ak(!) (right), for the photo-doped states described
by Ĥe↵2. In the left panels, the filled regions indicate the
occupied states and dot-dashed lines show Aloc(!) for the
equilibrium (non photo-doped) states. In the right panels,
dashed lines indicate the Fermi levels in the UHB and LHB.
Here, nd = 0.23.

with l singlons between the 0th site and the (r+ l)th site
and ⌘̂

z

i
= 1

2 (n̂i,d � n̂i,h) [Fig. 3d]. Staggered correlations

appear for Vdd & Ṽdh, which supports the above argu-
ment. Note that, even when doublons and holons show
the Ising-type order in the squeezed space, the correla-
tions can still exhibit a power-low62. We thus conclude
that the photo-induced CDW originates from the less re-
pulsive doublon-holon interaction (compared to interac-
tions between the same species), the peculiar kinematics
of carriers and the one-dimensional configuration. Fur-
thermore, the development of correlations between the
doublons and holons in the squeezed system without sin-
glons should also apply to systems with V . Jex

2 . In

these cases, the X and Y components of Ĥdh,ex + ĤV

(we regard Ĥdh,ex + ĤV as an XXZ model, as in the ex-
treme photo-doing limit) is dominant and the ⌘-paring
phase emerges. This naturally explains the observation
that the boundary between the ⌘-paring phase and the
CDW phase is close to V '

Jex
2 independent of the photo-

doping level.

Single-particle spectra. We now focus on the single-
particle spectra, to clarify characteristic features of
the di↵erent phases. Figure 4 shows the momentum-
integrated spectrum Aloc(!) and the momentum-resolved
spectrum Ak(!) for the ⌘-SC phase and the CDW
phase46. For the CDW phase, we use V = 1 to enhance
the characteristic features. Unlike in equilibrium, but
similar to photo-doped semiconductors, the photo-doped
system exhibits two “Fermi levels” separating occupied
(electron removal spectrum) from unoccupied (electron
addition spectrum) states. The occupied states in the

upper Hubbard band (UHB) region correspond to the
removal of a doublon, while those in the lower Hub-
bard band (LHB) region correspond to adding a holon
(see Methods for precise definitions). In the ⌘-SC phase,
within our numerical accuracy, no gap signature appears
in Ak(!) around the new Fermi levels [Fig. 4a], which
is in stark contrast to a normal superconductor with a
gap around the Fermi level. The absence of a gap is also
found for ⌘-paring states in higher dimensions63, and this
suggests that the ⌘-SC state is a kind of gapless super-
conductivity. On the other hand, in the CDW phase,
gaps appear at the new Fermi levels [Fig. 4b], as in the
excitonic phase in photo-doped semiconductors22.

Finally, we observe that in-gap states between the
UHB and LHB develop with photo-doping, which are
more prominent for larger V [Fig. 4]. These states may
enable recombination processes suggesting that our as-
sumption of approximately conserved doublon and holon
numbers may become less valid as the excitation den-
sity increases. However, one needs to keep in mind the
following points: i) For large enough U , the Mott gap
remains clear and the doublon and holon numbers are
approximately conserved. Since the CDW is driven by
V , the value of U does not a↵ect its existence and spec-
tral features. ii) Even when in-gap states develop, the
e↵ective equilibrium description is meaningful. The re-
combination rate for a given state can be estimated by
Fermi’s golden rule, and if this rate is small compared to
the intraband relaxation, the transient state can be de-
scribed by (time-dependent) e↵ective temperatures and
chemical potentials64. Hence, our results show that the
e↵ective equilibrium description can be useful to study
the closure/shrinking of a Mott gap via photo-doping, as
a result of screened interactions and photo-induced spec-
tral features65.

Discussion
We introduced a GGE-type e↵ective equilibrium descrip-
tion for photo-doped strongly correlated systems. This
provides a theoretical framework for systematic studies
of nonthermal phases. Using this e↵ective equilibrium
description, we revealed emerging phases in the photo-
doped one-dimensional extended Hubbard model. The
⌘-pairing phase is stabilized in the small V regime even
when the SUc(2) symmetry that protects ⌘-pairing in
the pure Hubbard model is absent, and it is character-
ized by gapless spectra. The CDW phase emerges in the
larger V regime, and it is characterized by gapped spec-
tra. These states are unique to photo-doped strongly
correlated system, where the peculiar kinematics of dou-
blons and holons stabilizes them in a wide doping range.
The similarity between the GGE-type description for
strongly correlated systems and the pseudoequilibrium
description for the photo-doped semiconductors allowed
us to clarify some fundamental di↵erences between these
two systems. In particular, our results demonstrate that
photo-doped strongly correlated systems and semicon-
ductors exhibit qualitatively di↵erent phases due to the
di↵erent nature of the injected carriers. Target systems

