Chapter 3

Crystal Structure and Microstructure

In this chapter,the analysis regarding the structure, microstructure, molecular structure and
optical studies is presented. Crystal structure parameters like, space group, lattice constants,
and Wyckoff positions of each element were determined using refinement methods.

Microstructures were studied using Scanning Electron Microscopy.
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3. X-Ray Diffraction (XRD) Studies
The quality of the prepared samples was studied using the XRD pattern taken with the help of

monochromatic X-rays. Also, strain measurement and crystallite size were determined for all

the samples.
Following methods have been used to calculate the crystalline size and strain:
Debye Scherrer method:

Crystallite size can be calculated by the line broadening method using the Scherrer equation

given below [1]:

K2
- BpCos6

(3.1)

D = particle size, A = wavelength of the incident x-rays, K = Scherrer constant equal to 0.9, fp

is the peak width at half maxima, 8 = peak position
Williamson-Hall plot:

The induced strain due to crystal imperfections and distortion causes line broadening and are
related by thefollowing equation:

g =L (3.2)

~ tand

Where € = average strain produced and s = strain-induced line broadening. The Debye-
Scherrer method has a dependency on //cos@, but in Williamson-Hall analysis it depends on
tanf. This fundamental difference allows separation of such different causes of reflection
broadening occurring together, i.e. due to small crystallite size and microstrain. Here it is
assumed that the size and strain broadening arethe summative components of the total
integral breadth of a Bragg Peak [2]. The foundation of the Williamson-Hall analysis is laid
by such distinct dependencies of the above effects. On combining the equations (3.1) and
(3.2), the strain-induced line broadening can be given by the equation [3]:

B = Bp + Bs (3.3)

Therefore
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Beosd = (22) + (4esind) (3.4)

The strain was considered uniform in the above equation in all crystallographic directions due
to the isotropic nature of the crystal [2]. fcosO was plotted against 4&sin6 where the slope and

y-intercept of the fitted line represent strain and particle size, respectively.
Size-Strain plot method:

Size and strain measurements can also be done in a better manner using the “size-strain plot”
(SSP) estimation. It has theadvantage of giving less weightage to the data from higher
angleshaving less accuracy. In SSP, the strain profile by the Gaussian function and

thecrystallite size profile is given by theLorentzian function[3]. The equation is given by:

(dfcosB)? = % (d?Bcosh) + (%)2 (3.5)

Where d = inter planer spacing and X, 4, & 6,  and D have their usual meanings as above.
(dBcosG)2 is plotted against (dZBCOSG), from this particle size is calculated from the slope of

the linearly fitted data, and the square root of the intercept gives the strain [3].

Also, Rietveld refinement of the XRD data of the samples of both the series provided us with
useful information such as the refined unit cell parameters, Wyckoff positions of the elements,

space group information, etc. The results are discussed and presented for two groups of series.

3.1 X-ray diffraction (XRD) analysis of pure and doped CuFeO,
The samples in this series showed the effect of doping at the Fe site in the CuFeO, compound.

Figure 3.1 shows the X-ray diffraction patterns for the pure CuFeO, and doped
CuFep.96Mo.03V0.000, samples. Vanadium has been added 1% to stabilize the phase at 1273 K
[4,5]. This type of effect has been reported earlier and it also improves grain formation.
Beyond 2% doping of Eu had shown impurity phases in these samples [6]. The impurity
phases have also been observed for the Ni doping above 2% [7] and Mn doping at 5% [8].
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Figure 3.1: XRD-patterns of pure CuFeO, and doped samples

It is clear from the above figure that all the prepared samples revealed a single delafossite
phase with confirmed rhombohedral structure (space group R-3m (no. 166)), and within the
experimental limits no impurity peaks were detected. Further to confirm the experimental
results Rietveld refinement method was performed to refine the structural and cell parameters

by means of Fullprof software (figure 3.2) [9].
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Figure 3.2: Experimental X-ray powder diffraction pattern (black line) and calculated pattern
(red line) for CuFeO,,CuFeygsMp 03V0.0:02(M = Ti, Ga, and Mn) and CuFeg¢6V040,. The
difference is given as a bottom line. The set of Bragg ticks (blue) corresponds to the R3m space
group of delafossite.

