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Dynamical approach to realize room-
temperature superconductivity in LaH10
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Metallic hydrogen and hydride materials stand as promising avenues to achieve room-temperature
superconductivity. Characterized by their high phonon frequencies andmoderate coupling strengths,
several high-pressure hydrides were theoretically predicted to exhibit transition temperatures (Tc)
exceeding 250 K, a claim further substantiated by experimental evidence. In an effort to push Tc
beyond room temperature, we introduce a dynamical method that involves stimulating hydrides with
mid-infrared lasers. Employing Floquet first-principles simulations, we observe that in a
nonequilibrium state induced by light, both the electronic density of states and the coupling to high-
energy phonons see notable enhancements. These simultaneous improvements collectively could
potentially result in an estimated 20%–30% rise in Tc in practical pump conditions. Our theoretical
investigation, therefore, offers a novel strategy to potentially raise the Tc of hydrides above room
temperature.

Superconductivity is one of themost important quantumphases discovered
to date and is well-known for its promising applications in fields like dis-
sipationless power transmission, quantum computing, and imaging. Due to
the strict conditions required for the formation of condensed Cooper pairs,
achieving the superconductivity (SC) phase typically requires extremely low
temperatures, constrainedby the empiricalMcMillan limit1. To increase the
transition temperature Tc, previous studies have identified two promising
directions. On the one hand, unconventional superconductors, especially
cuprates, canexhibit relativelyhighTc~130 K

2,while theunderlyingpairing
mechanism and design principle are still under debate. On the other hand,
the Tc of conventional superconductors, describable by the Bardeen-
Cooper-Schrieffer (BCS) theory, is primarily determined by phonon
energies3–5. This design principle has motivated the idea of leveraging the
high-frequency lattice vibrations of the lightest element—hydrogen6.
Metallic hydrogen has been predicted to have Tc on the order of room
temperature but requires extreme pressure over 400 GPa to stabilize its
crystal structure, which has proven experimentally challenging7–9.

Hydrogen-rich compounds, or hydrides, offer a more feasible alter-
native due to their chemically precompressed lattices10–12. Various binary
hydride compounds have been predicted as candidates for high-
temperature superconductors, such as La-H13, Y-H13, H-S14, Ca-H15, Th-
H16, Ac-H17 and Hf-H18. To date, high-temperature superconducting sig-
natures have been successfully experimentally verified in H-S19, La-H20–22,
Y-H23 andCa-H24. For example, H3S has been found to have aTc of 203K at
155 GPa19; more recently, LaH10 has exhibited record-breaking Tc of 250 K

at 150 GPa, 260Kat 170–200 GPa and 246K at 136 GPa20–22. Thesefindings
mark significant strides toward room-temperature SC25.

In parallel to the high-pressure synthesis of hydride superconductors,
alternative approaches have been considered to enhance Tc of existing
superconductors. Among these approaches, ultrafast laser engineering in
electronic and phononic structures has emerged as a promising method.
Within the pump-probe regime, existing experiments have revealed the
possibility of transiently enhancingTc in K3C60

26–29, which is likely drivenby
dynamical phonons30–34. Laser-enhanced SC has also been observed in
unconventional superconductors, including La1.675Eu0.2Sr0.125CuO4

35,
La2−xBaxCuO4

36, YBa2Cu3O6.5
37,38 and κ-salts39,40. While these observations

may arise from different mechanisms41–47, the success in various materials
has fueled broad interest in using light to increase the Tc of existing
superconductors, and may further extend to hydrides as the final step
toward room-temperature SC.

In this paper, we present a dynamical method utilizing mid-infrared
(MIR) lasers to raise the transition temperature (Tc) of hydrides above 300
K. Focusing on a light-driven steady state, we simulate the nonequilibrium
change in electronic structure and interactions through an integration of
Floquet theory and density functional perturbation theory (DFPT), using
LaH10 as a representative example. Our simulations reveal that the light-
engineered electronic structure not only enhances the DOS but also
reshapes the Fermi surface, leading to an uneven enhancement electron-
phonon coupling (EPC), as depicted by the Eliashberg spectral function.
The synergy of these light-engineered properties collectively raises Tc.
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Within a practical range of pump fluences, our simulations suggest a pos-
sible a 20%–30% increase in Tc, exceeding room temperature (300 K).
Additionally, we extend our analysis to evaluate the impact of pressure in
LaH10 and laser polarization on the light-enhanced Tc.

