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My research program

Employ nonperturbative numerical methods: ED,
determinant & hybrid QMC, DMRG, VMC. Major

users of leadership-class computing.
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Studying models for strongly
correlated quantum materials: ‘ Actively collaborating with experimental

e high-T. superconductors.

e correlated systems.

e low-dimensional materials.
e e-ph interactions.

e theory of spectroscopy.

groups: e.g. ARPES, STM/STS, INS, RIXS.
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The high-T_ superconducting cuprates
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Superconductivity
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From the real material to the Hubbard model
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Images from Reichardt et al., Condens. Matter 3, 23 (2018).



Superconductivity: Cooper pairing

The electron-phonon interaction mediates an effective
attractive interaction between electrons.
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Fermi Sea
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Leon Cooper* showed that two electrons above the E =2er — 2Q)p 6_% < 2efp

Fermi sea will form a bound state.
09

* L. N. Cooper, Phys. Rev. 104, 1189 (1956).



Superconductors: coherent states of Cooper pairs

The “normal” state” (a metal) The superconducting state

Occupied

Fermi Sea
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“BCS, Phys. Rev. 106, 162 (1957); BCS, Phys. Rev. 108, 1175 (1957) h<kp



The superconducting gap symmetry

Attractive interaction (e.g. phonons) Repulsive interaction (e.g. magnons)
s-wave gap symmetry d-wave gap symmetry
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What is the pairing mechanism in the
cuprate superconductors?



Early picture: doping a Mott insulator
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Balancing energies in the cuprates

No doped holes:
1 carrier / Cu, AFM Insulator
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Balancing energies in the cuprates

Only Correlated/Collective

motion is allowed.
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Understanding the spin and charge dynamics in this regime is crucial for

understanding superconductivity!



Early picture: doping a Mott insulator -
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Superconductivity in embedded cluster methods
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DCA Phase Diagram, 12 site cluster
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DCA: finite cluster in a mean-field

Robust d-wave superconductivity

* In clusters up to 30 sites.

« Max T/t ~ 0.025 — 0.05, depending
on model parameters.



Mission Accomplished!
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Superconductivity: Cooper pairing

The electron-phonon interaction mediates an effective
attractive interaction between electrons.
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Occupied

Fermi Sea
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Leon Cooper* showed that two electrons above the E =2er — 2Q)p 6_% < 2efp

Fermi sea will form a bound state.
09

* L. N. Cooper, Phys. Rev. 104, 1189 (1956).



The high-T_ cuprates today
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The high-T_ cuprates today
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What is the pairing mechanism in the
cuprate superconductors?



What is the pairing mechanism in the
cuprate-superconductors?

What is the nature of their normal state?



Spin and charge stripes
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Finite cluster vs quantum embedding methods

Finite size approximations
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Stripes in finite size cluster methods @ T =0
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Stripes in finite size cluster methods @ finite T
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PHYSICAL REVIEW X 10, 031016 (2020)

Absence of Superconductivity in the Pure Two-Dimensional Hubbard Model

Mingpu Qin ,1’2’* Chia-Min Chung ,3’4’* Hao Shi,5 Ettore Vitali,é’2 Claudius Hubig ,7
Ulrich Schollwdck®,”* Steven R. White®,® and Shiwei Zhang®>

(Simons Collaboration on the Many-Electron Problem)



Finite cluster vs quantum embedding methods

Finite size approximations 2

(VMC, DMRG, DQMC, ...)
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DCA spin stripe correlations in 16 x 4 clusters
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DCA charge stripe correlations in 16 x 4 clusters

Time-integrated (zero frequency) density-

correlations:
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DCA spin (top) and charge (bottom) structure factors
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Evolution of the charge & spin correlations

Spin and charge commensurabilities: 0. = Q¢, 0s =T — Qs, 7 = 05/0. ~ 0.5
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Spin & charge stripes

« Charge
Incommensurability
locks in at twice that of
the spin stripes

« Charge stripes emerge
at lower energy scales
as spin stripes in hole-
doped case



Evolution of the charge & spin correlations
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Finite cluster vs quantum embedding methods

Finite size approximations 2

(VMC, DMRG, DQMC, ...)
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Finite cluster vs quantum embedding methods

Finite size approximations
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Which comes first, the spin or the charge?
DQMC (finite T)
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“Combine” the Cu and
O orbitals

HgBa,CuOy,s YBa,Cu30¢,5
't Isolate the
CuO, plane

@Hg @Ba @Cu <0 QY

Did we lose something along the way?



Spin dynamics of Sr,CuO,, a cuprate spin chain
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*S. Li et al., Commun. Phys. 4, 217 (2021).



Evidence for strong electron-phonon coupling

Bi-2212

O_
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*S. Johnston et al. PRL 108, 166404 (2012).

—80x107

Single-band Hubbard-Holstein model:

N —aX &
| 5 N -

\_t/’ é 20X

Variational Monte Carlo (VMC):

« Zero temperature method
[see S. Karakuzu et al., PRB 96, 205145 (2017)]

« Markov chain Monte Carlo to optimize Y (r4, ..., ry)

P2 1
1 KX?
2M + 2 g e

« Solved on 16 x 6 clusters



Variational Monte Carlo Results
t'/t =—0.25, U =8t, (n) =0.875,\ = ¢°/(4t2) = 0 05! (© Q=5
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Results consistent with K. Ido et al. PRB 2 4 6 8 10 12 14 16
97, 045138 (2018)



Variational Energies

Stripe Stabilization

0.01437(4)t/site

8t, (n) = 0.875,\ = g* /4t

) =5t




Which comes first, the spin or the charge?
DQMC (finite T)
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From the real material to the Hubbard model

HgB2CU0M;  YB2,CUs0c:s ol Q remove O from
o, °, * solate the the problem
o © \ CuO; plane @c&.@
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Images from Reichardt et al., Condens. Matter 3, 23 (2018).



Artificial intelligence and data science enabled
predictive modeling of collective phenomena in
strongly correlated quantum materials

Steve Johnston (Pl, UTK); Co-Pls: C. Batista, A. Del Maestro, J. Liu, A. Tennant (UTK); R. Scalettar (UC Davis);
E. Khatami (SJSU); M. Dean (BNL); T. Maier, (ORNL); Kipton Barros, Ying Wai Li (LANL)
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