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I: Introduction and Motivation
1.) Atom quantum optics and advantages of semiconductor nanostructures
2.) Cluster expansion approach in the single-photon regime

Il: Mathematical induction method
1.) General set of equations of motion
2.) Examples (1+2): LO-phonon cavity feeding and induced antibunching

lll: Photon-probability cluster expansion (PPCE)
1.) Photon probability expansion and modified Hartree-Fock factorization rule
2.) Examples (3+4): Electrically-driven single photon emitter

IV: Conclusions
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Atom cavity-QED,
solved by the Jaynes-Cummings model *:

 Isolated two-level system (no losses)

1 One-electron assumption

1 One interaction: electron-light

»,The simplest fully quantized model of interest” (J.H. Eberly)

; ; : analytically solvable, e.g.
Hy = hwgc'e + hwyaya, + hweala,

Ho_p = —hM(ala.cl - GI0NS! ) (ala,)(t) = cos?(M/N+1 t)
_

'E. Jaynes and F. Cummings, Proc.IEEE 51, 89 (1963)
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Dipole Trap

Trigger Laser Optical fiber

Single-photon server with just one atom,
Hijlkema et al., Nat. Phys. 3, 253 (2007)

Typical realization based on:
(i) Trapped atoms
(ii) Atom beam

Entanglement source for quantum repeaters,
Chen et al., Phys.Rev.Lett. 99, 18505 (2007)
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Advantageous semiconductor QD properties for future technological
applications in microcavity systems:

U Fixed position, tailorable coupling strengths and frequencies,

 Cavity-system ultra-small,

U Electrical pumping,

Theoretical simulations for device optimization are desirable

BUT:
more interactions J

and additional loss mechanisms need to be considered
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1.) more interactions (electron-phonon, electron-electron)
2.) number of carriers may not be fixed

1ho,(0) = ([H,0])

For non-Markovian description,

equation of motion approach Hierarchy prCESS )

7

Typical approach: Factorization / truncation scheme via cluster expansion

(alacTc) = (aTa){cc) + (aT)(a){cl){c)...

7
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Example and breakdown of cluster expansion Folie: 7

2 Im Mf(alaccTﬂ
—1M (aiac) —iM ((aiaccTc ) — (alaUcTc ))
Assuming Fock photons, no coherent contributions:

Oy (aiaccw = —iM @i%) —iM (CTC ) ((aia&\ - (a,iand))

&g(ala(:) =
O (aia&*)

2)
2 osf
"D -
CIJ
q 9 . E 0.6~
Vacuum Rabi oscillation (N=0) are 2| \
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at(&l&c> = 2Im Mi(a,laccTﬂ
O (aia&*) = —iM (aiac) —iM ((aiaccTc ) — (alaUcTc ))

Assuming Fock photons, no coherent contributions:

Oy (aiaccw = —iﬂ%ﬂf (CTC ) ((aia&\ - (a,iand))

. 2nd order
But: 0.8
Rabi oscillations with N=50are | —~ gL
well approximated !! =04l
~_~ B
0.2
%0 10 20
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Weak coupling regime: ‘
(e.g. resonance fluorescence,
biexciton cascade) ——

A\ \/
LDo-—-L
Strong coupling regime t
(dynamics weakly correlated ):

(e.g. laser, superradiance effects)

Strong coupling regime ®
(dynamics strongly correlated ): ‘

(e.g. single photon emitter) L —
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Technological application of single photons Folie: 10
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Since single-photon of interest for technological application,
(i) improved measurement

(i) quantum cryptography , E '\\._,‘
(iii) guantum information processing (entanglement) O O /‘

New approaches for device simulations become necessary

(i): mathematical induction method (atom-like QDs)

(ii): photon-probability cluster expansion (electrical pumping)
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(i) mathematical induction method
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| B R
_O_

£ 2 um Photons
5 ' &—» ; _
5_{ Photons “ aiM K?)»
: q‘l o
& Qt) onons =

_ i Ta >—

H hw,a,a, + hw.ala,
f Ta el
+hwpe ala.c

QD, assumed as a 2-level system witki one electron,

interacts with th bulKLO-phonons a@al pump@

Marquez et al., Appl.Phys.Lett. 78 (2001)
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Using product rule for operators: 0, (aicz m = (&g alacc‘tc) b];bq Hcle (&g aiacbgb )

and generalized commutation relations: [A, F(B)] — [A, B] F’(B)
for every possible combination of G%Sn o CLLCLUCTPCSbTmbn
phonon, photon, and electron operators:
PSS .— AT, TP ShHinvRR
i = Qo,C' C NG
e TP = ala cPehmp?
mmn - v J
their dynamics, e.g. Y/

