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Outline

§ Superconductivity 
– Holstein model à effective electronic model; BCS
– Understanding McMillan
– Wide vs narrow band superconductivity

§ Spatial inhomogeneity
– Why enhancement of Tc is generic
– How it can help against Coulomb repulsion

§ Temporal inhomogeneity
– Modulations that works
– Modulation that does not work

§ Combining spatial and temporal modulations

Flatiron CCQ:  Jan 2020



Superconducting drosophila 
Holstein Model Effective Hamiltonian, weak coupling

Ueff (t) = h0ph|U(t)|0phi ⌘ e�iHeff t
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BCS: Tc = min(!0, EF )⇥ e�1/�
<latexit sha1_base64="Ll01Hu5ih1eSTz3VICr3KsJ7jeY="></latexit>

Z 0

�1
dth0ph|b†(0)b(t) + b(0)b†(t)|0phi = i/!0

<latexit sha1_base64="/tBNXXXpwTaPyxIDXJPv0kkG/e4="></latexit>

Z 0

�1
dthnph|b†(0)b(t) + b(0)b†(t)|nphi = i/!0

<latexit sha1_base64="FY+4MLo1dt6FBzm64/JWz/+vbBI="></latexit>

Beyond: I. Esterlis, et al, Phys. Rev. B 97, 140501 (2018). 



Beyond BCS

• Use Migdal-Eliashberg equations:

McMillan formula
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Dissecting McMillan

⇥(✏F /!0)
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Migdal criterion

Bare vertex First vertex correction



Generalized BCS (ok up to intermediate coupling)

Tc ⇠ min(✏F ,!0)e
�1/�
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Outline

• Superconductivity 
• Holstein model à effective electronic model; BCS
• Understanding McMillan
• Wide vs narrow band superconductivity

• Spatial inhomogeneity
• Why enhancement of Tc is generic
• Why helps against Coulomb repulsion

• Temporal inhomogeneity
• Modulations that works
• Modulation that does not work

• Combining spatial and temporal modulations
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Twisted bilayer graphene
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(Band) structure near magic angle 
[Carr, Fang, Zhu, Kaxiras, arXiv:1901.03420v1]

No lattice relaxation ~ BM 2011

Atoms relax to form 

AA, AB/BA, and DW regions

• AA size stays indep of     
• Domain walls carry low-E states )
• Smaller magic angles gone!
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Looks familiar…

Vershinin et al, Science 2004

Howald et al PNAS (2003)

Hanaguri et al, Nature 2004
Hole Doping, x
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Cuprates!
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Outline

• Superconductivity 
• Holstein model à effective electronic model; BCS
• Understanding McMillan
• Wide vs narrow band superconductivity

• Spatial inhomogeneity
• Why enhancement of Tc is generic – Reason 1
• Why helps against Coulomb repulsion

• Temporal inhomogeneity
• Modulations that works
• Modulation that does not work

• Combining spatial and temporal modulations
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How can spatial modulation help?

Inhomogeneous negative U Hubbard model:

For constant U à s-wave superconductivity.

Consider effects of weak inhomogeneity

x

U0+ U1

U0- U1

-
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Condensation at non-zero momentum

Hierarchy of condensates:

where…

BCS self-consistency for Tc k

-k+p

IM, Podolsky, Kivelson PRB 2005
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Kernel: 

BCS equation as particle hopping on a lattice:
“Energy” can always be lowered by delocalizing 
wave function è higher Tc
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Outline

• Superconductivity 
• Holstein model à effective electronic model; BCS
• Understanding McMillan
• Wide vs narrow band superconductivity

• Spatial inhomogeneity
• Why enhancement of Tc is generic – Reason 2
• Why helps against Coulomb repulsion

• Temporal inhomogeneity
• Modulations that works
• Modulation that does not work