The crystallographic parameters including lattice constants, reliability factors and others are tabulated
in table 3.1. From the data, it is clear that the lattice parameters show minor variations which are
consistent with the ionic radii of the dopants as compared to Fe** (0.64 &). Ti** (0.68 A) doped sample
show minor increase in the unit cell parameters, whereas the dopants with smaller ionic radii show a
slight decrease in the unit cell parameters [ eg. Mn** (0.60 &), Ga®* (0.62 &), and V°* (0.59 A)]. The
ionic radii and ionic charge are purely based on the notion that the dopant is likely to favor a valance
state having ionic radii close to the parent element radius [10]. The density of these samples show

insignificant changes due to mentioned levels of doping.
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Table 3.1:Crystallographic data of pure and doped CuFeO, samples

CuFeO, CFTiv CFMnV CFGaVv CFVO
Space group R3m R3m R3m R3m R3m
a(h) 3.03356(8)  3.03405(12)  3.03126(17)  3.0332(2)  3.03269(9)
¢ (A) 17.1583(6)  17.1649(9)  17.1606(16)  17.1661(16)  17.156(12)
Volume (A3) 136.719 136.842 136.556 136.779 136.650
0O (2) 0.11613 0.13454 0.07478 0.08648 0.13943
Density (g/cm®) 5.517 5.501 5.615 5.527 5.532
Xz 1.43 1.49 2.23 2.42 2.24
S 1.19 1.22 1.49 1.54 1.71

3.1.1 Particle size and strain analysis of pure and doped CuFeO,
Here three different methods are used to analyze the effect of doping on the crystallite size

and the lattice strain. The plot of theWilliamson-Hall method is presented in figure 3.3, the
crystallite size and strain evaluated from the same is given in table 3.2. Also “size strain plot”
analysis has been performed for the better evaluation of crystallite size and strain. The plot
for the same is given in figure 3.4. The details of Crystallite size and strain are given and also

compared with other methods in table 3.2.
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Figure 3.3: Williamson-Hall plot for CuFeO,, CuFeygsMgo3Vo.0:02 (Where M = Ti, Ga and Mn)
and CuFeqg6V0040, samples
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Figure 3.4: Size-strain plot for CuFeO,, CuFeqgsMg 03V 0, (Where M = Ti, Ga and Mn) and
CuFey96V0,040-

Table 3.2: Crystallite size and average strain using various methods

Scherrer Williamson-Hall Method Size-Strain plot method
method

Sample D (nm) D (nm) ¢ (no unit) D (nm) &(no unit)
CFO 61 79 3.77%x10* 71 3.67x10*
CFTiV 53 66 4.60X10* 52 2.88%10*
CFMnV 72 88 2.53%x10* 77 2.36% 10
CFGaV 83 87 4.52%10° 86 1.30x 10
CFVO 45 36 5.31x10* 46 3.83x10*

From table 3.2, it is clear that all the samples have a crystallite size ranging from 36 to 88 nm.
In all the samples tensile type of strain is observed among which Ti and V doped samples

showed the maximum strain.

3.1.2 Micro Structural Characteristics (Scanning Electron Microscopy)
The quality and morphology of well-sintered samples- of pure and doped CuFeO, are

determined using scanning electron microscopy (SEM). The SEM micrographs of the
sintered and annealed samples are collected at room temperature. The micrographs were
collected at three different regions of the sample to ensure the correctness of the results. The
collected micrographs are presented below in figure 3.5, having the same magnification of
two different regions of the same sample.

61



CFTiV (b)

§3400 5.00kV 7.7mm x5.00k SE

CFEMnV (b)

62



C CFVO (b)

$3400 5.00kV 8.7mm x3.00k SE A 10.0um [l S3400 5.00kV 6.6mm x3.00K SE

Figure 3.5: SEM micrographs of CuFeO2,CuFeg¢sMp03V00102(M = Ti, and Mn) and
CuFe96V0.040:.

