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ABSTRACT 

Author:   Andreas Kyriacou 
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    Refinements of Nanophase Fe Substituted Hydroxyapatite. 

 

Institution:   Florida Atlantic University 

Dissertation Advisor:  Dr. Theodora Leventouri 

Degree:   Doctor of Philosophy 

Year:    2012 

 The effect of Fe substitution on the crystal structure of hydroxyapatite (HAp) is 

studied by applying simultaneous Rietveld refinements of powder x-ray and neutron 

diffraction patterns. Fe is one of the trace elements replacing Ca in HAp, which is the 

major mineral phase in bones and teeth. The morphology and magnetic properties of the 

Fe-HAp system are also studied by transmission electron microscopy and magnetization 

measurements.

 Samples of Ca(5-x)Fex(PO4)3OH with 0≤ x ≤ 0.3 were prepared. Single phase HAp 

was identified in x-ray diffraction patterns (XRD) of samples with x < 0.1 inferring that 

the solubility limits are less than 0.1. Hematite (α-Fe2O3) is identified as a secondary 

phase for higher Fe content. The refined parameters show that Fe is incorporated in the 

HAp structure by replacing Ca in the two crystallographic sites with a preference at the 

Ca2 site. This preference explains the small effect of the Fe substitution on the lattice 

constants of HAp. The overall decrease of the lattice constants is explained by the ionic 
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size difference of Ca and Fe. The increasing trend of the a-lattice constant with x in the 

Fe substituted samples is attributed to a lattice relaxation caused by the substitution of the 

4- and 6-fold Fe at the 7- and 9-fold Ca1 and Ca2 sites. This Ca local geometry reduction 

is indicated by a slight increase of the Ca1-O3 and Ca2-O1 bond lengths. Above the 

solubility limit x = 0.05, the Fe is partitioned in and out of the HAp structure with 

increasing nominal Fe content x. The excess Fe is oxidized to hematite.  

 The TEM analysis and magnetic measurements support the results of the 

simultaneous Rietveld refinements. The TEM images show no significant effect on the 

morphology and size of the HAp particles upon Fe incorporation. The particles are either 

spheres or short rods of dimensions 20-60 nm. Hematite particles are imaged in the 

samples with x exceeding the solubility limit. These particles are spheres, about 15 nm in 

diameter and are more resistant to electron beam damage. Magnetic measurements reveal 

a transition of the diamagnetic pure HAp to paramagnetic Fe substituted HAp. 
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INTRODUCTION 

1.1. HYDROXYAPATITE 

The major mineral component of teeth and bones is hydroxyapatite (HAp) which 

belongs in the apatite family. The apatite family was named after the Greek ‘απατάω’ 

which means ‘I deceive’ because it was frequently confused with valuable gemstones. 

Pure stoichiometric HAp, with a general formula of Ca5(PO4)3OH, crystallizes in 

the hexagonal system  space group P63/m with unit cell dimensions a=b=9.43 Å,    

c=6.88 Å.
1
 Two chemical formulas (Z = 2) and 44 atoms are present in each unit cell. Fig. 

1 shows a c-axis projection of the unit cell (in black lines). The phosphorus atoms of the 

phosphate tetrahedra (green) are arranged on the mirror planes at z = 0.25c and z = 0.75c 

equidistantly around the 63 screw axis. Oxygen atoms O1 (orange) and O2 (grey) are 

bonded to the phosphorus on the mirror planes while two oxygen atoms O3 (red) are 

symmetrically distant from the mirror plane. The Ca atoms occupy two distinguished 

crystallographic sites in the unit cell. Four Ca1 atoms (blue) are arranged in a 6  

symmetry and are 9-fold coordinated to three O1, O2 and O3 respectively in a regular 

trigonal antiprism geometry. The Ca1 atoms form columns that connect the phosphate 

tetrahedra together. Six Ca2 atoms (purple) form equilateral triads around the 63 screw 

axis on the two mirror planes respectively, lining the phosphate columns internally and 

forming a ‘channel’ around the 63 screw axis, which is occupied by the hydroxyl group 

(yellow O and silver H). The Ca2 atoms are 7-fold coordinated to four O3, one O1, one 



2 

 

O2 and one O from the hydroxyl group. The dashed lines show the Ca2 triads on the two 

mirror planes.  

 

Figure 1: A c-axis projection of the HAp unit cell. The Ca1 atoms are shown in blue and 

Ca2 in purple; the phosphate tetrahedra are shown in green with the O1 (orange) and O2 (grey) 

on the mirror plane and two O3 (red) above and below the mirror plane. The OH group (yellow O 

and silver H) occupies the channel. 

 

Physiological HAp with crystallite size
2
 4-130 nm and various substitutions at all 

ionic sites accounts for ~70 wt% of bones and dentin and ~96 wt% of enamel.
3
  The type 

and amount of substitution varies from ~6 wt%  of CO3 to minor concentrations of Na, K, 

Mg, Fe, Cu, Sr, F  and ppm levels of Al, Ba, Pb, Sn, Mn, Si, Zn, S, Cl.
4,5,6

 Lattice 
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substitutions in the different crystallographic sites affect physical properties of teeth and 

bones, such as solubility, crystallinity, strain, bioactivity, density, hardness and 

brittleness.
7
 

1.1.1. Fe substituted HAp 

Fe is one of the trace elements (0.01-0.1 wt% in bone, 0.003 wt% in enamel)
8
 

substituting for Ca in the HAp structure. The biological behavior of the teeth and bones is 

affected by the amount of Fe in them. The solubility of HAp decreases when Fe 

substitutes for Ca; hence the Fe acts as a cavity preventive agent.
9
  It has been shown that 

iron catalyzes the conversion of amorphous calcium phosphate solution to HAp.
10

  In vivo 

studies on iron deficient rat bones exhibit
 
decreased mechanical strength, decreased bone 

mass density and increased fragility.
11

 On the other hand, in vitro studies of iron 

incorporation in HAp have shown that Fe overload causes a Ca and P deficiency and CO3 

enhancement in HAp, leading to decreased bone mechanical strength.
12

 Hence the iron 

overload in the body caused by hemochromatosis might be a cause of osteoporosis. In 

vitro studies have shown increased osteoblast growth activity in Fe substituted HAp 

compared to the growth activity in pure HAp.
13

 However, in vivo studies of iron overload 

in pigs show that iron accumulation in the bone cells and matrix leads to decreased 

osteoblast number and activity. This suggests that iron plays a role in bone remodeling.
14

 

Also, iron overload in patients with thalassemia is linked with increased osteoclast 

activity and bone resorption.
15,16

  

Although a large amount of research on substituted apatites has been published, 

the effect of Fe substitution on the crystallographic properties of HAp is still not well 

understood. For example, the lattice constant trends, as well as the solubility limits, in the 
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literature appear conflicting as listed in Table I. The solubility limit of Fe in apatite varies 

from x = 0.25 up to x = 2.9. The reported lattice parameters either increase or decrease 

with a maximum difference between the pure and Fe substituted a-lattice constant of  

0.12 Å.  

 

Table I: Reported solubility limits and lattice constants trends of the Ca5-xFex(PO4)3OH system. 

Author Solubility 

limit xmax 

a (Å) Trend c (Å) Trend 

x = 0 xmax x = 0 xmax 

Wu et al17 2.9  9.39(1)  9.51(1)  ↑  6.85(1)  6.90(1)  ↑  

Low et al18  0.25  9.3948(4)  9.464(1)  ↑  6.8906(4)  6.879(1)  ↓  

Kudholozhkin 

et al19  0.75  9.360(5)  9.320(5)  ↓  6.870(5)  6.830(5)  ↓  

Morissay et al20   0.5  9.4239  9.4288  ↑ 6.879  6.886  ↑  

Li et al
13

 0.25 9.4233(7) 9.4240(9) ↑ 6.8981(6) 6.9011(7) ↑ 

Jiang et al
21

 N.A. 9.421(8) 9.41(1) ↓ 6.898(6) 6.88(1) ↓ 

 

In addition, conflicting magnetic behavior is also published. Pure HAp is 

diamagnetic, whereas Fe substituted HAp is reported as either superparamagnetic
17,21,22  

or paramagnetic.
13,18

 

 

1.1.2. Objective  

The primary objective of this work is to study the crystallographic structure 

properties of the Ca5-xFex(PO4)3OH system. For the first time, simultaneous Rietveld 

refinements of Neutron Powder Diffraction (NPD) and X-Ray Diffraction (XRD) patterns 

are used in order to delineate the conflicting published results.  

The magnetic properties and microstructure of   Fe-HAp are also investigated and 

correlated to the crystallographic properties.  
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1.2. X-RAY DIFFRACTION 

 Crystal structure at the atomic level is the basic information needed to understand 

and predict the properties of materials. Structure includes the average crystallographic 

structure and the microstructure caused by imperfections, dislocations and any type of 

disorder. 

 Powder X-ray Diffraction (XRD) is the most widely used method in studying the 

structure of polycrystalline materials. It is a material and instrument specific experiment 

where the wavelengths of scattered monochromatic waves are of the order of the lattice 

interatomic distances. What is usually measured is the intensity of the scattered waves as 

a function of the incident-diffracted angle. 

 X-rays have been used in many applications since they were discovered by 

Roentgen in 1895. Max von Laue in 1912 performed the first x-ray diffraction 

experiment using single crystals of copper and zinc sulfates and showed that x-rays are 

electromagnetic waves with wavelengths comparable to the interatomic distances on the 

order of 1 Å. 

