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Excitations, responses and backactions in
nonlinear photo-excitation processes of

low-dimensional semiconductors
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Part I

Two-Photon Absorption Spectra of

Low-Dimensional Excitonic Systems

Akira Shimizu

Institute of Physics, Univ. Tokyo, Komaba, Tokyo, Japan
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Experiment :

K. Fujii, J. Bergquist, T. Sawada (Canon Res. C.)
H. Sakaki (RCAST, Univ. Tokyo)

R. Cingolani (Univ. Lecce)

M. Lepore, R. Tommasi, I.M. Catalano (Univ. Bari)

H. Lage, D. Heitmann, K. Ploog (Max Plank Inst.)
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What is the problem?

One-Photon Absorption

EVOPA = gf—zr" > |(f|V|9>|25f(hw)J

f

where

V' : photon-electron interaction

Sy : line-shape function of the final state

Two-Photon Absorption

27
rWTPA = ZI f|V(2)|g)|2Sf(hw1 + hws)
f

u'v(Z)lg) — [( |V2|ﬂz(h(|jj1|9> + (1 N 2)]

where
Vi : V of hw; beam
e What form should be employed for V7

e How to perform the summation over intermediate

states?



TPA near half the direct-allowed gap
e For hlwl ~ hwe ~ Eg /2,
E,J, — hwi > EG/2

Hence,

(flv(2)|g) — Z [(szlﬂ)(#lVllg) +(1e 2)]

F -—hw]_
o= 30 U Valu) (ulVilg) + (1 e 2)

;lf)(/hi ) g
T [(fIV2Vilg) + (1 & 2)]
G

Valid when Eg > exciton binding energy

i e e b

[\ Wrpa =~ hEé Zl (fIVaVilg) + (1 & 2))°

— X Sf(hwl + fiwg)

-
N-‘H-- «ﬁ_‘

Needs no information , intermediate states!
—bfWe can tilser 0 realistic m&w{

= | Gan “creat exdtvmc w«u&s bo&-.

d.S(h& anJ Comtl nuwn Stn‘tu
LCQV\ <yeat dmen;:on& CJOSSD\IBY .

Restriction & 10, ~ hida ~ Ea/2.




(- d = O/ 1) ?'l 3
A Quasi-d-Dimensional Semiconductor

= a QdD well region surrounded by barrier regions

ze (€ =1,---,d) : unconfined directions
Ly : a normalization length

zc ((=d+1,---,3): confined directions

x)

L : the well width "~
———n s
X3 LLI

._é- A Quasi-d-Dimensional (QdD) Exciton of Wanne
z 1 pe
é “ Lattice constant < L, < Exciton Bohr radius:
o ®5F = UP (7o) — Thyy) balFer) d5(FhL)
5 |
.{m B-th v-subband envelope function !
%" (’ a-th c-subband envelope function
3

d D rela,tlve Il’lOthIl n the unconﬁned plane

<For high barriers, ¢o,5(71) =[], ¢ac,ﬁc (:cd)
TP o) = 2o 5 FIRS R 15 (- R F e - IR:)




One-Photon-Absorption (OPA) Spectra

d dme?| AJ? d) (d
TR SN

Band part : b = |(c|¢- Flv).|?

Ew\ue(ope Partfgf.(,d) = (L1 +Lp)* 32| (Baldp)]?

X Z TSP (7 = 0)|% S2# (hw)

€ : Bolarization vector

hw : photon energy

A : vector-potential amplitude

5% : lineshape function of the aﬁy exciton
(clé - Flv) L : interband matrix element

when k — 0 along the confinement directions.

[é dependence arises only from ( |e D |v) i !




One-photon-allowed gap at the I' point

L/
| g

-

Nondegenerate case:

The band parameters are %
(1) isotropic (if they are isotropic for d = 3.)
(ii) d independent

— Isotropic OPA spectra.

Degenerate' case: G‘uAS y AQ&QA,S ) Mc.

Low-dimensional confinement lifts the degeneracy,

so that the valance band parameters become

(1) anisotropic \ /
i) d dependent th
(ii) d dependen m{&

_ . TN
— Anisotropic, d-dependent OPA spectra.

