Dielectronic recombination
In the time domain
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Dielectronic recombination

Dielectronic recombination:

Time reverse of auto ionization (Auger decay)
May increase the capture probability by orders of magnitude
Dictated by the structure of the system
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Dielectronic recombination

Radiative recombination — »

D Nicoli¢ et al, Phys. Rev. A 70, 062723 (2004)



The system
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Possible realization: Quantum dot embedded in a quantum wire

From the website of Dr. Bert Lorenz',
Ludwig-Maximilians-Universitat Minchen




The system
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Interaction: Regularized Coulomb interaction with transversial degrees of freedom
integrated out; __ 1
W(x12) =

X, + (18)?

Confining potential (Qquantum dot): Gaussian

- x2
V(x) = —Dyexp (——2)
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The system
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For GaAs:

Length unit: ~ 10 nm
Energy unit: ~11 meV
Time unit: ~60fs




Resolve the dynamics by solving the relevant dynamical equations



Resolve the dynamics by solving the relevant dynamical equations

Why explicit time dependence?

- This is a dynamical process; this is in fact the proper framework

- Examine the buildup and decay of the population of resonant states
- No need for scattering states

- |t's fun
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Finite probability for «kknockout»/«lonization»

Probability
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Final probabilities
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The resonance peak in the reflection coefficient
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Identify doubly excited states by complex rotation,

X - xe® 0<0<45°
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Identify doubly excited states by complex rotation,

X - xe® 0<0<45°
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Photon Capture

Guess what: The resonance dominates
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Photon Capture

Guess what: The resonance dominates
Why?
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Photon Capture

Guess what: The resonance dominates

Why?

/ / / |\I’2 223’1,.132, )|2 d.il?1d£2§’2 dt



Exponential decay?
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Exponential decay?

0.6

0.5¢

0.4+

0.3+

0.2+

0.1

o o . 2
f-zz o f-zza | ¥, (x,%55 )| dx, dx,

20

40

Time

100 L

_Fres t

20

40

Time

60

80

100



Capture: How?

Capture rate according to Fermi's golden rule:

d
=Py~ QWZ (D, 1| Hy [Winie, 0)]” 6 (Bunie — (e + w(k)))
k



Capture: How?

Capture rate according to Fermi's golden rule:

d 2
Py~ 2 Z [{( @y, 12| Hy [Winit, 0)]” 6 (Binis — (e + w(k)))
k

Slightly modified: \

d

O 2y ( @y, 17| Hy [9(1),0)]° 6 ((B) — (e + w(k)))

k

Probability:

Pcapture — Z/O Pb(t) dt
b



Capture: How?

Capture rate according to Fermi's golden rule:

d
P~ QWZ (D, 1| Hy [Winie, 0)]” 6 (Bunie — (e + w(k)))
k
Slightly modified: \
d
k

Probability: e

®© / " Bound states:
Peapture = E P, (t) dt N Imaginary time; ¢ — —it
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Capture: How?

Photons or phonons?
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Capture: How?

Dispersion relations
Photons or phonons?
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Capture: How?

Photons or phonons?

photon
HI

h k s AR 1wl AR
jyPhonon z CL-*GMT—}—CLJLG ik-T
I k k
- ®

0.05
o #* » P & & B 0 0¥
0.05 g’% T g’@
=W +$v +* v
0.1} »’vv N
~ 015" “a'v £
o) v 0=10° + v +
E g5l +4 v 2
- 4 g=15° 4 v
025} -20° ta v
* =20 e
03 Thresholds v
+ A
v
-0.35¢ + & v
04 . . ! | LA
-4 -3.5 -3 2.5 -2 -1.5
Re(E)
—— Total
/N T Negative parity ||

Positive parity
o Resonances

0.8

06¢

0.4

02¢

~
—~

Capture probability (arbitrary normalization)

Probability (arbitrary normalization)

21 2
Energy

2.2

-1.9 -1.8



Problem




Problem

Huge grid




Problem

Boring stuff



Problem

Complex absorbing potential?  V'(z) — V(z) — i['(x)




Problem

Complex absorbing potential?  V'(z) — V(z) — i['(x)

Eventually: ~ Wo(x1,22;t) =0




Problem

Complex absorbing potential? V' (x) — V (z) — il'(x)
Eventually: ~ Wo(x1,22;t) =0

Feed a 1-particle Schrodinger equation?




