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Time domain self‑bending photonic 
hook beam based on freezing 
water droplet
Oleg V. Minin 1, Igor V. Minin 1* & Yinghui Cao 2

Tunable optical devices are of great interest as they offer adjustability to their functions. Temporal 
optics is a fast‑evolving field, which may be useful both for revolutionizing basic research of time‑
dependent phenomena and for developing full optical devices. With increasing focus on ecological 
compatibility, bio‑friendly alternatives are a key subject matter. Water in its various forms can open 
up new physical phenomena and unique applications in photonics and modern electronics. Water 
droplets freezing on cold surfaces are ubiquitous in nature. We propose and demonstrate the effectual 
generation of time domain self‑bending photonic hook (time–PH) beams by using mesoscale freezing 
water droplet. The PH light bends near the shadow surface of the droplet into large curvature and 
angles superior to a conventional Airy beam. The key properties of the time–PH (length, curvature, 
beam waist) can be modified flexibly by changing the positions and curvature of the water–ice 
interface inside the droplet. Due to the modifying internal structure of freezing water droplets in real 
time, we showcase the dynamical curvature and trajectory control of the time–PH beams. Compared 
with the traditional methods, our phase‑change‑ based materials (water and ice) of the mesoscale 
droplet have advantages of easy fabrication, natural materials, compact structure and low cost. 
Such PHs may have applications in many fields, including temporal optics and optical switching, 
microscopy, sensors, materials processing, nonlinear optics, biomedicine, and so on.

A photonic hook (PH)1 is a new localized high-intensity curved light, representing the smallest subwavelength 
radius of curvature of any electromagnetic beam, focused by a dielectric mesoscale (i.e. diameter in order of 
wavelength) particle. Now it is the only example of artificial light bending apart from the Airy-family  beam2 since 
it was invented in  20153. The interference (superposition) of the transmitted, diffracted and scattered waves in the 
shadow part of the particle with broken symmetry have intriguing properties demonstrating the effect of curving 
in space. The inflexion point where the curved localized beam changes its propagating direction is an important 
characteristic of the PH which is not possessed by Airy-like family beams. PH has unique features—the radius of 
curvature is a subwavelength and this is the smallest ever reported curvature of electromagnetic  beams1. Several 
types of asymmetry are known that lead to the formation of a photonic  hook1, in contrast to the Airy-family 
beams which are commonly created using dynamic diffractive devices or static phase  plates4. There they are the 
asymmetry of the particle shape, the asymmetry of the optical properties of the material of the particle with its 
symmetrical  shape1, the asymmetry of the radiation incident on the  particle1,5 and the asymmetry of the medium 
surrounding the particle in its shadow  part6.

Typically, the material of the particle is a dielectric (including liquid) or an artificial  material1. At the same 
time, the important material that plays a key role in wildlife is water. According to Leonardo Da Vinci “Water is 
the driving force of all nature”. Nature has developed objects, materials and processes in a wide-scale size up to 
the meso- and nano- scale. The mimic of nature allows to develop processes, devices and materials which provide 
desirable properties. These will lead to green technology and science. Sometimes nature provides us with opti-
cal focusing structures, for free. Water droplets are ubiquitous in living nature and play a crucial role in many 
biological, physical and industrial processes. For example, water droplets were the first lenses found by people 
about six thousand years ago, it was known that small water droplets burn leaves  through7,8.

The optical effects in water droplet were examined  in9–15. Optical backscattering from water droplets with 
diameter of 6–90 um based on Van de Hulst’s theory was studied  in16, a water droplet resonator was investigated 
 in17.  In18 it was shown that a spherical 30–70 um water droplets can focus a femtosecond pulse (a few μJ per 
pulse at 810 nm) of light near its shadow surface. At this inner focus, water molecules ionize and heat up to the 
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temperature about T ~ 5000 … 7000 K, create a localized area of plasma that emits a beam of white light 35 times 
as intense back toward the illumination source. Similar effects can be expected in the superresonance  mode15.