However, even in the absence of confinement,
anisotropic perturbations induce similar anisotropic
spectra! (G.E.W. Bauer and H. Sakaki, 1992)

[Anisotropic OPA spectra # Low-D conﬁnement'

OPA Spects® pyY iIL Q polr pkobe ol c(tmensionalhy




TPA Spectiosiopy I o Sensitwve probe f d{"\e"-“"’"“""’(}

The General Formula for the TPA Rate
Band par<

64mhet| A1 Asl? 47.«1 d
Wi, (9 = Ul AL Al S plogw
0 G v=hh,lh 4

Ewe(ope part
(a) When ¢ || ¢ (an unconfined direction),
clpe|v) 1 |?
B’l(ld) — |( l §|2
|
G(d) (LJ_ +LB d— 3Z|<¢a|¢ﬁ |2

2

1'”) S‘,}‘B(hwl + hwg).

THZO

(b) When ¢ || £ (a confined direction),

B _ l(clpcv)
“'vJ_

G@ = (L, +Lp)* 3Z|(¢5a |¢ﬁ)|

W

X Z ljcjﬂ(r“ = 0)| 28%P (hwq + hwa).

\ Strong anisotropies from the envelope part! ‘

—— Direct evidence of the confinement

LON‘-B Con-(-?hemeht = LDH‘ZT D elﬂ\lc.lol)e -Lumc'\:t'o\q



TPA Intensity (Coelge part]

"= (0wt fa assuned for ol discrete lonel
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Fig. 1. (a) Two-photon absorption photoluminescence
excitation spectra (TPA-PLE) in £z and Elz
polarization configurations for the sample A. (b)
One-photon absorption photoluminescence excitation
spectra (OPA-PLE) for the samc sample. Dashed
lincs indicate transitions occurring at the same cnergy
in both the spectra (ls state). Continuous lines indicate
bluc-shifted transitions involving cxcited cxcitonic
states in the TPA-PLE spectrum.
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CYPTEIMENE -
OPA anp TPA SPECTRA o a wide QWR

R.Cinzow' M‘\‘M‘ R‘TOMMN:, IQM. Cﬁtﬂ\ﬂm' H\ D- ﬂe\.tﬁl\q LUW
k. Pooy, A Shimizu, H. Salaks, T.Ogona, Boys. Rev. Ltk 7 (1992) f21¢

T=10K .
PL detection at Eﬂ = 1.55¢ eV
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Excitons in the Intermediate Regime

| Assume z confinement is strong enough:
L? < L and o* <L [ar,fgz)]2

When L, is large .... Q2D exciton With a

quantized center-of-mass motion (Q2’'D exciton)

T e e e b e, bt

e\q‘t\we noou |
J——— ~
- gN(Y) U'r(zfr)z (CL‘, Y; [az; ﬁz])éaz (ze) ¢ﬁz (zh)

Ak.. Cénteyr- 0(-\vna.ss Irvo‘s(.gh
When L, is small .... QID exciton:

\szzm)]\; (Fea Fh; [az; Bz]){ QB X

‘I’;? (’Fea Th; [aya az; layy Bz])

= U0 (53 [y, a3 By, B]) 4= LD relersve mete

X fay (’ye)jﬁﬂy (Yn) Do, (2e) D3, (21) |

g\abbqnés o
For intermediate values of L, ... Qi1-2D

pE A

T .
e i

exciton

P-2 o Z’ cWy @) | Z’ o@) @)
T Ty

L_/

sum ouey tha Statos with the Same par:t‘ies
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OPA and TPA rate of a Q1-2D exciton

wl-2) ~ con;stant‘x IZI C(l)\/G(l)B(T)

+ Z' 0(2’)\/0(2')3(2'>|2 ,

where

GV = Q1D envelope part,

.2 _
Y

NOT See
Since we have assumed L2 < Lf,, N= eve h\
States \wn
B2) ~ B@ Qither OPA
WY TPA $‘7?(1M

Hence,

Lk A TP T L D T

- e R R - 0L ke w s !
/ 3
WQ1=2) ~ constant x B'? |Z CcW G

[
]
1 2 i |

s

VL,

+3 @)/ / G (Y)Y

AP

J e



OPA in the intermediate regime
(L2 €Ly ad o2 LE« [ad®]*)

> cW\GELa
’ 1
+Z’C(2)\/Gg}3A\/IT/gN(Y)dY
Y

W(()l}::) ~ constant x B

5

e Almost isotropic in the zy plane.

