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Abstract
Mn helical star-shaped (pine-tree-like) nano-sculptured thin films with three-, four-and fivefold symmetry on copper sub-
strates were produced using oblique angle deposition method in conjunction with rotation of sample holder at certain angles. 
Raman spectroscopy of the samples which were subjected to impregnation by 4,4′-bipyridine  (C10H8N2) solution was car-
ried out by 632.8 nm wavelength laser. The analysis of the Raman spectra showed enhancement for the 4,4′-bipyridine main 
bands (1592 and 1297 cm−1) belonging to the C=C stretching mode, aromatic ring stretching ring and in-plane ring mode 
of 4,4′-bipyridine, same as results obtained for Ag nano-structures. In addition, overtone and combined peaks are detected 
that may be related to the particular sculptured structure of the thin films fabricated in this work and the laser wavelength 
used for Raman spectroscopy. UV–Vis (absorption mode) spectra showed consistent observations with the SERS results 
leading to important role of surface electromagnetic selection rule in intensification of SERS, in addition pointing out the 
importance of the effect of the size of hot spots on the frequency of the localized surface plasmonic oscillations.

Keywords Mn helical star shape (pine-tree-like) · Sculptured thin films · Surface-enhanced Raman spectroscopy · 
4,4′-Bipyridine · Surface plasmonic oscillations

Introduction

Interaction of light with matter has been a subject of interest 
to scientists for ages. In 1928, Raman reported occurrence 
of a type of inelastic scattering [1]. In this phenomenon, 
absorption of an incident photon leads to formation (stocks) 
or annihilation (anti-stocks) of an oscillation in the matter, 
and a photon with different energy emitted/scattered from 
the matter. Study of the energy spectrum of the emitted/
scattered photons provides important information about the 
structure and bounds in the matter. Nondestructive nature 
of this method and the fact that there is no special sample 
treatment for it has proved to be a method of high potential 
in material science. For this reason, there has been a large 

amount of efforts in increasing the cross section (probabil-
ity of occurrence of this phenomenon). In 1974, a research 
was conducted on pyridine molecules bounded on an Ag 
electrode which was roughened using electrochemical oxi-
dation–reduction cycle. Results showed intensified Raman 
peaks [2]. This work became the base for the effect of metal-
lic substrates on the enhancement of Raman peaks. Since 
then different types of Raman enhancement spectroscopy 
such as surface-enhanced Raman spectroscopy (SERS) and 
tip-enhanced Raman spectroscopy (TERS) are reported 
which have many applications in pharmacy [3–5], medicine 
[6–13], geology [14–16], forensic investigations [17–20] and 
many other fields. Theoretical and experimental studies have 
shown that the reason for intensification of Raman peaks by 
metallic substrates is formation and resonance of localized 
surface plasmons on the rough surface of metals [21, 22]. 
Considering the interesting optical and plasmonic properties 
of gold, silver and copper metals (noble metals), most of the 
investigations of enhanced Raman spectroscopy are carried 
out using this group of metals.

In our earlier work [23], it was shown that departure from 
use of noble metals in enhanced Raman spectroscopy can 
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be achieved by using Mn nano-sculptured structures as the 
substrate. Sculptured structures can be designed and fabri-
cated under controlled deposition conditions with sharp tips 
and recesses with chosen numbers and sizes. Our work [23] 
showed that the geometry (shape and size) and symmetry of 
the metal substrate is as important and effective as choos-
ing the metal itself and also cheaper metals such as Mn can 
produce better results than Au and Ag metals. Hence, they 
can have high applications in industry and medicine.

On the other hand, in enhanced Raman spectroscopy, 
combined and overtone levels may also appear which are the 
results of the interaction of an incident photon with matter 
leading to two different oscillations which their probability 
of occurrence in normal Raman is very low [24]. Konde-
pati et al. [25] showed that these peaks are as important as 
the other Raman peaks in diagnosis of primary cancers in 
human pancreas and colorectal tissue. Hence, their detection 
can be of high importance in more precise investigation of 
biological samples.

