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Focusing light beyond the diffraction limit is among the greatest challenges in optical 

sciences, which would revolutionize many optical technologies from imaging and optical 

trapping to light delivery and photomedicine. To achieve sub-diffraction focusing, 

metamaterials, materials with engineered scattering properties, or attached microspheres 

have been proposed.  Here we introduce a new paradigm to achieve a physical focus beyond 

the diffraction limit without additional optical elements or exogenous labels, but only using 

light-matter interactions. We spatially control light absorption within the focal region of a 

lens to generate a transient heat source and sculpt a semi-parabolic refractive index pattern 

within the sample itself. This effectively generates a converging microlens with a focusing 

spot below the diffraction limit of the optical system that can be used for super-resolution 

imaging by scanning the spot across the sample. Our method is broadly compatible with 

imaging and focusing systems used in many applications. 

In the past twenty years, in imaging applications, localization techniques1, 2 and stimulated emission3 have 

been able to overcome the diffraction limit by exploiting the chemical properties of fluorophores. However, 

in these methods, light is not physically focused beyond the diffraction limit; this reduces the application 

space by requiring labelling, complex sample preparation and/or imposing strong intensity and speed 

limitations. Instead, focusing light beyond the diffraction limit remains an open challenge which would 

revolutionize a wide range of applications from imaging and optical trapping to light delivery and 

photochemistry.4, 5 By pre-engineering or pre-characterizing the scattering properties of materials, several 

works have demonstrated progress towards sub-diffraction imaging and focusing, yet with intrinsic 

limitations of alignment and pre-characterizations.6, 7 The discovery of metamaterials8, 9 enabled the design 

of super-lenses which are capable of sub-diffraction imaging by enhancing the evanescent field typically 

lost otherwise.10 Recently, the introduction of microspheres in the vicinity of an object has been shown to 

provide sub-wavelength resolution by curving the incident and reflected rays11, 12. Yet, in these modalities, 

an external optical element needs to be placed very close to the imaged object, which also dramatically 

reduces the broad applicability of the techniques.13 Here we introduce a scheme capable of focusing light 

to a sub-diffraction spot by exploiting the refractive index variations induced by light-matter interactions. 

Such focal confinement can be used to efficiently deliver light to photoactive nanostructures, to perform 

super-resolution imaging without labels, as well as to perform spectroscopic measurements at higher 

resolutions than those offered by the optical system. 

 

PRINCIPLE 

The principle of the proposed technique is schematically shown in Figure 1a. To achieve tight focusing of 

a probe beam (green), negligibly absorbed by the sample, we use an auxiliary beam (red) of different 

wavelength, which is strongly absorbed by the sample. In water-based solutions, the temperature 
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dependence of the refractive index is negative (i.e. 
𝑑𝑛

𝑑𝑇
< 0). Therefore, the auxiliary beam is shaped by a 

vortex phase plate to generate transient absorption in the shape of a donut, i.e. a ring with a diffraction 

limited void at the center. This heat profile induces a refractive index gradient at the waist of the focusing 

lens with highest index at the center of the ring and monotonically decreasing towards the periphery. This 

process effectively sculpts a transient converging microlens with diameter equal to the optical diffraction 

limit. Thus, when the probe beam passes through the sculpted microlens (either collimated or focused), it 

will converge to a tighter focal point than what is allowed by the optical system, as shown experimentally 

in Figure 1b. The smaller focal point can be used as a scanning probe for imaging at superior resolution 

(Figure 1c) without any labeling process or material insertion, providing high flexibility of the optical 

configuration.  

 

 

Fig. 1: (a) Schematics of the vortex-assisted focusing. (b) Experimental comparison between the diffraction-limited 

spot and the one obtained via vortex assisted focusing (Scale Bar, =30 µm). (c) Scanning microscopy image of USAF 

resolution chart with (left) and without (right) the vortex plate (scale bar = 30 µm). Image resolution is enhanced as 

can be quantitatively seen from the line plot of the marked region (bottom).  

