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Abstract

Single Photons, Phonons and Valley-Locked Spins in Atomically
Thin WSe,
By Xiaotong Chen

Single-photon emitters or optically active quantum dots (QDs) in atomically
thin WSe,, comprised of localized bound electron-hole pair, exhibit a variety
of optical properties, such as the single-photon emission and the spin-valley
degree of freedom which may find potential application in quantum information
processing, quantum sensing and exploring fundamental many-body quantum
physics. In this dissertation, we explore the interaction between single QDs and
phonons or charge carriers in the monolayer WSe, at low temperature down to
4 K and high magnetic up to 8 T. Experimentally, we observed an entanglement
state between phonons carrying pseudo angular momentum (chiral phonons)
and single photons arising due to unique electronic and phononic properties.
We also investigated an optical initialization of a single spin-valley state which
can be exploited in quantum information processing. In addition, by studying
the phonon sideband, the intrinsic properties of QDs, such as the size and
interaction type with phonons are revealed.

The first part demonstrates the entanglement between the single photons
and chiral phonons. The doubly degenerate chiral phonons interacting with
the neutral QDs lead to phonon replica peaks at lower energy. The phonon
replica and its parent neutral QD originate from the same QD as they exhibit
an identical spectral jittering pattern. However, the emission from neutral QD

is linear polarized whereas the phonon replica exhibits an unexpected random



polarization at zero magnetic fields. As the phonon replica results from a
coherent phonon scattering process, the unpolarization at zero magnetic fields
is intriguing. This behavior arises due to the entanglement state formed by
two indistinguishable scattering paths of the single photons and chiral phonons.
Under the perpendicular magnetic field, because the indistinguishability is lost
and the entanglement state is destroyed, the phonon replica and parent neutral
QD both recover the circular polarization.

In the second part, we studied the optical initialization of a single spin-valley
state in the single positively-charged QD. The singlet QD has a similar spectral
jittering as a neutral QD indicating the same origination and exhibits spectral
features consistent with a single positively-charged QD. Under a perpendicular
magnetic field, the emission polarization of the charged QD can be selectively
controlled by choosing the helicity of the excitation laser but this phenomenon is
absent in neutral QDs. In other words, the spin-valley state of the excess hole is
optically initialized by the helicity of the excitation laser as its spin-valley state
is opposite to the recombined electron-hole pair in the single positively-charged
QD. We explain the spin-valley initialization as a result of the quenching of
exchange interaction in single positively-charged QDs.

Finally, after calculating and fitting the phonon sideband, we estimate the
intrinsic properties of QDs, such as the size and coupling type with phonons
in monolayer WSe,. The spectral calculation of QDs is conducted within the
independent boson model and under different coupling types between QDs
and phonon modes. Our spectral calculations exhibit a good fitting to the
experimental results, especially for the phonon sideband at the low energy
side. The size of QDs is estimated at about 4 nm and the coupling type is the

deformation coupling between QDs and acoustic phonon modes. The fidelity



of the fitting is about 60% to 70% at different temperatures and it can be
enhanced by improving the fitting effect of phonon sideband at high energy

side.
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Chapter 1

Introduction

1.1 Transition metal dichalcogenides (TMDC)

Graphene is an atomically thin carbon layer with a honeycomb structure and
a corresponding hexagonal Bravais lattice. Since its first isolation in 2004
[1,2], graphene has been found to have extraordinary mechanical and electronic
quality. Its discovery heralded the emergence of atomically thin 2D materials
- a new material platform with rich and new physics. Specifically, one family
of 2D materials, atomically thin transition metal dichalcogenides (TMDs) has
attracted significant attention because of their unique optical and electrical
properties.

2D atomically thin TMDs materials have a form of MX, with M a transition
metal atom (W or Mo) and X a chalcogen atom (S, Se or Te). Their crystal
structure is similar to graphene’s hexagonal lattice but the neighboring atoms
are different as an M atom on one site enclosed by two X atoms on the other site
as shown in figure [3,4]. Due to this difference, the inversion symmetry in

TMDs is broken which leads to a band gap at the K-point of the Brillouin zone.



Unlike bulk TMDs having an indirect bandgap in the center of the Brillouin
zone, the monolayer TMDs exhibit a direct bandgap at K-point which lies in
the visible and near-infrared light range and therefore can have applications
in electrical transistors, LED emitters and photo detectors. The inversion
symmetry breaking also leads to a valley-contrasting Berry phase and magnetic
moments in K and -K valleys. By adding an in-plane electric field, the valley
Hall effect induced by the valley-contrasting Berry phase has been observed in
both graphene [5-7] and TMD systems [8}|9).

Furthermore, TMD materials have a strong spin-orbit coupling at the scale
of 100 meV. For example, in monolayer WSey, the spin-splitting in valence
band at K-point is 450 meV and in conduction band is 40 meV [10-12]. For
the interband transition of the electron between the valence band and the
conduction band, the coupling strength with the helicity of optical fields (o*-

polarization) is [14]

2,242 !
s mpa‘l A 9
Pl = U T e e

(1.1)

where a is the lattice constant, ¢ is the effective hopping integral, 7 is 1 (-1) in
K (-K) valley, k is the wavevector difference away from the K or -K-point and
A is the spin-dependent bandgap which is much larger than atk. Therefore at
K-point (-K-point), P_ (P,) = 0 which produces the valley-dependent optical
selection rules. The inversion symmetry breaking together with the spin-orbit
splitting leads to a spin-valley locking in K and -K-point [13}/14]. The optical
selection rules indicate that a photon with ¢ (¢~ ) polarization can only couple

to K (-K) valley shown in figure [1.2]
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Figure 1.1: The figure shows the top view of TMD monolayer, the blue and
orange spheres represent M and X atom respectively. The enlarged side view is
a prismatic structure marked in a triangle in the right figure. The bottom left
figure represents the hexagonal Brillouin zone. Figure adopted from Ref. [11].

1.2 Exciton and quantum dot in monolayer W Se,

In semiconductors, upon absorbing a photon, the electron from the valence
band is excited into the valence band leaving a vacancy in the valence band
which can be considered as a “hole” with a positive charge. The excited elec-
tron is bound with the positive charge hole by Coulomb interaction and the
electron-hole pair forms a hydrogen-like state, called the exciton. Due to the
reduced screening effect owing to the atomically thin geometry [15-H17], excitons
in TMD materials have a large binding energy around 0.3-1 eV [18-20] which
is about one order of magnitude larger than the binding energy of excitons in
bulk TMDs [21] and GaAs [22]. The exciton can capture an excess electron or
hole to form a charged state called trion and compared to an exciton, trion has
an additional binding energy about 18-40 meV. The exciton’s Bohr radius is
on the order of 1 nm indicating that the excitonic wavefunction expands over
several unit cells [23H27]. Therefore, the exciton in TMDs can be considered as
Wannier type exciton localized in momentum space around K-point. As shown

in figure [I.2] which shows the band structure around K-point in monolayer
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Figure 1.2: Schematic representation of the spin-valley locking in monolayer

WSes.
WSe,, the exciton comprised of electron and hole with the same (opposite)
spin is called the bright (dark) exciton. Excitation light with an in-plane (out-
of-plane) electromagnetic field can interact with the bright (dark) exciton. For
the bright exciton configurations in one valley, the low energy bright exciton
is usually called A exciton and high energy one is called B exciton. Figure [1.3
shows the exciton and trion photoluminescence spectra in monolayer WSes,.
In the photoluminescence, a broad peak shows at the 20-100 meV lower en-
ergy side compared to the exciton and trion peak and it is attributed to the
defects or impurities in WSe, [28]. Exciton and trion peaks exhibit a linear
power dependence but the broad defect peak shows a saturation behavior at
high excitation power as the energy band of the defects or impurities is not
continuous.

The broad peak region of monolayer WSes exhibits significant sharp lines

which can be as narrow as 45 peV limited by our instrument resolution shown
in figure[1.4] These sharp lines are originating from the excitons trapped by lo-

calized minimum potentials and called single-photon emitters or quantum dots
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Figure 1.3: Photoluminescence of exciton, trion and broad defect peaks mea-
sured in monolayer WSes with HeNe laser at 4.2K temperature. Figure adopted
from Ref. [29].
(QDs). The positions of the localized QDs are usually randomly distributed
in the regions of defects or impurities in monolayer WSes. It is reported that
by adding strains in the sample, the positons of QDs can be deterministically
controlled [30].

