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Repetition

Optical Stark effect of a two-level atom in an electric field
1 .
E(t) = 58(w) (e +c.c.)
Interaction with electric field

Hine = —dE(t)

Evaluation of time-dependent coefficients a, in
Y(r 1) = ap(t)e " h(r)

Found coupled differential equations;

d .

ih% = —5(t)e_'621td1282
d .

ih% = —5(t)e_1621td2131

3/32
Repetition

Only resonant part w — €1 (rotating wave approximation).

Resonance (w = €21):

2 2

. [d21 €]
F = —732 with WR

Splitting of energy niveaus:
WR
€ — €; + 7
With finite detuning v = €51 — w:

1%
€ — €0 — — =&

1
2 T2V Tk
v 1 >
61—)61—|—§:|:§\/V2—|—WR
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Repetition

Three possible transitions:

‘ €, 0,/2

81 A/”,/" 2 R
N T €, - W,/2
Y g+ W,/2

82 | "”,/" 1 R
N g - W,/2

Figure: Splitting of energy levels in a two-level atom in a
resonant electric field [Haug].

Two-level atom in 2. quantization

Two-level Hamiltonian:

H = Z hqa}aj — [dglg(t)a;al + h.C.} (1)

j=1,2

with coherent light field £(t) = £,e~/“pt.
Time-dependency via Heisenberg equations.

Polarization P = <3J{32>2

dP _ id>1
= < — 2
1 ieP + p E(t)(1—2n) (2)
Density of upper state n = <a£a2> —1- <aIal>:
dn | .
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Two-level atom in 2. quantization

Neglected Damping = completely coherent process

Conserved quantity:
K=(1-2n)?2+4|P]

with initial conditions n =0 and P = 0:

nz%(liW) (4)

density fully described by polarization
(only true for virtual excitations)
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Two-level atom in 2. quantization

Fourier Transformation
Pw) = [ de Pl

Set of equations in frequency-space

(=) P = =228, (5w — wp) — 2(w — wp)

(~o = )" = =L, (5w +wp) — 27(wr + )

~ 1 * ¢ D D*
wn = ];L (d2lgpp(w + wp) - d2].gpP (w o wP))
Solving homogeneous part:
(w — wp) [(w —e)(—w— €+ 2wp) + 4“’%?] =0 (5)
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Two-level atom in 2. quantization

(w —wp) [(W —e)(—w —e+2wp) + 4W2R] =0 (5)

Resonant Part (w, = €):

€ +2wg
w=1{K€
€ —2WR

Finite Detuning v = € — wp:

e—v +4/V2+ 4w’

W = €E—V

/ 2
e—v —4/V?+4wp

Excitonic Optical Stark Effect

Introduction

(7)

~Mollow triplet”
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m Optical Relaxation has short characteristic times in

semiconductors

m Examination of coherent effects needs femtosecond laser pulses

m Bound states as excitons have longer characteristic times

(picoseconds)
m First obeserved in 1980's
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Excitonic Optical Stark Effect

Configuration

Two time-resolved pulses:

Ep1robe kp

E pump kt

Figure: Pump-Probe Experiment [Haug].

m Strong detuned pump beam
m Short probe beam at resonance

m Measurement of change in absorption da = ap — app
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Excitonic Optical Stark Effect
Quasi-stationary approximation
Consider only the pump beam
Later: probe beam as perturbation
Semiconductor Bloch equations:
dP .
d—tk = —IekPk — (1 — 2nk)wR,k (8)
(1nk ; % %
E =1 (kaPk — WR,k'Dk) (9)
with
h? k?
hek =h (ee7k + eh’k) = E + W — 2; Vk_k/nk/
1
Wr k= 3 (devE(t) + 3 Vik—q Po)

q#k
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Excitonic Optical Stark Effect

Quasi-stationary approximation

Analogically to two-level atom (same conserved quantity K):

nk:%<1i\/1—4]Pk|2) (10)