Results
Electronic structure of light-driven LaH10

We selected LaH10, a BCS-based high-temperature superconductor as the
platform for our simulation due to its demonstrated consistency between
theoretical predictions13,48 and experimental findings20–22. The crystal
structure of LaH10 transitions from R�3m to Fm�3m (fcc) symmetry when
pressure increases beyond 150GPa13,49. As shown in Fig. 1, its fcc crystal
structure displays a highly-symmetric clathrate-like geometry formed by a
cage of hydrogen atoms, with individual lanthanum atoms in the cavities.
Under 210 GPa, the first-principles electronic structure and Migdal-
Eliashberg theory predict its Tc to be between 264 K and 286 K13,48,50. Soon
after thesepredictions, experiments verified thembyobservingTc = 251Kat
168 GPa20, Tc = 260 K at 180 GPa21 and Tc = 246 K at 136GPa22. These
agreements in structure and transport properties validate the use of first-
principles and perturbation simulations for LaH10 superconductors.

To simulate light-matter interactions and dynamical properties, we
constructed a tight-binding model using the DFT-simulated Kohn-Sham
band structure, with details listed in “Methods”. Balancing simulation
complexitywith the clarity of SCdescription,we constrain the tight-binding
model to 25 maximally-localized Wannier orbitals per unit cell and
downfold the electronic structure to the second-quantized electronic
Hamiltonian:

H ¼
X
jl

X
αβσ

HðαβÞ
jl ðcylβσcjασ þ h:c:Þ ð1Þ

Here, we denote the hopping integral between orbital α of unit cell j and
orbital β of unit cell l as HðαβÞ

jl , while its diagonal terms represent the site-
energy of each orbital. A key characteristic of the low-energy (EF ± kBT)
electronic structure that determines the Tc in the Migdal-Eliashberg theory
is the Fermi-surfaceDOS ρF. Here, our 25-orbitalmodel predicts ρF = 0.932,
0.894, and 0.881 eV−1 for 150 GPa, 200 GPa, and 250 GPa LaH10,
respectively, aligning with findings by Errea et al.51.

Since the centers of charges are spatially separated among theWannier
orbitals, the light-matter interaction in the second-quantized expression can

be described by the Peierls substitution tðαβÞjl ! tðαβÞjl eiAðtÞ�ðr
ðαÞ
j �rðβÞl Þ for an

instantaneous vector potential A(t). Here, we considered the steady state
driven by a monochromatic laser, whose duration is much longer than its
oscillation period. This steady-state condition can be mimicked by a peri-
odic vector potential AðtÞ ¼ A0 cosðΩtÞ, where A0 relates to the peak
electric field strength by E0 = ℏΩA0/ea0. In this simplified situation, the
dynamics governed byHðtÞ can be approximated using the Floquet theory,
where the wavefunction solution forms a Fourier series52–54. Thus, the time-
dependent Schrodinger equation can bemapped to an effective steady-state

HamiltonianHF with extended dimensions in basis ∣mi ¼ eimΩt

HF ¼ P
m;n2Z

ðHðm�nÞ �mΩδmnÞ ∣mi nh ∣

¼
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ð2Þ

whose block matrices represent the Fourier transforms of HðtÞ (see Sup-
plementary Note I):

HðmÞ ¼
X
jl

X
αβ

imJ mðA0 � ðrðαÞj � rðβÞl ÞÞHðαβÞ
jl ðcylβcjα þ h:c:Þ; ð3Þ

with J mðzÞ is the Bessel function of the first kind. In all pump conditions
examined here, the 0th-order Bessel function dominates over all higher-
order ones. Therefore, the DOS, and especially the Fermi-surface DOS ρF,
are primarily determined by the diagonal blocks of Eq. (2), and we take this
approximation in results below (see Supplementary Notes II and III for the
discussion about higher-order Floquet analysis and justification of this
approximation). We analyze the non-thermal steady-state electronic
structure and EPC using the Floquet HamiltonianHF .

