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  1   .  Introduction 

 Tip-enhanced Raman spectroscopy (TERS) [  1–14  ]  is a high-sen-
sitivity optical analytical technique with nanoscale resolution 
beyond the diffraction limit of light. As a plasmon antenna con-
trolled by tunneling current or bias voltage, a sharp metal tip 
is used to create a “hot site” to excite the localized surface plas-
mons and consequently enhance the electromagnetic fi eld and 
Raman signals in the vicinity of the tip apex. In order to conduct 
spectral measurements that are sensitive to ambient conditions 
for a variety of specimens, the use of an ultra-high vacuum 
(UHV) environment is mandatory. [  10,12  ]  To obtain higher effi -
ciency of collecting Raman signals, the objective had been put 
into the vacuum chamber and near the tip and the substrate in 
our novel designed high vacuum TERS (HV-TERS). [  13  ]  

 TERS is mainly applied in combination with linear optical 
processes in Raman, but the strong fi eld enhancements 
involved can also induce non-linear optical processes, such as 
second-harmonic generation (SHG), [  15  ]  and hyper-Raman. [  16,17  ]  
Very recently, multiple vibrational modes 12  and electric fi eld 
gradient effects [  11,18  ]  have been observed experimentally in TER 
spectra in UHV and HV environments, respectively. Physically, 

these are attributed to the higher order 
terms of Hamiltonian for Raman spectra. 
The multiple vibrational modes and elec-
tric fi eld gradient are different names, but 
refl ect two aspects of higher order terms 
of Hamiltonian. For a molecule placed in 
an inhomogeneous electromagnetic fi eld, 
the Hamiltonian for Raman spectra can be 
written as, [  19  ] 
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where α αβ, Aαβγ and Cαβ,γδ   and are the 
electric dipole–dipole polarizability, the 

electric dipole–quadrupole polarizability and the electric quad-
rupole–quadrupole polarizability, and Eα   and ∂Eα,βγ

∂r
  are the 

external electric fi eld and external electric fi eld gradient, respec-
tively. The ratio of the intensity of multiple Raman over dipole 
Raman is dependent on the ratio of 
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 . More 

detailed, 
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)/
  and Aα,βγ

)/
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)
  are dependent on the 

palsmonic properties of TERS and the molecular property of 
polarizability, respectively. Till now, near fi eld gradient effect is 
a largely unexplored territory in HV-TERS.  Figure   1  shows our 
home-made HV-TERS, and the qualitative Eα, ∂E",βγ

∂r   and their 
ratio for palsmonic properties of TERS (detailed calculations 
will be shown in the next section).  

 Fermi resonance, a overtone or a combination modes 
appearing in the vibrational spectra by gaining intensity from 
a fundamental mode, [  20  ]  were frequently found in IR or Raman 
spectra in symmetric triatomic molecules such as CO 2  and 
CS 2 . [  21–23  ]  Darling–Dennison resonance, [  24  ]  two degenerated 
fi rst overtone modes perturbed each other and gain the Raman 
intensity, were also been observed in Raman spectra, such as 
H 2 O. [  25  ]  In HV-TERS, Fermi resonance and Darling–Dennison 
resonance have been observed experimentally, [  11,14  ]  due to the 
near fi eld gradient effect. 

 Until now, there is no completely experimental report on 
the nonlinear effects in HV-TERS, including both the optical 
nonlinear and molecular nonlinear effects simultaneously. In 
this paper, we report experimentally report both plasmonic 
nonlinear and molecular nonlinear vibrational effects in HV-
TERS of pyrazine adsorbed on Ag fi lm. The vibrational mode 
of pyrazine with B u  symmetry is the IR-active in IR spectra, 
and usually can not be observed in Raman spectra (IR-active 
is usually Raman-inactive). In our experiment, the vibrational 

