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VALLEYTRONICS

Ultrafast generation of
pseudo-magnetic field for valley
excitons in WSe, monolayers

Jonghwan Kim,'* Xiaoping Hong,"* Chenhao Jin,' Su-Fei Shi,”> Chih-Yuan S. Chang,>
Ming-Hui Chiu,* Lain-Jong Li,>* Feng Wang">°+

The valley pseudospin is a degree of freedom that emerges in atomically thin
two-dimensional transition metal dichalcogenides (MX5). The capability to manipulate it, in
analogy to the control of spin in spintronics, can open up exciting opportunities. Here,
we demonstrate that an ultrafast and ultrahigh valley pseudo-magnetic field can be
generated by using circularly polarized femtosecond pulses to selectively control the valley
degree of freedom in monolayer MX,_ Using ultrafast pump-probe spectroscopy, we
observed a pure and valley-selective optical Stark effect in WSe, monolayers from the
nonresonant pump, resulting in an energy splitting of more than 10 milli-electron volts
between the K and K' valley exciton transitions. Our study opens up the possibility to
coherently manipulate the valley polarization for quantum information applications.

tomically thin layers of transition metal
dichalcogenides (MX,) have emerged as
an exciting two-dimensional semiconduc-
tor platform for nanoelectronics and opto-
electronics (7, 2). In particular, a pair of
degenerate bands are present at the K and K’
valleys in the momentum space of hexagonal
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MX, monolayers, giving rise to a valley degree
of freedom that is analogous to electron spin (3).
Recent polarization-resolved photoluminescence
(PL) studies show that the valley pseudospin in
MZX, can couple directly to the helicity of excita-
tion photons (4-7) and that the pseudospin po-
larization between two valleys exhibits coherent

behavior (7). It raises the intriguing prospect of
valleytronics, which exploits the valley degree of
freedom to carry information (7, 3-9).

Just as spin manipulation is essential in spin-
tronics, the capability to control the valley pseu-
dospin is essential for valleytronics based on
MZX, materials. In spintronics, the electron spin
can be manipulated through any external per-
turbation that breaks the energy degeneracy of
two orthogonal spin polarizations. This can be
achieved either through an external magnetic field
(10, 11) or through a pseudo-magnetic field gen-
erated by other stimuli. For example, circularly
polarized light can produce a pseudo-magnetic
field that can be used to manipulate electron
spins in semiconductor quantum wells and quan-
tum dots (12, 13) through the optical Stark effect.
(The optical Stark effect, a well-established phe-
nomenon in atomic physics and quantum optics,
describes the energy shift in a two-level system
induced by a nonresonant laser field.) It is high-
ly desirable to realize similar control of valley
excitons in MX, by using light-induced pseudo-
magnetic field for valleytronics.
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B 12 Fig. 1. Valley exciton transitions in monolayer WSe,.
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(A) The optical reflection spectrum of a WSe, monolayer
on a sapphire substrate at 77 K. It shows strong A- and
B-exciton resonances at 1.68 and 2.1 eV, respectively.
(Inset) Optical microscopy image of the sample. Scale
bar, 25 um. (B) Polarization-resolved PL spectra of a
WSe, monolayer at 77K. For a 1.8-eV excitation laser with
left circular polarization, the PL spectra show a prominent
emission peak at the A-exciton resonance (1.68 V), and
6 the PL intensity with left circular polarization (red curve)
is about four times stronger than that with right circular
polarization (blue curve). It demonstrates that valley-
polarized A-exciton population can be created by circu-
3F larly polarized resonant excitation and it can be detected
with polarization-resolved PL spectroscopy.
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Here, we demonstrate a valley-selective optical
Stark effect in monolayer WSe, to generate an
ultrafast and ultrahigh pseudo-magnetic field for
valley excitons. Previously, resonant pump-probe
spectroscopy has been used to probe ultrafast
carrier dynamics after the pump photons are ab-
sorbed by exciton transitions in MX, monolayers
(14-17). We used nonresonant circularly polar-
ized laser pumping with photon energies below
the bandgap, which induces a coherent and dissi-
pationless valley-selective optical Stark effect for
pseudospin manipulation.