We first consider the case at 220 GPa, whose equilibrium properties
have been studied by first-principles methods55. The pump condition is
chosen as the mid-IR laser (ℏΩ = 400meV), similar to that used in K3C60

experiments conducted in diamond anvil cell26. This photon energy corre-
sponds to a 3 μm laser, away from the absorption window of diamond,
thereby ensuring that a relatively greater fluence can be delivered. Addi-
tionally, it is significantly higher than thekBTc values examined in this paper,
allowing the off-resonance approximations in the Floquet-DFPT calcula-
tions (see Supplementary Note II for detailed discussions). Figure 2 shows
the pump-amplitude dependence for the band structure, influenced by an
x̂-polarized laser. As the pump amplitude increases, the conduction band-
width is gradually suppressed due to photon dressing. Consequently, the
DOS ρF increases from 0.898 eV−1 at equilibrium to 1.295 eV−1 for
E0 = 80mV/Å (i.e. ~ 4.5mJ/cm2 for a 50-fs laser pulse). The overall increase
of ρF by 44% signifies the potential of engineering LaH10 electronic structure
using the pump laser. Given that the Tc from BCS theory is proportional to
expð�1=ρFVÞ, with V being the phonon-mediated interaction, the laser-
enhanced DOS could foster a more robust superconducting state.

More specifically, the increase in ρF occurs gradually for weaker pump
amplitudes (E0 < 50mV/Å), rising by only 6%up to 0.956 eV−1 (see Fig. 3a).
This increase becomesmore pronounced for pump amplitude E0 exceeding
50mV/Å. Such a reflection point in ρF is primarily caused by the band
flattening of the van Hove singularity (vHS) near the L point (indicated in
the red dashed box of Fig. 2a). As depicted in Fig. 2, this vHS is 0.2 eV below
EF at equilibrium, and Floquet renormalization of the entire band shifts it
across the Fermi level at E0 ~ 50mV/Å. The shift finishes at E0 ~ 70mV/Å,
where the DOS plateaus. Additionally, two other hydrogen bands are
renormalized from above EF to the Fermi level near the X point for pump
amplitudes E0 >70mV/Å. These bands may continue to increase ρF but for
unrealistically strongpumpsbeyond the rangeweare interested in.A similar
result for ρF is observed under 250 GPa as well, except for a sharp increase
around E0 = 70mV/Å (see Fig. 3b). This difference originates from the
delayedupward shift of the bandnear theFermi surfacenear theLpoint (see
Supplementary Note IV for further discussions).

a b
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Γ

Fig. 1 | Structures of fcc LaH10. a Schematic showing the crystal structure of Fm�3m
(fcc) LaH10, showcasing two horizontal unit cells. The La and H atoms are repre-
sented by green and red spheres, respectively. b Illustration of the first Brillouin zone
in the reciprocal space of fcc LaH10, highlighting key high-symmetry momentum
points (gray) and momentum cuts (red) referenced in this paper.
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Steady-state electron-phonon coupling and transition
temperature
While the electronic structure analysis in Section “Electronic structure of
light-driven LaH10” motivates the possibility of increasing Tc, the latter is
determinedbymultiple factors, especially theEPC.Toaccurately predict the
transition temperatureTc for the light-drivenLaH10,we further simulate the
EPCmatrix elements to obtain the Eliashberg spectral function α2F in these
nonequilibrium conditions. Our equilibrium phonon modes are obtained
by DFPT implemented in PHonon, a module from Quantum ESPRESSO
(see SupplementaryNoteV). In thenonequilibrium laser-driven conditions,
we assume that the phonon energies ωqν and eigen-modes remain
unchanged in the non-thermal state, since the equilibrium states are
obtained by structural optimization and stay far froma structural transition.
The rationale behind this assumption is that the duration of pump pulses in
experimental settings is typically in the order of 100 fs. During such a short
timescale, the energy transfer from the laser to the crystal lattice, which
usually takes a few picoseconds, is unlikely to occur (see Supplementary
Note VI for laser-induced corrections to phonons). This assumption also
prevents the decomposition effect of LaH10 due to dehydrogenation over
time56–59. That being said, the EPC’s impact on superconductivity is through
the steady-state coupling strength and the Eliashberg function.

