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            Abstract
Intermolecular forces are pervasive in nature and give rise to various phenomena including surface wetting1, adhesive forces in biology2,3, and the Casimir effect4, which causes two charge-neutral, metal objects in vacuum to attract each other. These interactions are the result of quantum fluctuations of electromagnetic waves and the boundary conditions imposed by the interacting materials. When the materials are optically anisotropic, different polarizations of light experience different refractive indices and a torque is expected to occur that causes the materials to rotate to a position of minimum energy5,6. Although predicted more than four decades ago, the small magnitude of the Casimir torque has so far prevented direct measurements of it. Here we experimentally measure the Casimir torque between two optically anisotropic materialsâ€”a solid birefringent crystal (calcite, lithium niobite, rutile or yttrium vanadate) and a liquid crystal (5CB). We control the sign and strength of the torque, and its dependence on the rotation angle and the separation distance between the materials, through the choice of materials. The values that we measure agree with calculations, verifying the long-standing prediction that a mechanical torque induced by quantum fluctuations can exist between two separated objects. These results open the door to using the Casimir torque as a micro- or nanoscale actuation mechanism, which would be relevant for a range of technologies, including microelectromechanical systems and liquid crystals.
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                    Fig. 1: Apparatus measuring the Casimir torque.


Fig. 2: Measured sin(2Î¸) angular dependence of the Casimir torque.


Fig. 3: Distance dependence of Casimir torque.



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    

                                
                                
                                    
                                        Micro-scale opto-thermo-mechanical actuation in the dry adhesive regime
                                        
                                    

                                    
                                        Article
                                         Open access
                                         22 September 2021
                                    

                                

                                Weiwei Tang, Wei Lyu, â€¦ Min Qiu

                            
                        

                    
                        
                            
                                
                                    

                                
                                
                                    
                                        Ultrasensitive torque detection with an optically levitated nanorotor
                                        
                                    

                                    
                                        Article
                                        
                                         13 January 2020
                                    

                                

                                Jonghoon Ahn, Zhujing Xu, â€¦ Tongcang Li

                            
                        

                    
                        
                            
                                
                                    

                                
                                
                                    
                                        Tunable critical Casimir forces counteract Casimirâ€“Lifshitz attraction
                                        
                                    

                                    
                                        Article
                                         Open access
                                         07 November 2022
                                    

                                

                                Falko Schmidt, Agnese Callegari, â€¦ Giovanni Volpe

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Data availability

              
              The data that support the findings of this study are available from the corresponding author on reasonable request.

            

References
	Israelachvili, J. N. Intermolecular and Surface Forces (Academic Press, Cambridge, 1992).

                    Google ScholarÂ 
                

	Parsegian, V. A. Van der Waals Forces (Cambridge Univ. Press, Cambridge, 2005).
BookÂ 
    
                    Google ScholarÂ 
                

	Autumn, K. et al. Adhesive force of a single gecko foot-hair. Nature 405, 681â€“685 (2000).
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Casimir, H. B. G. On the attraction between two perfectly conducting plates. Proc. K. Ned. Akad. Wet. 51, 793â€“795 (1948).
MATHÂ 
    
                    Google ScholarÂ 
                

	Parsegian, V. A. & Weiss, G. H. Dielectric anisotropy and the van der Waals interaction between bulk media. J. Adhes. 3, 259â€“267 (1972).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Barash, Y. S. Moment of van der Waals forces between anisotropic bodies. Radiophys. Quantum Electron. 21, 1138â€“1143 (1978).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Lifshitz, E. M. The theory of molecular attractive forces between solids. J. Exp. Theor. Phys. 2, 73â€“83 (1956).

