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ABSTRACT: Nanoparticle vibrations are coupled to light through electrostriction, which gives 
nonlinear optical scattering. We investigated the acoustic response of 2 nm gold nanoparticles 
using nearly-degenerate four-wave mixing experimental configuration and show that the 
nonlinear response suddenly turns on at low powers (<100 mW) for continuous-wave (CW) 
lasers. The observed nonlinear response is a million times larger than typical electronic 
nonlinearities. The threshold implies a dramatic change in the quality factor of the vibrating 
nanoparticles, 4 orders of magnitude larger than usual hydrodynamic theory predicts. It is as if 
the water is removed altogether, which we speculate is the result of the vibrating particle pushing 
away the water molecules to form a stable cavity. Since these acoustic vibrations extend to 
terahertz frequencies, there is potential to harness this effect for high speed optical data 
processing; as well as to probe the dynamics of proteins all having acoustic modes in this range.  
KEYWORDS: Four-wave mixing, Electrostriction, Terahertz, Acoustics, Cavitation, 
Nanoparticles 

There has been a long history of studying the optically driven acoustic response of nanoparticles, 
providing the fundamental insight into the elastic properties of nanometer-size objects. 
Conventionally, damping from the surrounding medium limits the nonlinear response, so past 
investigations have been limited to using high peak intensity ultrafast lasers1-12. In solid 
materials, these oscillations are usually critically damped and provide only a small change in the 
optical scattering13. Similar experiments in solution still used high peak power femtosecond 
lasers to show an appreciable damping3, with quality factors of the order of 10-100. The 
application of high-sensitivity sensors reaching the terahertz range spurs considerable research 
interest in the nanoscale systems, while its holds the demanding requirement in the sufficiently 
high quality factor4. Similarly, femtosecond optical Kerr-effect spectroscopy has been used to 
study the terahertz dynamics of proteins in solution14, with quality factors below 10 observed. 
Here we show the unexpected result that even a weak laser can generate extraordinarily strong 
four-wave mixing (FWM) signal above a critical threshold intensity. This finding suggests 
extremely high quality factors for the nanoparticle vibrations, as if the water damping disappears 
entirely.  
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We use four-wave mixing to probe the nonlinear response of dilute gold nanoparticles in 
solution. A schematic of the setup is shown in Figure 1. This setup is similar to degenerate four-
wave mixing experiments that used gradient forces to create strong refractive index changes in 
degenerate four-wave mixing15; however, we use an external cavity laser (ECL) (DL100, Toptica 
Photonics), and a distributed Bragg reflector (DBR) laser (DBR852P, Thorlabs) tuned to slightly 
different wavelengths to obtain non-degenerate response. The nonlinear medium was an aqueous 
suspension of 2 nm diameter gold nanoparticles (EM.GC2, BBI Solutions) centrifuged at 1200 
rpm to increase the concentration to 6.3×10-6 volume fraction. The polarization controller and 
polarizer ensured co-polarized illumination. The angle between the laser beam with amplitude A1 
and the laser beam with amplitude A3 was adjusted to 4o to allow over 1 mm light-matter 
interaction length (the length of the cuvette was 1 mm). Weak focusing lenses were used with 
focal lengths of 20 cm and 4 cm.  The optical chopper modulated the intensity of one pump beam 
to only permit the Rayleigh scattered light of that pump and the FWM beam from the counter-
directional beam to be measured by an avalanche photodetector (APD120A, Thorlabs) when 
using a lock-in amplifier (SR510, Stanford Research Systems). The power of the DBR laser was 
fixed to 25 mW to limit the amplitude of Rayleigh scattered light, while the power of external-
cavity laser was set to a relatively high value of 67 mW (total) to excite two beams of the four-
wave mixing process. The frequency difference between the two laser sources was scanned with 
the step of 3 GHz by temperature tuning the DBR laser. A variable optical attenuator after the 
external-cavity laser output was used to obtain the power dependence of nonlinear response at 
acoustic resonance. We observe four-wave mixing peaks at 504 GHz and 1.511 THz at 67 mW 
for the ECL and 25 mW for the DBR, as shown in Figure 2. The free space vibrational 
resonances predicted by Lamb’s theory16 are 508 GHz and 1.518 THz for the l=2 and 0 
resonances, with the longitudinal sound velocity of 3240 m/s and transverse sound velocity of 
1200 m/s17. 

