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Invited Talk O 57.1 Wed 9:30 H16
Probing bandgap renormalization, excitonic effects, and in-
terlayer coupling in 2D transition metal dichalcogenide semi-
conductors — eMicueL M. Ucepal, AaroN BRADLEY!, SUFEI
Sui', FeLipe H. JorNaDAl, Y1 Zunang?3, Diana Qiul, Wer Ruant,
SEBASTIAN WICKENBURG!, ALEXANDER Riss!, Jiona Lul, Sunc-
KwaN Mo?, Zamip Hussain?, Zui-XuN SHEN3, FEnG Wanc!,
STEVEN G. Louie!, and MicuaeL F. CroMmmie! — !Department
of Physics, University of California, Berkeley, CA 94720, USA. —
2Advanced Light Source, Lawrence Berkeley National Lab., Berkeley,
CA 94720, USA. — 3Stanford Institute for Materials and Energy Sci-
ences, Menlo Park, CA 94025, USA.

Reduced screening in 2D metal dichalcogenides (TMDs) has been pre-
dicted to result in dramatically enhanced Coulomb interactions that
should cause giant bandgap renormalization and excitonic effects. Here
we present direct experimental observation of extraordinarily high ex-
citon binding energy and band structure renormalization in a single-
layer of semiconducting TMDJ1]. We have determined the binding en-
ergy of correlated electron-hole excitations in monolayer MoSe2 grown
via molecular beam epitaxy on bilayer graphene by using a combina-
tion of scanning tunneling spectroscopy and photoluminescence spec-
troscopy. We have also studied the role of interlayer coupling and
layer-dependent carrier screening on the electronic structure|2] of few
layer MoSe2. We find that the electronic quasiparticle bandgap de-
creases by nearly 1 ¢V when going from one layer to three. [1|Nature
Materials 13, 1091 (2014). [2]Nano Letters 15, 2594 (2015).

O 57.2 Wed 10:00 H16
A Tight Binding Approach to Strain and Curvature in
Monolayer Transition-Metal Dichalcogenides — e ALEXANDER
PeEARCE and Guipo BURKARD — Department of Physics, University
of Konstanz, D-78464 Konstanz, Germany

We present a model of the electronic properties of the monolayer
transition-metal dichalcogenides based on a tight binding approach
which includes the effects of strain and curvature of the crystal lattice.
Mechanical deformations of the lattice offer a powerful route for tun-
ing the electronic structure of the transition-metal dichalcogenides, as
changes to bond lengths lead directly to corrections in the electronic
Hamiltonian while curvature of the crystal lattice mixes the orbital
structure of the electronic Bloch bands. We first present an effective
low energy Hamiltonian describing the electronic properties near the K
point in the Brillouin zone, then present the corrections to this Hamil-
tonian due to arbitrary mechanical deformations and curvature in a
way which treats both effects on an equal footing. This analysis finds
that local area variations of the lattice allow for tuning of the band gap
and effective masses, where the application of uniaxial strain decreases
the magnitude of the direct band gap at the K point. Additionally,
strain induced bond length modifications create a fictitious gauge field
but with a coupling that is smaller than seen in related materials like
graphene. We also find curvature of the lattice leads to the appearance
of both an effective in-plane magnetic field which couples to spin de-
grees of freedom and a Rashba-like spin-orbit coupling due to broken
mirror inversion symmetry. (arXiv:1511.06254).

O 57.3 Wed 10:15 HI16
Observation of charge density wave order in 1D mirror twin
boundaries of single-layer MoSe2 — eSArRa Barjal, SeBas-
TIAN WICKENBURG!, ZuEN-FEI L1v!, Y1 Zuanc!, Hyesin Ryul,
MicUEL M. Ucepa?, Zauip Hussain!, Zui-XunN SHEN?, SuNG-
Kwan Mo!, Miquer B. Satmeronb2, Feng Wanc!2, MICHAEL
F. CromMmiEY2, D. FrRaANK OGLETREE!, JEFFREY B. NEATONY'2, and
ALEXANDER WEBER-BaRGIONI! — !Lawrence Berkeley National Lab-
oratory, Berkeley, CA, USA — 2University of California at Berkeley,
Berkeley, CA, USA — 3Stanford Institute of Materials and Energy
Sciences, SLAC National Accelerator Laboratory, Menlo Park, CA,
USA

Detailed understanding of defect structure in 2D transition metal
dichalcogenides may lead to control of the material properties. Here
we provide direct evidence for the existence of isolated, 1D charge den-
sity waves (CDWs) at mirror twin boundaries (MTBs) in single-layer
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MoSe2. 4K-STM/STS measurements reveal a substantial bandgap of
60-140 meV opening at the Fermi level in the otherwise one dimen-
sional metallic structure. We find an energy-dependent periodic mod-
ulation in the density of states along the MTB, with a wavelength of
approximately three lattice constants. The modulations in the density
of states above and below the Fermi level are spatially out of phase,
consistent with CDW order. In addition to the electronic characteriza-
tion, we determine the atomic structure and bonding configuration of
the 1D MTB by means of high-resolution nc-AFM. DFT calculations
reproduce both the gap opening and the modulations of the density of
states.