 The powder XRD was developed in 1916 by Debye and Scherrer and was good 

for qualitative and semi-quantitative phase analysis and macroscopic stress 

measurements. During that time, the problem was the accidental and systematic peak 

overlap caused by a projection of a 3-D reciprocal space on the 1-D space [Ι = f(2θ)] 

reducing the useful information that could be extracted. Hanawalt in the 30’s was the first 

to introduce phase identification from powder diffraction data.
23

 Nowadays phase 

identification is performed using the International Centre for Diffraction Data
24

 (ICDD) 

database in computer based search/match programs.  
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 Development of the Rietveld method in 1969 led to a breakthrough in extracting 

crystallographic information from powder diffraction patterns.
25

 This crystal structure 

refinement method makes use of the entire powder pattern instead of the individual non- 

overlapping Bragg peaks.  

 X-rays, as electromagnetic waves of wavelength of the order of angstroms, are 

suitable to interact with atoms in a variety of ways, making it possible to observe the 

position and characteristics of the atoms of the irradiated material. The three most 

important interactions in the x-ray wavelength range are the photoelectric effect, coherent 

scattering and Compton (incoherent) scattering. In the case of the photoelectric effect the 

photon is absorbed by the atom, releasing an electron. Coherently scattered photons are 

scattered elastically by electrons without energy loss by small angles. Compton scattering 

is the phenomenon where the photon is deflected inelastically by one ‘free’, loosely 

bound to an atom electron.  

 In order to understand how x-rays interact with crystals, we firstly need to know 

how these electromagnetic waves interact with a single electron. The incident x-rays 

cause the electron to oscillate and radiation is scattered elastically as a spherical wave.    

J. J. Thomson in 1906 showed that the scattered intensity from an electron is given by
26
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0I is the incident beam intensity, r the electron-detector distance, 
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 the classical 

electron radius and θ the scattering angle. The term  
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the polarization 
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factor and is explained in detail later in this section. The classical Thomson approach is 

sufficient for the photon energy range used without a need for relativistic corrections. 

 In the case of atomic scattering, electrons are distributed around the nucleus and 

the resultant spherical waves interfere with each other. The interference may be 

constructive or destructive depending on the waves’ phase difference. The amplitude of 

the scattering beam by an atom is a function of the azimuthal and polar scattered angle. 

This angular dependence of the scattering amplitude is called the atomic scattering 

factor.  

 W. L. Bragg in 1912 thought of x-rays as invisible light reflected by sets of 

parallel lattice planes acting as mirrors.
27

 These electromagnetic waves are penetrating 

the surface of the material making possible additional reflections. Since the x-rays are 

reflected in the same direction, interference occurs. In order to detect the diffracted waves 

constructive interference is needed. This condition is only met when 

 sin2dn   

where λ is the wavelength of the incident monochromatic wave, n is the order of 

diffraction, d is the interplanar distance of the lattice planes and θ is the diffraction angle. 

Fig. 2 shows a geometric interpretation of Bragg’s law.
28

 

 

Figure 2: Geometric interpretation of Bragg’s law. θ is the angle of incidence and d is the 

interplanar distance. In this case the order of diffraction is 1.  
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 Bragg’s law made it possible to calculate the positions of the atoms within a 

crystal from the way an x-ray beam is diffracted by the crystal lattice. These parallel 

planes are equally spaced by the interatomic distance dhkl where hkl are the Miller indices. 

Each index h,k,l is the reciprocal of the intercept of the plane on each coordinate axis 

a,b,c, respectively. According to Bragg’s law, if we collect data of diffracted intensity as 

a function of angle 2θ we should see well defined peaks corresponding to the interatomic 

distance d when the condition for constructive interference is met. However, during a real 

experiment the peak width is broadened by instrumental and material specific factors. 

 The integrated x-ray peak intenstity is described by the equation
29
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where μ is the material dependant linear attenuation coefficient and v  is the volume 

fraction of phase α in the sample. 
eK  is a factor that depends on the experimental setup. 

It is given by 
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where Io is the intensity of the incident beam, λ is the x-ray wavelength, r is the detector-

sample distance and 
2

2
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 is the classical electron radius. )(hklK  is factor that depends 

on the sample and is constant for each hkl reflection from the crystal lattice of phase α 
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Here V

 
is the unit cell volume of phase α  and  )(hklM  is the multiplicity factor which 

accounts for the number of equivalent hkl planes dissecting the unit cell which contribute 

to the total intensity.   )(hklLP  is the Lorentz Polarization factor 
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)2(cos)2(cos1
2

22
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, 

 which is a combination of the Lorentz and the polarization factors. The Lorentz factor 

depends on the geometry of diffraction and includes a correction for the finite time the 

equivalent planes are irradiated (high angle Bragg reflections are irradiated for more 

time). This factor also takes into account the finite size of the collecting slit. The 

polarization factor assumes use of a diffracted beam monochromator to filter the partially 

polarized diffracted beam.  

 

2

)( hklF  is the structure amplitude of the hkl reflection of phase α, which is the 

square of the absolute value of the structure factor )(hklF  given by
30
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Here jjj lzkyhx ,, are the fractional coordinates of atom j in the unit cell, n is the total 

number of atoms in the unit cell including all the equivalent atoms allowed by symmetry 

and k = 





sin
4 . 

 The occupation factor jg of atom j may vary from 0 to 1 and shows the fraction 

of atom j (occupancy) at the specific crystallographic site of a unit cell. A given site may 

not be fully occupied ( 1jg ) due to defects in the crystal structure or may be occupied 
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by different atoms. In the latter case, assuming no imperfections in the structure, the sum 

of occupancies at one site is 1
j

jg . 

 The temperature factor jt  accounts for the vibrations of the j
th

 atom about the 

equilibrium position at a given temperature 











2

2sin
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jj Bt

 

where θ is the Bragg angle of the observed hkl diffraction peak, λ is the incident x-ray 

wavelength and jB  is the displacement parameter of the j
th

 atom. In the case of the 

isotropic approximation, we consider equal probability for any atomic vibration axis 

allowed by symmetry. jB  is linked to the mean-square vibration amplitude 2

ISOU by 

228 ISO

j UB 
. 

 The anisotropic approximation describes the motion of the atom about its 

equilibrium position by considering harmonic thermal vibrations. Here 

 ]222exp[ 231312

2

33

2

22

2

11 klhlhklkht jjjjjjj  
 

where j

nm  are the anisotropic displacement parameters. 

 The atomic scattering factor jf , as mentioned before, accounts for the scattering 

of the photons from the atomic electrons and depends on the radial distribution of the 

electron density  rn  in the atom.
31

 This is given by 
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where k =





sin
4  and   is the incident radiation wavelength. The volume integral of the 

electron density  rn  in the atom is equal to the number of electrons Z in atom  j 

  Zdrrr
n

n 


0

224 

. 

According to the above equations, the atomic scattering factor is a function of 


sin
 and 

thus a function of 1/d according to Bragg’s law and independent of wavelength. This is 

valid only for low atomic number Z and x-ray wavelengths smaller than that of the 

absorption edge wavelengths of any atom. If the latter is not true, then the atomic 

scattering factor is a function of wavelength since the atoms scatter radiation 

anomalously, illustrated by 

''')()( 0

jjjj fifkfkf 
 

where )(kf j is the atomic scattering factor, and  '',' jj ff   are the real and imaginary 

components of the anomalous scattering factor dependent on Z and λ. 

 Other factors affecting the integrated peak intesity are extinction, absorption, 

microabsorption and preferred orientation. Extiction affects the most intence peaks 

from highly structured crystallites. This is caused by the interference of second order 

reflections with the primary diffracted beam. When the incident beam is reflected on a 

lattice plane,  a phase shift of π/2 occurs. In the case of highly crystallized samples, the 

primary diffracted beam can be ‘reflected’ back from a lattice plane on top of the primary 

lattice plane and reflected again as a secondary diffracted beam with a phase shift of π 
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compared to the primary diffracted beam. This results in a decrease in peak intensity, 

however the effect is negligible in the case of diffraction from polycrystalline materials.   

 Preferred orientation of the crystallites in a sample may enhance or diminish the 

calculated Bragg peak intenstities. The calculated intensity assumes random orientation 

of the crystallites in the irradiated speciment. This is achieved when the number of 

crystallites is of the order of 10
6
 or more. XRD powder samples usually have orders of 

magnitude more particles (i.e ~10
14

 nanoparticles). In the case of perfectly spherical 

particles no preferred orientation is expected because of symmetry, but if the crystallite’s 

shape is anisotropic (needle-like or platelet-like) then preferred orientation may not be 

avoided. A common way to account for the effect of preferred orientation on the peak 

intesities is the March-Dollase function
32

, given by 

2
3

222 sin
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where τ is the preferred orientation paremeter. The first term accounts for plate-like  and 

the second for needle-like crystallites.  

 Microabsorption may occur in multiphase polycrystalline samples. If the 

crystallites of phase A are larger than the crystallites of phase B then the incident beam 

may “spend more time” in the crystallites of phase A.This will result in mass attenuation 

coefficient μs closer to the μs of phase A than the real average μs of the sample. 

 When a material of thickness t and mass attenuation coefficient μs is irradiated 

with a monochromatic beam of wavelength λ and intensity Io then the transmitted beam 

intensity I is given by 

tseII
 

 0)(
. 



13 

 

This means that a percentage of the radiation is absorbed by the irradiated sample. For  

powder diffraction, absorption depends on the material properties and the diffraction 

geometry. For Bragg-Brentano geometry and a thick sample, the absorpion effects are 

independent of the diffraction angle. Absorption is the reason for the existence of the 

linear attenuation coefficient  μ (μ=μsρ) in the intensity equation. 

