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Quantum well in x-y plane

Weak harmonic confinement potential in x-direction

Static Magnetic Field in z-direction

Disregard all band-mixing effects

Respect only lowest quantum well

electron and heavy-hole bands

Effective mass approximation ¥ ~u,(k=0,7)y, ,(r)

Bloch Envelope
[1 ] function function
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 We need to choose a gauge for the vector potential :
B -

- Symmetric gauge A(7)=E(—yé;+xey)
- Asymmetric Landau gauge A(7)=Bxé,
* Using the Landau gauge :

o_ 1 ;. e, 1 2 2 B

Hj—ﬁ[pj—ejijey] —I—Emj[)jxj—l—?g
J
oot h o X, 0 1 >, 2.2, E

H=— - —hw, ;—F—+-m;(Q+w, )x;+—=

J ij asz 2m] ayi J I 8)/] 2 J A 2

e.B
——
W, i, cyclotron frequency
j

[3]
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magnetic field

e Ansatz: (/Jj(xj,yj)=\/L—c/>(xj) Ly wire length

 Inserting this ansatz into Schrodinger’s equation :

iky 2 2 242
e’ h a h k 1 2 2 2 E
VL, _2mj 5X§+2mj _hwc,jxijrEmf('ijLwc’j)xj—F 2g P x)

0 _
Hp(x;,p;)=

* \We obtain the x-dependent Hamiltonian :

2 2 242 E
L —hwcjjxjk—l—%mj(ﬁjz.-l—wij)x%—l——g

H()(x'): . >

o 2m 5,@ 2m,

[4]
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* Applying quadratic completion and using :

e.B h wc, j
W, ;== cyclotron frequency Ax,;=ko;=k -
’ mj mj weff,j
w,, =y Q+w’ fecti llator f
eff, i j c,j effective osclillator frequency
w 2
My =M J(—gf .’J ) effective mass
J
hz 62 1 2 2 hzkz E
J 2 J el j\T J
Zm] axj 2 zmeﬁ,j 2

similar to Harmonic Oscillator

[5]
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y

gnetic field

* Write the harmonic potential as :

1 x.—Ax,)
Emjwiﬁtj(xj_ij)zJ (JZ 4])

eff, J )

* |dentify the characteristic length :

/ —\/ n
off J
m; g ;

[6]
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« Modified Landau ladder :
_ Rk E 1

= +—£+hw,, (v+=) W, >, E A
2m, 2 2

:> Increase of the lateral subband spacing

» Modified Landau eigenfunctions :

iky,
' e
w{c,v(xj’yj)=—¢v(xj_ij) v=0,1,2, ..

L ) ﬁ
Harmonic Oscillator wavefunctions

h wc,j 2 wcj
2 _kleﬂ

ij=k5j=k

M; wy Wepr,

[7]
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« Quantum well without confinement potential

 Landau ladder

- _WkE
E] —_ _|_ g
YYeom, 2

1
—I—hwc’j(v—l—i)

« Landau eigenfunctions

Wl p) =S b, ~Ax) v=012...
Jj J Ly J J

h

mjwc,j

ij=k5j=k



Measured absorption spectra of an 8.5 nm wide GaAs quantum well

under the influence of a perpendicular magnetic field.
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* For simplicity :

m,Q,=m,Q,=mQ "—p I, =l,, local charge neutrality

* |In case of applied magnetic field
momentum K is restricted

— Lx
ij—k5j<7

[9]
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[10]

2
2m L,

confinement energy
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L “ E—F
D(E)= Y drk Y 6|k — =0y =L k
( ) 21TLxE0:[m z EO . *

» With increasing magnetic field the single particle density of
states changes from a 1 -like behavior (1D) to

a o -function-like behavior (0D).
[11]
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 \We consider the optical transition matrix elements :

r/\kv,?\’k'v'=<AkV|r|A,k,V,>=J‘ dr u;k\(()?r)(lj:v(r) VUAI(O,I") (ljk'v'<r)

rAkV’A,k,V:Z f dr' u, (0,7 Yy, (r'+R)(r'+R)u,.(0,r" )@, .(r'+R)
R 0

L L L ] L L ]
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L ] [ ] /‘ @ L
(2 unit cell 0
7
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Fakv aky'™= Zfdl’ uA<O7' )(//kv<r +R) 7" u, (0,7 )., (r'+R)
R Q

