Non-Hermitan Quantum Systems as Quantum Devices

Manas Kulkarni
International Centre for Theoretical Sciences
ICTS- TIFR, Bangalore

INTERNATIONAL

N CENTRE /or @
“'ICTS THEORE%ICAL t
SCIENCES \ tl r

TATA INSTITUTE OF FUNDAMENTAL RESEARCH




Nesoscopic systems + Photons/Phonons \

Quantum dots coupled to photons (QD-cQED) / Cold Atoms + Quantum Opticsx
Quantum devices

Analogy to Molecular Junctions
Heavy Fermions with light (Kondo)

Open guantum phase transitions
Non-hermitian matrices and

Jiang, Kulkarni, Segal, Imry (PRB 2015) Studying random matrices
Hartle, Kulkarni (PRB 2015) Kulkarni, Makris, Tureci (Unpublished)
Kulkarni, Cotlet, Tureci (PRB 2014) Kulkarni, Oztop, Tureci (PRL 2013)

J

anrwalla, Kulkarni, Mukamel, Segal (PRB 2013)/ \

N [

[Driven Quantum Systems ]

V

/ Quantum Hamiltonian + Bath Engineering \

Preparation of entangled states
Open analogs of condensed matter systems (spin chains)

Time dynamics, Transport, Nonequilibrium Steady States
Kulkarni, Hein, Kapit, Aron PRB (2018)

Aron, Kulkarni, Tureci (PRX, 2016)
Aron, Kulkarni, Tureci (PRA 2014)

Schwartz, Martin, Flurin, Aron, Kulkarni, Tureci, Siddigi (PRL 2016)
Qurkayastha, Dhar, Kulkarni (PRA 2016) /




Mesoscopic systems + Photons/Phonons Cold Atoms + Quantum Optics
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[Driven Quantum systems

/

Common Methods we use:

 Diagrammatic Keldysh
 Lindblad Master Eq

Sidiqqi (Berkeley) * Redfield Equation |
Martinis (Google-Santa . * Exact brute-force numerics

Barbara) UL * Quantum Langevin
Vijay (TIFR)

Quantum Hamiltonian + Bath Engineering




Engineer /Design an interesting systems made of
matter (atoms or artificial atoms) and bosons (photons, phonons)

Study Fundamental Concepts in

Physics and Mathematics Use this for technological
Applications

- Entanglement

- Transport - Quantum Devices (diodes

- Correlations Rectifiers, Transistors)

- Non-Hermitian Matrices, Pseudo- - Photon Amplifers
Spectrum - Lasers in microwave regime

- Phase Transitions - Target State Preparation

- Statistics




Non-Hermitan Quantum Systems as Quantum Devices
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Part- A Part - B

Microwave Ampliers and Masers Diodes, Rectifier and Transistors

[Agarwalla, Kulkarni, Segal, in preparation] [Lu, Wang, Ren, Kulkarni, Jiang, in preparation]

Agarwalla -- Dept of Physics, [ISER Pune Lu, Wang, Jiang --School of Physical Science and Technology
& Collaborative Innovation Center of Suzhou Nano Science

Segal --Chemical Physics Theory Group, and Technology, Soochow University

Centre of Quantum Information & Quantum Control,

Univ of Toronto Key Lab of Advanced Optical Manufacturing Technologies
of Jiangsu Province & Key Lab of Modern Optical Technologies of
Education Ministry of China, Soochow University

Related older papers Ren - Center for Phononics and Thermal Energy Science,
School of Physics Science and Engineering, Tongji University

Agarwalla, Kulkarni, Mukamel, Segal, (PRB 2016)

Kulkarni, Cotlet, Tureci (PRB 2014) Microwave amplifiers,
Single photon sources Acknowledgements

Purkayastha, Dhar, Kulkarni, (PRA 2016) Petta Lab (Princeton)
Jiang, Kulkarni, Segal, Imry (PRB 2015) :|- Rectifiers, Transistors Kontos Lab (ENS, Paris)