 The Bragg-Brentano geometry is the most common geometry in commercial 

powder diffractometers and it is widely used because of the high resolution and high 

diffracted beam intensities.
33

An example of the geometry is shown in Fig. 3.
34

 The x-ray 

beam is directed from the x-ray tube to the sample through the Soller collimators, which 

reduce the axial divergence. The diffracted beam goes through other slits to control 

divergence, then through a graphite beam monochromator to eliminate polarization 

effects. Finally, the diffracted photons are detected at a 2θ angle.  

 

 

Figure 3: The Bragg-Brentano θ-2θ geometry usually used in XRD. The incident beam forms an 

angle θ with the sample surface and an angle 2θ with the diffracted beam.  
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1.3. NEUTRON POWDER DIFFRACTION 

 Crystallographic information collected by Neutron Powder Diffraction (NPD) is 

complimentary to the one collected by XRD and vice-versa. Neutrons, discovered by the 

British experimental physicist James Chadwick in 1932,
35

 are particles with mass           

m = 1.67*10
-27 

kg, almost no electric dipole moment, spin -1/2 and a tiny magnetic 

moment μ = -9.64*10
-27

 JT
-1

. 

 The first NPD experiment was performed by Ernest O. Wollan in 1945 at the 

Graphite Reactor of the Oak Ridge National Laboratory (ORNL).
36

  Clifford Shull joined 

him at ORNL in 1946 and together they pioneered in developing the NPD technique. 

Shull shared the 1994 Nobel Prize in physics “for the development of the neutron 

diffraction technique”.
37

 Bertram N. Brockhouse was awarded the other half "for the 

development of neutron spectroscopy". 

 The absence of detectable electric charge makes neutrons ‘invisible’ to the 

Coulomb field of the atomic cloud. Hence, they can penetrate deeper than x-rays or 

electrons and interact with the nuclei via short range nuclear forces. That way, the nuclear 

positions in the specimen’s irradiated volume are revealed.
38

  

 Thermal neutron energies (0.025eV) were used for the NPD experiments. These 

energies are similar to the excitation energies of atoms; hence neutrons can detect 

molecular vibrations, lattice modes and the dynamics of atomic motion. 

The de Broglie wavelength is given by 

mv
h

p
h 

. 

Considering a root mean square velocity given by 



15 

 

kTmv
2

3
2

1 2 
, 

we find a neutron wavelength of  

mkT
h

3

22 
. 

In these equations, h is the Planck constant, m is the neutron mass, v its velocity and k is 

the Boltzmann constant. The corresponding wavelength for room temperature neutrons is 

~1.5Å. This is comparable to XRD Cu Kα radiation and interatomic spacings. Hence 

structural information, crystal structures and atomic spacings can be determined from 

neutron diffraction.
39

  

 The intensity of the diffracted photons in XRD is proportional to the square of the 

atomic scattering factor, which is proportional to the atomic number. Hence, light 

elements or atoms of similar Z at the same crystallographic site (substitutions) cannot be 

easily detected. On the contrary, the quantity describing the neutron-nucleus interaction is 

the scattering length.
40

 The values of scattering lengths vary in a non-linear way with Z 

and are a result of the complex quantum mechanical interactions between the thermal 

neutrons and the individual nuclei. This non-linear variation allows detection of light 

elements such as H and O. It also allows refinement of the site occupancies of Ca and Fe 

at the two Ca crystallographic sites because the two elements have significantly different 

scattering lengths.
41

  The 
40

Ca scattering length is 4.80 fm and the 
56

Fe length is 9.94 fm. 

 The diffracted neutron beam intensity depends on the nuclear structure amplitude

2

nuclF  of the hkl reflection, which is the square of the absolute value of the structure 

factor
30
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In this expression, jjj lzkyhx ,,  are the fractional coordinates of the atom j in the unit 

cell, n is the total number of atoms in the unit cell including all the equivalent atoms 

allowed by symmetry, g
j
 is the occupational factor and t 

j
 the temperature factor described 

in the previous section. Note that the scattering length 



4

jb  (σ is the scattering 

cross section) is independent of the wavenumber k and the structure amplitude does not 

fall off as a function of the scattering length. 

 The neutron’s tiny magnetic moment becomes significant in the case of neutron 

interactions with magnetic atoms which have unpaired electrons. The additional 

scattering is due to the magnetic dipole-dipole neutron-unpaired electron interaction. In 

the case of paramagnetic materials the scattering is diffused; however if the material is 

ferromagnetic or antiferromagnetic, the scattering is coherent and peaks are clearly 

formed in the diffraction pattern. 

 The corresponding magnetic structure amplitude 
2

magnF  of the hkl reflection of 

phase α, which is the square of the absolute value of the magnetic structure factor is given 

by
39

 





n
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. 

This equation is almost the same as the nuclear structure factor equation. The only 

difference is the use of the magnetic scattering amplitude p
j 

instead of the scattering 
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length b
j
. The magnetic scattering amplitude describes the coherent diffraction peak 

dependant on the magnetic cell and is given by
42

  

fS
mc

e
p 










2

2

 

where e is the electron charge, γ is the gyromagnetic ratio, m the electron mass, c the light 

speed, S the spin value and f is the form factor. 

 The total structure factor for an unpolarized neutron beam is given by 

2222 )sin1( magnnucl FFF 
 

where α is the angle between the scattering and magnetization vectors. 

 NPD is a powerful method to study crystallographic and magnetic properties of 

complex materials and the information collected by NPD along with XRD provide the 

best structural information for most materials.  
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1.4. RIETVELD REFINEMENT 

 A diffraction pattern of a crystalline material is usually represented as the 

collected intensity of the scattered waves as a function of the incident-diffracted angle. In 

the early XRD days, the crystal structures were determined by simple least square fits. 

During that time, the patterns were treated as a collection of individual Bragg reflections, 

each one having a peak height and position, a breadth and an integrated area proportional 

to the Bragg intensity Ihkl. 

 In 1969, H. M. Rietveld proposed that a neutron diffraction pattern could be used 

as a smooth curve constituted by Gaussian peaks on top of a smooth background.
25

 His 

revolutionary method could be used to refine a crystal structure by directly using the 

measured intensities collected from step scanning measurements instead of the integrated 

intensities used up to that time. The curve’s intensities could mathematically be 

expressed by 

 obs

hkl

obsobs

i YYY
b , 

where obs

iY  is the intensity observed at step i, obs

b
Y  the background contribution and obs

hklY

the contribution of each Bragg reflection. 

 The Rietveld refinement method is used to fit a crystallographic model’s 

diffraction pattern to the observed intensities of the fully collected pattern as described 

above. In order to fit the model to the pattern, a function is minimized while various 

parameters are refined. Notice that the fit is non-linear, hence the starting parameters of 

the model should be as close as possible to the refined ones. The mathematical expression 

of the minimization function is 
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where obs

iY is given by the previous equation, calc

iY is the calculated intensity at the i
th

 step,  

n is the total number of points measured in the pattern and 
iw is given by 

 )()(1 22  obs

hkl

obs

i YYw
b


. 

 The background variance is assumed to be zero because it is difficult to estimate. 

This is because the refinable background functions are mostly semi-empirical polynomial 

functions.
43

 Hence the weight at each point is given by obs

iY1 . This way all peaks, 

including the small ones, are taken into account in the minimization function. 

 The best way to evaluate the refinement’s quality is an optical comparison of the 

differences between the observed and calculated profile intensities. In addition, various 

figures of merit exist to mathematically monitor the goodness of fit. An important 

residual is the Bragg residual RB which does not take into account the background or 

instrumental parameters. This is expressed as 

%100
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where obs

jI  and calc

jI  are the observed and calculated integrated intensity of the j
th

 Bragg 

peak and m is the number of independent Bragg diffraction peaks. The Bragg residual is 

the one characterizing primarily the accuracy of the crystal structure model.
44

 A value of 

8% or less indicates a good fit of the calculated Bragg peaks to the observed ones.  



20 

 

 The most important figure of merit in Rietveld refinement is the weighted profile 

residual Rwp expressed as 
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This residual is important in the refinement because the numerator is the minimization 

function M. The Rwp value takes into account the whole diffraction pattern including the 

background and it doesn’t depend on the absolute value of the intensities. An Rwp value of 

less than 10% implies an acceptable refinement. While this residual is important, one has 

to keep in mind that a high background in the observed pattern will result in a low Rwp 

value. In other words one should keep track of all residuals. 

 Theoretically, the minimum achievable Rwp is given by the expected profile 

residual Rexp  
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where n is the total number of points measured in the pattern and p the number of free 

least square parameters used. Typically, for an XRD pattern n is about 4000 and for NPD 

it is about 1500. The refinable parameters p are usually 20-50 depending on the particular 

experiment.  

 The goodness of fit χ
2
 (chi squared) is defined as the ratio of the weighted profile 

residual to the expected residual: 
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The χ
2
 parameter depends on the profile intensities, the number of measured points and 

the number of the refined parameters. The χ
2 

value should approach unity for an optimal 

refinement; however a value of 1.3 or less indicates a good fit. 

 The refinable parameters include structural parameters (site occupancies, atomic 

positions, atomic displacement parameters, lattice constants), instrumental broadening 

parameters (profile peak asymmetry, axial divergence), background coefficients, sample 

irregularities (transparency, absorption, displacement, preferred orientation, extinction), 

crystallite size and microstrain corrections.  