To evaluate these quantities, we generalize the dimensionless EPC
strength into the Floquet ~λ, given by:

~λ ¼
Z 1

0

2
ω
α2~FðωÞdω ð4Þ

with steady-state Eliashberg spectral function defined as:

α2~FðωÞ ¼ 1
~ρF

X
μμ0ν

X
kk0

j~gðμμ0Þkk0;νj2δð~εμkÞδð~εμ0k0 Þδðω� ωqνÞ : ð5Þ

Here, q ¼ k � k0 andωqν are phononmomentum vector and energy;~εμk is
the Floquet band dispersion for band μ; ~ρF is the Fermi-surface DOS for
steady states. The simulation of the Floquet ~λ further requires evaluating the
steady-state EPC matrix element:

~gðμμ
0 Þ

kk0;ν ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ℏ
2m0ωqν

s
~ψðμ0Þ
k0 j∂qνV j~ψðμÞ

k

D E
ð6Þ

using Floquet-state-projected DFPT. As discussed in “Methods”, calculating
Eq. (6) is the most computationally intensive step, where the derivative of
phonon self-consistent potential ∂qνV (for wavevector q and branch ν) is

projected intoapairofFloquet eigen-states ∣~ψðμÞ
k i (forbandμandmomentum

k). We simulated ~gðμμ
0Þ

kk0 ; ν and
~λ using a modified version of EPW60, an open-

source module from Quantum ESPRESSO (see “Methods”).

In Fig. 4a, we compare the nonequilibrium α2~F obtained for the
maximum peak amplitude (E0 = 80mV/Å) with the equilibrium α2F for
220 GPa. Notably, the two δ-functions for electronic dispersion scale with
ρF. Therefore, the DOS increase of the Floquet-renormalized electronic
structure leads to an augmented α2F across almost all phonon energies. To
depict this energy-dependent modification, we analyze the relative
enhancement rate α2~F=α2F for the same pump amplitude, as shown in
Fig. 4c. This relative rate highlights the uneven enhancement of α2~F for
different phonon energies. Compared to the relative ρF increase (dashed
line), the simulated α2~F is lower at some frequencies, indicating a net
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decrease in Fermi-surface-projected EPC matrix elements ~gðμμ
0Þ

kk0;ν for these

specific phonons. Conversely, in the 230–280meV phonon energy range,
the Floquet-engineered electronic wavefunctions and changes in the Fermi
surface shape lead to a pronounced increase in α2~FðωÞ, surpassing the
overall scaling attributable to ρF. This increase reflects an enhanced effective
EPC strength for phonons in the hydrogen optical branch, caused by the
steady-state electronic structure. A direct consequence of this uneven
enhancement is the notable increase in logarithmic-average frequency ~ωlog

displayed as the insets. Independent from the strength of λ, ~ωlog plays a
crucial role of the Debye frequency in the Allen-Dynes estimation of Tc

61.
Similar enhancement for EPC of high-energy phonons also occurs for the
250 GPa states, whose α2F predominantly increases at 260–300meV (see
Fig. 4b, d).

The rise inα2Fnaturally leads to a larger dimensionless EPC strengthλ.
As shown in Fig. 4e, the Floquet-state ~λ exhibits an accelerating growthwith
increasing pump amplitudes at 220 GPa. The growthhalts atE0 ~ 70mV/Å,
where the vHS completes crossing the Fermi level. Compared to the
220 GPa LaH10, the ~λ for 250 GPa is generally smaller for all pump
amplitudes. This difference stems from their distinct structural instability at
equilibrium.The 220 GPaLaH10 is closer to the structure phase transition at
210 GPa, thus its phonons are softer compared to the 250 GPa structure,
leading to an overall increase in ~λ (see Fig. 4a, b)55. A comprehensive dis-
cussion about light-engineered α2F(ω) and λ is included in Supplementary
Note V.