O 574 Wed 10:30 H16
Probing the anisotropic interlayer Raman modes of few-
layer ReSs — ePHILIPP NAGLER, GERD PLECHINGER, CHRISTIAN
ScHULLER, and ToBias KorN — Institut fiir Experimentelle und
Angewandte Physik, Universitidt Regensburg, 93040, Regensburg, Ger-
many

ReS2 has recently emerged as a new member in the rapidly expand-
ing family of two-dimensional materials. Unlike MoS2 or WSes, the
optical and electrical properties of ReSy are not isotropic due to the re-
duced symmetry of the crystal. Here, we probe the anisotropic behav-
ior of ReS2 by Raman spectroscopy in the ultralow frequency regime.
Thereby, we are able to access the layer breathing modes (LBM) and
shear modes (LSM) of the material which stem from rigid-layer oscil-
lations. The layer dependence of their peak positions enables an easy
determination of the layer number of the crystal and can be readily
reproduced by means of a monoatomic chain model. By varying the
angle between the linearly polarized laser and the in-plane crystal axis,
we are able to reveal an energetic shift of the LSM which is directly
linked to the in-plane anisotropy of the shear modulus in this material.

30 min. Coffee Break
Invited Talk O 57.5 Wed 11:15 H16

Enhanced light-matter coupling and single-photon emission
of atomically thin semiconductors — eRUDOLF BRATSCHITSCH —
Westfilische Wilhelms-Universitdt Miinster, Miinster, Deutschland

Graphene is known as a prototypical two-dimensional material with
unique physical properties. However, the difficulty of creating an op-
tical band gap stimulated the search for other monolayer materials.
In my talk I will show that atomically thin transition metal dichalco-
genides serve as a promising new material class for opto-electronics and
quantum optics [1-3|. In particular, I will explain, how gold nanoanten-
nas may be used to increase the light-monolayer coupling and present
single-photon emission from localized excitons in monolayer WSe2.

[1] P. Tonndorf et al., Optics Express 21, 4908 (2013)

[2] J. Kern et al., ACS Photonics 2, 1260 (2015)

[3] P. Tonndorf et al., Optica 2, 347 (2015)

Invited Talk O 57.6 Wed 11:45 HI16
Optical Properties and Carrier Dynamics in Transition
Metal Dichalcogenides — ¢ ALEXANDER STEINHOFF-LIST!, MALTE
RosNERD2, MaTTHIAS FLORIANY, MICHAEL LORKE!, CHRISTOPHER
Gies!, Ji-Hee Kivm3, DEok-Soo Kiv?, Cuanwoo Lee?, Gane HEg
Han3, MuN SEok JEong®?, Ttm WEHLINGY2, and FRANK JAHNKE!
— Mnstitut fiir Theoretische Physik, Universitit Bremen, P.O. Box
330 440, 28334 Bremen, Germany — 2Bremen Center for Computa-
tional Materials Science, Universitat Bremen, 28334 Bremen, Germany
— 3(Center for Integrated Nanostructure Physics, Institute for Basic
Science, Suwon 440-746, Republic of Korea — *Department of Energy
Science, Sungkyunkwan University, Suwon 440-746, Republic of Korea

As two-dimensional transition metal dichalcogenides are promising
candidates for optoelectronic applications, there is a strong interest
in understanding the influence of excited carriers in these materials on
optical properties. We present studies of absorption and photolumi-
nescence spectra of monolayer MoSs in the presence of excited carriers
as well as carrier kinetics, based on material-realistic ab-initio band
structures and interaction matrix elements. It is shown that absorp-
tion spectra are strongly modified due to band-gap renormalization and
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screening effects, while the photoluminescence signal can be distinctly
influenced by optical excitation above or below the electronic band gap.
Moreover, we present results for carrier-carrier Coulomb and carrier-
phonon scattering after optical excitation of the monolayer, exhibiting
ultra-fast carrier relaxation on the sub-100 fs time scale.