1.4.1. Simultaneous Rietveld refinement of XRD and NPD patterns 

 Refinements of powder XRD patterns are very common, since commercial x-ray 

powder diffractometers are readily available worldwide. However, no matter how 

powerful the Rietveld method is, the uniqueness of a result obtained by the refinement of 

a powder XRD pattern is sometimes questioned. The same questioning is valid for NPD; 

it is based on the fact that the directional character of reciprocal space and the structure 

factor complexity are lost due to structure averaging in a powder diffraction experiment 

in trying to get information on a 2-D set up from a 3-D interaction.
45

 

 Simultaneous refinement of both the powder XRD and NPD patterns usually 

eliminates this problem because of the different interaction mechanisms of the neutrons 

and x-rays with the powdered specimen. Recall that the x-ray scattering factor increases 
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with increasing atomic number Z, while the neutron scattering length varies irregularly 

and it is different for each isotope. 

 The main objective of the present work is the detailed crystallographic study of Fe 

substituted hydroxyapatite. The corresponding Ca and Fe atomic numbers are 20 and 26, 

hence the atomic fractions at the Ca1 and Ca2 crystallographic sites cannot be refined 

using only XRD. On the other hand, the corresponding Ca and Fe scattering lengths are 

4.80 and 9.94 fm; such difference allows for a reliable refinement and clarification of the 

site occupancies question. Furthermore, the large scattering length of O (5.80 fm) 

provides an insight of the Fe-HAp structure by accurately calculating the Ca-O and Fe-O 

bond lengths. The scattering length of the Ca is not a problem in a simultaneous 

refinement because Ca has a relatively large atomic number, so it will strongly interact 

with the x-rays. Generally, the NPD and XRD methods are considered complimentary to 

each other. 

1.4.2. The Le Bail extraction method 

 The Le Bail method is a peak intensity extraction method from a powder profile 

which can be used in cases that the structure is not known or when the irradiated 

specimen is highly textured. One example of the latter is the existence of unwanted peaks 

originating from a specimen holder. In this case the relative intensities of the observed 

peaks do not match the calculated ones by the phase’s crystallographic model. As a 

result, the observed and calculated patterns will not fit while using the conventional 

Rietveld method.  

 The calculated intensities in the Rietveld method are fitted to the collected pattern 

by computing the structure factor Fhkl from the structural model and using that to estimate 
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the observed Fhkl. Armel Le Bail in 1987 modified the Rietveld method in order to 

estimate peak intensities without a structural model.
46,47

 Within this modification, the 

Rietveld algorithm is still used to extract the observed Fhkl, however all the calculated Fhkl 

are arbitrarily set to 1. Then the calculated structure factors of each individual Bragg peak 

are compared to the observed Fhkl and adjusted in an iterative process until the observed 

and calculated structure factors match.
48

 This way, the differences between the calculated 

and experimental patterns due to unwanted peaks can be minimized, without extracting 

any information about the structure factors of the unwanted phase. The cell and profile 

parameters of the unwanted phase can still be refined using the conventional Rietveld 

least square method to further minimize the calculated and experimental pattern 

differences.
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2. EXPERIMENTAL/RESULTS 

2.1. SYNTHESIS OF SAMPLES

A series of samples of Fe-substituted hydroxyapatite of the chemical formula  

Ca5-xFex(PO4)3OH were prepared by a two step precipitation method.
17

 The Fe atomic 

substitution x was varied from 0 to 1.2 in order to determine the substitution limit prior to 

formation of secondary phases in the system. First, a 0.2 M molarity
 
solution of 

Ca(NO3)2*4H2O (99.98% ALPHA AESAR) was prepared. It was then added dropwise to 

a 0.12M solution of (NH4)2PO4*4H2O (99.99% ALDRICH). Hydroxyapatite (HAp) was 

formed according to the chemical reaction 

OHPOCaHPONHNOCa
OHNH

34542423 )()(3)(5 4  . 

During the process, the pH was maintained at 9.5 ± 0.1 with the addition of NH4OH.   

Fig. 4 illustrates the preparation set-up. The solution was aged for 1 hr and then 0.1 M 

FeCl2*4H2O was added dropwise to the HAp solution. That way, the Ca ions were 

substituted by the Fe ions in the hydroxyapatite structure forming Fe-substituted HAp 

[Ca5-xFex(PO4)3OH] according to the equation 

OHPOFeCaxFeClOHPOCa xx 3452345 )()(  . 

The final precipitate was aged for 20 hrs, washed, dried and then heat-treated in a tube 

furnace at 650ºC for 15 hrs under flowing N2 to prevent oxidation of the Fe ions.
20

 These 

processing parameters were chosen to allow for good crystallization and avoid a 

transition from the HAp phase to tricalcium phosphate. While Low et al. showed a 
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temperature dependence of this transition on the iron content,
18

 we chose this specific 

temperature based on preliminary results. The prepared samples and the corresponding Fe 

atomic concentrations are listed in Table II. 

 

Figure 4: Experimental setup for preparation of the Fe substituted HAp samples. 

Table II: Ca5-xFex(PO4)3OH samples, corresponding nominal Fe concentration x and identified 

phases. * mark indicates the identified phase(s) in each sample. 

 

 Sample Name 
Fe nominal 

content x 

Identified phases 

Ca5(PO4)3OH α-Fe2O3 γ-Fe2O3 

FeHAp0 0.00 * 

  FeHAp005 0.05 * 

  FeHAp01 0.10 * 

  FeHAp02 0.20 * * 

 FeHAp03 0.30 * * 

 FeHAp045 0.45 * * 

 FeHAp06 0.60 * * 

 FeHAp08 0.80 * * 

 FeHAp10 1.00 * * * 

FeHAp12 1.20 * * * 
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2.2. PHASE CHARACTERIZATION BY X-RAY DIFFRACTION  

  X-ray diffraction patterns of the samples were collected with a Siemens D5000   

x-ray powder diffractometer, equipped with a diffracted beam graphite monochromator 

and operating at 45kV and 40 mA. The Ni-filtered Cu Kα wavelength λ = 1.54060 Å was 

used with slits 1, 1, 0.2, 0.6 (mm).  The data were collected in the angle range 8°-90° 

with a step size of 0.02° and step time of 12 s. Fig. 5 shows the XRD patterns of all the 

samples.  

 

Figure 5: XRD patterns of the samples with nominal Fe concentration x from 0 to 1.20. 

The ICDD data bank
24

 was used in the EVA search/match program to identify the 

crystallographic phases formed in each sample. Hydroxyapatite (Powder Diffraction File-

PDF2 #9-432) was identified as the major phase in all the samples. A single 
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hydroxyapatite phase was identified only in samples with x ≤ 0.1, while other phases 

were formed with increasing x. The hematite phase (α-Fe2O3) (PDF2 #33-664) was 

identified in the samples with x ≥ 0.2. Maghemite (γ-Fe2O3) (PDF2 #33-1346) was 

present in small amounts in samples with x ≥ 1.0. No other phases were identified within 

the detection limits (1% wt) of the experimental method. The identified phases in each 

sample are listed in Table II. The diffraction pattern collected from sample FeHAp12 and 

the identified phases are shown in Fig. 6 as an example of phase identification. The 

Miller indices of the major HAp peaks are also displayed. 

 

Figure 6: XRD pattern and identified phases in sample FeHAp12. The Miller indices of HAp 

major peaks are marked. 
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The major maghemite peak (311) is very close to the hematite peak (110) and they both 

overlap with the HAp (301) peak.  Maghemite has a cubic structure (S.G. P4132) and it is 

unstable; transforming to stable rhombohedral hematite (S.G.     ) when it is heat-treated 

at 400-700ºC.
49

 Considering our processing parameters, the excess Fe first forms 

maghemite, but heat treatment at 650ºC for 15 hrs transforms maghemite to hematite. 

However, for x ≥ 1.0 some maghemite is detected.  

  Fig. 7 shows that the HAp intensity decreases in a systematic way with increasing 

x while the hematite intensity increases. This indicates that the hematite weight 

percentage increases with increasing x. The split of the HAp peak (301) observed in this 

figure results from an overlap of the (301) HAp peak with the (104) peak of hematite.  

 

Figure 7: XRD patterns in the range 30º-37º. The HAp peak intensity decreases as a function     

of x.  The hematite phase increase is shown by the intensity increase of the (110) peak and the 

presence of the (104) peak for x ≥ 0.8. 

   Hematite                       

(104)  (110) 

 

 

 

Maghemite                      

(220)   
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This data suggest that increasing the nominal iron concentration increases the iron 

percentage into the HAp matrix, up to a point that the iron in the HAp matrix is saturated; 

the remaining iron forms maghemite and eventually hematite after the heat treatment. 

The maghemite presence can only be identified from the (220) Bragg peak which is 

shown at 30.35º in Fig. 7.  

 The main conclusion from the phase characterization of the samples is that single 

phase of iron substituted HAp can be prepared by using the current method only for x up 

to 0.1. 

 The average crystallite size of HAp was calculated using the Scherrer formula   

B

K

*cos

*




 

 

where τ is the crystallite size; K is the form factor (usually equal to 0.9), λ the CuKα1 

wavelength, θ is the angle of the peak maximum and B the Full Width at Half Maximum 

(FWHM) in radians. The (002) and (222) HAp peaks (Fig. 6) where used calculate the 

average crystallite size because these don’t overlap with other peaks, allowing a good 

estimation of the FWHM.  

