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Coherent interaction between matter and light field induces both optical Stark
effect and Bloch-Siegert shift. Observing the latter has been historically
challenging, because it is weak and is often accompanied by a much stronger
Stark shift. Herein, by controlling the light helicity, we can largely restrict these
two effects to different spin-transitions in CsPbl; perovskite quantum dots,
achieving room-temperature Bloch-Siegert shift as strong as 4 meV with near-
infrared pulses. The ratio between the Bloch-Siegert and optical Stark shifts is

however systematically higher than the prediction by the non-interacting,
quasi-particle model. With a model that explicitly accounts for excitonic
effects, we quantitatively reproduce the experimental observations. This
model depicts a unified physical picture of the optical Stark effect, biexcitonic
optical Stark effect and Bloch-Siegert shift in low-dimensional materials dis-
playing strong many-body interactions, forming the basis for the imple-
mentation of these effects to information processing, optical modulation and
Floquet engineering.

Quantum states of matter can be manipulated by applying intense
light, examples of which include the famous optical Stark effect (OSE)’
and Bloch-Siegert shift (BSS)* arising from coherent interactions
between Floquet states® and equilibrium matter states. While originally
observed in atomic/molecular systems, these effects have attracted
strong attention in recent years for solid-state materials such as
monolayer transition metal dichalcogenides (TMDs)*” and lead halide
perovskites®'°. Their strong light-matter interaction, in conjunction
with spin-orbit coupling and/or symmetry breaking, allows for selec-
tive spin or valley state manipulation using the OSE. Moreover, the
observation of a BSS, which has been historically intriguing due to its
much weaker magnitude compared to the OSE, is now greatly eased
thanks to the valley-exclusivity of these effects in monolayer TMDs
under a quasi-particle representation”. Because the two time-reversed
valleys K and K’ are coupled to photons of opposite helicities, one can
use helical light to pump at one valley and probe the BSS at the
other one, which is naturally separated from the OSE that needs pump-

probe at the same valley. By pumping with infrared pulses, a valley-
exclusive BSS with its magnitude approaching that of the OSE was
demonstrated”.

Notably, the valley-exclusivity of the BSS and OSE reported in ref.
11 relies on a non-interacting quasi-particle approximation. On the
other hand, however, recent studies on mono- and few-layer TMDs and
many other low-dimensional material systems have in general found
strong many-body interactions. These interactions induce strong
excitonic and multiexcitonic effects, which will be generally called
excitonic effects herein for simplicity. Under certain circumstances,
the valley selection rules can be partially relaxed by excitonic effects.
For example, in studies of monolayer TMDs'>** and CsPbBr; perovskite
nanocrystals, with small pump detuning energies of 10s of meV,
spectral modulations tunable from redshift, splitting to blueshift were
observed when the pump and probe beams had opposite helicities,
contradicting the simple expectation of a valley-selective OSE. This
“anomalous” observation has been rationalized as a biexcitonic OSE in
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Fig. 1| Spin-selective transition rules and separation of the OSE and BSS in lead
halide perovskites. a Schematic illustration of the crystal structure of CsPbl;
perovskite phase. b Conduction band (CB) and valence band (VB) edge states
coupled to circularly-polarized photons. ¢ Interaction energy diagram of the optical
Stark shift driven by a nonresonant 6" photon, which occurs at the VB|-1/2) and

CB | +1/2) states. The shift can be detected only with 6*c* pump-probe configura-
tion. d Interaction energy diagram for the Bloch-Siegert shift driven by a non-
resonant ¢* photon, which occurs at the VB | +1/2) and CB | -1/2) states and can be
detected only with 6°0” pump-probe configuration.

which the single-exciton to biexciton transition plays an important
role. So far, it remains unclear how these excitonic effects influence the
valley- or spin-exclusivity of the BSS.

