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Abstract. The matrix elements of the Raman scattering tensoe constructed from the Clebsch-
Gordan coefficients (CGC's). Using group theordtBaman’s method, we calculate the CGC's of the

tetragonal phase tungsten trioxidé/VO; with the space grodazh. These obtained scattering tensors

are used in the interpretation of the Raman spectra

1. Introduction

Experimental data relies on proper interpretatmarnderstand what the results are trying to conwey
us. In this studyg-WO;, which is to be used as the active sensing materigas sensors, are
characterized with Raman spectroscopy [1]. In Ras@ectroscopy, laser light is incident on the
sample under investigation, and this interacticmsea the creation or destruction of the Raman@ctiv
optical phonons (longitudinal optical (LO) and tsaarse optical (TO)) [2]. The energy difference
between the incident light and scattered lightgaiealent to the Raman-shift. The observed Raman
peaks are assigned to certain lattice vibrationigstwére contained in the lattice mode represemsatio
The symmetry of the Raman-active modes are detednby the symmetrized square Kronecker
Product (KP) of the vector representatior]V] ) of a space group in a crystal [3]. The excitations
the crystal are classified according to irreducieleresentations (irreps) of a space group.

2. Theoretical background

The Raman polarizability is the quantum analoguthefsecond-order tensor and describes the change
in the electric polarizability produced by an eatitn of the crystal [4]. The Raman scattering ¢ens

Paﬁ(ﬁ) is related to the crystal polarizability tensamtigh the relation [4, 5]
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where the symbols in Equation (1) have been defing8]. Polarizability tensor is an expansion of a
power series of normal coordinat€s .



Scattering tensors relate the Cartesian comporantse scattered radiation field to those of the
incident field [5]. The elements of the first-ordBaman scattering tensor are precisely linear
combinations of certain Clebsch-Gordan coefficif@&C'’s) [6]. CGC’s are matrix elements of the
unitary matrixU that brings the KP into a full reduced form. Ider to calculate the CGC'’s, we need
the matrix representations of the groups and thed&ctions rules. The Cracknell, Davies, Miller and
Love (CDML) tables [7] contain the characters aratnm generators of the 230 space groups at high
symmetry point’s throughout the respective Brilloaiones. The tables also contain the symmetrized
squares, anti-symmetrized squares and cubes f@3thepace group irreps.

The a-WQ; falls in the P4/nmm(DZh) space group, and Figure 1 shows the Brillouin zohthe

simple tetragonal lattice. The point of highest myiry is represented by the pointin Figure 1. It is
at this point that Raman spectroscopy is concemiéitl resulting from the phonon wavelength
(same order of magnitude as the excitation lasatelgagth ~5000 A) typically being much greater
than the lattice constamt (~5 A) of the crystal structure [2]. It is also portant to note that the
interaction of the other points within the Brillouzone (eg. poin#&, X ) may contribute to the Raman

(second-order scattering) intensity at th@oint, and hence a direct contribution to the Ramaaks.
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Figure 1. The Brillouin zone for simple cubic tetragonatlilze [7].

In this work, the matrix elements of the unitarytrixa U, whose coefficients are certain linear
combinations of CGC'’s, will be determined and usedconstruct one-phonon first-order Raman
scattering tensors. These tensors will be validatginst literature.



3. Clebsch-Gordan coefficients and scattering tensor s
The determined vector representation (V-repPgf using CDML tables [7] is given by

V=B, 0E =M, O, . )
The ordinary KP is given by the following equation

[V DV] = [r3— O rs—] 0 [r3— O rs—] N [rs— O rs—] 0 [rs— O rs—]
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The Raman-active modes are contained in the syrmaétsquare KP and is given by
[V DV](z) :[rs— )y [rs— [ r5—](2) @
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The number of Raman-active modes observed in teetrgpn is contained in the total number of

lattice mode representations. In other words, ti@ber of Raman-active modes shown in Equation
(4) does not necessarily have a one-to-one comegmee to the number of experimentally observed
Raman peaks.

The calculated CGC'’s are presented in Table 1.JBE’s for the symmetrized square of the V-rep is

contained in the first three columns and the ayrirsetrized V-rep is contained in the last two
columns.

Table 1. Clebsch-Gordan Coefficeints f@,,, .