Solving Bloch equation adiabatically with £(t) = E, exp(—iwpt)
and

Pi(t) = pi(t)e™"“?" ~ pre™ ",
Adiabatic solution:

1-2
p, — L= 2MJwr (11)
€k — Wp
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Excitonic Optical Stark Effect

Quasi-stationary approximation

Add weak probe beam &; exp(—iw:t)

Small change in polarization Py — Py + 6 Py:

4
dt

/ 5Pk = 5ekPk + ekéPk + 25nka,k — (1 — 2nk) 5w/.'\>,k (12)
with
dex = 2 Z Vic_kdn
k — A k/ k—k' Ok’

5 Pk(SP;—I—P;(st
n,L =
k 1—2n,

d, - 1
5wR,k = %gte_lwtt + ﬁ Z Vk—k’(S'Dk’
k/
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Excitonic Optical Stark Effect

Quasi-stationary approximation

d
1'55Pk = 0exPx + exd Py + 25nka,k — (1 — 2nk) 5wR’k (12)

Eliminate time dependence of pump field (Py = p,e~/“rt)

.d
/aépk = deypi + (ex — wp) Opk + 26nkwr k — (1 — 2nk) dwr «

(13)
Redefined change in Rabi frequency
d, VE o
Swrk = ——re'A 4 Z Vi—krdpis (14)
with A = wp — we.
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Excitonic Optical Stark Effect
Quasi-stationary approximation
Solve with
dOpx = 5p,‘fe"At - 5p,:e_iAt (15)

(Px and n, must be known)

cSp,J(r contributes resonant part.
(Only numerical solvable)

— susceptibility and absorption spectrum
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Excitonic Optical Stark Effect

Quasi-stationary approximation

absorption {arb. unifs)

Figure: Calculated absorption spectrum versus normalized
detuning of (hw: — Ez)/Eg for a pump detuning

(Eg — hwp)/Eo = 10 with I, =0, 7.5, 30 MW/cm? from
left to right [EIl].
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Excitonic Optical Stark Effect

Dynamic results

Now: Take dynamic effects into account.
5(/’, t) = Ep(t)e_i(kp""‘Qf) + 5t(t)e—(kt-r+§2t)

Bloch equations in linear order (ignore terms O(n - P)):

0
h [’E - ek] Pe=(2m —1)de,E(t) = ) Vik_qPq  (16)
a7k
)

ek = i [du () Py — c.c] (17)
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Excitonic Optical Stark Effect

Dynamic results

Transformation to real space:

ih%P(r) = HenP(r) + do, E(t) [2n(r) — 6(r)] (18)
h%n(r) = i[de,E(t)P*(—r) — c.c] (19)

Wannier Hamiltonian:

h2 v2

2m,

Heh = €g — — V(r) (20)

Find equations in orders of the Wannier equations
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Excitonic Optical Stark Effect

Dynamic results

/dr w,\(r)ih%P(r) = /dr Ya(r)HenP(r)

+ [ dr un()de () 20(r) - 6(0)
/dr ”gb,\(r)h%n(r) = /dr Yx(r)i[de E(t)P*(—r) — c.c]

= equations closed in \:

ih%P)\ = he\Py + dcvg(t) [2n>\ — w,\(l’ = O)] (21)
h%m\ = id., E(t) Py — id., E(t) Py (22)
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Excitonic Optical Stark Effect

Dynamic results

Eliminate time-dependency of electric field and reduce to
s-functions by Py = v (r = 0)e p,.
Introduce damping ~, I and wy = ¢x(r = 0)(1 — 2n)):

) .
5P = lilex = 2) + 9] pa
.(1cv —IKpr —IK¢t-r
+ i [5,,(t) kot 1 g, (t)e ke }WA (23)
0 2dcv —j —ikg-r *
o = —T(wy = 1) = i=2 | E,(t)e T 4 Ex(t)e e | p3
2d* * ikp-r * —ikyg-r
+ i | E5(e)erT 4 £1(8)e T py (24)
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Excitonic Optical Stark Effect

Dynamic results

Short probe pulse:
Er(t) = Eo(t — ty)
Measurement in probe beam direction:

X elkt'r

Now:
Solve py for this setting.