QDs have a longer lifetime at the level of nanosecond [29,31,32] which
is much longer than that of the free exciton, about picoseconds at low tem-
peratures. The QDs in monolayer WSes are single-photon emitters as an
“antibunching” dip is observed in the photon correlation measurements with
g?(0)<0.5 shown in figure The second correlation function g(®(0)=
% where n is the photon number observed in the Hanbury-Brown-Twiss
(HBT) setup at the same time. If it is smaller than 0.5, the photon source must
be a single-photon emitter. The QDs in TMDs can inherit the electronic prop-
erties from the host material such as the valley degree freedom. Under a high
magnetic field in a Faraday configuration, both neutral and charged QDs splits

into two peaks with circular polarizations. We will demonstrate the detailed

polarization properties of QDs in the main chapters. In the next chapters, we
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Figure 1.4: Sharp PL spectra of QD with a linewidth as narrow as 45 ueV in
monolayer WSes measured at 4 K.y is the full width at half maximum
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Figure 1.5: The second-order photon correlation function g(®(t) of PL mea-
sured with a HBT setup. An antibunching dip proves QD in monolayer WSes
as a single photon emitter. Figure adopted from Ref. .

show the new physical properties of QDs in a field-effect transistor device of

monolayer WSe, which allows us to controllably switch on and off the emission

of QDs together with introducing extra electrons or holes in the sample.

1.3 Exciton valley depolarization

The optical initialization and manipulation of a single spin and its intrinsic
freedoms are vital in the spin-photon interface, quantum communication, quan-

tum information, and quantum sensing. The application of the valleytronics



Figure 1.6: The exchange interaction of the neutral exciton in monolayer WSes.
Figure adopted from Ref. .
requires a longer valley polarization lifetime. For the free electrons and holes,
the intervalley scattering needs large momentum transfer due to the large mo-
mentum difference between K and -K valley. The spin-valley locking requires
a spin-flip for the valley depolarization and in absence of magnetic impurity,
the valley lifetime of the free electrons and holes is enhanced. The hole’s valley
lifetime is measured to be 1 ns (around 200 ps) at low (room) temperature [33).
For the free bright excitons in monolayer WSes, compared to the free charge
carriers, another important valley depolarization process called the exchange
interaction should be emphasized. The exchange interaction in the free exciton
results from the indistinguishability of particle and leads to a virtual annihi-
lation and creation of the hole in the valence band and the electron in the
conduction band. As shown in figure the virtual annihilation of the hole
and electron in K valley results in an appearance of the electron-hole pair at
-K valley and thus mix the two valley states. The whole process does not in-
volve an intervalley scattering and spin-flip process. The exchange interaction

coupling between the neutral exciton states in K and -K valley can be written

as [3436)
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~ Rk: k ; k .
H = vy, 20 Y 219’\_ 1.2
huwwy + 20, Je o, Je*’o (1.2)
and leads to an energy splitting
h2k?
= - .
Ei(k) = hwo + o+ J(k) (1.3)

where k is the center-of-mass momentum of the exciton hwg is the exciton
energy at k=0, and My is the exciton mass.

For negative trion state in monolayer WSes, the exchange interaction pic-
ture becomes complex. The four configurations of negative charged bright
exciton states are shown in figure 1.7} The exchange interaction between the
electron-hole pair in the same valley with the opposite spin can couple the
two configurations with the same excess electron. The exchange interaction
between the two electrons with the same spin leads to an additional energy.
But for the trion states whose two electrons have different spin, the exchange
interaction couples the bright trion state to dark trion state. Therefore, the

exchange interaction in bright trion states can be written as

e h2k2 k = k o 1) ~ A~
4 S - EJ6_2290-+ — EJ€2190'_ + 5(0232 + 1) (14)
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Figure 1.8: The exchange interaction of the positive trion in monolayer WSe,

where 5, notes the spin index of the excess electron. The exchange interaction
described above leads to a finite gap opening at zero center-of-mass momentum.

For positive trion state in monolayer WSes, in order to minimize the en-
ergy, the two holes are located at different valleys because of the large spin-
orbit splitting in the valence band. The exchange interaction between the
bright electron-hole pair can not happen as it is blocked by the Pauli principle.
Therefore, the single positively-charged trion states in different K valley does

not split.

1.4 Chiral phonons in monolayer hexagonal lat-
tice

The valleytronics resulting from the inversion symmetry breaking has attracted
increasing attention in transition metal dichalcogenides. The chirality of elec-
trons in the Brillouin zone corners (K-points) provides another freedom to
manipulate. Recently, helicity-resolved Raman scattering observed the pho-
ton’s helicity change involving the phonon at I'-point [76]. I will follow the
theoretical paper [47] by Prof. Lifa Zhang to introduce the properties of chiral

phonons in monolayer TMDCs.
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The monolayer TMDCs have two sub-lattices and it corresponds to two sub-
lattice unit cells in the unit cell of monolayer. Similar to the polarization defi-
nition of the light, the new basis of right-handed or left-handed circular polar-

T
ization for the two sub-lattices is defined as | Ry) = \% [1 i 0 0] | Ly =

T T T

%[1 —i 0 0] 7’Rz>:\%l0 01 z] and\L2>=$lo 01 —i] :

The phonon eigenvector can be written as € = > €r. | Ra) + €, | La). The
a=1

operator for phonon polarization in z direction is defined as S, = D] Ra)XRa |
a=1

— | La){Lq |). For the condition of monolayer, the two-dimensional vibrations

of the lattice can be presented as u; = (ufu’ju%ul,)’ where t means the t-th

unit cell, u is the displacement in x or y direction. And the angular momentum

b
of total atomic vibrations is JP* = > Moty X Uy, and the angular momentum
ta

, 0 —i| |[m o0
in z direction is J, = Y, ul iM'tu; where M’ = ® . After us-
t 1 0 0 mo

ing the second quantization, the two-dimensional vibration can be represented

j i(Ry-k—w h
ug,a = Z €a,j(k)€ (Rek t)\/m%ak + h.c.. (15)
k «

And the angular momentum can be represented as [48]

as

.Z 1.,
JZ = Z.]k,cr[f(wkﬂ) + _]7]k,a = (EZ,JMEkaU)h (16)
o,k 2
0 —2
where M = ® Irxo and f(wk,) is the Bose-Einstein distribution. The

0

eigenvector €(k, o) can be calculated as

D(k,0)e(k,0) = wy ,e(k,0) (1.7)
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where the dynamical matrix is

Kt t'al .
Doo (k) = _talter iRy —Ri)k 1.
(k)= 3 et (1)
R,—R;
Ko vor 1s the spring constant between the a-th atom in ¢-th unit cell and the
o’-th atom in ¢’-th unit cell. In the hexagonal lattice, at high symmetry points
I', K and — K, the three-fold rotation symmetry produces a requirement for the

: k
,z27r/3)lphuk

eigenvector of lattice vibration in a unit cell that R[(27/3), z]uy, = €'
with l;’;h = 0 or £1. The l;’;h consists of the spin pseudo angular momentum
(PAM) [* from local (intercell) part e, and the orbital PAM [° from the
nonlocal (intercell) part e!B*,

The phonon structure of a honeycomb AB lattice is plotted in Fig[T.9 At K-
point, the fundamental reason for the non-degeneracy of the phonon modes with
different PAMs is the inversion symmetry breaking and time-reversal symmetry
breaking in K or -K valley. In monolayer TMDCs, the PAM change of the
electron in the transition from the conduction band to the valence band at K-
point should be equal to the PAM of the photon emitted as l.—1, = lyhoton = £7.
The excited electron in the conduction band can be firstly intra-valley scattered
by a I' phonon and then recombine with a hole at the valence band to emit a
photon. This process is called the first-order Raman scattering. Compared to
the process that the excited electron recombines with the hole in the valence
band without a phonon scattering process, a selection rule requires that the
PAM difference of the emitted photons should equal the scattered phonon’s as
Olphoton = lphonon- The entanglement state results from two degenerate chiral

phonon scattering processes.