Here we report a strong BSS up to 4 meV in CsPbl; perovskite
quantum dots (QDs) at room temperature. By controlling the light
helicity, we can largely restrict the OSE and BSS to different angular
momentum transitions and observe them separately, especially when
the pump light is tuned from visible to infrared. Importantly, the ratio
between the BSS and OSE magnitudes is significantly larger than the
one predicted from a non-interacting, quasi-particle picture. By diag-
onalizing a 9 x9 Hamiltonian accounting for the co- and counter-
rotating Floquet states of ground, exciton, and biexciton states, we
quantitatively reproduce the experimental observations with realistic
values of exciton transition dipoles and biexciton binding energies.
The result also depicts a unified physical picture of the interplay
between the OSE, biexcitonic OSE and BSS in materials displaying
strong many-body interactions.

Results and discussion

Coherent light-matter interaction

To illustrate the fundamental principle of coherent light-matter
interaction, one usually considers a simplified model of a two-level
(Ig) and |e)) system (TLS) driven by a periodic light field, whose total
Hamiltonian can be expressed as>'**:

H=hw,,

¢ thwyata +hAE a veTat)rhAETat +eTa). ()
Here w,, is the transition frequency of the TLS with the creation
operator ¢' =|e)(g| and the annihilation operator ¢ =|g)(e |, wp is the
photon frequency of the light field with similarly-defined operators d*
and 4, and A is proportional to the Rabi coupling strength containing
the TLS transition dipole moment and the light field amplitude. The
first and second terms in Eq. (1) correspond to the TLS and the photon
reservoir, respectively. The third term is an energy conserving
interaction corresponding to the OSE, whereas the last term is an

energy non-conserving one related to the BSS. Note only one-photon
interactions are considered in Eq. (1); the complete form of Eq. (1)
should in principle consider a ladder of all the evenly-spaced Floquet
states®, but higher-order terms are typically too weak compared with
the one-photon terms.

When w,, is only slightly lower than w.g, i.e., the energy detuning
of the driving photon (A = fiweg — hiwp,y,) is small, the last termin Eq. (1) is
much weaker than the third term. This corresponds to the common
situation that the magnitude of the BSS is much smaller than that of the
OSE. By dropping off the last term in Eq. (1), one obtains the original
formulation of the Jaynes-Cummings model'®, which is also called a
rotating wave approximation, and the solution of this model predicts
the OSE shifts reasonably well for recent experiments***"°. When w,,
approaches zero, which can be experimentally realized by tuning the
pump into infrared, the last term in Eq. (1) becomes important. How-
ever, by diagonalizing the full Hamiltonian in Eq. (1), one always
obtains an energy shift as a combined result of both the OSE and BSS.
Therefore, observation of an exclusive BSS, i.e., realization of the
counter-rotating wave approximation, has remained intriguing for
atomic/molecular and traditional solid-state systems. As mentioned in
the introduction, the valley-selective transition rules in monolayer
TMDs offered a unique opportunity to address this issue by separating
the OSE and BSS to different valleys".

Spin-selectivity in lead halide perovskites

Here we choose lead halide perovskites (Fig. 1a) as the material plat-
form for the study of BSS, because their electronic structure allows us
to spin-selectively address the band-edge states using helical photons,
in analogy to the valley-selectivity in monolayer TMDs. Briefly, the
Bloch functions of the conduction band (CB) and valence band (VB)
edges have p- and s-type symmetries”’ ", respectively, which are
exactly opposite to traditional II-VI and IlI-V group semiconductors.
Therefore, there is a large spin-orbit splitting in the CB but not in the
VB. The VB edge hole states have relatively pure spin states of my,=
+1/2, whereas the CB edge spin-orbit split-off states are m.=+1/2,
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Fig. 2 | Characterization of CsPbl; QDs. a A representative transmission electron
microscopy (TEM) image. b Steady-state absorption spectrum, with the band-edge
exciton peak at ~1.98 eV. ¢ Broadband transient absorption (TA) spectra at varying
delay times, pumped at 2.64 eV (470 nm), displaying negligible photoinduced

absorption in the near infrared region. Inset is a scheme showing the forbidden
nature of the intra-CB transition from band-edge spin-orbit split-off states to
higher-energy light and heavy electron states.

resulting in two optically-allowed transitions coupled to photons of
opposite helicities (Fig. 1b).

