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Design of the air bearing surface (ABS)
	The simulation of the ABS design was carried out using the in-house developed simulator. Fig. S1 shows the model of the different states of the plasmonic flying head (PFH) system and its corresponding dynamic model in the simulator. The six degrees of freedom (DOFs) model divides the suspension into three parts, namely, the tab, local suspension, and main suspension; and the acting force between these parts is simplified by the spring and damping. The interaction between the suspension and head consists of three parts: the dimple/head contact force, gimbal force/moments, and limiter contact force, when the dimple separation is larger than the limiter gap. The head has three DOFs with corresponding posture parameters of near-field gap, pitch angle, and roll angle. The aerodynamics force, head/substrate contact force, and intermolecular force act on the head/substrate interface (HSI). The details of how to calculate the model can be found in our previous work [1]. The key of the passive flight of the PFH is the aerodynamics force which can be calculated by the rarefied gas Reynolds equation,
[bookmark: OLE_LINK25][bookmark: OLE_LINK26][bookmark: OLE_LINK27][bookmark: OLE_LINK28][bookmark: OLE_LINK124][bookmark: OLE_LINK125]		(S1)
where is dimensionless pressure ;  and are the air bearing pressure and ambient pressure, respectively;  is the dimensionless air bearing thickness; is the bearing number defined as, is the ambient gas viscosity; is the dimensionless gas velocity,  is dimensionless length of the head,  is reference thickness of the air bearing;  is the squeeze number defined as ,  is the angular velocity;  is dimensionless time; and  is a modification coefficient to account for gaseous rarefaction effects with Fukui and Kaneko’s model [2].
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Fig. S1. Schematic of the PFH system. (a) Suspension in the unloaded state, (b) dynamic motions of the head during flying with the suspension in the loaded state, and (c) load/unload process.

[bookmark: OLE_LINK197][bookmark: OLE_LINK198]	The suspension used in the subsequent experiments is a commercial one provide by SAE Magnetics (HK) Ltd.. Therefore, the suspension parameters in the simulation are also based on parameters from the actual cantilever, as shown in Table S1.

Table S1
System given parameters.
	Given parameter
	Value

	Preload (gf)
	2

	Suspension Stiffness (N·m−1)
	23.5

	Pitch stiffness ((N·m) ·rad−1)
	0.60 × 10−6

	Roll stiffness ((N·m) ·rad−1)
	0.66 × 10−6

	Pitch static angle ()
	1.75

	Radius (mm)
	18

	Rotating speed (revolutions per minute)
	5400


[bookmark: OLE_LINK3][bookmark: OLE_LINK4]gf: gram-force ; rad: microradian.

As Fig. S2 shown, according to the previous research conclusions of ABS and the design goals of the system, the basic ABS topography is designed. The topography has four different depths, which are expressed in different colors. The uppermost layer has an etching depth of 0. The remaining etching depths are D1, D2, and D3, respectively. ABS is divided into different areas, each of which has a specific function. The front bar prevents entry of particulate matter or other contaminants and assists the negative pressure zone to form a negative pressure. The purpose of the front and rear pressurization pads is to help the front pad and the rear pad forms a higher positive pressure. The front negative pressure zone provides a negative pressure at the front end to reduce the pitch angle and improve the parallelism. The front pad is to realize a large positive pressure zone of the front portion to achieve a positive pitch angle. The side bar helps to create a negative pressure in the negative pressure zone. The side pads are designed to provide a positive pressure in the direction of the roll and increase the stiffness in the roll direction. The rear negative pressure zone is for forming a large negative pressure zone at the rear portion, increasing the overall stiffness while moving the entire negative pressure center toward the rear end, which contributes to the load/unload performance. The rear pad is the area with the largest positive pressure in order to achieve a stable flying height while providing an area for processing the surface plasmonic lens (PL). The rear bar is intended to prevent backflow into the rear negative pressure zone and entry of contamination.
[image: ]
Fig. S2. Design of basic topography of the ABS.