For the spin-orbit split valence band in monolayer TMDCs, the intervalley
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Figure 1.9: a) Phonon dispersion of a honeycomb AB lattice. b) Non-local
part phase correlation for sub-lattice A and B. ¢) The PAM for bands from 1 to
4 at valley K and —K. This phonon dispersion is calculated with longitudinal
(transverse) spring constant K;=1 (K7 = 0.25)and ma=1 and mp=1.2. Figure
adopted from Ref.
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Figure 1.10: A: Creation mechanism of chiral phonon and B: PL’s polarization

of B exciton. Figure adapted from Ref. [49]
scattering of hole can be realized by emitting or absorbing a chiral phonon at
K-point and a circularly polarized infrared photon if the energy and the angular
momentum are conserved as Al = +ln £ lphoton and Mg = FhAwpn = Rphoton-
The chiral phonon at K-point has been observed in Ref. [49] shown in fig
The pump laser produces excited holes in K valley. Then through a virtual
scattering process involving emitting a chiral phonon and absorbing an infrared
photon, the hole in K valley transits into -K valley at higher energy with the
same spin. Figure[1.10| B shows the polarization of B exciton. After 0.2 ps, the
opposite valley polarization is observed proving the chiral phonon scattering

process.
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Chapter 2

Experimental Methods

2.1 Device fabrication

Since the first isolation of graphene in 2004 [1,2], many fabrication methods
have been developed to isolate 2D atomically thin TMDs such as mechanical ex-
foliation [39], liquid-phase exfoliation [37] and chemical vapor deposition [3§].
The micromechanical exfoliation method by the scotch tape is a simple but
effective way to produce high-quality samples. After attaching the surface
sheets of the bulk crystal sample onto the scotch tape, the sample sheets can
be transferred to another material like the polydimethylsiloxane (PDMS) or
silicon substrate by slowly peeling off the scotch tape. Part of the samples
transferred are randomly distributed 2D atomically thin flakes with a size of
100 to 10000 pm?. Under an optical microscope, monolayer TMDs can be dis-
tinguished by their characteristic colors on different substrates and confirmed
by PL measurement or AFM. Finally, the monolayer sample can be positioned
exactly on the target surface such as electrode made on the silicon wafer with

the help of nanopositioner at a sub-micrometer resolution under an optical mi-
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Figure 2.1: Picture of the sample transfer setup.

croscope. The van der Waals force ensures the monolayer attached to the target
surface. Compared to other deterministic transfer methods like the wedging
method and polyvinylalcohol method which need the help of the sacrificial
polymer or a wet process, the all-dry transfer method can transfer samples
with no capillary force involved in the whole process and therefore has broader
usability. Figure [2.1] shows our setup for transferring samples. The signal col-
lected by the camera is inputted into television from which we can adjust the
relative positions between the target sample and the transferred sample.
Using the all-dry transfer method described above, the monolayer WSes
we used is mechanically exfoliated on polydimethylsiloxane (PDMS) from bulk
WSe, crystal (HQ graphene) and identified by optical contrast under the mi-
croscope. After a similar finding process, a thin hBN flake is firstly transferred

onto a degenerately silicon wafer (Si++) substrate with 285nm SiOy on the
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Figure 2.2: The optical image of the monolayer WSes/BN stack under the
white light illumination. The blue part represents hBN and the red part is
monolayer WSes.
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Figure 2.3: Cartoon image of the monolayer WSes sample and source-drain

current measurement at a different back-gate voltage.
surface. Then the monolayer WSe;, is transferred onto hBN. The hBN under-
neath the monolayer WSe, is used to provide a flat platform and improve the
sample quality. In order to control the doping level in monolayer WSes, 30
nm Pd/80 nm Au metal contacts are deposited on WSe, with electron beam
lithography. Figure shows the WSey, FET device where the blue part is
hBN and the red part is monolayer WSe,.

The transport property of the sample is shown in figure[2.3] A source-drain

voltage 3V is applied across the sample and the current is measured at different

gate voltage (different doping). This device exhibits a bi-polar effect.
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Figure 2.4: Schematic representation of the home-built confocal magneto-
optical setup used to measure the quantum dots in monolayer WSes.

2.2 Magneto-optical PL measurement

Figure [2.4 shows the main structure of the home-built confocal magneto-optical
setup used to measure the quantum dots in the monolayer WSes. The sample
is studied at a low temperature down to 3.5 K and a high magnetic field up to 8
T in a closed-cycle cryostat (BlueFors). The cryostat is above the optical table
and can be moved outside the optical table region to exchange samples. The
sample position is controlled by a three-dimensional piezo scanner (Attocube
Systems) with a resolution of about 200 nm controlled by ANC 300 controller.
Lense 1 represents a low-temperature achromatic objective lens with an NA of
0.63 and a focal length of 3.73 mm.

In the set-up, we use white light to image the sample and usually also use
a bandpass filter close to the excitation wavelength to eliminate the influence
from other wavelengths. HeNe laser (632.8 nm) and a mode-hop-free tunable
continuous-wave Ti-Sapphire laser (M Squared) with a resolution of 0.1 pm are
used to excite the sample. A bandpass filter is put behind the laser source to

narrow the excitation wavelength. And the A\/4, /2, liquid crystal retarder
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(LCR113-B), polarizer and their combinations are put in front of the beam
splitter to control the polarization of the excitation laser.

In the collection part, an aspheric lens with numerical aperture 0.55 is used
to collect PL signal into a high-resolution (focal length: 750 mm) spectrome-
ter equipped with a detector which is a liquid nitrogen-cooled charge-coupled
device (Princeton Instruments SP-2750, PyLoN 1340 400 pixels CCD). In the
spectrometer, the PL signal is dispersed by a grating of 1,200 grooves per mm
or 300 grooves per mm (both blazed at 750 nm). A Wollaston prism separates
the signal light into s and p components to avoid the influence of QDs’ intensity
blinking and a quarter-wave plate is placed behind it. The \/4 waveplate can
transfer the s and p components into left or right circularly polarized lights and
thus eliminate the sensitivity of grating to linear polarized lights at different
angles. In addition, a half-wave (super-achromatic 600-2, 700 nm, Thorlabs)
or a quarter-wave (zero-order @ 780 nm) plate are placed in front of the Wol-
laston prism for the linear or circular measurement. The angle of the linear
polarization is changed by rotating the half-wave plate. Therefore, the ratio
between the intensities of the two components after the Wollaston prism be-
haves in different functions corresponding to different signal polarization. As
the circularly polarized lightl becomes to linearly polarized light, by rotating
the quarter-wave plate, the polarization angle of transformed linear polarized
light also changes and therefore the ratio between the two components after
Wollaston prism behaves in different functions corresponding to different po-
larizations. Besides the free space collection, the single-mode fiber is also used
to collect the PL signal. A grating setup (PCG-1812-760-971) is also used to
narrow the excitation or collection wavelength.

To quantify the polarization, the behavior of the ratio Iy /(I;+15) for differ-
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Figure 2.5: Schematic of the setup for polarization measurements avoiding
the influence of QDs’ blinking. The Wollaston prism separates the s and p
components. A half wave-plate is used for linear basis measurement and a quarter
wave-plate is used for circular basis measurement to convert circularly polarized
components into linear polarized components. The quarter wave-plate converts
s and p component into circularly polarized light so the signal is insensitive to
the grating efficiency.
ent polarized light is plotted, for example, in fig [2.6, where [; and I; represent
the intensities of the two components. In the linear basis, the orange dashed
line presents a linear polarization and the red solid line represents a circular
polarization or non-polarization. In the circular basis, the green dashed line
represents a circular polarization and the red solid line shows a linear polariza-
tion or non-polarization.

After finding the quantum dots, the excitation wavelength of the Ti-Sapphire
laser is tuned to a wavelength that the quantum dot has the maximum inten-
sity. The magnetic field is applied perpendicular to the sample in a Faraday
configuration up to 8 T.

For the Raman scattering experiment, it is conducted at room temperature
with 441.6 nm He-Cd laser and 0.5 mW power. A 100x objective is used
to collect the backscattered signal and direct the signal into a micro-Raman
spectrometer (Horiba-HR Evo) with a grating of 1800 grooves per mm and
then the signal is detected by a liquid nitrogen cooled charge-coupled device

with a spectral resolution of 1 cm™!.
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Figure 2.6: Polarization of phonon replica measured in a linear basis and cir-
cular basis. The dashed line in the left (right) figure shows the ideal linear
(circular) polarization behavior. The solid line in the left (right) figure shows
the ideal circular polarization or unpolarization (linear polarization or unpolar-

ization).
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Chapter 3

Entanglement between single
photon and chiral phonon in

monolayer WSe»

3.1 Sample review

The sample used to measure the quantum dots is the monolayer layer WSe,
field-effect transistor (FET) with a few layers hBN underneath to provide a flat
surface. The photoluminescence (PL) of the FET sample shows a prominent
and asymmetry peak centered at 1654 meV ( 750 nm) under HeNe (632.8 nm)
excitation which verifies the monolayer properties.

Figure [3.2|shows the reflectance scan results with a white light excitation at
4 K. We can clearly see the boundary of the monolayer WSe, and the electrodes.
At the A point marked by a red point which is on the monolayer WSey with
the hBN underneath, the refection peak exhibits a clear 720 nm peak which

corroborates the monolayer property.
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Figure 3.1: PL of monolayer WSey measured at room temperature. A promi-
nent asymmetry peak centered at 1654 meV (750 nm) arises proving the sample
is monolayer. The excitation laser is HeNe laser with the power of 16 uW.
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Figure 3.2: PL of the monolayer WSey measured at room temperature. A

prominent asymmetry peak centered at 1654 meV (750 nm) arises proving the
sample is monolayer. The excitation laser is a HeNe laser with a power of 16

uW.
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Figure 3.3: PL intensity map as a function of back-gate voltage. The attractive
Fermi-polaron (Xgp) and free exciton (X°) are identified. The QDs arise at a
similar gate voltage of the broad defect peak which indicates the QDs originates
from monolayer WSes.