• Combining spatial and temporal modulations

Flatiron CCQ:  Jan 2020



Enhanced local Interaction – Holstein 
supersized

NM = L2
M

<latexit sha1_base64="eGTjaBR0AJ3XggjEZs0Cck2u2O8=">AAAB8nicbZDLSsNAFIYnXmu9VQU3bgaL4KokrahdCAUXurBSwV4gjWEynbRDJ5kwMxFK6GO4caGI2z6NO9/GSVpErT8MfPz/Ocw5x4sYlco0P42FxaXlldXcWn59Y3Nru7Cz25I8Fpg0MWdcdDwkCaMhaSqqGOlEgqDAY6TtDS/TvP1IhKQ8vFejiDgB6ofUpxgpbdm3bh1ewBu3/lB2C0WzZGaC82DNoFjb51dmrTppuIWPbo/jOCChwgxJaVtmpJwECUUxI+N8N5YkQniI+sTWGKKASCfJRh7DI+30oM+FfqGCmfuzI0GBlKPA05UBUgP5N0vN/zI7Vv65k9AwihUJ8fQjP2ZQcZjuD3tUEKzYSAPCgupZIR4ggbDSV8pnR6imOv1eeR5a5ZJVKVXurGLtBEyVAwfgEBwDC5yBGrgGDdAEGHDwBF7Aq6GMZ+PNeJ+WLhiznj3wS8bkC4FHkm4=</latexit>

N⇤ = L2
⇤<latexit sha1_base64="ibe14qUSYIcjc/VVEaXRqJZhBcU=">AAAB8nicbZDLSsNAFIYn9dJab/WyczNYBClYkla8LISCGxciFewF01gm00k7dDIJMxOlhD6GGxcVcevTuPNtnKRFvP0w8PH/5zDnHDdkVCrT/DAyc/MLi9ncUn55ZXVtvbCx2ZRBJDBp4IAFou0iSRjlpKGoYqQdCoJ8l5GWOzxP8tY9EZIG/EaNQuL4qM+pRzFS2rKvuiV4Bi+7pbtKt1A0y2Yq+BesGRRr2wf9h+zktt4tvHd6AY58whVmSErbMkPlxEgoihkZ5zuRJCHCQ9QntkaOfCKdOB15DPe004NeIPTjCqbu944Y+VKOfFdX+kgN5O8sMf/L7Eh5J05MeRgpwvH0Iy9iUAUw2R/2qCBYsZEGhAXVs0I8QAJhpa+UT49wmujoa+W/0KyUrWq5em0Va4dgqhzYAbtgH1jgGNTABaiDBsAgAI9gAp4NZTwZL8brtDRjzHq2wA8Zb58RxJIl</latexit>

• Modified Interaction

• Rescaled DOS

• SC coupling enhancement

� ! �⇥ (NM/N⇤)
<latexit sha1_base64="k7zDGv9Wpcc4SDfEy6xj3pFPOw4=">AAACCnicbVDLSsNAFJ3UV62v+Ni5GS1CdVETKz52BTduLBXsA5oQJtNJO3TyYGYilNC1G3/FjQtF3PoF7vwbJ2kpaj0wcDjnXu6c40aMCmkYX1pubn5hcSm/XFhZXVvf0De3miKMOSYNHLKQt10kCKMBaUgqGWlHnCDfZaTlDq5Sv3VPuKBhcCeHEbF91AuoRzGSSnL0PYup4S6yZAinlPpElGrOzXHNOTp09KJRNjLAWWJOSLG642WoO/qn1Q1x7JNAYoaE6JhGJO0EcUkxI6OCFQsSITxAPdJRNEDqmp1kUUbwQCld6IVcvUDCTP25kSBfiKHvqkkfyb7466Xif14nlt6FndAgiiUJ8PiQFzOocqe9wC7lBEs2VARhTtVfIe4jjrBU7RWyEi5TnE0jz5LmSdmslCu3ZrF6CsbIg12wD0rABOegCq5BHTQABg/gCbyAV+1Re9betPfxaE6b7GyDX9A+vgF5NJx7</latexit>
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General range interactions in Moire