Our aim in this work was to produce nano-sculptured 
helical Mn sculptured thin films with pine-tree-like shape 
and investigate their Raman enhancement factor while 
they were impregnated with 4,4′-bipyridine molecules 
(consisting of nitrogen and carbon rings which are bases 
of many materials used in investigations in pharmacy and 
medicine). Raman spectroscopy of the samples by a system 
equipped with a 632.8 nm laser beam resulted in producing 
not only enhanced basic 4,4′-bipyridine Raman peaks but 
also showed combined and overtone peaks in the surface-
enhanced Raman spectra.

Experimental details

Mn helical star-shaped (pine-tree-like) sculptured thin films 
(HSSTFs) were deposited on Cu substrates (Goodfellow 
Metals, Cambridge, UK) (20 × 20 × 1 mm3) using electron 
beam evaporation from a graphite crucible with a diam-
eter of 6 mm at room temperature. The purity of Mn was 
99.95% (Goodfellow Metals, Cambridge, UK). An Edwards 
(Edwards E19 A3) coating vacuum system with a base pres-
sure of 2 × 10−7 mbar was used. The deposition angle was 
fixed at 80°, and the substrate was rotated clockwise in sud-
den movements at pre-assigned angles.

The details of substrate holder system are given in our 
earlier work [26]. A brief description is given here for ease 
of access for the readers. The movement of the substrate 
holder is controlled by two stepping motors at two angles α 
and φ, with 0.01 degree/step accuracy.

An interface to a computer consists of a particular soft-
ware (written in the LabVIEW format) which controls the 
speed of rotation of the substrate holder and provides facil-
ity for dividing each revolution of the substrate holder to 

various sections. The substrate holder was a stainless steel 
disk of 100 mm diameter.

Tait [27] has given the relationship between the axis of 
columns in the columnar structure and the substrate sur-
face normal “β” for deposition angles “α” larger than 60° 
as � = � − sin−1

(

1−cos �

2

)

 . Hence, for α = 80° a value of 
β = 55.5° was obtained. Therefore, the thickness of each 
arm with a length of L can be calculated as Lcos � . The 
procedure for fabrication of Mn HSSTF5 is as follows:

Stage 1 substrate was fixed in an arbitrary position 
(φ = 0°), and 60 nm Mn film was deposited.
Stage 2 substrate was rotated by 180° (φ = 180°), and at 
this new position (opposite to Stage 1) 60 nm Mn film 
was deposited. (First tip point of the star is made in a 
zigzag shape.)
Stage 3 substrate was rotated by 180° to return to the 
position of Stage 1 and then rotated by 72°, and 60 nm 
Mn film was deposited.
Stage 4 substrate was rotated by 180° (φ = 180°), and at 
this new position (opposite to Stage 3) 60 nm Mn film 
was deposited. (Second tip point of the star is made in 
a zigzag shape.)
Stage 5 substrate was rotated by 180° to return to the 
position of Stage 3 and then rotated by 72°, and 60 nm 
Mn film was deposited.
Stage 6 substrate was rotated by 180° (φ = 180°), and at 
this new position (opposite to Stage 5) 60 nm Mn film 
was deposited. (Third tip point of the star is made in a 
zigzag shape.)
Stage 7 substrate was rotated by 180° to return to the 
position of Stage 5 and then rotated by 72°, and 60 nm 
Mn film was deposited.
Stage 8 substrate was rotated by 180° (φ = 180°), and at 
this new position (opposite to Stage 7) 60 nm Mn film 
was deposited. (Fourth tip point of the star for SHSTF5 
is made in a zigzag shape.)
Stage 9 substrate was rotated by 180° to return to the 
position of Stage 7 and then rotated by 72°, and 60 nm 
Mn film was deposited.
Stage 10 substrate was rotated by 180° (φ = 180°), and 
at this new position (opposite to Stage 9) 60 nm Mn film 
was deposited. (Fifth tip point of the star for HSSTF5 
is made in a zigzag shape.)
Stage 11 substrate was rotated by 180° to return to the 
position of Stage 9 and then rotated by 72°.

One pitch of the helical Mn star-shaped structure is 
completed, and the substrate holder is in the position of 
Stage 1; Stages 1 to 11 may be repeated for fabrication of 
second and third pitches of the Mn HSSTF5.
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The second pitch and the third pitch of the sculptured 
structure were fabricated by repeating the above stages 
while the lengths of arms were decreased to 30 nm and 
15 nm, respectively. Therefore, the final structure should 
look like a pine tree.

