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Many-body physics dream
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Propagate quantum processes to macroscopic world
despite and because of many-body interactions. ’



Many-body architecture

Info [¥ (N ples)] = (# of elements)”’

Information content grows exponentially with particle number!!!

Interactions couple/scramble possibilities

~ =

Correlations/entanlemen yied ierahy problem

MB & QO interactions mmm) major-league scrambling |

> 3-body problem not exactly solvable in full ¥ architecture...



Structure in guantum architecture?

Measurement in quantum architecture »distribution of outcomes

Variance\\\\\;‘

Position of particle, x

Occurrence, Probability

Ever increasing information using cumulants (Thorvald N. Thiele, 1889):
1) Mean (x) , 2) Variance A({z?) = (z2) — (z){(x) .-

C) CumulantC  A(z%) = (%) — all factorizations

All cumulants = full information of distribution 4




Cluster-expansion approach

e Fa

MB field operators:  {r(r) & Wi(r)

Clusters:

e W g Lo W) — all factorizations

Terminology:

0= () - (i) ©O=ap) - AW ($h)=a6)

Singlets Doublets :
Triplets, etc...

Quasiparticles = A<C>




1st-principles with cluster expansion
1) MB+QO Hamiltonian

H = Hfree + VCoqumb +HQO +

Semiconductor

Quantum Optics Strictly sequentlal progression of many- body dynamics

2) Cluster kinetics [Ann. Phys. 356, 185 (2015)]:

ih5; A(C) = Fipie[A(C)] + S[{1), A(2), -+, A(C)] + V[A(C +1)]
Sequentlal source

e exactly solvable & nonperturbative until A<C+1> cluster is formed

3) Ideal approach for following quasiparticle formation & dynamics
Clustronics = follow/control many-body

processes through cluster kinetics



General proof of sequential clustronics

Q.E.D.

+ Interactions Sequence of processes =simple H® complex

Clustronics=

Natural & 15t-principles description of quantum processes




Typical 1st-principles cluster dynamics
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Ann. Phys. 356, 185 (2015)



Clustronics = follow/control many-body processes
through cluster kinetics

Clustronics in 4 diverse theory-experiment examples:

1] Quantum-optical spectroscopy
2] Ultrafast quantum electronics
3] Quasiparticle collisions

4] Bose-Einstein condensates




[1] Quantum-optical spectroscopy

Juantum droplts created by light —

2t the new quasiparticle

w ISDO\l OF A(‘( ENTUATE PREH]S}TOR‘- =
THE CROWD THE NEGATIVE IN COLOUR i ‘l”ll“ || |

"= Discovery of dropleton l‘
EXP: Steven Cundiff group.
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Quantum-optical spectroscopy

PRA 73, 013813 (2006): Cluster-expansion analysis of quantum-
optical excitations

Progression of many-body dynamics
Usual laser spectroscopy “detached” from interesting quasiparticle

Quantum spectroscopy = ecite (detect) quasiparticles DIRECTLY
with quantum light (quantum-light emission)
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New quasiparticle resonances

e Aabsorption via typical pump-probe measurement in GaAs QW
* Change pump-photon correlations: Binding = E15 — hwprobe

1-photon = classical laser 3-photon quantum pump

AADbsorption

[ 10
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Binding energy [meV]

Biexciton = BiX

Photon number [Millions] Nature 506, 471 (2014).

Quantum pump resolves NEW discrete resonances below BiX .




What did we see?

Clallledl F = E[Ag] EE New J. Phys. 15,
(e i EIR I A EH Rt Ellels] Ag = doublet § 093040 (2013).

1) Energy lowering 2) Energy quantization
- -

2 ke)

T S Wall
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eh separation eh separation

* Liquid rings W E < BiX ¢ quantum confinementmp droplet

e 2meV wall height is enough!!!
Supplement to Nature 506, 471 (2014)

3) Dropleton = tiny correlation bubble of eh pairs in liquid-phase.

e 3,4,5,rings... =3, 4,5... eh pairs
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Positive dropleton ID
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3 5
Photon number [M] Nature 506, 471 (2014).

Dropletons explain measured energy structure
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[2] ultrafast quantum electronics

s e s

Exp.: Rupert Huber g
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Goal — realize lightwave electronics

Semiconductor

Efield

Light creates & moves electrons, holes, and quasiparticles

faster than scattering == quantum coherent effects



Strong-field physics

Strong nonresonant pumping

lonization-acceleration-recollision

3-steps produce odd harmonics

VOLUME 70, NUMBER 6

PHYSICAL REVIEW LETTERS

8 FEBRUARY 1993

Harmonic Signal (Rel. Units)

=
—

High-Order Harmonic Generation Using Intense Femtosecond Pulses

J. J. Macklin, J. D. Kmetec, and C. L. Gordon II1
Edward L. Ginzton Laboratory, Stanford University, Stanford, California 94305

(Received 21 September 1992)
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Semiconductor excitations

Experiment: GaSe, gap=2eV = 16*30THz photons
100fs pulse with E > 100MV/cm, >1eV/A, blasting e!!!!

Semiconductor Bloch equations

Coupled quantum kinetics of
microscopic polarization:

S
= <a’;,ka’%k>

Microscopic density:

— o

phys. stat. sol. B 248, 863 (2011).