With this spin-selection rule and under a quasi-particle repre-
sentation, one should be able to observe the spin-exclusive OSE and
BSS in CsPbl; perovskites, which are depicted in Fig. 1c, d, respectively.
By coherently driving the system with a sub-bandgap photon of left-
handed helicity (c*), for example, the intragap Floquet states only
interact with my,=-1/2 and m.=+1/2 states, and thus the normal OSE
blueshift can be observed only with a 6" probe photon (Fig. 1c), as have
been reported in previous studies®'°. In contrast, the Floquet states
outside the gap only interact with m,=+1/2 and m.=-1/2 states,
resulting in the BSS observable only with a 6™ photon (Fig. 1d), which,
however, has not been demonstrated yet.

We use strongly-confined CsPbl; QDs instead of bulk materials
because the quantum confinement effect separates the band edge
exciton from higher transitions, thereby further satisfying the
approximation as a TLS. Moreover, the excitonic effects are
strongly enhanced in QDs compared to bulk. Also importantly,
these solution-processed QDs are uniformly dispersed in low-
refractive-index solvents (here hexane), avoiding the dielectric
disorder experienced by monolayer TMDs lying on substrates®. The
sensitivity of the excitonic effects of monolayer TMDs to the sub-
strates might be the reason why they are crucial in some studies but
not as important in others. Thus, the perovskite QDs here are tai-
lored to be an ideal platform to observe the BSS and to study
excitonic effects on it.

Characterization of CsPbl; perovskite QDs

The CsPbl; QDs were synthesized by a hot-injection method”* . A
typical transmission electron microscope (TEM) image of the CsPbl;
QDs is presented in Fig. 2a, displaying cuboid-shaped QDs with an
average length of ~-5.4 nm. The steady-state absorption spectrum of a
hexane solution of 5.4nm QDs (Fig. 2b) reveals a sharp transition

located at 1.98 eV from the ground-state to the single-exciton state.
This is considerably blueshifted compared to the bandgap of -1.8 eV
for bulk CsPbl; perovskites?, a manifestation of the quantum con-
finement effect. Pump-probe transient absorption (TA) spectroscopy
was applied to study the light-matter interactions; see details in the
Methods. Figure 2c shows the TA spectra of the CsPbl; QDs acquired
using linearly-polarized pump and probe beams, at pump-probe
delays of a few picoseconds following an above-gap excitation
(hwpr=2.64 €V). Under this condition, real exciton populations are
created, inducing state-filling and Coulombic effect signals®** much
stronger than the OSE and BSS. These bleach and absorption signals
are situated near the exciton energy, whereas there are negligible
signals ranging from -0.7-1.7eV as measured by our broad-
band probe.

In a recent study on CsPbBr; nanocrystals, a three-level system
was proposed to account for anomalous Stark shifts®’, in which an
additional transition (at ~0.8 eV) from band edge exciton state to a
high-energy exciton state associated with the high-energy spin-orbit
electron levels in the CB was posited. The transition dipole moment
was estimated to be as large as 25 Debye. However, our direct mea-
surement using a broad-band probe clearly rules out such a transition
at least in our perovskite QDs (Fig. 2¢; see also Supplementary Fig. 1),
which is consistent with the forbidden nature of this intraband tran-
sition (Fig. 2c inset). This allows us to limit our discussions to the band-
edge exciton states only. The high-energy excitation at 2.64eV in
Fig. 2¢ results in dynamic effects such as hot carrier cooling and band
renormalization, which are not the focus here but can be found in
previous studies**~2,

Observation of BSS in CsPbl; perovskite QDs

To measure the OSE and BSS, we performed pump-probe experiments
using circularly-polarized beams with sub-bandgap pump photon
energies (fiwp, < hwg). Presented in Fig. 3a-c are the representative TA
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Fig. 3 | Optical Stark (6°¢") and Bloch-Siegert (¢°c") shifts in CsPbl; QDs. Time-
zero transient absorption (TA) spectra obtained with ¢'c* (blue) and 6*c™ (red)
pump-probe configurations with pump photon energies at (a) 1.74 eV (714 nm), (b)
1.21eV (1027 nm), and (c) 0.805 eV (1540 nm). The incident pump intensities are
indicated in each panel. d, e, f Temporal profiles of the signals reported in a-c. Note
that the 1.74 eV pump pulse has been spectrally filtered using a grating in order to