3.2 Phonon replica of neutral quantum dot

The photoluminescence of the monolayer WSes in a field-effect transistor is
measured in different doping levels controlled by changing the back-gate volt-
age. In figure (3.3, at +20 V gate voltage around electron doping region, an
attractive Fermi-polaron peak (X,,) [41] is observed. The well-known neutral
exciton X° exhibits faint intensity at the gate range from +20 V to -90 V. The
turn-on gate voltages for the broad defect peak and sharp quantum dots are
both around +20 V gate voltage which demonstrates that the quantum dots
are originating from the monolayer WSe,.

For a localized neutral quantum dot with one hole and one electron, the

anisotropic electron-hole exchange interaction between the excitons at K and
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-K valley is the reason for that neutral quantum dot splits into two orthogo-
nal linearly polarized states. This fine structure splitting has been observed in
neutral localized quantum dot systems like self-assembled GaAs QDs [42]. In
this sample, we observed many neutral quantum dots, especially in the hole
doping region. The energy splitting of these dots is around 600 peV which
is consistent with the previous studies [29,31,32,43,44]. In figure the
gate dependent PL, at -23 V gate voltage where the electron is depleted in the
monolayer WSe,, two doublets quantum dot labeled as D3a and D3b appear
simultaneously. The two quantum dots show a similar spectral wandering high-
lighted with red solid symbols. Because of the simultaneous appearance and
identical spectral wandering, D3a and D3b are identified as originating from
one quantum dot named as D3. Moreover, two more groups D2a D2b and D4a
D3b have the same behavior so that they are attributed as one quantum dot
D2 and D4.

Figure|3.5|is a cross-sectional PL spectrum at the specific gate voltage -78V,
in which the energy difference between parent peak Da and replica Db in each
group is exact 21.8 meV. In this sample, we found 6 groups of quantum dots
with the properties described above shown in figure [3.6]

The 21.8 meV energy spacing is similar to the calculated E”(I") phonon
mode which is shown in fig 3.7

By conducting the Raman scattering experiment of WSes samples with 1-7
layers and bulk sample, the phonon mode E”(T") is measured with the energy
of 21.8 meV (176 cm™!) which is exactly same as the energy spacing between
parent dot and its replica. E”(I") phonon mode is absent in monolayer as it is
forbidden by symmetry constraints in Raman scattering. But as the symmetry

constraint is broken by the anisotropic potential of the quantum dot, the parent
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Figure 3.4: Gate-voltage dependent PL of QDs. The triangles and squares
(stars) mark the spectral jittering between D3a and D3b (D4a and D4b). The
dashed lines show the gate voltage where different QDs arise simultaneously.
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Figure 3.5: The cross-sectional PL spectrum at the gate voltage of -78 V. The
splitting energies in doublet a and doublet b have the same value and the energy
difference between a and b doublets is 21.8 meV for all the groups. The inset
shows the PL of another doublet group at a gate voltage of -70 V.
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Figure 3.6: Three other doublet groups.

a and doublet b is also 21.8 meV.
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Figure 3.7: Phonon dispersion of monolayer WSes. At I'-point, two optical
phonon modes, LO(E”) and TO(E”) are degenerate in energy. Their oscillation
modes can be combined to form two new modes. The two new modes have
pseudo angular momentum (PAM) of 1 or -1.

quantum dot can interact with the E”(I") phonon to produce the replica peak.

The experimental observation of a Raman peak depends on the symmetry

selection rules. The Raman tensor for the E” mode in monolayer WSe; is

0 0 a
R=10 0 b (3.1)

a b 0

For linearly or circularly polarized light with wavevector perpendicular to
the monolayer ([1 0 0] [0 1 0] or 1/2[1 1 0] 1/2[1 -i 0]), the reflected light in
the z direction is constantly zero as (€, | R | €czcitation) = 0. This is the reason
why 176 cm™! Raman mode can not be observed in the monolayer WSe,.
However, as the QDs lowers the symmetry from a threefold to twofold because
of the anisotropy, the E” phonon mode in monolayer WSe,; can have nonzero
intensity. With the increasing of the layers, the reflected light in z direction

calculated as (€, | R | €cycitationy # 0. The Raman tensor for E; mode in 2L
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Figure 3.8: Raman scattering results in WSey samples with different layers.
For the WSey samples with more than 2 layers, a Raman peak at 176 cm™!
corresponding to an energy of 21.8 meV is observed.

(4L, 6L, ...) is
a c d
R=|c —a f (3.2)
d f 0
and for 3L (5L, 7L, ...) is
a c 0
R=1|¢c —a 0]- (3.3)
0 0 O

3.3 Power dependence and Zeeman splitting

In order to avoid other possible origins of the Db peak such as excitonic com-
plexes, biexcitons and solid our conclusion of phonon replica, we conducted the

power dependence of these quantum dots. As the QD can be regarded as a
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Figure 3.9: Power dependence of D3a and D3b doublet. The x-axis and y-axis
are plotted in a log scale. In D3 group, the four peaks in D3a and D3b exhibit
similar power dependence with a ratio of about 0.86.
two-level system different to the exciton which has a continous band and shows
a linear power dependence, the QD shows a sub-linear power dependence. In
figure 6, the excitation power (P) and intensity (I) are plotted in a log scale and
they have a relation I oc P® where « is around 0.8. This sub-linear power-law
behavior rules out the possibility of biexcitonic origination. A similar sub-linear
power law is also observed in other groups shown in figure [3.9
Under the magnetic field applied in a Faraday configuration, both doublet
peaks Da and Db exhibit a Zeeman splitting shown in the fig By fitting
the Zeeman splitting energy in a form of F(B) = \/m where g
is energy difference between two peaks at zero magnetic fields, the g-factor
for both Da and Db peaks is approximate 9 which is consistent to previous
results [29,31,132,|43}44].
Furthermore, the intensity ratio between a and b peaks is about 0.2 which
is also called the Huang-Rhys factor reflecting the exciton-phonon coupling
intensity. This coupling intensity is about one order stronger than that in

GaAs based QDs [46].
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Figure 3.10: Power dependence of D2 group.

In D2 group, D2a and D2b

exhibit similar power dependence with a ratio of about 0.6.

1.2} -]
| e D3a g=89% 1.1y o
S e 8 #
> 1.0} = -
E ¢ e -
w 0.8} \\\- -
< | ~e 0/9.’0/

e . —
0.6
20 15 10 -05 00 05 10 15 20
B (T)
1.2
[y =~

< e D3b =93+1.9 o
< 10} = 9 ) e
E L - \® P -
w b - -7
4 0.8} - - ‘/’ -

0.6 L

15 -1 05 0 05 1 15
B (T)

Figure 3.11: The g-factor for D3a and D3b. This figure shows the splitting
energy of D3a and D3b doublets in the magnetic field. By fitting the energy
difference, the g-factors are calculated with the value of 8.9 up and 9.3 up.



Group doublet a doublet b
D1  9.4£0.3 10.2+0.6
D2 9.7£0.8 9.940.5
D3 89+1.1 9.3%x1.9
D5 9.6£1.2 8.6+£0.9

Table 3.1: g-factor of doublet a and b in D1, D2, D3 and D5.

Group Huang Rhys factor

D1 0.284+0.08
D2 0.32+0.16
D3 0.27+0.04
D4 0.88+0.17
D5 0.18£0.05
D6 0.26£0.05

Table 3.2: Huang-Rhys factor for all the groups
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3.4 Polarization measurements

As the phonon replica b peak is a result of exciton-phonon scattering from the
parent a peak, information of the scattering should be reflected in the PL signal.
Now we only obtain similar properties between a and b peak such as g-factor
under magnetic field and power dependence. Then the polarization-resolved
experiment is conducted.

In linear basis measurement that the two orthogonal linearly polarized com-
ponents of signal can be separated by Wollaston prism, the polarization of the
parent doublet a are shown in figure Same as described earlier that
the anisotropic electron-hole exchange splits the neutral quantum dot, the two
peaks exhibit orthogonal linear polarization. In figure the dashed line
represents two ideal orthogonal linear polarization and the dot shows the ex-
perimental polarization of the two peaks in the parent dot. The experiment
results fit well and therefore two peaks are orthogonal linear polarized lights.