It can be seen from the micrographs (figure 3.5) that the size of the grains is around 30 um
for CFO, CFMnV and CFVO samples. The Ti-doped sample exhibited a grain size of around
10 um. Also, the crystallinity of the samples is good and well-defined grains are observed for
all samples. The grain growth parameters and composition are not related systematically.

These figures show flat grains with the majority of them have size around 30 pm.

In order to analyze the chemical composition of CuFeO, and one of the doped samples
CFMnV, electron scanning microscope (EDS) analysis was employed. The corresponding
peaks are shown in figures 3.6 (a) and (b). Further, the details of the two EDS spectra, values

measured in weight and atomic percentage are listed in table 3.4.

63



600

500

400

300

200

100

Fe

CFO

Cu

Fe

keV

Cu

()

10

800+

600

400

200+

CFMnV

(b)
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Table 3.3: Elemental analysis report of CFO and CFMnV

Element W% At% Element W% At%
OK 22.33 51.73 OK 35.73 67.37
Fe K 37.00 24.55 VK 0.13 0.08
CuK 40.67 23.72 Mn K 0.82 0.45

-- -- -- Fe K 31.39 16.95
-- -- -- CukK 31.92 15.15
Total 100.00  100.00 Total 100.00 100.00

3.2 X-ray diffraction (XRD) analysis of pure and doped CuCrO,

The samples in this series were prepared to study the effect of doping at the Cr site in
theCuCrO, compound.The XRD patterns of pure CuCrO,, doped CuCrg.g7-xMo.03VxO2 (Where
M = Mg, Ti, Mn, Ni, Ga and Nb; x or=0.00 and 0.01)(CCMV) and CuCrg gsV0.040. (CCVO)
along with CuCry.yFe,O, (y = 0.03,0.06 and 0.09) (CCFe) are shown in figure 3.7. As
discussed earlier chapter some of the compositions are doped with 1% Vanadium to stabilize
the phase below 1100 °C. Also, doping has been done a maximum of up to 4% as themajority
of the ions in these compounds have the same maximum doping limit [11,12].
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Figure 3. 7: XRD-patterns of pure CuCrO, and doped samples

As seen in the figure, no impurity peaks are seen in thediffraction pattern of the studied
samples. The rhombohedral structure is confirmed with space group R-3m (space group no.
166) as reported earlier by others [11-17]. A line broadening and positional shift have
beenobserved for the diffraction peaks (e.g. 012,104) (figure 3.8), because doping causes
local strains and crystallite size variations in the parent CCO crystal structure. Further, this
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can be correlated with observed changes in the strain calculation from XRD spectra and

Raman spectra.
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Figure 3.8: Peak 012 and 104 (inset) comparison for all the studied samples
To further ascertain the purity and to determine accurately the lattice parameters of the
prepared samples the XRD patterns were further analyzed. Reitveld refinement technique was

used to do anin-depth structural analysis of the samples.
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Figure 3.9: Experimental X-ray powder diffraction pattern (black line) and calculated pattern

(red Iine) for CuCrQO,, CuCr0.97MgQ0302, CuCryg6V0.040,, and CuCr,Fe, 0, (X =0.03,0.06, and

0.09). The difference is given as a bottom line. The set of Bragg ticks (blue) corresponds to the
R3m space group of delafossite.
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Figure 3.10: Experimental X-ray powder diffraction pattern (black line) and calculated pattern
(I’ed Iine) for CuCrgg7Nig 0305, and CuCrjgsMo.03V0.0102 (M =Ti, Mn, Ga, and Nb) The
difference is given as a bottom line. The set of Bragg ticks (blue) corresponds to the R3m space
group of delafossite.

The refined XRD patterns of the studied samples are given in figures 3.9 and 3.10 above.
Refined cell and structure parameters of the obtained XRD patterns like reliability factors,
lattice constants and other relevant crystallographic data are given in tables 3.4 and 3.5.
Using the refined parameters bond distances and bond angles were calculated using Vesta
software (ver. 3.9.9) [18]. The relevant data is tabulated in table 3.6 and 3.7.

