Chapter 4
Raman, FTIR and Uv-Visible

In this chapter, the optical and near optical studies are presented. The effect of doping on the

local structure of the samples is studied in detail using the Raman and FTIR techniques. The

combined results and analysis of the Raman and FTIR measurements are presented in this

chapter.
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4.1 Raman Study of Pure and doped CuFeO,
Metal-metal and metal-oxygen bonds directly affect the normal modes of lattice vibrations at

the molecular level, which may be responsible for the induced variations in polarizability
during the vibrations. In addition, local defects may lead to secondary structures and resultant
changes in vibrational modes. Any changes in the normal mode of vibrations and defects can
in turn affect the magnetic and electrical properties of the system. Thus, in the present work
the investigation has been done for the first time to probe such an aspect particularly for the
dopants other than vanadium through Raman spectroscopy measurements.

As already been mentioned earlier, the delafossite has a rhombohedral structure with space
group R3m and one ABO, formula unit per unit cell containing four atoms [1]. This results in
zone center having 12 vibrational zones transforming as I' = Ajg + Eg + 3Ay, + 3E,. Out of
which the modes with subscript g are Raman active modes and the other having u are infrared
active including acoustic modes Ay, + Ey[2]. The “A” mode vibrations are due to Cu-O bonds
along the c-axis while the “E” mode vibrations are perpendicular to the c-axis. Only the
oxygen atoms vibrate while the Cu and M atoms remain at rest in these modes [3]. Further, it
has been proposed by Pellicer-Porres et al. that, the inversion center is lost along the I't
direction and the symmetry is reduced from D3d to C3v [2,4,5] R
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Figure 4.1: E; and A,y modes of vibration eigen vectors in ABO, delafossite compounds
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Figure 4.2: Raman plot for pure and doped CuFeO, samples

The Raman spectra of pure and doped CuFeO, samples are represented in figure 4.2. The
typical vibration bands of the samples are seen in the measured spectra [6]. For pure CuFeO,
samples these bands are observed at ¢ (Eg) = 352 cm™ and o(Ay) = 690 cm™[6]. The
frequencies of the Raman mode are inversely proportional to the the square root of the
reduced mass of vibrating atoms and bond length [3]. Thus, the Raman modes are affected by
the change in the Cu-O/M-O bond lengths, reduced mass of MOg octahedral and Cu.

Substitution at the Fe-site leads to minor changes in the A;g and Eg mode frequencies. The
frequencies of both the modes are slightly shifted for CFVO and CFGaV samples and can be
ascribed to the minimal changes in the lattice parameters. A Jahn-Teller local distortion
attributed broad peak appears around 500 cm™ for pure CuFeO,. The intensity for the same
peak increases for Ti and Mn-doped samples. To the best of our knowledge, such strong local
distortions in the Ti and Mn-doped samples are observed and reported for the first time.
Earlier for Ti, Mn and Fe ions at the B-site of ABO3; having BOg octahedra have shown

strong Jahn-Teller distortions leading to exquisite magnetic, electrical or multiferroic
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properties [7-10]. This could also be the case with modified ABO, systems. It has been
reported earlier that A;g mode is because of the vibrations of Cu-O bonds along the c-axis,
while the Egmode is due to the vibrations along the a-b plane [3]. The intensity of the Aq
mode does not change significantly but there is a evident change in the intensity of Eq mode
of the doped samples. This indicates there is an increase in polarization along the a-b plane.
Also, the doped samples with Ti show an extra shoulder on the lower wavenumber side of Egq
peak apart from the increase in the intensity, suggesting strong distortions in TiOg octahedra
along the a-b plane. Thus the investigation leads to the confirmation of little or no effect on
the basic structure of delafossite due to doping by Ti, Mn, Ga, and V at the Fe site in the
decided concentration range. The broadening and the shifting of peaks in the Raman spectra
could be explained in terms of the distributions of bond lengths. The unit cells expand due to
doping with larger ions which leads to the lower side shifting of the Raman peaks. It should
be noted that such local changes are not revealed in the X-ray diffraction patterns, as the
reflections are more of long-range order, whereas Raman spectroscopy deals with the local
probe of atomic bonding.

The apparent changes in the polarization which is due to the Fe site partial substitutions by
unexpected valance state of the dopants, and then the B-site element Fe** may give rise to the
charge fluctuations in Fe. Such changes can be probed through the analysis of Mossbauer

resonance which is described in the following section.

4.2 Mossbauer spectroscopy of Pure and doped CuFeO,
The room temperature Mossbauer spectra for pure and doped CuFeO, samples are shown in

the figure 4.3. Theparamagnetic nature of the samples is confirmed through the spectra.
Quadruple splitting (QS) is observed for both pure and doped samples. Meerwal program was
used to carry out least-square fitting of the spectra and the refined Mossbauer parameters are
given in table 4.1. The results obtained are in good agreement with earlier reported data for
the polycrystalline, single crystals and natural mineral delafossite for pure CuFeO, sample
[11,12].

