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Excitons are bound electron-hole pairs which may be created by
shining light onto semiconductors. They can also recombine and
release their energy as photons.

Useful units for this system are the exciton Bohr radius,

a∗B =
4πε0ε~2

µehe2
,

where µeh = memh/(me + mh) is the reduced mass, and the
exciton Rydberg,

Ry∗ =
µehe

4

2(4πε0ε)2~2



In the low-density limit, naD
B � 1 (n is the exciton density, aB = a∗B

is the exciton Bohr radius and D is the dimensionality), excitons
are weakly interacting bosons - BEC believed to be possible!



Transition from classical to quantum gas occurs when the de
Broglie wavelength, λ, is comparable to the interparticle
separation, n−1/2 (in 2D),

λ =
√

2πh2/MkBT

Now for excitons...

M = me + mh ≈ Matom × 10−6

Tt = 2πh2n/MkB ≈ 3K

The problem with realising this in experiments is finite exciton
lifetimes.
Butov Group 2007, University of California, http://physics.ucsd.edu/lvbutov/index.html



An experimental setup for extended exciton lifetimes is the
coupled-quantum-well system.

Image from Jonathan Keeling’s personal webpage - http://www.tcm.phy.cam.ac.uk/jmjk2/



The bilayer model:
Layers of semiconductor are modelled as infinite, 2D parallel

planes. Electrons and holes are free to move within the planes and
their effective masses are isotropic.
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Parameters: ε, d , me , mh

Calculations here have 2 electrons in one layer and 2 holes in the
other.



The trial wavefunction is

Ψ(R) = eJ(R)ΨeeΨhhΨeh ,

with Ψee and Ψhh of the form

exp

[
c1r

1 + c2r

]
,

and Ψeh constructed from cuspless exponentials

exp

[
d1r + d2r

2

1 + d3r

]
,

M. Y. J. Tan, N. D. Drummond, and R. J. Needs, Phys. Rev. B 71, 033303 (2005).
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Biexciton formation

No biexciton
formation possible



Constrain hole positions in space. Then we are just modelling two
electrons moving in an external 1/r potential with two sources.
The Hamiltonian is

Ĥ =
1

2µ

(
∇2

1 +∇2
2

)
− 1

r1
− 1

r2
+

1

R

+
1

|R− r1 + r2|
− 1

|R− r1|
− 1

|R + r2|
,

where R is the hole-hole separation, which we may choose.
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Constrain center-of-mass instead of hole positions. The
Hamiltonian may be written as

Ĥ =
1

2µ

(
∇2

1 +∇2
2

)
− 1

r1
− 1

r2

+
1

|R + µ
me

(−r2 + r1)|
+

1

|R + µ
mh

(−r1 + r2)|

− 1

|R− µ
mh

r1 − µ
me

r2|
− 1

|R + µ
me

r1 + µ
mh

r2|
,

where R is the center-of-mass separation - a parameter that we
may fix to investigate the exciton-exciton interaction.
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Pair-distribution functions

Electron-electron

gee(r) =
1

2πr
〈δ(|re↑ − re↓| − r)〉 ,

Electron-hole

geh(r) =
1

8πr

〈 ∑
σe,σh∈{↑,↓}

δ(|r‖eσe
− r

‖
hσh

| − r)

〉
,

Extrapolated estimator

g ext = 2gDMC − gVMC
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Conclusions

I We have more accurately calculated biexciton binding energies
over a range of system parameters.

I We may therefore plot the region of biexciton stability more
accurately.

I By constraining exciton centers-of-mass, we may investigate
the exciton-exciton interaction as a function of σ and d , and
also reproduce previous results as a limiting case (by putting
σ = 0).

I Pair-distribution functions reveal biexciton sizes and the
retention of individual exciton identities.



Acknowledgements

Richard Needs, Neil Drummond

Engineering and Physical Sciences Research Council (EPSRC),
University of Cambridge High Performance Computing Service
(HPC).