                    Google ScholarÂ 
                

	Parsegian, V. A. Nonretarded van der Waals Interaction between anisotropic long thin rods at all angles. J. Chem. Phys. 56, 4393â€“4396 (1972).
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Hopkins, J. C., Podgornik, R., Ching, W.-Y., French, R. H. & Parsegian, V. A. Disentangling the effects of shape and dielectric response in van der Waals interactions between anisotropic bodies. J. Phys. Chem. C 119, 19083â€“19094 (2015).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lamoreaux, S. K. Demonstration of the Casimir force in the 0.6 to 6 Î¼m range. Phys. Rev. Lett. 78, 5â€“8 (1997).
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Munday, J. N., Capasso, F. & Parsegian, V. A. Measured long-range repulsive Casimirâ€“Lifshitz forces. Nature 457, 170â€“173 (2009).
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Woods, L. M. et al. Materials perspective on Casimir and van der Waals interactions. Rev. Mod. Phys. 88, 045003 (2016).
ArticleÂ 
    ADSÂ 
    MathSciNetÂ 
    
                    Google ScholarÂ 
                

	Chan, H. B. et al. Measurement of the Casimir force between a gold sphere and a silicon surface with nanoscale trench arrays. Phys. Rev. Lett. 101, 030401 (2008).
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Banishev, A. A., Wagner, J., Emig, T., Zandi, R. & Mohideen, U. Demonstration of angle-dependent Casimir force between corrugations. Phys. Rev. Lett. 110, 250403 (2013).
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Bordag, M., Klimchitskaya, G. L., Mohideen, U. & Mostepanenko, V. M. Advances in the Casimir Effect (Oxford Univ. Press, Oxford, 2009).
BookÂ 
    
                    Google ScholarÂ 
                

	Milton, K. A. The Casimir Effect (World Scientific, New York, 2001).
BookÂ 
    
                    Google ScholarÂ 
                

	Milonni, P. W. The Quantum Vacuum: An Introduction to Quantum Electrodynamics (Academic Press, Cambridge, 1993).

                    Google ScholarÂ 
                

	Decca, R. S., LÃ³pez, D., Fischbach, E. & Krause, D. E. Measurement of the Casimir force between dissimilar metals. Phys. Rev. Lett. 91, 050402 (2003).
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Torricelli, G. et al. Switching Casimir forces with phase-change materials. Phys. Rev. A 82, 010101 (2010).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Chen, X. & Spence, J. C. H. On the measurement of the Casimir torque. Phys. Status Solidi B 248, 2064â€“2071 (2011).
CASÂ 
    
                    Google ScholarÂ 
                

	GuÃ©rout, R., Genet, C., Lambrecht, A. & Reynaud, S. Casimir torque between nanostructured plates. Europhys. Lett. 111, 44001 (2015).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Munday, J. N., Iannuzzi, D., Barash, Y. & Capasso, F. Torque on birefringent plates induced by quantum fluctuations. Phys. Rev. A 71, 042102 (2005).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Munday, J. N., Iannuzzi, D. & Capasso, F. Quantum electrodynamical torques in the presence of Brownian motion. New J. Phys. 8, 244 (2006).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Rodrigues, R. B., Neto, P. A. M., Lambrecht, A. & Reynaud, S. Vacuum-induced torque between corrugated metallic plates. Europhys. Lett. 76, 822â€“828 (2006).
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Dubois-Violette, E. & De Gennes, P. G. Effects of long range van der Waals forces on the anchoring of a nematic fluid at an interface. J. Colloid Interface Sci. 57, 403â€“410 (1976).
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Schadt, M., Schmitt, K., Kozinkov, V. & Chigrinov, V. Surface-induced parallel alignment of liquid crystals by linearly polymerized photopolymers. Jpn. J. Appl. Phys. 31, 2155â€“2164 (1992).
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lu, M. Liquid crystal orientation induced by van der Waals interaction. Jpn. J. Appl. Phys. 43, 8156â€“8160 (2004).
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Bryan-Brown, G. P., Wood, E. L. & Sage, I. C. Weak surface anchoring of liquid crystals. Nature 399, 338â€“340 (1999).
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Smith, E. R. & Ninham, B. W. Response of nematic liquid crystals to van der Waals forces. Physica 66, 111â€“130 (1973).
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Somers, D. A. T. & Munday, J. N. Rotation of a liquid crystal by the Casimir torque. Phys. Rev. A 91, 032520 (2015).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Frank, F. Liquid crystals. On the theory of liquid crystals. Discuss. Faraday Soc. 25, 19â€“28 (1958).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Toyooka, T., Chen, G., Takezoe, H. & Fukuda, A. Determination of twist elastic constant K
                           22 in 5CB by four independent light-scattering techniques. Jpn. J. Appl. Phys. 26, 1959â€“1966 (1987).
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Thiyam, P. et al. Distance-dependent sign reversal in the Casimir-Lifshitz torque. Phys. Rev. Lett. 120, 131601 (2018).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Ishihara, S. How far has the molecular alignment of liquid crystals been elucidated? J. Disp. Technol. 1, 30â€“40 (2005).
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kobayashi, S., Kuroda, K., Matsuo, M. & Nishikawa, M. in The Liquid Crystal Display Story (ed. Koide, N.) 59â€“80 (Springer, Tokyo, 2014).