Freezing or melting water drop as a phase change material (PCM)19,20 also has a long history. The physical 
effects in freezing water droplet is a problem of fundamental importance which was the subject of numerous 
studies, and references thereto have been found since the time of  Aristotle21–25. The water–ice phase transitions 
were also widely  studied26–30.

The temperature-dependent optical properties of water enable to dynamically tune and reconfigure water-
droplet- based devices. In this work, we offer and demonstrate the concept of self-bending photonic hook beam 
in the time domain, providing a new direction in temporal optics. We focus on time–PH that is based on a cooled 
mesoscale water drop (or evaporation of ice droplet). For the first time we study in detail the possibility and 
features of the dynamical formation of a photonic hook. The idea of such a consideration was offered  in31. The 
phase state of water drop changes from liquid to solid in the process of freezing. These materials have different 
optical  properties32 giving rise to the asymmetry of optical properties of the particle material, and formation of a 
photonic hook and photonic jet (PJ). Accordingly, freezing mesoscale droplets will show the potential to exploit 
the dynamic properties of the PH in optical all-dielectric devices.

Model
The photonic hook formation by cooled water mesoscale spherical particles immersed in air (n = 1) was simu-
lated based on the finite elements method (FEM) by using the commercial software COMSOL Multiphysics. 
Spherical shape of the droplet corresponds to a small Bond number, which represents the relations of surface 
tension and liquid gravity. In simulation, 2D  geometry33 and a non-uniform mesh were employed to reduce the 
computational time and cost. As the boundary condition, the Perfect Matched Layer (PML) was applied. The 
incident light with a linear polarization along the y-axis was assumed to be a plane wave that propagates along the 
x-axis. The indices of water and ice are 1.334 and 1.301, respectively, at the wavelength of λ = 589 nm. Inside and 
outside the water–ice drop, the mesh size is λ/15 and λ/8, respectively. A schematic diagram is shown in Fig. 1.

Droplet freezing dynamics is a multistage process. When a drop of water is placed on a cold surface (for 
example, refrigerator, airplanes, electric cables, wind turbines, and so on), the heat is transferred from that sur-
face to the water drop. Freezing of the droplet on the cold substrate does not occur at once: the frozen water–ice 
phase boundary interface moves inward from the droplet–substrate interface toward the droplet free  surface34–38. 
The water droplets freezing speed is independent of the thermal conductivities of the substrates and increases 
with the decrease of the substrates  temperature39. To simplify the problem, in our scenario,  following40, both the 
thermal conductivity of the environment, and the convective heat transfer are low. For the liquid at the water–ice 
interface isothermal condition is  assumed41. It is also assumed that liquid and solid water (ice) are monolithic 
materials without any inclusions and inhomogeneities.

A simple model for the shape of the ice/water interface during the freezing process of water droplet was 
discussed  in42. The propagation and the shape of the ice/water interface depend on the characteristics of heat 
transfer inside the drop. However the quantitative model that is able to predict the shape and interface of ice/
water drops where the solid, liquid and vapor phases  meet43–45, is not fully understood now and is beyond the 
scope of this paper. What’s more,  in42 it was shown that the freezing along the surface occurs in the direction 
along the ice/water interface, and may be characterized by the contact angle θ = θ(R, v)—(Fig. 1), where v = ρs/ρl 
is the density ratio ( ρs and ρl are the solid and liquid densities, respectively). In this simple model we did not take 
into account the thin layer of liquid (so-called quasi-liquid layer) on the surface of ice near the triple  point45. 
Although during the freezing process the interface may change its shape, we assume that the water–ice interface 
keeps the bending surface with fixed curvature radius. Note that a spherical water–ice interface front that meets 
the edges of the drop perpendicularly for freezing water drops on a copper substrate was experimentally and 
theoretically considered in the latest  paper46. In addition  in47 it was shown both theoretically and experimentally 
that the ice–water front of water droplets deposited on a surface at subzero temperatures becomes concave for big 
(centimeter scale) droplets. Also the shape of both the droplet and the ice at the bottom take a spherical shape 
which is possible by using superhydrophobic  surfaces33,48,49. Nearly spherical shape of a frozen water droplet 
was observed experimentally in pure water evaporatively cooled in a  vacuum24 and in the water droplet on silver 

Figure 1.  A schematic diagram of the photonic hook formation by freezing water droplet. Black points show 
the positions of the inflection points along the PH,  h0—position of the water–ice interface.
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nanocolumnar thin  film50. But most of the drops freezing experimental research has been carried out with large 
drop sizes in millimeter scale.