Pump Intensity (GW/cm?)

avoid resonant excitation, and consequently the pulse duration is broadened.

g 0’0" TA spectra under varying pump intensities of 0.792 eV (1565 nm) photon.

h Nominal Bloch-Sigert shift (blue hexagons) as a function of the incident pump
intensity, calculated from the spectral-weight-transfer in g. The red solid line is a
linear fit.

spectra of the CsPbl; QDs with fiw,, of 1.74 eV (714 nm; 0.30 GW/cm?),
1.21eV (1027 nm; 1.71GW/cm?) and 0.805 eV (1540 nm; 1.86 GW/cm?),
respectively, at time-zero. Note that because the pump intensity varies,
we focus on the relative signal size of ¢°0" and ¢'0c™ pump-probe
configurations in these plots. In contrast to Fig. 2c where it shows the
real exciton population with negligible decay on the ps timescale, the
signals here are not associated with any real population excitation
through multiphoton absorption, as they dominate only at around
time-zero when the pump and probe beams temporally overlap
(Fig. 3d-f). For Aw,, =1.74 eV (Fig. 3a), the detuning is relatively small
(A=0.24¢V), and a strong spectral modulation corresponding to the
normal OSE blueshift is detected with a 6"c" pump-probe configura-
tion. In contrast, the 6'c™ configuration reveals a very weak spectral
modulation. By decreasing fiw,y,, the o’c” spectral modulation pro-
gressively grows until it becomes comparable with ¢*c" at fiwp, =
0.805 eV (Fig. 3c).

The detuning-dependent behaviors observed in Fig. 3a-c are
phenomenologically consistent with the spin-selective OSE and BSS of
the CsPbl; QDs that we depict in Fig. 1c, d. By diagonalizing the
Hamiltonian in Eq. (1) under co- and counter-rotating wave approx-
imations, respectively, one can obtain the spectral blueshifts induced

by the pure OSE and BSS as (see Supplementary Text):

SE osp =20A%/ (Weg — Wpp)

) )
6E pgs =2hA [ (@eg + Wpp).
Thus, the ratio between them is:
OE g5/ O o5p = (Weg — Wpp) [ (Weg + Wpp), 3)

which should increase with a decreasing w,,, as we observed herein.
In Fig. 3g, we plot the time-zero 6°c™ TA spectra measured with
hwp,=0.792eV of varying power densities, which are nominally
dominated by the BSS. We quantify the spectral shift using a spectral-
weight-transfer calculation® and obtain power-dependent shift plotted
in Fig. 3h. The signal increases linearly with the pump power, further
substantiating that it is driven by single-photons. Note that the pump
power was measured outside the sample cuvette, which is over-
estimated compared to the local power inside the QD that is screened
by the solvent and QD materials. At an outside pump power of ca.
10 GW/cn?, the nominal BSS has reached 4 meV, which is several
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Fig. 4 | Excitonic Bloch-Siegert shift in CsPbl; QDs. a Ratio between the normal
Bloch-Siegert and optical Stark shifts measured with 6*c™ and o*c" configurations,
respectively (gray balls). The red solid line is the prediction by a non-interacting,
quasi-particle model (Eq. (3)), whereas the blue solid line is obtained using our
excitonic model (Eq. (4)) with po; =34 D, ;> =28 D and Exy = 65 meV. By setting
Ho1= 12 and Exx= 0, our excitonic model (black dashed line) reduces to the quasi-
particle model. The error bars are obtained from the standard variations of o*o* and
o'o” signals in the range of +40 fs around time-zero. b States and optical selection

rules under the excitonic representation. ¢ Equilibrium matter states (solid lines)
and Floquet states (dashed lines) driven by a nonresonant ¢* photon, whose
angular momenta are indicated by their colors. Other Floquet states are not shown
because their interactions with matter states are against angular momentum con-
servation. The shift of the biexciton state |X,, X_) is not considered here as we are
experimentally probing the shift of single-exciton transitions. There are 9 states in
total in the interaction Hamiltonian.

orders of magnitude larger than those reported for superconducting-
qubit TLS**** and is comparable to the shift observed in the monolayer
TMDs". The large nominal BSS arises from the combined contribution
of the small pump photon energy and the inherently strong light-
matter interaction in the CsPbl; QDs.

