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The electronic states at the direct band gap of monolayer transition metal dichalcogenides such as WSe,
at the K™ and K~ valleys are related by time reversal and may be viewed as pseudospins. The
corresponding optical interband transitions are governed by robust excitons. Excitation with linearly
polarized light yields the coherent superposition of exciton pseudospin states, referred to as coherent valley
states. Here, we uncover how and why valley coherence can be generated efficiently. In double resonant
Raman spectroscopy, we show that the optically generated 2s exciton state differs from the s state by
exactly the energy of the combination of several prominent phonons. Superimposed on the exciton
photoluminescence (PL), we observe the double resonant Raman signal. This spectrally narrow peak shifts
with the excitation laser energy as incoming photons match the 2s and outgoing photons the 1s exciton
transition. The multiphonon resonance has important consequences: following linearly polarized excitation
of the 2s exciton, a superposition of valley states is efficiently transferred from the 2s to 1s state. This
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explains the high degree of valley coherence measured for the 1s exciton PL.

DOI: 10.1103/PhysRevLett.115.117401

Introduction.—Monolayer (ML) transition metal dichal-
cogenides (TMDCs) such as MoS, and WSe, have a direct
optical band gap at the K points of the Brillouin zone [1-3].
The strong light-matter interaction governed by robust
excitons introduces ML TMDCs as flexible materials for
optoelectronics [4]. Additional motivation for research on
2D excitons comes from the possibility to explore a new
degree of freedom in condensed matter physics: the valley
index in k space [5,6]. The electronic states in the K™ and
K~ valleys are related by time reversal and can be optically
initialized using the chiral optical selection rules [5,6].
Hence, the valley degree of freedom can be manipulated in
simple optical spectroscopy experiments [7,8], an oppor-
tunity to investigate Berry phase effects in solid-state
physics [9]. Highly circularly polarized photoluminescence
(PL) reported for WSe, [10,11], MoS, [12-15], and WS,
[16] confirms efficient and robust optical valley polariza-
tion initialization. An important step to test the valley index
as a potential information carrier is to demonstrate coherent
manipulation of arbitrary valley states with linearly and
eventually elliptically polarized laser light. Excitation with
linearly polarized light yields the coherent superposition of
exciton pseudospin states (optical alignment of excitons)
[17]. As each exciton state in ML TMDCs is built from
electrons and holes from the K+ and K~ valleys, optically
aligned exciton states are also referred to as coherent valley
states, so far only clearly demonstrated in ML WSe,
[10,11]. In this Letter, we demonstrate how and why valley
coherence can be generated efficiently with optical exci-
tation more than 100 meV above the exciton ground state
(Is). In most semiconductor systems, (pseudo)spin
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coherence is lost during energy relaxation involving scat-
tering events. As a consequence, strictly resonant laser
excitation is favored for traditional coherent control
schemes [18-20]. For generation of valley coherences in
ML WSe,, we capitalize on a multiphonon resonance that
we uncover in double resonant Raman scattering [21-25].
The double resonance relies on well-defined exciton states
[11,26-35] and the strong interaction of excitons with
phonons [36—40]. The multiphonon resonance ensures
efficient energy relaxation with minimal loss of coherence
between the optically generated 2s/2p state and the
emitting 1s state. We observe that the exciton PL emission
from coherent valley states is superimposed on a strong
double resonant Raman scattering signal (not linked to
valley physics) as the incoming and outgoing photon
energies are in resonance with the 2s and 1s exciton states,
respectively. Double resonant Raman scattering is a very
sensitive tool for investigating the electronic transitions in
graphene, graphite, and carbon nanotubes [23-25]. Our
results open up possibilities for in-depth studies of the
symmetry and energy spacing of the exciton resonances
that dominate the optical properties of ML TMDCs, still
openly debated in the literature [11,26-35].

