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Abstract

Double tungstates (DT) and double molybdates (DM) have significant importance because of their
optoelectronic applications. Regarding the importance of DT and DM, we investigated experimentally
structural and optical properties of (NaosBio.s)(M0;-—xWx)O4 (x = 0.25) crystal that belongs to the NaBi-
DT and DM crystals group. Czochralski method was used to grow the single crystals. The structure of
the crystal was identified using X-ray diffraction (XRD) measurements. Two sharp peaks associated
with tetragonal crystal structure appeared in the pattern. Vibrational modes of the studied crystal were
obtained from the Raman experiments. By the help of the Fourier transform infrared spectrophotometer
(FTIR) measurements, infrared transmittance spectrum of the studied compound was recorded. Band
gap energy wase found around 3.04 eV using two methods, Tauc and derivative analysis, based on
transmission spectrum. Based on the analysis of absorption coefficient, Urbach energy was obtained as
0.22 eV. The revealed structural and optical properties of the crystal indicated that the material may be
a candidate for optoelectronic devices in which NaBi(Mo0Oa), and NaBi(WO4), materials are utilized.
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1. Introduction:

Double tungstates and molybdates have significant importance because of their use as
laser media. They have chemical formula of XT(YOs)2 (X: monovalent cation, T: trivalent one,
Y: Mo®" or W8*). Among these groups, bismuth based compounds draw attention as visible light
induced photo catalyst thanks to its light absorption characteristics [1-4]. Double sodium—
bismuth molybdate NaBi(MoOa)2 has exciting characteristics like high luminous efficiency and
density, fast response time, good anti-irradiation. These characteristics make the compound
potential in high energy, luminescence and safety-checking device applications [5]. It presents
well luminescence, photocatalytic, photo elastic, acoustic, and sensing characteristics [6-12].
The band gap energy of NaBi(MoO4). compound was reported generally in between 2.9 and
3.1 eV [11,13]. Double sodium-bismuth tungstate NaBi(WO.). enters the field of interest of
scientists for ultra-high energy radiation detection and charged particles in the TeV region
[14,15]. The physical properties and crystalline structure of crystals of NaBi(WOa) were
investigated in [16, 17]. Waskowska et al. [18] studied electronic and optical characteristics of
NaBi(WOQ4)2 and using the generalized gradient approximation, its indirect band gap was
calculated as 3.2 eV. Kato et al. [13] found the direct band gap of the material as 3.5 eV.

In the NaBi(Mo0Oa4)> compound, as a result of the substitution of Mo element with W,
(Nao.sBios)(Moi1—xWyx)Os compounds are formed. The structural and optical features of each
compound formed by changing the composition in the range of 0 < x < 1 may tune and this
tuning behavior provides various benefits in technological applications. Unfortunately, the
studies on (Nao:sBios)(M01-xWx)Os compounds in the literature are almost non-existent. A
recent study examined the microwave dielectric characteristics of the compositions of x = 0.0,
05 and 1.0 [19]. As a result of revealed -characteristics, author stated that
(Nao:sBios)(Moi1-xWx)O4 ceramics have remarkable potential to be used in low temperature co-
fired ceramic area. Regarding the importance of the NaBi-double tungstate and molybdate
crystals mentioned above and advantages of tuning characteristics of the mixed compounds, we
investigated experimentally structural and optical properties of (NaosBios)(Mo1xWx)Os (X =
0.25) crystal. X-ray diffraction, Raman and infrared spectroscopy, transmission measurements

were performed as characterization techniques.

2. Experimental
Czochralski method was used to grow (Nao.sBio.s)(M0o.7sWo.25)O4 crystals. Ratio of the

starting compounds in the growth process was 1Bi>Oz: 3M003:1W03:1Na,COs. The starting



compounds were mixed and resulting mixture was pressed to obtain pellets. The pellets were
heated around 800 °C for 24 hour to obtain single phase. During growing, 2 mm/h pulling rate
and 15 rpm rotation rate was performed. After crystal growth completed, the crystal polished
and cut in size of 13 x 6 x 2 mm?®. The single crystal that was grown and examined within the
scope of this study is shown in Figure 1. For X-ray diffraction (XRD) experiments, Rigaku
miniflex model diffractometer that emits CuK, radiation at wavelength of 0.154049 nm from
10 to 80° with a speed of 0.02°/s was used. Raman scattering measurements were achieved by
532 nm Nd:YAG laser source by Horiba Jobin Yvon iHR550 imaging spectrometer. The
transmission measurements were accomplished in the 350-700 nm range by Jenway 6400 model
spectrophotometer. Infrared transmittance spectrum was recorded in the 2400-3200 cm ™! range
by Nicolet 6700 FTIR spectrometer having resolution of 2 cm™.