In order to achieve the design goal, different etch depths are first designed without changing the basic topography. D1, D2, and D3 are fixed at [0, 0.9 ] , [0.8, 2] ,  and [3, 4] and D1 < D2 < D3. The optimization goal is that the flying height is around 15 nm, and the pitch angle is less than 100 microradian (μrad) Fig. S3 shows the static analysis results. As can be seen from Figs. S3(a) and (b), the flying height and pitch angle are sensitive to the etching depth D1. As D1 increases, the flying height and the elevation angle both increase first and then decrease. Fig. S3(c) shows the pressure distribution during stable flight with three different D1 values. It can be seen that when D1 is small, the pressurization effect of the pressurization pads are obvious, which can effectively improve the stiffness of the flying head. To achieve the design goals, D1 should be selected within a range of less than 0.1  or greater than 0.7. It can be seen from Figs. S3(d) and (e) that the flying height increases first and then decreases with the increase of D2 , while the pitch angle increases monotonously, but the variation is small. It can be seen from pressure distribution in Fig. S3(f) that as the D2 increases, the pressure distribution changes less, but the highest pressure changes from 8.58 to 5.54, indicating that the stiffness becomes smaller. To achieve the design goals, the choice of D2 should be based on the selection of D1 to adjust the flying height and pitch angle, and the stiffness of ABS should be considered. As can be seen from Fig. S3(g), h, the flying height and pitch angle change little with D3. It can be seen that as D3 increases, the maximum pressure decreases from 7.70 to 7.54, and the pressure distribution changes less. Therefore, the choice of D3 can be selected according to the choice of D1 and D2. 
[image: ]
Fig. S3. Static analysis of the PFH. The effect of the D1 on the (a) static FH, (b) pitch angle, and (c) pressure distribution. The effect of the D2 on the (d) static FH, (e) pitch angle, and (f) pressure distribution. The effect of the D3 on the (g) static FH, (h) pitch angle, and (i) pressure distribution. 

Then, in order to evaluate the flying height uniformity of PFH over the entire radius of the substrate, the steady-state flying height of the different points is calculated, and the following parameters are constructed as the flying height average difference: 
	 	(S2)
where  is the steady-state flying height at different radii,  is the average value of flying height at different radii, n is the number of points taken within the radius. Fig. 2(c) and Figs. S4(a) and(b) show the effect of each depth on the uniformity of flying height. When studying one of the depths, the other etch depths are set to D1=0.1 , D2=1.4 , and D3=4 . The change of D2 keeps the flying height uniformity within 2 nm as shown in Fig. S4(a). It can be seen from Fig. S4(b) that as the D3 increases, the flying height uniformity becomes better.
[image: ]
Fig. S4. Flying height uniformity analysis. (a) The effect of the D2 and (b) the effect of the D3 on flying height uniformity.  

	The film stiffness is an important parameter to evaluate the flight stability of the flying head. The larger the value, the better the impact resistance of the flying head. The air film stiffness of the commercial head is generally 106 N·m−1 or more. The stiffness matrix of the flying head is defined by

[bookmark: OLE_LINK1][bookmark: OLE_LINK2]		(S3)




[bookmark: OLE_LINK579][bookmark: OLE_LINK580]where  are static stiffness for all directions. ,, andare the forces and moments caused by aerodynamics force in the HSI, respectively. Pitchand roll are the pitch and roll angles of the PFH, respectively. Fig. S5 shows the effect of the depths on the stiffness at Z-direction and the relative pressure difference. 
 [image: ]
Fig. S5. Stiffness analysis. (a) The effect of the D2 and (b) the effect of the D3 on stiffness.