Deposition of Mn HSSTF4 and Mn HSSTF3 samples 
was carried out as above but the 72° rotation angle was 
changed to 90° and 120°, respectively. Hence, the number 
of stages was also reduced accordingly.

A quartz crystal deposition rate and thickness con-
troller (Sigma Instruments, SQM-160, USA) which was 
positioned close to the substrate holder and at the almost 
the same azimuthal angle as that of the substrate was 
employed for obtaining the deposition rate during fabrica-
tion of the samples which was fixed at 1.0 Å s−1. The depo-
sition rate was estimated from the film thickness obtained 
from the FESEM image of the cross section of the film 
divided by the deposition time.

The distance between the evaporation crucible (6 mm in 
diameter) and the substrate was chosen as 30 cm. Hence, 
the evaporation source can be considered as a point source 
with a cosine distribution. In this configuration, it may 
be assumed that vapor has a straight trajectories (i.e., no 
appreciable scattering due to the large mean free path 
(~ 5 × 104 cm [28] occurs).

All Cu substrates were ultrasonically cleaned in heated 
acetone then ethanol before fixing them on the substrate 
holder.

In order to make sure of the reproducibility of the 
results, the deposition process was repeated several times 
and results of different analyses (e.g., XRD, AFM and 
FESEM) were compared which showed consistent results 
within the experimental uncertainties. FESEM images 
were obtained using a Hitachi S-4100 SEM, Japan field 
emission electron microscope. AFM (Nt-mdt scanning 
probe microscope, BL022, Russia; with low stress silicon 
nitride tip of less than 200 Å radius and tip opening of 18°) 
images provided the surface roughness and the morphol-
ogy of the produced samples.

SERS measurements were taken on the star-shaped heli-
cal Mn nano-structures with three, four and five pointed 
tips coated with 4,4′-bipyridine  (C10H8N2), whose pow-
der was dissolved in deionized water, and a solution with 
4.5  gl−1 (2.885 × 10−2 mol l−1) was obtained. In order to 
achieve a homogenized solution, the solution was passed 
through a paper filter before being used for coating of the 
samples. SERS measurements were taken after drying the 
samples.

The Raman spectroscopy of the samples was carried out 
using FT Raman 960 spectrometer, Thermo Nicolet, USA; 
632.8 nm. For determination of surface plasmons, UV–Vis 
spectrometer (StellarNet BLACK, Comet concave grating 
spectrometer) was employed.

Results and discussion

SEM and AFM; nano‑structure

The structures of the samples produced for this work are 
given in our earlier work [23]. However, in order to give the 
facility of ease of access to these data to the reader, they are 
repeated here with a brief description. Figure 1 shows the 
FESEM images of all three types of samples in both x and 
y directions (axes). The sharp tips and the voids between 
the nano-structures can vividly observe. The decrease in 
the length of arm in the growing pitches is also obvious. 
The cross-sectional image of the film gives a good measure 
of the film thickness which was found consistent with the 
predictions that was obtained from calculations considering 
geometry of the system [29]. In addition, considering that 
the length of arms from bottom to the top of the sample is 
reduced in this conical-shaped sculptured structure resulted 
in reduced diameter of each pitch relative to the underlying 
pitch (Fig. 1).

In Fig. 2, 2D and 3D, AFM images of the samples fabri-
cated in this work are given. The use of JMicroVision Code 
on the 2D AFM images provided the information about the 
film surface roughness, grain size distribution and the void 
fraction in the produced samples (Table 1).

X‑ray diffraction analysis

XRD patterns of the Mn/Cu sculptured thin films fabricated 
in this work are given in Fig. 3.

Four clear peaks are present in all samples with three-, 
four- and fivefold symmetry. Two of the peaks may be 
assigned to the Cu substrate (Cu(220) and Cu(311) (with 
respect to the JCPDS card No: 00-003-1018)); one peak 
belongs to Mn(100) (with respect to the JCPDS card 
No: 00-003-1014), and the forth peak can be assigned 
to  MnO2(041) (with respect to the JCPDS card No: 
00-007-0222).