     Experimental evidence is given of the breakdown of Raman selection rules in 
high vacuum tip-enhanced Raman spectroscopy (HV-TERS), where molecular 
Raman-active, IR-active, and overtone modes are simultaneously observed 
in situ, due to the strong tip-enhanced near-fi eld gradient effects. Theoretical 
calculations fi rmly support our experimental multipole vibrational observa-
tion, and the ratio of the near-fi eld gradient term over electric fi eld term is 
dependent on both the ratio of ∂Eβ

∂ r

/
E β

γ   and the ratio of Aα,βγ /α "β , which are 
dependent on the physical structure of TERS and the molecular structure, 
respectively, in HV-TERS. When the molecule is symmetric along the tip axis, 
the strongest near-fi eld gradient effect in HV-TERS can be obtained. These 
experimental fi ndings can promote an understanding of the unexpected 
“additional Raman peaks” in HV-TERS and provide a promising technique for 
ultrasensitive molecular spectroscopy.      
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modes with B u  symmetry (IR-active modes) were also observed 
in HV-TERS, resulting from interaction between the electric 
dipole–quadrapole polarizabily and the electric fi eld gradient. 
The IR-active modes resulted from electric gradient effect, 
the Raman-active modes, the overtone and the combinational 
modes resulted from Fermi resonance were all in situ observed 
simultaneously. These experimental fi ndings can promote deep 
understanding of the unexpected “additional Raman peaks” in 
HV-TERS and provide a promising technique for ultrasensitive 
molecular spectroscopy.  

  2   .  Results and Discussion 

  2.1   .  The Near-Field Gradient Effect on HV-TER Spectra 

 The HV-TER spectra of pyrazine adsorbed on Ag fi lm can be 
seen from  Figure   2 , which were reproducible at different posi-
tions. The signals from the decomposition of pyrazine and 
from the Ag substrate can be ignored in our HV system. Theo-
retical calculations revealed that molecules were standing on 
the substrate (see Figure S1 in Supporting Information), and 
their IR and Raman spectra of pyrazine adsorbed on the Ag 
fi lm were shown in Figure S2 in SI. The Raman spectrum of 
pyrazine adsorbed on the Ag fi lm can be considered as the 

surface enhanced Raman scattering (SERS) 
spectrum. It is found that TER spectrum and 
simulated SERS spectrum are signifi cantly 
different. Because of near fi eld gradient effect 
in TERS, there are much more peaks (IR-
active modes) in Figure  2  than that in SERS. 
The calculated SERS spectrum supported 
that additional peaks in TER spectra were not 
from the breaking of the symmetry induced 
by molecules interacting with the surface.  

 For assignments and comparisons, the 
Raman, IR spectra of pyrazine powder were 
also measured, see  Figure   3 . It was found that 

the HV-TER spectrum is signifi cantly different from the Raman 
spectrum. Assignments of the Raman vibrational modes can be 
found in the literature. [  26  ]  Almost all the Raman modes of pyra-
zine powder can be observed in HV-TERS and there are many 
“additional” strongly enhanced modes in HV-TERS. There 
are several possible ways to interpret these additional peaks. 
They could be originated from the chemical enhancement, 
the IR-active modes, the overtone or combinational modes in 
HV-TERS. To identify the origin of these additional peaks, we 
measured the IR vibrational spectrum of the pyrazine powder 

      Figure 1.  The home-made HV-TERS and plasmonic properties of electric fi eld E, electric gra-
dient 

(
∂Eβγ

∂ r

)
  and the ratio of 

(
∂Eβγ

∂r

)
E β

)/
  in TERS. 

      Figure 2.  TER spectra of pyrazine at different positions of Ag substrate. 