Fe occupies the expected site in the structure which is confirmed through the results. The
values of isomer shift range from 0.37 to 0.39 mm S* which corresponds to the single high
spin Fe*'state present in octahedral oxygen coordination. The presence of Fe** or mixed
valance state at room temperature is disinterested as there is no evidence from the results. The

presence of nearly constant values of QS accounts for the asymmetric D34 distortion of the
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octahedral [13], where the M atoms are surrounded by oxygen octahedral, which is already

reflected earlier in the Raman spectra.

I I
45 3.0 1.5 00 15 3.0 45
Velocity (mm/sec)

Figure 4.3: Experimental (dots) and calculated (solid line) Mossbauer spectra for CuFeO, and
doped CuFeO, samples obtained at room temperature.
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Table 4.1: Mossbauer parameters of the studied samples

Sample Isomer shift & (mm s™) QS (mms™)
CFO 0.37 0.61
CFTiV 0.39 0.63
CFMnV 0.39 0.65
CFGaVv 0.38 0.62
CFVO 0.38 0.58

4.3 Fourier transformed infrared spectroscopy studies of pure and doped
CuFeO, samples
As discussed earlier the “A” modes are designated to the movement along with the Cu-O

bond directions (i.e. along the c-axis), while the double degenerate “E” modes are attributed
to the vibrations along the ab-plane [1]. And only the odd modes “A, + E,” are infrared active
[1].

The Fourier Transformed Infrared Spectra of pure and doped CuFeO, samples are
represented in figure 4.4. Strong peak ~ 550 cm™(shown by arrow) represents metal oxygen
bonds showing significant changes due to Ti and Mn doping, supporting our respective
observation in Raman Spectra.

The spectra show typical IR bands at 649 cm™ and 689 cm™. The results also show the
presence of four characteristic bands above 900 cm™ which are also been reported earlier for
the samples of delafossite by Bisbee, Arizona [14,15]. Thus, these along with the above
results confirm the single phase of the prepared samples and local distortions in Ti or Mn-

doped samples at the Cr-site.
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Figure 4.4: FTIR spectra of pure and doped CuFeO,
4.3 Uv-Visible measurements of pure and doped CuFeO,
As the samples are opaque UV-visible measurements were performed using the diffuse
reflectance method using powdered samples. The bandgap was extracted using the Kubelka-
Munk (K-M) model explained earlier.
The graph of [F(R.)#v/? Vs v is given in figure 4.5 and the bandgap of the studied samples
was extracted from the intercept on the x-axis. The method of linear regression analysis is
used for the same. R? is the goodness of fit factor and fitting is performed in the same range
(AE) of bandgap energy of all the samples. The extracted band gaps are given in table 4.2.
From the table, it is clear that there is aminor effect of 4% doping at the B-site of the CuFeO,
samples.
There are insignificant changes in the optical band gap, but the observed local distortions in
Raman and Mossbauer studies have thepotential to affect magnetic and electric properties of

the doped samples when tested at variable field strengths and temperatures.
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Figure 4.5: K-M transformed reflectance spectra of pure and doped CuFeO, samples.

Table 4.2: Obseved band gaps in the studied samples

Sample Bandgap Eq (eV)
CFO 2.298 + 0.002
CFTiv 2.298 = 0.002
CFMnV 2.291 =+ 0.002
CFGaVv 2.302 = 0.002
CFVO 2.299 + 0.002
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4.4 Raman Study of pure and doped CuCrO,
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Figure 4.6: Raman spectra of pure and doped CuCrO,

The ABO, structure belongs to the point group C3v and space group R-3 m, which is already
been, reported earlier [1]. As discussed “A” mode vibrations are due to Cu-O bonds along the
c-axis while the “E” mode vibrations are perpendicular to thec-axis and only the A4 and Egq
modes in the CuMO, family are Raman active modes [3]. Only the oxygen atoms vibrate
while the Cu and M atoms remain at rest in these modes [3]. It has been proposed by Pellicer-
Porres et al. that the inversion center is lost along the I't direction and the symmetry is
reduced from D3d to C3v [2,4,5].

Raman spectra of pure and doped bulk CuCrO, using a 532 nm laser wavelength excitation.
On observing the spectra, typical vibrational bands of delafossite structure are seen, as
already observed for CUAIO,[5], CuGaO;[2] and CuCrO,[6]. For pure CuCrO,the bands are
identified as 6(A1g) at 706 cm™, o(E,) at 456 cm™ and o(A,) at 213 cm™ (figure 4.6). As
already discussed before, the changes in the Cu-O/M-O bond lengths and also the reduced
mass of Cu and MOg octahedra do affect the Raman modes of vibrations [2]. It is clearly seen
that there are minute changes in the frequencies of A;gand Eq modes due to doping. This is
also justified by the minor changes in the Cu-O and M-O bonds lengths observed in chapter 3.
A broad band structure, attributed to the presence of local distortions, can be observed near
535 cm™, for the pristine and doped CuCrO,[6]. A strong local distortion in Mn, Ti, and Fe
doped samples have been observed for the first time, which are contrary to the earlier reports.