¢ The oscillator strength becomes insensitive to the

state mixing. —— No sharp dependence on L,,.

The OPA spectrum becoihes similar to the Q2D\
l - )

spectruin. *

TR R o I s T Y LT UL S S PPt St et & ooy ol eg £ 2308

24



TPA in the intermediate regime

(L Ly and Q2 L K [as(”]z) |

/ . 1
Y CMVGEL,

+Y 0(2’>\/G§?},A\;_ng(Y)dr .
L NO x1Y QmSotﬂ)Pr

e The spectrum is very anisotropic for small L,, (for

—

Wq(}}.fAz )~ constant x B®

which C?)’s become large), and almost isotropic

for large L, (Where C#)’s become dominant).

° The spectrum varies drastlcally, in both a,msotropy

and osc111ator strength as a functmn of Ly,.

L&
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Lowest (-+) state

TPA oscillator strength (arb. units)
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Concluding Remarks 06 (ZC{ bort T,

® SiI_Iiila.r crossover effects will also occur in quan-
tum wells and boxes when they are not small

enough.

e Imperfections in their structures can also induce

. . W
a similar effect. ! <

e OQur argument relies completely on the exciton !

effects:

Without exciton effects
— No length scale ag)

— No qualitative change when L, varies.



Photon Absorption in Divece -Allowed- Gup Semiconductors

Ore-Phowm Absorprion | Tuo-Photon Absorption
Ww~Ee = | W~ Eg/2

Bulk crystal
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do, PR, 65 (19)l508



\(fm‘{‘\, A.Sh{m\‘zurj Berg‘anutst , T Sa\mola |
Phys. Rav. LML 65 (1990) 1808 |

A N\
/&
ClL1;15 g -

el Io-Idl

Q/

1
o

(F =290 K/em) veet o

(65) vil @ 4p
(40) ve3 o

oe3(a)-a3(0)  (eLprnuL nuyre)

Ol (V) — 0@(0)
b

am & .
..» Wee M o« G 1f
agw o G p—
® o
4?‘ i i 1 A 2 L 2 N L 20 i 1 2 'y
Ce.I Ov.I 8d.1 090.1 bo.I Lo.1 OB.P

(muy) dignsisveW

Photon EV\QYOG»;/



Photon Abfvrvﬁom i

DiYCC.t" G_*a F §€wt \Comn cl UCtovs

J

4

4

QW €/ layers o

11 .
ATt

|

Ore-Photen Absorpsion | Tuwo- Photon Absorption |
+w ~Eg | w~EBe/Z |
Bulk crystal | | |

'H\QD%CQQ 17 48 "(':ons'

0P8 CROSILH

g"]qm_ - _‘L:oo-

| | :
r d\anaas ae |

Observed
move de.S‘&C ra YA

N

Quantam- Cov\fined Stork. E«cht
(QACTE\ Ml 4d (W94

7

G CSE o TPA
A Shimzu . PR B40 (1a39) 1403



Summary of Part |
OPA and TPA of low-D excitonic systems

1. General formula for QdD excitonic sys-

tems

e Sum over intermediate should be taken carefully.
e TPA spectroscopy is much more sensitive probe
of the dimensionality than the OPA spectroscopy.
e Agree with experiments on quantum well struc-

tures.

2. Theory of dimensional crossover effects

e Drastic changes of TPA spectrum as the lateral
confinement size varies across the excitonic Bohr
radius.
e Explain a puzzling experimental result on a wide |

quantum wire.
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rart Ll
Quantum non-demelition photodetec'tof
composed of a quantum-wire
electron interferometer

Akira Shimizu

Inetitute of Physics, Univ. Tokyo, Komaba, Tokyo, Japan

. Motivatlon .

. Quantized radiation fleld.

. What is QND measurement?

. QWR interferometer as a QND photedetector.
Backaction of the measurement. |

Measurement error.