O 57.7 Wed 12:15 HI16
Microscopic modeling of the homogeneous linewidth in
absorption spectra of TMDs — eMarLTe SeLic!, GUNNAR
BERGHAUSER?, ERMIN MaLic?, and ANDREAS KNORR! — lInstitut
fir Theoretische Physik, Nichtlineare Optik und Quantenelektronik,
Technische Universitat Berlin, Hardenbergstr. 36, 10623 Berlin, Ger-
many — 2Chalmers University of Technology, Department of Physics,
SE-412 96 Gothenburg, Sweden

Monolayer transition metal dichalcogenides (TMDs) are direct-gap
semiconductors with strong light-matter and Coulomb interaction.
The latter accounts for strongly bound excitons, which dominate the
optical spectrum. Here, we investigate the homogeneous linewidth in
excitonic spectra induced by radiative coupling and exciton-phonon
scattering. In conventional semiconductors, the radiative dephasing /
recombination is typically weak in comparison to the electron-phonon
scattering which mainly determines the homogeneous linewidth. The
situation turns out to be different in atomically thin TMDs. Based on
the density matrix formalism combined with the tight-binding approx-
imation, we explicitly calculate the dephasing rates stemming from
exciton-radiation interaction and exciton-phonon scattering. We find
that in TMDs the radiative coupling is in the range of 1 meV clearly ex-
ceeding the exciton-phonon rate. We systematically investigate the re-
sulting homogenous linewidth in absorption spectra of the most promi-
nent TMDs for different temperatures, dopings, and substrates. [1]
[1] Galan Moody et al. Nat Commun 6, 8315 (2015)

O 57.8 Wed 12:30 H16
Influence of the spin-orbit splitting on the coupled spin-
valley-dynamics in monolayer transition metal dichalco-
genides — eGERD PLECHINGER, PHILIPP NAGLER, SVEN GELFERT,
CHRISTIAN SCHULLER, and ToBias KorN — Institut fiir Experi-
mentelle und Angewandte Physik, Universitdt Regensburg, D-93040
Regensburg

Single layers of transition metal dichalcogenides (TMDCs) like MoSs
and WSy can be produced by simple mechanical exfoliation. Offering

a direct bandgap at the K-points in the Brillouin zone, they represent
promising semiconductor materials for flexible and transparent opto-
electronic applications. Due to inversion symmetry breaking together
with strong spin-orbit-interaction, the valley and spin degrees of free-
dom are coupled in monolayer TMDCs. Via circularly polarized optical
excitation, an efficient polarization of the KT or the K~ valley can be
generated. Here, we investigate the dynamics of these coupled spin-
valley polarizations in monolayer MoS2 and WSy by means of photo-
luminescence spectroscopy and time-resolved Kerr rotation (TRKR).
The results indicate a maximum achievable spin-valley-lifetime in these
materials exceeding one nanosecond at low temperatures. Further-
more, we extract the dependence of the spin-valley lifetime on tem-
perature. By varying the excitation energy, we reveal the excitonic
resonances as well as the spin-polarized bandstructure around the K
valleys common to monolayer TMDCs.

O 579 Wed 12:45 HI16
Ultrafast Coulomb-induced intervalley coupling in atomi-
cally thin WS, — RoBerT ScaMmIiDT!, e GUNNAR BERGHAUSER?,
MarLtE SeLIG3, PuiLipp ToNNDORF!, ERMIN MaLic?, ANDREAS
KNORR?, STEFFEN MICHAELIS DE VASCONCELLOs!, and RUDOLF
BraTscHiTscH! — !Institute of Physics and Center for Nanotechnol-
ogy, University of Miinser, Miinster Germany — 2Chalmers University
of Technology, Department of Physics, SE-412 96 Gothenburg, Sweden
— 3Institut fiir Theoretische Physik, Nichtlineare Optik und Quan-

tenelektronik, TU Berlin, Hardenbergstr. 36, 10623 Berlin, Germany

Monolayers of semiconducting transition metal dichalcogenides hold
the promise for a new paradigm in electronics by exploiting the valley
degree of freedom in addition to charge and spin. For these materials
valley polarization can be conveniently initialized and read out by cir-
cularly polarized light. However, the underlying microscopic processes
governing the valley polarization in these atomically thin equivalents
of graphene are still not fully understood. Here, we present a the-
oretical study on the ultrafast time-resolved intervalley dynamics in
monolayer WSy [1]. Based on a microscopic theory, we reveal the
many-particle mechanisms behind the observed spectral features. We
show that Coulomb-induced intervalley coupling explains the immedi-
ate and prominent pump-probe signal in the unpumped valley as well
as the seemingly low valley polarization degrees typically observed in
pump-probe measurements if compared to photoluminescence studies.
[1] R. Schmidt et al, submitted (2015)



