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Introduction
Earthy pigments varying from dull yellow to red and brown are 

commonly called ochres in painting. Ochres are defined [1] as clays 
used to make the earth colours. In pigment terminology, the word 
‘ochre’ is predominantly used as a synonym for yellow ochre. Its 
colour is given by a presence of different iron oxy-hydroxides and 
oxides, mainly goethite and hematite. Yellow ochre is also termed as 
gold ochre. The brownish colour is due to the presence of manganese 
oxide present in the pigment [2]. Generally the soil color assessment 
was made according to the “Munsel soil color chart” [3]. Yellow 
ochre is a commercial iron oxy-hydroxide which is represented as 
FeO (OH)x.H20 [4,5]. Since it is Fe3+ compound, the formula is better 
represented as FeOl+x(OH)l_2x.H20, x=0 to 0.5. Its formula is also written 
as 2

2 6Fe O Si−  [6]. For pigment analysis XRD, IR, Raman and EPR are 
the useful techniques. The sample of yellow ochre obtained from 
Vempalli mandal, Cuddapah district, Andhra Pradesh, India is used 
in the present work. In the present investigation, its chemical analysis, 
XRD, TEM, EPR and FTIR techniques and non linear optics are used 
to know the composition, crystalline phase and site symmetry of Fe3+

 
in the mineral.

Experiment
Yellow ochre sample originated from Vempalli Mandal of 

Cuddapah district, India is used in the present investigations. Its 
chemical analysis indicate that compound contains Fe2O3=4.22, 
TiO2=0.64, CaO=0.14, Al2O3=11.66, SiO2=76.01, MgO=1.32, K2O=2.26 
and Na2O=0.13 wt%. Among them only iron and titanium are the two 
transition metals present in the compound. Further Fe2O3 and Al2O3 
are the highest amounts in the compound. In order to identify the 
phase structure, XRD pattern of the mineral powder is determined by 
means of Philips X-ray diffractometer operated in reflection geometry 
at 30 mA, 40 kV with Cu-Kα (λ=1.54060 Å). The source is kept at 25°C. 
Data are collected using a continuous scan rate of 1° per 2 min which 
is then refined into 2 theta steps of 0.02°. TEM images are obtained 
using Philips CM 200 transmission electron microscope operating 

at 200 kV having a resolution 0.23 nm. EPR spectra of the powdered 
sample are recorded at room temperature (RT) on JEOL JES-TE100 
ESR spectrometer operating at X-band frequencies (υ=9.446730 
GHz), having a 100 KHz field modulation to obtain a first derivative 
EPR spectrum. DPPH with a g value of 2.0036 is used for g factor 
calculations. FTIR spectrum of the compound is recorded at RT on 
Perkin Elmer UV Vis-NIR spectrophotometer in powder form in the 
range 200-4000/cm. 

Results and Analysis
XRD

XRD spectrum of yellow ochre recorded at 25°C on the Philips 
diffractrometer is shown in Figure 1. Peaks are characterized using 
the Scherrner formula. It shows the presence of goethite and quartz. 
Among them goethite is the major constituent. The unit cell constants 
obtained from these peaks for goethite are a=4.64 Å, b=10.0 Å and 
c=3.03 Å. But the JCPDS file available to this work is 3-249. This 
confirms that the mineral adopts orthorhombic structure. Units 
morphology index (MI) is developed from full width half mean 
(FWHM) of a peak of XRD data. The FWHM of two peaks are related 
with MI to its particle morphology. MI is obtained using the equation

h

h p

FWHM
MI

FWHM FWHM
=

+
, where FWHMh is the highest FWHM value 

obtained from peaks and FWHMp is the value of particulars peak’s 
FWHM for which MI is to be calculated. The MI is lying in between 
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0.50 and 0.88. Lorentz polarization factor is the most important of 
the experimental quantities that control X-ray intensity with respect 
to diffraction angle. In the intensity calculations Lorentz factor is 
combined with the polarization factor and further the variation of the 
Lorentz’s factor with the Bragg angle (θ) is shown. The overall effect 
of Lorentz factor is to decrease the intensity to these in the forward or 

backward directions. Lorentz factor 
2 2

1
2 4

CosLF
Sin Sin Cos

θ
θ θ θ

= = . Using the 

X-ray data Lorentz polarization factor is calculated using the formula 
2

2

1 2CosLPF
Sin Cos

θ
θ θ

+
=  [7]. The LPF varies from 3.77 to 57.80, where LF is in 

between 0.87 to 7.70. The particle size of the mineral is evaluated from 
the line broadening of the peak (120, maximum intensity 100%) using 
Debye-Scherrer equation

