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Abstracts 

The near field gradient effects in high vacuum tip-enhanced Raman spectroscopy 

(HV-TERS) is a latest developing ultra-sensitive optical and spectral analysis technology 

in nanoscale, based on the plasmons and plasmonic gradient enhancement in near field 

and in high vacuum. Using HV-TERS, it can not only be used to detect ultra-sensitive 

Raman spectra by surface plasmon enhancement, but also to detect clear molecular 

IR-active modes by strongly enhanced plasmonic gradient. Furthermore, the molecular 

overtone modes and combinational modes can also been experimentally measured, where 

the Fermi resonance and Darling-Dennison resonance were successfully observed in 

HV-TERS. Theoretical calculations using electromagnetic field theory firmly supported 

experimental observation. The intensity ratio of plasmon gradient term over linear 

plasmon term can reach up to larger than 1. Theoretical calculations also revealed that 

with the increase of gap distance between tip and substrate, the decrease of plasmon 

gradient is significantly quickly than the decrease of plasmon intensity, which is the 

reason that the gradient Raman can be only observed in near field. Recent experimental 

results about near field gradient effects on HV-TERS were summarized, following the 

section of the theoretical analysis. 
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I. Introduction  

Tip-enhanced Raman spectroscopy (TERS), combining of Raman spectroscopy and 

scanning probe microscopy techniques, has been one of promising ultrasensitive spectral 

analysis technology in the nano science and technology, because of high-sensitivity and 

high spatial-resolution beyond the diffraction limit of light.
1-46

 The use of high vacuum 

(HV) is mandatory for the spectral measurements that molecules are sensitive to ambient 

conditions.
2-4, 8-11, 21, 22, 37, 38, 45, 46

 The scanning tunneling microscopy (STM) based 

HV-TERS can provide atomic-resolution STM imaging and structural elucidation of 

adsorbed specimens on clean, single-crystal surfaces at low temperature, or localized 

spectroscopic information of surface-catalyzed reactions
21, 33, 47 

There are several 

excellent review papers on TERS.
1, 7, 23, 24, 31, 32, 42, 43

 In the latest development of 

home-made HV-STM-TERS, the object (50×, NA = 0.5) is put into the HV chamber and 

near the tip/substrate about 10.5 mm (see Scheme one),
 30, 37

 so that the efficiency of 

collecting Raman signals can be significantly improved to simultaneously measure 

Stokes and anti-Stokes HV-TER spectra. Furthermore, the temperature near the nano gap 

between tip and substrate can be in situ obtained, combining the measured Stokes and 

anti-Stokes HV-TER spectra.
 37

 
 

The plasmon gradient effect was firstly investigated by Ayars and Hallen in 2000,
48, 

49
 however, it is still a largely unexplored territory in TERS before the year of 2013, 

while it is a very important issue and urgent being physically understood. Thanks to 

TERS, which is mainly applied in combination with linear optical processes in Raman, 

the near field gradient effects are becoming a blossoming topic since the year of 2013, 

because not only the molecular IR-active modes can be observed, but also the 

higher-order Raman, such as overtone modes or the combinational modes, can also be 

observed experimentally.
3, 4, 10, 45, 46 

These investigations can reveal the significant 

difference between near field Raman and far field Raman. The more vibrational 

information provides, the more convincing evidence can be obtained for chemical 

analysis on the nanoscale. Physical understanding of the contributions of near field 

gradient effect on TERS is mandatory.  

The Hamiltonian for Raman spectra of a molecule in an inhomogeneous 
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electromagnetic field can be written as, 
50, 51

 

L+
∂

∂









∂

∂
++









∂

∂
+=

++=

r

E

r

E
CEE

r

E
E

HHHH

αβγδ
γδαβγαβγα

βγ
βγαβαβα ,,,

210

A
3

1
A

3

1          (1) 

where αβα , 
βγαA  and γδαβ ,C  are the electric dipole-dipole, dipole-quadrupole and 

quadrupole-quadrupole interaction coefficient. αE  is the external electric field and  

r

E

∂

∂ βγα ,  is the electric field gradient, which can result in the activation of molecular IR 

modes or overtone modes.3, 4, 10, 45, 46  The Fermi resonance 
45, 52 

and Darling-Dennison 

resonance 
46, 53

 in the observations of overtone modes were successfully observed in 

HV-TERS.  

