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VALLEYTRONICS

Large, valley-exclusive Bloch-Siegert
shift in monolayer WS2
Edbert J. Sie,1 Chun Hung Lui,2 Yi-Hsien Lee,3 Liang Fu,1 Jing Kong,4 Nuh Gedik1*

Coherent interaction with off-resonance light can be used to shift the energy levels
of atoms, molecules, and solids. The dominant effect is the optical Stark shift, but
there is an additional contribution from the so-called Bloch-Siegert shift that has
eluded direct and exclusive observation in solids. We observed an exceptionally large
Bloch-Siegert shift in monolayer tungsten disulfide (WS2) under infrared optical driving.
By controlling the light helicity, we could confine the Bloch-Siegert shift to occur only
at one valley, and the optical Stark shift at the other valley, because the two effects
obey opposite selection rules at different valleys. Such a large and valley-exclusive
Bloch-Siegert shift allows for enhanced control over the valleytronic properties of
two-dimensional materials.

T
he fundamental interaction between light
and matter can be understood within the
framework of a two-level system with an
energy splitting E0 (1, 2). Driving the sys-
tem by off-resonance light of frequency

ħw < E0 produces a series of photon-dressed
states (Floquet states) that are evenly spaced
by ħw, where ħ is Planck’s constant divided by
2p. In the first order, there are two pairs of
photon-dressed states, one pair between the
two original states (Fig. 1A) and the other pair
outside the original states (Fig. 1B). Interactions
between the original states and these photon-
dressed states can be understood in terms of state

repulsion. The former case leads to a shift of tran-
sition energy called the optical Stark shift, which
increases linearly with the light intensity (E2

0)
and inversely with the detuning energy, DEOSº
E2
0=ðE0 − ħwÞ (3). The latter case also leads to a

shift called the Bloch-Siegert shift, which has a dif-
ferent energy dependence, DEBSºE2

0=ðE0 þ ħwÞ
(4). Although the Bloch-Siegert shift is negligible
at small detuning, at large detuning it can become
comparable to the optical Stark shift.
The Bloch-Siegert shift has played an important

role in atomic physics, notably for its manifesta-
tion as the Lamb shift in quantum electrodynamics
(5, 6) and its contribution to the trapping potential

for cold atoms (7). In condensed matter physics,
however, theBloch-Siegert shift is a very rare finding
because of its typically small magnitude (<1 meV);
so far it has been revealed only indirectly in ar-
tificial atoms by subtracting the dominant op-
tical Stark shift using sophisticated modeling
(8–10). To elucidate the detailed characteristics
of the Bloch-Siegert shift, it is necessary to sep-
arate the two effects. Given that they are time-
reversed partners of each other—the optical
Stark shift arises from the corotating field and
the Bloch-Siegert shift from the counterrotat-
ing field—it is theoretically possible to separate
them under stimulation that breaks time-reversal
symmetry.
We report the observation of a large Bloch-

Siegert shift (DEBS ~ 10 meV) that can be entirely
separated from the optical Stark shift. Such a
large and exclusive Bloch-Siegert shift is realized
in a monolayer of the transition-metal dichalco-
genide (TMD) WS2. This is possible because this
material system possesses two distinctive fea-
tures. First, it exhibits strong light-exciton inter-
action at the two time-reversed valleys (K andK ′)
in the Brillouin zone (Fig. 2, A to C) (11–13).
Second, the two valleys possess finite and op-
posite Berry curvature because of the lack of
inversion symmetry, giving rise to distinct op-
tical selection rules and related valleytronic prop-
erties (14–22). That is, the optical transitions
at the K and K ′ valleys are coupled exclusively
to left-handed (s–) and right-handed (s+) cir-
cularly polarized light, respectively. Such a
unique material platform allows us to separate
the Bloch-Siegert shift from the optical Stark
shift by using circularly polarized light.
Our experimental setup uses femtosecond

