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ABSTRACT: Laser cooling atoms and molecules to ultralow
temperatures has produced plenty of opportunities in fundamental
physics, precision metrology, and quantum science. Although
theoretically proposed over 40 years, the laser cooling of certain ¢
lattice vibrations (i.e, phonon) remains a challenge owing to the
complexity of solid structures. Here, we demonstrate Raman cooling
of a longitudinal optical phonon in two-dimensional semiconductor
WS, by red-detuning excitation at the sideband of the exciton (bound
electron—hole pair). Strong coupling between the phonon and exciton '
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and appreciable optomechanical coupling rates provide access to
cooling high-frequency phonons that are robust against thermal decoherence even at room temperature. Our experiment opens
possibilities of laser cooling and control of individual optical phonon and, eventually, possible cooling of matter in van der Waals

semiconductor.
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In 1929, Peter Pringsheim first proposed that fluorescent gas
can be cooled by optical irradiation.' After the laser was
invented, dilute gasesz’3 where atomic interactions maintain
the minimum can be cooled below 1 uK by laser. Ultracold
atoms have fueled plenty of opportunities in precision
metrology and quantum science. As interatomic interactions
increase, atoms bond together and form molecules, where
internal vibrational and rotational degrees of freedom also can
be cooled to the quantum ground state by laser light.”> In
solids, atomic density reaches 10?* atoms/cm?, and the thermal
energy is primarily stored in the quanta of the atomic collective
vibration, that is, phonons. In laser cooling of solids, the
photoluminescence (PL) emits at higher energy than the
incident laser, accompanied by phonon annihilation, that is,
anti-Stokes photoluminescence (ASPL)." Over the past few
decades, laser cooling of solids has been observed in many
materials, such as rare-earth ion-doped crystals’ and semi-
conductor nanostructures.”

As an extended work of ASPL, laser cooling of an individual
phonon mode is important in solid-based quantum techniques.
In solid cavity optomechanical systems, efficient narrow-band
cooling of an individual phonon mode has been achieved
through optical forces in geometry-engineered microstruc-
tures'’ and Brillouin scattering."*'> The laser cooling of local
lattice vibrations in solids was first proposed by Dykman'® and
was further extended to the light-pressure cooling of lattice
vibration by Javanainen.'” However, it remains sparsely
investigated experimentally for a long time. In 2016, Zhang
et al. experimentally demonstrated the laser cooling of an
individual optical phonon by strong exciton—phonon coupling
(EPC) in ZnTe nanobelts."® Compared with cold atoms and
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molecules, laser cooling of a lattice phonon can provide
fundamental insights for controlling internal vibrational
degrees of freedom and exploring collective quantum effects
in solids. Besides, excitons-mediated Raman cooling may be
exploited to cool solid-state materials boding well for a new
optical refrigeration form."”~*' Therefore, it is very important
to explore new materials for laser cooling of individual
phonons.

Two-dimensional (2D) van der Waals (vdW) materials with
atomic thickness show a robust exciton effect and strong EPC
because of the confinement of dimension, reduced electrostatic
shielding, and strong oscillator strength.zz’23 2D materials, such
as graghene24 and transition-metal dichalcogenide
(TMD)*™*" semiconductors, have been used as oscillators
in cavity optomechanical systems due to their low masses,
small size, and high-quality factor. The characteristics of
TMDs, such as valley polarization, strong spin—orbit coupling,
and easy stacking to form heterostructures and moiré
lattices,”>*” provide plenty of cooling regulation degrees of
freedom. In WS,, the EPC is strong enough to observe many
intriguing phenomena such as breakdown of the Raman
selection rule,”> Fano quantum interference,”” and cross-
dimensional EPC,”" hinting at the possibility of laser cooling of
lattice phonon. Motivated by the potential of atomic thin
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Figure 1. Principle of resolved-sideband Raman cooling of lattice vibration. (a) The schematic diagram of exciton—phonon interaction in
monolayer WS, crystal. The ball-and-stick model represents the 2D lattice structure of WS, (W, yellow; S, blue). The balls with “+” “—” denote the
electron—hole pair of an exciton. (b) The schematic spectrum diagram of sideband Raman cooling. (inset) The transition diagram of sideband
Raman cooling. The green, red, and blue arrows denote the pump laser, Stokes scattering, and anti-Stokes scattering, respectively. [n> is the
vibration levels. Ig> and le> are the ground state and excited state of the exciton, respectively.
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Figure 2. PL and Raman spectra of few-layer WS,. (a) PL spectra of 1—3L WS, with 2.54 eV excitation at room temperature. I, A, and B represent
the indirect exciton and A and B excitons, respectively. (inset) The schematics of A and B excitonic transition and electronic orbitals. (b) Raman
spectra of 1—SL WS, excited at 2.71 eV. (inset) The vibration schematics of A’; and E’ phonon. (c) Raman spectra of A’;-like Davydov
components in 3L WS, excited by different laser energy. The red and blue dash lines and purple solid lines refer to the Lorentzian fitting results of