NM = L2
M

<latexit sha1_base64="eGTjaBR0AJ3XggjEZs0Cck2u2O8=">AAAB8nicbZDLSsNAFIYnXmu9VQU3bgaL4KokrahdCAUXurBSwV4gjWEynbRDJ5kwMxFK6GO4caGI2z6NO9/GSVpErT8MfPz/Ocw5x4sYlco0P42FxaXlldXcWn59Y3Nru7Cz25I8Fpg0MWdcdDwkCaMhaSqqGOlEgqDAY6TtDS/TvP1IhKQ8vFejiDgB6ofUpxgpbdm3bh1ewBu3/lB2C0WzZGaC82DNoFjb51dmrTppuIWPbo/jOCChwgxJaVtmpJwECUUxI+N8N5YkQniI+sTWGKKASCfJRh7DI+30oM+FfqGCmfuzI0GBlKPA05UBUgP5N0vN/zI7Vv65k9AwihUJ8fQjP2ZQcZjuD3tUEKzYSAPCgupZIR4ggbDSV8pnR6imOv1eeR5a5ZJVKVXurGLtBEyVAwfgEBwDC5yBGrgGDdAEGHDwBF7Aq6GMZ+PNeJ+WLhiznj3wS8bkC4FHkm4=</latexit>

N⇤ = L2
⇤<latexit sha1_base64="ibe14qUSYIcjc/VVEaXRqJZhBcU=">AAAB8nicbZDLSsNAFIYn9dJab/WyczNYBClYkla8LISCGxciFewF01gm00k7dDIJMxOlhD6GGxcVcevTuPNtnKRFvP0w8PH/5zDnHDdkVCrT/DAyc/MLi9ncUn55ZXVtvbCx2ZRBJDBp4IAFou0iSRjlpKGoYqQdCoJ8l5GWOzxP8tY9EZIG/EaNQuL4qM+pRzFS2rKvuiV4Bi+7pbtKt1A0y2Yq+BesGRRr2wf9h+zktt4tvHd6AY58whVmSErbMkPlxEgoihkZ5zuRJCHCQ9QntkaOfCKdOB15DPe004NeIPTjCqbu944Y+VKOfFdX+kgN5O8sMf/L7Eh5J05MeRgpwvH0Iy9iUAUw2R/2qCBYsZEGhAXVs0I8QAJhpa+UT49wmujoa+W/0KyUrWq5em0Va4dgqhzYAbtgH1jgGNTABaiDBsAgAI9gAp4NZTwZL8brtDRjzHq2wA8Zb58RxJIl</latexit>

For well localized bands (deep states)

Reciprocal moire lattice vectors
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Short vs long range interaction

• Short range,                         :   

• Finite range interaction, 

ṽq = const
<latexit sha1_base64="qGabUUotSFd7VnrRvAquZenDJ/A=">AAAB+3icbVDJSgNBEO2JW4zbGA8evDQGwVOYMeJyEAJe9BbBLJCE2NPTE5v09IzdNcEQ8itePCjiVfwPb/6AR7/BzoKo8UHB470qqup5seAaHOfdSs3Mzs0vpBczS8srq2v2eraio0RRVqaRiFTNI5oJLlkZOAhWixUjoSdY1eucDv1qlynNI3kJvZg1Q9KWPOCUgJFadrYBXPgMd1s3+ATTSGpo2Tkn74yAp4k7Ibni5vnH52vqqtSy3xp+RJOQSaCCaF13nRiafaKAU8EGmUaiWUxoh7RZ3VBJQqab/dHtA7xjFB8HkTIlAY/UnxN9EmrdCz3TGRK41n+9ofifV08gOGr2uYwTYJKOFwWJwBDhYRDY54pRED1DCFXc3IrpNVGEgokrMwrheIiD75enSWUv7xbyhQs3V9xHY6TRFtpGu8hFh6iIzlAJlRFFt+gOPaBHa2DdW0/W87g1ZU1mNtAvWC9f/KaXig==</latexit>

= 1
N (

P
G ⇢2G)

