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Interfacing nanomechanics with photonics and charge/spin-
based electronics has transformed information technology 
and facilitated fundamental searches for the quantum-to-
classical transition1–3. Utilizing the electron valley degree of 
freedom as an information carrier, valleytronics has recently 
emerged as a promising platform for developments in com-
putation and communication4–7. Thus far, explorations of 
valleytronics have focused on optoelectronic and magnetic 
means8–16. Here, we realize valley–mechanical coupling in a 
resonator made of the monolayer semiconductor MoS2 and 
transduce valley information into mechanical states. The cou-
pling is achieved by exploiting the magnetic moment of valley 
carriers with a magnetic field gradient. We optically populate 
the valleys and observe the resulting mechanical actuation 
using laser interferometry. We are thus able to control the val-
ley–mechanical interaction by adjusting the pump-laser light, 
the magnetic field gradient and temperature. Our work paves 
the way for realizing valley-actuated devices and hybrid valley 
quantum systems.

Modern electronics relies on the charge and spin to carry and 
store information for communication and computation. With no 
counterpart in free space, electrons residing in the periodic lattice 
of some solids possess an extra degree of freedom called the ‘valley’, 
which specifies which states the electrons occupy among the degen-
erate energy extrema in momentum space. By using this unique val-
ley property to encode information, valleytronics has the potential 
to complement or even outperform the conventional electronics 
and spintronics in information processing4–7.

To advance valleytronics, incorporating mechanical degrees 
of freedom is desirable. Micro-/nano-electromechanical systems 
(MEMS/NEMS) have revolutionized information technologies 
such as the internet of things17. Mechanical systems are intrinsi-
cally immune to electromagnetic interference and their functions 
as switches, filters and oscillators are ubiquitous18. They are also 
renowned for their versatility in interactions with various physi-
cal environments while maintaining low loss. Excellent mechanical 
sensors and transducers have been demonstrated in classical19 and 
quantum20–22 scenarios. The latter is important for studies of mac-
roscopic quantum phenomena such as the Schrödinger cat para-
dox. In light of this, interfacing valleytronics with mechanics will 
present opportunities in fundamental studies and the application 
of valley physics.

With their excellent valley and mechanical properties, mono-
layer semiconducting transition-metal dichalcogenides are ideal 
candidates for exploring valley–mechanical interactions. In their 

electronic-band structures, the K and K′ valleys form a binary 
system called valley-pseudospin. A unique optical selection rule8 
arising from the strong spin−orbit coupling and the broken inver-
sion symmetry offers a convenient way to selectively populate 
and manipulate the valleys with optical helicity9–12. Effective elec-
trical and magnetic control of valley-pseudospin have also been 
demonstrated13–16. In addition, mechanical devices made of two-
dimensional nanomaterials23–25 exhibit high strength26, high quality 
factors27, and exceptional force and mass sensitivities28. The large 
zero-point motions resulting from the miniscule masses of such 
devices are desirable for the study of quantum physics.

Here we realize valley–mechanical interactions in a monolayer 
MoS2 nano-resonator and directly transduce valley excitation to 
the mechanical states. The valley–mechanical coupling is estab-
lished through a force generated from the magnetic moments of 
the valley-polarized carriers in the presence of a strong local mag-
netic field gradient. The experiment suggests a route for realizing 
valley-actuated devices (for example, valley transducers and valley 
switches) and facilitates hybridizing valley pseudospin with other 
information carriers (for example, microwave photons and super-
conducting qubits).

In transition-metal dichalcogenide monolayers, electrons at the 
K and K′ valleys carry opposite magnetic moments with equiva-
lent magnitudes, resulting from the time-reversal symmetry and 
the broken inversion symmetry8. In the presence of a perpendicular 
magnetic field gradient, the material encounters a net force given 
by μ= − ∇′F N N B( )gK K B . Here, NK and ′NK  are the carrier popula-
tions in the K and K′ valleys, g is the Lande g-factor, μB is the Bohr 
magneton and ∇B is the magnetic field gradient. The direction of 
the valley-mechanical force is determined by the net valley popu-
lation. Through this force, the valley excitation at K (K′) can be 
directly transduced to the upward (downward) mechanical dis-
placement (Fig. 1).