It could be noted that from this point of view, such freezing droplet may be considered as  Janus51 time-
dependent  mesoscale52 particle. There are two additional degrees of freedom which makes it possible to control 
the characteristics of a localized PH, namely, curvature and position of the water/ice interface inside the droplet 
during the freezing process.

The evolution of the photonic hook shape for different curvatures of the water–ice interface  Rc at a fixed posi-
tion of h = 0 (see Fig. 1) is shown in Fig. 2 for a drop with a radius of 6 microns. Such water drops, for example, are 
present in clouds and  fog53. The curvature of the photonic hook under the initial  definition1,54 is approximately 
determined by the α-factor. To characterize this factor, called the bending angle of PH, we introduced the posi-
tion of the “inflection point”55 where the electric field intensity  Imax = max(|E|2) along the PH had maximum, for 
the first time in  20181,56. Usually it is the angle between the two lines linking the start point with the inflection 
point and inflection point with the end point of the PH, respectively (see Fig. 1). At the same time, depending on 
the specifics of the problem, there may be several inflection points along the propagation of the photonic hook. 
That is, several inflection points can be observed where the photonic flux changes its direction. In our case, we 
analyze three such points.

Results and discussion
For evaluating positions of the inflection points along the PH and the bending angles α of the PH (see Fig. 1), we 
use the following simple and practical  method1. First, the image of the field intensity distribution in the shadow 
part of the particle is obtained and a contour map is constructed at the level 1/e of the maximum intensity peak in 
the vicinity of the photonic hook. Then, the points of change in the direction of propagation of the photonic hook 
are determined, and the left and right PH’s arms are determined with an inflection point relative to the point with 
maximum intensity  Imax along the PH. Next, the end and start points are selected as the extreme points of both 
the right and left arms, respectively, relative to the point with  Imax. This algorithm in more detail is described  in1.

Despite the weak optical contrast between the refractive indices of water and ice  (nc = 1.334/1.301 = 1.025), 
even with a flat interface between these two media, a photonic hook is formed in the shadow part of the spheri-
cal drop (Fig. 2a). An increase in the curvature of the interface leads to an increase in the length of the photon 
hook (Fig. 2b–d). At the same time, it is clearly seen that the propagation path of the beam is deflected at the 
inflection point with  Imax = max(|E|2), resulting in bending of PH.

Figure 2.  Normalized to illuminated wave light intensity distributions of the PHs formed by the frozen water 
droplet for different curvature of water–ice interface: (a) flat water–ice interface, (b)  Rc = 1.5R, (c)  Rc = 2R, (d) 
 Rc = 3R. The Comsol software (v.5.3, https:// www. comsol. com/) were used to create the images.

https://www.comsol.com/
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Let us now consider the features of the formation of a photonic hook for drops of smaller  diameter57 depend-
ing on the position and curvature of the water–ice interface. The simulation results for the drop with radius 
R = 2.5um and with the water–ice interface curvature radius  Rc = 1.5R are presented in Fig. 3. The main key 
characteristics of the PHs are shown in Table 1.

Figure 3.  Formation of the PH with water–ice interface curvature radius  Rc = 1.5R and with different position 
of water–ice interface: (a) h/R =  − 0.5; (b) h/R =  − 0.4; (c) h/R =  − 0.2; (d) h/R = 0; (e) h/R = 0.2; (f) h/R = 0.5. The 
short lines in black color represent the FWHM of the focused light beam. The Comsol software (v. 5.3, https:// 
www. comsol. com/) were used to create the images.