      Figure 3.  (a) the measured IR spectrum of pyrazine powder, (b) HV-TERS 
of pyrazine adsorbed on Ag fi lm, and (c) Raman spectrum of pyrazine 
powder. 
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(black curve N in IR spectrum), and compared with the IR spec-
trum (red curve M) taken from ref.  [  27  ] , which were measured 
with different method. The profi les of these IR spectra were 
different (interpretation can be seen in the literature, [  27  ]  but 
frequencies of their IR modes are the same. The assignments 
of the IR vibrational modes of pyrazine can be found in the 
literature. [  26  ]  Comparing the IR and HV-TER spectra, we fi nd 
that some of the strongly enhanced vibrational peaks may be 
from the IR-active modes of pyrazine. The calculated strong 
IR peak at 1415 cm −1  in Figure S2 strongly supported that the 
experimental strong vibrational peak around 1430 cm −1  in TER 
spectrum in Figure  2  is the IR peak. Note the shift is from the 
tip infl uence, where Figure S2 is the calculated SERS spectrum 
without the tip effect. When compared TERS spectra with IR 
and Raman spectra of the powder, there are multiple frequency 
shifts of the peaks both to the blue and to the red. The origin 
may be the interactions among molecule, tip and substrate. The 
detailed shifts were listed in Table S1 in SI.  

 In the Raman and IR vibrational spectra of pyrazine powder, 
there are four nonlinear molecular vibrational peaks resulted 
from Fermi Resonance. The assignment of Fermi reso-
nance peaks can be seen in the literature. [  26  ]  In HV-TERS, it 
is found that these Fermi resonance peaks can also be clearly 
observed in Figure  3 . For example, the Fermi resonance peak at 
1106 cm −1  is perturbed with  18 B 2u , where the peak at 1106 cm −1  
is the combinational modes of  7 A u + 14 B 2g  at 350 and 756 cm −1 , 
respectively. Detailed description on Fermi resonance can be 
seen from Section II in SI. 

 It is interesting to measure the SERS spectrum of pyrazine 
on the Ag substrate that used in HT-TERS, and compare the 
SERS spectrum with the TER spectra. In the SERS measure-
ments, the system of the Ag nanoparticle and Ag fi lm was 
used, because without the nanoparticles, the SERS spectra of 
pyrazine on the Ag fi lm can not be observed. Another reason is 
the coupling between nanoparticles-fi lm system is similar with 
the TERS system of tip and substrate. Recently, electromag-
netic fi eld redistribution in hybridized plasmonic particle-fi lm 
system has been experimental and theoretical studied, and it 
is a better way to measure SERS spectra. [  28,29  ]   Figure   4  demon-
strates that without the infl uence of tip, the numbers of Raman 

peaks in SERS are less than those in TER spectra. Furthermore, 
these Raman shifts still happened, due to the tip infl uence. It 
is found that some IR-active modes also be found in SERS, due 
to the coupling between particle, and the hybridized plasmonic 
gradient effect in the particle-fi lm system. In our HV-TERS, 
the Ag substrate was prepared by evaporating, so the Ag sub-
strate is roughness, which may be also one of factors for the 
observation of IR-active modes in HV-TER and SERS spectra. 
By comparing the TER spectra and SERS spectra in Figure  4 , 
we can get advantages of HV-TERS. The molecular concentra-
tion in SERS is 10 −2  M; while it is 10 −4  M in HV-TER spectra, 
but the signals of Raman spectra TER in HV are signifi cantly 
better than that in SERS, which clearly revealed the advantages 
of HV for the ultrasensitive spectral analysis. At the molecular 
concentration of 10 −4  M in SERS, the Raman signals were too 
weak to be observed.  

 These additional peaks in the SERS spectroscopy were 
recently interpreted as the fl uctuating signals of the amorphous 
carbon. [  30,31  ]  By comparing our SERS and HV-TER spectra, we 
can exclude this issue. These “additional peaks” should result 
from the simultaneous combined contribution of electric fi eld 
gradient and molecular multipolar polarizability.  

  2.2   .  The Theory of the Near Field Gradient Effect on HV-TERS 

 The fi rst term in Equation  (  1  )  is the coupling among molecular 
polarizability, incident fi eld and scattered fi eld. The second term 
is the coupling among electric dipole-quadrupole polarizability, 
incident fi eld and scattered fi eld gradient. The third term is the 
coupling among the electric dipole–quadrupole polarizability, 
incident fi eld gradient and scattered fi eld. And the last term is 
coupling among electric quadrupole-quadrupole polarizability, 
incident fi eld gradient and scattered fi eld gradient. 