We fabricated the valley–mechanical device by suspending an 
exfoliated MoS2 monolayer over square hole structures using the 
dry-transfer method (see Supplementary Information). The square 
holes were conformally coated with a high-permeability Ni/Fe per-
malloy (Fig. 2a). When a perpendicular magnetic field is applied to 
the sample, the permalloy structure induces a strong magnetic field 
gradient by distorting the local field. At the centre of the suspended 
MoS2, a field gradient of about 4,000 T m−1 can be obtained with a 
magnetic field of 26 mT. The MoS2 monolayer was characterized 
with photoluminescence and Raman spectroscopy (Supplementary 
Figs.  2 and 3). Substantial photoluminescence emission contrast 
between the suspended and supported zones verifies that the  
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material is freestanding (inset of Fig. 2b). The lateral dimension of 
the square hole is 5.2 × 5.2 μm2, which gives a resonator effective 
mass of meff = 21 fg (see Supplementary Information).

We applied an optical interferometric scheme29 to detect the 
mechanical displacement of the resonator using a continuous-wave 
probe laser (654 nm). Displacement detection responsivity was 
calibrated by reflection spectrum measurement (see Supplementary 
Information). The mechanical resonance of the device was charac-
terized using an intensity-modulated pump light (633 nm) which 
thermo-optically drives the monolayer into mechanical resonance25. 
When the sample substrate was cooled from room temperature to 
20 K, the resonance frequency fm rose from 17.2 MHz to 35.7 MHz 
and the quality factor showed a dramatic increase from 120 to 22,000 
(Fig.  2c). The increase in mechanical frequency is mainly caused 
by tensile stress building up at low temperature27. Throughout the 
measurement, minimal laser powers (11 μW for pump and 4 μW 
for probe) were used to avoid excessive optical absorption heating, 
which makes the nano-resonator unstable. The central region of the 
monolayer is estimated to have heated up by about 10 K relative to 
the substrate (Supplementary Fig. 8).

We observed the mechanical vibration actuated by valley carriers 
at cryogenic temperature (Fig. 3a). We alternately populated the K and 
K′ valleys by modulating the polarization of the pump beam (633 nm) 
between left-circularly polarized and right-circularly polarized (LCP 
and RCP) while keeping the light intensity constant (Supplementary 
Figs. 11 and 12). This results in a time-varying force F(ω) that drives 
the resonator. The measured displacement of the resonator z(ω) 
exhibits a Lorentzian response that follows the previously character-
ized mechanical susceptibility χ(ω) (see Supplementary Information). 
In contrast, a pump light with linear polarizations does not show the 
driving effect. In this case, both valleys are equally populated and 
therefore the net force is zero. As we switched the pump polarization 
to opposite helicity, the mechanical displacement displayed a π-phase 
difference (Fig. 3b), which confirms that the populations of different 
valleys exert opposite forces onto the material. An opposite magnetic 
field gradient also induced a π-phase shift of the displacement by 

switching the sign of the force (Fig. 3b). Under our experimental con-
ditions, the valley depopulation process (between picoseconds and 
a few nanoseconds10,30–32) is much faster than the pump polarization 
modulation (about 30 ns in periodicity). As a result, the polarization 
modulation is followed by the valley population in an adiabatic man-
ner. To single out the valley–mechanical actuation and eliminate the 
effects of other forces, such as the thermo-optical or optical radiation 
pressure, a double lock-in technique is adopted where both the pump 
laser polarization and magnetic field gradient direction are being 
modulated (see Supplementary Information). Therefore, only the 
demodulated signals that correspond to both modulations are mea-
sured. In the experiment, the polarization of the probe light is kept 
linear to cancel its influence on the net valley population.