A1 (Ry),

A’(R,), and cumulative fitting curves, respectively. Excitons near the energy of the excitation laser are labeled on the right side.

semiconductors as versatile quantum materials, we demon-
strate here the resolved-sideband Raman cooling of the
longitudinal optical (LO) phonon (A’; mode of 12.6 THz)
in 2D WS, by exciton resonance. By tuning the laser pump at
the red sideband of the exciton, the A’; mode was attenuated
to a colder state. Our study extends the possibility for laser
cooling of internal phonon states in 2D vdW semiconductors.

Radiation pressure plays a core role in understanding the
laser cooling of lattice phonons in classical pictures.*” In solids,
the radiation pressure results from the polarizability gradient of
a laser field during light scattering, where the laser field
exchanges energy with the lattice via scattering phonons. For
Brillouin scattering, the acoustic phonons originate from the
vibration of ions together with opposite charges, and the
cooling or heating is dominated by the electrostrictive force."*
For Raman scattering, optical phonon involves positive and
negative ion vibrations against each other generating a
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macroscopic electronic field inside. In polar crystals, the light
field interacts with the macroscopic polarization generated by
U \p2
0Ar )E
Here, €, y, E, and Ar denote the permittivity of free space,
the electronic polarizability, the electric field of laser, and the

LO phonon, called optoelastic force'® B, = 280(

relative displacement of oppositely charged atoms, respectively.
Depending on the positive or negative work from the
optoelastic force acting on lattice oscillations, the laser will
enhance (heat) or attenuate (cool) the phonon oscillations."
See details in the Supporting Information.

The challenge of laser cooling is to enhance the phonon
annihilation process (anti-Stokes scattering in Figure la)
relatively over the phonon generation counterpart (Stokes
scattering in Figure la). Resonant states created by electronic
transitions at the microscopic scale®> or photonic crystal
engineered by the macroscopic structure of the materials'’
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Figure 3. Breakdown of the thermal equilibrium between Stokes and anti-Stokes scattering. (a) I,s/Is of A’; phonon at different excitation laser
energy. The energy of A, B, and C excitons is labeled at the energy axis. The dash line marks I,s/Is = 0.13 at thermal equilibrium. The red line is a
Gaussian fitting result near B exciton. (b) The schematic spectra were excited by red-detuned (2.28 eV), zero-detuned (2.33 V), and blue-detuned
(2.41 eV) pump laser at room temperature. (c) The temperature-dependent I,¢/I of A’; phonon excited by 2.33 eV. The dash line marks /I
under thermal equilibrium. The red line is the fitting result. (d) The schematic spectra excited by 2.33 eV at 120, 190, and 295 K.

