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Near- and deep-ultraviolet (UV) resonance Raman spectroscopy of pyrazine-Al4 complex and
Al3-pyrazine-Al3 junction was investigated theoretically with a quantum chemical method. Here, 325 and
244 nm were employed as near- and deep-UV sources in our theoretical study. The intensities of static normal
Raman spectra of pyrazine-Al4 complex and Al3-pyrazine-Al3 junction were enhanced on the orders of 10
and 103 by a static chemical mechanism, respectively. The calculated absorption spectra reveal strong 6B2

and 13B2u electronic transitions near 325 nm for pyrazine-Al4 complex and 244 nm for Al3-pyrazine-Al3

junction, respectively. The analyses of orbital transitions in electronic transitions reveal they are the mixture
of (metal to molecule) charge transfer excitation and intracluster excitation. The intensity of near-UV resonance
Raman spectroscopy of pyrazine-Al4 complex and the intensity of deep-UV resonance Raman spectroscopy
of Al3-pyrazine-Al3 junction are strongly enhanced on the order of 105 and 104, respectively, compared to
the Raman intensity of isolated pyrazine excited at 325 and 244 nm. The calculations of Mie theory and the
three-dimensional finite-difference time domain method reveal strong surface plasmon resonance and strong
electromagnetic enhancements at 325 and 244 nm for single and dimer nanoparticles at suitable sizes and
gap distance, respectively. The strongest SERS enhancement in the system of junction is on the order of 108

at the incident lights of 325 and 244 nm. The total enhancements, including the chemical and electromagnetic
enhancements, can reach up to 1013. So, Al is a suitable material for near- and deep-UV surface-enhanced
resonance Raman scattering.

I. Introduction

Surface-enhanced Raman scattering (SERS) is widely used
in chemistry, biology, physics, and material science, since it
can enhance the inherently low Raman scattering cross sections
of molecules, even at the level of single molecules.1-5 Extensive
investigation of SERS is focused on the Au, Ag, and Cu
substrates, which exhibit strong surface plasmon resonance
(SPR) in the visible and near-infrared ranges.6-10 Due to the
interband excitation below the wavelength of about 350 and
590 nm for Ag and Au, respectively, the electromagnetic
damping results in the weak enhancement of SERS.11 To extend
the applicability of the SERS effect into ultraviolet (UV), other
SERS-active metals besides Ag or Au are required that show a
plasmonic resonance in the UV.

The investigation of the near- and deep-ultraviolet resonance
Raman scattering is rapidly evolving, because of advantages
and application in bioscience and material sciences.12-23 First,
the Raman scattering efficiency scales with the fourth power

of the frequency. Second, scattering efficiency will be dramatic
enhanced when molecules are excited at the molecular electronic
absorption bands (resonance Raman scattering) in the UV range.
For the preresonance (the wavelength of the laser is close to
this resonance) Raman scattering, the relatively high enhance-
ment factors can also be achieved, since the resonance wave-
lengths is not sharply defined. Third, the UV Raman spectros-
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Figure 1. (a) Pyrazine molecule and models of (a) pyrazine-Al4

complex and (b) Al3-pyrazine-Al3 junction. The Cartesian coordinates
of them are shown.
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copy is not interfered by fluorescence; since there is no material
that fluoresces below the wavelength of 280 nm, then the
fluorescence and Raman spectra are completely separated at an
excitation wavelength below 260 nm.12

In the search for UV-SERS material, aluminum (Al) is one
of best candidates, because it has low absorption down to a
wavelength of 200 nm due to its free-electron-like character
and plasmon resonance in UV range,11 but such experimental
and theoretical investigation is quite limited. Experimentally,
Dörfer and co-workers demonstrated the capability of an
aluminum surface to be SERS-active for deep-UV excitation
wavelengths.24 Ekinic et al. found that Al nanostructures exhibit
strong plasmon resonances in the UV range.25 Taguchi et al.

reported the tip enhancement of resonance Raman scattering
using deep-ultraviolet excitation wavelength.18 The tip enhance-
ment was successfully demonstrated with an aluminum-coated
silicon tip that acts as a plasmonic material in deep-UV
wavelengths.18 Shashilov and Lednev studied 2D correlation
deep-UV resonance Raman spectroscopy of early events of
lysozyme fibrillation.23 Theoretically, Zeman predicted theoreti-
cally that Al ellipsoids enable strong Raman scattering enhance-
ment factors in the UV range.26

The pyrazine molecule is an important probe molecule in the
SERS field, and the SERS of pyrazine has been extensively
investigated experimentally and theoretically,27-31 which is
suitabletostudythecouplingeffectofmetalsinmetal-pyrazine-metal
junction systems, due to the bonding interaction between
nitrogen atoms and two metal electrodes. Recent experimental
and theoretical findings indicate that large SERS enhancements
have been observed for molecules interacting with small
nanocluster or nanocrystalline semiconductor surface.32-34 We
have studied the chemical mechanism of surface-enhanced
resonance Raman scattering (SERRS) via charge transfer in

Figure 2. Static normal Raman scattering spectra of (a) pyrazine, (b)
pyrazine-Al4 complex, and (c) Al3-pyrazine-Al3 junction.

TABLE 1: Calculated Static Electronic Polarizability
Components (in au)

xx yy zz

pyrazine 73.9 66.7 31.5
pyrazine-Al4 complex 139.6 329.2 479.8
Al3-pyrazine-Al3 junction 1094.6 320.5 282.4

Figure 3. (a) Absorption spectra of (a) pyrazine, (b) pyrazine-Al4

complex, and (c) Al3-pyrazine-Al3 junction in the range of
3.5-5.5 eV.
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