Given that occupation of different valleys gives rise to oppo-
site forces, we were able to transduce the valley excitation to the 
mechanical states of the MoS2 monolayer. We resonantly drove 
the device with opposite valley occupation and examined the  
two quadratures of the mechanical motion (Fig. 3c). Using a mea-
surement bandwidth of 1 kHz with 1,024 averages, we resolved 
two distinct mechanical states of opposite phases and simi-
lar amplitudes, with a confidence level approaching unity (see 
Supplementary Information). This experiment verifies that the 
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Fig. 1 | Valley-controlled mechanical motion of monolayer MoS2. In 
monolayer MoS2, the hexagonal lattice gives rise to K and K′ valleys in 
the band structure, which can carry information. Because of the broken 
inversion symmetry and strong spin–orbit coupling, K and K′ valleys can 
be selectively excited by circularly polarized light with helicity σ+ and 
σ−. Electrons at K and K′ valleys possess opposite Berry curvatures and 
undergo clockwise and anticlockwise hopping motions, which result 
in valley magnetic moments. Together with the magnetic moments 
originating from the parent atomic orbitals, the total magnetic moments 
carried by electrons at the two valleys are equal in magnitude while 
opposite in sign. In the presence of an out-of-plane magnetic field 
gradient ∇B, the monolayer experiences a force ∝ ∇′−F N N B( )K K , which 
is proportional to the net valley population ′−N N( )K K . Therefore, a valley-
controlled mechanical displacement can be attained.
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Fig. 2 | Monolayer MoS2 valley–mechanical device. a, Cross-sectional 
schematic of the device, which consists of a monolayer MoS2 suspended 
over square hole structures conformally coated with Ni/Fe permalloy 
films. Under an applied magnetic field, the permalloy structure induces 
a field gradient by distorting the local field. A pump laser (633 nm) 
whose polarizations are modulated between LCP and RCP is normally 
incident on the monolayer. The mechanical displacement is detected by 
a linearly polarized probe laser (654 nm) through interference between 
the lights reflected from the monolayer and the bottom gold surface (see 
Supplementary Information). The colour scale represents the magnitude 
of the z component of the magnetic field Bz simulated by a finite-element 
method. PMMA, poly(methyl methacrylate). b, The three holes on the upper 
right of the optical image are covered with monolayer MoS2. The inset shows 
the photoluminescence emission from the devices. c, The thermo-optical 
driven mechanical response at a substrate temperature of about 20 K.
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valley excitation can be directly transferred into mechanical states 
with negligible ambiguity.

We further quantifed the dependence of valley–mechanical 
force on the pump light and magnetic field gradient. We obtained 
the force through the measurement of the mechanical displace-
ment and susceptibility. We varied the angle θ between the quarter-
waveplate axis and the pump laser polarization from −π/4 (LCP) to 