Samples and Experimental Setup.—The WSe, ML
flakes are obtained by micromechanical cleavage of a bulk
crystal on SiO,/Si substrates. Experiments at 7 = 4 K are
carried out in a confocal microscope [41]. The detection
spot diameter is &1 um, i.e., considerably smaller than the
ML size of ~10 x 10 um. For time integrated experiments,
the PL emission is dispersed in a spectrometer and detected
with a Si-CCD camera. Our target is to distinguish between
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PL emission and spectrally narrow Raman signals. The
WSe, ML is therefore excited by picosecond pulses
generated by a tunable frequency-doubled optical para-
metric oscillator (OPO) synchronously pumped by a mode-
locked Ti:Sa laser. The typical pulse temporal and spectral
widths are 1.6 ps and 3 meV, respectively, the latter being
smaller than the exciton PL emission linewidth ~15 meV;
the repetition rate is 80 MHz.

Results and Discussion.—In our measurements with a
tunable laser source, we change the excitation energy and
monitor the PL emission of the WSe, ML. We concentrate
here on the emission of the neutral exciton X ground state
(1s) at 1.75 eV, with a FWHM of about ~15 meV, see
Fig. 1(a). At 1.72 eV, we observe the charged exciton
emission (trion, 7). The emission observed at lower
energies is probably related to localized states, it disappears
when the temperature is raised [41]. In previous work [11],
we have identified the position of the 2s and the 2 p exciton
states in one-photon and two-photon PL excitation (PLE)
experiments, respectively. Interestingly, in ML WSe,, both
states are very close in energy (around 1.89 eV). Here, we
show in addition hot luminescence of the 2s state in
Fig. 1(a) as a result of resonant two-photon excitation of
the 3 p state at about 2.03 eV. Crucially for the experiments
presented here, resonant excitation of the excited (2s/2p)
exciton state results in a strong enhancement of the 1s
exciton PL. Importantly, using a linearly polarized laser to
excite the 25/2p state, the resulting 1s emission is strongly
linearly polarized ~40% (compare intensities in Fig. 1(d)
vs Fig. 1(e) and data for one-photon PLE in the
Supplemental Material [42]), a clear fingerprint of efficient
valley coherence generation, i.e., exciton alignment [10]. It
is very surprising to observe the recombination of a
coherent superposition of valley states using optical exci-
tation as high as 140 meV above the 1s state as used also
for the pioneering demonstration of valley coherence
generation in ML WSe, [10]. Our two-photon PLE experi-
ments shown in Figs. 1(b)—1(e) clearly demonstrate that the
variation of the excitation laser energy has several effects
on photons emitted at the 1s energy: (i) excitation close to
the 2p exciton results in drastic changes of the X° PL
emission intensity (ii) as the laser is scanned through the 2 p
resonance, the line shape and central energy of the emission
are modified. Equivalent results for one-photon PLE are
shown in the Supplemental Material [42]. A detailed
analysis of the shape and energy position of the X°
emission for different laser energies is shown in
Fig. 2(a) for one-photon PLE. When exciting close to
the 2s resonance, the emission consists of fwo distinct
features: In addition to the strong and highly polarized X°
emission (energy position confirmed for more than 50
values of nonresonant laser excitation energies), we
observe a spectrally much narrower feature, that changes
energy as the laser energy is changed. Careful fitting of the
emission for different laser energies confirms that the
additional, narrow feature is observed exactly 140 meV
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FIG. 1 (color online). Two-photon excitation (a) Broad 2s
exciton PL peak following excitation of 3 p state. Trion (7) and
neutral exciton X° (1s) are marked. (b) emission at the X° energy
(1s exciton) for different laser energies 2E; close to the 2p
exciton resonance. Laser polarization linear X, detection linear X
(copolarized). (c) same as (b) but for detection linear Y (cross
polarized). (d) same data as (b) but presented as a contour plot to
show changes in PL intensity and shape as a function of 2E;,
dashed line marks 2 p resonance. (e) same data as (c), same color
scale as (d).