The manufacturer specifies smaller than 8% dispersion in particle size. For comparison, 
Figure 2 shows also this variation in grey. It is clear from this that the experimentally observed 
linewidth of the resonant response is within the specified dispersion. This suggests that 
inhomogeneous broadening is the dominant factor in the observed linewidth. 

From the power detected in the FWM setup, we estimate the third-order susceptibility χ(3) to 
be 1.6×10-16 m2V-2 and 0.9×10-16 m2V-2 corresponding to the l = 2 resonance and l = 0 resonance 
respectively by solving the coupling-wave equations in nonlinear optics18: 
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where ε0 is vacuum permittivity, ns is refractive index of water, c is the optical velocity in free-
space, λ is the optical wavelength, Ii is the optical current for the beam i (i = 1,2,3,4) (see 
Supporting Information for details). This is approximately a million times larger than the typical 
electronic response of condensed matter18. Of course, it should be noted that the nanoparticle 
solution is dilute, with the volume fraction of nanoparticles being 6.3×10-6. Also, there is 
negligible extinction in the probed length. Therefore, a nonlinear susceptibility of 10-12 m2V-2 



possible by simply increasing the particle density to 7%. For this value, the calculated extinction 
is still very low at 0.1 cm-1 due to the small size of the nanoparticles and the near-IR working 
wavelength.  

We observe a threshold in the power dependence of the observed FWM response, as shown in 
Figure 3. The threshold is at 43 mW for the l = 2 resonance, and at 55 mW for the l = 0 
resonance. Below this threshold, there is negligible FWM signal. Above the threshold, the signal 
increases with the ECL power. The power dependence is between linear and quadratic. FWM 
would suggest a quadratic dependence on the ECL beam since it contributes two of the waves; 
however, the threshold dependence suggests that the nonlinear effect abruptly turns on, and so a 
simple quadratic scaling may not apply.  

The viscoelastic theory19 for the water predicts that the l = 2 resonance occurs at 492 GHz 
with a quality factor of 7, and that the l = 0 resonance occurs at 1.487 THz with a quality factor 
of 14. These values are not in as good agreement as conventional Lamb’s theory for a sphere in 
vacuum. Also, the quality factors suggest too much damping to achieve a strong nonlinear 
response. (A table in the Supporting Information summarizes these values). 

One possible explanation of the observed threshold is the intrinsic threshold behavior of the 
nonlinear scattering. The setup considered here has a positive detuning of the tunable laser, 
which corresponds to stimulated Raman scattering (however, the basic physical mechanism is 
electrostriction, and this is common to the phenomena of acoustic Raman scattering, stimulated 
Brillouin scattering and four-wave mixing). Using the generic formulation for χ(3) , the threshold 
gain parameter for l=2 mode is calculated as 
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where ω=2.2×1015 rad/s, ε0=8.85×1012 F/m, ns=1.33, c=3×108 m/s, the critical intensity 
I1cr=1.37×106 W/m2, the DBR laser intensity I2= 1.69×107 W/m2, L=1 mm. Although an 
exceedingly large χ(3) is used in this estimation of Gth, the value is four orders of magnitude 
smaller than the threshold required for stimulated Brillouin scattering18 and stimulated Raman 
scattering20. Therefore, we can believe that those other mechanisms cannot alone explain the 
observations. 

Another possible explanation of the observed threshold dependence and the strong nonlinear 
response is the formation of a cavity or bubble around the oscillating nanoparticles. When 
electrostriction driving the particle motion is strong enough, the water molecules will be pushed 
away. Using the experimentally measured FWM signal, the amplitudes of l=2 and l=0 vibrational 
modes are 3 pm and 1.4 pm at the maximum pump intensity (see Supporting Information for 
details). The time to collapse over this distance for a bubble of radius equal to the nanoparticle 
radius can be given by integration of the Rayleigh-Plesset equation21. Integrating this equation, 
we find that the collapse times of 4.3 ps and 2 ps for the l=2 and l=0 vibrational modes. These 
are larger than the oscillation periods, so this may be viewed as the threshold condition to obtain 
oscillation with low damping. That is, to maintain a stable bubble that does not collapse. 
Considering Debye theory and permittivity measurements of water, the collision rate for water is 
around 20 GHz23. For oscillations faster than this rate, the nanoparticle pushes away the 
molecules before they experience significant damping and a displaced water molecule cannot 