	Li, J. & Wu, S. T. Extended Cauchy equations for the refractive indices of liquid crystals. J. Appl. Phys. 95, 896â€“901 (2004).
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Li, H. & Kardar, M. Fluctuation-induced forces between rough surfaces. Phys. Rev. Lett. 67, 3275â€“3278 (1991).
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Miikkulainen, V., LeskelÃ¤, M., Ritala, M. & Puurunen, R. L. Crystallinity of inorganic films grown by atomic layer deposition: overview and general trends. J. Appl. Phys. 113, 021301 (2013).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Hu, J., Xiao, X. D., Ogletree, D. F. & Salmeron, M. Imaging the condensation and evaporation of molecularly thin films of water with nanometer resolution. Science 268, 267â€“269 (1995).
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Neuman, K. C. & Nagy, A. Single-molecule force spectroscopy: optical tweezers, magnetic tweezers and atomic force microscopy. Nat. Methods 5, 491â€“505 (2008).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kornilovitch, P. E. Van der Waals interaction in uniaxial anisotropic media. J. Phys. Condens. Matter 25, 035102 (2013); corrigendum 30, 189501 (2018).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Hough, D. B. & White, L. R. The calculation of hamaker constants from liftshitz theory with applications to wetting phenomena. Adv. Colloid Interface Sci. 14, 3â€“41 (1980).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Shi, H.-s., Zhang, G. & Shen, H.-y. Measurement of principal refractive indices and the thermal refractive index coefficients of yttrium vanadate. J. Synth. Cryst. 30, 85â€“88 (2001).
CASÂ 
    
                    Google ScholarÂ 
                

	Vali, R. Ab initio vibrational and dielectric properties of. Solid State Commun. 149, 1637â€“1640 (2009).
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
This work was supported by the National Science Foundation under grant numbers PHY-1506047 and PHY-1806768. We acknowledge support from the FabLab at the Maryland NanoCenter and thank M. S. Leite for discussions and comments on the manuscript.

                Reviewer information

                Nature thanks O. Lavrentovich, S. Zumer and the other anonymous reviewer(s) for their contribution to the peer review of this work.

              

Author information
Authors and Affiliations
	Department of Physics, University of Maryland, College Park, MD, USA
David A. T. Somers,Â Joseph L. Garrett,Â Kevin J. PalmÂ &Â Jeremy N. Munday

	Institute for Research in Electronics and Applied Physics, University of Maryland, College Park, MD, USA
David A. T. Somers,Â Joseph L. Garrett,Â Kevin J. PalmÂ &Â Jeremy N. Munday

	Department of Electrical and Computer Engineering, University of Maryland, College Park, MD, USA
Jeremy N. Munday


Authors	David A. T. SomersView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Joseph L. GarrettView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Kevin J. PalmView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jeremy N. MundayView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Contributions
J.N.M. conceived and supervised the project. D.A.T.S. designed the apparatus, performed experiments and analysed the resultant data. J.L.G. and K.J.P. performed AFM experiments and analysis, and K.J.P. performed spectroscopic ellipsometric measurements and analysis. All authors discussed and interpreted the data and wrote the manuscript.
Corresponding author
Correspondence to
                Jeremy N. Munday.