The demonstrated sub-diffraction focusing is the result of a thermal nonlinear effect that can be described 

mathematically by considering the temperature effect on the refractive index given by:14 

𝑛(𝑟, 𝑡) = 𝑛0 + (
𝑑𝑛

𝑑𝑇
) 𝑇(𝑟, 𝑡)         (1) 

where 𝑇(𝑟, 𝑡) is the temperature distribution in the material. In our proof-of-principle experiment, we 

achieved focusing in the millisecond time scale (limited by the available laser intensity) and thus the 

temperature distribution in the material needs to be evaluated from the solution of the heat diffusion 

equation with a given set of initial and boundary conditions dictated by the absorbed light pattern and the 

geometrical configuration. However, high intense pulsed lasers would enable operating in thermal 

confinement regime where heat diffusion can be neglected, and the temperature distribution will closely 

follow the light beam profile.  

Once the refractive index profile is obtained, the focusing parameters can be calculated from the 

geometrical ray equation.15 For a time-varying parabolic profile of refractive index, the focal length can be 



shown to follow a power-law scale 𝐹(𝑡)~𝑡−1 and approach the value of (see Supplementary for a full 

derivation):16 

𝐹(∞) =
𝑘𝜋𝑛0𝜔0

2

0.24𝑏𝑃𝑙∙(
𝑑𝑛

𝑑𝑇
)
           (2) 

where 𝜔0 is the beam waist of the physical lens (i.e. the diffraction limited radius in our experiment), 𝑏 is 

the absorption coefficient, 𝑙 is the length of the absorbing cell, 𝑘 is the thermal conductivity and 𝑃 is the 

laser power. If we assume the cell is thick enough to absorb all the light, we can eliminate the product of 

the absorption coefficient and the cell length since: 𝑏~𝑙−1. Thus, the modulation of the refractive index 

can be understood as a transient microlens with radius 𝜔0 and focal length 𝐹(∞) sculpted within the focal 

region of the physical lens. The resulting spot size 𝜔(∞) of such system is dictated by the Abbe diffraction 

limit of the transient microlens, smaller than the diffraction limit of the physical optical system: 

𝜔(∞) ≈
𝜆𝐹(∞)

2𝜔0
  (3) 

The final spot size 𝜔(∞) depends on the specific material and system parameters. By substituting our 

experimental parameters (power 0.1W) and material properties, we calculate the expected improvement of 

the focal size to be 𝜔(∞) ≈ 0.4𝜔0, consistent with our experimental results in Figure 1b. 
 

EXPERIMENTAL SETUP 

The experimental setup is presented in Figure 2a. We expanded a monochromatic laser beam of wavelength 

1064 nm (La1, Ekspla LightWire FP 200, presented in red) by a set of lenses (L1, f = 50 mm; L2, f = 150 

mm). Along the beam path we placed a beam shutter (BS) controlled by a function generator (FG) to 

determine the duration of the exposure. We transmitted the beam through a phase plate (PP, RPC Photonics, 

VPP-m1064) and focused it onto the sample (S) using a spherical lens (L4, f = 200 mm) to produce a ring-

shaped light pattern. Next, we applied a probe beam of 780 nm (La2, Newport SWL-7513, presented in 

green) to the sample. For convenience we projected the probe beam through the same limiting aperture as 

a plane wave, however, it is also possible to focus it to the exact location of the ring-shaped auxiliary beam. 

The probe beam was introduced using a dichroic mirror (DM) and the lenses L3 (f = 100 mm), L4 as a 

telescope. The sample was designed to strongly absorb 1064nm but negligibly absorb 780nm. It was 

produced by mixing 1% of NIR absorbing dye (QCR Solution Corp, NIR1054B, see supplementary for 

full details and spectrum) in water and placing it in a thin glass chamber. The heat profile generated by the 

absorption of La1 resulted in a tight focus of La2 right after the absorbing material in a plane indicated by 

a dashed line. We imaged the transient focusing plane using a 4-f imaging system (not shown) and a camera 

(C, Andor Zyla 4.2) triggered by the function generator FG. A bandpass filter (BF) was used to block any 

residual light from La1 not absorbed by the sample. For imaging applications such as presented in Figure 

1(c), the object of interest was placed right behind the dye solution at the plane indicated by the dashed line 

where the focal point is formed and scanned.  
 