return within one period of oscillation, so that a stable cavity may form. The displacement, 
however, is of the order of picometers, and so a very small “bubble” is expected to form. This 
mechanism may be analogous to the usual acoustic cavitation in low-pressure regions of water 
excited with acoustic waves24; however, since we are considering high frequency and small scale 
oscillations, molecular dynamics simulations may be more appropriate25 (see Supporting 
Information for preliminary molecular dynamics simulations). We rule out the possibility of 
plasmonic heating because the lasers are away from the plasmonic resonance and the response is 
clearly related to the acoustic vibrations.  

We can consider how electrostriction theory relates to the observed nonlinear response and 
the expected damping. We estimate that the quality factor of the resonance scales as: 
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where y is the amplitude of the displacement for the same driving field intensity (see Supporting 
Information for details). Using the experimentally measured FWM signal, we calculate y(ωa) as 
3×10-3 nm. From the electrostriction theory, we estimate y(0) as 6.09×10-9 nm (see Supporting 
Information for details). This implies a quality factor of 5×105 – four orders of magnitude larger 
than viscoelastic theory predicts. This supports the hypothesis that bubbles are forming around 
the nanoparticles allowing them to oscillate with high quality factors.  

Past works on nanoparticles26 have suggested intrinsic damping factors of below 100; 
however, those works still included acoustic coupling to a substrate. Many possible mechanisms 
were suggested for this internal damping, including capping layers and crystal defects. Quality 
factors exceeding 10,000 have been reported for nanomechanical resonators27. Those resonators 
were still coupled mechanically to the environment through an anchor point. Therefore, we 
believe that the intrinsic quality factor is still open for investigation, and our work suggests that 
large values can be found for nanoparticles if the damping from the surrounding environment is 
suppressed. The gold nanoparticles are expected to be single crystal since they are only 2 nm in 
size. 
 In summary, we have observed the “turning on” of unusually strong FWM scattering from 
nanoparticles in solution that extends above 1 THz. The strong FWM occurs at the resonances 
predicted by Lamb’s theory, so it may be attributed to elastic vibrations. Interestingly, the FWM 
signal does not obey the usual quadratic dependence, but shows a clear threshold at which the 
nonlinearity suddenly “turns on”. This indicates a phase transition, such as the formation of a 
cavity around the nanoparticles that reduces the damping. Theoretical analysis of the FWM 
process also suggests that much higher quality factors are required to see the observed signal 
than would be present usually in solution.  

This new physics of high quality nanomechanical oscillations in solution has the potential for 
applications such as high bandwidth optical wavelength conversion with over THz wavelength 
shifting as desired optical wavelength division multiplexing28-29, or the spectroscopy of 
vibrational resonances of nanoparticles in solution. It is interesting to consider that this approach 
may be extended to probe the vibrational resonances of proteins – for example, the large scale 
elastic motions in the 100 GHz to THz range30. 
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Figure aside abstract  

 

 
Figure 1. Experimental configuration of FWM. DBRL: distributed Bragg reflector laser; PC: 
polarization controller; FC: fiber coupler; OSA: optical spectrum analyzer; BR: blocker; FPC: 



fiber-port collimator; PR: polarizer; OC: optical chopper; IRS: iris; APD: avalanche 
photodetector; BS: beam splitter; MR: mirror; VOA: variable optical attenuator; ECL: external 
cavity laser.  

 

 
Figure 2. Four-wave mixing signal collected on avalanche photodiode (background Rayleigh 
scattering substracted) for dilute 2 nm gold nanoparticles in water. Peaks at 504 GHz and 1.511 
THz correspond to the l=2 and 0 acoustic vibrations of 2 nm gold spheres in vacuum. The 
distribution with 8% dispersion in particle diameter is shown with grey shading.    
  



 
 
Figure 3. Power dependence of four-wave mixing signal observed on the avalanche photodiode 
for the l=0 (blue) and l=2 (red) peaks. A clear threshold is observed above which the nonlinear 
response “turns on”.  
 