pump-probe absorption spectroscopy (Fig. 2A).
All measurements are carried out at room tem-
perature. After pumping a monolayer of WS2 with
intense s– infrared light pulses, we probe the
energy shift at the K valley with s– visible light
pulses and that at the K ′ valley with s+ visible
light pulses. A blueshift of the exciton absorp-
tion peak (a) is manifested as a differential curve
in the absorption change Da (Fig. 2C). From this,
we can deduce the magnitude of the energy shift
at both valleys. Previously, transient absorption
with visible pumping has been used to study the
optical Stark effect in monolayer TMDs (23, 24).
Here, by pumping with infrared light, we reveal
the Bloch-Siegert shift in WS2.
Shown in Fig. 2, D to G, are our results at theK

valley (blue curve) and K ′ valley (red curve). For
comparison, we first show the Da spectra under
zero-delay pumping at ħw = 1.82 eV (Fig. 2D). For
this small detuning energy, only theK valley shows
an appreciable Da signal. This signal arises from
the optical Stark shift, which occurs exclusively at
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Fig. 1. Comparison of the opti-
cal Stark shift and the Bloch-
Siegert shift in a two-level sys-
tem. (A) Energy diagram for
optical Stark shift. jai and jbi
denote the two original states
with resonance energy E0 before
they are optically driven; jaþ ħwi
and jb − ħwi are photon-dressed
(Floquet) states driven by the
corotating optical field. Hybrid-
ization with these Floquet states
causes the resonance energy to
blueshift by DEOS, which is pro-
portional to the light intensity

(E2
0) and inversely proportional to

ðE0 − ħwÞ. (B) Energy diagram for
Bloch-Siegert shift. ja − ħwi and
jbþ ħwi are two different Floquet
states driven by the counterrotat-
ing optical field. Hybridization with
these Floquet states causes the
Bloch-Siegert shift, with magni-
tude DEBS inversely proportional to
ðE0 þ ħwÞ.
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the K valley (23, 24). The K ′ valley exhibits only a
veryweak (but observable) signal. However, as we
lower the pumping photon energy to 0.59 eV,
the signal at theK ′ valley becomes comparable to
the signal at the K valley (Fig. 2E). This obser-
vation indicates a pronounced energy blueshift at
the K ′ valley, a phenomenon that apparently vio-
lates the well-established valley selection rules
in monolayer TMDs. Some modulations also
appear in the Da spectrum. Theseminor features
are possibly induced by electron-phonon cou-
pling andwarrant further investigation; here, we
average out these modulations by smoothing the
curves (black lines). We further examined the
signals at different pump-probe time delays.
The Da signals at both valleys emerge only at
zero time delay, with temporal profiles very
similar to the 160-fs duration of the pump pulses
(Fig. 2F). These results indicate the coherent
nature of the energy shift; they also exclude the
influence of intervalley scattering of possible
excited carriers, which typically occurs on the
picosecond time scale (25–27).

To investigate the underlying mechanism of
the anomalous energy shift at the K ′ valley, we
measured the zero-delay Da spectra for both val-
leys at various pump photon energies (ħw = 0.59,
0.69, 0.89, or 0.98 eV) and different pump flu-
ences (F = 30 to 800 mJ/cm2). In Fig. 2G, we
show the fluence-dependent spectra for ħw =
0.59 eV (see fig. S1 for the remaining spectra).
The Da spectra at both valleys are found to grow
with increasing pump fluence. For a more quan-
titative analysis, we extracted the energy shift
from each spectrum, plotted as a function of
F=ðE0 − ħwÞ in Fig. 3A. The shift at the K valley
exhibits an excellent linear dependence re-
gardless of the different pump photon energies
(solid symbols), indicating that it arises from the
optical Stark effect. The shift at the K ′ valley,
however, spreads out with no rigorous linear
dependence (open symbols). Such a contrast
indicates that the K ′-valley shift does not arise
from the optical Stark effect. In Fig. 3B, we replot
the K ′-valley shift as a function of F=ðE0 þ ħwÞ
with the same axis scales; the data now exhibit

an excellent linear dependence. Moreover, the
slope of the K ′-valley shift in this new plot is
identical to the slope of the K-valley shift in
Fig. 3A. This observation strongly suggests
that the K ′-valley shift arises from the Bloch-
Siegert effect.
Our finding can be verified quantitatively