 Fig. 8 shows the decrease of the average crystallite size of from 39 nm to 31 nm 

with increasing x. The FWHM increase, which is inferred by the crystallite size decrease 

according to the Scherrer formula, is attributed to the sample’s crystallinity loss. This 

crystallinity decrease as the Fe concentration increases is an indication that iron is 

incorporated in the hydroxyapatite structure. That causes a lattice distortion in the HAp 

unit cell as will be explained later.  
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Figure 8: The average crystallite size τ, as calculated by the Scherrer equation, as a function of 

the Fe nominal concentration x.   
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2.3. NEUTRON POWDER DIFFRACTION  

 The neutron powder diffraction (NPD) patterns were collected using the high-

resolution powder diffractometer HB-2A at the High Flux Isotope Reactor (HFIR) of the 

Oak Ridge National Laboratory (ORNL).
50

 Five samples with x up to 0.3 (listed in Table 

III) were characterized in order to decide the solubility limit of Fe in the HAp structure. 

 The HB-2A high-resolution powder diffractometer is built with a Debye-Scherrer 

configuration, and has an array of 44 
3
He detectors and a scattering angle range 2θ from 

2º to 154º.
51

 The monochromator system consists of 15 Ge composite wafers.  Fig. 9 

shows a schematic diagram of the diffractometer.  

 

Figure 9: Layout of the HB-2A diffractometer. 

 Preliminary data collection on pure HAp suggested that we could get improved 

data quality deuterating our samples. In this process, hydrogen (
1
H) is replaced by 

deuterium (
2
D) in the crystal structure, leading to a reduce background contribution. The 

1
H coherent scattering and incoherent lengths (b) are -3.74 fm and 25.27 fm,

 
respectively, 
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while the corresponding values for 
2
D are 6.67 fm

 
and 4.04 fm, respectively.

41
  Hence, 

deuteration of the samples should reduce the background scattering and change some 

peak intensities of the patterns. Fig. 10 shows a comparison of the NPD patterns from the 

deuterated hydroxyapatite (DAp) and non-deuterated hydroxyapatite (HAp) at room 

temperature.
52

 The step size and time is the same for both patterns. The background of 

the deuterated sample is about half that of the non-deuterated sample because of the 

smaller incoherent scattering cross section of 
2
D. Moreover some peaks have different 

intensities (i.e. peaks at 18.8º and 33.9º) because of the different coherent scattering cross 

sections of 
1
H and 

2
D. 

 

 

Figure 10: Room temperature NPD patterns of HAp (red) and deuterated Hydroxyapatite (DAp-

blue). The background of the DAp sample is reduced to about half of the background of the HAp 

sample due to the different incoherent scattering lengths of 
1
H and 

2
D.  
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 The five samples, shown on Table III, were deuterated using flowing O2 enriched 

with D2O at 600 ºC for 8 hours. Note that the samples have been relabeled with ‘FeDAp’ 

to distinguish them from non-deuterated samples (FeHAp). Phase identification of the 

XRD patterns from these five samples showed no altering of the crystal structure because 

of the deuteration process. The same major phase HAp (PDF # 9-432) was identified in 

all deuterated samples as in the non-deuterated. Hematite (α-Fe2O3/ PDF2 #33-664) was 

identified as a secondary phase in samples with x ≥ 0.2. Part of the diffraction patterns of 

samples FeDAp01 (black pattern) and FeDAp03 (red pattern) are shown in Fig. 11. The 

blue vertical lines are the HAp Bragg diffraction peaks and the green lines are the α-

Fe2O3 diffraction peaks. The small FWHM indicates that the samples are well- 

crystallized. All the FeDAp01 peaks are identified as HAp peaks. On the other hand, 

some extra peaks observed in FeDAp03 are identified as hematite. Its main peak          

(2θ = 33.15º) coincides with a HAP peak. This secondary phase can be distinguished 

mostly from the peaks at 2θ = 35.61º, 2θ = 24.13º and 2θ = 54.09º.  

 

Table III: Names, nominal Fe atomic concentration and identified phases in the samples 

prepared for NPD. Note that the names have been changed to FeDAp in order to distinguish them 

from the non-deuterated samples (FeHAp). 

 

 

 

 

 

Sample Name 
Fe nominal 

content x 
Ca5(PO4)3OH α-Fe2O3 

FeDAp0 0.00 * 
 

FeDAp005 0.05 * 
 

FeDAp01 0.10 * 
 

FeDAp02 0.20 * * 

FeDAp03 0.30 * * 
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Figure 11: Part of the FeDAp01 (black) and FeDAp03 (red) x-ray diffraction patterns. The blue 

vertical lines mark the HAp Bragg peaks of the standard pattern (9-432) and the green lines are 

the α-Fe2O3 diffraction peaks of pattern 33-664. 

  

I 
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2.4. SIMULTANEOUS REFINEMENT OF THE NPD AND XRD PATTERNS 

The XRD and NPD patterns of the deuterated samples (FeDAp) were 

simultaneously refined using the Rietveld method
25

 in the GSAS
53

 program. The 

structural model used crystallizes in space group P63/m, with a = 9.42Å and c = 6.88Å.
54

 

Deuterium was introduced in the model rather than Hydrogen. The lattice constants, 

starting positions, fractions and atomic displacement parameters are listed in TABLE IV. 

The hydroxyl group fractions were set to 0.5 because the channel sites are not fully 

occupied.  

 

Table IV: The crystallographic model used to refine the powder diffraction data. 

 

Starting model of  FeHAp0

SG P63/m, a=9.42 Å ,  c=6.88 Å

Atom

Site 

Symmetry x                 y                 z Fraction Uiso

Ca1 4f 3 0.3333 0.6667 0.002 1 0.02

Ca2 6h m 0.246 0.9915 0.25 1 0.02

P3 6h  m 0.3977 0.3674 0.25 1 0.02

O1 6h m 0.3281 0.4819 0.25 1 0.02

O2 6h  m 0.5862 0.4661 0.25 1 0.02

O3 12i 1 0.3436 0.257 0.0711 1 0.02

O(D) 2a        0 0 0.1957 0.5 0.02

D 2a  0 0 0.06 0.5 0.02

6

6



36 

 

 The FeDAp0 XRD and NPD diffraction patterns of the pure deuterated 

hydroxyapatite were simultaneously refined first. The shifted Chebyshev polynomial
55

 

with 12 parameters was chosen as the background function of the XRD pattern and a 

power series with 7 parameters for the NPD. The modified pseudo-Voight functions 

number 2
56

  and 3
57

 were chosen for the peak shapes of the XRD and NPD patterns. The 

scale factor and the background parameters were open for refinement by default and were 

kept open until the refinement was completed. 

 Then, the shift parameter was set as a variable to correct for any sample 

displacement in the XRD pattern and zero correction to account for detector shift in the 

NPD pattern. The lattice parameters were then refined simultaneously with the shift 

parameter and zero correction and left open for the rest of the refinement. After closing 

the shift and zero parameters, the peak profile (pseudo-Voight) parameters were refined 

for both patterns; these were kept closed for the rest of the refinement. The atomic 

positions of all atoms were gradually opened as variables followed by their isotropic 

thermal parameters (Uiso). The total number of simultaneously refined parameters was 

40. Then the Uiso were closed in order to avoid the strong correlations between the 

thermal and the fractional parameters during refinements of the later. Finally the Ca1, 

Ca2, D and O(D) fractions were refined gradually. The Rietveld refinement of the NPD 

and XRD patterns of the sample FeDAp0 is shown in Fig. 12. The red crosses mark the 

experimental pattern and the green line is the calculated pattern. The HAp model Bragg 

peak positions are marked in black above the difference curve between the collected and 

experimental patterns. 
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Figure 12: NPD (top) and XRD (bottom) simultaneous Rietveld refinement of the FeDAp0 

patterns. The red crosses mark the experimental patterns and the green lines are the calculated 

patterns. The black vertical lines mark the HAp Bragg diffraction peaks and the magenta line is 

the difference between the experimental and refined patterns. 



38 

 

 The structural model was then modified by the addition of Fe1 and Fe2 at the Ca1 

and Ca2 sites in order to refine the XRD and NPD patterns of the iron-substituted 

samples. The Fe1, Fe2 positions and isotropic thermal parameters were constrained to 

vary with the Ca1 and Ca2 parameters. Their fractions were constrained to vary with the 

Ca1, Ca2 corresponding fractions under the condition FCa+FFe=1, where FCa is the Ca 

fraction and FFe is the Fe fraction. The starting iron fraction values were calculated from 

the nominal Fe concentration x in each sample.  

  

 

Figure 13:  Refined NPD pattern of FeDAp005. The black vertical lines mark the HAp Bragg 

peaks while the red vertical lines mark the Bragg peaks from the aluminum sample holder. The 

difference between experimental and refined patterns is due primarily to the peaks from the 

highly textured Al phase.  
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 The NPD patterns of the four samples with 0.05 ≤ x ≤ 0.3 include some additional 

peaks, originating from the aluminum sample holder. Fig. 13 shows the NPD pattern of 

the sample FeDAp005 after refining the FeDAp phase only. The black vertical lines mark 

the calculated HAp Bragg peaks while the red vertical lines mark the calculated Al Bragg 

peaks. This phase was added to account for the ‘unwanted’ peaks. Notice that the major 

difference between the experimental data and calculated patterns coincides with the Al 

phase. To include these extra peaks in the refinement process, we used the Al phase 

structural model as listed in TABLE V.
58

  

Table V: Lattice constants, positions, fractions and isotropic thermal parameters of Al. 

 

 Inclusion of the Al phase in the Rietveld refinement of the NPD pattern did not 

improve the quality of the refinement because of the highly textured Al sample holder 

that induces strong preferred orientation.  To solve this problem, the Le Bail method was 

used to fit the peaks from the Al phase. 