Siddigi Lab (Berkeley)



Part- A

Microwave Ampliers and Masers

[Agarwalla, Kulkarni, Segal, in preparation, 2018]

Agarwalla -- Dept of Physics, IISER Pune

Segal --Chemical Physics Theory Group,
Centre of Quantum Information & Quantum Control
Univ of Toronto
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Rice-sized laser, powered one electron at a time, bodes well for quantum
computing

January 15, 2015
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Princeton University researchers have built a rice grain-sized microwave laser. Credit: Jason Petta, Princeton University

Also, one double-quantum dot, Petta Group (PRL 2017)
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Double Quantum Dot ¢c-QED setup

Agarwalla, Kulkarni, Mukamel, Segal (PRB 2016) Diagrammatic Keldysh
Kulkarni, Cotlet, Tureci (PRB 2014) Approach



Photonic Measurements:

Photon Transmission (Gain)
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Mazing in double-double dot
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Photon Statistics:
No-Masing (Thermal)
Masing (Poisson)

PRL 119, 097702 (2017)
Petta Lab Princeton

Counts (k)

-100 0 100



Constructing the Hamiltonian and Bath

H = Hmatter + Hcavity + Hmatter—cavity

Hoatter = Hpgp + HpgD—i1ead + HDQD—phonon

Hpop = sz + t. Ty

HpQD—tead = Z Gkacz.a Cka + Z [)\kLCkL|L> (0] + /\kRCkR|R>(O|] + h.c
k.a=L.R k

HpQD—phonon = Z wqbz by + T Z Ag (bq + b;) Phonon bath
q q

Heqpiey = wea'a + Z ija';KajK + Z 1/ja;Ka + h.c Cavity Bath
jeK jeK

HDQD—cavi.ty = g7z (a‘ + a't)




Working with dot-Eigenstates

0
Hpop = E(dlde —dld,)

Hpop—cavity = —g sin G(dldga + dgdeaf)

HDQDphonon = 9 wgb} by + D Ag | cos(dfd, — d}dy)
q q

—sinf(didy + d}d,) | (b +b}), (1)

cos(g) —sin(
HpQD—tead = Y (tkLbkL thka) ( : z 0
k 2

We want to write the reduced density matrix of the dot and cavity mode

p = —i[Ho, p| + Letec[p] + Leavity[p] + Lphon[p]
\ J
t |

Unitary Part Non-Hermitian Part




Structure of non-Hermitian part

p = —i[Hy, p| + Letec[p] + Leaviey[p] + Lohon|p]

Electron bath (leads)

£elec [P] = Z ‘CCW [P]

a=L,Ryv=e,g
Lawlp) = 5Tew 6) [ faler) Dld, ]+ (1~ faley)) DI ]

5,0 Fermi distribution
['Le(rg)(0) = D'Le(rg) c0s™(3)

Tgre)(0) = Trg(re) sin®(5)

Photon bath (cavity leakage)

K
Leavity|p] = §D [aTa pl



Structure of non-Hermitian part

Phonon bath

ul€ Yd\ € : ‘b | €
Lonenlp) = 5 Didfa, ) + 49 Diata,, ) + 2 Diata, — dfay). o

2
Bosonic distribution Phonon bath spectral density
\ 4
Yu(€) = 25in%(0) ng, () J(Q) Upward pump

va(€) = 2sin?(0) (1 + nw(Q)) J(Q) Downward pump

Vo (€) = 2cos?(0)[1 + 2n4,(0)].J(0) Dephasing

We will now write equations of motion along with a semi-classical approximation

(dldga) ~ (dld,){a)

Defining < dldy >= pey, < dlde >=pee and so on...



