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Quantum Limited Sound Diffusion

1] -
10 . ) Schafer et al.,
| PRA 2010
7 ! -
{ — High-T-Limit:
3/2
h( T\
_ 4 D~ —(—
S m \Tg
<
Q
2 L
7
3p
n from
10°} 1 Enss,
L1 : — Haussmann,
10~1 0.4 0.7 10°  Zzwerger,
T/T: Ann. Phys. (2011)

P. Patel, Z. Yan, B. Mukherjee, R. Fletcher, J. Struck, MZ, Science, 370, 1222-1226 (2020)



Unitary Two-Fluid Hydrodynamics

For 1D flow, linearized:
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First and Second Sound

: Review: Stringari&PitaevskKii
Two fluids = Two sound modes ArXiv-1510.01306

For small expansivity: Density and Heat
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Experimental observation in a trap

Innsbruck experiment
w00 1IN quasi-1D geometry
—> Allowed to heat radially
and thanks to the non-zero
expansivity at unitarity
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Sidorenkov et al., Grimm, Stringari&Piatevskii, Nature 2013

On bosons: weakly interacting situation: JILA (D. Jin 1996), MIT
Hydrodynamic gas: van der Straten



Second sound in a box

: .. e s 10p
(Isentropic) expansivity at unitarity — Sarl. = 37T always non-zero
S

- Can drive temperature wave using potential acting on density

31

Apply oscillating gradient to the box

2nd Sound
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Observation of Second Sound in Quasi-1D geometry:
Sidorenkov et al., Grimm, Stringari&Piatevskii, Nature 2013

On bosons: weakly interacting situation: JILA (Debbie Jin 1996), MIT
Hydrodynamic gas: van der Straten



Density response to a potential drive

Hohenberg, Martin 1965
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Density response to a potential drive

Hohenberg, Martin 1965
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Density response to a potential drive

Hohenberg, Martin 1965
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Density response to a potential drive

Hohenberg, Martin 1965
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Second Sound seen in Density

Density Profile
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A local thermometer for heat transport

r :
RF absorption spectra 27 Sound Creation
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Second Sound with local thermometer
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First and Second Sound

Density Probe Temperature Probe

after RF transfer, ngg
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Speed of first and second sound
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Superfluid fraction

C2/VF
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Damping of Second Sound
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Transition from normal to superfluid
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Diffusivity of Second Sound

D, (h/m)

Second Sound Diffusivity for 4He I
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Diffusivities in the Unitary Gas

Spin diffusivity

Kinematic viscosity 1%t Sound diffusivity
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Creating strongly interacting Fermi Gases

Matthew Thomas  Dr. Nlngyuan Jia Dr Hao Zhang
Nichols Hartke

Former members: Melih Okan, Lawrence Cheuk
Theory collaborators: Senthil Todadri, Ehsan Khatami

Optical Lattices = e.g. Fermi-Hubbard model

Quantum Gases - Quantum Solids



Fermi-Hubbard Model
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Introduced to describe strongly correlated electrons
Believed to contain essential features of
High-Temperature Superconductors
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Realization with Ultracold Fermions

Fermionic atoms in a 3D optical lattice
Kohl et al., PRL 94, 080403 (2005)
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Quantum Gas Microscopy

R Bosons
;0:n1 87Rb
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Bakr et al., Nature 462, 74-77 (2009) Sherson et al., Nature 467, 68-71 (2010)

Also, recently: 74Yb bosons, Miranda et al., PRA 91, 063414 (2015)
Yamamoto et al., NJP 18, 023016 (2016)

Great Prospect for Fermi Gas Microscopes:

Single-site resolution imaging of fermions in optical lattices:
—> Clean, tunable, controllable systems
-> Directly measure magnetic order

—> Higher-order real-space correlations

—> Single site addressing, Quantum Gates, Implant Impurities...