below the laser excitation energy, as shown clearly in
Fig. 2(b). In Fig. 2(e), we show that the linewidth of the X°
PL emission is about 15 meV and the narrower contribution
has a FWHM of about 5 meV [46]. We have confirmed this
observation in several samples. In Fig. 2(c), we show
additional evidence for a different sample: using two-
photon excitation, we also find a strong resonance when
twice the laser energy 2FE; is 140 meV above the 1s exciton.
Again we analyze the X° emission around this resonance:
two features, one moving with the laser energy the other
one not, can be discerned. Fitting the results in Fig. 2(c)
clearly reveals a narrow feature that is always 140 meV
below 2E;, in addition to the X° PL with fixed emission
energy, see Fig. 2(d).
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FIG. 2 (color online).
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One ML WSe,, T = 4 K. (a) emission at exciton X° 15 energy (red circles) for different excitation laser energies

E, for sample 1, spectra are offset for clarity. Two contributions can be separated via fitting: The X° PL component (green) and the
resonant Raman contribution (pink, shaded grey), the latter changes with £; from top to bottom panel. (b) Extracted transition energies
for X° PL (green squares) are constant, resonant Raman spectral position (open circles) changes linearly as a function of laser excitation
energy, for comparison, we plot E; — 140 meV (dashed line). (c) and (d) same as (a) and (b) but using two-photon excitation for sample
2. (e) Linewidth of the X° PL (green squares) and resonant Raman signal (pink circles) as a function of laser excitation energy as
extracted from panel (a). (f) Simply resonant Raman scattering as outgoing photons are in resonance with the broad 2s exciton state
shows three phonon replica more than 90 meV below the two-photon excitation. (g) Schematics of exciton generation and relaxation via
multiple phonon processes, leading to enhanced X° emission and a double resonance (incoming and outgoing photons) for Raman

scattering.

What is the physical origin of the spectrally narrow peak
whose energy is fixed with respect to that of the laser? Why
are the X° coherence and emission intensity at a maximum
when this narrow peak centre energy is exactly at the X° 1s
resonance? A maximum in the PLE signal requires (a) strong
absorption by an excited state, here the 2s or 2 p exciton, and
(b) efficient relaxation from the excited state to the exciton
ground state (1s). Relaxation between electronic states in
semiconductors is most efficient by emission of phonons. In
addition, this allows to partially preserve coherence [47].
Raman studies in ML TMDC have revealed a multitude of
prominent phonon modes, e.g., see [36-39,48-52]. A key
point in our experiment is the enhancement of light scatter-
ing by phonons as the photon energy is in resonance with an
electronic transition. In Fig. 2(f), we present an example of
resonant Raman scattering in our sample, using a single (not
double) resonance, similar to recent experiments in ML
MoS, [36]: Excitons are generated via two-photon
absorption, and up to three optical phonons (with energy

31 meV [53]) are emitted, so that excitonic final states fall
into the broad line of the 2s/2p state. This simple resonant
Raman experiment shows three clear phonon replica more
than 90 meV below the excitation energy. Multiple Raman
features are often observed in 2D materials [37,54] as the
interaction of phonons with exciton transitions is efficient.
Due to 2D confinement, exciton oscillator strength and
binding energy are enhanced and emission linewidths in the
meV range allow us to see clear resonance effects. For2s/2p
to ls phonon-assisted transitions investigated here in ML
WSe,, anideal situation for double resonant Raman scattering

TABLE I. Selected phonon energies in WSe,, after Ref. [37].
Mode Raman shift [cm™!] Energy [meV]
E'(T) 248 30.73
AY(T) 250 30.98
3LA(M) 394 48.82
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FIG. 3 (color online). (a) Following linearly polarized laser
excitation 140 meV above the X° PL emission energy, the PL is
strongly polarized. (b) The narrower double Raman resonance is
also strongly linearly polarized. The sum of the graphs shown in (a)
and (b) is a least square fit for the global emission with Gaussian
line shapes. We plot them here in different panels for clarity.

occurs: The incoming photons are in resonance with the
2s/2p exciton state and the outgoing photons with the 1s
exciton state, see Fig. 2(g). Double resonant Raman scattering
is extremely efficient as the scattering cross sections are
strongly enhanced [21,22,55-57], see model description in
Supplemental Material [42].