 The phase was added after completion of the HAp phase refinement. Powpref was 

run just once because the Le Bail calculated intensities are reset equal to one every time 

Powpref is run.
59

 The Al model Bragg peak intensities were set by default to one; the 

scale factor of the Al phase for the XRD pattern was set to zero and one for the NPD 

Starting model of Al

SG Fm3m, a=4.0495 Å

Atom Site Symmetry x            y z Fraction Uiso

Al m3m 0 0 0 1 0.02
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pattern since the Al phase only appears in the NPD pattern. Firstly, the Al phase peak 

intensities were fitted to the pattern. Then the background, lattice constants and zero shift 

for the NPD were refined. The profile was then refined right after closing the zero shift. 

Fig. 14 shows the refined NPD pattern of the FeDAp005 after the Le Bail fit of the Al 

phase. The XRD refined pattern is shown in Fig. 15.  

 

 

Figure 14: Refined NPD pattern of FeDAp005 after the Le Bail fit. The black vertical lines 

correspond to the HAp Bragg diffraction peaks while the red vertical lines correspond to the 

Bragg peaks of the aluminum sample holder. The difference has been minimized after the Le Bail 

fit. 
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Figure 15: XRD refined pattern of FeDAp005. The Al Bragg reflections are the red vertical lines; 

however the phase fraction is set to zero for the XRD pattern, thus the Al peaks have zero 

intensity.                                   

In samples with x ≥ 0.1, the hematite (α-Fe2O3) structural model
60

 listed in Table 

VI was introduced as a secondary phase. The phase fractions of FeDAp and hematite 

were constrained to sum up to one. The shifts in the XRD pattern and zero corrections in 

the NPD pattern of the two phases were constrained to vary together. 

The only parameters of the hematite phase allowed to vary were the lattice 

constants and the atomic positions of the Fe and O; the low counting statistics of the NPD 

pattern and the small phase fraction of hematite in the samples did not allow refinement 

of the occupancies and thermal parameters. The strategy in the two phase refinement 

process for the patterns from the samples with x ≥ 0.2 is similar to the one in the single 

phase refinement. 
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Table VI: The hematite crystallographic model used to refine the powder diffraction patterns of 

the samples with x ≥ 0.1. 

 

 An extra peak at 2θ = 19.31º, shown in Fig. 16, was present in the NPD pattern of 

the sample FeDAp03. This peak is due to magnetic scattering (interaction of the neutron 

magnetic moment with the Fe moments). Hematite is a canted antiferromagnet at room 

temperature. In order to account for the (003) reflection, a magnetic hematite phase
61

 was 

introduced after refining the crystallographic phases of HAp and hematite. By adding the 

magnetic phase, the magnetic moments of the Fe atoms are added to the atoms of the 

crystallographic model. 

The space group P1 was selected in order to eliminate the symmetry operations on 

the magnetic moments and stay within the symmetry requirements of hematite.
62

 The cell 

parameters were the same as the ones of the crystal hematite phase and were constrained 

to vary together.  The twelve iron atoms (input as Fe
+3

 in order to account for the correct 

magnetic scattering factors) were placed at the generated positions by the 12c site of the 

hematite space group cR3 . The Fe positions of the magnetic phase were constrained to 

vary with the iron atom positions in the crystallographic hematite phase. The thermal 

parameters were set to 0.02 and fractions to 1 and weren’t refined since the 

α-Fe2O3

SG         , a=5.038 Å ,  c=13.772 Å

Atom
Site 

Symmetry
x                 y                 z Fraction Uiso

Fe 12c  3 0 0 0.355 1 0.02

O 18e  2 0.300 0 0.25 1 0.02

cR3
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Figure 16: Part of the refined NPD pattern of FeDAp03. The extra peak present at 19.31º is due 

to magnetic scattering from the Fe in hematite. The black vertical lines mark the Bragg diffraction 

peaks of HAp and the red mark the hematite peaks. 

 

corresponding parameters of the hematite crystal phase were not refined. The magnitude 

of the magnetic moments was set to 4.5    and it was constrained to be the same for all 

the iron atoms.
61,63

 The magnetic moment direction of the Fe atoms located at 0,0,+z and 

0,0,–z were set towards the [100] direction;
64

 the magnetic moment direction of the atoms 

located at 0,0,½+z and 0,0,½-z was the       . The moment on the b axis was set to zero 

due to powder averaging of the a and b direction. All spin flips were set to black (no 

magnetic direction flip). The structural model of the magnetic phase is listed in Table 

VII. 
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Table VII: Structural model of the magnetic hematite phase. The z coordinate was set equal to 

0.3517 (the refined value of Fe in the crystallographic hematite phase). The + magnetic moment 

direction is the [100]; the – direction is the ]001[ .  

  

 The refinement followed the usual procedure: the lattice parameters refined and 

kept open; the profile parameters were next. After closing the profile parameters the iron 

positions were refined (which were constrained to vary with the iron in the 

crystallographic hematite phase). At the end the magnetic moment magnitude was 

refined. 

Magnetic α-Fe2O3

SG  P1 , a=5.038 Å ,  c=13.772 Å

Atom

Site 

Symmetry x                 y                 z direction

Fe1 1a  1 0 0 z 4.5 +

Fe2 1a  1 0 0 -z 4.5 +

Fe3 1a  1 0 0 ½+z 4.5 -

Fe4 1a  1 0 0 ½-z 4.5 -

Fe5 1a  1 1/3 2/3 z 4.5 +

Fe6 1a  1 1/3 2/3 -z 4.5 +

Fe7 1a  1 1/3 2/3 ½+z 4.5 -

Fe8 1a  1 1/3 2/3 ½-z 4.5 -

Fe9 1a  1 2/3 1/3 z 4.5 +

Fe10 1a  1 2/3 1/3 -z 4.5 +

Fe11 1a  1 2/3 1/3 ½+z 4.5 -

Fe12 1a  1 2/3 1/3 ½-z 4.5 -
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 Fig. 17 shows the refined NPD pattern of FeDAp03; notice that the peak at 19.31º 

corresponding to the magnetic scattering of the neutrons by hematite is refined. The black 

vertical lines are the Bragg diffraction peaks of HAp, the red correspond to hematite, blue 

are the diffraction peaks of the magnetic hematite (S.G. P1) and the green vertical lines 

mark the Al Bragg peaks. 

 

Figure 17: Part of the refined FeDAp03 including the hematite magnetic phase. The black 

vertical lines mark the HAp Bragg diffraction, the red mark the hematite, blue are the diffraction 

peaks of S.G. P1 corresponding to the magnetic hematite phase and green are the Al Bragg peaks. 
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2.5. RESULTS FROM THE SIMULTANEOUS REFINEMENTS 

The refined unit cell parameters, positions, atomic displacement parameters, 

occupancies and corresponding residuals of all samples are listed in Tables VIII-XII. The 

crystallographic information files (cif) corresponding to the refined patterns of each 

sample are listed in the Appendix.  

Table VIII: Simultaneously refined structural parameters of FeDAp0. The numbers in 

parentheses show their calculated uncertainties. 

 

Overall, the residuals for the Fe substituted samples are the following:             

1.05 ≤ χ
2 

≤ 1.72, 5.8 ≤ Rwp T  ≤ 7.9,  5.8 ≤ RB ≤ 8.4 for neutron diffraction (ND) and        

2.1 ≤ RB ≤ 3.1 for XRD.  Rwp T is the total weighted profile residual of the simultaneously 

refined XRD and NPD diffraction patterns. The χ
2
 is close to 1 and the Rwp T, RB are 8% or 

FeDAp0

a = 9.4231(1) Å c = 6.8844(1) Å  

χ2 = 1.72 Rwp T = 7.9%   RB ND= 8.4%   RB XRD= 3.1%

Atom

Site 

Symmetry x          y         z Fraction Uiso*100

Ca1 4f 3 0.3333 0.6667 0.0015(3) 1 1.24(5)

Ca2 6h m 0.2460(2) 0.9926(2) 0.25 1 1.09(3)

P3 6h  m 0.3991(2) 0.3684(2) 0.25 1 0.84(4)

O1 6h m 0.3274(3) 0.4833(3) 0.25 1 1.16(6)

O2 6h  m 0.5875(3) 0.4650(3) 0.25 1 1.40(7)

O3 12i 1 0.3414(2) 0.2570(2) 0.0705(2) 1 1.67(5)

O(D) 2a        0 0 0.2038(8) 0.53(1) 2.1(2)

D 2a  0 0 0.075(2) 0.30(3) 3.9(4)

6

6



47 

 

less, indicating a good fit of the calculated patterns to the corresponding experimental 

patterns. 

Table IX: Simultaneously refined structural parameters of FeDAp005. The numbers in 

parentheses show their calculated uncertainties. Attempted refinement of the Ca-Fe fractions 

resulted to uncertainties of the order of magnitude of the Fe substitution.  

