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- FIG. 3. Two-photon absorption spectra of GaAs/Aloss-
GagesAs QW's with ;=110 A for the éIZ (solid line) and
é1 3 (dashed line) configurations. Vertical lines position the
" exciton features observed- in two-photon (solid line) and in
‘one-photon (dashed line) absorption. Other exciton features
. seen in linear absorption, L1-C1, H1-C1, and H3-C3, are at

1.552, 1.565, and 1.815 eV, respectively.
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FIG. 2. One-photon (solid line) and two-photon (solid and
dashed line) absorption spectra of GaAs/Aly3sGaoesAs QW's
with /, =40 A. One-photon spectrum was measured with light
* incident normal to the sample. Two-photon absorption for &l 2
(dashed line) was fourid to be zero in the spectral range shown. f
Nonvanishing two-photon absorption was obtained only for
€17 (solid line). Vertical lines position the observed exciton
features. Vertical arrows indicate the H1-C1 band edge from
the lincar extrapolation indicated by the dashed line. The 0 L 3T
shaded area is the broadened 2P state. The 1S state splitting ? ' ' e (ev)

between H1-C1 and L1-C1 agrees with numerical calcula- . -
tions. : Fig. 1. (a) Two-photon absorption photoluminescence
excitation spectra (TPA-PLE) in E||z and E 1z

polanzation configuration
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ERBAND MATRIX ELEMENTS ..
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EXCITON STATES

e The exciton Hamiltonian is given by

e g2 p KINETIC ENERGIES
H = Pz | T o _ _Vﬁ
2m., 2mp 2p
CONEINEMENT
COULOMB INTER. 2

" elp? + (2e — 2m))V/? + Veong(2e) + Veons(2h),
where the potentials Viony confine the motion of holes

and electrons in the well.

e The exciton wavefunction is given by
c v | e‘M
,d)m,nh.m(p’ ¢a Zey zh) = -fn,(ze)fnh(zh)lel(p)W!
where the fS(z) and f} (2) are QW-eigenfunctions

and where
N
Rin((p) = o™ T A ™.

¢ Exciton quantum numbers in this model:
1. m, z-component of angular momentum
2. n., conduction subband label

3. n,, valence subband label
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TWO-PHOTON TRANSITION RATE

" @ For an electromagnetic field of vector potential
A = AV + Ay +c. c.

the two-photon transition rate to an exciton state 8

is given by
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Two-photon transition rate versus transition energy in a
110 A QW in the case of equal photons of z-polarization.
‘Transitions to s-type C1-LH2 and C2-LH1 excitons as

well as between the associated subbands [4] are consid-

ered. An overall Gaussian broadening with ¢ = 5 meV

has been used.
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Two-photon transition rate versus transition energy in a

40 A QW in the case of equal photons of z-polarization.

Transitions to p-type C1-HH1 excitons as well as between

the associated subbands (4] are considered. An overall

Gaussian broadening with ¢ = 5 meV has been used.
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THE TWO PHOTON TRANSITION RATE
CONTAINS EXPRESSIONS OF THE FORM :

Wil p ! W) (Wn lp 1 w)
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§' En-Ei-tho
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(H-E; -Nho) 1¢) =ply)
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on = 0/(016)1/2

AN

CONSIDER A FINITE SET OF STATES
WHICH INCLUDES 1¢).

DIAGONALIZATION OF H ON THIS BASIS
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SUMMATION OVER INTERMEDIATE
STATES

The summation has been performed using a varlational
procedure The method consists in summing over the states
which diagonalize the Hamiltonian on a variational basis

EXAMPLE
1S-25 TWO-PHOTON TRANSITION AMPLITUDE
IN ATOMIC HYDROGEN
VARIATIO- EXACT
v NAL
[Rydberg] D(1s-2s) D(1s-2s)
velocity gauge
0.3750_ 11.780483 _11.780483
0.5250 14.731873 14.731873
0.6750 41.148411 41.148411
0.6875 49.687778 49.687778
0.7000 62.659474 62.659474
0.7125 84.525170_ 84.525170 _
0.7250 128.683525 128.683525
0.7375 262.165418 262.165419 |
0.7475 1334.32609 1334.32614

THE RADIAL BASIS SETFOR p STATES
ARE OF THE FORM ‘

r expl-r/q~(n-5)]
q=12 n=12..10

Al

SUMMATION OVER INTERMEDIATE
STATES

The summation has been performed using a variational
procedure which consists in summing over the states
diagonalizing the Hamiltonian on the variational basis

EXAMPLE

15-35 TWO-PHOTON TRANSITION AMPLITUDE
IN ATOMIC HYDROGEN

VARIATIO- EXACT

v NAL
[Rydberg] D(1s-3s) D(1s-3s)
0.4434 | -3.2108 -3.2109
0.6750 -1.6699 -1.6693
0.7000 0.9832 0.9847
0.7250 11.211 11.216
0.7475 226.71 226.81
0.7650 -58.184 -58.200
0.8000 -38.301 -38.310
0.8250 -46.571 -46.580
0.8500 -74.412 -74.420
0.8750 -219.98 -219.98
0.8860 -1116.0 -1117.2

THE RADIAL BASIS SETFOR s & p STATES
- ARE GAUSSIANS OF THE FORM
expl-rA2/a] & r*expl-rr2/a)
24 EXPONENTS IN A GEOMETRICAL SEQUENCE
ARE USED
10A-3 <a <1075 (a.u.)
-1.0000 / -0.1111 Rydberg
-0.25 /-0.1111 /-0.0625 /-0.0397 /
-0.0214 /+0.0821 /... Rydberg

s-states
p-states




1s - 20s TRANSITIONS IN HYDROGEN

1
18 Exponentials r (min) = 1, r (max) = 20

© P X Exact

0.4950 -0.1087 -0.1092 -0.1088
0.7250 0.3072 0.3058 03071
0.7475 5.3453 5.3457 5.3452
0.7525 -5.8903 -5.8941 -5.8906|
0.7800 -0.7632 -0.7651, - -0.7634]
0.8000 -0.5886 -0.5904|  -0.5888
0.8500 -0.3801 -0.3817 -0.3803
0.8860 4.5443 4.5362 4.5441)
0.9000 -2.3474 -2.3491 -2.3478
0.9200 -1.1739]  -1.1783 -1.1743
0.9400 -9.6214 -9.6510 -9.6228|
0.9485 -3.5060 -3.5051 -3.5065
0.9660 -6.9256 -6.8370|  -6.9226
0.9700 14787 1.4803 1.4832
0.9720] 101.8448] 99.6437] 101.7994
09740] -21.8227; -21.2615] -21.7944
0.9760| -11.8729| -11.6302| -11.8470
0.9780 0.4384 -0.1501)  0.4426|
0.9800] -84.5782] -78.7665| B84.1434

A

RADIAL. PART OF Q(Y),,w)
FOR DIFFERENT ) [Ry]

0.5

r (atomic units)