by using either a semiclassical theory or a fully
quantum-mechanical theory (28) (see supple-
mentary text). Because we probe only the lowest-
energy exciton state (1s), which shows properties
similar to those of hydrogen atoms, it is appropri-
ate and sufficient to use a simple two-level frame-
work, as shown in earlier studies (12, 15, 23, 24).
In our semiclassical analysis, we treat the ground
state and the 1s exciton state as a two-level sys-
tem (jai and jbi) with a resonance energy E0,
driven by a classical electromagnetic wave with
amplitude E0 and frequency w. We use a left-
circularly polarized pump beam,

EðtÞ ¼ E0½cosðkz − wtÞx̂ þ sinðkz − wtÞŷ� ð1Þ
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Fig. 2. Observation of valley-exclusive Bloch-Siegert shift in monolayer
WS2. (A) Illustration of the pump-probe experiment.We pump the monolayer
WS2 sample with strong infrared pulses and measure the pump-induced
change of reflection with broadband probe pulses. (B) TheK and K′ valleys in
monolayer WS2. Optical pumping with left-handed circular polarization (s–)
couples only to the K valley and not the K′ valley, unless the counterrotating
field is taken into account. (C) Top: Measured A exciton absorption spec-
trum (a, black curve) of monolayerWS2 in equilibrium.The red dashed curve
represents the shifted resonance (simulated) under red-detuned optical
pumping. Bottom: This shift produces a differential curve in the absorption
change (Da, red curve). (D and E) The Da spectra under zero-delay optical

pumping at pump photon energies of 1.82 and 0.59 eV. By using probe
pulses with s– polarization, we can selectively measure Da at the K valley;
likewise, probe pulses with s+ polarization allow selective measurement of
Da at the K′ valley (left and right panels, respectively). The black curves in
(E) are smoothed curves to average out the modulations (see text). (F) Time
trace of Da spectra in (E) measured at probe energy of 1.96 eV and pump
energy of 0.59 eV. The induced energy shift is observed only at zero time
delay. (G) The zero-delay Da spectra of the K valley (blue curves) and K′ valley
(red curves) under different incident pump fluences (F = 160 to 800mJ/cm2).
The pump photon energy is 0.59 eV. The spectra are vertically displaced for
clarity.
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polarized along the xy plane of the monolayer
sample (z = 0), which can also be expressed as

EðtÞ ¼ 1

2
E0½ðx̂ − iŷÞexpð−iwtÞþðx̂ þ iŷÞexpðiwtÞ�

ð2Þ

where the field is decomposed into two terms ac-
cording to their time-evolution factors exp(±iwt).
The interaction Hamiltonian can then be ex-
pressed as

Hab ¼ hbjeE⋅rjai ¼
1

2
eE0hbj½ðx− iyÞexpð−iwtÞ þ

ðxþ iyÞexpð−iwtÞ�jai ð3Þ

where the first term, (x – iy) exp(–iw t ), in-
duces a transition with Dm = –1 (corotating
field), and the second term, (x + iy)exp(iwt),
induces a transition with Dm = +1 (counter-
rotating field). Owing to the unique valley se-
lection rules in monolayer WS2, these two terms
are thus coupled exclusively to the K (Dm = –1)
and K ′ (Dm = +1) valleys, respectively (Fig. 3,
C and D), with their valley-specific interac-
tions expressed as

HabðKÞ ¼ expð−iwtÞ mKE0

2

HabðK 0Þ ¼ expðiwtÞ mK 0 E0

2
ð4Þ

Here, mK and mK 0 are the dipolematrix elements at
the K and K ′ valley, respectively, and they have
equalmagnitudes m ¼ jmK j ¼ jmK 0 j. However, they
are associated with opposite time-evolution fac-
tors, which leads to a more general theory of
valley selection rules in monolayer TMDs. Under
the resonant absorption condition (ħw ¼ E0), the
left-circularly polarized light couples only to the
K-valley. By contrast, under the off-resonance
condition (ħw < E0), the coupling to theK ′-valley
can become appreciable through the time-reversed
process, giving rise to a noticeable energy shift.
The induced energy shifts at the respective val-
leys can be evaluated by the time-dependent per-
turbation theory as