 

 

 

FeDAp005

a=9.4194(1) Å ,  c=6.8816(1) Å

χ2=1.13 Rwp T=6.9% RB ND=6.5% RB ND=2.2%

Atom

Site 

Symmetry x                 y                 z Fraction Uiso*100

Ca1 4f 3 0.3333 0.6667 0.0019(3) 0.987(5) 1.24(4)

Ca2 6h m 0.2464(1) 0.9927(2) 0.25 0.988(5) 0.95(3)

Fe1 4f 3 0.3333 0.6667 0.0019(3) 0.013(5) 1.24(5)

Fe2 6h m 0.2464(1) 0.9927(2) 0.25 0.013(6) 0.95(3)

P3 6h  m 0.3992(2) 0.3690(3) 0.25 1 0.99(4)

O1 6h m 0.3278(3) 0.4843(3) 0.25 1 0.86(6)

O2 6h  m 0.5875(3) 0.4643(3) 0.25 1 1.38(7)

O3 12i 1 0.3409(2) 0.2572(2) 0.0706(2) 1 1.50(4)

O(D) 2a        0 0 0.1976(7) 0.51(1) 1.09(1)

D 2a  0 0 0.057(2) 0.44(3) 4.66(5)6

6
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Table X: Simultaneously refined structural parameters of FeDAp01. The numbers in parentheses 

show their calculated uncertainties. 

 

 

FeDAp01

a = 9.4206(1) Å c = 6.8826(1) Å  

χ2 = 1.05 Rwp T= 6.7%   RB ND= 6.4%   RB XRD= 2.1%

Atom

Site 

Symmetry x                 y                 z Fraction Uiso*100

Ca1 4f 3 0.3333 0.6667 0.0018(2) 0.989(6) 1.29(4)

Ca2 6h m 0.2464(1) 0.9925(1) 0.25 0.981(6) 1.04(3)

Fe1 4f 3 0.3333 0.6667 0.0018(2) 0.011(6) 1.29(4)

Fe2 6h m 0.2464(1) 0.9925(1) 0.25 0.019(6) 1.04(3)

P3 6h  m 0.3990(2) 0.3689(2) 0.25 1 1.07(4)

O1 6h m 0.3279(3) 0.4837(3) 0.25 1 0.83(7)

O2 6h  m 0.5869(3) 0.4634(3) 0.25 1 1.22(7)

O3 12i 1 0.3404(2) 0.2569(2) 0.0702(2) 1 1.51(5)

O(D) 2a        0 0 0.1964(8) 0.52(1) 1.4(2)

D 2a  0 0 0.055(2) 0.42(3) 4.4(4)6

6
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Table XI: Simultaneously refined structural parameters of FeDAp02. The numbers in 

parentheses show their calculated uncertainties. 

 

 

FeDAp02

a = 9.4213(1) Å c = 6.8813(1) Å  

χ2 = 1.13  Rwp T= 5.8%   RB ND= 5.8%   RB XRD= 2.4% 

Atom

Site 

Symmetry x                 y                 z Fraction Uiso*100

Ca1 4f 3 0.3333 0.6667 0.0019(3) 0.982(8) 1.24(5)

Ca2 6h m 0.2456(1) 0.9919(2) 0.25 0.969(8) 1.04(3)

Fe1 4f 3 0.3333 0.6667 0.0019(3) 0.018(8) 1.24(5)

Fe2 6h m 0.2456(1) 0.9919(2) 0.25 0.031(8) 1.04(3)

P3 6h  m 0.3991(2) 0.3691(2) 0.25 1 0.95(4)

O1 6h m 0.3285(3) 0.4846(3) 0.25 1 0.82(5)

O2 6h  m 0.5884(3) 0.4653(3) 0.25 1 1.56(7)

O3 12i 1 0.3408(2) 0.2573(2) 0.0709(2) 1 1.59(4)

O(D) 2a        0 0 0.1971(7) 0.51(1) 0.9(1)

D 2a  0 0 0.058(2) 0.36(3) 4.7(5)

6

6
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Table XII: Simultaneously refined structural parameters of FeDAp03. The numbers in 

parentheses show their calculated uncertainties. 

 

Fig. 18 shows the a- and c-lattice constants as a function of the nominal Fe 

substitution x. Both lattice constants are smaller in the Fe substituted samples than in the 

pure HAp. A comparison of the unit cell parameters of the pure HAp (x = 0) with the 

ones of the lowest Fe nominal concentration (x = 0.05) shows a decrease of the a-lattice 

constant by 0.004 Å (0.04%) and a decrease of the c-lattice constant by 0.003 Å (0.04%). 

This decrease can be explained by the ionic radii difference of the Ca and Fe ions. The 

Fe
2+

 (0.77 Å) or Fe
3+

 (0.64 Å) ionic radii are smaller than the Ca
2+

 ionic radius (0.99 Å). 

FeDAp03

a=9.4211(1) Å ,  c=6.8818(1) Å

χ2=1.05 Rwp T=6.8% RB ND=6.6% RB ND=2.3%

Atom

Site 

Symmetry x                 y                 z Fraction Uiso*100

Ca1 4f 3 0.3333 0.6667 0.0017(3) 0.970(10) 1.33(5)

Ca2 6h m 0.2460(1) 0.9921(2) 0.25 0.956(10) 1.12(3)

Fe1 4f 3 0.3333 0.6667 0.0017(3) 0.030(10) 1.33(5)

Fe2 6h m 0.2460(1) 0.9921(2) 0.25 0.044(10) 1.12(3)

P3 6h  m 0.3992(2) 0.3689(3) 0.25 1 0.98(4)

O1 6h m 0.3287(3) 0.4849(3) 0.25 1 0.92(7)

O2 6h  m 0.5882(3) 0.4646(3) 0.25 1 1.16(8)

O3 12i 1 0.3407(2) 0.2575(2) 0.0710(2) 1 1.51(5)

O(D) 2a        0 0 0.1947(7) 0.51(1) 0.9(1)

D 2a  0 0 0.056(2) 0.42(3) 4.1(5)6

6
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By multiplying the ionic radius difference of the two ions by the nominal substitution Fe/ 

Ca percentage ( 1.01%=100%*0.05)-0.05/(5 ) we can get an estimate of the order of 

magnitude of the lattice constants change (~0.003 Å). Assuming that the only factor 

affecting the unit cell parameters is the ionic size of the ions, the refined and calculated 

values agree. 

 

Figure 18: The unit cell parameters as a function of the nominal Fe concentration x. The error 

bars are covered by the size of the marker. The red line indicates the a-lattice constant increasing 

trend in the Fe substituted samples.         

The unit cell parameters of the Fe substituted samples show different trends with 

increasing x; the a-lattice constant increases at most by 0.002 Å (0.02%) while the          

c-lattice constant is not affected in a uniform way by the Fe substitution. Such 

‘anomalous’ increase of the a-lattice constant can be explained by taking into account the 

local symmetries of the Ca1 and Ca2 sites and the possible geometric configurations of 

the Fe ions. 
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The Ca1 site shown in Fig. 19 is 9-fold coordinated to three O1, three O2 and 

three O3 atoms with mean Ca1-O distance 2.55 Å
65

 and a local geometry of a tricapped 

trigonal prism.
66

 

 

 

Figure 19: Ca1 (blue, 9-fold coordination) is shown with the nearest neighbors, three O1 

(orange), three O2 (grey) and three O3 (red) atoms. The O3 atoms form a plane perpendicular to 

the c-axis. 

The Ca2 site shown in Fig. 20 is 7-fold coordinated to four O3 atoms, one O2, 

one O(H) and one O1 with mean Ca2-O distance 2.45 Å and a local geometry of a 

distorted octahedron. The Ca1-O3 distance is 2.82 Å and the Ca2-O1 distance is 2.70 Å; 

these are both longer than the mean interatomic distances, hence some authors describe 

the Ca1 and Ca2 sites as 6-fold instead of 9 and 7-fold correspondingly. 

The Fe ion can be 4-, 5- or 6-fold coordinated with corresponding distorted 

tetrahedral, pyramidal and octahedral geometries;
66

 therefore substitution of the Fe ions 
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in either of the two crystallographic sites will distort the local geometry of the HAp unit 

cell. The Fe configurations are shown in Fig. 21. 

 

Figure 20: Ca2 (7-fold coordinated-purple) neighboring to one O1 (orange), one O2 (grey), one 

O(H) (yellow)  and four O3 (red) atoms. Ca2, O1 and O2 are on the mirror plane (perpendicular 

to the c-axis). 

 

Figure 21: Fe configurations: 4-fold tetrahedral, 5-fold pyramidal and 6-fold octahedral. 

 Fig. 22 shows the refined Ca1-O bond lengths as a function of the nominal x. The 

observed decrease of the Ca1-O1 and Ca1-O2 bond lengths can be attributed to the 

smaller Fe (ionic radius 0.64 Å or 0.77 Å ) substituting for Ca (0.99 Å). On the other 
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hand the Ca1-O3 interatomic distances increase with increasing Fe content.  Considering 

that the Ca1-O3 bonds are almost perpendicular to the c axis, the overall effect of Fe 

substitution contributes to the increase of the a-lattice constant (a-b plane). This increase 

indicates an introduction of a lattice relaxation in the system, as iron is substituting 

calcium at the Ca1 crystallographic site.  
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Figure 22: The Ca1-O interatomic distances as a function of the Fe nominal substitution x (gram-

atoms). The Ca1-O3 bond length increases with x while the Ca1-O2 and Ca1-O3 decrease. The 

error bars are the standard deviation of the refined bond lengths and the blue lines are the linear 

regressions. 

 The above results are consistent with electronic structure calculations
66

 which 

have shown that the 4-fold Fe
3+

 configuration is the most stable at the Ca1 site. Fig. 23 

shows the local geometry of this 4-fold configuration of the Fe with the O1 and O2 

nearest neighbors.  Notice that O3 is not included in this configuration. Consequently, 

this broken lattice symmetry results to the observed Ca1-O3 bond increase in the absence 
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of the Fe-O3 bonds. The Ca1-O1 bond decreases because the more electronegative Fe ion 

(compared to the Ca
 
ion) attracts closer the oxygen atoms. The Ca1-O2 bond reduction is 

expected to be less than the Ca1-O1 since just one of the three O2 is neighboring with the 

4-fold coordinated Fe. 