‘We used triangular monolayers of WSe, grown
by means of chemical vapor deposition on sap-

phire substrates (Fig. 14, inset) (I8). The optical
reflection spectrum of monolayer WSe, at 77 K
exhibits two prominent resonances at 1.68 and
2.1eV (Fig. 1A), which correspond, respectively, to
the A- and B-excitons split by the spin-orbital
coupling (19, 20). In this study, we focused on the
lowest-energy A-exciton transition. This A-exciton
is well separated from other excited states in ener-
gy thanks to strong electron-hole interactions in
monolayer WSe,. As a result, we can approximate
the ground state and the A-exciton as a two-level
system and neglect the effect from other excited
states. In monolayer WSe,, the A-exciton states at
K and K’ valleys are time-reversal pairs and have

degenerate energy levels. However, they have dis-
tinct optical selection rules and couple to photons
of opposite helicity (3, 4). The dipole transition
matrix element of the K valley A-exciton is charac-
terized by P§" = (K|[p,*ip,|0), where |K) and |0)
correspond to the K valley A-exciton and ground
state, respectively; 7, , are momentum operators;
and o,/c_ corresponds to left/right circular light.
In MX, monolayers, P¢" has a finite value, but P
is approximately zero. Consequently, the A-exciton
at the K valley couples exclusively to left-circularly
polarized light. The A-exciton at the K’ valley, on
the other hand, couples only to the right-circularly
polarized light. This dipole selection rule for valley
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Fig. 2. Valley-dependent optical Stark effect with nonresonant circularly
polarized pump. (A) Schematic of the optical Stark effect for valley transitions
with nonresonant, left circularly polarized o, pump. The dashed black and
yellow lines denote the unperturbed ground and exciton states, respectively,
and the pump photon energy is lower than the exciton resonance energy (red
arrow). In the dressed atom picture, the dressed ground state (with N o,
photons) and the K valley A-exciton (with N-1 6. photons) are coupled by dipole
transition, which results in energy-level repulsion (left, solid black and yellow
lines) and an increased exciton transition energy. On the other hand, o pump

does not affect K’ valley A-exciton resonance because of the optical selection
rule (right). (B and C) Transient reflection spectra of A-exciton resonance at 77 K.
The color scale, horizontal axis, and vertical axis represent the relative re-
flectivity change AR/R, the probe photon energy, and the pump-probe time
delay, respectively. For atomically thin WSe, on sapphire substrate, AR/R is
proportional to absorption change. Nonresonant o, pump of photon energy
at 1.53 eV leads to (B) a strong transient absorption signal for probes with the
same polarization o, but (C) produces no transient response for probes with
the opposite polarization o_.
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Fig. 3. Time evolution and spectral lineshape of the valley-dependent
transient reflection spectra for ¢, pump and ¢. probe configuration.
(A) Time evolution of the pump-induced transient reflectivity AR/R at probe
energies of 1.65 eV (blue line) and 1.7 eV (red line). Both signals reach the
maximum magnitude at the pump-probe delay t = O with symmetric rise
and decay dynamics (limited by our pulse width ~250 fs), which is
characteristic of an instantaneous optical response. The transient reflectiv-
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ity has opposite signs for 1.65 and 1.7 eV probes. (B) The transient reflection
spectrum at © = O (green circles). The transient reflectivity signal changes
sign at the A-exciton resonance energy En = 1.68 €V, and it shows a
dispersive line shape. This transient reflection spectrum matches well with
the derivative of linear absorption spectrum in monolayer WSe, and can be
fully accounted for by a 4-meV blueshift of the K valley A-exciton resonance
(magenta line).
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transitions in monolayer WSe, governs both reso-
nant and nonresonant excitations, which can have
different manifestations in valley physics.