DEK ¼ m2E2
0

2

1

E0 − ħw

DEK 0 ¼ m2E2
0

2

1

E0 þ ħw
ð5Þ

The two energy shifts have different energy de-
pendence, from which we can readily identify
DEK to be the optical Stark shift and DEK 0 the
Bloch-Siegert shift. When plotted as a function of
their respective energy denominators (E0 − ħw or
E0 þ ħw), both shifts exhibit an identical slope.
The prediction of common slope and opposite
valley indices agrees well with our experimental
observation (Fig. 3, A and B). From our data, we
can deduce the dipole matrix elements to be m =
55 debye, in excellent agreement with previous
measurements (23). In addition, the ratio be-
tween DEK 0 and DEK is predicted to be ðE0 − ħwÞ=
ðE0 þ ħwÞ, the same as DEBS=DEOS for a generic
two-level system. By plotting the average shift
ratio measured for each pump photon energy, we
find good agreement between our experiment
and theory (Fig. 3B, inset).
The physics of this valley-exclusive energy

shift can be illustrated in the energy diagrams
shown in Fig. 3, C and D. The corotating field
generates a Floquet state ħw above the ground
state in both valleys, with energy separation
E0 − ħw from the excited state. Because of the
matching condition of angular momentum, re-
pulsion between the Floquet state and the ex-
cited state only occurs at the K valley, giving rise
to the ordinary optical Stark shift (Fig. 3C). On
the other hand, the counterrotating field gen-
erates a Floquet state ħw below the ground state,
with energy separation E0 þ ħw from the excited
state (Fig. 3D). The matching condition of an-
gular momentum forbids the level repulsion at
the K valley but allows it at the K ′ valley. This
gives rise to the Bloch-Siegert shift at the oppo-
site (K ′) valley. In other words, the left-circularly
polarized light can be understood as stimulat-
ing the s– absorption (Dm = –1) and s– emission
(Dm = +1) processes at the K and K ′ valleys,
respectively. This makes it possible for the cir-
cularly polarized light with a given helicity to
couple to both valleys in a distinct manner, thus
enriching the valley selection rules.
The Bloch-Siegert shift we observed exhibits

valley selection rules opposite from those of the
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Fig. 3. Fluence and detuning dependences of the Bloch-Siegert shift. (A) Energy shifts at the K
and K′ valleys (solid and open symbols) as a function of fluence F=ðE0 − ħwÞ. The data are extracted
from the Da spectra in Fig. 2 and fig. S1.The K-valley shift exhibits a rigorous linear dependence (solid
blue line), but the K′-valley shift spreads out (red region). (B) Energy shift at K′ valley as in (A), but
plotted as a function of fluence F=ðE0 þ ħwÞ. The linear dependence becomes obvious. The inset at
upper left shows the predicted ratio DEBS=DEOS (blue line) when the detuning energy ðE0 − ħwÞ
increases from zero to the resonant energy (E0 = 2 eV for monolayer WS2). The open circles are our
averaged experimental data obtained from Fig. 2 and fig. S1. (C) Energy diagram before and after
optical pumping for the optical Stark shift, which occurs only at the K valley. (D) Energy diagram for
the Bloch-Siegert shift, which occurs only at the K′ valley.
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ordinary optical Stark effect, which allows us
to completely separate the two effects. This is
possible because, as time-reversed partners,
the two effects share a similar relationship with
the two time-reversed valleys in monolayer WS2,
which can be disentangled under circularly
polarized light that breaks the time-reversal
symmetry. Our finding reveals more general
valley selection rules and may lead to enhanced
control over the valleytronic properties of Dirac
materials such as graphene, TMDs, and Weyl
semimetals. Furthermore, by using higher pump
intensity or lower pump photon energy with
selective light helicity, we expect the emergence
of higher-order coherent effects that could
produce polarized valley current in transport
experiments (29).
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