 Molecular vibrations belonging to the same irreducible rep-
resentations as components of tensor Aαβγ   may now become 
active alongside the normally active modes which are spanned 
by the same representations as those which span components 
of ααβ  . The selection rules for four terms in Equation  (  1  )  can 
be obtained by the same manner in the following form, [  32  ] 

 
� ∈ �μ = �θ

 
(2)

      

where  Γ  is the irreducible representation. The IR-active modes 
are allowed when there is a moment, which transforms after 
the same irreducible representation as the vibrational mode. [  29  ]  
For example, the μ"   of IR at 1163 cm −1  is B 2u  symmetry, and 
the θβγ   is also of B 2u  symmetry. Then the irreducible represen-
tation of Aαβγ   at 1163 cm −1  is A 2g  symmetry, which is Raman 
actives, so it is called IR-active mode in HV-TER spectra. 

 To reveal the strong electric fi eld gradient effect in HV-TERS, 
local electric fi eld enhancement and electric fi eld gradient were 
calculated using the fi nite element method, which is imple-
mented in COMSOL software (version 4.2). The model of TERS 
system in the calculation is shown in  Figure   5 a. The radius of 
the tip apex was 25 nm and the angle between the tip axis and 
the incident light was set at 60°. The distance between tip and 
substrate is 1 nm. For the simplifi cation in the calculation, the 
frequencies of incident fi eld and the scattered fi eld are equally.       Figure 4.  (a) SERS and (b) TER spectra of pyrazine. 
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Since pyrazine was standing on the substrate, 
the vibrations along the tip and along the 
substrate are two mainly different kinds of 
vibrations. It is necessary to study the electric 
fi eld and its gradient along the tip axis and 
the substrate, respectively. In this paper, the 
2D plane (xy planes) in the center of nanogap 
above the substrate is used to for the analysis 
of fi eld distribution along the z axis (tip axis) 
and xy plane, since this two-dimensional 
plane is the detected region for Raman sig-
nals. For the fi eld distribution along the z 
axis, electric fi eld goes across this plane, and 
then we choose the fi eld distribution pro-
jected on this plane.  

 Figure  5 b is the electric fi eld intensity at 
the center of the nano gap along tip axis. It is 
found that the strongest electric fi eld inten-
sity is focused within the circle with radius 
about 3 nm, and |E| 2  can reach up to 1.9 × 10 5 . 
Figure  5 c is the electric fi eld gradient intensity 
along tip axis at the center of nano gap. It is 
found that the strongest electric fi eld gradient 
are within the region of 1.5 nm < r < 5 nm. 
Figure  5 d is the ratio of electric fi eld gradient 
over electric fi eld along the tip axis. It is found 
that the ratio is about 0.013 in atomic unit. 
Note that only the second term in Equation  (  1  )  
is considered in above calculations. If the third 
term is also considered, the ratio should be 
about 0.026. Figure  5 e is the electric fi eld 
intensity at the center of nano gap along the 
substrate, and |E| 2  can reach up to 1.3 × 10 3 , 
where the component of electric fi eld intensity 
along the tip is excluded. It is found that the 
regions of the strongest electric fi eld intensity 
are within 1.5 nm < r <5 nm, but the elec-
tric fi eld intensity is weak for r < 1.5 nm, as 
shown in Figure  5 e. The changing tendency of 
electric fi eld gradient along the substrate (see 
Figure  5 f) is similar to that of the electric 
fi eld gradient along the tip (see Figure  5 c). 
Figure  5 g is the ratio of electric fi eld gradient 
over electric fi eld, from which we can see that 
the ratio is about 1/10 in atomic unit. So, 
the most effective interval for the contribu-
tion of electric fi eld gradient is within 1.5 nm 
< r < 5 nm. Note that only the second term in 
Equation  (  1  )  is considered in above calcula-
tions. If the third term is also considered, the 
ratio should be about 1/5. The electric fi eld 
gradient along the tip axis can not be very 
accurate estimated, because the gap distance 
is too short within 1 nm. There is a better way 
to study the near fi eld gradient Raman along 
the tip axis, using the Laplace's equation,

