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Chargecarriercomplexes In
transitionmetaldichalcogenides
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A Largeexcitonbinding energies in + !
N NS
TMDCs ¢\./ \./T y \\f//} N
A Experimentalists observe lines m*ﬂ QI *Q QI
absorption spectra ascribed to K

trions and biexciton& Difference in spin polarisation

A There aréoright and dark complexewhether recombination is
allowed by spin and momentum conservation

A Neglect indistinguishablearriers they are weakly bound anyway
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Effective interaction

A Coulomb interaction between chargarriersis greatly modifie@
by the inplane susceptibility of the material

A Consider charge density(afuy] (&) in a 2D semiconductor. By
using the GaussUs | aw and assu
in-plane, the potential becomes:
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[2] Keldysh JETP Lett. 29, 658 (1979)
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Units

A Parametetr. related to susceptibility, can range from Hiaand has
units of lengthLet us measure it in the units of te&citonicBohr
radius® 1.¥& is invariant under charge conjugation

A Mass ratiad 7a is already dimensionless, but can range from 0 to
Ho.
A Mapping into [0,1] patch:
1] & & : a ja
P L& 1. p G ja
A Excitonbinding energy should be measured in units that remove the
mass dependence:

Qjtt @ W
A Trion andbiexcitonbinding energy
Q (T “ (2 d()z))
Goes tdQj T “ i, for logarithmic limit and tog ¥ for Coulomb.
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Limits for a negativérion

Logarithmic limit g
(large susceptibility) g
1 Heavy electron =
limit 5
&
Light electron <
limit Born-
Oppenheimer S
Negativetrion S approxwtr_]aélc_)n I 3
resembles ai© . Space of our parameters & nEgativarion. 2
ion < separation of fixed 5
i) particles must be 3
P )]
Linear in mass determined <
ratio
Square root
0 B behaviour in
0 ala 1 a Fa

—
o
|

p 4 ja

Coulomb limit
(no susceptibility)



Detalls of Quantum Monte Carlc

A casING?! used for all our QMC calculations
A We start with atrial wave functionof the Jastrowform:

T A gly)
where thelastrowexponent contains pairwise sum of tertnsand
two- and threebody polynomial term$
. ol TTicol ol
o) P Wi
A Distinguishableparticles® groundstate wave function isodeless

A Usevariational MC to optimise the free parameters in the w.f. by
unreweightedvariance and energy mlnlmlsatlon

A Diffusion MC calculations performed_ P
using time steps in the ratio 1:4 with £ %269
corresponding configuration 0.26985]
population 4:P extrapolate linearly
to zero time stefandinfinite
population
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DMC energy [h
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[3] Needset al.,J. PhysCond. Matt22, 023201 (2010 Time step
[4] Drummond et al., PRB 70, 235119 (2003 )p Rios et al., PRE 86, 036703 (2012
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Excitonbinding energy
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Previous results:

Trion binding energy  Letmeimi e
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[5] Ganchewt al., PRL 114, 107401 (R015
[6] Spinket al., arXiv:1505.07411 (2015) LTS
[7] Velizhaninand A.SaxenaarXiv:1505.03910 (201 ‘ 1.0
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Comparison with experiments

Material Trion binding energy [ meV] é
Thiswork Log DFT+RPA8l Experiments®] E
@ MoS2 0.7 41.5 35 49 26 34, 35, 40 =
MoSe2 0.7 51.7 30 39 21 30 g
MoTe2 0.8 60.0 26 34 25 e
WS2 0.6 37.9 36 53 26 2040, 34, 36 o
WSe2 06 451 31 45 22 30 2
WTe2 0.4 53.9 27 38 3
Phosphorene 1.1 3.66 133 275 100, 9490 §
® MoS2 36 47 e
MoSe2 30 38 30 S
MoTe2 26 33 2
WS2 36 51
WSe2 32 43 24, 30
WTe2 28 37
Phosphorene 131 276

[ 10]

[8] Berkelbactetal., PRB88 045318013

[9] Zhangetal., PRB89 2054362014 Zhangetal., CLEQ 2013p. CTH316; Lin etal., NanoLett 14 55692014 Lui etal., PRL113 166801201 Rosset al.,,
Nat Commun 4, 1474(2013, Singhet al.,, PRL112 216804201%; GutierrezLezamaet al., NanoLett 15 23362015 Mitioglu et al., PRB88 2454032013
Zhu etal., Sci Rep 5 (201% Chernikovetal., PRL113 0768022014, Jonestal., Nat Nano8, 634(2013}, Srivastavat al., Nat Physl11 141(201% Wangetal.,
PRB9Q 07541%01% Yanget al., arXiv.150406386Zhangetal., arXiv.14116124
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Donor+excitorbinding energy

[ (4 10
0.8

P if® 0.
0.4

n
S
O
=
(&)
>
o]
c
o
Q
=
()
(79}
(@)
(Q\|
£
0
()
X
Q
o
=
o
O
gz
2
=
()
N
8]
=
>
N
0p}
=

04
a fa
p & Ta

[5] Ganchevet al., PRL 114, 107401 (2015)
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Contact interaction

A Energy penalty when chargarriersoverlap

A Firstorder perturbation theory: correction to the energy is
6 ” (T[) 6 ” (T[)
A'ln our calculations we collected results for pair densities
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A Determiningd by ab initiocalculations would be
chall enging, so weUll | eave

Example for certair
a Ta andi..
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Contactpair density

M. Szyniszewski Complexes in 2D semiconductors
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Summary & Outlook

A Excitonsfrions andbiexcitonsare crucial in optoelectronics of
2D semiconductors

A Nonlocal screening effects modify the Coulomb interaction

A Using the Diffusion Monte Carlo approach we have calculatec
the binding energies of chargarriercomplexes

A Contact pair densities extracted, to enable the analysis of the
contact interactions in these systems

M. Szyniszewski Complexes in 2D semiconductors