Surface‑enhanced Raman spectroscopy

A spectrometer with 632.8 nm laser wavelengths was used 
to analyze the samples. In order to perform Raman measure-
ment on the 4,4′-bipyridine solution itself, the homogenized 
solution was poured in a thin glass vial of 6 mm diameter 
covered with a cap cover glass.

SERS spectra of Mn star-shaped samples with three, 
four and five pointed tips coated with 4,4′-bipyridine and 
4,4′-bipyridine solution itself are given in Fig. 4.

The ratio of the area under the peak after subtraction of 
background for the main bands of 4,4′-bipyridine  (C10H8N2) 
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(i.e., 1290, 1410 and 1590 cm−1) to that of 4,4′-bipyridine 
solution obtained using the 632.8 nm wavelength is given in 
Table 2. The data in this table show that the threefold sym-
metry has produced the highest enhancement for these peaks 
while fivefold symmetry shows slightly less improvement. 
The fourfold symmetry sample spectrum is even inferior to 
that of 4,4′-bipyridine solution. The latter could be the result 
of higher symmetry order of this sample [30].

UV–visible spectra

The absorption spectra of the samples discussed in this work 
were obtained by a UV–Vis spectrometer (see “Experimen-
tal details” section) and are shown in Fig. 5. In these spectra, 
the shift in the absorption peak position is dependent on 
the size of particles [31, 32]. The grain size of threefold 

symmetry is smaller than fourfold symmetry (Table 1); 
hence, its absorption peak shows a blue shift relative to that 
of fourfold symmetry sample, while the grain size of fivefold 
symmetry sample is larger than that of fourfold symmetry, 
and its absorption peak shows a red shift relative to that of 
fourfold symmetry sample.

The UV–Vis spectrum of the Mn sample in Fig. 5 shows 
no feature/peak while Mn helical star-shaped (pine-tree-like) 
sculptured samples show peaks at different wavelengths; 
threefold, fourfold and fivefold symmetry samples have a 
peak at 632 nm, 720 nm and 786 nm, respectively.

At 632 nm wavelength (Fig. 5), the order of intensity 
from highest intensity is for fivefold, threefold and four-
fold symmetry samples. However, in fact in this type of 
analysis, one should give more weight to the spectrum 

Fig. 1  FESEM images of the 
cross sections of the Mn helical 
star-shaped (pine-tree-like) 
sculptured thin films with dif-
ferent symmetries; a threefold 
symmetry, b fourfold symmetry, 
c fivefold symmetry. Column 
I) images are taken from the 
x-direction of the sample. Col-
umn II) images are taken from 
the y-direction of the sample
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consisting of a peak. (Area under the peak should be con-
sidered.) Hence, the order will be changed as threefold, 
fivefold and fourfold which are again consistent with the 
results of Raman spectra obtained using the Raman spec-
trometer with 632.8 nm wavelength laser. Therefore, from 
these agreements between AFM and UV–Vis spectra, it 
may be concluded that the hot spot size has a direct effect 
on the position of peak in the absorption spectra (localized 
surface plasmon frequency). Accordingly, it is logical to 
accept that the number of hot spots should also directly 
intensify the Raman peak intensity as they accommodate 
molecules under investigation.

Fig. 2  3D (Column I), 2D 
(column II) AFM images of 
the Mn helical star-shaped 
(pine-tree-like) sculptured thin 
films with different symmetries; 
row a threefold symmetry, row 
b fourfold symmetry, row c 
fivefold symmetry. Column III) 
2D AFM images with gray level 
used for obtaining surface void 
fraction of the films

Table 1  Average surface roughness and grain size and surface void 
fraction of the Mn helical star-shaped (pine-tree-like) sculptured thin 
films with different symmetries

Mn/Cu star shape Rave (nm) Rrms (nm) DAFM (nm) Fv

Threefold 4.1 5.2 42.3 0.20
Fourfold 3 3.7 48.5 0.18
Fivefold 5.7 7.2 63.3 0.23

Fig. 3  XRD patterns of (a) threefold, (b) fourfold and (c) fivefold 
symmetry Mn helical star-shaped (pine-tree-like) sculptured thin 
films
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Accommodation and orientation of molecules 
on the surface of the sample

In Fig. 4, it can be seen that only  Ag and  Bg Raman shifts 
are present. This is because 4,4′-bipyridine is one of the  D2h 
groups, and according to the gross selection rule for vibra-
tional Raman transitions, vibration of molecule should lead 
to change in polarizability [33].