  

Fig 1. The scheme of HV-TERS setup, and the near field gradient effects on HV-TERS, 

which is taken from Ref. [4].  

 

The intensity of vibrational modes can be written as,
50, 51, 54 
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where Raman shift is ignored, and 21 HH =  omitted. So, the Intensity ratio of IR-active 

mode over Raman modes can be   
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Where 
αβ

βγα

α
,A

 and 
β

βγ

E

E∇
 are contributed from molecular and plasmon properties in 

TERS, respectively. If we just consider the plasmon terms determined by the TERS 
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system, then  
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E

E

I
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2                             (4)
 

In this review, we focus on the contribution of the electric field gradient terms in 

Eq.(1) to the TER spectra in the near field. Fig. 1 demonstrates the main point of the near 

field gradient effects in HV-TERS with our home-made setup. The content is arranged as 

follow: First, the home-made HV-STM-TERS setup was introduced. Second, the 

parameters dependent surface plasmon resonance (SPR) spectra was proposed to 

optimize the suitable tip size for best SPR at the incident light wavelength, where the 

substrate is considered as a smooth surface for simplification. Furthermore, we reveal the 

near field gradient Raman in the case of roughness substrate in TERS, which proved that 

the roughness of substrate can significantly increase the contribution of near field 

gradient Raman in TERS. Third, we review recent experimental works on near field 

gradient Raman on the HV-TERS. Last, we close the review with conclusion and 

prospective. 

 

II. Setup of home-made HV-TERS 

The schematic diagram of the home-made HV-TERS system is shown in Fig. 2.
30

 It 

consists of a Molecular beam epitaxy (MBE) chamber, a fast loading chamber and an 

analyzing chamber which contains a homemade scanning tunneling microscope (STM) 

and a Raman spectrometer. In the MBE chamber there are an Ar
+
 gun for cleaning 

surfaces, two replaceable metal sources for making different films and two replaceable 

molecule sources for deposing target molecules on substrate. Single crystal metal film 

could be prepared and monolayer molecules could be deposed in this chamber. In the fast 

loading chamber one could either load sample prepared outside or transfer samples 

prepared in MBE chamber to the analyzing chamber. In the analyzing chamber there is a 

STM for imaging the samples in atomic resolution. Combining with the STM, an 

objective is used to focus laser to the STM tip and collect signals from the tip-substrate 

gap. A 3D adjustable stage is used for focusing. The three chambers are separated with 
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gate valves so as to be use separately without losing the vacuum when opening the others. 

The inset of Fig.2 shows the scheme of the basic idea of our HV-TERS.  

 

Figure 2. Scheme of the HV-TERS system with a preparing MBE chamber, a fast loading 

chamber and a TERS Analysis chamber. 

 

Based on the scheme, the drawings with exact accurate demotions and details were 

designed with commercial software Solid Works and the instrument was produced with 

cooperation of several companies. Fig. 3 shows the picture of the real finished 

instrument.
19

 Fig. 3a shows a whole view of the instrument. Each chamber has an ion 

pump and there is an extra Ti sublimation pump for the analyzing chamber because it is 

bigger and has more components in the chamber. The pressure in the chambers is about 

10
-7 

Pa. The high vacuum guarantees the experiment in a pure environment, which 

reduces the contamination of the samples and makes the STM tip-substrate gap in a pure 

tunneling state. Fig. 3b shows the objective and STM tip when the laser was focused on 

the tip and the tip image from the objective is shown in Fig. 3c. The Raman optical 

components and 3D adjustable stage are put outside of the chamber but the objective is 

put inside of the chamber. There are holes in the objective and the objective tube for 

releasing gas when they are put in the high vacuum chamber. The objective was 

connected to the outside parts with the tube and the chamber is sealed with a quartz 

window in the light path. A bellows tube is used to make the tube movable in 3D. The 
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Raman system is with side illumination of 632.8 nm He-Ne laser light with an angle of 

60
o
 off tip axis, and three-dimensional piezo stages for the tip and sample manipulations. 