not gapped for the 

eta-pairing phase 
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FIG. 1. (a) Schematic picture of the photo-doing and in-
traband cooling processes that result in a metastable state
of the large-gap Mott insulator. UHB (LHB) stands for up-
per (lower) Hubbard band. (b) The wave function of the
metastable state in the limit of U ! 1 can be expressed as
a direct product of the charge wave function, the spin wave
function in the squeezed space and the ⌘-spin wave function
in the squeezed space. The green shaded circles in the charge
wave function represent spinless fermions, while “h” and “d”
stand for a holon and a doublon, respectively. This example
depicts a CDW state.

Fig. 1(a). As previously discussed, such a quasi-steady
state can be described with the e↵ective Hamiltonian ob-
tained by a Schrie↵er-Wol↵ transformation [48] from the
original Hamiltonian (1) [19, 34–40, 47], see also the Sup-
plemental Material (SM) [49]. This e↵ective Hamiltonian
explicitly conserves the number of doublons and holons.
Up to O(t2hop/U), it takes the form

Ĥe↵ =ĤU + Ĥkin + ĤV

+ Ĥspin,ex + Ĥdh,ex + ĤU,shift + Ĥ3�site, (2)

where Ĥkin = �thop
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ping of a doublon or a holon, �̄ is the opposite spin of
�, and ˆ̄ni,� = 1 � n̂i,�. The other terms are propor-

tional to Jex ⌘ 4t2hop
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2 (n̂i �1) [50–

52]. ĤU,shift describes the shift of the local interaction

and Ĥ3�site represents three-site terms such as correlated

doublon hoppings, see SM [49]. In equilibrium (without
doublons), the model corresponds to the t-J model when
Ĥ3�site is neglected [53]. In the following, we denote the
model without Ĥ3�site by Ĥe↵2. When V = 0, Ĥ, Ĥe↵

and Ĥe↵2 host an SU(2) symmetry of the doublon-holon
sector [50] that corresponds to the spin SU(2) symmetry
via a particle-hole (Shiba) transformation [54].

We consider an e↵ectively cold system with arbitrary
filling, whose state is described by the ground state of
the e↵ective Hamiltonian for a given number of dou-
blons and holons, i.e., we assume that the system is ther-
malized into the lowest energy state for the given con-
straint. We show that the corresponding wave function
can be expressed as the direct product of the charge,
spin and ⌘-spin wave functions in the limit of Jex ! 0
with V/Jex = const, similar to the Ogata-Shiba state of
the doped Hubbard model in equilibrium [55, 56]. To be
more specific, we set the system size to L and the number
of singly occupied sites to Ns, so that the number of dou-
blons and holons (the number of ⌘ spins) is N⌘ = L�Ns.
Now we introduce the Hilbert space

H0 =
n
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o
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Here r, � and ⌘ are sets of space, spin and ⌘-spin indices,
ĉ
†
r is a creation operator of a spin-less fermion (SF), and

# indicates the number of elements. ⌘ takes the values
" or # and r = {rNs , · · · , r1} with L � rNs > rNs�1 >

· · · > r1 � 1. We identify this Hilbert space with the
original Hilbert space using the unitary transformation
Û : H ! H0 defined by
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Here, r̄ = {r̄N⌘ , · · · r̄1} with L � r̄N⌘ > r̄N⌘�1 > · · · >

r̄1 � 1, r [ r̄ = {L, L � 1, · · · , 1}, â
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and â
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r̄,# = 1. With this identification, |ri is the ba-

sis of SF and |�i (|⌘i) is the basis of the squeezed spin
(⌘-spin) space. Note that the ⌘-spin configuration rep-
resents the sequence of doublons and holons. As shown
below, Hamiltonians ruling the � and ⌘ spaces are not
fully symmetric due to the staggering of the doublons.

The wave function in the limit of Jex ! 0 can be
constructed by degenerate perturbation theory [56]. For
Jex = V = 0, the eigenstates of Ĥe↵ are degenerate with
respect to the configurations of spins and ⌘-spins. This
is because Ĥkin never exchanges the positions of spins or
those of doulons and holons. Specifically, one can show
that ÛĤkinÛ
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FIG. 1. (a) Schematic picture of the photo-doing and in-
traband cooling processes that result in a metastable state
of the large-gap Mott insulator. UHB (LHB) stands for up-
per (lower) Hubbard band. (b) The wave function of the
metastable state in the limit of U ! 1 can be expressed as
a direct product of the charge wave function, the spin wave
function in the squeezed space and the ⌘-spin wave function
in the squeezed space. The green shaded circles in the charge
wave function represent spinless fermions, while “h” and “d”
stand for a holon and a doublon, respectively. This example
depicts a CDW state.