( )120
1

2

0.9 0.85
cos

D nmλ
β θ

= =                  (1)

Here D is the particle size of the crystal, λ is the wavelength of 
incident X ray, θ is the corresponding Bragg angle, 1

2
β is the full width 

at the half maximum height (FWHM) of the peak. 

The strain induced in powder due to crystal imperfection and 
distortion is calculated using the formula [7]

tan
hklβ

η
θ

=                       (2)

The above two equations confirm that the peak width from 

crystallite size varies as 
1

cosθ
and strain varies as tanθ . Assuming 

that the particle size and strain contributions to line broadening are 
independent to each other and both have a Cauchy-like profile, the 
observed line breadth is simply the sum of the above two equations. 

tan
coshkl
k

D
λβ η θ
θ

= + . By rearranging we have cos sinhkl
k
D
λβ θ η θ= + . A 

plot is drawn with sinθ  along the X-axis and coshklβ θ  along Y-axis 
for yellow ochre. From the linear fit to the data, the crystalline size 
is estimated from the Y-intercept as 0.62 nm. Further strain η, was 
calculated from the slope of the fit as 0.089. The dislocation density is 

calculated using the formula 2

1
D

δ =  as 0.026.

Transmission electron microscope (TEM)

TEM is employed to visualize the size, shape and to confirm the 

nano crystalline nature of yellow ochre. It is noticed that the yellow 
ochre contains several clusters and shapes. TEM images of yellow 
ochre are shown in Figures 2A-2D. The dark needle like rods in the 
Figures 2B and 2D represents Fe2O3. It is observed from the image 
that the particles are rod in shape with almost same dimension. This 
property suggests that nano-crystals are preferred to instead of random 
orientations. These particles are very closely joined together to form 
agglomerates. These agglomerates are octahedral in shape, which is 
shown in Figure 2C. From the Figure 2A it is clear that the yellow ochre 
has well-defined polygonal growth forms with trimerous petals of a 
flower like jasmine shape and other geometrical shapes. The trimerous 
layers are arranged in the form of octahedral layers. These layers are 
appearing as “Accessible Art and Architecture in the San Francisco 
Area”.

 Further mineral in the yellow ochre size fraction is goethite. Also 
it can be seen that the particle size is less than 200 nm. Further from 
the TEM images hydroxyl clusters plus very minute clay mineral 
composition are noticed. TEM studies are in agreement with those 
values obtained from XRD analysis. Further TEM images are showing 
that the metal ion is in distorted octahedral structure with oxygen 
ligands. The selected-area electron diffraction (SAED) pattern of the 
yellow ochre is also shown in Figure 3. The ED pattern consists of 
concentric rings with spots over the rings. This feature indicates that 
the sample is crystalline in nature. The rings with a dotted pattern in 
SAED confirm the wide size distribution of Fe2O3 particles. Figure 3 
the crystal plane d-space is measured. The measured d-spacing values 
are in agreement with the XRD results. Further SAED suggests that the 
sample possessing best crystallinity.

EPR analysis

EPR measurements are useful for obtaining information related to 

 

Figure 1: XRD spectrum of yellow ochre at 25°C.

 

 
 

 

 

 

 

 

Figure 2: TEM diagrams of yellow ochre.