However, the phonon replica doublet is not linearly polarized and shows a
property of circular polarization or non-polarization in linear basis measure-
ment. Then the phonon replica doublet is measured at the circular basis in
which the two circular components o, 0~ are separated by Wollaston prism.
The result shows that the phonon replica is completely unpolarized. The setup
detail of the linear basis and circular basis is shown in the experiment method
review part.

In a linear basis, the dashed lines show the behavior of the ideally linearly
polarized light when we rotate the half-wave plate before the Wollaston prism.
The solid red line represents the ideally circular polarization or unpolarization.
In a circular basis, the green dashed line shows the behavior of the ideally

circular polarization and the solid red line represents the unpolarization or



33

0
120 - ¥ e 60
,.’ 0'8 .\
a o
150 ’ 06 30
[ ]
o o 04 o- e
o " ““‘\ | G b
é o *0g o .
180 ¥y <
’ -’"I" ;
‘e o o e, e »
» .. o":‘x. ‘.~ . ?
% .
210 ] : 330
4 .
. '
240 el .2 300
o3 270 o red peak
o e blue peak

Figure 3.12: The polarization measurement results of D3a doublet in a linear
basis. In a linear basis, the dashed red and blue lines represent the two orthog-
onal ideal linearly polarized light. The red (blue) solid dots correspond to the
experimental polarization of D3a red (blue) peak.
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Figure 3.13: Unpolarization of the D3b red peak. The left (right) picture repre-
sents the result in a linear (circular) basis. In the linear basis, the orange dashed
line represents the ideally linear polarization and the solid red line represents the
idealy circular or random polarization. In the circular basis, the green dashed
line represents the ideally circular polarization and the solid line corresponds to
the ideally linear or random polarization. The blue dots are the experimental
results for polarization measurement. Based on these measurements, the D3b
red is concluded with completely random polarization.
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linear polarization. Based on the experimental results, we can conclude that
the D3b red peak is completely unpolarized.

In order to quantify the unpolarization of the phonon replica, we calculated
its density matrix by extracting the Stokes parameters. From the polarization
measurement in the linear and circular basis, we can obtain the intensities
of phonon replica along horizontal (H), vertical (V), diagonal (D) and right
circular (R) components from which we can calculate ng = 5 ((H | p | Hy+(V |
Pl V), n =ND|p| D)ny=NR|p| Ry where N is determined by
the intensity of PL and the efficiency of detector [46]. Therefore because the
Stokes parameters are defined as Sy = 2ng, S; = 2(ny—ng), Se = 2(ny—ng), and

81 Sy S3

S3 = 2(nz—ny), the Stokes vectors can be calculated as (g!, g2 g*). The density

eies

3
matrix is defined as p = % >, 2t0; where 0y is the identity operator and 7 2 3 are
i=0

the Pauli operators. In linear basis, the density matrix of ideally unpolarized
1

state 18 Pigeas = . The polarization density matrix of the red peak in the
0

N =

3 0.014 + 0.0074

phonon replica D3b is calculated as pey), =
0.014 — 0.007: :

Therefore the fidelity of D3b red peak is F = Tr(\/ \/ PidealPexp/ Pideal) =

0.999 £0.016. The fidelity value is very close to one and therefore demonstrates

the unpolarization of the phonon replica.
The polarization measurements of D4 group in both linear and circular
basis are shown in figure[3.14. The D4a doublet are orthogonal linear polarized

and the D4b red peak is unpolarized. The density matrix of D4b red peak’s

R 0.506 0.009 — 0.0057
polarization is calculated as pey, = and the

0.009 + 0.0052 0.494
fidelity is 0.999+0.013. The polarization density matrix is plotted in figure
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Figure 3.14: Polarization measured in both linear and circular basis. D4a
doublet is orthogonal linearly polarized and D4b red peak is unpolarized.
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Figure 3.15: Real and imaginary parts of the density matrix of D4b red peak.
The diagonal value of 0.5 in the matrix of real parts shown in the left picture
corresponds to a completely mixed state.
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3.5 Single photon and chiral phonon entangle-

ment

Comparing the linear polarization of parent doublet Da and un-polarization of
phonon replica Db, it seems that the linear polarization of Da is lost during

the photon-phonon scattering process. Meanwhile, the phonon replica can
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inherit the properties of power dependence and g-factor from the parent peak.
These behaviors of phonon replica raise a puzzling question that what happened
during the coherent Raman scattering process.

To explain this un-polarization, the E”(I") phonons involved should be inves-
tigated first. In the phonon dispersion, at I'-point, there is a doubly degenerate
phonons which can be combined to form two orthogonal chiral phonon with
pseudo angular momentum (PAM) + 1 |47]. These chiral phonons [47] are
recently proposed and experimentally observed [49]. Due to the threefold sym-
metry, the phonon-photon scattering process should satisfy the selection rule of
PAM conservation that the angular momentum change between scattered pho-
ton and initial photon should be equal to the PAM of chiral phonon involved.
Constrained by this selection rule, the chiral phonon with PAM +1 (-1) can
only couple a 0~ (¢7) photon to produce a scattered photon with the angular
momentum of +1 (-1). As each linear polarized peak can be regarded as a
superposition of o™ and ¢~ photons with equal weight, following the selection
rule, the two indistinguishable scattering paths in this ”which-way” scattering
process from one parent peak to the corresponding phonon replica peak lead
to an entanglement state.

Consequently, the Raman scattering process produces a maximally entan-
gled state consisting of the combined emitted phonons and scattered photons
system shown in W The entangled state can be written as | ¥y,) = \/L§<|
o |l=+1)+i|0o )®| 1= —1)). Because only the photon information is
measured and the phonon information is not accessed in our experiment, the
density matrix of one replica peak state is acquired by tracing out the phonon
subsystem as | Vynoton) Wphoton | = 5(| 3o | + | o= |) which is a com-

pletely unpolarized state independent of the measurement basis. In the other
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Figure 3.16: Schematic of entanglement between single photons and chiral
phonons. The chiral phonons with PAM of 4+1 and -1 are degenerate and the
left and right circularly polarized lights are also degenerate due to the time-
reversal symmetry. From the selection rules of the chiral phonon, the left (right)
circularly polarized photon can only couple to chiral phonon with PAM of +1
(-1) to produce a scattered photon with the right (left) circularly polarization.
As the two scattering process are indistinguishable, the scattering process can
be present as an entanglement state.
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aspect, once the chiral phonon PAM information 1=+1 or -1 is measured, the
polarization of photon can be simultaneously projected to o* or o~. However,
it is challenging to measure the emitted phonon which has a lifetime of tens pi-
coseconds and decays to other modes with the lower energy due to anharmonic

lattice potential [50].

3.6 Polarization recovery under magnetic field

The entanglement we claimed above is extremely dependent on two sets of
energy degeneracy protected by time-reversal symmetry of o and orthogonal
E”(T') chiral phonons with PAM +1. Once one of the degeneracies is broken, the
entanglement is destroyed. Although the chiral phonons in the non-magnetic
WSe; monolayer do not couple to the magnetic field, the magnetic field can
break the energy degeneracy of o*.

The figure [3.17] shows the behaviors of both the parent dot a and phonon
replica b under the perpendicularly applied magnetic field. By increasing the
magnetic field, the two peaks in parent dot recover circular polarization as the
exchange interaction between K and -K valley is overwhelmed and meanwhile,
the two peaks of phonon replica also exhibit circular polarization.

As the chiral phonon emitting process is not affected by a magnetic field,
this polarization recovery of the phonon replica confirms our entanglement
claim and it excludes other possible mechanisms such as a random scattering
process. In such a process, the polarization of the phonon replica is oriented
at a random angle then the polarization of the parent dot is lost. The pseudo

angular momentum selection rule requires a polarization reversal between the

chiral phonon E”(I"). This helicity change is observed in the non-resonant
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Figure 3.17: The polarization of D2a and D2b in an out-of-plane magnetic
field. The D2a and D2b peaks recover right (left) circular polarization under

positive (negative) magnetic field.
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Figure 3.18: Circular dichroism under different magnetic fields for D3a blue

and D3b blue peaks.
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Figure 3.19: Helicity-resolved Raman scattering measurement of E”
(E¢/E'/E14) mode under non-resonant excitation. The polarization of the in-
cident laser is 0. E,/E’ mode exhibit ¢~ polarization from 2-5L WSey and
only with a small component of o*. For 6L, 7L and bulk (15nm), the opposite
polarization effect becomes weaker. The excitation laser has a wavelength of
446.1 nm and 0.5 mW.

Raman scattering experiment shown in figure [3.19] In the monolayer WSes,
the E” transforms like (x + iy)z and (z — iy)z. The counterpart of the E” in
monolayer WSe, is E; mode in even-layered WSe,. In odd-layered WSe,, the
E” mode in monolayer WSes splits into E” and E’ mode.