3. Results and discussion

Figure 1 represents XRD pattern of the (Nao.sBio.s)(Mo0o.75sWo.25)O4 crystal in the range
of 10-80°. Two peaks centered at 35.20° and 72.40° were observed in the diffraction pattern.
According to JCPDS Card, the observed intense peaks were associated with the planes of (200)
and (400) associated with tetragonal scheelite structure. This result is consistent with previously
published reports of NaBi(M00O.). and NaBi(WQ.), [18-21]. Moreover, XRD analysis of the
(Nao:sBios)(Mo1-xWx)Os (x=0, 0.5 and 1.0) were done [19] and it was established that the
corresponding compounds crystallize in tetragonal scheelite structure which is consistent with

our result revealed for x = 0.25.
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Figure 1. XRD pattern of (NaosBio.s)(M0o.7sWo.25)O4 crystal. Inset indicates the image of the
grown crystal.
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Figure 2. Raman spectrum of (Nag.sBio.5)(M0o.75Wo.25)Oa4 crystal.



Figure 2 represents the Raman spectrum giving information about vibrational, electronic
states, structural and phonon properties of the crystal. Nine Raman peaks centered at 84, 125,
193, 322, 380, 410, 755, 875 and 904 cm™ were observed. The peaks have good agreement with
results reported by Sal et al. [22]. Sal et al. reported the Raman peaks noted at 192, 321, 376,
414, 770 and 875 cm™* for opal nanocomposites of NaBi(MoQ4).. The bands at near 84 and 125
cm L are related to By symmetry and Eg, respectively. These bands may be associated with
T'(M004%) and T'(Bi®") phonons. The band centered at 193 cm™ may be related to the coupled
T'(Na) and L(Mo00O42") modes. One of the strong vibrational modes near 875 cm™* was assigned
to the symmetrical vibrational mode of MoO.*" tetrahedra, and the weak peak around 755
cm !t was assigned to the anti-symmetric Mo-O stretching mode. The mode around 322
cm was related to the symmetric Mo-O bending vibration. The peak around 380 cm™ comes
from asymmetric bending of MoO4>~ [23]. The vibrational band around 410 cm™ exists due to
the asymmetric bending of MoO4?~ tetrahedra. This information was presented in Table 1 that
also gives comparison of the Raman modes frequencies of (Nao.sBios)(M0o.75Wo.25)Oa,
NaBi(Mo00O4)2 and NaBi(WO4)2 from literature [21-26].

Table 1. Raman frequencies of NaBi(M0O4)2, (Nao.sBio.5)(M0o.75Wo.25)O4 and NaBi(WO4)2

NaBi(Mo00a)2 Nao.sBio.s(M00.75Wo.25)O4 NaBi(WO4)2
[22] [24] [25] Our work [21] [26] [24]
48
67 69 72
89 90 84
113 114 104
130 130 125
192 195 192 193 195 198 198
321 323 319 322 329 329 331
376 376 375 380 388 386 398
414 408 410 415 416
755 750
770 777 768 764 766 766
875 877 876 875 878 875
914 911 904 910 910 910

930 930 928 925
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Figure 3. FTIR transmittance spectrum of (Nao5Bios)(M00.75Wo.25)O4 crystal.

FTIR measurements were performed to get information about the infrared transmittance
of the crystal. The FTIR transmittance spectrum of the (Nao sBio.5)(M0o.75\Wo.25)O4 crystal were
indicated in Figure 3 in the frequency range of 2400-3200 cm™. The absorptions at 2850 cm™
associate with symmetric C-H stretching [27-29]. The band at 2920 cm™ and 2960 cm are due
to C-H asymmetric stretching vibration mode [30]. The peak around 2670 cm™ represents the
asymmetric C-H stretching vibrations [31]. However, in many studies, the observed peaks were
associated with C-H vibrations. Juchem et al. [32] observed absorption bands for fuchsite
quartzite stones and emerald stones at 2850 and 2920 cmt, with a shoulder at + 2953 cm™. Only
for quartzite stone, absorption peak was observed at 2670 cm™. The peaks at 2850, 2920 and
2953 cm™ that resembling data shown for universal oil by Johnson et al. (1999) and by Kiefert
et al. [33, 34]. As a result, fuchsite quartzite stones and emerald stones were like paraffin oil
and wax, Joban oil and HXTAL resin. Based on these works, we may conclude as

(Nao5Bios)(Mo0o.7sWo.25)O4 crystal shows absorbance like quartzite stones.
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Figure 4. Transmission spectrum of (Nao.sBio.5)(M0o.7sWo.25)O4 crystal. Inset: dT/dA vs. A

plot.