+y f dr'u, (0,7 V@, (r'+R)Ru,. (0,7 )y, .(r'+R)
R O

r?\kv,)\’k’v'NZ Lljkv<R) Lljk v/’ fdl" u?\ O r )I" u?\ (O r )

R
) Faar
+Z(Ijkv(R)qukv fdr u)\or)uA<Or)
R
rkv,k'v’
dipole matrix element :
d?\kvi\kv —e Ty =0,, 5kkd7\2\+dkvkv57\
interband intraband

[13]
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selection rules :

v=v' same Landau levels for interband A=A"' intraband transitions between
=k transition between conduction and different Landau levels
- valence band
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= =
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* \We use the modified Landau states for the density matrix
pi,v;i’,v<k’t)=<aif,k,v(t)ai',k,v<t)>
 We only consider interband transitions.

L=, vy

e The relevant carrier densities are :

ee _ 7 e
pv,v<k)_<O‘k,v(t)o‘k,v<t)>_”k,v 0(,0<7L electron operators

o™ ()= (8] (1)B,,())=n! | BB hole operators

[19]
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e Hamiltonian

e h
H=Z Ekvalivakv—l_z EkaZv'Bkv+HC+HL
kv kv

Coulomb interaction

1 ee 7L 7L Wi 7L 7L
Hc=5kk O[VHN’,VV'(q)O(k+q,uO(k'q,u'(xk’,v’ak,v+ VHIJ',VV'(q>Bk+q,uﬁk’—q,u’ﬁk',v'ﬁk,v
'q¢

eh 7 7
_2Vuu’,vv’(q)O(k+q,uﬁk’—q,u'ﬁk’,v'(xk,v]

Interaction with light

HL=_Z E<t)(dckv,vkvaZvﬁikv_Fh'c‘)
kv

[16]
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« Matrix elements of the Coulomb potential :

Jaxdy [ dx'dy wp.,(x,9)w (x" y )V (x=x" y=y VW (x "y Ve (x, p)

Use modified Landau eigenfunctions and Fourier transform of 2D Coulomb potential :

21e” iglv—y') ig.(v—x)
el‘]y y el‘]xx X

V(xmxt,y—y )=y, 2
qqu € q2+Qi

. 21e.e.,
V{/’i"v’v<Q)= L
— VL

[ ax(x+5g)e” b, (x|=V.

€, background dielectric function

[17]
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* Therefore we find the dynamic equation

. a e h e h ap Y
(lE_ek,y_ek,v)Pk,v=<nk,v+nk,v_l)wR,k,V(t)—i_l al; |scatt

for the optical interband polarization :

pi}fv(k)=<ﬁ—k,v0(k,V>=Pk,V

[18]
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Carrier energies : renormalized single particle energies

Z i q)ni" g () E; , Landau ladder energies

q.v'.J

 The exchange renormalized Rabi-frequency is given by :

hwR,k,v(t)=dch<t)+ Z Vf/},lv'(Q)Pk—q,v’
q,v'

 The equations for the carrier densities are :

P ) on |
Enk y —2Im[wR k. V(l‘)Pk,v]+a—l;|scatt

[19]
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« Assume E-field: E(t)=E,e ™’

—iwt

Stationary polarization equation  p, ,,=P, e

hlow—e ,~el +iy|p, =(fi S )ld Bt 2 V@) Py

« Assume for the electron and hole distributions thermal Fermi
functions :

1

1 Bk

ho (v+=)+ B
@ 2mgy—p°
e | +1

e

[20]
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» Calculate susceptibility :

X<w)=dcvz P, ()

 We get the luminescence spectrum via the equilibrium relation :

Im {X(w)}
B(hw—u)_l

I (w)oc ;

H=U,TU, Electron-hole chemical potential with
respect to the band gap

[21]
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Emission
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Intensity (a.u.)

143 144 1.45 1.48 1.47 1.43 144 1.45 146 1.47

Energy [eV] Energy [eV]

Calculated a) and measured b) luminescence spectra

[23]
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* |In a magnetic field the single particle states turn into the
modified Landau levels :

2
weff:\/Qz—l—wi:\/Qz—l— eB)
m

* For high magnetic fields 1D- turns into OD-like behavior

« Optical selection rules :

v=y'

=k interband

[24]
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