= —1 [wcv — (p — S )WU - ('?n' - n)wLO - z(p + S )h o Pf] <T£1€':‘1>
—ip M(EL 25y —iM((EESTY = (GhstY) — i) (CERS,) = (Ghe))

m.,n m,n “m.,n

—1 (Tﬁbjz—i—l) —1 <T§1—8Hn> +im Yo <T§1i1n> —in Je <T£1‘;1—1 ’
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For example, in the case of LO-phonon assisted vacuum Rabi oscillations ( E(%&: 0):

00 00 00 00 00
E20/ — E10)—> Eigp |<— E01/<— I
< 10 «— 10 10 10 «— 10 <«—
20 jllTO ﬁ)o/ Ci(fl —> Toz/
11 11 11
PlO/ POO POl/
Pl = (cres)
EOO
Phonon interaction: <— 11 numerically solvable up to
‘l’T “ arbitrary accuracy,
Photon interaction: €— reproducing analytical

T10 -— solutions of the IBM and JCM
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Probing with 8-pulse at 300K:  a(w) x Re

oy

36,4 L

Detuning [meV]
|

-36,4

Absorption « [arb. units]

1.500 1.505

Frequency [fs™']



T

Technische Universitar Berlin

Theory of strongly coupled quantum dot cavity-QED 30.11.2010
-- Photon statistics and phonon signatures in quantum light emission --
Modified Rabi frequency due to phonon cavity feeding Folie: 16

Defense: Alexander Carmele Theoretical Physics

Modified Rabi frequency at the Stokes-position (2):
(temperature dependence weak)

Detuning [meV]
' ]

Absorption a [arb. units]
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Quantum beating at resonance position
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Quantum beating at resonance position (1):

Detuning [meV]

Absorption « [arb. units]

- O A R - R BN L L B S
O.“I"'-"'"-—"'--'l" " T r T ow N e TN 4 v 2 e -

t1ps]

Tef
Impact on intensity-intensity correlation function: g(Z)(t,’T = 0) — —<(<:C$C>C§>

FOCK STATE: Oor———T T

initially one fock photon in o | BEREREE | | R A |
the cavity and an excited QD R A 1
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Quantum beating at resonance position (1) :

Absorption a [arb. units]

Detuning [meV]
| ]

b _r- :'I i _I . T .I_ .;’-
< fiil i ' -
! requency |fs
§ 055y & G 0
o | O - l'.- N = |
~
1 I | I
OO 1 2
t [ns]
: L : : : (2) (cTcTec)
Impact on intensity-intensity correlation function: g (t,T = O) = oz
THERMAL STATE: T T S
SN IS IE I O B B4
for a cavity field, prepared =2 B | NS S | I | SR
initially in the thermal state OIRAANEIVIV VIV A Y
. | Y | i
00 0.5 | 1.5 2
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Impact on intensity-intensity correlation 1 (Ta
function mean value: g = / dt ¢'?)(t,0)
1w Jo
0 - 3K 307 — 300K
2 154 Z 154
3
0 | I 0 L T
0 1} 2 3 0 }i 2 3
1.1 290 0.8 ¢

Thermal cavity field is transformed

into a non-classical field via LO-phonon | mess) Semiconductor environment
interaction ! enforces non-classical light features

1 PRL 104, 156801 (2010)
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Systems, for which the induction method is successfully applied:

J

1. QD as a two-level system with one-electron (photon statistics) !
) 2. QD as a three-level system (quantum coherence) 2

3. QD as a four-level system with two electrons (biexciton cascade) 3

1 PRL 104, 156801 (2010) 2 PSSB, accepted (2010) 3 PRB 81, 195319 (2010)
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(ii)) photon-probability cluster expansion
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QD cavity-QED in the presence of a carrier reservoir Slide: 22
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In the presence of a carrier reservoir, the number of carriers inside the QD is not fixed.

The one-electron assumption is not valid anymore:

(ajajasas) #0

y

Typically, a Hartree — Fock factorization is applied:

(alalazas) ~ (alag)(abas) — (alas)(alay)

But in case of strongly correlated electron-photon dynamics:

(aiagag,aél(ﬁc) =
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Photon-probability cluster expansion Slide: 23
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A factorization approach for strongly correlated systems, the photon probability cluster
expansion (PPCE) is introduced.?