Transmission spectrum given in Figure 4 in the range of 360-700 nm was reported to
get information about optical properties of the (NaosBio.s)(IM0o.7sWo.25)O4 crystal. In order to
find the band gap energy (Eg), Tauc [35] and derivative spectroscopy analyses were used. In
the derivative spectroscopy technique, the derivative of the transmission spectrum is taken with
respect to the wavelength and dT/dA vs. A graph shown in the inset of Figure 4 is drawn. The
peak maximum position of the peak observed in this plot corresponds to band gap energy. The
graph drawn showed one peak around 413 nm corresponding to energy of 3.01 eV. When we
compare the band gap of the studied crystal of (Nao.sBio.s)(Mo01—xWx)O4 for x = 0.25 with those
of x=0(~2.90eV) and x = 1 (~3.50 eV), the revealed band gap is within the band gaps of these
compounds.

Tauc equation is given below where hv is photon energy, « is the absorption coefficient,
A is a parameter related to transition probability and p is 2 for indirect transitions or 1/2 for
direct transitions.

(ahv) = A(hv — E,)P 1)

The absorption coefficient was calculated from transmittance (T) and thickness (d) of the

sample by o = (1/d) In (1/T). Using equation (1), the band gap energy can be found by plotting



(ahv)*P vs. hv graph. Figure 5 indicates the (ahv)? vs. hv plot which present linear dependency
around the strong absorption range. The direct band gap of the crystal was found from the linear
fit of the dependency as 3.04 eV that is well-consistent with energy revealed from derivative

analysis.
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Figure 5. (a/v)? vs. hv plot of (NaosBios)(M0o7sWo.25)O4 crystal.

Urbach energy (Eu) of the compound was obtained from the analysis of the dependency
of absorption coefficient on photon energy represented in Fig. 6. The relation between « and Ey

is given as in the following equation below [36]
a(hv) = aygexp (hv/E,) . (2)

When this equation is rearranged, In(a) vs. hv plot presents a linear dependence having slope
of 1/E.. Inset of Figure 6 represents the mentioned plot and applied linear fitted. Urbach energy

was calculated from the slope of the fitted line as 0.22 eV.
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Fig. 6. The dependency of absorption coefficient to photon energy. Inset shows the In(a) vs.
hv plot for Urbach energy analysis.

4. Conclusion

In this study, the structural and optical properties of (Nao.sBio.s5)(M01-xWx)O4 (X = 0.25)
crystal grown by Czochralski method were presented. Two peaks centered at 35.20° and 72.40°
were observed in the XRD pattern. These peaks were associated with parallel planes of
tetragonal scheelite structure. Nine vibrational modes of the crystal were revealed from Raman
measurements. From the infrared transmittance spectrum, the peaks observed at 2670 cm™,
2850 cm, 2920 cm™* and 2953 cm of the crystal show that it has transmittance like quartzite
stones acting like paraffin oil and wax, Joban oil and HXTAL resin. Room temperature
transmission experiments were performed, and the band gap energy of the crystal was found as
3.04 eV and 3.01 eV using Tauc and derivative analysis method, respectively. Urbach energy
was also determined from the analysis as 0.22 eV. Taking into account the 3.04 eV direct band
gap and wusage areas of NaBi(MoOs), and NaBi(MoOs), the grown of the
Nao.sBio.5(M0o.7sWo.25)O4 compound may be a potential candidate especially in optoelectronic
devices. A bandgap energy of 3.04 eV suggests that the material might be suitable for
photovoltaic applications that involve capturing high-energy photons, such as ultraviolet or blue

light. The relatively large bandgap energy makes the material a candidate for UV



photodetectors, as it can absorb and detect UV light effectively. Moreover, the relatively wide
bandgap energy suggests that the material could be suitable for photocatalytic reactions driven
by higher-energy UV photons. UV photocatalysis is used in applications like water purification,

air cleaning, and degradation of organic pollutants.
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