While the BSS and OSE signals followed Eq. (2) reasonably well in
ref. 11, in the presence of strong many-body excitonic effects the
precision of this simple model needs to be reconsidered. This is the
reason we call the shifts in Fig. 3 nominal BSS and OSE. To uncover the
role of excitonic effects, we tune fw,y, to 12 different energies and
measure the spectral shifts under 6°c* and 6"~ configurations. The
associated TA spectra at time-zero are presented in Supplementary
Fig. 2. Quantitative comparison between our experimental results at
different Aw,, with Eq. (2), however, is difficult (Supplementary Fig. 3),
because the pump power screening by the sample depends on fiwpy,
and the power density measurements for different fiw,, might intro-
duce large errors. Nevertheless, by taking the ratio between the
nominal 6Egss and 6E osr, these fiw,,,-dependent issues can be canceled,
allowing us to compare our experimental results to Eq. (3). Figure 4a
shows the plot of the ratios at 12 different fiw,,, the general trend of
which is in line with Eq. (3). However, the experimental ratio is sys-
tematically larger than the one predicted by Eq. (3), and the deviation is
hwp,-dependent. At small detuning (e.g., fiw,;, -1.8 €V), the deviation is
small, but it becomes large as the detuning increases.

We note that a deviation from the cubic symmetry by either an
orthorhombic lattice distortion or a QD shape effect can result in
linearly-polarized excitons instead of circularly-polarized ones
through anisotropic exchange interaction, as revealed in recent

single-particle photoluminescence studies on perovskite QDs at
liquid-helium temperatures”->°, In this case, 0’0" and o*o~ config-
urations should yield the same signal size, i.e., the ratio between ¢*0*
and 6’0 signals should be 1 regardless the fiw,,, used. Even if there is
only a small portion of QDs displaying such a behavior, the deviation
of the experimental data from the prediction by Eq. (3) should
monotonically increase with fiwp,, which is just opposite to our
results here. Therefore, circular-polarization selection rules still lar-
gely hold here.

A possible reason is that the anisotropy-induced exciton fine
structure splitting is very weak, on the order of peV-meV as deter-
mined from recent single-dot"*** and ensemble* measurements on
lead halide perovskite QDs. This splitting is much smaller in magni-
tude compared to the single-dot exciton linewidth of 50-100 meV for
these QDs***°, In this limit, it might still be reasonable to use the
angular momentum basis of quasi-cubic approximation in Fig. 1.
Indeed, when we perform linear-polarization OSE measurements for
our 5.4 nm CsPbl; QDs, we find that the co- and cross-linear config-
urations give almost identical signal sizes (Supplementary Fig. 4).
This observation is inconsistent with ideal linear-polarization selec-
tion rules which predict a signal ratio of 3:1 for co- over cross-linear
configurations under orientational averaging. It is instructive to
compare these results to a previous study on few-layer ReS, flakes*..
Therein, the anisotropy-induced exciton splitting reaches 60 meV,
much larger than the room-temperature exciton linewidth of
~25meV for this material, resulting in clean, linearly-polarized OSE
features®. This comparison lends further support to our linewidth-
versus-splitting hypothesis.
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Excitonic BSS model

To explain the observed deviation, we invoke a model taking into
consideration the excitonic effects. Under an excitonic representation,
the optical selection rules between the ground state |0, 0), the single-
exciton states |[X;, 0) and |0, X), and the biexciton state |X,, X_) are
depicted in Fig. 4b. When the system is coherently driven by a detuned
o' photon, the six one-photon-dressed Floquet states that have strong
interactions with the three equilibrium states of the ground state |0, 0)
and the single-exciton states |X,, 0) and |0, X.) are considered, as shown
in Fig. 4c. Other Floquet states whose interactions with the single-
exciton states |X;, 0) and |0, X.) are against angular momentum con-
servation are not included here". The hybridizations between the
states in Fig. 4c can be analyzed by diagonalizing the 9 x 9 Hamiltonian:

—hw O 0 0 0 pugeE 0 0 0

0 0 0 Ho1€ 0 0 Ho1€ 0 0

0 0 hw 0 Hoe O 0 0 (0]

0 upye O E—-hw O O 0 0 0

A=| 0 0 pye O E, O 0 0 HpE

Hué O 0 0 0 E, 0 M€ 0

0 fpyue O 0 0 0 E+hw O 0

0 0 0 0 0 upe 0 E, — hw 0

0 0 0 0 Hpe O 0 0 E;+hw

“)

The diagonal elements are arranged in the order of numbered
states (from1to 9) asindicated in Fig. 4c, with the energy of |0, 0) set at
0, and the energies of |X;, 0) (|0, X)) and |X;, X.) at E; and E,, respec-
tively. F; and E; are related by: E; = 2F; — Exy, where Exy is the biexciton
interaction energy (positive for attraction). The transition dipole
moment of |0, 0) to |X,, 0) (10, X)) is to;, and |X., 0) (|0, X)) to X, X.) is
12, which are coupled to the driving field .

By diagonalizing Eq. (4), we can well reproduce the experimental
ratio of the nominal 6Egss and 8Eqsk, as compared in Fig. 4a. In the
simulation, we use Exx=65meV, uo; =34 D, and p1, =28 D. The biex-
citon interaction energy results from a detailed competition between
the repulsive and attractive energy parts of Coulomb and exchange
interactions, which is generally attractive in low-dimensional
materials*>*, unless unconventional electron and hole wavefunctions
were deliberately designed*‘. The single-exciton transition dipole (uo;)
of 34 D is similar to the one determined from a previous OSE study of
similar-size CsPbl; QDs’. The reason for a reduced magnitude of u;,
than po; is likely associated with the dielectric contrast effect for the
inorganic QDs surrounded by low-refractive-index organic ligands and
solvent, which enhances pip; more significantly than p,, as predicted
by a previous calculation®.

To test the generality of our model, we measured another two
samples of CsPbl; QDs with average edge lengths of -4.0 nm and
7.4 nm. The relevant data are presented in Supplementary Fig. 5. The
ratio between signals obtained with 6*0™ and 06" configurations (6*07/
o'0") for these two samples also deviate from the non-interacting,
quasi-particle model, and can be well reproduced by our excitonic
model. From the model fits, we obtain po; =26 D (50 D), ;=19 D (41
D), and Exx=90 meV (48 meV) for 4.0 nm (7.4 nm) QDs; See Supple-
mentary Table 1. Therefore, with decreasing QD size, both pio; and py»
become smaller, whereas Eyy is enhanced, which are consistent with
the physical properties of QDs. We note that some recent studies
reported repulsive biexciton interactions in lead halide perovskite
QDs***8, which are still under debate and are out of the scope of our
current study. By contrast, recent single-dot PL measurements at
cryogenic temperatures allow to directly readout exciton and biexci-
ton emission lines, which gave biexciton binding energies of ~20 meV
for weakly-confined (-10 nm) CsPbl; QDs***. These results are in line
with the extrapolation of the size-dependent trend of Exx obtained
herein.