P
k,p,�,�0 ṽk�pc

†
k�c

†
�k�0c�p�0cp�

<latexit sha1_base64="/sGtkjPgkx9B1WoWyEbhmnbS7Xw="></latexit>

Lint < L⇤
<latexit sha1_base64="OtJ6KQGjd8a7cxtH1/L1wETJJqo=">AAAB83icbVDJSgNBEK2JW4xbjEcvTYIgHsKMERfwENCDhxwimAWSYejp9CRNeha6e4QQ8htePCgi3vwE/8CTN//GnkkQNT4oeLxXRVU9N+JMKtP8NDILi0vLK9nV3Nr6xuZWfrvQlGEsCG2QkIei7WJJOQtoQzHFaTsSFPsupy13eJH4rVsqJAuDGzWKqO3jfsA8RrDSUrfmjFmgJueo5hw4+ZJZNlOgeWLNSKmafX8rXL4U607+o9sLSezTQBGOpexYZqTsMRaKEU4nuW4saYTJEPdpR9MA+1Ta4/TmCdrTSg95odAVKJSqPyfG2Jdy5Lu608dqIP96ifif14mVd2rrr6JY0YBMF3kxRypESQCoxwQlio80wUQwfSsiAywwUTqmXBrCWYLj75fnSfOwbFXKlWurVD2CKbKwC0XYBwtOoApXUIcGEIjgDh7g0YiNe+PJeJ62ZozZzA78gvH6BSWLlCY=</latexit>

Lint > L⇤
<latexit sha1_base64="9I6K2pnoO3FJsP8IiOEo+ECJaR0=">AAAB83icbVDJSgNBEK2JW4xbjEcvTYIgHsKMEZeLBPTgIYcIZoFkGHo6PUmTnoXuHiGE/IYXD4qINz/BP/Dkzb+xZxJEjQ8KHu9VUVXPjTiTyjQ/jczC4tLySnY1t7a+sbmV3y40ZRgLQhsk5KFou1hSzgLaUExx2o4Exb7LacsdXiR+65YKycLgRo0iavu4HzCPEay01K05YxaoyTmqOQdOvmSWzRRonlgzUqpm398Kly/FupP/6PZCEvs0UIRjKTuWGSl7jIVihNNJrhtLGmEyxH3a0TTAPpX2OL15gva00kNeKHQFCqXqz4kx9qUc+a7u9LEayL9eIv7ndWLlndr6qyhWNCDTRV7MkQpREgDqMUGJ4iNNMBFM34rIAAtMlI4pl4ZwluD4++V50jwsW5Vy5doqVY9giizsQhH2wYITqMIV1KEBBCK4gwd4NGLj3ngynqetGWM2swO/YLx+ASiblCg=</latexit>

⇡ 1

N

NM

N⇤

X

k,p,�,�0

ṽk�pc
†
k�c

†
�k�0c�p�0cp�

<latexit sha1_base64="ArneEW1HnAeZg0mJ/XHIgVEkgew="></latexit>

⇡ 1

N

NM

L2
int

X

k,p,�,�0

ṽk�pc
†
k�c

†
�k�0c�p�0cp�

<latexit sha1_base64="q/sj4LTXICMGUBDuzPgnTDsZx3I="></latexit>

Weaker enhancement!

NM = L2
M

<latexit sha1_base64="eGTjaBR0AJ3XggjEZs0Cck2u2O8=">AAAB8nicbZDLSsNAFIYnXmu9VQU3bgaL4KokrahdCAUXurBSwV4gjWEynbRDJ5kwMxFK6GO4caGI2z6NO9/GSVpErT8MfPz/Ocw5x4sYlco0P42FxaXlldXcWn59Y3Nru7Cz25I8Fpg0MWdcdDwkCaMhaSqqGOlEgqDAY6TtDS/TvP1IhKQ8vFejiDgB6ofUpxgpbdm3bh1ewBu3/lB2C0WzZGaC82DNoFjb51dmrTppuIWPbo/jOCChwgxJaVtmpJwECUUxI+N8N5YkQniI+sTWGKKASCfJRh7DI+30oM+FfqGCmfuzI0GBlKPA05UBUgP5N0vN/zI7Vv65k9AwihUJ8fQjP2ZQcZjuD3tUEKzYSAPCgupZIR4ggbDSV8pnR6imOv1eeR5a5ZJVKVXurGLtBEyVAwfgEBwDC5yBGrgGDdAEGHDwBF7Aq6GMZ+PNeJ+WLhiznj3wS8bkC4FHkm4=</latexit>