RESULTS AND DISCUSSION  

Figure 2b shows the experimental focus spot size at three different distances from the vortex location after 

the sample absorbed a total energy of 1 mJ. The confinement of the focal point is formed as the beam 

propagates away from the heated region. Accordingly, the signal to background (SBR) value increases as 

the tighter focal point is formed (figure 2c). Figure 2d shows the focal spot size as a function of increasing 

energy absorption of the auxiliary beam (and thus heating); the spot size is normalized to the diffraction 

limit of the optical system (dashed line). The experimental data initially follow the expected power law of 

~𝑡−1 as shown by the fit (red line) but slightly deviate from the expected value at 𝜔(∞). This deviation 



arises from assumptions made to enable the analytical solution of the heat equation and obtain the closed-

form expression in Eq. (2), such as an infinite medium model and a parabolic heat profile.  
 

 

Fig. 2: (a) Experimental setup: Laser (La), Lens (L), Beam Shutter (BS), Function generator (FG), Phase Plate (PP), 

Dichroic mirror (DM), Sample (S), Filter (BF), Camera (C). (b) Experimental focal spot size at different axial 

distances from the vortex heat profile (absorbed energy = 1 mJ). (c) SBR values at different axial distances from the 

vortex heat profile. (d) Focal spot size normalized to the system diffraction limit at increasing energy absorption values 

(black dots) and a theoretical fit (red line).  

Thus, we have performed a proof-of-principle experiment to demonstrate focusing of light beyond the 

limits of a given optical system without external optical elements or labels using modulation of refractive 

index within the target material itself. Other strategies to modulate the refractive index of materials to steer 

optical beam propagation have been previously demonstrated either using high-energy lasers to induce a 

non-linear effect,17 or employing acoustic waves to induce a pressure gradient.18, 19 These approaches would 

not work for our intended application because of too much energy required or of intrinsic limited spatial 

resolution, respectively. Thermal lensing effects have been known, but so far they have been primarily used 

to quantify absorption properties;20-22 some theoretical studies have discussed the feasibility of generating 

sub-diffraction signatures for optical writing.23 Recently, it has been proposed that detected thermal 

radiation generated by an absorbed focal point can provide sub-diffraction information due to the non-linear 

nature of blackbody radiation.24 Here is the first experimental demonstration of focusing and imaging 

beyond the diffraction limit of a given optical system obtained by detecting the optical radiation modulated 

by the thermally-induced index gradient. 

It is important to discuss the potential of this physical phenomenon to go beyond the focusing limits of 

currently available high-index immersion objectives. To do so, the heat profile radius needs to be scaled 



down to 𝜔0 < 1 𝜇𝑚, which poses two difficulties: 1. Light absorption needs to occur within the Rayleigh 

range of the focused vortex (< 2 𝜇𝑚), hence, a material/wavelength combination resulting in high 

absorption is needed. 2. When such a small spatial scale is considered, the stability of the heat profile can 

become difficult to maintain because of heat diffusion. However, pulsed laser sources of high intensity, and 

potentially samples with low heat conductivity, can counter these issues by operating in the regime of 

thermal confinement with much reduced diffusion. It is also possible to use the shorter wavelength as the 

heat generator and longer wavelength as the probe beam which may allow more efficient heat generation 

using for instance plasmonic nanoparticles. Yet, one needs to consider the greater susceptibility of shorter 

wavelengths to scattering as well as the efficiency and availability of materials which can operate using 

higher wavelengths as probes for photochemical effects or fluorescence microscopy. 