Expansion of observables: pn =(n){nl) P = p,—(n)(nlala,)
o0
ey = D np,  frn = (n)nlala)
n=1 o/
Introducing a modified ~ (nlpln) _ le_ >, Atala,
Hartree — Fock approximation?: Pon = P Z

(In)(nlalabasas) ~ pn{<'”>‘”'a1a4><'”><”'a£a3>—<%a1a3><‘”;‘”‘a;ﬁa4>}

mn n n

=S n){nlalas)(|n){nlalas) — (In)(nlaas){|n)(n|ala
pn{(\ )(nlayas)(|n)(nlazas) — (|n)(nla;as)(| }(|24>}

Q

1PRL 103, 087407 (2009)
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Equation of motion changed due to many-particle contribution? :

@(ai,a.c\n + )y =+i M Vn+1 (po1 — ) —i M1 [

b h re , ~__rh _ .- . ge
8t<ai;a-c"?'1 -+ 1) ('Tl‘) = — J[m fn- fn B (p?l-—l—l fn-—i—l) (pn-—i—l fn—l—l)]
Pn Pn+1

—
— 2 - — | -
1 g (O @ T A O]
/ o |
~0.5F - 054 x S o B i
vl NSNS N 20
Of = == = = | ——— 0¥ ! = = |
o 0 5 10 0 5 10 502, _]
> AN N O ettt 1y < |
g&:ﬂ)o%’/ N ~7 ’S_ | ol— . 1 1
3 7 0sr B 0 05 I 15 2
i h
0 | | | 0O | | | ] 1+fe'f
0 5 10 0 5 10
t [ps] t [ps]

The amplitude of the Rabi flops depends on the number of electrons and holes in the QD.

1PSSB 247, 809 (2010)
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—_ Simulation of an electrically driven single photon source

Inclusion of phenomenological pumping terms:

Electrical Pumping

atfqﬂpump = 5" (on — f5) — ngfreb e
. Cavity loss oton
O lpump = S (P — f1) — Spet 1 "

I

CR

microscopical derived with corresponding interaction Hamiltonian

Pump mechanism and losses balance into a stationary state?!

S 06 — £°(t)
. 0.4 — 8”(0,¢)
= )
e & 0.5
= 0.2
=T}
o "% s 10 10 61323256738
Time (ps) m

1RRL 4, 289 (2010)
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Parameter studies of single QD laser Slide: 26
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Microscopic model reveals: Why are QD very promising single-photon sources? !
Comparison with one-electron approximation (OEA):

15 T T T 17T T T T TTTTT T 15 T T T 11717171 T T T T 1117 T
L OEA
- |—— CR - 1
e __ e L _| L _
OEA: o= f ! !
S =
en en
0.5 - 0.5
CR: e _ fefh I | I
sp Zn Pn
0001 001 01 0.001 0.0 '1""6'.1 |
-1 -
S, [ps ] SinlPs |
Due to the WL, enhanced Pauli-blocking _ Advantageous for single-photon

in the QD states occurs emission in a wide pump interval

1 Semic.Sci.Technology, accepted (2010)
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Microscopic theory helps to reveal advantageous quantum optical properties of
semiconductor QD, for example:

* LO-phonon cavity feeding (phonon induced strong coupling)
* LO-phonon induced anti-bunching of a thermal cavity field

* Many-particle induced enhanced Pauli-blocking enforces single-photon emission
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Theory for strongly coupled quantum dot cavity quantum electrodynamics

-- Photon statistics and phonon signatures in quantum light emission --
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Thermal antibunching with LO-phonon life time

Defense: Alexander Carmele

— 3K
300K

/ﬁ,{/ | |
-
>

| ' I ' ' '
ILO-phonon lifetime=infinity|

JANN

]
0.03 004

NN W s O

g(2)

LO-phonon lifetime=10ps

\//\ \//\u/\\/Avﬁ ‘
0.02 0.03 0.04
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PPCE: general canonical statistical operator Folie: 30
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(|n)( n\a a ) = Z (ni..nn,m| \n)(n\a1L Jra L plng..ny.m)
m,{n;}
o~ Z(nl 'nj_?\\aT Takal (n|pln)|ni..nn).
{ni}
1 1 _ 1 _
Ppn = —(n|pln) = p—(n| ppt @ pet|n) = —(n Z P lm) (m| @ per|n)
n n n -
1

P
= — > pw(nlm)(m|pa|n) = == (nln)pe = pe.
Pn Pn

m