The valley-dependent resonant excitation en-
ables both the generation of a valley-polarized
exciton population through the absorption of
circularly polarized light and the detection of
valley-polarized excitons through polarization-
resolved photoluminescence (PL) (4-6). Displayed
in Fig. 1B are polarization-resolved PL spectra of
our WSe, samples upon laser excitation at 1.8 eV
with o, circular polarization, in which the PL in-
tensity with helicity matching the excitation light
(o,; Fig. 1B, red curve) is about four times stron-
ger than that for the opposite helicity (¢_; Fig. 1B,
blue curve). This behavior is similar to that re-
ported in previous studies (4-7) and verifies the
valley-selective excitation and emission in our
WSe, monolayers. The nonzero ¢_ polarized PL
is presumably caused by a finite intervalley scat-
tering because the excitation energy is ~120 meV
higher than the A-exciton resonance.

To manipulate the valley polarization, how-
ever, nonresonant coupling based on the optical
Stark effect is more advantageous because it
avoids the dissipation and dephasing naturally
accompanying real excitations. The optical Stark
effect is widely used in quantum optics to control
a rich variety of quantum systems, ranging from
the manipulation of cold atoms (21) and individ-
ual trapped ions (22) to coherent control of super-
conducting qubits (23) and electron spins (24). In
a two-level system, the optical Stark effect can be
readily understood by using the dressed-atom
picture (25). Consider the two-level system com-
posed of the ground state and A-exciton state at
the K (or K') valley in a monolayer WSe,. Illus-
trated in Fig. 2A is the effect of a left circularly
polarized (c,) pump with photon energies below
the exciton resonance (Fig. 2A, red arrow). In the
dressed-atom picture, the dressed-ground state
(with N o, photons), and the K valley A-exciton
(with N-1 o, photons) are coupled by the dipole
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transition, which leads to wave function hybrid-
ization and energy-level repulsion. It effectively
shifts down the ground-state energy and shifts
up the K valley exciton energy. The A-exciton at
the K’ valley, on the other hand, cannot couple to
the ground state with an extra ¢, photon because
of the optical selection rule, and the related states
are not shifted by o, polarized light. As a result,
the energy degeneracy between K and K’ valley
states is lifted by the valley-selective optical Stark
effect, which can be characterized by a valley
pseudo-magnetic field.

‘We measured the valley-selective optical Stark
shift in WSe, monolayers with nonresonant
circularly polarized excitation using pump-probe
spectroscopy. Femtosecond pump pulses with
tunable photon energies below the A-exciton res-
onance were generated with an optical parame-
tric amplifier. Optical Stark shifts of the WSe,
exciton transitions induced by the pump pulses
was then probed in transient reflection spectra
over the spectral range of 1.59 to 1.77 eV by using
a laser-generated supercontinuum light. Displayed
in Fig. 2, B and C, are two-dimensional plots of
transient reflection spectra in a monolayer WSe,
with o, and o_ polarized probe light, respectively,
upon o, polarized pump excitation. Here, the
nonresonant pump photons are at 1.53 eV, which
is 150 meV below the exciton resonance and do
not excite any real transitions. The color scale
in Fig. 2, B and C, represents the pump-induced
change of the probe beam reflectivity AR/R, the
horizontal axis shows the probe photon energy,
and the vertical axis shows the pump-probe time
delay. For atomically thin WSe, layers on a trans-
parent sapphire substrate, the reflection change
AR/R is directly proportional to the change in
the absorption coefficient (26, 27). It is appar-
ent that strong changes in the exciton absorption
are present only for o, probe pulses (Fig. 2B),
and no pump-induced signals can be detected
above the noise level for ¢_ probe pulses (Fig. 2C).
This indicates that the nonresonant ¢, pump
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Fig. 4. Pump detuning and pump intensity dependence of the valley-selective optical Stark
shift. (A) The transient reflection signal at 1.7 eV (left axis) and the corresponding optical Stark
shift (right axis) as a function of the pump detuning energy (green dots). The dependence can be
nicely described by an inverse proportional relationship (magenta line). (B) The transient reflection
signal at 1.7 eV (left axis) and the corresponding optical Stark shift (right axis) as a function of the
pump laser intensity (green dots), which shows a linear scaling behavior (magenta line). The optical
Stark shift can selectively shift the K valley exciton transition by as much as 10 meV, which
corresponds to a valley pseudo-magnetic field of ~60 T.
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substantially modifies the A-exciton transition at
the K valley, but not at the K’ valley.