Fig. 3d shows the MBE part in the MBE chamber with an Ar
+
 gun and annealing system. 

Fig. 3e shows the debugging results of the HV-TERS system. Atomic resolved image and 

a tip-enhanced Raman spectrum were successfully obtained. The specified parameters of 

the setup are shown in Table 1. 

 

Figure 3. (a) Picture of the actual finished HV-TERS system. (b) The core part of TERS- 

objective and STM tip. (c) Image of the tip and the reflected tip by the substrate. The 

inset is when tip was illuminated with a 633nm laser. (d) the Ar
+
 gun cleaning and MBE 

part in the MBE chamber. (e) The atomic resolved image of graphite (7×7nm
2
). The inset 

is a Raman spectrum from a sample with PATP molecules on Au surface. 
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configuratio

n 

Vacuum Tip laser STM 

Spatial 

resolution 

Raman 

spatial 

resolution 

Specialization  Specialization  

samples 

Side 

illumination

, 60° off tip 

axis 

10-7 Pa Au tip 

with 

25nm tip 

radius 

632.8

nm 

0.1nm 30nm Objective inside 

the vacuum 

chamber  

In situ 

measurement 

Table 1. Parameters of the home-built HV-TERS setup. 

 

III. Theory of HV-TERS   

3.1 wavelength dependent surface plasmon resonance in TERS  

To obtain optimized experimental measurements in TERS, the strongest linear (the first 

term in Eq. (1)) and nonlinear filed term (higher term in Eq.(1)) must be strongest 

simultaneously. According to our experimental setup, theoretical model Fig 4a in 

calculations was adopted, where the angle between incident light and the tip is set θ = 60°, 

d is the distance between the substrate and the tip, R is tip’s radius. The substrate and the 

tip are Ag and Au, respectively. 

 
Fig. 4b shows the wavelength dependent SPRs response with different gap d, where R 

= 30 nm is set. Two strong distinct SPRs peaks around 860 nm and 620 nm decreased 

significantly with the increase of d, while the shifts of these two SPR peaks is little. 

When d = 1 nm, plasmon enhancement of STM-TERS (|E|
2
/|E0|

2
) is about 4x10

7
, at the 

incident wavelength of 632.8 nm. Fig.4c reveals that these two plasmon peaks shown in 

Fig.  4b decreased significantly with d increasing. However, the SPR peak at high 

energy is decreasing much quicker than the SPR peak at low energy. These two SPR 

peaks are hardly undistinguished when the gap distance is large enough (see Fig. 4d), 

which reveals that these two SPR peaks shown in Fig. 4b must be contributed by strong 

couplings between substrate and tip, and this phenomenon can be explained using 

hybridization theory of plasmonic nano-structures
35

 of TERS (shown from Fig. 4e). The 
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energy difference of two SPR peaks (△) is decreasing while d is increasing ( stronger 

coupling of the substrate and tip results in these two plasmonic peaks splitting shown in 

Fig. 4c and 4d).   

Setting d = 2 nm, the SPR peak at 620 nm is blue shifted slightly, and the intensity of 

plasmonic peak also slightly increases, when the tip radius R increases (see Fig. 4f); but 

the SPR peak at 860 nm keeps un-shifted, while the intensity of SPR strongly decreases. 

The blue shift of SPR peak at 620 nm is resulted from the increasing of energy difference 

△ shown in Fig. 4e, when tip radius R is increases, while the hybridization increases 

when the tip radius increases. 
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Figure 4. (a) The theoretical model for the TERS. (b)-(d) The distance dependent SPRs, 

(e)SPR hybridization model of TERS. (f) Tip radius dependent plasmonic peaks. Figure 4 

is taken from Ref. [46]. 