The presence of Ti, Mn and Fe ions at the B-site in the ABO3; system forming the
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BOgoctahedra along with thepossibility of mix or higher valance at the B-site atom leads to
strong Jahn-Teller distortions is also well-known [7-10]. This in turn results in exotic
magnetic and electrical properties in this class of compounds. The exchange interactions
between the magnetic cations are directly affected by the structural geometry of the triangular
planner lattice [16]. Similar scenarios could be plausible in the present case of the modified
ABO, systems.

Magnitude is reversed for the A;4-E4 modes in the case of Mn, Fe, Ti and Ga doped samples.
This is attributed to the local distortions induced changes in the polarization along the ab
plane or/ and along the c-axis in these doped samples. Apart from the enhanced intensity of
A1y mode at the expense of E4, Ti-doped samples show an additional strong shoulder on the
higher wavenumber side of A4 peak. Such modification points out strong distortions in the
TiOg octahedra parallel to the c-axis. Such effects are likely to affect the electronic bandgap
structure of these doped samples, which in turn, may affect the magnetic and electric

properties of these multi-functional oxide systems.

4.5 Fourier transformed infrared spectroscopy studies of pure and doped
CuCrO, samples
Figure 4.5 represents the infrared spectra of pure and doped CuCrO, samples. We observed

several sharp peaks at wave numbers ~742, ~944, ~1048 and ~1122 cm™ and a broad peak
between 490-600 cm™. The peaks between 400 to 600 cm™ are associated with E, mode,
while the peak around 700 cm™ is associated with A,, mode, which is already predicted
through the ab initio calculations [1]. Absorption peaks between 550-600 cm™ are attributed
to Cu-O stretching and O-Cu-O asymmetric stretching, while the peaks between 700-800 cm’
! areassigned to Cr/M-O stretching vibrations in distorted CrOg octahedra [17]. The O-O
stretching vibrations are represented by peaks between 900-1100 cm™ which in our
measurements show minute changes.

The possibility of O atoms vibrating in opposite directions, have been predicted through
group-theory analysis, producing IR absorptions, as suggested by Pellicer-Porres et al. [2].
The frequencies of transverse(T,) and longitudinal (L,) optical modes within E, and Ay,
modes were obtained by them through ab intio calculations. But the evidence for the distinct
presence of T, and L, modes within E, and Ay, modes wasn’t found by them in CuGaO,
samples [2]. Clear splitting of the E, and Ay, modes in the doped CuCrO, samples was
importantly observed by us (figure 4.7), where Cr is partially substituted by V, Ga, Nb, Ti
and Mn ions. No splitting was observed in pristine, Ni and Fe doped CuCrO, samples. the
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present observations suggests that the asymmetrical stretching vibrations, i.e parallel as well
as perpendicular to c-axis, leads to the removal of the degeneracy in optical modes of
vibrations for the V, Ga, Nb, Ti and Mn-doped samples. Also, the possibility of the higher
valance induced electron doping might be responsible for changes in the local dipole
moments and in turn, lead to the removal of the degeneracy of optical modes of vibrations in
these doped samples. Thus, the valance states of V, Nb, Ti, or Mn when substituted at the Cr
site are expected to be higher than 3+ in these samples. A similar kind of L,/T,doping was
observed in CuCrO, earlier but due to temperature variations [16]. The unit cell is
significantly polarized by the A,, mode and causes the L,/T, splitting. The intrinsic
correlation between the optical and magnetic transitions for CuCrO, was held responsible for
such Lo/T, splitting [16].
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Figure 4.7: FTIR spectra of pure and doped CuCrO,

4.6Uv-Visible measurements of pure and doped CuCrO,

The above-observed changes in the local polarizations/dipole moments and crystal structure
can lead to changes in the electronic structure related physical. Thus, anoptical band study is
performed at room temperature for all the samples. As already discussed these samples being
opaque the extraction of thedirect bandgap is done through Uv-visible measurements in
reflectance mode. The band gaps were determined using the diffuse reflectance data through
theK-M model.