To better examine the time evolution and
spectral lineshape of the photo-induced tran-
sient reflection spectra in WSe, monolayers, we
plot in Fig. 3 vertical and horizontal linecuts of
the two-dimensional plot for the ¢, pump and o,
probe configuration (Fig. 2B). Displayed in Fig.
3A are the transient reflection signals at the
probe photon energy below (1.65 eV; Fig. 3A, blue
line) and above (1.7 €V; Fig. 3A, red line) the ex-
citon resonance at different pump-probe delay t
(Fig. 2B, vertical linecuts). Both signals have the
largest magnitude at T = 0 and show a symmetric
rise and decay dynamics. This is characteristic of
an instantaneous response, with the rise/decay
time limited by the laser pulse width of ~250 fs.
It shows that the exciton absorption is modu-
lated only when the pump radiation is present.
In addition, the transient reflectivity has oppo-
site signs for probe energies at 1.65 and 1.7 eV.
Detailed transient reflection spectrum AR/R,
which is proportional to the transient absorp-
tion change (26, 27), is shown in Fig. 3B (green
circles) for t = 0 through a horizontal linecut in
Fig. 2B. We observed that the transient absorp-
tion signal changes sign exactly at the A-exciton
resonance energy (E,) = 1.68 eV. The pump
laser leads to reduced absorption below E, and
increased absorption above E,, which matches
well the linear derivative of the WSe, mono-
layer absorption spectrum (Fig. 3B, magenta
line). Quantitatively, the photo-induced absorp-
tion change can be perfectly described by a sim-
ple blueshift of ~4 meV of the K valley exciton
resonance. The blueshift in transition energy,
instantaneous time response, and valley selec-
tivity demonstrate unambiguously the optical
Stark effect in monolayer WSe, upon nonreso-
nant pump excitation. The photo-induced signal
becomes nondetectable immediately after the
pump pulses, indicating negligible dissipative pro-
cesses associated with real exciton absorption.
We also performed the pump-probe spectros-
copy using linearly polarized pump and probe
pulses (fig. S1). Here, photo-induced absorption
changes are of similar magnitude, independent
of the pump and probe polarizations. This is
because the linear-polarized pump has both o,
and o_ components, which lead to optical Stark
shifts for both K and K’ valley exciton transitions.

Next, we examined how the valley-selective
optical Stark shift varies with the pump laser
intensity and detuning. The pump detuning #Q
is defined as the difference between the exciton
resonance energy (hwy) and the pump photon
energy (ho,). Shown in Fig. 4 is the transient
reflection data (Fig. 4, left axis) and the corre-
sponding energy shift of the A-exciton energy
(Fig. 4, right axis, and supplementary text) at
the K valley for ¢, pump and o, probe configu-
ration with different pump detuning (Fig. 44,
green dots) and pump intensities (Fig. 4B, green
dots). We observed that the optical Stark shift
is inversely proportional to the pump detuning
(Fig. 4A, magenta dashed line) and scales linearly
with the laser intensity (Fig. 4B, magenta dashed
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line). Such scaling matches well with the theo-
retical prediction of optical Stark shift 8(%w,) =
2S-E§ /hQ, where S is the optical Stark shift con-
stant related to the transition dipole moment
and E, is the electric field of the pump pulse
(25, 28). From the experimental data, we can de-
termine an optical Stark shift constant S ~ 45 D?
for A-exciton in monolayer WSe,, which is of
similar magnitude to that for exciton transition
in semiconductor quantum wells (29).