Within the BCS regime, the enhanced λ typically indicates a higher Tc.
Here, we estimate the nonequilibrium Tc using the Allen-Dynes formula61

with the Floquet steady-state ~λ and ~ωlog (see “Methods”). Figure 4g, h dis-
plays the calculatedTc for LaH10 at 220 GPa and 250GPa. Before adding the
external laserfield, the equilibriumLaH10 yields aTcof 258Kat 220 GPa and
237K at 250 GPa, consistent with previous studies55. The increase in λ raises
Tc from258Kat equilibrium to320K forE0 = 80mV/Å at 220 GPa, yielding
a 25% estimated increase. Similarly, Tc rises from 237 K to 322 K yielding a
35%estimated increase for 250 GPa. Both scenarios couldpotentially reach a

room temperature Tc (300 K) under relatively strong pump conditions. (To
clarify, “strong pump condition” refers to the relative strength ofE0 in Fig. 4.
This does not compromise the validity of the approximations used in the
Floquet-DFPT method.) The Tc rise roughly parallels the increase in λ
shown in Fig. 4c, d. Notably, the Tc for 220 GPa LaH10 plateaus, not
decreasing in the strong pump regime (E0 >70mV/Å), where λ starts to
drop.This is due to the aforementioneduneven enhancement ofα2F, leading
to a rise in ~ωlog and further contributing to the Tc increase.

To unravel various factors contributing to Tc and understand the
mechanism of light-enhanced SC, we further examine a simpler approx-
imation for the Floquet renormalization of α2F and Tc. Assuming that the
EPC matrix elements remain constant compared to the equilibrium gðμμ

0Þ
kk0 ;ν

and the Fermi surface is unchanged, the bandwidth renormalization
described in Section “Electronic structure of light-driven LaH10” would
manifest as a uniform, phonon energy-independent rise in α2F(ω) (see
dashed lines in Fig. 4c, d). That being said, this DOS scaling approximates
steady-state quantities as:

α2FDSðωÞ ¼
~ρFðE0Þ
ρF

α2FðωÞ ; ~λDSðE0Þ ¼
~ρFðE0Þλ

ρF
ð7Þ

where α2F, λ and ρF are the corresponding quantities in equilibrium.
Incorporating Eq. (7) into the Allen-Dynes formula (see Eq. (8) in
“Methods”), the assessed Tc then reflects solely the impact of Floquet-
inducedDOS increase, excluding nonequilibriummodifications to the EPC
matrix elements. The open dots in Fig. 4e–h show this DOS-scaling
simplification and are contrasted by the simulated ~λ shown in solid dots.
This simplification overestimates λ, since it ignores the decrease in EPC for
most phonon frequencies as discussed above (also see Supplementary Note
V). The overestimation becomesmore pronounced near the vHS (e.g. forE0
~ 70mV/Å at 220 GPa), where the Fermi-surface topology undergoes a
transition. Interestingly, despite the up to 20% overestimation of λ, the Tc
evaluated via this simplified scaling is always lower than that obtained from
the Floquet-DFPT simulation (solid squares in Fig. 4g, h). This difference
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arises from the uneven increase of α2~F across energy: the enhanced EPC
coupling to high-energy (230–280meV) phonons elevates the ~ωlog,
influencing Tc in the Allen-Dynes formula apart from λ; this Floquet
engineeringofEPC is overlooked in the simplified scaling assessment,which
evaluates α2~F evenly in energy (see dashed lines in Fig. 4c, d).

Light-enhanced Tc at experimental pressures
While the above simulations suggest a 25%to35%potential enhancementof
Tc in the nonequilibrium states of LaH10 and indicate the feasibility of
achieving room-temperature SC under realistic pump conditions, they are
based on Floquet-DFPT simulations above 210 GPa. Due to significant
lattice anharmonicity below 210GPa, direct simulations become unreliable
below this pressure51, presenting additional challenges for our none-
quilibrium simulations. However, experimentally accessible pressures
typically fall below200GPa20,21. Tooffer practical predictions for guiding the
design of light-enhanced Tc in experimentally relevant samples, we employ
the previously mentioned DOS-scaling simplification as a rough estimate
for the lower bound of the Floquet steady-state Tc.