provide means to achieve this nonequilibrium. Despite efforts
to get close to the target’ it remains a major technical
challenge due to the incredibly low Raman scattering efficiency
until first success in ZnTe by using the naturally strong
EPC."®?° Exciton, as the bound state of the electron—hole pair
at the sub-band gap, can resonantly enhance the interaction
between the incident laser field and the lattice phonon. As
shown in Figure 1b, the incident laser (w; = @, — Q) is red-
detuned relative to the exciton (®,,) by exactly one phonon
frequency (€2); thus, the anti-Stokes scattering is resonant with
the exciton and is significantly enhanced. It should be noted
that “resolve” is the precondition of cooling to the quantum
ground state of the individual phonon, which requires the
exciton dissipation less than phonon energy (k. < £, where k,,
is the damping rate of the exciton).””* The corresponding
energy-level diagram is shown in the inset. The incident laser
pumps at the red phonon sideband of the exciton, and the
lattice vibration state transition from In> to In — 1> is
resonantly enhanced, extracting one phonon energy from the
lattice. Inversely, the Stokes process (from In> to In + 1>) with
lattice absorption of phonons is nonresonant, and the
transition rate is much less than anti-Stokes. The large
nonequilibrium between anti-Stokes and Stokes will lead to a
net annihilation of phonon. On the contrary, if we pump at the
blue sideband of the exciton (@; = w,, + Q), Stokes scattering
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will be greatly enhanced, leading to phonon heating (even
amplification by intense pumping). Therefore, it is crucial for
the lattice phonon cooling in solids to find materials to achieve
the reverse of the energy-flow direction in spontaneous Raman
scattering. See the quantum theory and rate equation approach
in the Supporting Information.

2D TMD semiconductors with a prominent exciton effect
hint at the potential for phonon cooling due to strong
EPC.*** WS, as a typical 2D TMD semiconductor, has a
hexagonal crystalline structure with each layer consisting of
one W layer sandwiched between two S layers. As shown in the
PL spectra of monolayer (1L), bilayer (2L), and trilayer (3L)
WS, (Figure 2a), 1L WS, is a direct band gap semiconductor,
while 2L, 3L to the bulk WS, are indirect band gap
semiconductors (“I” labels the indirect transition). Three
kinds of excitons can be observed in WS,. A (~2.98 ¢V) and B
(~2.35 V) excitons are attributed to the transition from the
spin—orbit split valence band and the lowest conduction at K
(or K') point of the Brillouin zone,*®
Figure 2a. The C exciton (~2.70 eV) originates from the
transition between the parallel bands around I" point.

To identify the phonon modes and investigate the resonant
enhancement of the anti-Stokes process, we performed the
Raman spectra of few-layer WS,. Figure 2b shows the Raman
spectra of 1—SL WS, excited by 2.71 eV (close to the C

as shown in the inset of
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Figure 4. Power-dependent A'; mode intensity of Stokes (A) and anti-Stokes (@) peaks of sample #1 (a), #2 (b), and #3 (c) at 295 K and #1 (d)
at 203 K. Here, samples #1 and #2 are 3L WS,, and sample #3 is an hBN-encapsulated 3L WS,. The solid lines are fitted by the function of I = aP,
where P is the power of excitation laser, and a and ¢ are the fitting parameters. (e) The power-dependent linewidth of A’; phonon of different
samples in (a—d). (f) The effective temperature and occupation number of A’; phonon of different samples in (a—d). The error bar was evaluated

by the temperature fluctuation of Si signal and instrument response.

exciton). We can identify the first branch of interlayer shear
modes (SMy;) and (N — 1)-th of breathing modes (LBMyy.;)
with typical frequency (©/27) from 556 to 753 GHz and from
956 to 421 GHz, respectively, whose layer number N
dependency matches well with the theoretical results calculated
by the linear chain model.”” Two high-frequency modes are
intralayer in-plane vibration B’ (Q/27 ~ 10.7 THz) and out-
plane vibration A’; (/27 ~ 12.6 THz) phonon with Raman
activity, respectively. We measured the Stokes and anti-Stokes
Raman spectra of WS, at different excitation energy (Figure
2c) and found that the A’; mode shows relative intensity
changes of anti-Stokes and Stokes signals, implying that the
direction of the scattering energy flow can be tuned by
controlling the detuning between laser and exciton. It should
be noted that the relative intensity of anti-Stokes and Stokes
signals in other modes (such as E’ in Supporting Information
Figure S1) does not change so significantly. This can be
understood by the symmetry of exciton orbitals and
phonons.*® A and B excitons reflect the d, orbitals of the W
atoms in the lowest WS, conduction band, and the exciton
wave function is azimuthally symmetric, with the orbitals
pointing along the z direction as shown in the inset of Figure
2a. The A’| mode involves out-of-plane vibration of S atoms,
and therefore it can be more strongly coupled to A and B
excitons than the in-plane mode E’. As for the C exciton, the
electron has both W d.> and S p, and p,, with more S character
near the hole. It can be inferred that the E’ mode phonon will
show much stronger coupling with the C exciton,” though we
did not observe a similar phenomenon of the E’ mode
probably due to the inappropriate laser wavelength. Besides,
the Davydov splitting of the A’;-like mode was observed at
resonant excitation labeled as A’;(R,) and A’,(R,).”° The
relative intensity of anti-Stokes and Stokes signal of A’|(R,)
(Figure S3) shows a slight deviation from A’;(R,), which
indicates that even a small vibration difference can cause large
diversity in EPC. Since the intensity of A’;(R,) is weak and
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greatly affected by fitting, we mainly study the A’;(R;) mode
(abbreviated as A’, hereinafter).