 

3. 2 Near Field gradient effect on TERS at rough substrate 

When molecules adsorbed on rough substrate prepared with the method of thermal 

vapor, semispherical shape can be set on substrates under the tip for the simulation (see 

Fig. 5a). 
3
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Figure 5 . The model and the simulated electric field as well as electric field gradient 

effects in TERS. (a) The theoretical TERS model. (b) The distribution of electric field 

intensity along tip axis. (c) The intensity of electric field gradient along the tip axis (z 
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axis). (d) Ratio of intensity of electric field gradient over that of electric field (0.5 nm 

above substrate). (e) The intensity of electric field along substrate (0.5 nm above the 

substrate). (f) The intensity of electric field gradient along the substrate (0.5 nm above the 

substrate). Units of intensities of electric field and electric field gradient are V/m and 

V/m/au, respectively, where au is atomic unit. Figure 5 is taken from Ref. [3]. 

Fig. 5b shows the distribution of electric field intensity at the center of nano gap 

along tip axis. It is clearly shows that the strongest intensity of electric field is located on 

the area of 27 nm
2
, where r ~ 3.0 nm. Fig. 5c is the intensity of electric field gradient, 

which is distributed along tip axis at nano gap center. It is shown that the strongest 

intensity of electric field gradient is in the region of 1.0 nm < r < 4.0 nm. Fig. 5d reveals 

the ratio of intensity of electric field gradient over that of electric field at the center of 

nano gap along the tip axis, which is only about 1/100; even when the third term in Eq. (1) 

is considered, it is 1/50. Fig. 5e is the electric field intensity distribution in the center of 

nano gap along the substrate, where the component of intensity of the electric field along 

the tip excluded. It shows that the regions of strongest intensity of electric field are within 

the radius of 1.0 nm < r < 4.0 nm. But, the intensity of electric field in r < 1.0 nm is very 

weak shown in Fig. 5e. Also, the varying tendency of intensity of electric field gradient is 

quiet similar with the intensity of electric field along the substrate (Fig. 5f). Fig. 5g 

demonstrates the ratio of intensities of electric field gradient over that of electric field 

(the second term was considered in Eq. (1) for electric field gradient), then one can find 

that the ratio is 0.6 in atomic unit. So the most effective interval is within 1.0 nm < r < 

4.0 nm for contributions of the electric field gradient. It should be noticed that when the 

higher terms (the third term in Eq. 1) is also considered, the ratio 
β

βγ
E

r

E

∂

∂  can further 
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increase. If γδαβ ,C  in the fourth term is large enough, the ratio of  
αβ

αββγ
EE

r

E

r

E

∂

∂

∂

∂
 can 

reache up to 0.36. Fig. 5h demonstrates the distance dependent ratio of 
β

βγ
E

r

E

∂

∂ , when 

the second term and the third term are considered. It is shown that the ratio significantly 

decreases with the increasing of gap distance. When the distance of gap is beyond 5 nm, 

the effect of near field gradient can be ignored. The intensity of electric field gradient 

along the tip axis should be  the same as that on the flat surface, due to the Laplace’s 

equation,
3, 4

  

                              
0zzyyxx =

∂
∂

+
∂

∂
+

∂
∂

zzyyxx r

E

r

E

r

E

                  (5)

   

 

IV. Experimental reports on HV-TERS  

4.1 Fundamental IR-active modes in HV-TERS 

In the study the surface catalytic reaction of DMAB produced from PATP in HV-TERS, 

the IR-active modes of DMAB were clearly observed because of the strong gradient 

effect.
45 

 In measurements, molecular monolayer of PATP adsorbed on the gold film 

were measured, using the gold tip HV-TERS system, where ±1 V bias were applied on 

the sample and with reference current of 1 nA. Two typical spectra at different biases are 

shown in Fig. 6a and 6b. The Raman and IR spectra for DMAB molecule are also 

obtained from calculation (Fig 6c, 6d). Comparing Fig 6a and 6b with the Raman 

spectrum in Fig. 6c, all Raman-active symmetric ag modes in Fig. 6a and 6b can be well 

