Excitonsin nanostructures

Lection 1

Excitons
(ground state of the crystal; bulk excitons, simplest case; center of mass motion
and relative motion; bulk excitons in degenerate bands; quantization in a wide
QW, in a narrow well, coulomb corrections; excitons in nanowires, excitonsin

quantum dots)




Electron system of a crystal

(ground state)
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For the ground state we can use determinant trial function:
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here @, (rl) single electron functions

can be used ether as Bloch functions

or as localized Wannier functions With the same result

Bloch functions satisfied single electron equations

{— th VZ+Ug (r)}w(r) =ey(r)
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Wannier functions are alinear combination of the
Bloch functions
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Excited state of the crystal

Because all position of the exited atom are equal,
this excitation can move free in the crystal



Excited state of crystal

(Frenkel exciton)
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glm(rl) wave function of the excited electron localized
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Excited state of crystal

(Wannier-Mott exciton)
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@, (r) ae single electron Bloch functions

@, (r,) eectronin the ground state
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Exciton

Because all position of the exited atom are equal,
we have to take alinear combination of such states




Exciton

Linear combination of the single electron determinants
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Exciton effective mass equation

For large distance between electron and hall, or for small K we obtain

RV, BV, €
2m, 2m  er,

Center of mass and relative coordinates
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|sit possible or not isnot obvious
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In the center of massR and relative r coordinates
the exciton eguations are
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The solution - Hydrogen like spectrum
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Hydr ogen atom
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Exciton absor ption of Cu20
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Sommer feld factor
Arnold Johannes Wilhelm Sommerfeld
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Line intensities in the discrete spectrum < 33
magn

Gn00(O) =

Exciton effect in the continuum spectrum
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Due to the Sommerfeld factor exciton absorption is 3 times higher




Exciton absor ption
paradox: thereisno absorption at all!
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Real exciton ispolariton

Chain of photon absorptions and emissions

exatm exatm exatm
photan photan photn

No absorption in bulk crystal

Exciton isa photon in a crystal
(L ection_3)



The central question:

Isit possibleto consider t
motion independently on't

ne center of mass
nereative motion

for the composite partic

1). Inbulk material?
2). In nanostructures?

e |like exciton?



Energy (meV)
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Exciton in a bounded crystal
(first step to nanostructure)
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Exciton in a bounded crystal

h°
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{_ZM VR+HO+W(R,r)+E}‘P(R,r)—O (EE)

W(R,r) -the potentia of the border of the crystal,
For this potential we can separate center of mass and relative motion

0O npu0O<Z<d

d - isthewell thickness W(R,r) =W(Z) =
o mmpuZ<0m Z>d

The solution of the (EE) in infinite rectangular well is
Y(R,r)= %eiK'R Fy (2) @) (1)

here K | and R|| - are center of mass momentum and radius-vector

@1 m(r)  arehydrogen-like functions



F.(Z) areeigenfunctions of the center of mass motion in thewell W (Z)

2 ([cos(NzZ/d) odd N
Fo(Z) =471 .
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Energy spectrum for center of mass quantization
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Exciton center of mass quantization

Cos(BrZ/L) X |
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Odd and even states (Lection 2 and 3)



For arbitrary well necessary adiabatic approximation
(A.B.Migdal «Qualitative Methods in Quantum Theory>)

Adiabatic approximation

Electron — hole relative motion 1s FAST
Exciton center of mass motionis SLOW

Represent the wave functionas  W(Rr)=> @ (R)4,(Z,r)
¢.(Z,r) wave functions of the fast subsystem, satisfy equation

|H,+V(Z1)-E.(D)]@,(Z,r)=0  Z-isaparameter
Substituting  W(R,r) intoinitial equation (EE) we get

/A
{— oM Vet+E,(4)- E}Dn(R) = Zm:AnmCDm(R)



Theway to generalize the adiabatic approximation

Operator of non adiabaticity

:_M az M-M Frad

For adiabatic approximation A =0

This approximation works only for wide wells

In this case the internal motion and center of mass motion
are independent.

In a quantum well center of mass quantization for each
state of internal motion.



Degener ate valence band
( I's bandin cubic crystal)
Exciton Hamiltonian:
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| ntroduce relative and center of mass coordinates
r=r,—r, K,=I1(V, +aVy)
R=ar_+pfr, l Ky =1(=V, +5Vg)



We can rewrite the exciton Hamiltonian as

H, . =H,()+H,(R+H,(,R
here
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Mixed term H3(F,R)=a—h(pQ)| -
m,
IS it possible to separate internal motion and center of mass motion?

In classical mechanicsthisis aways possible



Separation of the center of mass motion and relative motion
Consider Q,=Q,=0 Q,=0

We want for a ,B 2By
the I://Ivixed term m, (P,Q)I - m, —nts 7/)(p QI +—= [(p Q,)J;1=0

The best that we can get
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conclusion

For the internal motion we have two kind of excitons:
heavy and light hole exciton

For the center of mass motion we have also heavy and
light excitons

At small Q, theinternal motion and center of mass
motion can not be separated

At small Q, the exciton dispersion is essentially nonparabolic

L (P90 +p,03,23)Q, 0

(E.O.Kane «Exciton dispersion in degenerate bands» Phys.Rev. B11, 3850 (1975))



Exciton quantization in a narrow well

Electronsin the well Holesin the well Relative motion in the plane

Coulomb term
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Q> =Q2+Q Center of masswave-vector in the plane of QW
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. . . e
Solve inthelimit d —-Q Inthiscase @—=—
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For quantization along z
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Finite QW width

adiabatic approximation
2 e2
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one dimensional potential for hole
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Hole motion in the additional potential
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Har monic oscillator levelsfor hole
(Al.L.Efros Semicond. V.20, NO.7, p.1281 (1986))

electrons

ﬂ



Excitonsin nanowires (NW)

Cylindrical wire
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In the case of strong radial quantization, exciton wavefunction

pee, = exp%z) £ (2) 0 (0.) Py (P UCIUCE,)

P ( pe) and @ ( P ) Envelop functions for eectron and hole

j_



Boundary conditions:

Pp = P

1 1

— NoV :— NoV
(N V)= -(N-Ve),

N  Norma vector to the NW surface

In cylindrical NW the projection of the angular momentum
on z axis M isagood quantum number. For M=0

CJ,(kp) If p<R

p) :{D K () ifp>R

Here J and K are Bessdl functions, Ris NW radius

1/2 1/2
k:(zm’*—kzzj Kz(sz(V_E)+kfj
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The equationsfor D and C

J,(kR)K,(xR)  xm,

D=CJ,(KR)/Ky(xR) and 75 (DK (xR)  km,

For rectangular wire
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Exciton envelop function

_n® d*f(2)

2u, dz°
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Here Is effective coulomb potential

~ e2 2 ’ 2 ’
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Trial function can be taken f(p,2) o< exp(— p°+7 J



Excitonsin quantum dots

Rectangular dot

w(r)= PN, (X &) ¢Ny (y, ay)(DNZ (z,a,)
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Spherical dot
In this case angular momentum conserves

For the ground state with zero angular momentum, infinite barriers

w(r)=1(r)]s) f(r) = 3N TR
27 R

2 2
E_ h 7z2
2m,R

Finite barriers _Csnkr r<R

f(r)=— R
r e ®snkR r=R

Equation for the energy
1-kRetg(kR) = ™ (14 «R)
My
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