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I. DFT calculation 

In this section, we show by Density Functional Theory (DFT) calculations that the characteristic 

Raman peak used in this work (1070 cm-1) is significantly enhanced by the binding of the 4-

Aminothiophenol (4-ATP) molecule to the Au surface. All geometry optimizations, including the cases 

of isolated 4-ATP (Figure S1a) and 4-ATP attached to the Au surface in 3 different possible 

orientations (Figure. S1b-S1d), were done using DFT as implemented in GPAW code1,2 with ASE3 

interface. For this purpose, the optB88-vdW functional4 is employed in a real-space grid.  

The Au slab is represented by a 4×4×3 fcc(111) surface, resulting in 3 layers of 16 Au atoms with two-

dimensional periodic boundary conditions (x and y directions). 4-ATP molecules bind strongly to the 

Au surface through the Au-S bond. To reduce the computational cost of the geometry optimizations, 

the second and third layer of the Au slab were fixed, and only the geometry of the molecule and Au 

atoms in the first layer were optimized. 

We simulated 3 representative orientations of the 4-ATP molecule with respect to the surface. The first 

orientation is shown in the inset of Figure S1b, where the molecule binds to the surface through the S 

atom, and the plane of the phenyl ring is perpendicular to the Au surface. We call this configuration 

“structure 1”. The second orientation is shown in the inset of Figure S1c, where the molecule binds to 

the surface through the S and H atom. The plane of the phenyl ring is still perpendicular to the Au 

surface. This configuration is called “structure 2”. The third orientation is a “flat-lying” configuration 

as shown in the insets of Figure S1d. In this configuration, the phenyl ring is parallel to the gold surface. 

Therefore, the molecule binds to the surface through the interaction of the gold surface with the S atom 

and with the π orbitals of the phenyl ring. We call this configuration “structure 3”.  

To obtain the Raman spectra, the vibrational frequencies were calculated using DFT employing the 

CAM-B3LYP5 functional and def2-tzvp basis set using Gaussian 09.6 The frequencies were scaled by 

a factor of 0.95 to correct for the lack of anharmonicity and the approximate treatment of electron 

correlation.7 All vibrational frequency calculations were performed including D3 dispersion correction 

with Becke-Johnson damping.8 Figure S1a shows the calculated Raman spectrum of an isolated 4-ATP 

molecule. Figures S1b to S1d show the calculated spectra of the corresponding configuration shown in 

their insets. By comparing Figure S1a with Figure. S1b and S1c, it is clear that the characteristic Raman 

peak at 1070 cm-1, which stems from the vibration of the phenyl ring is significantly enhanced by 
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binding of the 4-ATP molecule to the Au surface. By comparing Figure. S1b and S1c with S1d, it is 

further obvious that 4-ATP molecules with a perpendicular orientation with respect to the Au surface 

(structure 1 and structure 2) show an approximately three orders of magnitude stronger Raman signal 

at 1070 cm-1 than that of a flat-lying molecule (structure 3). Figure S1e compares the Raman spectra 

shown in Figure. S1a to S1d. Apparently, attaching the 4-ATP to the gold surface greatly enhances the 

1070 cm-1 Raman peak, standing out from the background. Therefore, this peak has been chosen as a 

targeted peak in our SECARS experiment. 

 

 

Figure S1. (a) Calculated Raman 

spectrum of an isolated 4-ATP 

molecule. (b) Calculated Raman 

spectrum of “structure 1” configuration 

in the inset. (c) Raman spectrum of 

“structure 2” configuration in the inset. 

(d) Raman spectrum of “structure 3” 

configuration in the inset. Legends in 

(a) to (d) indicate the different 

components of the polarizability tensor 

, where the coordinate system is such 

defined that the z-direction points 

normal to the gold surface. (e) The 

1070 cm-1 peak of isolated 4-ATP and 

4-ATP attached to the Au surface in 

different orientations. 
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II. Experimental setup 

 

Figure S2. (a) The setup for SERS mapping. P: polarizer, 4/: quarter wave-plate, ND: neutral density filter, M: mirror, 

DM: dichroic mirror, FM: flip mirror. (b) The setup for SECARS intensity mapping. P: polarizer, BC: Berek compensator, 

ND: neutral density filter, M: mirror, DM: dichroic mirror, BS: 50/50 beam splitter, FM: flip mirror, PH: pinhole. 