From the entanglement scheme between the chiral phonons and photons,
the scattered photon and the emitted photon should have different helicities. In
our experiment, the parent peak and its corresponding phonon replica exhibit
a co-polarization under the finite magnetic field. We lack the understanding
of the helicity behavior and need further research to solve this puzzle. Similar
helicity behavior is also observed in other groups that the helicity of the Ra-

man scattered photon is reversed with respect to the incident photon when the
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incident light is far tuned to the exciton energy, but under quasi-resonant exci-
tation condition, they become co-polarized. In our case, the parent peak plays a
role of the laser in a Raman scattering experiment and the phonon replica acts
in the scattered Raman peak. The parent quantum dot’s wavelength plays
the role of the free exciton’s wavelength in Raman scattering experiment so
that the excitation energy of the entanglement picture is exact a resonant Ra-
man scattering process which leads the co-polarization consistent with previous
works [76-78].

The observed strong coupling between quantum dots and chiral phonons

can serve as a single source of chiral phonons.

3.7 PLE & localization of QDs & Raman sym-

metry analysis

3.7.1 PLE

The Photoluminescence excitation spectroscopy (PLE) measurements are con-
ducted for D2a, D3a and D4a doublets with a laser tuned from the low energy
side to the high energy side. For D3a and D4a doublets, a prominent peak
appears with energy about 53 meV larger than the emission which could be

the 2s state of the QD [43/[51] shown in [3.20]

3.7.2 Localization of QDs

Because the quantum dots are believed as localized excitons, therefore, a spatial
scanning of the QDs’ PL is conducted in the region of the dashed square marked
in figure [3.21)(a) whose size is about 16 x 16um?. And the region of the doublet
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Figure 3.20: PLE of D2a D3a and D4a doublet. The black dashed line marks
the emission energy of the doublet and the orange dash-dot line indicates the free
exciton’s energy. As the excitation energy increases, the defect states exhibits a
broad background in the spectra which is marked as the brown shaded regions.
The extracted PLE in the shaded region can not fully reflect the PLE. However,
the prominent peak with 53 meV higher energy than the doublet peak indicates
the 2s state of the QD.
D2a, D3a, D4a and D6a are shown in the figure|3.21{(b)-(e). From the scanning
result, it is clear that all these QDs are localized. As the spot size of excitation
laser is about 1 pm, the quantum dot’s intensity can be observed in a large
region at the level of pm which is not the real size of quantum dots. For a
quantum dot in monolayer WSe, with a large phonon sideband, by adopting
the deformation coupling between acoustic phonon and quantum dot, the size

of a quantum dot in the monolayer WSe, we have calculated is about 4nm

which will be described in Chapter 5.

3.7.3 Raman symmetry analysis

As described before that in monolayer WSe,, the E” phonon mode is can not
be observed. The Raman tensor for the E, mode in 2L (4L, 6L,...) WSe; can

be represented as [45]
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Figure 3.21: Spatial localization of the QDs in the monolayer WSes FET de-
vice. Figure a shows the sample under an optical microscope. The dashed square
marked in figure a indicates the scanning region whose size is about 1x16um?.
b-e shows the PL intensity map of D2a red peak (1662.4meV), D3a red peak
(1638.2meV), D4a red peak (1640.2meV) and D6a red peak (1599.3meV). Dur-
ing the spatial scan, the gate voltage is -80V and the excitation wavelength is
732.5nm with the power of 300nW.

a ¢ d
R=|¢ —a f (3.4)
d f 0

and Raman tensor for the E' mode in 3L (5L, 7L,...) can be represented as

a ¢ 0
R=|¢c —a 0 (35)
0 0 O

Because of the symmetry, the reflected emission should have opposite po-
larization compared to the incident excitation. From figure the observed
reflected light has the polarization (I.-1_)/(I.-1_) with a value of nearly -100%

where negative value means the opposite chirality of the Raman emission. The



44

selection rule is relaxed in thicker few-layer (6L and 7L) and bulk (15L). The
Raman tensor for the bulk is the same as the monolayer so that the E;g mode

* and o~ with

should not happen. However, the E;g mode exhibits both o
similar intensities.

In this chapter, by studying the properties of QDs in a field-effect transistor,
two doublets are observed from the same QD and they exhibit a correlated
spectral jittering, power dependence, and g-factor at magnetic fields. More
importantly, we have observed the entanglement between chiral phonons and
single photons. The strong phonon-photon interaction can serve as a source

of chiral phonon and lay the groundwork for the realization of the quantum-

optomechanics platforms in 2D materials.

3.8 Conclusion and Perspectives

We report the entanglement between single photons and chiral phonons in
monolayer WSe,;. The entanglement can serve as a source for generating sin-
gle chiral phonon and the strong exciton-phonon coupling between the QDs
and chiral phonons lay the ground for the optomechanical platform. Further
research can exploit the chiral phonon coupling to control and manipulate the
quantum states of the QDs. It is challenging and also intriguing to study the

entanglement state by directly measuring the chiral phonon.
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Chapter 4

Optical initialization of quantum

dot with a single spin-valley

Control and manipulation of the charge’s internal properties at a single particle
level are valuable for applications in fields such as quantum information, spin-
tronics and so on [52,53]. Atomically thin TMD materials provide a promising
platform for studying a single charge’s spin and valley with various possible
experimental methods as electrical, magnetical, and optical controls. In this
work, we achieved the optical initialization of a single spin-valley in a single
hole under a small magnetic field. In other words, a single spin-valley state is

selectively produced by circularly polarized light with different helicities.

4.1 Single spin-valley control mechanism

QDs in the monolayer WSe, are believed to be localized excitons trapped in
potential wells produced by strains or defects [30,54,55]. As the valley prop-

erties of excitons are preserved in the QDs, the confinement of potential wells
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should be larger than the Bohr radius of excitons and trions whose length scale
is about 1-2 nm [56] and it is safe to use the single-particle band structure.

In neutral QDs, the anisotropic exchange interaction mixes two exciton
states at K and -K valley and then splits the neutral QDs into two peaks. But
for the trion configurations, the results of the exchange interaction is different.

In a negatively charged bright exciton with one pair of electron and hole at
the same valley having the same spin, the two electrons have two configurations
located at the same valley or different valley shown in figure 4.1}

The exchange interaction J., between the electron and hole in the exciton
mixes the two configurations and the exchange interaction between the hole and
excess electron splits the two configurations [34,57]. However, for the single
positively charged excitons, due to the large spin-orbital splitting in the valence
band, the exchange interaction can not mix or split its states. Because of the
large spin-orbit splitting, the two holes can only be located at two different
valleys shown in figure If the exchange interaction between electron and
hole in one exciton happens, two holes with the same spin are located in one
valence band which is blockaded by the Pauli principle as figure shows.

The other exchange interaction between the excess hole and electron is
suppressed because the energy splitting in the valence band is large. As the
lifetime of the free holes at the order of microseconds [58-62] is much longer
than the lifetime of the free excitons (orders of picoseconds) and quantum dots
(orders of nanoseconds), under the condition of exchange interaction quenching,
the spin-valley information canl be preserved for a longer time. Therefore, the
single hole with a locked spin-valley state is initialized by helicity dependent

excitation laser.
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Figure 4.1: Schematic illustration of single-particle states comprising two (one)
electron and one (two) holes. The top part represents the two bright configura-
tions of the negatively charged trion that one electron and one hole are located
in the same valley with the same spin and the other electron are located in the
same valley or opposite valley. The long-range exchange interaction between the
electron and hole in the same valley with the same spin mixes the two configu-
rations. But for the single positively charged trion shown in the bottom part,
the long-range exchange interaction is strongly suppressed by Pauli blocking as
the long-range exchange interaction leads to two holes located at the same valley
with the same spin. The blue (red) line means the electron band with spin up
(down).
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Figure 4.2: Schematic of monolayer WSes field-effect transistor device. The
monolayer WSey sample is above a few-layered BN. Changing V, can control
the doping level in the monolayer.
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Figure 4.3: The FET current I;; at different gate voltages measured with a
source-drain voltage of 2V. The arrows indicate forward or backward sweeps.

4.2 Positively charged quantum dot

The field-effect transistor device of monolayer WSe, is plotted in a cartoon
as shown in figure 4.2] and it exhibits a bi-polar behavior when applying an
electrostatic doping shown in figure 4.3

As the hole current at a negative gate voltage is stronger than the electron
current at the positive gate voltage, this FET device has a higher propensity for
hole-doping than electron doping. At the negative voltage region, significant

holes are injected into the monolayer WSe, which provides a source to combine
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Figure 4.4: PL intensity at different gate voltages and the cross-sectional PL
spectra at a specific gate voltage in the PL maps on the left. D1/S1 or D2/S2
appear at the same gate voltage and have the same spectral jittering. The energy
difference between singlet and doublet in each group is around 10 meV.

with excitons to form positively charged excitons and the positively charged
quantum dots.