 

Figure 3: SAED pattern of yellow ochre.
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the location of the transitional metal ion impurities within the lattice of 
the natural yellow ochre. Figure 4 shows the spectrum of the powdered 
yellow ochre at room temperature. It shows number of resonances. 
The g values of different lines are indicated in the figure. These can be 
explained by considering charge compensating vacancies in the lattice, 
when Fe3+ is substituted in place of Al3+, it creates a low symmetry crystal 
field, which is further distorted because of the strong tetragonal crystal 
field of Fe3+ion. Hence one can expect resonances from all the three 
Kramers doublets | ± 5/2>,| ± 3/2> and | ± ½>. If the lowest doublet 
is populated, g values are obtained ranging from 0 to 9. If the middle 
doublet is populated gives g is 4.30 and if the third doublet is populated 
g values are 2/7 and 30/7. A few systems are known which show 
resonances from all the three Kramers doublets [8,9]. Accordingly, the 
EPR spectrum of the yellow ochre mineral shows with g factors ranging 
from 4.21, 3.66, 2.1 due to Fe3+ impurity. The sextet with g=2.00 is due 
Mn (II) in the mineral. Even though the chemical analysis does not 
show the present of manganese but the EPR is useful to detect below 
the chemical analysis detectable range. These results are suggesting that 
the majority of the yellow ochre crystals contain more than one Fe3+ ion 
in the crystal lattice.

IR Spectral analysis

The FTIR spectrum of yellow orche sample recorded in the range 
4000 to 200/cm is shown in Figure 5. It shows the bands in the higher 
wavelength region at 1628,1747, 2854, 2925, 3445, 3619, 3696, 3854 and 
lower wavelength region at 468, 537, 695, 798, 913, 1030, 1103, 1384, 
1464/cm. 

Water has C2V symmetry. It gives three fundamental modes. They 
are ν1, ν2 and ν3 . ν1 represents symmetric OH stretch, ν2 the asymmetric 
OH stretch and ν3 the H-O-H bend respectively. In vapour phase ν1, 
ν2 and ν3 occur at 3652, 1595 and 3756/cm respectively [10]. In liquid 
phase they are shifted to 3219, 1645 and 3445/cm, whereas in solid 
phase they are respectively shifted to 3200, 1640 and 3400/cm. The 
shifts of ν1

 and ν3
 towards the lower frequency side and the shift of ν2 

towards the higher frequency side are indicative of hydrogen bonding 
[11]. 

A broad band at 3445/cm in the mineral is assigned to OH 
stretching (ν3) of structural hydroxyl groups and water present in the 
mineral. This indicates the possibility of the hydroxyl linkage between 
octahedral layers. A sharp and intense band observed at 1628/cm is due 
to ν2 the asymmetric OH stretch (deformation mode) of water and is 
a structural part of the mineral. The sharp band observed at 1463/cm 
may also due to OH stretch of water. The band at 2925/cm is assigned 
to FeOOH [12]. The band at 468/cm, which is related to the presence 
of quartz vibrations in yellow ochre. The maximum sharp absorption 
band at 1030/cm is a characteristic of Si-O-Fe and Si-O-Si stretching 
vibration, which play an important role in identifying ochre component. 
The band observed at 913/cm is assigned to OH deformation mode of 
Fe-OH. The band observed at 798/cm corresponds to ν1 mode. This 
indicates that the degeneracy is partially removed [13]. In the low 
wave number (below 700/cm) region, goethite has the following IR 
absorptions: Fe-O stretches (lattice modes of FeO6) in the region of 
600–700/cm and 450–475/cm. Accordingly the two bands observed at 
695 and 468/cm are attributed to Fe-O stretching mode [14]. The band 
observed at 537/cm corresponds to ν2 the deformation mode of Fe-O-
Si group [15]. Sharp bands observed at 2925, 2854 and 1744/cm are 
assigned to binder oil may present in the mineral as additive [14,16]. 
A sharp triply degenerate band at 1384/cm (3 × 468=1404) is due to 
overtone of ν4 of SiO4. 

The positions and intensities of the bands of the iron oxides vary 
with crystallinity, particle size, shape and the partial substitution of 
iron by other captions [17]. Generally, yellow iron oxide pigments 
contain different additives (gypsum, kaolin, quartz, and other silicate 
minerals) and if the additive content is high these can mask the 
characteristics of goethite bands. The bands observed at 468 and 537/
cm are characteristic of yellow ochre [14]. These are due to additive of 
either quartz or kaolin present in the mineral compound.