Specifically, we employed the equilibrium anharmonic phonon results
from the well-recognized study by Errea et al. for lower-pressure LaH10

51.
Without re-evaluating the configurational energy surface and EPC matrix
elements for Floquet electronic states, we estimate the Floquet-engineered λ
and Tc using Eq. (7). Here, we choose 150GPa and 200GPa LaH10 as
examples, whose experimental Tcs align closely with simulations incorpor-
ating anharmonicity20,21. By applying the same parameters and the Allen-
Dynes formula,we reproduce experimentallymeasuredTc reported in ref. 51.

The simulated dimensionless EPC λDS is represented by the blue circles
in Fig. 5a, b. Analogous to the high-pressure scenarios discussed in Section
“Steady-state electron-phonon coupling and transition temperature”, λDS
generally increases with the Floquet renormalization of the electronic
bandwidth and the enhancement of ρF. The relative increase for the most
intense pump condition is between 45–60% for both 150 GPa and 200GPa,
similar to the high-pressure results. Furthermore, Fig. 5c, d displays the
DOS-scaling estimated Tc’s for varying pump amplitudes of LaH10 at
150 GPaand200GPa.As thepumpamplitude increases from0 to80mV/Å,
theTc rises from249 K to 285 K for 150 GPa LaH10 and from240K to 301 K
for 200 GPa LaH10, approaching room temperature at the highest pump
amplitude. It is important to note that the Tc predicted using the DOS-
scaling approach shouldnot be regarded as anaccurate prediction.Rather, as
demonstrated in Fig. 4, it acts as the lower bound for the Floquet-DFPT
simulatedTc, since theDOS scaling does not account for the increase in ~ωlog.
To give the best of our EPC-induced superconductive prediction,we added a

guide-to-the-eye λ and Tc estimation, which may prove useful for further
experimental investigations.

It is important to note that theDOS-induced increase in λ andTc is not
unique to LaH10 but also exists in several other hydrides as well. To
demonstrate this, we examined the universality and feasibility of this
behavior in other hydride superconductors, including YH10, CeH9 and
CaH6. In all cases, the band structures undergo compression, leading to a
significant rise in λ and Tc driven by an increase in ρF. However, not all of
these hydrides achieve superconductivity above room temperature. The
detailed results are provided in Supplementary Note VII.

Polarization dependence
In the previous subsections, our exploration focused on the light-engineered
band structure, EPC, andTc for LaH10 specifically using an x̂-polarized laser.
In this section, we shift our focus to discuss the polarization dependence.
Given the clathrate-like crystal structure of LaH10, the polarization depen-
dence should beminimal within a unit cell and predominantly influenced by
the crystal symmetry Fm�3m. Therefore, we examine the nonequivalent
polarization planar diagonal (i.e., A0 ¼ A0ðx̂ þ ŷÞ= ffiffiffi

2
p

) and cubical diag-
onal (i.e.,A0 ¼ A0ðx̂ þ ŷ þ ẑÞ= ffiffiffi

3
p

).Continuingwith thenumerically stable
examples at 220GPa and 250GPa, Fig. 6a, b presents the pump-amplitude
dependence of ~λ for these two polarizations. Although the polarization
dependence is relatively minor compared to the significant increase in ~λ by
x̂-polarized light, we observe that the ~λ induced by the planar-polarized laser
is almost identical to thatby the x̂-polarized laser, as seen inFig. 4. In contrast,
the increase in ~λ is slower for the cubical-polarized laser. This distinction is
further shown in the simulatedTc inFig. 6c, d.The steady-stateTc is 9% lower
in the cubical-polarized pump condition, compared to the x̂- and planar-
polarized pump conditions. If we only consider the relative enhancement
compared to equilibrium, the cubical-polarized pump induces 30% less
enhancement compared to the other two polarizations.

To gain insight into the polarization-dependent behavior, we analyze
the electronic structure across the entire Fermi surface. Since the con-
tribution toDOSat eachpoint on theFermi surface is inversely related to the
Fermi velocity at that point, we investigate the normal direction of the Fermi
surface for the lowest vF (i.e. the vHS), which aligns with the L-U cut and its
23 symmetric equivalents (see Supplementary Note VIII). We find that the
summed projection of three investigated polarizations (x̂, planar diagonal
and cubical diagonal) onto these vHS normal vectors is almost identical to
each other.As shown in Supplementary Fig. 5, this homogeneity leads to the
similarity in the steady-state ~λ and Tc evolution among these three different
polarizations.