Discussion

Our new model indicates that the OSE, biexcitonic OSE and BSS are
partially mixed under the many-body excitonic representation.
According to Fig. 4c, the key differences to the non-interacting,
quasi-particle picture are: i) the ground state |0, 0) is simulta-
neously repelled down by |X, - fiwp,, 0) and |0, X_ + fiw,,) through
the OSE and BSS, respectively; ii) the single-exciton state |0, X_)
state is repelled down by [X, - fiw,s, X-) through the biexcitonic
OSE but repelled up by |0, O - fiwp,y) through the BSS; and iii) the
single-exciton state |X,, O) state is repelled up by |0+ Aiwp,,, O)
through the OSE but also repelled down by |X,, X. + fiw,s) through
the biexcitonic BBS. In the scenario of unbound biexcitons
(o1 = H12 and Exx=0), the first shift terms in i) and ii) are exactly
the same, as are the second shift terms in i) and iii), and hence, the
excitonic model naturally reduces to the quasi-particle model for
which a spin- or valley-selective OSE or BSS can be observed. This
is confirmed in our simulation in Fig. 4a. In the case of bound
biexcitons, the net result of the above shifts is a generally
enhanced o'07/0'c" signal ratio. Still, there exist certain driving
photon energies for which the total shifts in i) and ii) can be almost
identical, thus canceling the signal in 6'0” configuration. One
situation in Fig. 4a is when hwp, is around 1.8-1.9eV, i.e., the
detuning is 100-200 meV. In this case, the apparent result is that a
so-called spin- or valley-selective OSE can be detected (i.e., "0~
yields a negligible shift; see the spectra in Fig. 3a for example).
Indeed, detuning energies in that range were typically used in
previous studies of lead halide perovskites®'® and monolayer
TMDs*® focusing on the spin- and valley-selective OSE. Further
tuning fiw,, towards the exciton energy should result in spectral
shifts dominated by the biexcitonic OSE™", which however is not
the focus here. Moreover, such measurements can be very chal-
lenging for our ensemble sample due to inhomogeneous broad-
ening of the exciton linewidth, which will result in real population
excitation.

To summarize, this study reports the observation of a strong
Bloch-Siegert shift in CsPbl; perovskite QDs, and more importantly, it
highlights the importance of many-body excitonic effects in the cor-
rect interpretation of coherent light-matter interaction even for
materials with spin- or valley-selective selection rules. With these
excitonic interactions, the single-exciton optical Stark effect, biexci-
tonic optical Stark effect and Bloch-Siegert shift are intermixed.
Considering the ubiquitous role of strong excitonic effects in
quantum-confined materials, the model developed here should be
transferrable to many other such systems. This knowledge is crucial for
the implementation of the above coherent effects to information
processing and optical modulation, and to the emerging field of Flo-
quet engineering of quantum materials***°. Although steady-state
Floquet engineering is highly desired®, these instantaneous engi-
neering techniques in turn allow for ultrafast manipulations that are
particularly useful for very high-speed quantum computing®. (Note
added in proof. After acceptance of our manuscript, we noticed rele-
vant studies revisiting optical Stark effect and Bloch-Siegert shift in
monolayer TMDs, which also highlight the signifiant role of many-body
effects™*.)

Methods

The CsPbl; QDs were synthesized via a hot-injection method
described elsewhere?”. Pump-probe measurements were con-
ducted using a Pharos Yb: KGW laser (Light Conversion; 1030 nm,
230 fs pulse-duration, 100 kHz repetition rate) as the laser source.
The output laser was split into multiple beams, one of which was
directed to an optical parametric amplifier (Orpheus-HP; Light
Conversion) to generate wavelength-tunable pump pulses, and the
other being delayed by a motorized delay stage and then focused
onto a YAG crystal to generate a white light continuum as the
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probe. In order to eliminate the potential polarization distortion
during the propagation of beams, circular polarization of pump
and probe beams was produced by separately inserting two sets
of beam-splitting cubes (Thorlabs) and quarter-wave plates
(Thorlabs) right before the sample. The pump and probe direc-
tions were set to a small crossing angel at -6°, and focused onto
the sample with long focal lens of 40 and 25 cm, respectively. For
all the detuned pump laser wavelengths, the sizes of the foci on the
sample were measured to be in the range 250-300 pm, more than
twice larger than the probe beam size (<120 pm). The transmitted
probe beam was re-collimated and focused into a fiber-coupled
spectrometer to record the variation in absorbance of the sample
induced by pump pulses. The sample was placed into a 1mm
quartz cuvette and all measurements were carried out at room
temperature (298 K).

Data availability

All data is available in the main text or the supplementary Information
and can be obtained upon request from K.W. (kwu@dicp.ac.cn). They
are also available at figshare, https://figshare.com/articles/figure/
Figures-final-BSS/21076276. Source data are provided with this paper.

Code availability

Custom software developed for theoretical modeling associated with
this study is available for verification purposes upon request from J.Z
(jingyizh@dicp.ac.cn), but is not provided here due to its highly
custom-made nature.
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