Fig. 1(a). As previously discussed, such a quasi-steady
state can be described with the e↵ective Hamiltonian ob-
tained by a Schrie↵er-Wol↵ transformation [48] from the
original Hamiltonian (1) [19, 34–40, 47], see also the Sup-
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i,� ĉj,� + h.c.)ˆ̄nj,�̄ �

thop
P

hi,ji,� n̂i,�̄(ĉ†
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spin exchange term, and Ĥdh,ex = �Jex
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are ŝ = 1

2

P
↵,�=",# ĉ

†
↵�↵� ĉ� with � denoting the Pauli

matrices, and we introduced the ⌘-spin operators as
⌘̂
+
i = (�)i

ĉ
†
i#ĉ

†
i", ⌘̂

�
i = (�)i

ĉi"ĉi# and ⌘̂
z
i = 1

2 (n̂i �1) [50–

52]. ĤU,shift describes the shift of the local interaction

and Ĥ3�site represents three-site terms such as correlated

doublon hoppings, see SM [49]. In equilibrium (without
doublons), the model corresponds to the t-J model when
Ĥ3�site is neglected [53]. In the following, we denote the
model without Ĥ3�site by Ĥe↵2. When V = 0, Ĥ, Ĥe↵

and Ĥe↵2 host an SU(2) symmetry of the doublon-holon
sector [50] that corresponds to the spin SU(2) symmetry
via a particle-hole (Shiba) transformation [54].

We consider an e↵ectively cold system with arbitrary
filling, whose state is described by the ground state of
the e↵ective Hamiltonian for a given number of dou-
blons and holons, i.e., we assume that the system is ther-
malized into the lowest energy state for the given con-
straint. We show that the corresponding wave function
can be expressed as the direct product of the charge,
spin and ⌘-spin wave functions in the limit of Jex ! 0
with V/Jex = const, similar to the Ogata-Shiba state of
the doped Hubbard model in equilibrium [55, 56]. To be
more specific, we set the system size to L and the number
of singly occupied sites to Ns, so that the number of dou-
blons and holons (the number of ⌘ spins) is N⌘ = L�Ns.
Now we introduce the Hilbert space

H0 =
n

|ri|�i|⌘i ⌘
⇣Y

r2r

ĉ
†
r

⌘
|vaci|�i|⌘i

: #r = #� = Ns and #⌘ = N⌘

o
. (3)

Here r, � and ⌘ are sets of space, spin and ⌘-spin indices,
ĉ
†
r is a creation operator of a spin-less fermion (SF), and

# indicates the number of elements. ⌘ takes the values
" or # and r = {rNs , · · · , r1} with L � rNs > rNs�1 >

· · · > r1 � 1. We identify this Hilbert space with the
original Hilbert space using the unitary transformation
Û : H ! H0 defined by

Û

 ⇣ NsY

i=1

ĉ
†
ri,�i

⌘⇣ N⌘Y

j=1

â
†
r̄j ,⌘j

⌘
|vaci

!
=
⇣Y

r2r

ĉ
†
r

⌘
|vaci|�i|⌘i.

(4)

Here, r̄ = {r̄N⌘ , · · · r̄1} with L � r̄N⌘ > r̄N⌘�1 > · · · >

r̄1 � 1, r [ r̄ = {L, L � 1, · · · , 1}, â
†
r̄," = (�)r̄

ĉ
†
r̄#ĉ

†
r̄"

and â
†
r̄,# = 1. With this identification, |ri is the ba-

sis of SF and |�i (|⌘i) is the basis of the squeezed spin
(⌘-spin) space. Note that the ⌘-spin configuration rep-
resents the sequence of doublons and holons. As shown
below, Hamiltonians ruling the � and ⌘ spaces are not
fully symmetric due to the staggering of the doublons.

The wave function in the limit of Jex ! 0 can be
constructed by degenerate perturbation theory [56]. For
Jex = V = 0, the eigenstates of Ĥe↵ are degenerate with
respect to the configurations of spins and ⌘-spins. This
is because Ĥkin never exchanges the positions of spins or
those of doulons and holons. Specifically, one can show
that ÛĤkinÛ

† = �thop
P

hi,ji(ĉ
†
i ĉj + h.c.) (⌘ Ĥ0,SF).

