Emergence of time regimes
in electron transport through a complex nano
scale semiconductor system in a photon cavity
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Microwave cavities have been widely used to investigate the behavior of closed few-level systems. Here,
we show that they also represent a powerful probe for the dynamics of charge transfer between a discrete
clectronic level and fermionic continua. We have combined experiment and theory for a carbon nanotube
quantum dot coupled to normal metal and superconducting contacts. In equilibrium conditions, where our . .
device behaves as an effective quantum dot-normal metal junction, we approach a universal photon FIG. 1. Panels (a) and (b): Scanning electron micrograph of the
dissipation regime governed by a quantum charge relaxation effect. We observe how photon dissipation is microwave resonator and the quantum dot circuit. Panel (c):
modified when the dot admittance turns from capacitive to inductive. When the fermionic reservoirs are Principle of our setup. The dot level is tunnel coupled to the N

voltage biased, the dot can even cause photon emission due to inelastic tunneling to/from a Bardeen- and S reservoirs and modulated by the cavity electric field. Panel
Cooper-Schrieffer peak in the density of states of the superconducting contact. We can model these

(d): Current through the S contact versus the effective gate
numerous effects quantitatively in terms of the charge susceptibility of the quantum dot circuit. ltage V. and the bi ltage V
This validates an approach that could be used to study a wide class of mesoscopic QED devices. voltage V, and the bias voltage V.

Coupling to external fermionic reservoirs. . .,

Photon pumping, (N,) ~ 120 ...



Transport of electrons through dots in a photon cavity
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Equation of motion
Liouville-von Neumann
W = LW, LW = —%[H, W]

H = Hg + Hyr + Hr(t), Hs= He+ Hpm

2m*

1 /dQTj(r) A - —— /d% p(r)A2
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Quantized cavity field

TEi01, y-pol.
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Projection on the central system

Reduced density operator
ps(t) = PW(t) = pLr (0)TrLr{W(?)}

Liouville-von Neumann =- Nakajima-Zwanzig equation (to 2nd
order in Hr)

Ops(t) = Lsps(t) / dt'K[t,t —t'; ps(t)]
with
K[t,s;ps(t')] = Tror { [Hr (1), [U(s)Hr(t U™ (s),
Us(s)ps(t)US (s)pLpr]] } (1)

and

() = Yx(t) [ da {Thclyds + (T dlca} )
il




Spectrum of closed systems, y-polarized cavity photons
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Rabi-oscillations seen in transport current
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Charge density oscillations

t =10 ps

t =60 ps



Questions

What happens beyond 300 ps?
How long time is needed to get 2 electrons into the system?
Steady state?

Several couplings — different time-regimes?

Time-integration not feasible
Consider Markovian instead of non-Markovian system

Continue with no rotating wave approximation

Start with short quantum wire without embedded dots




Spectrum of closed system vs. plunger gate voltage V,
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Nakajima-Zwanzig
Op = Ls|p] — Alp]

with

Al = 35 32 [ da (o) s Q0] + )

where,

Qult) = [ ds x(5)Us(t = ) {mp(s) 1~ fu)

—p(s)Th fur } U (t = 5)elte=D




Change of variable t — s — &/, set p(t — s) — p(t)
use
t
/ dsexplis(E, — E, — eq)] = 10(E, — E, — €q)
0
and

/ dqA(q)5(Ea — Eg — eq)) = / de(dq/de) A(c)5(Ea — Eg — ¢)
= AP D*P

xi(t) — 0(t)




Leads to

Qag = {R[p]ag - S[p]aﬂ} éﬁa
Rlp) = prfr!, Sl ==(1-f)r'p

Introduce

App =6 =5(Ey — Eg — €)
to obtain

oA

= /DAQ/\Q/\GBUﬂdé
(3
z- / pA{ Slo)) ©dAT} B
/]\

Hadamard product




Fock — Liouville space

Use vectorization and Kronecker tensor product
vec(AXB) = {BT ® A} vec(X

dim(Fock-space of states)~ N
— dim(Liouville-space of transitions)~ N2

Markovian equation of motion

8t pvec vaec

where
; 4
L= {_h(I®H —HT®I) +Z(3i13i2 +x¢1%i2)}
i=1
and
341 = (—1)iF? f(]@Dr) Diag (dAT), i = 1,2 X = (—1)itl f(DTT ® I) Diag (dA), i = 1,2
350 = (—1)iF1 f(DT®1) Diag (dAT), i = 3,4 Xy = (—1)i+? f(f ® DrT) Diag (dA), i = 3,4
. 3i2 = fDlag(dAT)(RT n,i=1,3 o = fDlag(dA)(I@ RT), i=1,3

in = fDlag(dAT)(I®S) i=2,4 o = fDiag(dA)(Sc ®I),i=24



with solution

p&(t) = [U exp (Laiagt) V] p57(0)
where

LY = VLiag, UL = Laiagd, UV =VU =T

Steady state can be found as the eigenvalue 0 of
0= Lpg™*

but we use
tlggo [U exp (Laiagt) V] p5~°(0)

Here, N = 120, ‘/g =-1.6 mV arxiv:1610.03223
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1.2

0.8

0.4

0.2

Mean electron and photon number

9gM=0-050 meV . ' '
0Em=0.025 meV ——
" Oey=10°meV  —— 1
1 100 10000 1x10%®  1x10® 1x10'® 1x10'
t (ps)

3
oigeae® arxiv:1605.08248, Annalen der Physik, in press, doi:10.1002/andp.201600177


arxiv:1605.08248
doi:10.1002/andp.201600177

- . ' 6
08 i3y —— \ E
s 3
= L 15) J
5 R g —
g 9 —
8 04100 — / ]
o 1) ——
| [12) ]
0213 J
0 . . _ < .
1 100 10000 1x10° 1x10® 1x10"® 1x10'2
t (ps)
1 ] — T T T T
2§ _ gem = 0.05 meV
08 i3y —— 1
5 3
S 5 ]
g B o
g 9 —
8 04fj10) — 1
O 1) —— 7
| ]12) 7 ~ _
02 12 /\
0 ' : \ '
1 100 10000 1x10® 1x10® 1x10"® 1x10'

t (ps)



w

Yy — oog®8

2.5_52 ]::EEE:: 7 2
—~ 27E o
Z sl " Sl =
/Zi, 1l Ldd i E
= 05} P
3 o O <

o | I A B O O

_1 oa ) . ) . ) }

1)
2
0.8-33
5 el
S L5
5 06 |2
3 04—%)
8 11;
L |12
02 113
0 ) < 12,13, <
4‘1 1 100 10000 1x10®  1x10® 1x10'0 1x10'?
e t (ps)



Different initial state: 0, 1, or 2 Different cavity photon leakage
photons
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Spectrum of the Liouvillian
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Current into/through the central system

Two parallel dots
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Zoom in Partial current
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Conclusions

B We can analyze the long time evolution of
complex open systems

B We can identify regimes of different
types of transitions (relaxation channels),
electromagnetic, non-electromagnetic

B ACS Photonics 2, 930 (2015)
B Annalen der Physik 528, 394 (2016)

B arxiv:1605.08248, Annalen der Physik, in press,
doi:10.1002/andp.201600177

B arxiv:1610.03223, (method, technical...)
arxiv:1611.09453, (current into and through)
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