[bookmark: OLE_LINK200][bookmark: OLE_LINK201][bookmark: OLE_LINK202]The load/unload process is complicated. In addition to the design of the ABS surface, the angle of the ramp, the speed of the load/unload, and the rotation speed of the disk may affect the load/unload process. Here, the ABS effect is analyzed. There will be a lift-off process during the unload process, and there will be a corresponding lift-off force. The smaller the lift-off force, the easier the unload process. Here, the load/unload performances of four different topologies, self 1, self 2, self 3, and self 4, as shown in Table S2 are analyzed. In order to better observe the influence of ABS, the limiter is removed in the simulation. Whether the contact with the substrate is the basis for determining whether the load/unload is successful or not. The etching depth in the simulation are D1= 0.05 , D2= 1.4 , and D3= 4 . Table S2 lists the load/unload conditions and the lift-off force of the topographies. The difference between the four topographies is whether there are front and rear bars.

Table S2 
The effect of the topography on the load/unload performance.
	Topologies
	[image: F:\科研工作\abs参数\abs设计\self1\self1.png]
Self 1
	[image: F:\科研工作\abs参数\abs设计\self2\self2.png]
Self 2
	[bookmark: OLE_LINK145][bookmark: OLE_LINK146][bookmark: OLE_LINK149][bookmark: OLE_LINK150][image: F:\科研工作\abs参数\abs设计\self4\self4.png]
Self 3
	[image: F:\科研工作\abs参数\abs设计\self3\self3.png]
Self 4

	Load 
	Failure
	Failure
	Successful
	Successful

	Unload (without limiter)
	Failure
	
[bookmark: OLE_LINK94][bookmark: OLE_LINK95]Successful
	
[bookmark: OLE_LINK96][bookmark: OLE_LINK97]Successful 
	Successful 


[image: ] 
Fig. S6. Analysis of (a) self 1, (b) self 2, (c) self 3, and (d) self 4 during load process.
Fig. S6 shows the changes in minimum flying height (MFH) and pitch angle during load with different topographies. It can be seen that the pitch angle changes from positive to negative during the load process. It indicates that the PFH has flipped during the load process and the contact occurred at the front end rather than the rear end. By analyzing the pressure distribution of the ABS before the contact, the rear bar has a large positive pressure during the preload period due to the small etching depth, so a large pitch moment is formed. And a large negative pressure zone at the front end will further increases the pitch moment. Therefore, self 1 has been flipped and the load failed. Although the front bar is canceled in self 2, the large positive pressure of the back bar still causes the flip. The backend bar is canceled in self 3, and the load is successful, indicating that the rear bar’s impact is even greater than the front bar. Self 4 cancels both the front and rear bars, the load process is very smooth, and there is no negative pitch angle.
 [image: ]
Fig. S7. Analysis of (a) self 1, (b) self 2, (c) self 3, and (d) self 4 during unload process.

Fig.S7 shows the changes in bearing force and pitch angle during unload of four different topologies. The pitch angle changes from a positive value to a negative value of self 1, indicating that the flying head also flips and the front end contacts with the substrate during the unload process. It can be found that a large positive pressure is generated at the rear bar, which will generate a large pitch moment during the unload process. In the unload process of self 2, the process of lowering the pitch angle can also be seen, but since there is no front bar, it can be seen through the pressure distribution that the negative pressure zone of the front end disappears, making the unload successful. The rear bar is canceled in self 3, so the pitch angle is not reduced, so there is no risk of flipping. But the negative pressure zone caused by the presence of the front bar makes the lift off force larger than self 2 and the unload time is longer. The unload process of self 4 is very smooth, the lift off force is basically zero, and the unload time is very short.
2. PFH fabrication mask design
[image: ]
Fig. S8. PFH fabrication mask design.
	
3. PFH assembly
 [image: ]
Fig. S9. PFH assembly. (a) Schematic of the setup; (b) picture of the setup; (c) alignment of upper and lower charge-coupled device (CCD); (d) alignment of the flying head and the dimple.