This means that in the representation of H0 the ground

ground state of 

ground state of 
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state for Jex = V = 0 can be described as | GS
SF i| �,⌘i,

where | GS
SF i is the ground state of Ĥ0,SF and | �,⌘i is an

arbitrary spin and ⌘-spin wave function. The remaining
spin/⌘-spin degeneracy of 2Ns · 2N⌘ is lifted by the terms
of O(Jex). Within lowest-order degenerate perturbation
theory, the wave function of the spin and ⌘-spin is ob-
tained by the O(Jex) terms projected to | GS

SF i|�i|⌘i. In
the resultant projected Hamiltonian, the squeezed spin
and ⌘-spin spaces are decoupled, and the corresponding
Hamiltonians become (SQ stands for squeezed space)

Ĥ
(SQ)
spin = J

s
ex

X

i

ŝi+1 · ŝi,

Ĥ
(SQ)
⌘�spin = �J

⌘
X

X

j

(⌘̂x
j+1⌘̂

x
j + ⌘̂

y
j+1⌘̂

y
j ) + J

⌘
Z

X

j

⌘̂
z
j+1⌘̂

z
j ,

with J
s
ex = (x̃� x̃

0)Jex, J
⌘
X = (ỹ� ỹ

0)Jex and J
⌘
Z = �(ỹ�

ỹ
0)Jex +4ỹV . Here x̃, x̃

0
, ỹ and ỹ

0 are the renormalization
factors determined by | GS

SF i. With ns = Ns/L and n⌘ =
N⌘/L and in the limit L ! 1 they can be expressed as

x̃ = ns � sin2(⇡ns)

⇡2ns
, x̃

0 =
sin(2⇡ns)

2⇡
� sin2(⇡ns)

⇡2ns
,

ỹ = n⌘ � sin2(⇡n⌘)

⇡2n⌘
, ỹ

0 =
sin(2⇡n⌘)

2⇡
� sin2(⇡n⌘)

⇡2n⌘
.

Here x̃ and ỹ are the contributions from the 2-site terms
of O(Jex), while x̃

0 and ỹ
0 are those from the 3-site terms.

Note that Ĥ
(SQ)
⌘�spin becomes the ferromagnetic Heisenberg

model (J⌘
X = �J

⌘
Z > 0) for V = 0. Thus, the wave

function (in H0) takes the form

| i = | GS
SF i| GS

� i| GS
⌘ i, (5)

where | GS
� i is the ground state of Ĥ

(SQ)
spin and | GS

⌘ i is

that of Ĥ
(SQ)
⌘�spin. For more details, see SM [49]. The form

of | GS
SF i and | GS

� i is independent of the ratio of dou-
blons and holons, and, in particular, these states are the
same as those in the equilibrium doped Hubbard model
at the doping level nholes = n⌘ [55, 56]. This implies that
the e↵ects of photo-doping and chemical doping on the
spins are essentially the same, which is consistent with
previous numerical analyses [40, 57, 58].

Now we focus on half filling and discuss the implica-
tions of the exact form of the wave function for the origin
of the di↵erent phases. The ⌘-spin sector hosts the phase
transition between the gapless and gapful phases of the
XXZ model, which is controlled by the ratio between
Jex and V . As seen below, these states are character-
ized by the behavior of the correlation functions of the
⌘-spins, i.e. �⌘,a(r) ⌘ h⌘̂a(r)⌘̂a(0)i. Namely, the gapless
phase corresponds to the ⌘-pairing phase, where the pair
correlation �⌘�pair ⌘ �⌘,x is dominant. On the other
hand, the gapful phase corresponds to the CDW phase,
where the charge correlation �charge ⌘ �⌘,z is dominant.

CDW
(string)

η pairing
(LRO)

CDW
(LRO)

SDW

η pairing
(power law)

FIG. 2. Phase diagram of the photo-doped one-dimensional
Mott insulator described by Ĥe↵ in the limit Jex ! 0. The
phase boundary (black solid line) corresponds to an SU(2)

symmetric point of Ĥ(SQ)
⌘�spin, i.e. V/Jex = ỹ�ỹ0

2ỹ . The horizon-
tal dashed line indicates the phase boundary for the system
described by Ĥe↵2.