Figure 4.8 and 4.9 shows the plots between [F (R, )hv]?and hv, from which direct band gaps
of the samples were extracted. Respective bandgaps of the studied samples are extracted from
the interception at the x-axis using the linear regression analysis, R? is the goodness of fit
factor and fitting is performed almost within the same range (AE) of bandgap energy for all

the compositions. The bandgap values are presented in table 4.3.
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Figure 4.8: Kubelka-Munk transformed reflectance spectra of CuCrO,, CuCrq¢Mp03V0,0:02 (M
=Ti, Mn, Ga, and Nb), and CuCrg¢V040, samples.
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Table 4.3: Observed bandgaps in the studied samples

Electron doped Samples Hole doped Samples
Sample BandgapEg (eV) Sample BandgapEg (eV)
CCoO 3.220 £ 0.041 CCO 3.220+0.041
CCGaVv 3.177 £ 0.050 CCMgO 3.090 + 0.042
CCMnV 3.089 + 0.042 CCNiO 3.099 £ 0.041
CCTiVv 3.148 £ 0.038 CCFe-3 3.184 £ 0.041
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No significant changes were observed in the respective direct bandgaps when doped
byiso-valent cation, i.e.,Ga®>" (same valence as that of Cr**). On the other hand, when doped at
the trivalent Cr-site with either mixed/or tetravalent ions(i.e.,Mn*"** and Ti**) as well as
penta-valention Nb°*, the bandgap reduces (see Table 4.3). Further, thepristineCuCroO,
compound is known to have hole carriers, doping with ions havingvalencewith2+/3+ mixed
(Fe)or 2+ valence (such as Mg and Ni) found to reduce the bandgap. A maximum reduction
in the bandgap from 2.981 to 2.925 eV was obtained for doping by either Fe(9%) or V(4%).
We reported earlier some changes in the M-O, Cr-O, and Cu-O bond distances, unit cell
volumes and crystallite size for these dopants, but found no direct correlation with respective
bandgaps [18]. The earlier studies indicate that the effect of doping inCuCrO, is most likely
attributedto the changes in p-d hybridizations coupled with the Jahn-Teller distortions,
leading to the observed reductions in the gap between the top of thevalence band and the
bottom of the conduction band [18-22].

It is noted that theelectron doping could lead to partial compensation of holes that might
result in an increase in electrical resistivity, as both electrons and holes contribute to the
electrical transport resulting in the decreased electrical resistivity. On the other hand, the
addition of holes by mixed-valence doping of 2+ and3+, or 2+ions could lead to a reduction
in electricalresistivity. Further, local distortions, due to the above spectrum of dopants, as
well as their doping levels, are too complex to have a direct correlation with measured
physical properties. Nevertheless, the changes induced by hole doping mediated by
supeexchange coupling or double exchange between the Cr-O-M-O linkages are likely to
have direct bearings on the transport, magnetic, and electrical properties of CuCr;xMO,
compounds [23-25], in particular as a function of temperature. Such a study is discussed in

thepreceding chapters.

4.7 Conclusions
Following conclusions can be drawn from the above studies:

e Room-temperature Raman studies of pure and doped CuFeO, samples showed a minor
shift in peaks due to Ey and A;g modes for Ti and Mn-doped samples. Moreover, all the
samples exhibited induced extra peak around 500 cm* due to local Jahn—Teller distortion
but with variable strength. The presence of octahedron distortion was confirmed through
the values of quadrupole splitting obtained from the room-temperature Madssbauer

measurements. The absence of Fe’* or mix valence was also suggested by the
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Mossbauerspectra. The FTIR studies along with the Raman, Mossbauer and X-ray
diffraction studies earlier confirm the phase purity of these samples prepared through the
cost-effective solid-state technique with high vacuum-sealed annealing, rather than
heating under inert atmosphere provided through inert gases. No significant changes in
the optical band gap are observed for the pure and doped CuFeO, samples.

The observed changes discussed earlier for the pure and doped CuCrO, samples through
the values of lattice parameters, bond distances and/or bond angle are found to correlate
more with the local electronic structure and local crystal structure rather than ionic size.
Significantly strong local distortions, not been reported earlier, were observed in Mn, Ti
and Fe doped CuCrO, compounds through Raman studies. Additionally, removal of
degeneracy is observed, related to the transverse (T,) and longitudinal (L,) optical modes
of vibrations, in both E, and Az, IR active modes. This is presumably due to the higher
valence state induced electron doping which in turn changes the local dipole moments in
the CuCrO, compounds. The optical bandgap of CuCrO, was found to reduce by either
mixed/or di- or tetra-valent ions doping at thetrivalent Cr-sites. A maximum reduction in
bandgap from 2.981 to 2.925 eV was obtained for doping by either Fe (9%) or V (4%). It
is revealed that the changes in M-O, Cr-O, Cu-O bond distances, unit cell volumes, or
crystallite size in these dopedsamples have no direct correlation with respective bandgaps.
Instead, thechanges in the p-d hybridizations coupled with theJahn Teller distortions

might be the cause of the observed reductions in the bandgap.
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