[bookmark: OLE_LINK5]As Figs. S9(a) and (b) shown, an in-house developed dual-charge-coupled device (CCD) system was used to assemble the slider on the commercial suspension. Figs. S9(c) and (d) show the upper and lower CCD alignment calibration process and suspension/slider alignment process. During assembly, the dimple on suspension should coincide to the geometric center of the slider with the alignment of the upper and lower CCDs, because the suspension exerts only longitudinal forces on the slider without pitch or roll moments. Here the ultraviolet (UV) curable adhesive was used to bond the flying head slider to the cantilever.
4. PL design
 [image: ]
Fig. S10. Metasurface-based PL design. (a) The single slit; (b) electric field distribution; (c) wavefront of the single slit; (d) the slit row with an angle; (e) electric field distribution; and (f) wavefront of the slit row.



For single slit in Fig. S10(a), the solution of the surface plasmonic plariton (SPP) propagation of the metal (, z < 0) and the dielectric (, z > 0) interface in the X–Y plane extending in the X direction can be written as: 

		（S4）



where X, Z, and t are the coordinates and time, respecitvely. is the angular frequency. is the amplitude of the SPP.  is the propagation constant of the SPP, which can be expressed by the dispersion relation of the interface. For lossy materials, it can be further written in the plural form:

		（S5）




where   is the wavenumber of the SPP,  is the attenuation constant,  is speed of light.  is the wavenumber component of the SPP in the Z-axis direction. 

		（S6）

 is the wave vector unit:

		（S7）


where  represents propagates in the positive direction of X, and  represents the propagation in the negative direction of X. 
As shown in Figs. S10(b) and (c), SPP excited by a single slit cell incident on a linearly polarized light perpendicular to its long axis direction can be regarded as a spherical wave. If a single slit is arranged in a row at an angle, as shown in Figs. S10(d)–(f), a plane wave can be formed by superposition of wavefront under excitation of linearly polarized light. The phase and amplitude of the plane wave can be realized by adjusting the single slit.





As shown in Fig. 3(b) in main text, assume that the two slit column spacing arexg. When the incident light is incident perpendicularly, the two slit columns couple the components of the incident field into SPP, the amplitude of which is proportional to the incident light intensity, and the coupling efficiency can be written as . The incident field is , and the incident field is  and  in the normal direction of the slit, respectively. Since the polarization state of the incident light may be linearly polarized or circularly polarized, there is a phase difference between the two field components. According to this, the SPPs wave of the first slit column can be expressed: 

		（S8）
Then the second slit column SPP wave is:

		（S9）
So we can get the composite field that propagates to the right and left:

		（S10）

		（S11）
At the same time, the average field strength of SPP propagation can be calculated:

	

		（S12）



To simplify the problem, assume  and , so . We can get 

	       	    （S13）



where is the ratio of and . 



According to the principle of light wave superposition, and ignoring the loss of SPPs propagating in the range of xg , the phase at  x = xg  of  and the phase at of  can be obtained 

		（S14）

		（S15）


If  or , it can be further simplified 

		（S16）

		（S17）


If ，we can get 。




Because ，Therefore, the relationship between the linear polarization direction  and the angle  is , and finally the relationship between the phase of the left and right SPP and the polarization direction is as follows: 


	，	（S18）


Moreover, , are independent of the polarization direction, indicating that polarized light of any polarization direction can be excited to the left and right SPPs of the same energy, so that the previous design goals can be achieved. 
5. Inorganic photoresist development test
 [image: ]
Fig. S11. Photoresist developing test results. (a), (b), (c) The scanning lines lithography with different scanning speed in process of pre-developing, developing 30 s, and developing 60 s. erspectively. (d), (e), (f) The dots lithography in process of pre-developing, developing 30 s, and developing 60 s, respectively. (g), (h), (i) The profiles of the line with a scanning speed of 0.01 mm·s−1 in process of pre-developing, developing 30 s, and developing 60 s, respectively.