A second practical consideration to make, especially for biological applications, is the potential for thermal 

damage given that the lens sculpting is based on absorption. A common metric to assess tissue damage is 

the cumulative equivalent minutes at 430 (CEM43)
25 which for temperature higher than 43 degrees is given 

by: 

𝐶𝐸𝑀43 = ∆𝑡 ∙ 0.543−𝑇        (4) 

where ∆𝑡 is the exposure time and 𝑇 is the temperature reached by the sample. Damage thresholds vary 

between tissue types and species, however,  𝐶𝐸𝑀43 values between 0-20 minutes typically indicate minor 

and/or reversible effects. Setting 𝐶𝐸𝑀43 = 1 and considering a short exposure time which can be provided 

by a ultrafast pulsed laser (e.g. ∆𝑡 = 100 𝑓𝑠𝑒𝑐), a temperature of up to 860 C (3590 K) is still under the 

threshold damage. To estimate the heat profile and the corresponding refractive index map in our 

experimental setup we performed a heat diffusion simulation of the process. The heat profile across the 

heated region and the refractive index map are shown in Figure 3a-b, respectively (the simulation 

parameters, geometry and boundary conditions are described in the supplementary file). The threshold 

damage temperature of 860 C is reached after absorption of more than 0.3 mJ (see Figure 3a), at which we 

still measured a nearly optimal focus (see Figure 2d). 

 

Fig. 3: (a) Simulated heat profile of a cross-section of the ring for different energy absorption values. (b) 

Corresponding refractive index maps. 

 

CONCLUSIONS 

As a result, we have demonstrated a method to sculpt transient microlenses within samples and obtain sub-

diffraction focusing without any additional optical element or exogenous label. Our method is compatible 

with nearly any imaging or focusing optical configuration and thus we expect that it can be broadly adopted 

in many applications by using ultrafast lasers. 
 



METHODS 

Sample preparation: To enhance the absorption at our available wavelength of 1064 nm we fabricated a 

custom absorbing chamber and placed it before the object. As an absorbing material we used a dilution of 

1 % of an absorbing dye (QCR Solution Corp, NIR1054B) in water. This process is needed when 

absorption is not sufficient due to lack of laser intensity or a mismatch between the material absorption and 

the operating wavelength.   

Imaging process: The object was placed behind the absorbing chamber at a plane where the vertically 

induced focal point is obtained. A two-dimensional motorized scanning stage was used for lateral scanning, 

and a sCMOS camera (Andor Zyla 4.2) was placed behind the object to collect the transmitted light. The 

stage was synchronized with the camera and an optical chopper to ensure that the camera will capture the 

intensity generated by a single transient optical pulse at every location of the object. The intensity of the 

final image for each pixel was determined by the integration over a selected surface of the camera.  

Simulation parameters: The simulation was performed using the heat diffusion model of COMSOL; a ring 

shaped profile with a 30 𝜇𝑚 radius and 30 𝜇𝑚 thickness was assumed to absorb 0.075 W of power, the 

dimensions were set to match our experimental conditions. Boundary conditions were set to room 

temperature far away from the heated region, and the varying heat profile was modeled at time intervals of 

0.1 ms. 
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Figure. 1: (a) Schematics of the vortex-assisted focusing. (b) Experimental comparison between the 

diffraction-limited spot and the one obtained via vortex assisted focusing (Scale Bar, =30 µm). (c) Scanning 

microscopy image of USAF resolution chart with (left) and without (right) the vortex plate (scale bar = 30 



µm). Image resolution is enhanced as can be quantitatively seen from the line plot of the marked region 

(bottom). 

 

Figure 2: 

 

Figure. 2: (a) Experimental setup: Laser (La), Lens (L), Beam Shutter (BS), Function generator (FG), Phase 

Plate (PP), Dichroic mirror (DM), Sample (S), Filter (BF), Camera (C). (b) Experimental focal spot size at 

different axial distances from the vortex heat profile (absorbed energy = 1 mJ). (c) SBR values at different 

axial distances from the vortex heat profile. (d) Focal spot size normalized to the system diffraction limit 

at increasing energy absorption values (black dots) and a theoretical fit (red line). 

 

Figure 3: 

  

Figure. 3: (a) Simulated heat profile of a cross-section of the ring for different energy absorption values. 

(b) Corresponding refractive index maps. 