 

∂Exx

∂ rxx
+

∂Eyy

∂ r yy
+

∂Ezz

∂rzz
= 0

 
(3)

       

      Figure 5.  (a) schematic diagram of the TERS setup used in calculations, (b) the electric fi eld 
intensity along tip axis, (c) the electric fi eld gradient intensity along tip axis (z axis), (d) the 
ratio of the electric fi eld gradient over electric fi eld intensity at 0.5 nm above the substrate, 
(e) the electric fi eld intensity along the substrate at 0.5 nm above the substrate, (f) electric 
fi eld gradient intensity along the substrate at 0.5 nm above the substrate. Note that the two-
dimensional plane in the center of nanogap above the substrate is used to for the analysis of 
fi eld distribution along the z axis and xy planes, since this two-dimensional plane is the detected 
region for Raman signals. Note that the unit of electric fi eld intensity is V/m, and the unit of 
electric fi eld gradient is V/m/au, where au is atomic unit. 
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even at lower molecular concentration. As we know, the shorter 
distance between tip and substrate, the stronger electric fi eld 
gradient effect can be obtained. Also, in all of kind TERS, the 
STM-based TERS is the best candidate for the shortest distance 
of nano gap than others. The high vacuum is needed for STM. 
Our system is STM-based TERS. So, our experiments were 
done in HV-TERS.  

  2.4   .  The Near-Field Gradient Effect on HV-TER Spectra 
at Low Frequency 

 We also measured the HV-TER spectrum of pyrazine adsorbed 
on Ag fi lm, the Raman and the IR spectra of pyrazine powder 
at low frequency (see  Figure   6 ). It is found that there are 
more strongly enhanced vibrational peaks in HV-TERS, com-
pared to the Raman spectrum of pyrazine powder, which 
were contributed from the IR-active modes, by comparing 
with the IR spectrum of pyrazine powder. The assignments of 
Raman and IR spectra can be found in the literature. [  26  ]  There 
are fi ve strongly enhanced IR-active modes in HV-TERS. 
Note that there is only one Fermi resonance peak at low 
frequencies.   

 We can see that the calculated Figure  5 c is the same as 
Figure  5 e, which revealed that the calculated Figure  5 c is 
correct. 

 The fi rst and the second terms in Equation  (  1  )  can be sim-
plifi ed according to the calculated electric dipole-dipole polar-
izability and electric dipole-quadruple polarizability (see sec-
tion III in SI). From the intensities of electric fi eld and electric 
fi eld gradient in Figure  5 b and c, the ratio of electric fi eld gra-
dient term (the second term plus the third term in Equation 
 (  1  )  over electric fi eld term (the fi rst term in Equation  (  1  )  is 
around 0.1. From the intensities of electric fi eld and electric 
fi eld gradient at the center 78 nm 2  area (except for the central 
7.1 nm 2  region) in Figure  5 e and f, the ratio of electric fi eld 
gradient term (the second term in Equation  (  1  )  over electric 
fi eld term (the fi rst term in Equation  (  1  )  is around 1. So, after 
carefully assignments of the HV-TER spectrum along with 
Raman and IR spectra, we conclude that most of the strongly 
enhanced vibrational modes of HV-TERS were originated 
from the IR-active modes due to strong electric fi eld gradient 
effect. 

 So, the qualitative palsmonic properties of TERS can 
be seen from Figure  1 , according to above calculations in 
Figure  5 . The electric fi eld enhancement is strongest in the 
center of nanogap; while the electric fi eld gradient enhance-
ment at the center of the nanogap is weakest. When the tip 
apex is decreased, the ring of the strongest electric fi eld gra-
dient enhancement will be contracted towards to the center. 
If the condition is suitable enough, the strongest electric fi eld 
enhancement and the strongest electric fi eld gradient enhance-
ment can be superposed at the center within several nanom-
eters, and then we can obtain the optimal strongest Raman and 
IR-active mode enhancement at the same site near the center 
of nanogap.  