Reduced density matrix equations

Pec = ( Le + F?Ze) P00 — (—ie + The + '7"d) Pee + YuPgg — 19 SIN ﬁ(pge(a) - h'C)
Pog = ( Lo+ F‘}zg) P00 — (_ig + TRy + "r'u)pgg + Ydpee + ig Sinf?(pge(a) - h-C)

ey + igsin O (ne) — (ng) ) (@) — (5Ters + 2% ) P

(a) = —iwe{a) — %(r{(a) + 2igsin 9peg) + \/;E cos(wqt)

peg

Experimentally, one can measure the absolute value and phase of t(wq) = —@@

\/ﬂ(a)ss B ik /2

t(wd) — =
FE (wd — wc) -+ Zﬁ:/? — Xel (wd)
g 2 sin? (4) * bias voltage and the temperatures of the leads
Xel(wa) = (wn — Q) + z( Toff + 27 ) (Pgg— Pee)|g=0 + Coupling between the DQD and fermionic leads as

* Coupling between the DQD and the phononic bath.



Transmission and Phase Response

twa) /2 twa=we) /2
wq) = . d=We)| =
(Wa — we) + 16/2 — Xer(wa) ()% + (k72 = x5)° 2
tan ¢p(wg=w,) = Xf—ﬁ/Q
Threshold Condition
292 sin’(0)
Pee — P I =0 = K
(5Tess +274) ( o)l
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w(GHz)

|t(we)|
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Transmission and Phase Response
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Xer(we) (MHz)
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Photon Statistics

Pphot (t) = T'retectphon (t)]

Pm(t) = (m|ppr(t)|m)

d - —
Epm = —igsin 0[ m + l(pge;m+1m - peg;mm+1) + Vv m(peg;m—lm - pge;mm—l)]
+  K(L+n)[(m+ 1)pmy1 — MPm| + KA[Mpp_1 — KA( + 1)pp,]
( Pag:m,n ) ( aiy 0 —igsinfy/m igsinf/n \ / Pgg:m.n \ { b1Pm )
Peem—1n-1| 0 a9 igsin fy/n —igsin fy/m Pee;m—1,n—1 N boPm—1,n-1
Pegm—1,n - —igsinfy/m igsinfy/n asz —i( — we) 0 Peg:m—1.n 0
\ Pge;mn—1 ) \ z'.‘]Sin()\/ﬁ _igSinaﬁ 0 a33+i(Q_wc)) \ Pge:m.n—1 } \ 0 )

20\

Plugging back solution of above we get,

d m[Apm—1 — Aspm] B (m + 1) [Apm — Aspm+1]

—Pm = — — + k|(m+ 1)pmy1 — mpm
dt 1+mC’+m—a§‘:—)2 1~i—(m-+—l)C’+(Q—aé‘:—)2 [ N )




Below threshold

d
—Pm = M [Apm_1 — Appm] — (m + 1) [Apm — Appmi1] + E[(M + 1)Pps1 — mpyy,]
Solution: _(1-_A A\ _ Youm

Pm (1 Ab-l-fi) (Ab+h1) Ter = kg In (ibP)

Thermal with effective temperate A — Ap < K

All regimes
poylx™ A 1
— where r = —, = —(k+ A
Pm (m +y)! KC J /ﬁZC( +Ab)

Poissonian with effective temperate

Agarwalla, Kulkarni, Segal (2018, in preparation)



Thermal to Poissonian Statistics

A Counts & B
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Part- B Photon bath

Tp
Diodes, Rectifier and Transistors 1
[Lu, Wang, Ren, Kulkarni, Jiang, in preparation] Gmton cavity\.

mode

Lu, Wang, Jiang --School of Physical Science and Technology
& Collaborative Innovation Center of Suzhou Nano Science

and Technology, Soochow University

Key Lab of Advanced Optical Manufacturing Technologies
of Jiangsu Province & Key Lab of Modern Optical Technologies
of Education Ministry of China, Soochow University

Ren - Center for Phononics and Thermal Energy Science,
School of Physics Science and Engineering, Tongji University