The samples were prepared carefully under identical conditions but still, a significantly
higher (006) peak was observed for the Mg and V doped samples. This could be due to the
morphological differences and grains could be flat leading to preferential orientation along
thec-axis during press compression. Applying the correction for preferential orientation

effects on these samples showed improvement in the fitting of the data.
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Table 3.4: Crystallographic data of the samples with single dopings

CuCroO, CCMgO CCVvO CCFe-3 CCFe-6 CCFe-9 CCNiO
Space = = = - = - _
group R3m R3m R3m R3m R3m R3m R3m
a=b (A) 297437(3) 2.9755(2)  2.9744(2)  2.9752(2)  2.9779(2)  2.9817(2)  2.9791(2)
c (A) 17.1021(2) 17.0949(7) 17.1008(10) 17.1092(12) 17.1094(11) 17.1222(14) 17.1105(11)
Vc()kjsr;e 131.0618 131.0742 131.0197 131.157 131.397 131.828 131.5085
O (2 0.10707 0.10986 0.10940 0.10824 0.10860 0.10733 0.10911
Cal.
Density 5.608 5.556 5.609 5.613 5.597 5.589 5.582
(g cm®)
Ruwp 19.8 15.9 24.8 19.8 18.6 26.3 18.1
Rexp 155 11.9 21.3 15.9 15.3 23.0 14.7
Rg 5.26 3.45 4,32 4..87 2.39 5.75 2.55
Xz 1.63 1.80 1.35 1.55 1.47 1.30 1.52
S 1.27 1.3 1.2 1.25 1.22 1.14 1.23
Table 3. 5: Crystallographic data of the samples with double doping
CCTiV CCMnV CCGaVv CCNbV
Space group R3m R3m R3m R3m
a(A) 2.9764(3) 2.9750(2) 2.9742(2) 2.97485(6)
c(A) 17.1049(18) 17.0980(10) 17.0955(9) 17.1028(3)
Volume (A% 131.226 131.0558 130.9676 131.077
0 (2) 0.10738 0.1100 0.10857 0.10868
Cal. Density 5.505 5.611 5.631 5.653
(gcm™)
Rup 37.7 225 228 16.2
Rexp 34.5 20.9 19.8 12.4
Rg 7.16 4.89 4.07 4.69
r? 1.21 1.16 1.34 1.70
S 1.10 1.10 1.15 1.31
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There were slight variations inthe unit cell parameters of doped samples compared to pure
CuCrO; as shown above (Table 3.4and 3.5). lons doped in the samples, having larger ionic
radii, e.g. Ti** (0.68A), Mg”™* (0.67 A), Ni** (0.69 A) and Fe** (0.64 A) compared to Cr**
(0.63 A) [10], had slightly larger unit cell volume. Whereas the samples doped with the ions
having slightly smaller ionic radii, e.g. Mn** (0.60A), V*(0.63A), Ga** (0.62 A) and
Nb>*(0.63A) [10], had a slightly smaller unit cell volume. Here the ionic charge considered is
purely based on the assumption that dopant is expected to prefer a valance state whose radii is
closest to the parent elements radii (Cr*®, r = 0.63 A) rather thanfurther away. Structural
information such as bond angles and bond lengths are reported earlier for particular
compositions [15,19], but a systematic comparison is done here for the first time along with
the changes in the dopant’s ionic radii and probable valance state (higher or lower) (Table
3.6 and 3.7).

Table 3.6: Selected interatomic distances and bond angles of the samples with single doping

“Selected interatomic distances (A)”

CUCroz CCMgO TCVO CCFe3 CCFe6 CCFe9 CCNiO
Cu-0 1.832(4) 1.886(6) 1.871(9) 1.851(7) 1.858(6) 1.837(9) 1.867(6)
M-O 1.9969(18) 1.970(3) 1.977(5) 1.988(4) 1.986(3) 1.999(5) 1.982(3)
0-0in 2.97473(3) 2.97550(14) 2.9744(2) 2.9752(2) 2.9779(2) 2.98170(11) 2.97909(19)
0-Oout 2.665(4) 2.582(6) 2.605(10) 2.637(8) 2.628(6) 2.664(10) 2.615(6)
(0-0in)/(0-out) 1.1162 1.1524 1.1418 1.1282 1.1331 1.1193 1.13922

“bond angles (degrees)”