Table 1.  Key characteristics of the PHs for  Rc = 1.5R.

h/R Max(E2) FWHM α 1, deg α 2, deg α 3, deg

 − 0.5 13.05 0.3 5.53 0 2.17

 − 0.4 11.14 0.35 1.97 0.77 14.72

 − 0.3 9.93 0.36 2.82 6.35 12.48

 − 0.2 8.80 0.39 2.52 9.64 7.95

 − 0.1 8.11 0.41 2.31 5.19 9.98

0 7.94 0.43 1.96 5.82 9.81

0.1 8.10 0.43 1.61 7.13 11.24

0.2 8.66 0.43 1.19 1.83 8.62

0.3 9.27 0.43  − 0.43 0  − 0.8

0.4 9.72 0.41 0.46  − 0.64  − 0.31

0.5 10.14 0.4  − 0.28  − 1.18  − 0.96

https://www.comsol.com/
https://www.comsol.com/
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As follows from the simulation results, the water–ice interface moves upward from the lower boundary of 
the droplet, when the length of the photonic hook increases due to the increase in the proportion of ice with 
a lower refractive index in the droplet. In this case, the position of the interface between the two media is of 
great importance. So, when the extreme boundaries of the water–ice interface coincide with the drop diameter 
(Fig. 3d), the length of the photonic hook is maximum. As the interface boundary moves further towards the top 
of the drop, the length of the photonic hook begins to decrease, its curvature decreases and tends to the shape 
of a photonic jet (Fig. 3f). The dynamics of the time–PH formation in this case is shown in supplement video 1.

From Table 1 it follows that the bending angles α=α(h/R) are nonlinear functions that go from negative to 
positive and vice versa.

Similar trends are observed for the increased curvature of the water–ice interface. The simulation results for 
the drop with radius R = 2.5um and with the doubled water–ice interface curvature radius  Rc = 3R are presented 
in Fig. 4. The correspondent main key characteristics of the PHs are shown in Table 2. The dynamics of the 
time–PH formation for  Rc = 3R is shown in supplement video 2.

Analysis of the results presented in Figs. 3, 4 and in Tables 1, 2 makes it possible to plot the dependences of 
the maximum field intensity along the photonic hook and its beam waist size vs the h/R parameter. These data 
are presented in Fig. 5.

From Fig. 5 one can see that as the water–ice interface moves from the bottom of the drop to the top, the 
maximum field intensity along the photonic hook decreases and is minimal at h/R = 0 (Fig. 5a). When the 
interface boundary curvature doubles, the field intensity minimum shifts to the right, and the intensity drop is 
almost linear (Fig. 5b). The dependence of the width of the photonic hook (FWHM) at the point of maximum 
field intensity on the parameter h/R is also non-linear. But it is noteworthy that in the entire range of parameters, 
the minimum FWHM of the photonic hook is less than the simple diffraction limit, i.e. less than the half of the 
wavelength. It can also be seen that with an increase in  Rc, the minimum of the maximal field intensity of the 
photonic hook shifts to the large h/R values as the maximal value of the FWHM.

Figure 4.  Formation of the PH with water–ice interface curvature radius  Rc = 3R and with different position of 
water–ice interface: (a) h/R =  − 0.5; (b) h/R =  − 0.4; (c) h/R =  − 0.2; (d) h/R = 0; (e) h/R = 0.2; (f) h/R = 0.5. The 
short black color lines represent the FWHM of the focused light beam. The Comsol software (v.5.3, https:// www. 
comsol. com/) were used to create the images.

https://www.comsol.com/
https://www.comsol.com/
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The length of the photonic hook (which is calculated by summing the line segment lengths between the start 
and the end points via the inflection point) has a pronounced maximum near the h/R = 0 (see Figs. 3d and 4d) 
value and is approximately 4.5λ both for  Rc = 1.5R and  Rc = 3.0R, which is shown below in Fig. 6.