Wave vector k

PRB 13, 3534 (1976)
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THz peak field: 72MV/cm,

High-harmonic generation (HHG)

Theory: 5-band model
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Nature Phot. 8, 119 (2014)

22 harmonic orders, also even!!! 19




Time-resolved HH emission

* Measured time-resolved I,,(t) vs. E;,(t)

Experiment @ 44MV/cm Theory @ 31MV/cm
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HH Intensity
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0 imd (fs) 20 =0 imd (fs) >0

* HHG bursts on at positive E;,

 Why would positive and negative E;,, be so different?
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Nonperturbative quantum interference

Momentum
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Nonperturbative quantum interference

Include indirect path with a fraction ¢
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Nature 523, 572 (2015).

Momentum

Paths 1 + 2 appear simultaneously guantum interference

Pl}:l’e = Pogd(E) 4+ Peven(E) Constructive

Podd(_E) + Peven(—E) = — odd(E) + Peven(E) Destructive!!!

Sign flip, E to —E:
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Crystallography with HHG

Nature Phot. 11, 227 (2017).

_ Ei1g P
Even 1 Odd ; /\ P %g;guﬂ
E 107 -
e Even-order L odd-order HHG 3
* HHG at every field crest E
S 107 A
23 & 10 12 14 16

Harmonic order



Exp.:

3] Quasiparticle collider

S \

Rupert Huber group, Regensburg + Sherwin, UC Santa Barbara
24




Harmonic sideband generation in solids

1) Excite coherent excitons optically ~ 2012
LETTER o

2) ACCElerate/ionize eleCtron'hO|e pairS Experimental observation of electron-hole recollisions
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» High-order sideband generation
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3) Measure optical response



Pulsed HSG

60nm thick WSe, with strong 1s X (60meV

10fs optical pulse @1s X 1. Creates coherent X/e-h- pairs |
100fs THz pulse, 17MV/cm

E-h recollision

2. Ac/decelerates e-h separation

"3. Photon emission as sidebands

Highly analogous to atomic 3-step model

 Will we detect the expected delay?

+ finite lifetime of coherences
Bad {,, =-4fs | Good {,, = 7fs

THz /' =
-.?\ \\\U’: h
\ -

THz

26




HSG Intensity

N

—_—

Recollisions in time domain

e 10fs optical pulse » ‘Coh.X created << 50fs THz cycle
* Measure total HSG | vs. preparation time t_,

Experiment Theory

ETHz

| | | ]
-100  -50 0 50 100 -100  -50 0 50 100
Preparation time (optical-THz center) tex [fS]

Nature 533, 225 (2016).

* Global delay = HSG emission delayed (as in 3-step model)

e Bad (low HSG) vs. good (high HSG) preparation times.

27



Lightwave valleytronics in WSe, monolayer

Energy (eV)

Valley physics!

28



[4] Atomic BECs with strong interactions

29




BECs with strong interactions

LETTERS

PUBLISHED ONLINE: 12 JANUARY 2014 |

Universal dynamics of a degenerate unitary

Bose gas

P. Makotyn, C. E. Klauss, D. L. Goldberger, E. A. Cornell* and D. S. Jin*

nature .
physics

from weak to

Weak interaction Strong interaction

(time <0)

Need for a new theory!!!

Cluster-expansion based?

Switch a BEC very fast

Infinity interaction

L

Fa
T

Ak (108 pm2)

0

 (um)
Cornell/Jin group, Nat. Phys. 10, 116

(2014)"°
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Cluster dynamics in excitation picture

58-pages of fun: Ann. Phys. 356, 185 (2015)

-
-
o
C

°

Dimer Trimer

Quantum depletion creates non-condensed clusters sequentially

Nonperturbative truncation in terms of cluster

an “exact” description strongly interacting BECs

Hyperbolic Bloch Equations (compare SBEs)




HBEs get quantitative

Weak (t<0)  Uni ) Makotyn et al. Experiment

. [Nat. Phys. 10, 116 (2014)]
vs. HBE (column) distributions
in same absolute units!!!

LT 6 t=35us t=100us J
2, e Experiment i 6624 (2015)

IS

210
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o 5 10 15 0.5 10 15 0 5 10 15
Wave vector [1/um]

Switch to unitarity explained quantitatively by doublet HBEs

Doublets dominate until >100us
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Clustronics so far...

Theory insights:

e 1St principles cluster kinetics from a known H.

e |Interactions create clusters sequentially.

 Natural & exact description of quantum processes.

e (Quantitative predictions for dynamic experiments/applications.

Use quantum spectroscopy, HHG, HSB, collider, BEC interactions:

B Macroscopic quantum processes
(dropletons, multi BECs, Cooper pairs...)
= semiconductor-organic interface, organics, TMDCs...
= PHz electronics, UV/as sources, quantum information....

33



Clustronics team (since Sept. 2016)

Markus Borsch, excitonics
Ben Girodias, quantum & multi-D spectroscopy

Peter Hawkins, HHG, HSB
Weiwei Jiang, carbon nanotubes

Haiyi Liu, HHG, HSB

Claire Lu, many-body detection
Rachel Wooten, atomic BECs
Rodrigo Muniz, clustronics
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