The lithography principle here takes advantage of the difference in corrosion velocity between the phase change and non-phase change regions. However, the phase change is not completely abrupt, so the corrosion velocity is also related to the temperature distribution. For a clearer representation, we studied the lithography results after exposure and thirty and sixty seconds after development as shown in Fig. S11. It can be seen that before development, due to the higher laser power, when the line array is processed at a smaller speed or when the dot array is exposed for a longer time, it will cause ablation of the photoresist surface shown from the color difference. The white light interferometer test in Fig. S11 shows an ablation area of a line width of 70  and a depth of only 5 nm for a 0.1 mm·s−1 exposure speed. But for fast exposure speeds such as 12.5 mm·s−1, no color change in the photoresist is visible indicating no ablation. After 30 s development, the existing lines become wider and the dot area becomes larger as show in Figs. S11 (b) and (e), which is due to corrosion of phase change regions. The width of line with a speed of 0.01 mm·s−1 was increased to 95  and the depth to 23 nm (Fig. S11 (h)). And the line with a speed of 12.5 mm·s−1 is also visible, which indicates that the temperature has reached the phase transition temperature even though there is no ablation. When the development continued to 60 s. The line width changes are less and the 12.5 mm·s−1 line is no longer obvious, indicating excessively long development can lead to etching of non-exposed areas. Therefore, in the subsequent nanofabrication experiments, the development time was set to 30 s. 
6. Increase the lithography aspect ratio with metal-insulator-metal scheme
 [image: ]
Fig. S12. Increase the lithography aspect ratio with metal-insulator-metal scheme. (a) Structure of the scheme. The influence of the (b) upper silver thickness, (c) photoresist thicknes, and (d) lower silver thickness on the aspect ratio.

Fig. S12(a) shows the aspect ratio and maximum focus size as a function of the thickness of the upper layer of silver film and the distribution of light intensity in the photoresist. The upper limit of the intensity map is the maximum intensity in the photoresist. It can be seen that when the thickness of the upper layer of silver film is about 10–20 nm, the values ​​of aspect ratio and focus size are ideal. This value is equivalent to the skin depth of SPPs at air/silver interface in Ag. If the thickness is too small, the etched profile is larger in size in the middle of the photoresist. If the thickness is too large, no coupled SPPs are formed in the silver layer, the overall field enhancement in the photoresist is reduced. Fig. S12(b) shows the results for different photoresist thicknesses. First, the focus size increases substantially monotonically with the thickness of the photoresist. When the thickness of the photoresist is large, the SPPs of the upper and lower silver films are not well coupled, so that the etching depth and the aspect ratio are reduced. Therefore, the maximum photoresist thickness that can be etched by the multilayer structure is approximately 50 nm. Fig. S12(c) shows the results of the lower silver layer. The purpose of the lower silver layer is to act as a reflective layer. When the thickness is small, it does not form a good reflection, so that the SPPs are transmitted through the silver film. When the silver film is 40 nm, the reflection and transmission are more suitable, which makes the etching profile slenderer, and the depth and width are ideal. When the silver film is larger than 60 nm, the etching profile is basically no change.
7. Scheme of arbitrary nanostructures processing
 [image: ]
Fig. S13. Principle of patterning in near-field lithography system. (a) Schematic of processing position and (b) processing code of  “SKLT.”

Although our system is rotary processing, it actually has the potential to realize the processing of arbitrary nano-patterns. The schematic diagram of the patterning processing scheme is shown in Fig. S13. Assuming that point A is the position of the point to be processed, one needs to obtain the radial coordinates and the circumferential coordinates of point A at the same time. Using the position signal, the designed pattern is encoded to control the electro-optic modulator and realize the "switch" of the laser and the processing of the pattern. As shown on the right, "SKLT" is encoded by a matrix of 0 and 1, where 0 means laser off and 1 means laser on. In the lithography process, the flying head scans in the radial range using the high-precision translation stage and the disk is rotated in the circumferential direction. The laser is controlled by the code to "switch," and the pattern is processed through the exposure of each position. This is similar to the principle of head seek in hard drives. 
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