It can also be seen that with an increase in  Rc, the maximum length of the photonic hook shifts to the right 
(to large h/R values) with a slight increase in the absolute value of its length. Note that it is possible to change 
or control the characteristics of a photonic hook based on a freezing water drop, for example, by increasing the 
ambient pressure, which will lead to an increase in the water–ice refractive index  contrast58 or by using oblique 
illumination or placing the drop on an inclined  surface59. Note that even if for some types of surface the shape 
of the water–ice interface inside the drop is flat rather than spherical, the formation of a photonic hook can be 
obtained by simply changing the angle of inclination of the incident  radiation1,60,61. This discrepancy definitely 
calls for future investigation.

Conclusions
The insights on the underlying mechanisms of water droplets dynamics during their freezing process will pave 
the way for a plethora of novel applications in a wide range of fields, including temporal  photonics62,63, sen-
sors, temperature and ice thermal storage control and biomedical engineering. Moreover, the understanding of 
freezing water droplet effects is a problem of general utility and fundamental importance which facilitates new 
applications of light localization non-resonance effects (such as photonic jets and hooks) in the field of optical 
devices and systems.

We demonstrate the concept of temporal photonic hook (time–PH) that is based on a cooled mesoscale 
water drop (or evaporation of ice  droplet64) and will open a new avenue in temporal optics. It was shown that the 
freezing mesoscale water droplet makes it possible to focus the optical beam at the shadow part of the droplet 
into the photonic hook with different curvature despite low optical contrast between water and ice. The relation-
ship of the refractive index contrast of liquid and solid water and the positions and curvature of the water–ice 
interface is found to form the PH with waist below the diffraction limit and bending angle on the shadow side 
of the freezing droplet.

Table 2.  Key characteristics of the PHs for  Rc = 3.0R.

h/R Max(E2) FWHM α 1, deg α 2, deg α 3, deg

 − 0.5 13.36 0.21 1.97  − 1.12 0

 − 0.4 12.11 0.33 3.61  − 1.89 0

 − 0.3 11.21 0.35 2.79 5.01 13.04

 − 0.2 10.26 0.36 2.41 6.34 14.93

 − 0.1 9.06 0.38 2.39 8.33 9.52

0 8.12 0.4 2.60 8.23 12.19

0.1 7.70 0.41 3.79 7.38 9.08

0.2 7.72 0.44 2.44 5.53 9.69

0.3 8.17 0.45 1.64 2.49 10.14

0.4 8.79 0.43 1.19 1.43 6.47

0.5 9.34 0.43 0.42  − 1.75  − 3.25

Figure 5.  Maximal field intensity and FWHM of the PH vs h/R parameter for the water–ice interface curvature 
radius  Rc = 1.5R (a) and  Rc = 3R (b).
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By controlling parameters such as the size of the drop, the type of surface on which it is  located28, including 
inclined surface, the ice fraction, different scenarios of freezing of a spherical water  droplet65,66 etc., droplet 
freezing parameters can be controlled. In this case, the freezing time can be considered, for example, as one of 
the parameters of dynamic control over the characteristics of the photonic hook. It could be noted that taking 
into account the results of the previous  study32, the current research may be extended into 3D case.

We believe that freezing- water- droplet- based elements are at the beginning of the research boom in pho-
tonics. In the long term this area will be determined by the goals for human-friendly environment proclaimed 
by the UN. It is noted annually by the  UN67 on the ”World Water Day”, March 22.

Our results showcase the potential of the freezing water-droplet-based devices, which are to be bio-friendly, 
cheap, simple and dynamically tunable alternatives for many new optical  applications68–71. This paves the way 
for freezing- water- droplet-based time–PH beam shaping, adding a new avenue in the road map of near-field 
structured light in mesotronics. We hope that our work will allow the use of freezing water droplets in optom-
echanics, optical sensors, and nanoparticle trapping and manipulation by means of both time-PJs and time-PHs 
in devices made from strictly natural liquid.

Data availability
All data are available in the main text or upon a reasonable request from Corresponding Author.
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