In Table 3, the values of Raman shifts obtained from 
the SERS measurements using 632.8 nm laser for the more 
pronounced peaks and the corresponding vibrations for the 
samples discussed in this work are given. 

The electromagnetic selection rule [34] suggests that the 
enhancement of perpendicular mode of vibration is more than 
parallel mode. The Raman spectra obtained in this work for 

different samples are summarized in Table 3. It can be seen 
that majority of the ring modes belong to in-plane modes, and 
those belonging to out-of-plane modes are very weak which 
suggests that the adsorbate is formed in a vertical structure.

Calculation of the enhancement factor

The SERS enhancement factor is calculated using [35];

where N0 is the number of 4,4′-bipyridine molecules in the 
volume of the solution covered with the incident laser beam 
and N is the number of 4,4′-bipyridine molecules which have 
the most contribution in SERS (i.e., molecules positioned on 
the sharp tips (hot spots) of the structure);

(1)EF =
I

I0

N0

N
,

Fig. 4  SERS spectra measured 
using 632.8 nm wavelength 
laser from (a) 4,4′-bipyridine 
solution and 4,4′-bipyridine 
deposited on (b) threefold, (c) 
fourfold and (d) fivefold sym-
metry Mn helical star-shaped 
(pine-tree-like) sculptured thin 
films

Table 2  Areas under the main peaks of 4,4′-bipyridine deposited on the Mn helical star-shaped (pine-tree-like) sculptured thin films with differ-
ent symmetries and that of Bipy solution, and their enhancement ratios relative to Bipy solution obtained using 632.8 nm wavelength laser

S(1290) S(1410) S(1590) S(1690) S(1947) S(1290)sample

S(1290)Bipy

S(1410)sample

S(1410)Bipy

S(1590)sample

S(1590)Bipy

Bipy 66.89 16.44 29.54 – – – – –
Threefold 89.17 33.87 42.48 0.80 9.10 1.33 2.06 1.44
Fourfold 45.24 13.34 17.06 1.36 3.40 0.68 0.81 0.58
Fivefold 68.86 24.36 35.86 0.28 2.52 1.03 1.48 1.21
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and

where n is the symmetry order/fold of the star, k is the coef-
ficient which contains the ratio of number of 4,4′-bipyridine 
molecules which are positioned in the best orientation for 
enhancement of the Raman signal to that of the total number 
of molecules positioned/accommodated on the sharp tip (hot 
spot). Hence, n = 3, 4 and 5 and 0 ≺ k ≺ 1.

If k = 1, then for n = 3, 4 or 5 the ratio N0
/

N  will be 
0.75 × 103, 1 × 103 and 1.25 × 103.

Accordingly, the enhancement factor for our samples in 
this work is of the order of  103.

The following assumptions are made in performing these 
calculations:

(2)

N0 = 5 × 10−3[m](Height of solution in vial)

×
4.5

[

kg

m3

]

156.8
[

kg

mole

] × 6.022 × 1023
[

mole−1
]

× cross section of laser beam

(3)

N = k ×
1.7 × 10−15

[

m2
]

(surface of a spot)

0.62 × 10−18
[

m2
]

(cross section of a Bipymolecule)

× 3 × n × 1.1 × 1012

Fig. 5  UV–Vis absorption spectra of (a) Mn substrate and, (b) three-
fold, (c) fourfold and (d) fivefold symmetry Mn helical star-shaped 
(pine-tree-like) sculptured thin films

Table 3  Spectral data (wave 
number 
(�̄�

ScatteredPhoton
[cm−1] =

10
7

𝜆[nm]
) ) 

and vibrational assignment of 
4,4′-bipyridine (Bipy) solution 
itself and the Mn helical 
star-shaped (pine-tree-like) 
sculptured thin films with 
different symmetries obtained 
from measurement with 
632.8 nm wavelength laser