Seeing individual fermions

Commercial
Edmund Optics
High-NA
Microscope
NA=0.6

Hemisphere
boosts
NA-> 0.9

Vacuum window
part of the hemisphere

L. Cheuk, M. Nichols, M. Okan, T. Gersdorf, V. Ramasesh, W. Bakr, T. Lompe, MZ
PRL 114, 193001 (2015)






Single-site resolution imaging for 4°K

FWHM of 640nm
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L. Cheuk, M. Nichols, M. Okan, T. Gersdorf, V. Ramasesh, W. Bakr, T. Lompe, MWZ
PRL 114, 193001 (2015)



Proliferation of Fermi Gas Microscopes
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Fermi-Hubbard Model

Fermions hopping (t) and repelling (U) in a lattice
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Fermi-Hubbard Model in a Trap

Fermions hopping (t) and repelling (U) in a lattice

\ Mott Insulator Band Insulator Mott Insulator /

At finite temperature: metallic states in between and outside



States of the Fermi-Hubbard Model
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L. W. Cheuk, M. Nichols, K. Lawrence, M. Okan, H. Zhang, MWZ, PRL PRL 116, 235301 (2016)



Fermionic Mott Insulators of 6Li and 49K
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Fermionic Mott and Band Insulators




Fermion
Correlations\
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me;;eg/ 353, 6305: Three papers on correlations in the Fermi- Hubbard model

\EHI Parsons et al.pHarvard group,2D Antiferromagnetic Spin Correlations, SLi

p..1257: Boll et 4l %oup, 1D Antiferromagnetic Spin Cerrelations, °Li \

3 1260: MIT group, htiferromagnetic'Spin and Charge Co elatﬁgr;s versus*illing, 40K
Cheuk, Nichols, Lawrence, Okan, Zhang, Khatamiy Trivedi

\ iva, Rigol, Zwierlein
Also see Drewes etal., Bonn group, arXivi1607.00392(2016) in 2D 40K




A local view at Fermi gases




A little simplification: Spherical Fish in 2D




A little simplification: Spherical Fish in 2D

Probability g*(r) to find
two fish a distance r apart




Now: A local view at Fermi gases

D for an atom: ~Angstrdms <<< Interparticle Spacing d




Now: A local view at Fermi gases
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A local view at Fermi gases

Probability g~ (r) to find
two fermions a distance r apart

Oscillations

Fermion
anti-bunching S~ Pauli Hole

Signature of anti-bunching in TOF:
T. Rom et al., Nature 2006,

Jeltes et al., Nature 2007 0
Reduction of density fluctuations:
Sanner et al., PRL 2010,

Mueller et al., PRL 2010

Interparticle spacing



Fermion Correlations in a Lattice Gas

i —T g, for fermions reduced below unity

~
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Low filling: lattice spacing << interparticle distance
- One site away one is deep inside the Pauli hole



Measuring Charge Correlations

We measure singles

= “local magnetic moments”
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Moment Correlator: Seeing the Pauli Hole
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Cheuk, Nichols, Lawrence, Okan, Zhang, Khatami, Trivedi, Paiva, Rigol, Zwierlein,
Science 353, 1260 (2016)



Fermion Correlations in a Lattice Gas
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Pauli + Correlation Hole
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Cheuk, Nichols, Lawrence, Okan, Zhang, Khatami, Trivedi,

Paiva, Rigol, MZ, Science 353, 1260 (2016)



Pair correlation function for doublons & holes

2 2 2 2
<m;m;; > =< (1- m, )(1—- mz,j) >

Correlations of Singles = Correlations of holes & doublons
Doping x
(b)
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15 1 1 1 1 1 1

Cheuk, Nichols, Lawrence, . . . . .
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Science 353, 1260, (2016) Inglés bensity



Origin of Doublon-Hole Pair Correlations

Singlet wavefunction:

A ARV A
+W _ W
Doublon-Hole admixture to Singlet wavefunction

(already present for the double well)