N⇤ = L2
⇤<latexit sha1_base64="ibe14qUSYIcjc/VVEaXRqJZhBcU=">AAAB8nicbZDLSsNAFIYn9dJab/WyczNYBClYkla8LISCGxciFewF01gm00k7dDIJMxOlhD6GGxcVcevTuPNtnKRFvP0w8PH/5zDnHDdkVCrT/DAyc/MLi9ncUn55ZXVtvbCx2ZRBJDBp4IAFou0iSRjlpKGoYqQdCoJ8l5GWOzxP8tY9EZIG/EaNQuL4qM+pRzFS2rKvuiV4Bi+7pbtKt1A0y2Yq+BesGRRr2wf9h+zktt4tvHd6AY58whVmSErbMkPlxEgoihkZ5zuRJCHCQ9QntkaOfCKdOB15DPe004NeIPTjCqbu944Y+VKOfFdX+kgN5O8sMf/L7Eh5J05MeRgpwvH0Iy9iUAUw2R/2qCBYsZEGhAXVs0I8QAJhpa+UT49wmujoa+W/0KyUrWq5em0Va4dgqhzYAbtgH1jgGNTABaiDBsAgAI9gAp4NZTwZL8brtDRjzHq2wA8Zb58RxJIl</latexit>

Flatiron CCQ:  Jan 2020



Phonons vs Coulomb in carbon SC

• Doped graphite

• Moire graphene

10 x  1000     x   10-4    x     1

10 x  1000     x   10-4    x     100/102
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Tc ⇠ EF e
� N⇤

NM

1
�

<latexit sha1_base64="QMAb8xN57/LCVRCgb7Jupehy+Lo="></latexit>

Tc ⇠ !0e
� 1

�
<latexit sha1_base64="eG/Gn43Dv9ZA0965kKzh6RYQexU=">AAACEnicbVDLSgMxFM34rPU16tJNsAi6sMzY4mNXcOOyQl/QqUMmvdOGJjNDkhHK0G9w46+4caGIW1fu/BvTB6LWAxcO59yb3HuChDOlHefTWlhcWl5Zza3l1zc2t7btnd2GilNJoU5jHstWQBRwFkFdM82hlUggIuDQDAZXY795B1KxOKrpYQIdQXoRCxkl2ki+fVzzKfYUE9iLBfSI72AMt9mJF0pCsZt53LzVJaMR9u2CU3QmwPPEnZECmqHq2x9eN6apgEhTTpRqu06iOxmRmlEOo7yXKkgIHZAetA2NiADVySYnjfChUbo4jKWpSOOJ+nMiI0KpoQhMpyC6r/56Y/E/r53q8KKTsShJNUR0+lGYcqxjPM4Hd5kEqvnQEEIlM7ti2icmDG1SzE9CuBzj7PvkedI4LbqlYummXKiUZ3Hk0D46QEfIReeogq5RFdURRffoET2jF+vBerJerbdp64I1m9lDv2C9fwEqepyj</latexit>

About the same



Outline

• Superconductivity 
• Holstein model à effective electronic model; BCS
• Understanding McMillan
• Wide vs narrow band superconductivity

• Spatial inhomogeneity
• Why enhancement of Tc is generic
• Why helps against Coulomb repulsion

• Temporal inhomogeneity
• Modulations that works
• Modulation that does not work

• Combining spatial and temporal modulations
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M. Mitrano, et al, Nature (2015):



IR Driven superconductivity
n renormalization of the parameters: effective static 

Hamiltonian
n emergent squeezing correlations
n periodic modulation of the parameters: Floquet state

static dynamical
Knap, Babadi, Refael, Martin, Demler, (2015)
Babadi, Knap, Martin, Refael, Demler, (2017)



Knap equations
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Same equations -> same result!

Temporal modulation Spatial modulation

TC enhanced in both cases!



