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Correlated Quantum Matter

At the heart of modern quantum science:
Fundamental physics,Quantum technology, Metrology

How do complex behaviors emerge from simple
constituents and their interactions?
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** Well-understood microscopi
«_Tunable interactions
»_Access to quantum dynarjcs
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Penning Trap Experiments: °Be*

* Penning trap: 2D triangular crystals of 20-300 ions

* Two hyperfine states used as spin % system
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Phonons & Spin-spin interactions
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All-to-All Case: One Axis Twisting
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How we can measure & characterize build up of entanglement?
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Entanglement Entropy

p : Density Matrix of the close system

Product state In[Tr(p?)] =0
SA: 0 A B
\_'_’
Global Ly
Unitary

dynamics Pa = Tr‘B P

Reduce density Matrix of subsystem A

Renyi entropy: Purity of the A subsystem

l 3_}1—’ Ly Sp= — ln[Tr(pﬁ)]
Highly
Entangled Product state 0 = &®;D; 54=0

Experiments

Entangled state  S4> 0 Sa— Ly
A. Kaufman et al Science 353, 794 (2016)

Volume Law: Thermalization
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Comparison with experiment

e Coherent spin demagnetization: Bloch vector length |(S,)| vs time

Decoherence

Lines: Theory
Symbols: Experiment

includes spontaneous emission

Foss-Feig et al., NJP 15 (2013)
PRA 87 (2013)

Bohnet et al.,

Quantum correlations!! :
Science352,1297(2016).



Two point correlations & Spin Squeezing

Spin Squeezing Paremeter

Ly=288 [ [ [TT]1]]

%<1

N 1 A. Sgrensen et al Nature 409, 63 (2001)
WA

* Entanglement witness
* Enhanced sensitivity
e Useful only for Gaussian states
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Comparison with experiment
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Entanglement in ALL-to-All Ising

More Information
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However entanglement
entropy is hard to measure

Greiner group at Harvard : quantum
gas microscope

What can we do with global probes?



Multi-quantum Coherences

Multi-Quantum coherence spectrum (NMR)

M. Munowitz and M. Mehring, Sol. St. Com., 64, 605 (1987)



Quantum Coherences
A [PTT PN]
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Multi-quantum Coherences
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* Phase sensitivity
* Quantum superposition
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Multi-quantum Coherences

Multi-Quantum coherence spectrum (NMR)

Hpg < Z Jijloiai" + o7 a7")

8p0: SZ Sp(T) -HDQ Sp(ZT)

Hpq

Multi-
quantum
Intensities

Measure S?

p(): (1+ESZ )

Sz rotation

Hpaq: Is obtained from the dipole-dipole Hzz by pules:

M. Munowitz and M. Mehring, Sol. St. Com., 64, 605 (1987)



Multi-quantum Coherences

Requirements:
b _ 1) Invert many-body
U=e U = elliT time evolution.
2) Measure initial

R2(#) (Do) state.

3(0) = (po) = Tr[popy]
= Tr[poU R, ($)UpoUTRI ()’ () = Ut

= Tr[UpoUTR(SUpoU R () ) = [R,(6)p (DR} ()]

= Tr[p (T)pg (T)] Overlap of density Matrices
| ,.=Multi-quantum intensities
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N Type bf purity
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Fourier transform: (I) gives the Multi-Quantum spectrum.
m=-N



Multi-quantum Coherences: lons
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Multi-quantum Coherences: N=48

Information stored in the initial (local) state is distributed , through the
interactions, over many-body degrees of freedom of the system.

Iy = Tr[pj ]

Detailed structure of
the state ...



Multiple quantum coherence an OTOC
Se(1) = (po) Po =11 Il L
= (Wol eithex RY (¢) e7ithuxp eithes R, (p)eitHer| )
W=R,(¢p) V =p, Two commuting operators
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WI W,
Out-of-time order correlations (OTOCs)

S¢(O)=1-C(1)

S(I,(t) measures the degree of non-commutativity of V and the time

evolved version of W gerambling of quantum information



Quantum Scrambling

* Scrambling occurs when local quantum information, is spread
over all the degrees of freedom of a system, becoming inaccessible
to local measurements

* Link to entanglement entropy: thermalization

* Connections to quantum gravity: Black
holes scramble quantum information as
fast as possible: C(t)~eM

[Hayden-Preskill, Sekino-Susskind,
Shenker-Stanford "13, Kitaev ‘14]

* Bound of growth of quantum chaos: A Lyapunov exponent

[Maldacena-Shenker-Stanford][Martinis’ 16]

. ?
Can we asses them [Swingle-Bentsen-Schleier-Smith-Hayden “16]

[Zhu-Hafezi-Grover ‘16]
[Yao-Grusdt-BGS-Lukin-StamperKurn-Moore-Demler ‘16]
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Measuring OTOCS

Measure Magnetization: S, W =R,(¢p) V =%
2
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Same measurements done in NMR



Magnetization OTOCs: N=48

N
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Fo( =250 = ) Ap(@em?

m=—N

Fourier component:
A,, —>m-body correlations

A non-zero A, signals the buildup of at least m-body

correlations.

 In the case of the Ising model:

- A non-zero A, signals the existence
of m spins directly coupled by the

Hamiltonian.

- A,+1 grows as tP with p>m

=

Am>5=0



Fourier comp. m

Fourier comp. m

Magnetization Measurements
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Garttner et al Nature Physics,
doi:10.1038/nphys4119



Penning trap simulator: A great vista ahead |

Future Directions

* Transverse field, and variable range
« Mitigate decoherence : sub-Doppler

A
'5 « Spatial correlations —single ion readout
<
=]
§
@

Measure OTOCS

Generate and observe spin squeezed states

-Implement time-reversible Ising interactions in
2D arrays of 100's of ions



, Entangle
OTOCs » Scrambllng ment

> ZZm— N m I
Pure states saturate equality

Individual Im can detect
entanglement too

N

Separable
states



Connection to Entanglement Entropy
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Renyi Entropy: Sg 1-l N =20
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We sum over an incomplete set of V=0ePHOt =p,
operators



Full Counting statistics: More information

N=127 + 4
«“— 92
— theory
-~
Theory: need to compute N-
5.4 — theory ) .
—_Initial state point correlations:

+ _+ _+ + _
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Fisher Information FQ:

Sensitivity of a quantum state with respect to an unitary transformation
parametrized by a classical parameter, 0O:

* Many-particle entanglement witness:
Fo/N>k k-body entanglement

* Beyond Gaussian states

* Determines enhanced sensitivity

Strobel, et al., Science 345, 424 (2014). For the one axis twisting FQ — 4<(A gy)2>

£2:Squeezing Fg: Fisher



Transverse (drumhead) modes

EXB modes transverse modes cyclotron modes
| . ‘ é 4 | N
Wm frequency — {2
drumhead modes N=127

Freericks group, PRA (2013)
Baltrush, Negretti, Taylor,

Calarco, PRA (2011)
Dan Dubin, UCSD

mode characterized by
eigenfrequency w,,
and
eigenvector b; .,
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