Ethics declarations

              
                Competing interests

                The authors declare no competing interests.

              
            

Additional information
Publisherâ€™s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


Extended data figures and tables

Extended Data Fig. 1 Evidence for amorphous, isotropic deposition of Al2O3.
Atomic layer deposition of Al2O3 on planar substrates at low temperatures (in our case 150Â Â°C) generally results in isotropic, amorphous films38. To confirm this expectation, we performed three different experiments to characterize the films. aâ€“c, First, TEM measurements at different magnifications show that the Al2O3 layer is amorphous (a, b), whereas the LiNbO3 layer is crystalline (a, c), as expected. d, Second, spectroscopic ellipsometry data are found to be consistent with an isotropic layer of Al2O3 existing on top of the birefringent LiNbO3 crystal. We first determined the optical properties for the birefringent LiNbO3 crystal without any Al2O3 coating. Î¨ and Î” data (ellipsometric amplitude and phase ratio, respectively) for 55Â°, 60Â° and 75Â° measurement angles are performed and fitted to a Tauc Lorentz biaxial (anisotropic) model, yielding a good ellipsometric fit. e, Third, spectroscopic ellipsometry was performed on a LiNbO3 crystal with a 5-nm-thick Al2O3 coating. The previously determined model for LiNbO3 was used together with an isotropic model for Al2O3, yielding a similarly good fit with no increase in the mean squared error. A birefringent model for Al2O3 could also be used; however, this results in additional fit parameters that artificially reduce the mean squared error below that obtained with the LiNbO3 crystal alone, providing strong evidence that the isotropic model of Al2O3 is more physical. The resulting indices of refraction n are shown for both the ordinary (â€˜Ordâ€™) and extraordinary (â€˜Extâ€™) axes of LiNbO3 and for isotropic Al2O3. f, g, Fourth, to rule out potential in-plane anisotropy due to correlation in the orientation of the surface roughness, we performed atomic force microscopy (AFM) topography scans of the Al2O3 surface as-deposited for our glass control samples (f) and the LiNbO3 crystal (g). The roughness is randomly oriented with no preferred direction in both cases. We further considered the widths of the roughness peaks in the two perpendicular directions (x and y in the insets, which show the topography scans). For the Al2O3 film on the glass substrate, the average peak widths in the x and y directions are 1.2Â Â±Â 0.3Â nm and 1.0Â Â±Â 0.2Â nm, respectively. Similarly, for the Al2O3 film on the LiNbO3 substrate, the average peak widths in the x and y directions are both 1.0Â Â±Â 0.2Â nm. Although small variations between the x and y scans may be expected due to sample drift or tip geometry, no substantial difference is measured.


Extended Data Fig. 2 Control experiment showing no measured torques from isotropic borosilicate glass.
Glass substrates are coated with 6Â nm of Al2O3 (orange) or around 6Â nm of PVA (purple). When fitted with a sin(2Î¸) function (solid lines), there is no measurable torque.