Outline

• Superconductivity 
• Holstein model à effective electronic model; BCS
• Understanding McMillan
• Wide vs narrow band superconductivity

• Spatial inhomogeneity
• Why enhancement of Tc is generic
• Why helps against Coulomb repulsion

• Temporal inhomogeneity
• Modulations that works
• Modulation that does not work

• Combining spatial and temporal modulations
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Parametrically softened phonons

Holstein Model

Drive

Hypothesis: 
Driving a local phonons near parametric instability 
makes them softer (without exciting them) –
enhances e-ph coupling. Thus can boost Tc
(Buzzi talk from Thu)

Hdr = E(t)
X

i

yi.

<latexit sha1_base64="RXV1yRsyiDUj4I65OJSGA26HEiQ=">AAACCnicbVDLSsNAFJ34rPUVdelmtAh1ExJbfCyEgghdVrAPaEKYTCbt0MmDmYkQQtdu/BU3LhRx6xe4829M0iBqPXDhcM693HuPEzEqpK5/KguLS8srq5W16vrG5ta2urPbE2HMMenikIV84CBBGA1IV1LJyCDiBPkOI31ncpX7/TvCBQ2DW5lExPLRKKAexUhmkq0etO3U5VN4CWFqYsTg9bQuj00R+zaFMLGpZqs1XdMLwHlilKQGSnRs9cN0Qxz7JJCYISGGhh5JK0VcUszItGrGgkQIT9CIDDMaIJ8IKy1emcKjTHGhF/KsAgkL9edEinwhEt/JOn0kx+Kvl4v/ecNYeudWSoMoliTAs0VezKAMYZ4LdCknWLIkIwhzmt0K8RhxhGWWXrUI4SLH6ffL86R3ohkNrXHTrLWaZRwVsA8OQR0Y4Ay0QBt0QBdgcA8ewTN4UR6UJ+VVeZu1LijlzB74BeX9C5gzmQY=</latexit>

Hnl = ⌘

X

i

yix
2
i .

<latexit sha1_base64="BDKNkiJlKVGjjhtz2jPXRG/RAR0=">AAACCXicbVDLSgMxFM3UV62vUZdugkVwNcy0xcdCKLjpsoJ9QFuHTJq2oUlmSDJiGbp146+4caGIW//AnX9jOh1ErQcuHM65l3vvCSJGlXbdTyu3tLyyupZfL2xsbm3v2Lt7TRXGEpMGDlko2wFShFFBGppqRtqRJIgHjLSC8eXMb90SqWgorvUkIj2OhoIOKEbaSL4Na34i2BRewC7RCMKuirlP4cTUnU9vSo5vF13HTQEXiZeRIshQ9+2Pbj/EMSdCY4aU6nhupHsJkppiRqaFbqxIhPAYDUnHUIE4Ub0k/WQKj4zSh4NQmhIapurPiQRxpSY8MJ0c6ZH6683E/7xOrAdnvYSKKNZE4PmiQcygDuEsFtinkmDNJoYgLKm5FeIRkghrE14hDeF8hpPvlxdJs+R4Zad8VSlWK1kceXAADsEx8MApqIIaqIMGwOAePIJn8GI9WE/Wq/U2b81Z2cw++AXr/Qs2MpjY</latexit>

Phonon nonlinearity xi.
<latexit sha1_base64="OVRi37TTcGXc4jGds0h21FJ+C3s=">AAAB7HicbVDLSsNAFJ3UV62vqks3g0VwFZK+syu4cVnBtIU2lMl00g6dTMLMRCyh3+DGhSJu/SB3/o2TtIivAxcO59zLvff4MaNSWdaHUdjY3NreKe6W9vYPDo/Kxyc9GSUCExdHLBIDH0nCKCeuooqRQSwICn1G+v78KvP7d0RIGvFbtYiJF6IppwHFSGnJhfdjao7LFcu0bLvhONAy7Xaj2mpq0qw7tWoN2qaVowLW6I7L76NJhJOQcIUZknJoW7HyUiQUxYwsS6NEkhjhOZqSoaYchUR6aX7sEl5oZQKDSOjiCubq94kUhVIuQl93hkjN5G8vE//zhokK2l5KeZwowvFqUZAwqCKYfQ4nVBCs2EIThAXVt0I8QwJhpfMp5SE4GZpfL/8lvapp18zaTb3Sqa/jKIIzcA4ugQ1aoAOuQRe4AAMKHsATeDa48Wi8GK+r1oKxnjkFP2C8fQKsA460</latexit>