0 (linearly polarized) and to +π/4 (RCP), and found that the mea-
sured force had a |sin2θ| dependence (Fig. 4a), which verifies that 
the force is proportional to the net valley population − ′N N( )K K .  
This relation was further confirmed by a measurement of the 
pump power dependence (Fig. 4b). We also observed that the val-
ley–mechanical force increases linearly as a function of the out-of-
plane magnetic field gradient (Fig. 4c). This observation verifies 
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Fig. 3 | Experimental observation of valley-actuated mechanical motion. a, The driven displacement using the circularly polarized pump laser follows 
a Lorentzian trend, showing that the mechanical mode is excited by the valley–mechanical force. In contrast, the linearly polarized pump exhibits no 
driving signal as both valleys are populated equally. ∆f is the frequency offset from the mechanical resonance. b, The phase response of the driven motion 
displays a π-phase difference when the polarization of the pump light is changed to opposite helicity or when the magnetic field gradient is switched to the 
opposite sign. c, The mechanical quadratures show two distinct states when the monolayer is driven resonantly by opposite valley excitation. The black 
dashed lines indicate the standard deviation of the datasets. The measurement is performed using a bandwidth of 1 kHz with 1,024 averages. In a and b, 
error bars are the standard errors of the signals and the sample temperature is about 30 K.
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Fig. 4 | External control of the valley–mechanical force. a, The valley–mechanical force shows a |sin2θ| dependence (red line) as the angle θ between 
the quarter-wave plate axis and the pump laser polarization varies from −π/4 (LCP) to 0 (linearly polarized) to +π/4 (RCP). b,c, The valley–mechanical 
force shows a linear dependence (red lines) on the pump laser power and the magnetic field gradient. The field gradient is varied by changing the applied 
magnetic field perpendicular to the substrate and is calculated using the measured permeability of the permalloy film. d, The valley–mechanical force 
shows a strong dependence on temperature. The trend roughly follows exp(Δ/kBT) with Δ ≈ 23 meV. The red band represents the error estimates obtained 
from the fitting of the data with the exponential dependence. The laser heating effect is included to obtain the sample temperature (see Supplementary 
Information). In all panels, error bars represent the standard errors of the signals.
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that the measured force is originated from the magnetic moment 
of the valley polarized carriers. The above findings demonstrate 
effective control over the valley–mechanical interaction through 
external conditions.

The valley–mechanical force also displays a strong dependence 
on temperature (Fig. 4d). The force becomes observable when the 
sample temperature is lowered below 46 K and rises steadily as 
the temperature is further reduced. These can be attributed to the 
increase of the steady-state valley populations at lower temperatures 
owing to longer carrier lifetimes. The temperature dependence 
of the valley–mechanical force roughly follows exp(Δ/kBT) with  
Δ ≈ 23 meV. This characteristic energy matches the phonon energy 
of monolayer MoS2 at the K point, which suggests that such an 
activation behavior may be caused by phonon-assisted intervalley 
scattering9,33. With the measured valley–mechanical force of about 
300 aN, we estimate the number of imbalance valley carriers to be 
about 2,000 and the valley polarization lifetime to be about 0.4 ns 
(see Supplementary Information).

An important parameter with which to quantify the val-
ley–mechanical interaction is the single-phonon coupling rate 

μ= ∇ ∕ℏg Bxg B zpf0 , which describes the valley frequency shift 
induced by the quantum zero-point motion of the mechanical 
resonator π= ℏ∕x f m4zpf m eff . Benefiting from the large zero-
point motion (0.11 pm) of the atomic thin resonator, g0/2π reaches 
24 Hz in our experiment. The valley–mechanical coupling can 
be greatly enhanced by applying a stronger magnetic field gradi-
ent using magnetic nanostructures (up to ∇B ≈ 107 T m−1)34. With 
the enhanced coupling, it is possible to realize valley–mechanical 
detection down to the single valley-pseudospin level. Furthermore, 
by using WSe2/MoS2 heterostructures to separate electron and hole 
layers, the valley lifetime can be extended to around 1 μs (ref. 35). 
With these improvements, a single-valley cooperativity exceeding 
1 is achievable (see Supplementary Information), which opens up 
possibilities for exploring the quantum coherent effects of valley–
mechanical interaction.

We have realized the coupling between valley and mechani-
cal degrees of freedom in a monolayer MoS2 and demonstrated 
direct transduction of valley excitation into mechanical states. 
Our experiment suggests ways of realizing valley-actuated 
devices. One interesting example is the ‘valley switch’, which uses 
a valley signal to switch another valley signal—an analogue of 
the electronic transistor. This is possible by enhancing the val-
ley–mechanical interaction to such a level that the mechani-
cal backaction on the valley carriers becomes prominent (see 
Supplementary Information). Utilizing the mechanical element 
as an interconnect, such valley–mechanical coupling can also be 
implemented to hybridize valley pseudospin with microwave pho-
tons and superconducting qubits.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, statements of code and data availability and 
associated accession codes are available at https://doi.org/10.1038/
s41566-019-0428-0.
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