Extended Data Fig. 3 Determination of the distance offset.
We use AFM to probe the thickness of the FC-4430 surfactant layer that forms between the 5CB liquid crystal and the solid substrate, using two different methods39,40. a, The first sample was prepared by spreading a 0.5% FC-4430 in 5CB mixture (similar to those used in the torque experiments) across a glass substrate to allow for segregation of the materials. AFM scans (dynamic mode in air to ensure that the optical lever detection scheme of AFM was not distorted by the birefringence of the liquid crystal) show the surfactant monolayer (grey) on glass (black) with 5CB droplets (white). b, A line scan across surfactant layer (dashed red line in a) shows the step height of the surfactant film on glass to be 4.5Â Â±Â 0.3Â nm. This measurement puts a minimum bound on the thickness of the surfactant layer, because when immersed in 5CB (as done in the torque experiments) the surfactant molecules will probably extend further from the surface. c, d, To determine the total extent of the surfactant in situ, we performed a second set of experiments, using a technique similar to that used in ref. 40. For these experiments, a gold sample is used to allow a bias voltage to be applied between the tip and the sample to more accurately determine the exact location of tipâ€“sample contact. c, A droplet of 5CB is placed on the gold sample and a platinum AFM tip is brought towards the surface under 3-V a.c. bias, without any surfactant present. The amplitude of the piezoelectrically driven oscillation of the tip smoothly decreases as it approaches the 5CBâ€“gold boundary, except where the tip sticks to the surface after contact (tipâ€“sample separation of zero). d, A second gold sample is used with a droplet of the 0.5% FC-4430 in 5CB mixture (similar to that used in the torque experiments), so that the surfactant covers both surfaces. Again, the amplitude of tip oscillation is recorded during the approach and retract runs under 3-V a.c. bias. On approach, the amplitude decreases rapidly at a certain separation (about 20Â nm for this scan), indicating the distance at which the surfactant layers on each surface join together (that is, â€˜jumpâ€™ to contact). On retraction, multiple features are observed at locations where molecules attached to both surfaces separate (that is, â€˜ruptureâ€™). e, Histogram showing separations at which jumps occur over several distinct distance sweeps. A jump is observed in 21 of 31 approachâ€“retract curves and occurs at an average tipâ€“sample separation of 16.6Â nm, which would imply a 8.3-nm-thick surfactant layer on each surface when immersed in 5CB. Considering the measured surface roughness of 4â€“5Â nm, we use a distance offset of 12Â Â±Â 4Â nm.


Extended Data Fig. 4 Dielectric models for the relevant materials.
For birefringent materials, solid and dashed lines indicate the dielectric function Îµ along the ordinary and extraordinary axes, respectively. The dielectric models for the 5CB liquid crystal are from ref. 41, the dielectric functions for the solid crystals are modelled using a previous method42 and the dielectric data for YVO4 are from refs 43,44. The dielectric function of the thin FC-4430 layer is unknown, but its precise value has little effect on the torque. For our calculations, the layers between the two crystals are treated as a uniform, homogeneous medium described by the optical properties of Al2O3 alone (rather than part Al2O3 and part FC-4430). As an extreme case, we also calculate the torque with a uniform medium with the optical properties of H2O, which are probably similar to the unknown FC-4430, rather than Al2O3. The calculated torque changes by less than 6% for the distances used in our experiment and are thus within our calculation uncertainties.


Extended Data Fig. 5 Polarized spectrometry measurement of each sample.
a, Polarized white-light image of a 1-cm2 substrate (TiO2) with nine different Al2O3 thicknesses achieved through atomic layer deposition and masking. The coloured circles indicate separate polarized spectrometry measurements, two of which (bolded) are shown in more detail in bâ€“g. b, c, Normalized, measured transmission as a function of analyser angle and wavelength for regions with thick (b) and thin (c) Al2O3 layers. The thick (thin) layer corresponds to a larger (smaller) separation d between the birefringent materials. The dashed lines indicate Î¸rub and Î¸rubÂ âˆ’Â 90Â°. d, e, Results from fitting b and c using equation (1) inÂ Methods. f, g, Transmitted intensities (dots, measured values; solid lines, theoretical fits) along Î¸aÂ =Â Î¸rubÂ =Â 135Â° and Î¸aÂ =Â Î¸rubÂ âˆ’Â 90Â°Â =Â 45Â° are shown for the thick (f) and thin (g) Al2O3 layers. A strong torque causes a larger difference in transmission between Î¸aÂ =Â Î¸rub and Î¸aÂ =Â Î¸rubÂ âˆ’Â 90Â° (compare g and f). The slight offset between the fit and measurement in g is because only two of the 25 measurements used in the fit are plotted. Combining all measurements, the error in the angle is less than 4Â°.
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