As discussed above, by changing the detuned frequency of
laser and exciton (A = w; — w,,), the Stokes and anti-Stokes
sideband become nonequilibrium, implying that the exciton
resonant situation induces the energy extracted from or added
to the lattice vibration; that is, the A’; phonon can be cooled
or heated. Apparently, the resonance situation can be regulated
by selecting the laser energy or adjusting the exciton energy.
We extract the intensity ratio of anti-Stokes and Stokes (I,s/I5)
of A’} mode in Figure 3a from Figure 2c. The anti-Stokes
scattering and Stokes scattering are related to the phonon
annihilation and creation process, and thus their intensities are
proportional to phonon population # and (n + 1), respectively.
o; + Q )4 7

—_ where
;- Q

Under the thermal equilibrium, Ias/Is:( -7
n
hQ !

the phonon occupation number 7 = [exp(ﬁ) - 1]

satisfies the Bose—Einstein distribution, and 2t s cose to

w,
the unit because the phonon frequency is much less than the
incident laser frequency. For the A’, phonon, at bath
temperature (295 K), I,s/I; = 0.13. Near the A exciton and
B exciton, the I,g/I varies from 7.10 (>0.13) to 0.018 (<0.13)
when the excitation laser frequency is detuned from red to
blue. It suggests that, compared with thermal equilibrium,
under red (or blue) detuning excitation, the scattering process
is dominant by phonon annihilation (or creation). By fitting
the profile of I,3/I around the B exciton, we can approximately
evaluate the linewidth of B exciton is 41 meV (k../27 ~ 9.91
THz), which is less than the energy of A’; phonon, satisfying
the requirement of resolved-sideband cooling. As shown in
Figure 3b, when the laser energy is at the red-detuned sideband
(2.28 eV), A = w; — w,, = —1.02Q, and the incident photon is
scattered to the exciton resonance with the A’;, phonon
transition to the lower vibration state. According to the
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optomechanics theory,®***° the red-detuned laser will add

extra damping (l—‘opt) to the oscillator and decrease the
occupation number of the phonon, leading to phonon cooling.
Inversely, if the laser pumps at the blue-detuned (2.41 eV)
sideband of B exciton, A = ®; — @, = 1.45€, the damping
decreases, and the occupation number of the phonon increases,
leading to phonon heating or amplification. Particularly, if the
energy of the pump laser is very close to that of the B exciton
(A = —0.09Q), I¢/I, tends to the value of thermal equilibrium,
providing potential for quantum nondemolition detection of
the optical amplitude quadrature.

We also measured the temperature-dependent Raman
spectra excited by the 2.33 eV laser (Figure S4) and extracted
the intensity ratio in Figure 3c. The temperature-dependent
experiments were measured at red-detuned sideband; thus, I,/
I values are larger than the value under thermal equilibrium.
The maximum is at 190 K corresponding to A = @; —
—Q. Considering the resonance with exciton level, I,¢/I has a
Lorentzian profile, and it can be expressed as

(A — Q) + (k,/2)
+1(A+ Q) + (k,/2)