R IR

. Concluding remarks.
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CONDENSED-MATTER PHYSICS
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OPTICAL PHYSICS



Classical .
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Measurement of Photon Number

Demolition Detectors : Proboys(n) # Probi,(n)

Q) /\—) D Neur = O

Tin B3 Neor < Nin

Quantum Non-Demolition (QND) Detectors :

Proboyt(n) = Probjy(n)  (for the ensemble)

. A[EA
detector

D> Measure M without absorption,

S Information encoded in N (¢
ol preserved,




A Classical Absorption-Free Photodetector
— A Non-QND Example

<’n\rm<l> = <,n>i'n | |
<5ﬂr%ad> - <5'n_1>i'n T <m7‘i‘h | L

Absorption $ree é__ﬁ _ QND
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QND photodetectors using nonlinear optics
Unrub (*78), Milburn & Walls ('83), Imote et al. (’85) Yurke
(’85), Levenson et al. ('86), La Povia ot ol. ('88), Watanabe ot
al. ('89), Hevs et ol. ('88), Grangier ot ol. ('01)

Typical size > 1 m, Large energy consumption

Classical absorption-free photodetectors us-
ing mesoscopic interferometers
Yamanishi et al. (’88, '90), Shimisu et al. (’90)

Typical size ~ 1, um, Low energy consumption

QND photodetectors using mesoscopic inter-

ferometers?

Problem : Electrons as a probe = [ffh fi] % 0

whereas [H;,7] = 0 was the standa.r‘g,i criterionfer AL/

Solution : [Hy,7n] = 0 is too strong!
General discussion is given in A. Shimizu & K. Fujita, Proc.

ISQM-Tokyo 92  (JJIAP Serles @, (993)
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Deviation from adiabatic evolu:t'ion

=~ degree of demolition by measurement

= \0%—|0"¢






Photons ® Owe . in a Double QWR.
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Quantum Fluctuatioss of
Fermion Current at NOnequiT”""._:_l- o

General theory

Kochanski (1990); M. Biittiker (1990), -
H. van Houten (1991); R. Landauer and:T

Fundamengtal limits of quanturmn
devices Settled

A. Shimizu and H. Sakaki (1991)

Mesoscopic systems (dephasing an& didvip
tion)  Not settled

C.W.J. Beenakker and M. Biittiker (1992); A. W
Ueda (1992); M. Ueds and A. Shimizu (1998) '

Experiment  Not settled

Y.P. Li, D.C. Tsui, J.J. Hermans, J.A. Simmons ﬂ.l
Weimann (1990).
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Conc\WUDING: REMARKS

Possible Uses of Other Interferometers

Ex. 1. Resonant Tunneling Diode
A. Shimizu, Proc. 17th IQEC '90

i IRR:

mL, | M Tunnelln " Cuwent
\s motlu\q‘&cl b /
M‘ beﬂh’ w.dw

k“'ama, photen
Ex. 2. Field-Controlled Interferometer "“%er
Theoretical Proposal : Okuda et al., APL 57 (’90) 22381 ,]‘AP& ((1‘)90

Ezperiment : Okuda et al., PR B47 (*93) 4108, AP, 6_3_(/73);307

dOuHQ %uantum whre Q‘U’MC'U)\YQ!



Part IIL

Photon-energy dissipation caused by
an external electric circuit in
“virtual” photo-excitation processes

Akira Shimizu

Institute of Physics, Univ. Tokyo, Komaba, Tokyo, Japan
Masamichi Yamanishi |

Department of Physical Electronics,' Hiroshima Univ., Japan

(Phys. Rev. Lett. 72 (1994) 3343)

T _
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Generation of ultrashort electrical pulses
from an electrically-biased QWS

M. Yamanishi, PRL 59 (1987) 1014; D.S. Chemla, D.A.B. Miller,

S. Schmitt-Rink, PRL 59 (1987) 1018.

hw < absorption edge
— virtual excitation
— ultrafast response
Biased multiple QWS
— large x(?(0; —w, w)
- \ntah 3¢myqﬂon eH-ictcm_)f

FL

I



QUESTIONS

(i) What is the state of the optical pulse after
it passes through the QWS. What is the photon
energy and photon number?

(11) What role is played by the external electrige!a "
cirewiy)
(iii) What supplies the energy to the electrical

pulse — an external battery or the optical field?

(1v) Is it possible to perform a QND measurement

by monitoring the generated electrical pulse?



Excitons are strongly deformed by Fy

— large static dipole moment; | = 1012 4

e Describe the exciton dynamics in terms of such

deformed states.

e Consider the lowest-exciton state only.