assigned. But surprisingly, most of the remaining vibrational peaks in the Fig. 6a and 6b 

can be assigned as bu modes (IR-active asymmetric), compared with the simulated IR 

spectrum shown in Fig.6d. The activation of these IR modes in the Raman measurement 

is attributed to higher field gradients shown in Fig. 5. Furthermore, enormous 

electromagnetic field gradients results in the activation of IR-active modes much easy 

observable.  
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Figure 6. (a, b) TER spectra of DMAB (±1 V bias, 1 nA current) measured at different 

positions. (c) The calculated Raman spectrum and (d) IR spectrum of DMAB. Figure6 is 

taken from Ref. [45]. 

 

The second example is the observation of IR-active modes of 

2,2’-diamino-dimercaptoazobenzene (2,2’DA-DMAB) produced from 

2,4-dinitrobenzenethiol (2,4-DNBT) assisted by surface plasmon revealed by HV-TERS. 

3
 Comparing spectrum of at the tunneling current of 2 nA to the spectrum of 1nA, six 

IR-active vibrational peaks (the red dishes line in Fig. 7) significantly increase. With the 

increasing of tunneling current, the Raman peaks, especially for the three distinct Raman 

peaks at 1302, 1408 and 1479 cm
-1

 relatively decrease. That is because the tunneling 

current determines the distance between the tip and the substrate, which controlled the 

ratio of electric field gradient and electric field, and moreover, affected the intensities of 

IR-active modes over those of Raman-active modes. With the decrease of the gap 

distance, the ratio is significantly increased, which is because the near field gradient 

effect is stronger. Theoretical calculations have revealed the relationship between the 

ratio and the gap distance (Fig. 5h), which is consistent with the  experimental results.   
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Figure 7. The tunneling current intensity dependent TER spectra of 2,2’DA-DMAB 

produced from 2,4-DNBT. Figure 7 is taken from Ref. [3]. 

 

The third example is the near field HV-TERS of pyrazine.
4
 The measured Raman 

and IR spectra of pyrazine powder and the HV-TER spectrum of pyrazine adsorbed on 

the Ag film were shown in Fig. 8. It reveales that HV-TER spectrum is significantly 

different from the normal Raman. Almost all Raman peaks of pyrazine powder can be 

well observed in HV-TERS, but there are many “additional” strongly enhanced vibration 

peaks in the HV-TER spectrum. To explore the origin of additional vibrational peaks, IR 

vibrational spectrum of pyrazine powder was also measured, and compared with the 

HV-TER spectra, which demonstrate that some of the strongly enhanced vibrational 

peaks are IR-actived modes of pyrazine.  
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Figure 8. Vibrational spectra of pyrazine. (a) The measured IR vibrational spectrum of 

pyrzaine powder. (b) The HV-TER spectra of pyrazine adsorbed on Ag the film. (c) The 

Raman spectrum of pyrzaine powder. Figure8 is taken from Ref. [4]. 

 

 The near field gradient effect has also been observed in Raman spectra of DMAB 

adsorbed on Au film in HV-TERS.
10 

The HV-TER spectrum of DMAB adsorbed on gold 

film is shown in Fig. 9a. Fig. 9b and 9c are the measured Raman spectra of DMAB 

powder, and Fig. 9c is IR vibrational spectrum of DMAB. Comparing Fig. 9a with Fig. 

9b and 9c, one can find that the Raman and IR-active modes of DMAB in HV-TER 

spectrum can be very clearly observed.  
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Figure 9. (a) The TER spectrum of DMAB adsorbed on the gold film. (b) Raman 

spectrum of DMAB powder. (c) The IR vibrational spectrum of DMAB. Figure 9 is taken 

from Ref. [10]. 