Consequently, the polarization dependence reported in Fig. 6a–d can
be attributed to the Floquet modification of EPC. We then analyze the
Eliashberg spectral functions under these various pump polarizations.
Figure 6e shows that the light-induced changes in α2F for E0 = 80mV/Å are
nearly identical to those from the x̂-polarized pump (see Fig. 4a), correlating
with their similar Tc evolutions presented in Fig. 6c. In contrast, for the
cubical-diagonal-polarized pump, the increase in α2F under all frequencies
is less pronounced compared to the other two polarizations. This difference
is particularly noticeable in the range of 230–270meV, which is expected to
significantly influence the Tc as discussed in Section “Steady-state electron-
phonon coupling and transition temperature”. This observation aligns with
the less efficient light-induced superconductivity observed under the
cubical-polarized pump condition, as shown in Fig. 6d.

Discussion
In our study, we have explored a dynamical approach to potentially increase
the superconducting transition temperature (Tc) in hydride materials,
exemplified by LaH10. In the Floquet state induced by light, both the aug-
mented DOS and the upward shift in average phonon energy significantly
contribute to elevating Tc by 20–30%, potentially raising it above room
temperature. For lower-pressure compounds, our predictions offer a lower-
bound estimate for Tc, suggesting the possibility for even more effective
light-enhanced superconductivity. More generally, our Floquet-DFPT

exp. Tc = 251K

250

a b

2

3

4
λ DS

0 20 40 60
amplitude E0 [mV/Å]

T c [K
]

0 20 40 60 80
amplitude E0 [mV/Å]

LaH10 @ 150 GPa

310
290
270

230

c d

LaH10 @ 200 GPa

@ 168 GPa [Drozdov et al.]

Fig. 5 | DOS-scaling approximated results for low pressures. a, c The approxi-
mated electron-phonon coupling ~λDS and critical temperature Tc under 150 GPa,
using the DOS-scaling method. The shaded regions indicate potential over-
estimations of λ and underestimations of Tc. The experimentally measured Tc at a
comparable pressure (168 GPa), as reported in ref. 20, is highlighted in (c).
b, d Similar to a and c but for LaH10 under 200 GPa.
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simulationpaves theway forunderstandingdynamical superconductivity in
light-elementmaterials and the nonequilibrium electron-phonon dynamics
driven by laser light.

It is important to recognize that the Floquet theory we have employed
is an approximation of light-driven nonequilibrium dynamics. There have
been several successful demonstrations in various materials62–68. However,
achieving non-thermal Floquet states in experiments remains a significant
challenge69. In our assumptions based on Floquet theory, we consider the
pump to be off-resonant with the relevant electronic states and sufficiently
weak, allowing us to approximate the Floquet states at their lowest order.
Although it is theoretically possible to evaluate full Floquet states including
all higher-order terms (see Supplementary Note II), the Allen-Dynes-based
simulation for Tc necessitates a specific electronic state distribution
resembling a Fermi sea, which cannot be accurately determined at infinite
orders. For theparameters used in thiswork, theFermi-Diracdistribution in
Floquet steady states shows amajority of over 70% similarity with electronic
eigenstates near Fermi level derived from real-time dynamics, with the
minimum value never dropping below 65%, thereby validating our
assumption regarding electronic states near Fermi surface.

In our simulation of hydride superconductivity, like many current
studies, we face the challenge of accurately depictingmulti-reference effects,
a known difficulty within the Kohn-ShamDFT framework70. The influence
of Coulomb interaction on electron pairing is only addressed perturbatively
through the Morel-Anderson pseudopotential μ*. Moreover, the Migdal-
Eliashberg theory starts to deviate from a valid description of super-
conductivity when Tc reaches 0.1ωDebye

5, which for hydrides is approxi-
mately 330 K. Given this boundary of validity, along with benchmarks
between first-principles methods, Migdal-Eliashberg theory, and experi-
mental results20–22, our perturbative approximations are justifiable within
the current context. However, it is important to note that quantum fluc-
tuations become increasingly significant when Tc approaches or surpasses

330 K71. Extending this method to superconducting materials with either
strong correlations or low Debye frequencies also requires a more precise
correction for quantum many-body effects.