Spin Correlations

Density correlations of non-interacting fermions at half filling




Measuring Spin and Charge Correlations
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Spin Correlations

Cyin(inj) =(m,;m, )
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Cheuk, Nichols, Lawrence, Okan, Zhang, Khatami, Trivedi, Paiva, Rigol, Zwierlein,

Science 353, 1260 (2016)

Harvard: Parsons et al., Science 353, 1253 (2016) in 2D SLi
MPQ: Boll et al., Science 353, 1257 (2016) in 1D ©Li
Bonn: Drewes et al., arXiv:1607.00392 (2016) in 2D “°K



Spin Correlations

Cyin(inj) =(m,;m, )

at half-filling (d) 0.00
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Cheuk, Nichols, Lawrence, Okan, Zhang, Khatami, Trivedi, Paiva, Rigol, Zwierlein,
Science 353, 1260 (2016)

Harvard: Parsons et al., Science 353, 1253 (2016) in 2D SLi

MPQ: Boll et al., Science 353, 1257 (2016) in 1D ©Li

Bonn: Drewes et al., arXiv:1607.00392 (2016) in 2D 4°K



Summary: Spin and Charge Correlations

A
0.02-
Singles
Cn(1) 0 g e Correlation
sign change
-0.02- at finite doping
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Fermi Gas Microscopes

o s

Unigue tool to access e.g. _
Fermi-Hubbard

Nichols et al., Science 363 (6425),

Parsons et al., Science 353 (6305),

1253 (2016), Boll et al., Science 353 383 (2019), Brown et al., Science
(6305), 1257 (2016), Cheuk et al., 363 (6425), 379 (2019),
Science 353 (6305), 1260 (2016), Guardado-Sanchez, PRX 10, 011042
Mazurenko et al., Nature 545, 462 (2020)

(2017), Koepsell et al., Nature 572,
358 (2019)




Accessing total density:

* Enables observing non-local density correlations
li hole Doublon-Hole correlations

VY i

n—O n—l n—

Pauli Hole Doublon-Hole
Pairing
* Model-Free Thermometry via Fluctuation-Dissipation Theorem
Fluctuations = Temperature X Compressibility
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Total density readout via bilayer technique
Single Image

Full Density Read-Out
Barely separate

) layers

Distinguishable
intensities

1 atom @ . ' 2 atoms

Imaging of separated layers: Preiss et al., Greiner group, PRA 91, 041602 (2015)




Total Density of Interacting Fermions

Thomas Hartke, Botond Oreg, Ningyuan Jia, Martin Zwierlein, Phys. Rev. Lett. 125, 113601 (2020




Total Density of Interacting Fermions
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Thomas Hartke, Botond Oreg, Ningyuan Jia, Martin Zwierlein, Phys. Rev. Lett. 125, 113601 (2020
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Thomas Hartke, Botond Oreg, Ningyuan Jia, Martin Zwierlein, Phys. Rev. Lett. 125, 113601 (2020)



Equation of State and Fluctuations
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Non-local correlations — Pauli and correlation hole
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Thomas Hartke, Botond Oreg, Ningyuan Jia, Martin Zwierlein, Phys. Rev. Lett. 125, 113601 (2020)



Model-Free Fluctuation Thermometry
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Thomas Hartke, Botond Oreg, Ningyuan Jia, Martin Zwierlein, Phys. Rev. Lett. 125, 113601 (2020)




Doublon-Hole Fluctuations
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Thomas Hartke, Botond Oreg, Ningyuan Jia, Martin Zwierlein, Phys. Rev. Lett. 125, 113601 (2020)



Fermi-Hubbard Model in a Box

Metal, n<1 Mott Metal, n>1




Spin Transport in a Mott Insulator

0 10
Lattice Site

M. Nichols, L. Cheuk, M. Okan, T. Hartke, E. Mendez, T. Senthil, E. Khatami, H. Zhang, MWZ,
Science 363, 383 (2019)



Spin Diffusion in a Fermi Mott Insulator

Large U/t limit:

Fermi-Hubbard att?/U<T < U
= Heisenberg Antiferromagnet

J. =41V

In Bose-Hubbard: see Hild et al., Phys. Rev. Lett. 113, 147205 (2014)



Decay of Spin Imbalance vs Time
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Decay of Spin Imbalance vs Time
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Spin Diffusivity in a Mott Insulator

3.2+ ——
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' \. NLCE
P R using cut-off time ~a /t
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t
- Spin transport due to both superexchange and

doublon-hole assisted tunneling

M. Nichols, L. Cheuk, M. Okan, T. Hartke, E. Mendez, T. Senthil, E. Khatami, H. Zhang, MWZ,
Science 363, 383 (2019)




Spin Conductivity in the Mott Insulator

® Direct measurement ® From Einstein relation DSz — GS
0.32t |, ;, Spin susceptibility
TR as
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& 0.00 - -
&2 0.0 0.1 0.2
< 0.16} t/u —— ]

0.08F

..... g . using cut-off time ~A/t
0.00 0.05 0.10 0.15 0.20
t/U

M. Nichols, L. Cheuk, M. Okan, T. Hartke, E. Mendez, T. Senthil, E. Khatami, H. Zhang, MWZ,
Science 363, 383 (2019)



Transport in Strongly Correlated Quantum Gases

Unifying themes of strongly interacting Fermi systems:
Loss of quasi-particle description: 7' ~E_ /A A
Quantum-Limited diffusivities: D~ -

Quantum gas simulators are poised to further elucidate
Interplay between charge, spin, heat and Hall transport

» Universal Sound Diffusion in a Strongly Interacting Fermi Gas
Parth B. Patel, Zhenjie Yan, Biswaroop Mukherjee, Richard J. Fletcher, Julian Struck, MZ
Science, 370, 1222 (2020)

» Spin Transport in a Mott Insulator of Ultracold Fermions
Matthew Nichols, Lawrence Cheuk, Melih Okan, Thomas Hartke, Enrique Mendez, T.
Senthil, Ehsan Khatami, Hao Zhang, MZ, Science 363, 383 (2019)

» Doublon-Hole Correlations and Fluctuation Thermometry in a Fermi-Hubbard Gas
T. Hartke, B. Oreg, N. Jia, MZ, PRL 125, 113601 (2020)

* Bose polarons near quantum criticality
Zoe Z. Yan, Yiqi Ni, Carsten Robens, MZ, Science, 368, 190-194 (2020)

» Geometric squeezing into the lowest Landau level
Richard J. Fletcher, Airlia Shaffer, Cedric C. Wilson, Parth B. Patel, Zhenjie Yan, Valentin
Crépel, Biswaroop Mukherjee, MZ, arXiv:1911.12347 (Science 2021, to be published)



Bridging Quantum Simulation
and Quantum Storage



Quantum Register ot Dart 2
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Part 1:

Building a qubit from the
motion of atom pairs




Building a Degenerate Subspace from Pairs
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Building a Degenerate Subspace from Pairs

Harmonic
Oscillator

Yz
_._

E.,. — E, = nha

FE —F.

. 12)

11y

. 10)

hw.

hw.

Single Particle

hw.

Trap Strength

VAV




Building a Degenerate Subspace from Pairs
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Symmetric Pair Wavefunctions W(z, z5)
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Qubit from Pair Motion 1. Anharmonicity
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Quantum Register of Fermion Pairs

Thomas Hartke, Botond Oreg, Ningyuan Jia, MZ, soon on arXiv
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Bridging Quantum Simulation and (digital) Quantum Computation



Coherence Times
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Summary of Coherence
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Stability of the Recoil Gap
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Ramsey Spectroscopy of the Molecular
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Bosons and Fermions
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