yi
<latexit sha1_base64="ZDNr2yfbtX43sJk7sakhNCgFJWc=">AAAB63icbVDLSgMxFM34rPVVdekmWARXQ6at1u4KblxWsA9oh5JJM21okhmSjDAM/QU3LhRx6w+582/MtFV8HbhwOOde7r0niDnTBqF3Z2V1bX1js7BV3N7Z3dsvHRx2dJQoQtsk4pHqBVhTziRtG2Y47cWKYhFw2g2mV7nfvaNKs0jemjSmvsBjyUJGsMklmA7ZsFT2XDQHRK5Xa9QrOUFVVK+ew0+rDJZoDUtvg1FEEkGlIRxr3fdQbPwMK8MIp7PiINE0xmSKx7RvqcSCaj+b3zqDp1YZwTBStqSBc/X7RIaF1qkIbKfAZqJ/e7n4n9dPTHjpZ0zGiaGSLBaFCYcmgvnjcMQUJYanlmCimL0VkglWmBgbT9GGgNxGjouvl/+STsX1qm71plZu1pZxFMAxOAFnwAN10ATXoAXagIAJuAeP4MkRzoPz7LwsWlec5cwR+AHn9QMIqo5W</latexit>

EIR(t)
<latexit sha1_base64="KHeaIQDuOU1SwgRTqLlMv5xYbSU=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBHqJiS2qN0VRNBdFfuANoTJdNIOnTyYmQghxF9x40IRt36IO//GSRvF14ELh3Pu5d573IhRIU3zXVtYXFpeWS2tldc3Nre29Z3drghjjkkHhyzkfRcJwmhAOpJKRvoRJ8h3Gem507Pc790SLmgY3MgkIraPxgH1KEZSSY5egekQIwbPs9RJL6+zrCYPHb1qGeYM0DSsRtOqW4oUyqdVBQXajv42HIU49kkgMUNCDCwzknaKuKSYkaw8jAWJEJ6iMRkoGiCfCDudHZ/BA6WMoBdyVYGEM/X7RIp8IRLfVZ0+khPx28vF/7xBLL1TO6VBFEsS4PkiL2ZQhjBPAo4oJ1iyRBGEOVW3QjxBHGGp8iqrEEyjmeP46+W/pHtkWHWjftWothpFHCWwB/ZBDVjgBLTABWiDDsAgAffgETxpd9qD9qy9zFsXtGKmAn5Ae/0A30CUXg==</latexit>
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Effective Hamiltonian for parametrically 
softened phonons – 1 

Hph =
X

j

(k + ⌘y0 cos⌦t)x2
j

2
+

p
2
j

2M
.

<latexit sha1_base64="oTwLCB2atdvns+u4D+g9Od48y5o="></latexit>
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j )
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<latexit sha1_base64="vSOSctmeXyqKddRsjvNgUQkosAk="></latexit>

RWA
Hph =

X

j

�̃a
†
jaj .
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Enhanced e-ph coupling!
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Effective Hamiltonian for parametrically 
softened phonons – 2 
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Attraction strength remains essentially unaffected by parametric drive!
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Combining spatial and temporal modulation

Hwanmun Kim, Hossein Dehghani, Hideo Aoki, Ivar Martin, Mohammad Hafezi (2019)

A route to moire Floquet superconductors?
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Summary

• Spatial modulation can enhance e-e attraction more than Coulomb 
repulsion – lead to intermediate coupling superconductivity

• Phonon excitation outside ground state does not affect pairing 
strength

• Parametric phonon drive (softening) does not increase pairing 
interaction in effective Hamiltonian 

• Optical imprinting – combines benefits of Floquet and moire
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