The gate voltage Vg dependent PL measurement is performed by exciting
with a low power incident laser (about 400 nW) whose wavelength is tuned to
make the quantum dot’s signal maximum. Figure [4.4] shows several quantum
dots’ peaks, one singlet and two doublets. As the singlet labeled as S1 and
doublet labeled as D1 appear simultaneously at the gate voltage around -10
V and have identical spectral wandering, we can conclude that they originate
from the same quantum dot. Similarly, another group consisting of one singlet
(S2) and one doublet (D2) is found to be from one quantum dot as they exhibit
the same behaviors as S1 and D1.

The energy difference of the doublet is about 600 peV consistent with the
fine structure splitting of neutral quantum dots studied in previous research.
We attribute the doublet to a neutral quantum dot. The binding energy be-
tween the singlet and doublet is about 10 meV which might originate from
the Coulomb interaction and the details of wavefunction in the local potential
of each quantum dot. As described above that the exchange interaction in a

positively charged quantum dot is quenched, the two optically bright exciton
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Figure 4.5: PL intensity at different gate voltage and the cross-sectional PL
spectra at a specific gate voltage in PL maps on the left. D6 and S6 appear at
same gate voltage and have the same spectral jittering. The energy difference
between singlet and doublet in each group is around 10 meV.

states are degenerate with no splitting. And considering that these singlets
only appear at the hole doping region, we conclude that the singlet is a sin-
gle positively charged quantum dot state. The recently discovered negatively
charged quantum dots in WSe, show energy splitting different to the posi-
tively charged dots because of the electron-hole and electron-electron exchange
interaction described earlier which leads to an energy splitting. In figure [4.7]
the charged singlet shows a similar power dependence as the neutral doublet.
They exhibit a similar ratio and have an origination from the same quantum
dot.

In the gate voltage-dependent PL spectroscopy measurement, the integra-
tion time of each spectrum is tens of seconds. The coexistence of single pos-
itively charged states and neutral states indicate a faster release and capture
time of the excess hole by the localized neutral exciton. In figure the anti-
correlation of their intensity corroborates our claim of the same QD origination.

As shown in figure [4.8], once the intensity of the singlet becomes stronger,
the doublet intensity becomes weaker, and vice versa, this intensity change

indicate that the trapped hole is dynamically captured and released.
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The wavelengths of the excitation laser for S1/D1 and S2/D2 are 735 nm and
747 nm.
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Figure 4.10: PL maps of S1/D1 and S2/D2 groups under different magnetic
fields.

Group X, X9

S1-D1 12.9 £ 0.1 9.8 = 0.2
S52-D2 12.9 £ 0.2 9.9 £ 0.2
S6-D6 13.0 £ 0.3 9.4 £ 0.5

Table 4.1: g-factors for the singlets and doublets in three groups.

4.3 Polarization resolved magneto-optical mea-
surement

By applying a magnetic field in the Faraday configuration to the monolayer
WSe,, the single positively charged peak splits into two peaks with an X shape
and the neutral dot exhibits an increasing fine structure. The extracted g-
factors for single positively charged peaks are approximately 13 larger than
neutral peaks’ about 10 consistent to previous results [29,[311/32,[44]. It is also
consistent with the trend that the positively charged free exciton has a larger g-
factor than the neutral free exciton . The reason for the g-factor difference
is the Coulomb interactions between the electron and holes in the charged
quantum dot state. Table 4.1 shows the g-factor summary of the singlet and

doublet in three QD groups.
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As the relaxation time is much shorter than the recombination time, at
the high magnetic field, the red peak intensity of the neutral dot X° is larger
than the blue peak’s intensity due to thermalization. However, the intensities
of two peaks in charged dot X* have comparable intensity indicating that the
magnetic split initial states of X before recombination should have similar
energy. This is qualitatively consistent with the X configuration in the single-
particle picture that the energy splitting in exciton’s electron-hole pair of X* is
compensated by the opposite energy changing of the excess hole in X* so that
the two states of X have similar energy which then leads to a comparable PL
intensity.

The neutral dots exhibit an orthogonal linear polarization at zero magnetic
field induced by the exchange interaction and a circular polarization at the
high magnetic field. However, the single positively charged quantum dot shows
different behaviors. The excitation laser used is about 33 meV blue-detuned
with respect to the energy of the single positively charged QD at zero magnetic

field. The polarization is analyzed by defining a parameter named as the degree
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Figure 4.13: DCP of the two split peaks of S1. At even a low magnetic field
about 0.5 T or -0.5 T, the two peaks recover sizeable circular components.

I _
a

++Io_,

of circular polarization (DCP) as ?’*7

o

where I,+ denotes the intensities of
left or right circular polarization. As zero magnetic field, the two states | Ky)
and | —K) are degenerate and thus the single peak of singly positively charged
dots is unpolarized. The DCP measured at zero magnetic field has a vanishingly
small magnitude in the circular measurement basis. Combining the polarization
results measured in linear basis shown in figure it is unpolarized at zero

magnetic field.
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Figure 4.14: Polarization of S1 and S2 measured in a linear basis. The inten-
sities of S1 and S2 do not change when the polarizer is rotated. Combining the
0 DCP value measured at zero magnetic field, the singlet is unpolarized.

By increasing the intensity of the magnetic field, the value of DCP becomes
larger up to around 0.6 implying that the two split peaks recover circular
polarization. This circular polarization recovery is a result of the valley Zeeman
effect [56,64,65] between the two exciton states at K and -K valley. After the
recombination process, the X and X~ emit c™ and o~ polarized photons with
different energies under the finite B leaving an excess hole in -K or K valley.
Shown in figure the DCP has sizeable magnitude even at a low magnetic
field about 0.3 T as a result of the exchange interaction quenching between the

| Ky and | —K ) states and DCP gets saturated when B is above 0.5T.

4.4 Single spin-valley initialization

The disappearance of the exchange interaction between the two states | Ky)
and | —K) and the expected long lifetime of the excess hole raises the possi-
bility to control each state by the excitation light with different helicities and
consequentially to control an excess hole with specific spin-valley index in each
state. Applied with a perpendicular magnetic field, the singlet S2 shows dif-
ferent emissions with different circularly polarized excitation lights. Under o™

(or 07) excitation, only o (or ¢~) emission branch is observed indicating the
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Figure 4.15: The PL intensity maps of S2 under a perpendicular magnetic field.
With o™, 0~ or a linearly polarized light as excitation, the PL of S2 exhibits
different peaks. Under ot (07) excitation, only ¢ (07) emission is observed.
Under the linear polarized excitation, both peaks are observed.
recombination process leaves a correlated excess hole | —Ky) (or | K;)). And
when the excitation light is linearly polarized (7), both branches with o™ and
o~ emissions are observed. Considering the fact that the excess hole in each
positively charged trion states located in the opposite K valley compared to the
recombined electron and holes, we conclude that the single hole with a specific
spin-valley index can be initialized by controlling the helicity of the excitation

laser.

The strength of the single spin-valley’s initialization is quantified by the

parameter ﬁ% and the strength at different B shown in figure |4.16{ The
B B~

ratio with a value of 50% at 0.5 T approaches to approximate unity implying
strong initialization.

Remarkably, the single spin-valley hole can be initialized even under a small
magnetic field such as 0.1 T as long as the two splitting peaks can be distin-
guished in the spectra.

This co-polarization between the excitation and emission light in positively
charged exciton states does not exist in the neutral quantum dot shown in

figure No matter exciting with linearly or circularly polarized lights, the
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Figure 4.17: PL plot of S2 peak under different magnetic field with o*, o~ or
7 (linear) excitation.
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Figure 4.19: PL color plot of D2 doublet with detuning energy similar to laser
energy for exciting S2 peak.
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denotes the red peak intensity normalized by the intensity sum of the blue and
red peaks. Almost no difference between ot or o~ excitation is observed.
emission of the neutral quantum dot exhibits a similar emission result.