[r,er, |, e[r er.],= T, ® I, ® T,
[, er, |=_or, ]= I,
XX /2 -1/\2 0 0 0
Xy 0 0 TN 0 0
xz 0 0 0 Y2 0
VX 0 0 1/v2 0 0
vy V2 V2 0 0 0
yz 0 0 0 0 /2
7x 0 0 0 Y2 0
zy 0 0 0 0 /42

zz 1 0 0 0 0




For completeness, the linear combination of the B@fwes the first-order scattering tensor matrices
given as

1 100 1 1 0 O L 010
A, T,=—F|0 1 0| Ay :l,,=——=|0 -1 0|, By:l,,=—=|1 0 0,
V2 0 0 2 */Eo 0 0 */Eo 00
1 0 01 000
Eg:réi):T 0 0O ,andEngéE):% 0O 0 1. (5)
2l1 00 2lo 1 0

These CGC's can be used to construct various sicgtteensors such as Brillouin scattering tensors
and scattering tensors for morphic effects [6]. réfme, the determination of CGC'’s is of great
interest to experimentalists due to its versatiityongst the scattering techniques by manipuldkiag
combinations of the same set of the CGC's for tfexe group relevant to the technique involved.

4. Experimental results

To confirm that the prepared tungsten oxide in jaedalls under the relevant space group, x-ray
diffraction was carried out on the sample underestigation. For more information about the
synthesis and type of sample, refer to Govenderlef8]. Carrying out an analysis on the
corresponding x-ray spectrum shown in Figure 2i{ayas found to match well with tetragonal phase
(P4/nmm) WO; under PDF reference number 01-085-0808. The hpeall present in this spectrum
results from the SiQ( P2 space group) substrate [9]. The corresponding Rapeactrum presented in
Figure 2 (b) can now be analysed.
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Figure 2. (a) The XRD spectrum of a W@hat shows characteristic peaks of a tetragonadgland
(b) the Raman spectrum of the tetral phase Wgxthin film



According to literature [10], the two strong peaks775 crit and 946 cm in Figure 2 (b) does not
result from tetragonal phase WQhese two peaks result from the combined coniohuof both
tetrahedral borate groups and W@oups which most probably arise from the substr&tom this
result, these peaks are not related to our saagtéensors. Looking closer at the 775 cpeak, there

is a shoulder at ~800 ¢hwhich is expected foo-WO; [11], and this contributes to the overall
intensity of that peak. The peak at 336'ds1a blue-shifted peak from the literatures 326'camd the
675 cm' is a red-shifted peak from the literatures 682 dmil]. It is evident that the shifts are
approximately the same amount, and so it is prebtidt the shape and size of the material caused
this shift since we are comparing the spectra abbalts to that of thin films [12]. The origins tbfe
peak at 364 crhis not known, and so other processes such as Ihanegm processes, forbidden modes
and morphic effects need to be considered [6].

The relative Raman intensities of the stretchingdesois given by the ratio of the square of the
scattering tensors for,BI,, and A4 I, , and the value comes out to 8. From this analysis, we
speculate that the shoulder peak at 800 srassigned to the A, mode and the peak at 336°tm
is assigned to B I,, mode. For proper and accurate assignments of #akspand modes,
polarization must be conducted [12].

5. Summary and discussion

In this work, we focused on the construction o$tfiorder Raman scattering tensors for space group
D,,, using well known group theoretical methods. Theirary KP givesl,, OT,, O, O,

phonon modes. Thé,, comes from[Fg_ U I'S_], and this mode is not contained in the symmetrized

square of the V-rep. Therefore, the, mode belongs to the anti-symmetrized part of thepy and

contributes to the Raman spectra through some otleehanism. Following from relevant selection
rules, CGC'’s can be obtained, and the appropri@tgbmnation of these coefficients gives information
about a particular scattering process. To the asittikoowledge, this is the first time that the CGC’
for the D/, group have been calculated, and was shown in Tiabilée obtained an estimation of the
relative intensities of the Raman peaks using tagtaring tensors to identify the stretching modes.
Accurate assignments will be carried out when Rapuwalarization studies and lattice dynamics for
this phase of W@are obtained. Future work involves derivation afhler-order scattering tensors,
Raman cross-sections, and relaxation times. Tty starried out is the first step in the elucidatadn

a gas sensing mechanism when usiyvVOs. To experimentalists and device engineers, this
information may assist in the design of such aigfized device.
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