*Overtone peaks, †combined peaks
a In threefold: presence of a peak at 15,803 cm−1 wave number in the absorption spectrum indicates inten-
sification of incident photon. In fivefold: presence of a peak at 12,500 cm−1 wave number in the absorption 
spectrum indicates intensification of scattered photon
b In threefold: presence of a peak at 15,803 cm−1 wave number in the absorption spectrum indicates intensi-
fication of incident photon. In fourfold: presence of a peak at 14,000 cm−1 wave number in the absorption 
spectrum indicates intensification of scattered photon
c In fivefold: presence of a weak peak at 15,160 cm−1 wave number in the absorption spectrum indicates 
intensification of scattered photon

Bipy Threefold Fourfold Fivefold Phonons �̄�ScatteredPhoton Symmetry Assignment Remarks

– 3501† 3501† 3550† 1938 and 1590 12,250 – – a

– 3378† 3328† 3374† 3070 and 307 12,430 – – a

– 3170* 3210* 3195* 2 × 1597 12,600 Ag νring –
3076 3076 3065 3076 – 12,727 B1g ν(CH) –
– 2925† 2890† 2890† 1300 and 1590 12,900 – – a

– 2539† 2570† 2568† 1160 and 1410 13,235 – – –
– 2117* 2109* 2110* 2 × 1097 13,690 B1g νring + δ(CH) –
– 1933† 1955† 1947† 1300 and 638 13,865 – – b

– 1696* 1711* 1690* 2 × 866 14,100 B3g γ(CH) –
1592 1593 1594 1593 – 14,210 B1g νring –
1412 1417 1416 1412 – 14,391 B1g νring –
1299 1298 1298 1299 – 14,500 Ag νring + δ(CH) –
1155 1184 – 1156 – 14,650 Ag δ(CH) –
1049 1069 1088 1074 – 14,730 B1g νring + δ(CH) –
726 777 778 803 – 15,000 Ag νring + δ(CH) c

– – – 640* 2 × 314 15,160 Ag δring
c

513 534 569 513 – 15,290 B3g γring –
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1. The number of stars in unit area of the surface is 
1.1 × 1012 which is obtained from the FESEM images 
of the samples.

2. The value of unity for k indicates the highest concentra-
tion of 4,4′-bipyridine molecules on the hot spot which 
is not a logical probability assumption.

3. The factor 3 in Eq. 3 indicates that all three pitches of 
the helical structure are considered in the process while 
penetration of 4,4′-bipyridine molecules to lower pitches 
is less probable.

However, no considerable change may be resulted from 
all these in the value of the enhancement factor.

Generally, in the analysis of Raman spectra only the most 
probable process is considered because of the small intrinsic 
effective cross section (i.e., the interaction of one photon 
with one phonon). If a molecule becomes excited by a laser 
beam at angular frequency �k , the linear optical polarizabil-
ity ⌢𝛼L may be described as a function of the normal mode 

coordinates Qk 
[

kg
1∕2m

]

 : ⌢𝛼L

(

Q1,Q2,…
)

 [36].

Hence, a specific normal mode k may be characterized by 
Qk where all other Qk′ are zero. For internal vibrations are 
usually small perturbations of the molecular and electronic 
structure, the polarizability is expected to be also weakly 
perturbed by their presence. Hence, one may approximate 
the linear optical polarizability by a Taylor expansion as 
follows [36]:

The second term in the Taylor expansion is related to the 
variation in polarizability of the matter as a function of Qk 
(the normal mode coordinate) which results in Q2

k
 coefficient 

and leads to scattering of the form �L ± 2�k . ( �L and �k 
are corresponding frequencies of the laser and the normal 
mode k, respectively.) This will cause appearance of peaks 
with double (twice) Raman shift and called overtones. In 
addition, it is also possible that two different phonons are 
produced by absorption of one photon (terms with coeffi-
cient of the form QkQk′ in the Taylor expansion). Frequency 
of the scattered photon in this process is �L ±

(

�k ± �k�

)

 
and is called combination band or higher-order scattering. 
In normal condition, influence of vibrations on the polariz-
ability is considered in form of perturbation and overtones 
and combination bands are much weaker than the normal 
Raman phenomenon and cannot be detected unless certain 
special resonance conditions are met [36].