Non-linear optics

The absorptive nonlinear optical properties of the sample was 
studied using Open aperture Z-scan technique at 532 nm using 5 ns 
laser pulses from a frequency-doubled Nd:YAG laser. The sample 
solution made in DMF had a linear transmission of 77% when taken 
in a 1 mm cuvette. The sample cuvette was translated along the axis of 
the focused laser beam (z axis) using a linear translation stage. Input 
laser pulse energy (En) was fixed at 60 µJ. By fixing En and moving the 
sample along the laser beam through the focal region, the incident laser 
fluence (Fin(z)) was gradually varied. The fluency is a maximum at the 
focus (Z=0), and reduces towards either side from the focal point (i.e., 
for z>0 and z<0). The transmitted energy depends on the input fluency, 

 

Figure 4: Room temperature EPR spectrum of yellow ochre (υ=9.446730 
GHz).

 

Figure 5: FTIR spectrum of yelow ochre.
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and hence, on the sample position (z), for a nonlinear material. 

Figure 6 shows the normalized transmission of the sample plotted 
against the input intensity, and the inset shows the Z-scan curve. The 
plots can be numerically fitted to the relevant nonlinear transmission 
equation, from which the nonlinear parameters can be calculated. We 
found that the best numerical fit to the present data can be obtained 
for a mechanism consisting of two-photon absorption (2PA) and 
weak saturable absorption (SA) [18,19]. The corresponding nonlinear 
absorption coefficient is given by the expression

0( )
1 ( )

αα β= +
+ s

I I
I I

                                  (3)

Where β is the two-photon absorption coefficient, and Is is the 
saturation intensity. αₒ is the unsaturated linear absorption coefficient 
of the sample. The corresponding nonlinear propagation equation is 
given by

' 1

α β

 
 
 = − +

  +     

odI I
Idz
Is

                   (4)

Where z’ is distance of propagation within the sample. By using 
equation (3,4) and measured data, the obtained best-fit values are Is= 
1.7 × 1012 W/m2

 and β=1.0 × 10-10 m/W. From these values it is clear 
that Yellow ochre has strong absorptive optical nonlinearity. In the 
case of the present sample, excited state absorption (ESA) has a strong 
contribution to β compared to that of genuine two-photon absorption, 
and therefore, β represents the combined nonlinearity of 2PA and ESA. 
Thus Yellow ochre has broad application in the fabrication of optical 
limiters which can be used for protecting human eyes and sensitive 
optical detectors from harmful laser radiation because of its strong 
nonlinearity.

Conclusions 
The following conclusions are made from the foregoing results and 

analysis:

•	 XRD investigation showed that the yellow ochre sample 
contained the goethite (Fe2O3) and quartz phases with goethite 
being the dominant mineral. 

•	 TEM results are suggesting that the mineral contains goethite 

(iron oxide), quartz and goethite as major constituents. Further 
the basic unit is composed of like trimerous flower layered 
structure with octahedral and tetrahedral layers linked through 
hydroxyl groups.

•	 EPR spectrum is due to Fe(III) and is in distorted octahedral 
environment.

•	 IR spectrum of the compound indicating that the water and 
silicate are present.

•	 The above studies (XRD, TEM and EPR) suggesting that the 
coloring agent is iron oxide. 

•	 Nonlinear optical studies carried out in the nanosecond 
excitation pulse regime show strong optical limiting in yellow 
ochre.

TOC graphic and synopsis 

Yellow ochre mineral obtained from India contain Fe2O3=4.22 
wt% and TiO2=0.64 wt%. Structural characterization was performed by 
XRD and suggesting that goethite (Fe2O3) as major constituent. Internal 
structure was studied using TEM suggests that it consists of needle 
shaped iron oxide nano particles and quartz formed as tetrahedral and 
octahedral layers. EPR results indicate that the unit cell of the crystal 
contains Fe(III). Nonlinear optical measurements indicating that the 
compound has potential applications in laser safety devices (Figures 
7 and 8). 
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