(M- lovel t“«s do vet cltay the Mmain Cendusc'om.)
H =¢,a'a — p(a' +a)€ coswt — I(Fp + Fy)a'a

Fp = —l{a'a)/eo

F1 = 0’1/6

d0'1 a1 Fp
— —

‘dt ~ CoR RL

Fo = So/e

4+ 60

optical Lield
Well thideness

K=

Totad -trckness
|, = wkeratm Qﬂ"f“"\




Role of the external battery

Fy determines a, a', u, and .

But, not appeared explicitly!
— External battery supplies NO net energy.
— RJ? must be supplied by the optical field.
— Role of the battery (and Fp) is just to

produce large x(?.




We calculate ...

e evolution of the optical field
o energy flow
to O(£2).

(2nd-order effects are found to be essential.)

Concerning these quantities, X .
i . del 4 EXCAting mclucc
the microscopic mode mltmr effec-ts
gives the same results as a) o

XM a

(ven parametry
— applicable to any transparent EO materials

a phenomenological model. I

including the biased QWS.

Hereafter present the results in the language of the

phenomenological model.



Vo =




r——-—/ VVV
ASSU”PTIONS

(To s1mphfy dlscusswns)
NOT QQSEW\\ L

+

.cT

CTtr

1. Cross section of light beam

= cross section of sample

2. Ty << CogR — © does ot dunae duvin& Tar

3. Ttr << T

4. L <<cT/n — 7 ~~ Constant in e SQMP'Q,

(C:o | capacitante \w th absence o/ ﬂ)& fold)



Light intensity:
I = eycn€?/2 | v

Induced DC field: _"l:j'_

Fp = —(eo/€)x\ P E2

Current driven by Fp:

%%
[ %IFPMH

(0<t<T),
m | Fpl(1 - %) Fi

\ (T < t)
Joule heat generated in R:

Work done by the battery:

00
Uy, = ] VoJdt.

— 00

- VQWL[O’l(OO) — 0'1(0)]
=0

‘Battery supplies no net energy!j




J —-bCW“d‘f—‘a'o-f-O'lf

xe|Fp|(1 - eﬁ!)
0<t<T), .

welFp|(1 - e &0t
(T < t)

g1 — Conceling field:

gy =

F1 = 0‘1/6 |
= —kFp(l - G*'.)
0<tsT) o

DC field In RO material:

F=Fy+Fp+ F; "
5

= Fo+ Fp[l — k(1 — e%oM)]
0<t<T)

|t -




Change of refractive index:

sn = x?(w;w,0)(R+ F)/2n
p— —X(z)(w'w, ) (2)(0‘ —W w)
211 — — eToE
2neg [1— k(1 — e%oF)]
0<t<T) |

Modulasimof light frequency:
When I € CoRc/n,

S — 8 2nLlrén
Y
2€0W52|X(2)|252L _~t/CoR
N necCoR
where

x?® = x®(0; —w, w)
= x®(w;w,0)/4
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Energy flow

Loss of the optical energy due to the extra redshift:

T §I 6w\
o 3 LAY
c.f”g.,[ W51 dt, (1 w)
2
= 2% bn(T) - 6n(0)]

(anox (3)g3)aL 22 (1 _ eﬁ)

- i

e Joule energy is supplied only by the extra redshift
of the optical field. |

e Photon number is conserved.

—— Qur photon-energy dissipation cannot be

described as a simple dephasing process!



Considered ...

R

o Edectrical-pulse generation in ¢
tion” regime. oy
o The electronic
ing 8 QWS biased by & de elstiiciiile -
o The energy transisr la amalyséd " s

Found ...

. »
-
4 )

e The photon fregquency is subJei':t
shift in addition to the usual self-f

e The photoh number is conserved

o The extra redshift appros es

of zero and infinite impedance of the'¢

e The external battery suppli'es‘ MM

¢ The Joule energy consumed in the e

is supplied only from the extra redshift. o o |




Frebing Virtudly excited €jectronic Systams
with electric circuies

o Molulation erf

@ Light
W na cmgch,L J;i]_/\ " é g f
: l ‘o A B : “ _ H

A aaniehi (Y2)
ASKeitn(t0) —

Both Myand G tre conserved |
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e (reneration of an  eleceric pulse - Ligln

M Yamanishi (91) ) B
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In the “virtual” excitation processes,

the photon energy will or will not be conserved
depending on the structure of electronic systems
and the external circuit,

slthough the circuit does not interact with the
optical field directly.

R =

="

/:;7- L] * * L3 L *
Nonlinear photo-excitation is interesting!