0-M-Oin 96.29(10) 98.11(12) 9758(15)  96.90(14)  97.15(12) 96.44(15) 97.44(12)
O-M-Oout 83.71(10) 81.89(12) 82.42(15)  83.10(14)  82.85(17) 83.56(15) 82.56(12)
Cu-0-M 120.67(11) 119.29(13) 119.69(17)  120.21(15)  120.03(13) 120.56(16) 119.80(13)
M-O-M 96.29(14) 98.11(17) 97.60(3) 96.90(19)  97.15(17) 96.4(3) 97.44(17)
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Table 3.7: Selected interatomic distances and bond angles of the samples with double doping

Selected interatomic distances (A)

CCTiV CCMnV CCGaV CCNbV
Cu-0 1.837(16) 1.881(9) 1.857(7) 1.854(6)
M-O 1.995(8) 1.972(5) 1.983(4) 1.986(3)
0-0in 2.9764(4) 2.9750(2) 2.97424(17) 2.97485(6)
0-Oout 2.658(17) 2.589(10) 2.625(8) 2.631(6)
(0-0in)/(0-out) 1.1197 1.1491 1.1330 1.1307

bond angles (degrees)

O-M-0in 96.47(18) 97.93(15) 97.14(14) 97.02(12)
0-M-Oout 83.5(18) 82.07(15) 82.86(14) 82.98(12)
Cu-0-M 120.54(19) 119.43(17) 120.03(15) 120.12(13)
M-O-M 96.5(3) 97.9(3) 97.14(19) 97.02(17)

It can be seen (Tables 3.6and 3.7) that the Cu-O bond lengths are around 1.832 A and are in
good agreement with the sum of the ionic radii (1.84 &), assuming the two-fold coordination
for Cu™* (0.46 A) and fourfold coordination for O% (1.394) [20]. Ti and Fe (9%) doped
CuCrO, samples had higher bond lengths compared to the pristine sample, while the other
samples had shorter M-O bond lengths. The changes observed in the value of lattice
parameters, bond distances and/or bond angle are found to correlate more with the expected
valence state-based hole or electron doping induced changes in the local electronic structure

and local crystal structure rather than ionic size.

A flattened CrOg octahedron along the threefold axis is observed even though the entire six
Cr-O bonds are equal, as the O-Cr-O bond angle departs from the ideal 90°. To analyze this a
convenient way is to use the ratio (O-O;,/O-Oq) defined by Doumerc et al. [21]. Here O-
Oinis the distance between two oxygen’s along ab plane, whereas O-Ogyis the distance
between two oxygen’s of successive oxygen planes on each side of the Cr** layer. The ratio
tends to increase as the Cr-O-Cr bond angles increase, which implies the compression of

CrOg octahedra along the c-axis.

For the Fe doped samples the calculated lattice constants and volume are in good agreement
with the reported values of CuCrO, (JCPDF card n0.39-0247,a=b = 2.976 A, ¢ = 17.102 A,
V = 131.17 A®) and CuFeO, (JCPDF card no. 39-0246, a = b = 3.035 A, ¢ = 17.162 A, V
=136.90 A%), and the values lies in between the two.
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3.2.1 Particle size and strain analysis of pure and doped CuCrO,
Results of Williamson-Hall analysis are shown infigures 3.11 and 3.12 of all the studied

samples. The scattering in the data is due to the processing of the individual peaks for
thedetermination of FWHM, rather than the entire spectra. Also for a better estimation of the
size and strain parameters, “size-strain plot” analysis is performed and the plots are
represented in figures 3.13 and 3.14. Crystallite size and the strain estimation details
estimated from the Debye-Scherrer equation, Williamson-Hall analysis, and SSP method are
compared in table 3.8.