As described above, under a small magnetic field, by controlling the helic-
ity of the excitation, the K., and —K., in X d* are selectively excited which
combines with a localized hole to form the trion states. This excess hole with
an opposite valley compared to K., or — K, states can maintain its spin-valley
state as long as the X" survives. Even after the combination of the K., or
— K., happens which takes a few nanoseconds [29,[31[44], the hole’s spin-valley
state is expected to be preserved for a much longer time. The co-polarization
between emission and excitation found in X state seems similar to the valley
polarization of the exciton in TMDs. But the mechanism for these effects is

different. For the valley polarization in exciton, the lifetime of the exciton, a
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few picoseconds is faster than the valley mixing time of 4 ps assuming exchange
energy of 1 meV [34]. However, the PL lifetime of the quantum dot is at the or-
der of nanoseconds and the reason for the helicity-based initialization of a single
spin-valley hole is the quenching of exchange interaction. To further corrobo-
rate the mechanism, excitation with 33 meV lower energy detuning compared
to the D2 neutral dot is used to measure the emission polarization of D2 emis-
sion. Figure shows negligible emission difference of the two branches in

neutral dot D2 under circularly polarized light o* or linearly polarized light.

4.5 Conclusion and Perspectives

In conclusion, we have observed the single positively charged state X and
neutral state Xy at the same QD in monolayer WSes. In the single positively
charged state, the single spin-valley state of the hole can be selectively initial-
ized by controlling the helicity of the excitation laser under a small perpendic-
ular magnetic field. These results exhibit the robust spin-valley degree in the
optically active QDs and provide the platform to exploit the valleytronics in
single localized charge carriers. And the optical initialization extends the 2D
valleytronics to the level of single spin-valley and provides potential practical

applications in quantum information processing.



61

Chapter 5

Phonon sideband in QD spectra

5.1 Electron-phonon interaction

The Hamiltonian of electron-phonon interaction is assumed to have the form

[68]
H=H,+H, + H, (5.1)
H, = Z Wl 4\ dgx (5.2)
qA

mzﬂﬁﬁézij (5.3)

7 2m G i
Hy = > V(r;— Ry) (5.4)
]

H, (H.) describes the phonons (electrons) energy and H,; gives the electron-
phonon interaction energy where R; (r;) is the position of the individual atom

i (individual electron i), r;; is the distance between two electrons and wgy is
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the phonon energy. Each atom position is oscillating around its equilibrium
position R;O) as R; = R;o) + @Q;. Therefore, the interaction between electron

and phonon can be expanded as

Veilri = By = Q) = Vai(ri = BYY) = Q; - VVailri — BY) + 0(Q%)  (5.5)

The first term, a constant, and the third term are ignored leaving the

electron-phonon interaction as

Vep(r) = 2, Qj - Vailr = RY) (5.6)

After the Fourier transform for V;

0)

Vep(T) = % > Veilg)e g - (Z Qe R (5.7)

By using the fact of the displacement @ in a Fourier transformation

7 . (0) 7 h
=3 Qie T = ——3 Qg =~ V(5 ) erclag +af)  (5.8)
N < VN & = 2M Nuwg a

one can obtain the electron-phonon interaction energy as

N (et ey T
Vo) = = SNl £ @)a @) Gl ety (59

where p is the charge density and v is the volume. The Hamiltonian of

electron-phonon interaction is
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He, = Jd37“p(r)‘/;p(r) = —Zp(q+G)Vei(Q+G)(Q+G)'fq(2pyw )" (ag+a’,)

qG q
(5.10)
For the localized electron, the electron-phonon interaction has three types:
deformation potential coupling to acoustic phonons, piezoelectric potential cou-
pling to acoustic phonons and polar coupling to optical phonons. The three

interaction types can be written as

1) deformation potential

h 1 +
Hoy = D Vg5 Plalla) o + o) (5.11)
2) piezoelectric potential
h
Hyp=1i) (—)"M i 12
2 =1 D) M@ g 0 (512
3) polar coupling
M 1 1
H. =N T, M? = 2ne?hwpo(— — — 1
v Zq]q NS )] mehwro(— — ) (5.13)

A localized quantum dot can be considered as a pair of the localized hole
and electron so that one can obtain the phonon-QD interaction by adding hole-

phonon and electron-phonon interactions.

5.2 Estimation of the size of QDs

As the QDs have separate energy levels, a phonon bottleneck requires that

the transitions process between different QDs states involved with phonons
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should at least approximately satisfy the conservation of energy and momen-
tum. However, the virtual transitions called pure dephasing which does not
lead to a change of state occupation. This virtual transition process can lead
to a non-Lorentzian absorption or emission spectra [69]. In our experiment,
the spectra of QDs in monolayer WSey exhibits low energy sidebands. The
sidebands are a result of the interaction between the QDs and phonons in the
monolayer WSe,. By studying the sidebands, we can obtain information about
the size of quantum dots and phonon-QD interaction form. The phonon-QD
interaction model for calculating the emission spectra is the independent boson

model [68].

H = hQcte—Mo-E(ctd +de)+h ) | wi(@)b] gbiq+h D (95 gbiaC’ c—glgbjqd d+h.c.)
Jq Jq
(5.14)
In this model, the Hamiltonian commutes with ¢*¢ and d*d implying that
the electron and hole numbers are a good quantum number and no relaxation
mechanism is involved. Therefore, only the pure dephasing process is consid-

ered. The coupling matrix in the Hamiltonian ge/ o ;Zth/ " can be expressed

Ja
in two parts, the bulk coupling part and the quantum dot wavefunction part
F" = § d3|We/m(7)|2€™ The bulk coupling part of the phonon-electron or hole
in the three potential types are listed below as
1) deformation potential coupling to acoustic phonons
e/h 1

L S 5.15
A 2phw;(q)V (5:15)

2) piezoelectric potential coupling to acoustic phonons
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e/h 1 A
CAqu 3T, C )VMJ(Q) (5.16)

3) polar coupling to optical phonons

e/h — _ i[27”32wLO(Q) ]1/21

Within the independent boson model, it is possible to derive the closed-
form analytic expressions for linear signals [68-73]. The complex polarization

vector P to linear order induced by a ¢-like laser pulse is shown as

ZM E —1 —iw w
P(t) = O(t) PIOT0 -0 3y 2o ()o@ 1 -1)) =+ eox (1) B

J.q

(5.18)

where n;(q) := W represents the equilibrium phonon occupation at

temperature T, v 4 := (g5 4=} 4)/w;(q) is a dimensionless coupling strength [69].

Q:=0- 2 w;(q) |7;.4|* stands for the polaron shifted transition frequency [69].

By takingjj?che Fourier transformation for the linear complex polarization, one
can obtain the absorption or emission spectral shape.

We utilized the independent boson model and deformation coupling to fit
the temperature dependent spectral shapes of QDs in monolayer WSe; to ob-
tain the QD size. All the parameters used for monolayer WSe, are listed below
as D,=-6.35 eV, D;,=-1.43 eV [74], m%=0.39my, m%=0.51m, [75] and vy 4=3.3
x10°cm/s |75].

Quantum dots wavefunction is presented as a two dimensional Gaussian or

Lorentzian function and the two choices give similar results. The fitting results

with different quantum dot sizes are shown in figure [5.1]
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Figure 5.1: Spectral fitting with a size parameter from 3 nm to 20 nm for the
red peak of the dot with a phonon sideband. The blue dots are the spectra of

the quantum dot. The solid lines are the calculated spectra.
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Figure 5.2: Spectral fitting for the doublet quantum dot at different temper-
atures. The dots are experimental results and the solid lines are the calculated
spectra.

The blue dots stand for the experimental spectra of QDs excited by 732.5
nm laser with 400 nW at 4 K. The fitting results of different QD sizes are
represented as solid lines. 4 nm result exhibits the best match for low energy
sideband.

Next we examine the fitting fidelity with the size parameter of 4 nm at
different temperatures shown in figure 5.2l In order to quantify the fitting
fidelity, we first calculated the sum of intensity difference between experiment
and calculation from -10 meV to 10 meV as well as the intensity sum of the
experiment from -10 meV to 10 meV. Then we use the difference between 1
and their ratio to quantify the fidelity of the fitting and the deviation result is

shown in figure The fidelity is calculated as
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Figure 5.3: Fitting fidelity. The fidelity is about 60-70%.

|Iea:pe7‘iment - ]calculation
. . —10meV —10meV
Fidelity = 1 — (5.19)
Z Iexperiment
—10meV —10meV

The fidelity for all temperatures is around 60% to 70%. One source of the
deviation is the intensity difference at high energy sidebands. Our experiment
result exhibits negligible intensity from 1 meV to 3 meV but the calculation
result has intensity in this region. The difference is especially apparent at low

temperatures from 4 to 10 K which needs more research in the future.
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5.3 Conclusion and Perspectives

Our results show QDs intrinsic properties of the coupling type and the QD size
of about 4 nm. The deformation coupling between QDs and acoustic phonons
provides a good fitting for the spectra of QD with a phonon sideband and the
fitting fidelity is about 60% to 70%. Its size is larger than the Bohr radius of the
exciton in monolayer WSey which is different from the QD in GaAs. Further
study can address the phonon sideband at the high energy part to improve the

fitting fidelity of the QDs spectra.
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