Weak probe pulse = First order in &;
Only first order in py = Need second order in &,
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Excitonic Optical Stark Effect

Dynamic results

Integration over equation of motion yields:

pa(t) = f%5te‘”‘f"e‘["(q—QH’”“‘“)WA(tt_)@(t — t)
t
+i%e‘”‘f’" / dt’e =ttt g, (¢)w,(¢')  (25)

A 7

~~

pa(t<tt)
wy, contains a part < e'ker for t, <t < te, .
i(kt—kp)-r

Polarization shows terms o< e

= scattering of pump beam in probe direction possible.

23 /32
Excitonic Optical Stark Effect
Dynamic results
Same analysis for wy(t) and recursive inserting provides:
pa(t) ~ i%gte_ikt're_[i(Q_Q)+7](t_tt)WA(tt_)@(t — t;)
dz i(ke+k
275 e kol s (1, )
X /tdt’e‘[’(GA‘Q)JFV](t‘tf)e‘r(t"tf)é’p(t’)@(t —t)
tt
2 . t . /
— izciliCV |d};‘£| gte—/kt-r/t dt’ e lilex=2)+7] (¢t )gp(t’)
t/
< [ ave g Ene o 06 (- b
(26)
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Excitonic Optical Stark Effect

Dynamic results

Transformation to Fourier-space:

Py(w) = / dt &Py (1) = / dt @Dty (¢)
:/ dt ei(w_Q)tp)\(t—i— tt)e—i(w—Q)tt
0

5t(w) — /dt eiwté't(t) ~ gtei(W—Q)tte—ikt-r

Calculate susceptibility:

) = g (27)
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Excitonic Optical Stark Effect

Dynamic results

Slow varying pump beam:

-~ 2dcv |dcv|2 1 /OO dt ‘Ep(t + tt)lz e—[i(q—w)—i—v]t
- h R w—Q ) v —i(w—¢€y)

oxA(w)
(28)

Differential Absorption:

So(w) ~ |dev| 2 S [/ dt |Ep(t + tt)] o—lilex—w)+1]t
0

4 Q — ey v —i(w—€y)
(29)
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Excitonic Optical Stark Effect

Dynamic results

Constant beam &,(t) = const.:

1 {
alw) o« — |5p|2 2'7(€>\ — cu) (
o) ex— Qp [(ex — w)2 + 72 (30) N

Differential Absorption

-10 -5 0 5 10
Normalized Detuning
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Excitonic Optical Stark Effect

Dynamic results

_<t—tp>2> titp

202

120 fs Gaussian pump pulse £,(t) = 80e(

500

L
0.4

500 -

Figure: Differential absorption versus normalized detuning
(w—e€x)/o for ty = tp.
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Excitonic Optical Stark Effect

Dynamic results

Short pump pulse:
— Consider whole susceptibility

() = %0
W)
A hoy—i(w—ey

2|dCV‘2 & dt’ [i(e/\—Q)—’y](tt—t’)g* /
- t e ()

(e

2 )
X / dt ell=D=Tlte (+ 4 1)
0
|dCV‘2 ~ i(w—Q)t
—2 dt e Ep(t + tr)
2 Jo

t _ )
></0 dt/ e—r(t—t’)e_[l(E,\—Q)+’Y]t 8;(t/—|—tt):| (31)
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Excitonic Optical Stark Effect

Dynamic results

Differential Absorption
> _'g_,_

Normalized Detuning

Figure: Differential absorption spectrum with probe pulse
before pump pulse. Starting from bottom with 500 fs
delay in 100 fs steps [Haug].
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Excitonic Optical Stark Effect

Dynamic results

ABSORPTION

810 808 806 804 802 800 798 79 794 792 790
WAVELENGTH (nm)

Figure: Experimental Absorption using 400 fs pulses for
different pump pulse intensities[Schaefer].
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