Photon bath

. . - - T,
H =H. pgp + Hicad + Haot—1ead i

B ~ N “ ‘/\Photoncavity\,.
HC—DQD = HDQD —|—Hp + He—p _ mode ~

g g
I':’DQD = Z E,C/l:r(iz + (td}fd\r + H.C.) Iz . .
1=, r - E \ -—

H. p = gwc(djd, + did,)(a, + a}), 5,
I-:Tp = wC&};&q.

- g
Hlead= E E Sj,kcj’kcj,k-

j=L.R k

Hiot—lead = E VL,kéEéL,k + E VR,kéléR,k + H.c.
k k



Quantities of Interest

Ha = [ ST @)Ch @)E @)
21 (@) 5] ()]G (w)),

e = ¢ [ SoT(EL@)CT @3 @)
+2£1 (@) Ep(@)]G3(W)).

-- Treat the Green’s function of c-DQD (polaron) part
non-pertubatively

-- After that, follow the standard procedure, of
polaron — lead system, which is weak in system-bath
coupling.

15 = / o2 (@ = 1) Tr (P (@) G (@) ()
+2£1 (@S (@) CL (@),

lna = [ 5o — ) Tr(Eh @I @ES @)
+2f1(w)Ep(W)]Gi ().




Non-Perturbative Hybrodized Dots Greens Function

r(a) 1 & |eBmwe 4 g—Bl(nwet+Ep)
Gop' (W) =+ . 1) . *
e PmectBa) 4 e BrwetBO] o)
w— AR +i0+ o |

min{n,m} k. /ol ntm—2k
a2 /2 (_1) nmgp
Dpm(gp) =€~ 90/2 )" (n—k)(m— k)&

k=0
Z = (1+ Np)(1+ ¢80 4 ePBa 4 o~PEva)

Similarly compute Keldysh G

And then calculate currents



Symbol Meaning
bare dot
c-DQD
(dressed electron)
~—NeS phOtOﬂ
................... leads
lead-dot coupling,
X coupling strength V
O Electron-photon coupling,
coupling strength g
Gtot
w w
= Zeroth order dot-lead coupling
Geor [
r vy Neglected Diagrams Below

+ e Xm===== 2th order dot-lead coupling
@ @ @ (elastic current)

2th order dot-lead
g v v 9  coupling (inelastic current)

+?O= ...........

wtew @ie; o+, (7]




(@ o x10°

w=Total
.« Elastic
w [nclastic

.
.
-------------
.
B

4 F
-5 s
01 0.05 0 0.05 0.1
Apfw,
{!
© . g-005 R.(%)

0.5 20
. 10
3 |
~ 0 0
LL] -10
05 -20
-
1
1 0.5 0 05 1
by
t

® 4

Ig(fiw?)

%1077

e T'otal
.« Elastic
wu Inelastic

-1 0.5 0 0.5 1

EH,"-U'(‘
Ry (%)

da

08888

Rectification effects in QD-cQED systems

Charge Rectification

I(Ap) +1.(-Ap)

R, =
I (Ap) + I(—Ap)|
Cross-Rectification
p _ lo(Bp) +19(—Ap)
te —

Ho(Ap) + Ig(—Ap)|



@ Emutter

=mall heat current

large heat
cunrent
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Collector
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Conclusions & Outlook

Part- A

-- QD-cQED systems can be good microwave amplifiers, photon sources and masers
-- tuning parameters can help us change photonic statistics

-- Scalibility and exotic many body phenomena ?
-- Non-pertubative in system lead coupling ?

Part-B

-- QD-cQED systems can be good rectifiers and transistors
-- Transistor effect exist even in the linear regime
-- Non-reciprocity

-- Including coulomb energy ?

-- Non-perturbative in system lead coupling ?

-- Spin rectification effects ?

--- Chain of dots ? [realized already in Princeton, 9 dots without cavity yet]