The valley-selective optical Stark shift breaks
the degeneracy of valley exciton transitions in
monolayer WSe, and defines an effective valley
pseudo-magnetic field. In our experiment, the
photo-induced energy splitting between K and
K’ exciton transitions can be as large as 10 meV
(Fig. 4 and supplementary text). The correspond-
ing pseudo-magnetic field B for valley exci-
tons can be

estimated with Beg = , where g is the

_AE
dex “B
Bohr magneton and g, is the effective g-factor
for valley exciton transitions in WSe,. The effective
exciton g-factor g, combines contributions from
both electrons and holes and has a theoretically
predicted value of ~1.5 for WSe, (supplementary
text). Using this g-factor, we estimate a pseudo-
magnetic field B¢ as high as 60 T for a 10-meV
splitting of valley exciton transitions. A real mag-
netic field of this magnitude is difficult to achieve
even with superconducting magnets, but such a
pseudo-magnetic field for MX, valley excitons
can be produced conveniently and with femto-
second temporal control by using light pulses.

It has been reported recently that excitons in
different valleys in monolayer WSe,, resonantly
excited by linear polarization light, can maintain
their phase coherence over extended time (7).
The valley-dependent optical Stark effect offers
a convenient and ultrafast way to lift the valley
degeneracy and introduce a controlled phase dif-
ference between the two valley states, therefore
enabling coherent rotation of resonantly excited
valley polarizations with high fidelity (fig. S2). In
analogy with spintronics, such coherent manip-
ulation of valley polarization can open up fasci-
nating opportunities for valleytronics.
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HEAVY FERMIONS

Two-dimensional Fermi surfaces in
Kondo insulator SmBg

G. Li,! Z. Xiang,? F. Yu,' T. Asaba,’ B. Lawson,! P. Cai,"”® C. Tinsman,* A. Berkley,'
S. Wolgast,' Y. S. Eo,' Dae-Jeong Kim,* C. Kurdak,' J. W. Allen,' K. Sun,' X. H. Chen,>

Y. Y. Wang,? Z. Fisk,* Lu Li'*

In the Kondo insulator samarium hexaboride (SmBg), strong correlation and band
hybridization lead to an insulating gap and a diverging resistance at low temperature.
The resistance divergence ends at about 3 kelvin, a behavior that may arise from surface
conductance. We used torque magnetometry to resolve the Fermi surface topology in
this material. The observed oscillation patterns reveal two Fermi surfaces on the (100)
surface plane and one Fermi surface on the (101) surface plane. The measured Fermi
surface cross sections scale as the inverse cosine function of the magnetic field tilt
angles, which demonstrates the two-dimensional nature of the conducting electronic

states of SmBe.

he recent development of topological insu-
lators is a triumph of single electron band
theory (7-8). Kondo insulators can be used
to explore whether similar exotic states of
matter can arise in the presence of strong
electronic interactions. In these strongly correla-
ted heavy-fermion systems (9), the hybridization
between itinerant electrons and localized orbi-
tals opens a gap and makes the material insula-
ting. Once the sample temperature is cold enough,
the electronic structure can be mapped to a state
that resembles a normal topological insulator (TT)
(10), with a bulk insulating state and a conductive
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surface state. In samarium hexaboride (SmBg),
the existence of the surface state has been sug-
gested by recent experimental observations of the
surface conductance as well as a mapping of the
hybridization gap (17-13). We report the obser-
vation of quantum oscillations in Kondo insu-
lator SmBg using torque magnetometry via the
de Haas-van Alphen (dHvA) effect. The observed
Fermi surfaces are shown to be two-dimensional
(2D) and arise from the crystalline (101) and
(100) surfaces.

One major difference between SmBg and the
conventional topological insulators is the crystal
structure, which for SmBg is simple cubic (Fig.
1A). SmBg single crystals were grown by conven-
tional flux methods. Each sample was etched with
acid to remove the leftover flux. Figure 1B shows
a photo of a piece of SmBg single crystal. Beside a
flat (001) surface, there are four (101) planes.

We use torque magnetometry to resolve the
Landau Level quantization and the resulting
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