 

The IR vibrational modes of DMAB produced from 4NBT and PATP were also 

observed experimentally by two different groups,
 10, 33

as shown in Fig. 10 and 11. The 

4NBT and PATP were different, but their TER spectra were very similar, which further 

confirmes that the TER spectra are the Raman spectra of DMAB produced from 4NBT 

and PATP, respectively, and were theoretically confirmed in Ref. 
10

. Note that Fig. 11 

was measured in 2010, and it was interpreted with chemical enhancement.
33

 The latest 

experimental and theoretical results revealed that PATP was catalyzed to DMAB through 

a plasmon-driven reaction. 
10
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Figure 10. TER spectrum of DMAB produced from 4NBT. Figure 10 is taken from Ref. 

[10]. 

 

 

Figure 11. TER spectrum of DMAB produced from PATP molecules sandwiched 

between Au substrate and Au tip, as illustrated in the inset. Figure 11 is taken from Ref. 

[33]. 

 

4.2 Overtone and combinational modes in HV-TERS  

In the theory of second-order perturbation, the diagonal matrix element of Eq. 1 

includes contributions to harmonic and anharmonic terms, 

L+







+








++








+= ∑∑

< 2

1

2

1

2

1

r

i srrs

s

r

r

r

eff

vibi nnxnH ωνν                  (6) 

where rω  is harmonic frequency for the mode r, nr  is the vibrational quantum number, 

and xrs  is anharmonic coupling constant between modes s and r.  Here, it is restricted 

the analysis of two resonant effects to those off-diagonal matrix elements for the Fermi 

resonance
45, 52

and the Darling-Dennison resonance,
46, 53

 which are written as, 

( )( )( )
2

111

2
1,,,1,1 tsr

rr

+++
=+++

ννν
νννννν rst

ts

eff

vibts

k
H               (7) 

( )( )( )
2

112

4
1,,2 trr

rr

+++
=++

ννν
νννν rrt

t

eff

vibt

k
H                     (8) 

( )( )( )( )2121
4

2,,2 ttrrrr ++++=++ νννννννν rrtt
t

eff

vibt

k
H               (9) 

Equations (7) and (8) are the Fermi resonance for the combinational and overtone modes, 

respectively. Eq. (5) is Darling-Dennison resonance for the first overtone modes, 
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where rstk , rrtk and rrttk  are three anharmonic force constants. Their operators in Eqs.(7) 

- (9) can be written as,
 

trsrrrtrst

F

rrtrst aaakV )()(

ermi

)(

+= +Hermitian conjugate                (10) 

ttrrrrttrrtt aaaakV ++=DD +Hermitian conjugate                      (11) 

In Eqs. (10) and (11) , +a  and a  are  raising and lowering operators, respectively.  

 

4.2.1 Fermi resonances in HV-TERS 

The Fermi resonances have been experimentally observed in the plasmon-driven 

catalytic reaction of DMAB produced from PATP adsorbed on Au film, revealed by 

HV-TER spectra.
45

 For the Fermi resonance, the splitting of two vibrational energies 

under perturbations can be written as [
45, 52

], 

22 4)(
2

1
)(

2

1
φ+−±+=± BABA EEEEE                        (12) 

where AE  and BE  are vibrational energies of the fundamental mode and an overtone 

of a different fundamental mode (or a combination mode) before splitting, φ  is the 

Fermi Resonance coupling coefficient, which describes the coupling strength of the 

fundamental vibrational mode and the combinational mode (or the overtone mode) in the 

Fermi Resonance. According to the splitted peaks, these two unperturbed energies AE  

and BE  can be estimated as 

−+

−+−+−+

+

−
×

−
+

+
=

II

IIEEEE
EA

22
           (13) 

−+

−+−+−+

+

−
×

−
−

+
=

II

IIEEEE
EB

22
           (14) 

where +I  and −I  are  Raman intensities of these two splitted peaks. The energy 

difference between the perturbed levels in the presence and absence of Fermi Resonance 

can be well estimated with −+± −=∆ EEE  and BAAB EEE −=∆ , respectively.  