Our next target is to analyze which phonon modes can be
combined to bridge the 140 meV energy difference between
the 2s5/2p and 1s exciton states, respecting the wave vector
conservation and symmetry (see Supplemental Material for
details [42]). The WSe, monolayer has D5, point symmetry
and P6m2 (187 or D;h) space group. The analysis of
Refs. [48-50,58] allows us to associate nine phonon modes
at the I' point (center of the Brillouin zone) with the
following representations of Dj;, point group: A}+
2AY 4+ 2F + E". To be Raman active, the phonon modes
should transform as quadratic combinations of coordinates,
i.e., according to the irreducible representations A’, E’, and
E" [42]. Theoretical calculations of phonon energies in
WSe, monolayers are presented in Refs. [50,51] and
peaks in Raman spectra are identified in Refs. [37,52],
with strong signals with well defined peaks attributed to
the A|(I"), E'(T"), and 3LA(M) modes. The combinations
of the prominent phonons A} (I') ® 2E'(I') ® 3LA(M),
or 2A1(I") ® E'(I') ® 3LA(M), or 34/(I") ® 3LA(M), or
3E'(I') ® 3LA(M) [59] have an energy of 7w =~ 140 meV,
see Table I. This is very close to the energy separation
between 2s/2p and ls excitons in ML WSe, and can
account for double resonant Raman scattering [42]. These
combinations contain the modes transforming both accord-
ing to A} and E’ and, hence, are Raman active in Z(xx)z and
in Z(xy)z configurations, i.e., both in co- and cross-linear
polarizations. Analysis shows that these multiphonon
modes are consistent with both resonant Raman transitions
from 2s to ls and from 2p to 1s exciton states observed,
respectively, in one-photon and two-photon excitation
experiments [42].

Our detailed analysis of double resonant Raman scatter-
ing allows us to distinguish between the different contri-
butions to the ML WSe, emission following excitation with
linearly polarized laser light [60]. As we can spectrally

separate the X° PL from the Raman signal, we can analyze
the polarization of each contribution individually, as shown
in Fig. 3. For a laser energy 140 meV above the X° PL
energy, we observe a maximum of the global emission
intensity, but also for each of the two components taken
individually. For the X° emission, we observe a linear
polarization degree of 42%, corresponding to strong valley
coherence, i.e., exciton alignment. From this time inte-
grated measurement, we can infer that the coherence is
maintained during the PL emission time that we have
determined to be in the ps range [41]. For the Raman signal,
we observe a linear polarization degree of 30%. The
depolarization of Raman line is qualitatively in agreement
with the selection rules for the relevant modes, see above.

Conclusions.—The optical generation of valley coher-
ence using laser excitation more than 100 meV above the
exciton ground state opens up fascinating prospects for
coherent valley index manipulation. Our results uncover the
physical processes involved in efficient valley coherence
generation that we detect via the linear polarization degree
of the 1s exciton PL. Excitons are efficiently generated
tuning the laser in resonance with the 2s5/2p exciton states.
In double resonant Raman experiments, we show that the
2s/2p states are separated from the s state by a phonon
multiple. This allows for efficient energy relaxation
2p/2s — 1s with, very importantly, minimal loss of
coherence. This might be one of the reasons why efficient
valley coherence can be generated in ML WSe, contrary to
MoS, or MoSe,. In particular, we do not observe the double
resonant Raman feature in two-photon PLE experiments on
high quality MoSe, MLs around the 2p resonance [61], as
can be clearly seen in Fig. S2 of the Supplemental Material
[42]. Tuning of the separation of the exciton levels in
different ML TMDCs can be achieved by altering the
dielectric environment (screening) [30] or applying strain
and external fields. Our work suggests that aiming for level
separations that correspond to multiphonon resonances can
be envisaged as a route towards achieving higher valley
coherence in different ML TMDC materials. Further
theoretical work is needed to reveal the nature (perturbative
or strongly coupled) of the exciton-phonon interaction [62].
Also the influence of magnetic fields applied perpendicular
to the sample plane will allow us to study separately the
evolution of the polarization of the Raman signal and the
valley coherence of the neutral exciton [63,64].
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