7
Lg/Igox—
n

Since the temperature will affect the exciton energy and
linewidth, we introduce the Varshni equation®” E(T) = E(0) —
aT?/(T + f) and linear equation to simply describe the peak
position and linewidth of the exciton, respectively. Then, we
obtain

kT
(E, — E(0) + aT*/(T + ) — hQ)* + (aT/2)
(E, — E(0) + aT*/(T + ) + hQ)* + (aT/2)

hQ
IaS/IS X exp| ——

where f3 is the Debye temperature of WS,, E(0) is the exciton
energy at 0 K, E; is the energy of the incident laser, and @ and a
reflect the temperature coefficient of the exciton shift and
linewidth, respectively. To fit the temperature-dependent I g/
I5, we obtained the Debye temperature of trilayer WS, is 205
K, which is consistent with the previous report.*’ The fitting
linewidth of the exciton at 295 K is 44.25 meV (k.,/27 ~ 10.68
THz) close to the result acquired by the excited energy-
dependent I s/I5, improving the confidence of resolved
sideband Raman cooling. Figure 3d shows the schematics
pumped at three temperatures corresponding to the red
detuning at —1.51Q, —€, and —0.09L, which is perfectly
consistent with the theory of optomechanics.’***

To evaluate the cooling results, we measured the power-
dependent Stokes and anti-Stokes scattering intensity of the
A’; mode of three samples #1, #2, and #3 at 295 K and #1 at
203 K as shown in Figure 4a—d. We use a very low-power
(<400 uW) laser, so the sample can easily exchange heat with
the surroundings including the substrate to reach thermal
equilibrium. The effect of laser heating and instrument
response are excluded by the Raman signal of Si substrate
(Figure SS). In addition, Figure 3c shows that, at the red
sideband of the exciton, even a slight temperature deviation
from the exciton resonance point can significantly reduce I g/
I;. In the power-dependent results, the I,¢/Ig of the A’; mode
does not decrease, providing assertive evidence to exclude laser
heating. The anti-Stokes intensity for sample #2 shows
nonlinear dependence on laser power, suggesting that it
might involve a nonlinear mechanism with the excitation
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power increase. As discussed in our previous reports, ® there
are two thermometry methods to determine the phonon
occupation number and effective temperature. The Raman
intensity method requires extremely well-calibrated amplitude
measurements, which potentially are susceptible to drifts
during experiments. Another clearer confirmation of temper-
ature reduction can be obtained by inferring the light-induced
damping of the phonon from the phonon spectral line
shape."”*! Figure 4e shows the power-dependent linewidth
of the A’} mode. The effective temperature of the cooled
phonon can be evaluated by the linewidth ratio:'>***' T, =

T I;

initial
initial Tial
inal

- Here, the final linewidth I'g,, = I’y + [ is the sum

of intrinsic damping of phonon Iy and the extra damping
induced by driving laser I, and the initial linewidth I’y is
measured with enough low laser power to keep the thermal
equilibrium between target phonon and sample bath. Red-
detuned laser adds external damping (T, > 0) to the phonon
oscillation, and the work acted on the lattice oscillator is
negative; thus, the phonon was driven to a cooler state. In this
way, we obtained the power dependency of the phonon
temperature and further the corresponding occupancy number
7 through the Bose—Einstein distribution (Figure 4f). For
samples #1 and #3, the phonon can be cooled to about 240
and 250 K from the bath temperature (295 K) with 7 from
0.15 to 0.088 and 0.099, and the corresponding ground-state

occupation possibility (P,_,= 14—%) is from 87.0% to 91.9%
n

and 91.0%, respectively. Notably, sample #2 shows a
significantly greater temperature decrease (from 295 to 195
K with 7 to 0.048 and the ground-state occupation possibility
to 95.4%) than others, suggesting the nonlinear cooling
mechanism can lead to higher cooling efficiency, while for
sample #1 excited by 2.33 eV at 203 K, the A’;, phonon was
cooled to about 185 K from the bath temperature (203 K)
with 7 from 0.054 to 0.040 and the ground-state occupation
possibility from 94.9% to 96.2%. It suggests that the cooling
effects of the laser diminish as the temperature decreases. The
existence of the cooling limitation is attributed to three
factors:*">* (1) The thermal nonequilibrium between the
cooled phonon mode and the entire phonon bath (or heat
sink) will lead to the thermal energy “leak” back in, which
intensifies as the phonon temperature is reduced; (2) The
parasitic laser absorption (e.g, two-photon absorption and
nonradiation recombination) effect causes heating of the whole
sample; (3) The laser heating also influences the energy and
linewidth of the exciton altering the detuning situation.
Elimination of these parasitic sample heating effects might
reach a deeper cooling effect.