Page 17 of 25 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



18 

 

Using above formulas, one can obtain )()( 1313 gIagI −+ ≈  and 

)(
2

1
)( 1313 buIbuI −+ ≈ , and also 4.20)( 13 =∆ ± agE  cm

-1
 as well as 6.14)( 13 =∆ ± buE  

cm
-1

 in Fig.12a. According to Eqs. 13 and 14, for the Raman-active (symmetric mode) 

13ag , one can obtain 
2

−+ +==
EE

EE BA
, i.e. 0≈∆ ABE  cm

-1
, and Fermi Resonance 

coupling coefficient (calculated by using Eq. 12) is 2.10)(
2

1
)( 1313 =∆= ± agEagφ  cm

-1
. 

Fig. 12b and 12c illustrate different vibrational modes which are marked with short 

vertical lines, the fundamental Raman-active (symmetric mode) ag13 frequency at 1213 

cm
-1

 is very close to the frequency of combinational mode of ag6 at 727 cm
-1

 and bg6 at 

485 cm
-1

, which is  [ ] 1)()()( 6613 ≈+−=∆ agEbgEagEEAB  cm
-1

. The combinational 

mode is asymmetric, because of bgagb =×g .  

For the IR-active (asymmetric mode) bu13, one can obtain 
23

1

2

±−+ ∆
×+

+
=

EEE
EA  

and 
23

1

2

±−+ ∆
×−

+
=

EEE
EB , using Eqs. 13, Eqs. 14, and )(

2

1
)( 1313 buIbuI −+ ≈  (see 

Fig. 13(a)). And then 9.4)(
3

1
)( 1313 =∆=∆ ± buEbuEAB  cm

-1
 as well as 

88.6)(
3

2
)( 1313 =∆= ± buEbuφ cm

-1
 can be obtained as well, respectively. The calculated 

IR-active asymmetric bu13 mode frequency at 1267 cm
-1

 is about 7 cm
-1

 smaller than the 

combinational mode of bu5 at 634 cm
-1 

and bu6 at 640 cm
-1

. The difference between the 

theoretical and experimental values (7 cm
-1

 and 4.9 cm
-1

) is about 2 cm
-1

. The symmetry 

of the combinational mode is symmetric, because of bu × bu = ag.  
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Figure 12. (a) The experimentally Fermi resonance and simulated TER spectra of DMAB for 

Raman-active ag13 and IR-active bu13 modes. (b) and (c) The calculated vibrational modes and the 

combinational modes for Fermi resonance. Figure 12 is taken from Ref. [45]. 

4.2.2 Darling–Dennison resonance in HV-TERS 

The Darling-Dennison resonance is the first overtone- resonant interaction (1:1 

resonance coupling), and these two resonant first overtones are presented in HV-TERS. 

Figure 13a demonstrates HV-TER spectra of thiourea adsorbed on the Ag film, and one 

can see that there are five strong Raman peaks. However, the measured normal Raman 

scattering spectra (see Fig. 13b) of thiourea powder shows there is no any Raman peaks 

in these regions. So the experimental five Raman peaks should not result from the 

fundamental frequency vibrational modes. The measured Raman peaks are mainly 

attributed to thiourea in the thione form. The simulations of the thiourea (in the thione 
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form) adsorbed on the Ag20 cluster shown  that there is not any normal mode in these 

regions from 800 cm
-1

 to 1050 cm
-1

 (see Fig. 13c). It should be noticed that there is not 

any Raman peak in the region of 600-700 cm
-1

 in measured Raman spectrum in the Fig. 

13b, but the simulated Raman spectrum revealed that there are two weak Raman peaks in 

the region (Fig. 13c). These two Raman peaks are too weak to be clearly observed 

experimentally; but the interaction between molecules and the metal results in the 

enhancement of these two Raman peaks (mode e and mode f in the Fig. 13c). These 

vibrational modes e and f, as well as the interaction between molecules and metal are 

shown in Fig. 13e. 