It is clear fromthe data that these samples have crystallite sizesbetween 40 and 100 nm. The
pristine, Mn, Ga, and Nb-doped samples negligible strain growth is observed [22,23], while
the tensile type of strain is shown by the other dopants. Maximum strain values were
observed for the Ti and Fe (9%) doped samples. The values obtained do vary for different
methods used due to methodical differences. But the variation trends remain the same for the

size and strain values.
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Figure 3.11: Williamson-Hall plot for CuCrO, and CuCrggsMg3V0010, samples
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Table 3. 8: Estimated crystallite size and average strain of the studied samples with various
methods

Scherrer method Williamson-Hall Method Size-Strain plot method
Sample D (nm) D (nm) € (no unit) D (nm) £(no unit)
Cco 73 88 2.99 x10™ 84 2.82 x10™
CCTiV 63 97 5.10 x10™ 74 3.41 x10™
CCMnV 73 74 2.840 x10° 77 1.742 x10™
CCGaV 74 99 2.940 x10™ 93 3.26 x10™
CCNbV 94 98 5.6302x10" 97 1.441 x10™
CCMgO 75 84 1.29 x10™* 84 2.400 x10™
CCVO 80 89 1.21 x10™ 920 2.448 x10™
CCFe-3 63 63 1.83 x10° 66 1.986 x10™
CCFe-6 62 72 2.55 x10™ 65 1.816 x10™
CCFe-9 33 63 9.704x10™ 44 5.89 x10™
CCNiO 52 67 3.95 x10* 61 4.226 x10™
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3.2.2 Micro Structural Characteristics (Scanning Electron Microscopy)
In order to make a detailed study of effect of substitution, some of the powdered samples

were investigated by SEM. For two of the samples, EDS analysis was carried out to
determine the cationic content of the observed grains. The figure 3.15 shows the SEM
micrographs of the samples showing the good crystallinity of the samples. Some flat grains
were observed having sizes ranging from ~2-10 um for pure, Mn and Ti-doped samples.
While the larger grain size >10 pum was observed for Nb and V doped samples. The smallest
grains are observed for the highest Fe (9%) substitution around ~1-5 pm.

The EDS spectrum for the samples CCCO and CCMnV with corresponding peaks are
presented in the figure 3.16. The details of the two EDS spectra, values measured in weight

and atomic percentage are listed in table 3.9.
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Figure 3.15: SEM micrographs of CuCrO,,CuCrg Mo 03V00102(M = Mn, Ti and Nb),
CUCl’olgeVQ.(MOZ and CucrolglFEO_()gOz.
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Figure 3.16: EDS spectrum for (a) CCO and (b) CCMnV
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Table 3.9: Elemental analysis report of CCO and CCMnV

Element W% At% Element W% At%
OK 33.35 64.26 OK 35.73 67.37
CrK 31.71 1.79 VK 0.36 0.23
CuK 34.94 16.95 Mn K 1.57 0.91

-- CrK 29.72 18.18
CuK 37.10 18.57
Total 100.00  100.00 Total 100.00 100.00

3.3 Conclusions
Following conclusions have been dran from the studies described in this chapter:

Pure and doped CuFeO, were prepared using the cost effective solid-state procedure
involving high vacuum-sealed annealing instead of heating under inert gas. It is found
that modified preparation route yields good quality samples with consistent
crystallographic parameters. For pristine, Ga, and V doped samples, almost strain-free
or compressive strain growth was observed. While the rest showed tensile-type strain
growth. SEM micrographs confirm good crystallinity and well defined grains are
observed for all samples. Also, no systematic relationship was observed between
grain growth paramaeters and composition.

Samples of pure and doped CuCrO, were successfully prepared by conventional
solid-state technique exhibited single rhombohedral structure with space group R-3m.
No impurity phases were detected in the Rietveld Refinement process using the
Fullprof software. The obtained Cu-O bond lengths around 1.832 A are in good
agreement with the sum of ionic radii (1.84 A), assuming twofold coordination for
Cu®* (0.46 A) and fourfold coordination for O* (1.38 A). The observed changes in the
values of lattice parameters, bond distances and/or bond angle are found to correlate
more with the expected valence state based hole or electron doping induced changes
in the local electronic structure and local crystal structure rather than ionic size. Good
crystallinity of the samples is observed in the SEM micrographs for the samples.
Grain size ranging from 2-10 um is observed for pure, Mn and Ti doped samples with
rather flat grains. For Nb and V doped samples larger grain size of > 10 pum is
observed, while smallest grains round 1-5 um are observed for highest Fe (9%)

substitution.
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