  2.3   .  The Connection between Theoretical Calculations 
and Experimental Results 

 The intensities of Raman (dipole Raman) and IR-active (mul-
tiple Raman) spectra in Figures  2  and  3  strongly are dependent 
on the fi rst and second terms of Equation  (  1  ) , respectively. The 
ratio of the intensity of multiple Raman over dipole Raman is 

dependent on the ratio of 
(

Aα,βγ
∂ Eβγ
∂r

)
""βEβ

)/
 . More detailed, (

∂Eβγ
∂ r

)
Eβ

)/
  and Aα,βγ

)/
α αβ

)
  are dependent on the palsmonic 

properties of TERS and the molecular property of polariz-
ability, respectively. 

(
∂Eβγ

∂ r

)
Eβ

)/
  is the electric fi eld gradient 

enhancement over electric enhancement, which were calcu-
lated by electromagnetic theory. Aα,βγ

)/
α αβ

)
  is determined 

by molecular properties, which can be calculated with quantum 
chemical method. Then the integrated ratio of intensity of 
IR-active modes over those of Raman can be obtained by ((

∂Eβγ
∂r

)
Eβ

)) × A",βγ
ααβ

/  . 

 In our electromagnetic and quantum chemical calculations, 
the high-vacuum is not considered. The strong gradient effects 
have been revealed from above calculations. Also, strong gra-
dient effect can also been observed in the SERS spectra in the 
system of Ag nanoparticle–Ag fi lm at the ambient environ-
ment. So, the high vacuum is not an essential condition, but 
it can signifi cantly enhance the ultrasensitive spectral signals, 

      Figure 6.  (a) The measured IR spectrum of pyrazine powder, (b) HV-
TERS of pyrazine adsorbed on Ag fi lm, and (c) Raman spectrum of pyra-
zine powder. 
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a  ∼ 50 nm diameter was made by electrochemical etching of a 0.25 mm 
diameter gold wire. [  38  ]  The substrate was prepared by evaporating a 
100 nm Ag fi lm to a newly cleared mica fi lm under high vacuum. The 
fi lm was immersed in a 1 × 10 −4  M pyrazine ethanol solution for 
24 hours, and then washed with ethanol for 10 minutes to guarantee 
that there was only one monolayer of pyrazine molecules adsorbed on 
the Ag fi lm. Then the sample was put into the high vacuum chamber 
immediately. The tunneling current and bias voltage are 1 nA and 1 V, 
respectively, in our experiment. 

 For comparison, the normal Raman scattering spectrum of pyrazine 
powder was measured with Renishaw inVia Raman system, and the 
laser with wavelengths of 632.8 nm is used, and the laser power is 
2 mW. Furthermore, the IR vibrational spectrum of pyrazine powder was 
measured (the black curves in Figure  3  and Figure  5 ), using transmission 
mode of FTIR Excalibur 3100 spectrometer (Varian). The number of scans is 
32 times, and the total acquisition time is 62 s. 

 The SERS spectra were also measured using the Renishaw inVia 
Raman system, and the laser with wavelengths of 632.8 nm is used, 
and the laser power is 2 mW. In the SERS measurements, the Ag 
nanoparticle–Ag fi lm system is used for the comparison between 
TER spectra and SERS spectra, according to a recent experimental 
report. [  28  ]  The Ag fi lm used is the same as that in HV-TERS, and the 
Ag nanoparticles were synthesized with Lee and Meisel method, [  39  ]  
and the averaged radius size of Ag nanoparticles is 40 nm. [  40  ]  The Ag 
nanoparticles was immersed in a 1 × 10 −2  M pyrazine ethanol solution 
for 24 hours, and then doped on the Ag substrate. The SERS spectra 
were measured, after the sample was dried.  
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