The Darling–Dennison resonance enhanced by tip can be well used to explain above 

four modes of five peaks. Peak A and B in Fig.13a are two perturbed first overtone 

modes (resonant interaction), and their perturbed foundational modes a and b can be 

clearly seen in the Fig. 13c. Similarly, Peak C and D in Fig. 13a are two perturbed first 

overtone modes (resonant interaction), and the perturbed foundational modes c and d can 

be seen clearly in Fig. 13c as well. Their vibrational modes are shown in Fig. 13e. It 

should be noted that Darling–Dennison resonance cannot be observed in traditional SERS 

experiment (Fig. 13d). The peak E in Fig. 13a is the combinational mode of modes c and 

d. To further confirm that, the SERS of thiourea molecule adsorbed on the Ag film were 

measured, and this Raman peak can also be clearly found in Fig. 13d. The slight shift of 

peak E between SERS and TERS may result from influence of the tip. In the SERS 

spectra, the peak E is hardly to be interpreted using combinational modes, because there 

is neither perturbed fundamental Raman peak for Fermi Resonance, nor the perturbed 

overtone modes for the Darling–Dennison resonance (where Darling–Dennison 

resonance in SERS is too weak to be observed).  
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Figure 13. (a) TER spectra in the region from 800 to 1050 cm
-1

. (b) The measured  

Raman spectra of the thiourea powder (c) The calculated Raman spectra of thiourea 

adsorbed on the Ag20 cluster in the thione form (d) The measured TER and SERS spectra 

from 800 to 1050 cm
-1

 (e) The calculated vibrational modes. Figure 13 is taken from Ref. 

[46].  

 

4.3 Chemical mapping of a single molecule by plasmon-enhanced Raman scattering 

    Thanks to the strong electric field and sharp gradient field yielded by the 

tip-substrate cavity plasmon, nanoscale TER imaging and single molecule resolved TER 

spectra could be easily obtained.
5, 8, 22

 Additionally, it allows for non-invasive single 
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molecule sensitivity TERS measurements and explores the influence of molecular 

orientations on the vibrational spectral features. Fig. 14a shows two representative TERS 

spectra of two molecules with different tilted angle as they are on an atomic stage as 

shown in the STM images on the right. Both spectra reveal the vibrational features of 

molecules, but with different relative peak intensity. The calculation by a DFT under 

dipole approximation of the molecules shows the particular orientation of the molecules 

(see Fig. 14b). It is found that when the molecules flatly adsorbed on the substrate, the 

IR-active mode (indicated with red line) are strong.
54

 When the tilter angle is 30°, the 

Raman intensities significantly increase, but the IR-active modes relatively decrease. The 

reason is that the linear plasmon intensity is significantly enhanced, while the ratio of 

plasmonic gradient effect decreases when the molecule tilter is 30°, compared that 

molecule flatly adsorbed on the substrate.
 54

  

 

Figure 14 (a) and (b) Single-molecule TERS spectra for an isolated H2TBPP molecule 

adsorbed on the terrace or at the step edge. (c) and (d) Calculated TERS spectra of 

H2TBPP. (e) and (g) STM image and schematic image of H2TBPP molecule flatly 

adsorbed on Ag substrate. (f) and (h) STM image and schematic image of tilted 

H2TBPP molecule with tilt angle of 30⁰. Figure 14 is taken from Ref. [8]. 
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 V. Conclusion and Prospective  

The principle of plasmonic gradient effect in HV-TERS has been interpreted using 

electromagnetic field gradient theory, which revealed that plasmonic gradient is strongly 

dependent on the gap distance in near field. The near field plasmonic gradient effects can 

active IR vibrational modes, which makes the Raman selection rules broken. Thus, in the 

near field, the Raman and IR vibrational modes can be simultaneously observed in 

HV-TERS, which is so-called “complete (3N-6 modes)” vibration spectra.  

The atomic-resolution measurements as well as structural elucidation for molecules 

adsorbed on the substrate can be obtained by HV-STM-TERS on the clean, single- crystal 

and/or nanostructured surfaces at low temperature. The in-situ topographical imaging and 

spectra can be simultaneously obtained, which provide ideal techniques for revealing the 

nature of plasmon-driven chemical reactions. Further improvements, including 

femtosecond lasers for the time-resolved UHV-STM-TERS spectra, are the most 

important part in the investigation of surface molecular catalysis reaction dynamics in 

future experimental works. 
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