True long-range order (LRO) is realized at V = 0 for
the ⌘-pairing phase [59], while a LRO CDW is realized
at n⌘ = 1 and V >

Jex
2 . Apart from these limits, we

have quasi-long-range orders (power law decay of correla-
tions). Note that the appearance of ⌘-pairing in nonther-
mal states has been recently discussed [22, 26, 38, 60–62]
in relation with the photo-induced superconducting-like
phases [20, 63–66]. Furthermore, we emphasize that LRO
is realized in the squeezed ⌘-spin space for the CDW
phase, which is reminiscent of the string order in the
Haldane phase [67]. The phase transition occurs at the

SU(2) point of Ĥ
(SQ)
⌘�spin (J⌘

X = J
⌘
Z > 0), see Fig. 2. For

Ĥe↵2 (without Ĥ3�site), �(⌘ J
⌘
Z/J

⌘
X) and thus the phase

boundary are independent of the filling, which consis-
tently explains a previous numerical result [40]. On the
other hand, for Ĥe↵ , the ratio � depends on the filling
due to the e↵ects of the 3-site term ỹ

0. In particular, the
3-site term is found to favor the ⌘-pairing phase.

The exact form of the wave function allows us to
evaluate the asymptotic behavior of the correlation
functions analytically or numerically. Here we ex-
tend the analyses for spin correlations of the equilib-
rium Hubbard model [68, 69]. Since the spin corre-
lations of the metastable state are the same as those
for the equilibrium Hubbard model, i.e. hŝa(r)ŝa(0)i /
cos(⇡nsr)r� 3

2 (ln r)
1
2 , we focus on the ⌘-spin correlation

functions �⌘,a(r). Note that despite the apparent simi-
larity between the squeezed spin and ⌘ space there are
crucial di↵erences in the pairing correlations. Using ex-
pression (5), the correlation functions are expressed as

�⌘,a(r) =
r+1X

m=2

Q̄
r
SF(m)�(SQ)

⌘,a (m � 1). (6)

Here Q̄
r
SF(m) = hˆ̄n0 ˆ̄nr�(

Pr
l=0

ˆ̄nl � m)iSF, which is de-
termined by | GS

SF i, is the probability that the sys-

tem has m doublons or holons in [0, r]. �
(SQ)
⌘,a (m) =
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FIG. 4. Central charge of the ground state of Ĥe↵2 for Jex =
0.4 and the indicated values of n⌘. To evaluate the central
charge, we apply Eq. (8) to the iTEBD results with D 2
[200, 1600]. The red shaded area indicates the stability region
of the ⌘-pairing phase for Jex ! 0, while the blue shaded area
shows that of the CDW phase. The inset plots the relation
between SE and ⇠D and the corresponding linear fits.

dimension (D) and extract c from the relation [76]

SE =
c

6
ln(⇠D) + s0. (8)

Here SE is the entanglement entropy, s0 is a constant
and ⇠D is the correlation length evaluated from the
second-largest eigenvalue of the transfer matrix, see SM.
In Fig. 4, we show the central charge for Ĥe↵2 with
Jex = 0.4, which is extracted using Eq. (8) and the lin-
ear fit of the iTEBD results [see the inset of Fig. 4]. The
results indeed confirm the above expectation. We empha-
size that the emergence of a c = 3 state in the Hubbard
model is hardly expected in equilibrium and reflects the
metastable nature of the state.

Conclusion– We showed that the additional degrees of
freedom activated by photo-doping lead to peculiar types
of quantum liquids absent in equilibrium. In particular,
we revealed the intriguing structure of the correlations
between active degrees of freedom in photo-doped one-
dimensional strongly correlated systems, i.e. the spin-
charge-⌘-spin separation. Our results open a new avenue
for studying metastable states in one-dimensional sys-
tems and raise interesting questions. Firstly, in contrast
to the equilibrium Hubbard model, the weak coupling
regime is not well-defined, and the relation between the
lattice model and the corresponding conformal field the-
ory is not clear. Construction of the field theory for the
metastable states is an important future task. Secondly,
we provide a rigorous basis for the future development
of a bosonization approach [77, 78]. With such an ap-
proach, one can better understand the spectral features
of the photo-doped systems and the implications of the
spin-charge-⌘-spin separation for dynamical properties.
Thirdly, various concepts developed for one-dimensional
systems in equilibrium can be extended to understand

the physics of metastable states. For example, extending
the spin incoherent Luttinger liquids [79] may be help-
ful for understanding e↵ectively cold, but not ultracold
systems.

Finally but not least, our analytical and intuitive in-
sights provide a useful reference for the study of photo-
doped Mott insulators in higher dimensions, where the
separation of spin, charge and ⌘-spin is not expected, but
a crossover from high-dimensional to one-dimensional be-
havior can occur in anisotropic systems.
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