Problem

Complex absorbing potential?  V'(z) — V(z) — i['(x)
Eventually: ~ Wo(x1,22;t) =0

Feed a 1-particle Schrédinger equation?  NO




Solution: The Lindblad equation

Markovian
Preserve trace and positivity manifestly

G. Lindblad, Commun. Math. Phys. 48, 119 (1976)

V. Gorini, A. Kossakowski, E. Sudarshan, J. Math. Phys. 17, 821 (1976)



Solution: The Lindblad equation I

d
Zd_p = [H, p|] — nykl ({a’ka’l p} — 2a,gpa,};) = Hegp — pH off + QZ’}% lalpa}; \

k.l /

Source term
Slpn| = 2i Z F(:ck)ckchL
k

S. S., S. Kvaal, J. Phys. B 43, 065004 (2010)



Solution: The Lindblad equation

.d
’&—tp = [H, P] — E Yk, 1 ({a};azap} — 2611/0@};) = Hegp — pHgﬂ? + 2 E ’Yk.zazpa};
k,l k,l

Wo) (Wy|, Uy = Heg oWy

Heg1p1 — legﬂ‘?l + S| p2]
Slp1l,  (po =1 —Trps — Trpy)

S. S., T. Birkeland, S. Kvaal, R. Nepstad, M. Farre, J. Phys. B 44, 215003 (2011)
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How many particles are there on the grid?
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How many particles are there on the grid?

R = lim Trpt ()
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Another application of the same formalism

idths
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The Lindblad equation gives

iy = HgUy
IPN—1 = [Heﬂ'"apN—l]+QZF($IC)CI€|\D2><\IJ2|CL
k
which, in turn, gives
d
_Pres — _FresPres
dt
d
—bF, = I'pPres
ST b
provided that
2
Pres = [(Ures|Un(1))]
Py, = (Pplon-1]Pp)
Ty = > T(wx) |(Polck|Tres)|’
k

S. S., Phys. Rev. A 85, 062518 (2012)



The Lindblad equation gives

iVy = Heg¥y
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k

which, in turn, gives
d
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S. S., Phys. Rev. A 85, 062518 (2012)



The Lindblad equation gives

iUy = HpgUyn
iON—1 = [Hesr,pNn—1]+2 Z F(ﬂi’k)ck|‘1’2><‘1’2|c};
k
which, in turn, gives
d
_Pres — —FresPres
dt
d
—bF, = I'pPres
1 b b
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2
Pres = [{(Ures|Un(2))]
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Trace conservation => ZFb = [l

S. S., Phys. Rev. A 85, 062518 (2012) )



-Can use CAP-s in order to identify resonances
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-Can use CAP-s in order to identify resonances

U. V. Riss, H.-D. Meyer, J. Phys. B 26, 4503 (1993)
R Santra, Phys. Rev. A 74, 034701 (2012)

Better(?): Exterior complex scaling
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-Can use CAP-s in order to identify resonances

U. V. Riss, H.-D. Meyer, J. Phys. B 26, 4503 (1993)
R Santra, Phys. Rev. A 74, 034701 (2012)

Better(?): Exterior complex scaling
o r < Ry
T_>R(T)_ { Ro-\-(?‘—Ro)ew, r > Ry

iy = f d®r (xr(r))” [—5111(29) ?V2+ImV1(R( ))} xi(r) and

21

Voars = f f dr dr' (xp(r))" (Xq(r')" Im Va(R(r), R(r")] xr(r)xs(r)
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Brief summery

e Resonances do indeed play a crucial role — both
In scattering and capture in a quantum dot

 Facilitates putting electrons into quantum dots?

 However: For phonon capture this dependence
tends to be washed out by strong energy
dependence in the interaction.

* Methodwise:
Absorbing boundaries -> the Lindblad equation

» Application of the same formalism:

Compact expressions for partial widths >

ry norma
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