 

III. Video of SERS image evolution 

“video for PDG-SERS.mp4” 

The movie shows the evolution of the SEF/SERS map as the Stokes shift is scanned from 400 to 

2650 cm-1, corresponding to the spectrum and images shown in Figures 3d and 3e, respectively, in 

the main text. 
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IV. FDTD simulations 

a. Enhancement in the input beams (pump and Stokes) 

Planewave source was used to illuminate onto the structure with incident angle increasing from 0 to 

23.6, corresponding to the allowed angle provided by a NA 0.4 objective. The grating period was 

scanned from 300 to 1100 nm, three point-monitors were placed at three representative positions, which 

are 5 nm above the structure surface, as shown in Figure S3a. The electric field (E2) intensity recorded 

by the point monitors was then divided by E0
2 to obtain the enhancement factor. The E0

2 is the electric 

field recorded by a point monitor placed 5 nm above a flat Au surface. The enhancement factors at the 

three locations were then used to calculate the averaged enhancement factor for the molecular 

monolayer covering the surface of the grating. The averaged enhancement factor is calculated area 

using the formula (
𝐸2

𝐸0
2)average=

1

2
(
𝐸1
2

𝐸0
2+

𝐸3
2

𝐸0
2)∗𝑔𝑟𝑜𝑜𝑣𝑒 𝑎𝑟𝑒𝑎+

1

2
(
𝐸1
2

𝐸0
2+

𝐸2
2

𝐸0
2)∗𝑓𝑙𝑎𝑡 𝑎𝑟𝑒𝑎

𝑔𝑟𝑜𝑜𝑣𝑒 𝑎𝑟𝑒𝑎+𝑓𝑙𝑎𝑡 𝑎𝑟𝑒𝑎
. 

Taking the dimensions of the structure estimated according to the SEM image (bottom panel of 

Figure S3a), the formula becomes (
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The averaged enhancement was replotted versus the azimuthal angle and incident angle for the pump 

and Stokes beams in Figure. S3b and S3c, respectively. The enhancement factor at a specific 

azimuthal angle is obtained by averaging the enhancement factor of all possible incident angles. This 

results in the angle profiles for pump and Stokes shown in Figure 4(c) in the main text.  

 
Figure S3. (a) Top panel: the grating structure used in the FDTD simulations. The three point-monitors were placed 5 nm 

above the gold surface at the positions marked by red crosses with a number. Bottom panel: the cross-sectional TEM 

image of the real structure. The gap width and depth are estimated to be around 70 nm and 140 nm, respectively. (b) and 

(c): The averaged enhancement factor for the pump and Stokes beam at 955 nm and 1064 nm, respectively, on the 2D 

plane of the incident and azimuthal angle. Scale bar = 500 nm. 
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b. Enhancement in the output beam (anti-Stokes) 

A dipole source was placed 5 nm above the structure at three different locations (Figure S4a). The 

polarization of the dipole source is in-plane along the x-axis, i.e., perpendicular to the grating grooves. 

A line monitor was placed 20 nm above the upper surface of the structure. The grating period was 

scanned from 300 to 1100 nm. The far-field projection of the electric field intensity recorded at 867 

nm (anti-Stokes) by the line monitor allows for the calculation of the emission power as a function of 

the emitting angle. The azimuthal and emission angle-dependent electric field intensity with a single 

dipole source placed at three representative positions is shown in Figure S4b. The collectible emitted 

electric field intensity (E2) at a specific azimuthal angle (i.e. a specific grating periodicity) is obtained 

by summing up the electric field intensity for all allowed emission angles defined by the numerical 

aperture of the objective (NA = 0.4), i.e., the angle between ± 23.6˚. Enhancement E2/E0
2 was calculated 

by dividing the E2 with E0
2, where E0

2 is the emitted power obtained with a dipole source on a flat gold 

surface. The area-averaged enhancement factor was calculated in a way similar to the calculation for 

the enhancement in the input beams. The area-averaged enhancement plotted versus the azimuthal and 

emission angle is shown in Figure S4b. The enhancement factor at a specific azimuthal angle is 

obtained by summing up the enhancement factor for all allowed emission angles within the numerical 

aperture of the objective (NA = 0.4), i.e., all angles between ± 23.6˚. This produces the enhancement 

angle profiles for the anti-Stokes beam shown in Figure 4(c) in the main text. 

 

Figure S4. (a) The grating 

structure for simulating the 

output enhancement of the anti-

Stokes beam (867 nm). Three 

double arrows indicate the three 

representative positions and 

orientation of a single dipole 

source on the grating. A line 

monitor (magenta line) was 

placed 20 nm above the upper 

surface of the structure to record 

the emission power from the 

dipole source. (b) The azimuthal 

angle and emission angle-

dependent electric field 

intensity distribution for anti-

Stokes output at 867 nm with 

the dipole placed at point 2. 
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V. Pixel-to-azimuthal angle conversion  

To directly compare the angle distribution of the experimental SECARS intensity with the simulated 

enhancement, the coordinate of each intensity pixel in the intensity map (Figure 4a in the main text) 

was transformed into the azimuthal angle (ϕ) with respect to the center of the PDG, i.e., the position 

of the smallest ring with a zero radius (x0, y0) using φ = actan
|𝑦𝑛−𝑦0|

|𝑥𝑛−𝑥0|
. Figure S5 illustrates the pixel-

to-azimuthal angle conversion. 

The calculated azimuthal angle for each pixel was rounded to the nearest integer of one degree. 

Intensities of all pixels within the bandwidth of one degree were summed up and divided by the pixel 

number to obtain the averaged intensity, as shown by the red trace in Figure 4d in the main text. 

 

 

Figure S5. Schematic illustration 

of the pixel-to-azimuthal angle 

conversion. For the clarity of 

illustration, the size of pixels has 

been enlarged.  
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