In this work, in addition to 4,4′-bipyridine characteris-
tic peaks, overtone peaks and combination bands are also 

(4)

⌢

𝛼L

(

Qk

)

=
⌢

𝛼L(0) +

(

𝜕
⌢

𝛼L

𝜕Qk

)

Qk=0

Qk +
1

2

(

𝜕2
⌢

𝛼L

𝜕Q2
k

)

Qk=0

Q2
k
+⋯

observed. In Table 3, the peaks related to the 632.8 nm laser 
wavelength with their assignments are given.

The Raman spectrum is usually drawn as a function 
of Raman shifts (wave number of the produced phonon) 
∇�

[

cm−1
]

 . The energy relationship for the Raman phenom-
enon is as follows:

Hence, the relationship between the wave numbers of 
incident photon and scattered phonon(s) is as follows:

As an example from Table 3, the peak at 3370 may be 
assumed/accepted as a combination band as a result of 
summation of a peak at 307 and a peak at 3070. (Both 
peaks are of main 4,4′-bipyridine characteristic peaks.) 
Hence, absorption of one photon of the laser light with 
632.8 nm wavelength (wave number of 15,802.8 cm−1) in 
the matter leads to simultaneous production of two pho-
nons with 307 cm−1 and 3070 cm−1 wave numbers. The 
wave number relationship of these two wave numbers is 
15,802.8–(307 + 3070) = 12,425.8 cm−1 which is the wave 
number of the scattered photon. In the UV–Vis spectra of the 
samples produced in this work (Fig. 5), it can be observed 
that the spectrum of the sample with fivefold symmetry has 
a peak at about 12,500 cm−1. Therefore, we may deduce that 
the presence of a peak at 3370 cm−1 in the Raman spectrum 
is related to the intensification of photon with 12,426 cm−1 
wave number that is scattered when two phonons with 
307 cm−1 and 3070 cm−1 wave numbers are simultaneously 
produced. It should also be mentioned that this peak is also 
present in the spectrum of threefold symmetry sample with 
relative strength.

Conclusions

Szabo et al. [37] reported the enhancement of Raman sig-
nal from Mn small isolated metal spheres. Hence, in this 
work Mn was chosen as the material and fabricated nano-
sculptured pine-tree-like structures with different symme-
tries on Cu substrates. Then, SERS investigation was carried 
out 4,4′-bipyridine molecules embedded on these struc-
tures. Results not only showed that the enhancement fac-
tor obtained from this work is comparable to that obtained 
from Ag nano-structures [38, 39], but also lead to detection 
of overtone and combined peaks of 4,4′-bipyridine mol-
ecules which may be related to the sculptured structure of 
the thin films fabricated in this work and the wavelength of 
the laser used. In addition, results of SERS showed good 
agreement with those obtained from UV–Vis (absorption 
mode) which points out the important role of electromag-
netic model for enhancement of Raman scattering. However, 

(5)Ephonon = Ephoton(laser) − Escattered(photon)

(6)∇�̄�phonon = �̄�photon(laser) − �̄�scattered(photon)
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due to surface oxidation of Mn which may act as a buffer 
between 4,4′-bipyridine molecules and the Mn atoms, one 
may also consider the role of charge transfer mechanism in 
this work. Therefore, one cannot define exactly which of 
these two mechanisms are more likely to explain the results 
of this work as also being commented in most of the pub-
lished literature.

The consistency between results obtained from the 
UV–visible spectrophotometry and that of AFM analysis 
indicates that the size of hot spots has a determinant effect 
on the frequency of the localized surface plasmonic oscilla-
tions. It is also known that if this frequency corresponds to 
that of the laser used for this type of measurement, then the 
structure used is suitable as a substrate for SERS technique.

In addition, the probability of the molecules being posi-
tioned at suitable distances directly depends on the number 
of hot spots. This increases the SERS enhancement factor. 
With regard to the application of sculptured thin films, the 
size of molecules studied also is of high importance. There-
fore, in the design and production of this type of substrate 
one should consider all these factors.
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