The coupling factor g is the key parameter to evaluate the
coupling strength of the optomechanics system. To estimate
the coupling factor between the phonon and exciton, we use an
analogy with the damping rate and frequency in optome-
chanics. The extra damping rate of the phonon is given

ch ex

L .= o2 - where
o= &\ ararer T k/era-0r)
Fopt = I'gna — Iy The frequency shift of the phonon induced

by the light field can be written as®* 6Q= gz(m

K,

by13,34,41

A-Q
Ko/ 4+ (A - Q)
sample #1, and we obtain g = 392 GHz and I'; = 21.8 GHz
of the A’; phonon (see the calculation for other samples in

+ ) Substitute the relevant parameters of
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Table S1). Such strong coupling between phonon and exciton
leads to the effective cooling of the A’; phonon.

In conclusion, we demonstrate the Raman cooling of an
optical phonon in a vdW semiconductor. Compared with
acoustic phonons, high-frequency optical phonons can be
initialized in the quantum ground state at a higher bath
temperature. Furthermore, exciton-mediated Raman cooling
may provide a new refrigeration form to cool solid-state
materials.'”~>" Although the Raman cooling efficiency can
reach 5%—10% per scattered photon (calculated via the energy
ratio of phonon to photon), the small scattering probability
leads to very low single-pass net cooling efficiency (~1077
ecm™)."” Here, the exciton-enhanced anti-Stokes Raman
mechanism involves a real transition; thus, the Raman
scattering }Z)robability can be boosted up several orders of
magnitude,”’ and the efficiency increases as discussed in the
Supporting Information. In view of the net cooling of solids,
the phonon anharmonicity related to the heat transfer between
cold phonons and other hot phonons needs to be considered.
It can be speculated that all of the phonon modes would reach
thermal equilibrium only if the laser excites for enough time.
Furthermore, improving efficiency is also in favor of net
cooling, such as strategically placed anti-Stokes resonances
through photonic density of state, exploring nonlinear
mechanisms, etc.

B EXPERIMENT METHODS

The samples were prepared from bulk WS, crystals onto SiO,/
Si substrates using the micromechanical exfoliation technique.
Raman measurements were undertaken in backscattering
geometry with a Jobin-Yvon HR800 system equipped with a
liquid-nitrogen-cooled charge-coupled detector (CCD). The
PL spectra and Raman spectra were detected with 600 lines/
mm and 1800 line/mm grating, respectively. The room-
temperature Raman spectra were collected with a 100X
objective lens (numerical aperture (NA) = 0.9). The
temperature-dependent Raman spectra were collected with a
50X objective lens (NA = 0.5) with a helium-cooled cryogenic
station (Montana Instruments) at a vacaum of 10~ mbar. The
excitation laser line of 2.81 eV is from a He—Cd laser; the laser
lines from of 2.71, 2.54, and 2.41 eV are from an Ar" laser; the
laser lines of 2.33, 2.18, 1.92, and 1.83 eV are from a Kr* laser;
the laser lines of 2.28, 2.09, and 1.96 eV are from a He—Ne
laser. The ultralow-frequency Raman spectra were obtained
down to +5 cm™' by combining three volume Bragg grating
filters into the Raman system to efficiently suppress the
Rayleigh signal.

B ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c02240.

The classical theory of radiation pressure. Quantum
theory of exciton—phonon coupling with a driven optical
field. Rate equation approach of radiation-pressure
cooling. The frequency shift and the extra damping
rate during laser cooling. Raman spectra of E' mode in
3L WS, excited by different laser energy (Figure S1).
Layer-dependent Raman spectra of A’ mode (Figure
S2). The intensity ratio I,3/Is of A’; phonon at different
excitation laser energy (Figure S3). Temperature-
dependent Raman spectra of A'; mode and Si (Figure
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S4). The power dependence of intensity ratio I,¢/I of Si
(Figure SS). The calculated coupling factor g and
intrinsic linewidth I'y (Table S1) (PDF)
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