Methods
First-principles calculations for electronic structure
We employ the PWscf module in the Quantum ESPRESSO package72 to
simulate the electronic structure of LaH10 under hydrostatic pressure, based
on the plane-wave pseudopotential method. We use the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional73 with SG-15 optimized
norm-conserving Vanderbilt (ONCV) pseudopotentials 74. To expand the
wavefunctions, a cutoff energy of 80 Rydberg is used and integrate over the
Brillouin zone via a Γ-centered Monkhorst-Pack 24 × 24 × 24 grid 75. The
convergence criteria of ionic structure relaxation under pressure and the
electronic self-consistent field are set to 10−4 Rydberg/Bohr and 10−8 Ryd-
berg, respectively.

TheWannier orbitals areobtainedbyan additional non-self-consistent
calculation with a 6 × 6 × 6 k-grid. The simulated eigen wavefunctions are
used to construct maximally localized Wannier functions (MLWFs)
through the Wannier90 package76. This Wannier downfolding procedure
takes 10 H s orbitals, 3 La p orbitals, 5 La d orbitals and 7 La f orbitals as the
initial projections, resulting in a tight-binding model whose band structure
reproduces theDFT results. A total number of 47 bands are involved during
the disentanglement procedure. The DOS is obtained by integrating the
band distribution in a 72 × 72 × 72 k-grid, with Gaussian broadening
of 0.1 eV.

Electron-phonon coupling calculations
We employ DFPT implemented in PHonon to calculate the phonon dis-
persion of Fm�3m LaH10 under different pressure conditions. A Γ-centered
Monkhorst-Pack sampling75 of 6 × 6 × 6 is adopted as a uniform grid of q-
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and steady-state α2F (blue) for LaH10 under planar and cubical diagonal pump
polarization, respectively, for E0 = 80 mV/Å.
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vectors and the convergence criteria of phonon calculation are set to 10−16

Rydberg. The EPC matrix elements are simulated using EPW60 in equili-
brium. The steady-state simulations are realized by substituting the Floquet
steady-statewavefunctions, obtained by diagonalizing the Floquet-Wannier
Hamiltonian HF , into the finer grid rotation matrices Uk for EPC matrix

elements ~gðμμ
0 Þ

kk0 ;ν ¼
ffiffiffiffiffiffiffiffiffiffiffi

ℏ
2m0ωqν

q
~ψðμ0 Þ
k0

D
∣∂qνV ∣~ψ

ðμÞ
k

E
. The phononmomentum q is

sampled over a uniform Fourier-interpolated 12 × 12 × 12 grid.

Superconductivity transition temperature
We calculated the estimated corresponding nonequilibrium results with the
full Allen-Dynes formula61. Using this formula, the transition temperature
Tc is given by:

Tc ¼ ωlog
f 1 f 2
1:2

exp
�1:04ð1þ λÞ

λ� μ�ð1þ 0:62λÞ

� �
ð8Þ

with

f 1 f 2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ λ

2:46ð1þ 3:8μ�Þ

� �3=2
3

s
� 1� λ2ð1 � ω2=ωlogÞ

λ2 þ 3:312 1 þ 6:3μ�
� �2

" #
ð9Þ

The logarithmic average frequency ωlog and mean-square frequency ω2 are
calculated as:

ωlog ¼ exp
2
λ

Z 1

0

α2FðωÞ
ω

logω dω

� �
ð10Þ

ω2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
λ

Z 1

0

2α2FðωÞ
ω

ω2dω

s
ð11Þ

Following ref. 55, we took the typical Morel-Anderson Coulomb
pseudopotential μ* = 0.1 throughout this paper.

Data availability
The data supporting the findings ofthis study are available in the public
repository Figshare at https://doi.org/10.6084/m9.figshare.29500673.

Code availability
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