 

Figure 23: Local geometry of the 4-fold coordinated Fe
3+ 

 substituting at the Ca1 site. 

The neighboring atoms are three O1 and one O2. The dashed lines mark the broken bonds. 

 

The refined occupancy of the channel oxygen varied from 0.51 to 0.53 (±0.01) 

while the refined deuterium occupancy varied from 0.30 to 0.44 (±0.03), meaning that 

there is oxygen in the channel. This suggests that oxygen and hydroxyl ions coexist in the 

channel and that the prepared samples can be described as Fe- substituted                    

oxy-hydroxyapatites
18

. This excessive oxygen may account for the charge imbalance 

introduced by the oxidized Fe
3+

 substitution at the Ca1 site according to the mechanism:   
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Ca
2+

+□vac→2Fe
3+

+2O
2-

 

where □vac refers to the vacancy in the channel. 

 Notice that the Fe ions in the starting material (FeCl2) used to substitute for Ca in 

the HAp matrix were divalent. However, the Fe in the secondary phase (α-Fe2O3) is 

trivalent. Having in mind that Fe
2+ 

is rapidly oxidized to Fe
+3

 in ambient conditions, it is 

inferred that the N2 flow during calcination did not reduce the O2 partial pressure enough 

to avoid oxidation of Fe
2+

 in the HAp matrix. Additional experiments are required to 

investigate the valence state of Fe in the HAp unit cell.  
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Figure 24: Ca2-O bond lengths as a function of the nominal Fe concentration x. The Ca2-O1 

bond length on the mirror plane increases with x while the Ca2-O2 remains constant and the Ca2-

O3 slightly increases. The error bars are the standard deviation of the refined bond lengths and 

the blue lines are the linear regressions. 

 Fig. 24 shows the Ca2-O interatomic distances as a function of the nominal Fe 

concentration x. The Ca2-O1 bond is on the mirror plane and perpendicular to the c axis; 
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hence the bond’s length increase also contributes to the a-lattice constant’s increase. This 

increase is also an indication of lattice relaxation as Fe is substituting Ca in the Ca2 

crystallographic site. The Ca2-O2 bond length remains constant and the Ca2-O3 is 

slightly increasing.  

  

Figure 25: Local geometry of the 6-fold coordinated Fe
2+ 

at the Ca2 site. The neighboring atoms 

are four O3, one O2 and one O(H). The dashed line marks the broken Ca2-O1 bond. 

 In agreement to our findings, the most stable simulated
66

 configuration at the Ca2 

site is the 6-fold coordinated Fe
2+

. The iron atom is no longer neighboring with O1. This 

coordination reduction results in the Ca2-O1 bond length increase with increasing Fe 

concentration in the HAp unit cell. Fig. 25 shows the local geometry of the 6-fold Fe
2+

 at 

the Ca2 site. 
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 The Ca1 and Ca2 occupancies as a function of the nominal Fe concentration x are 

shown in Fig. 26. Having in mind that the Fe and Ca occupancies are constrained to 1, 

this Fig. shows that more iron is incorporated in the HAp matrix with increasing nominal 

x. The Ca occupancies decrease is a proof that Fe is indeed substituting for Ca in the HAp 

matrix.  

  

 

Figure 26: The occupancies at the two Ca crystallographic sites of the Fe-substituted DAp as a 

function of x. The Fe ions are distributed in both crystallographic sites, with Ca2 the preferred 

one.   

 From Fig. 26 it is also inferred that while Fe is distributed in both Ca 

crystallographic sites, the preferred site is Ca2. In the absence of geometric dependence 

of the site preference, smaller ions than Ca prefer the Ca1 site.
65

 Mn
2+

 for example (ionic 

radius 0.89 Å) prefers the Ca1 site.
13,67

 The Ca1 atoms are aligned in columns and their 

interactions are stronger; hence any change in the site affects the entire unit cell. On the 
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other hand, larger ions prefer the Ca2 sites which are arranged in triads on the mirror 

planes, with each triad being rotated by 60º relatively to the one above it. Hence ionic 

substitutions on the Ca2 site do not greatly affect the lattice parameters. Given that the 

Fe
2+

 local geometry is distorted octahedral,
66,68

 the more distorted Ca
2+

  site is the 

preferred one because of geometrical similarities. 

 The P-O bond lengths as a function of the nominal x are shown in Fig. 27. The   

P-O2 increase with x is consistent with the Ca1-O2 decrease. The P-O3 decrease is 

consistent with the Ca1-O3 and Ca2-O3 increase. The bond lengths begin to be affected 

by the iron substitution for x>0.05. Overall, the P-O1 and P-O2 increase with x, while    

P-O3 decreases. 

 

Figure 27: The P-O bond lengths as a function of the nominal Fe concentration x. The error bars 

are equal to the standard deviation of the refined bond lengths and the lines are the linear 

regressions of the various bonds as a function of x.  

The distortion index (D.I.) of the phosphate tetrahedron
69

 was calculated by: 
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where TOi are the interatomic distances P-O and TOm is the mean value of the P-O bond 

lengths of the tetrahedron. The DI of the tetrahedra of FeDAp0 and FeDAp005 was 0.1% 

while the tetrahedra DI for the other dopings were in the range 0.2-0.4%. This is in 

agreement with the observation that the tetrahedra bond lengths are more distorted as x 

increases. 

Fig. 28 shows the refined Fe  atomic concentration in the FeDAp samples as a 

function of the nominal Fe atomic concentration x. The refined x was calculated by 

averaging the weighted Fe occupancies at the Ca1 (4 atoms per unit cell) and Ca2 (6 

atoms per unit cell) crystallographic sites. The black line indicates the ideal case where 

all Fe is substituting the Ca atoms in the HAp unit cell. Beyond the solubility limit of Fe 

in the HAp unit cell (x = 0.05) the refined x decreases to 80%, 65% and 64% of the 

corresponding nominal x. 
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Figure 28: The refined Fe concentration x versus the nominal Fe concentration x. The black line 

corresponds to the ideal scenario where the refined and nominal Fe concentrations x are equal.  

The excess Fe for concentrations higher than the solubility limit (x > 0.05) is 

oxidized to hematite (α-Fe2O3). Hematite as a secondary phase increases from 0.24(1) wt 

% for nominal x = 0.1 up to 3.74(4) wt % for nominal x = 0.3. Fig. 29 shows the refined   

wt % of the HAp and hematite phases in the samples as a function of x. The hematite 

phase increase in combination  with the decrease of the refined Fe concentration x in the 

FeDAp structure with increasing nominal x (Fig. 28) supports the statement that iron is 

partitioned inside and outside the HAp structure. 
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Figure 29: The weight percentages of FeHAp and Hematite as a function of x. 

Table XIII lists the nominal and refined Fe weight in the HAp unit cell , as well as 

the total refined Fe weight in the FeDAp-hematite system. The nominal Fe weight was 

calculated by multiplying the nominal Fe concentration in the unit cell by the Fe atomic 

weight (55.845 amu). The refined Fe weight was calculated by multiplying the refined Fe 

atomic concentration x in the HAp unit cell by the Fe atomic weight. The total refined Fe 

weight is the sum of two products: the refined Fe weight in HAp multiplied by the HAp 

phase fraction, and the Fe weight in hematite multiplied by the phase fraction of hematite. 

The Fe weight in the hematite unit cell is the same because refinement of the Fe 

occupancy in hematite was unstable due to the small hematite  weight percentage in the 

system. 

The last column of Table XIII lists the % difference between the nominal and the 

total refined Fe weight in the FeDAp-hematite system. The two values are in good 

agreement. The weight differences are due to the non-refinement of the  Fe occupancies 

in the hematite phase.  
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Table XIII: The nominal Fe weight, the refined Fe weight in the unit cell of HAp and  the total 

refined Fe weight in the two-phase system for x ≥ 0.1. 

x nominal 
Nominal 

Fe wt (g) 

Refined     

Fe wt in 

HAp (g) 

Total 

Refined     

Fe wt (g) 

Nominal-Total 

Refined/Nominal 

Fe wt (%) 

0.1 11.169 8.82(1) 10.47(1) 6.20 

0.2 22.338 14.41(1) 26.21(1) 17.34 

0.3 33.507 21.44(2) 45.83(2) 36.79 
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2.6. MAGNETIC PROPERTIES 

The magnetic response of the FeDAp samples was measured using a Quantum 

Design MPMS 5 SQUID (Superconducting Quantum Interference Device) magnetometer 

at the Physics Department Magnetometry Lab. The magnetometer can measure fields up 

to 5 T and has a temperature range of 2 K to 400 K. Its time resolution varies from 

milliseconds to days and the measured magnetic response can be either AC or DC. The 

equipment is shown in Fig. 30. 

 

Figure 30: The MPMS-5 SQUID magnetometer in the Physics Department Magnetometry Lab. 

The powdered samples were placed on a diamagnetic Si substrate. The substrate 

contribution to the magnetic signal was excluded by subtracting the Si mass 

susceptibility. The magnetization response was normalized with respect to the sample 

mass. Magnetization data of the five FeDAp samples were collected as a function of 

temperature at an applied magnetic field of H = 5 kOe and as a function of the applied 

magnetic field H at temperatures T = 5 K, 77 K and 300 K. 
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Figure 31: Magnetization of the FeDAp samples as a function of the applied field H at 5 K. 

The magnetic response of the five samples as a function of the applied field H at  

5 K is shown in Fig. 31. According to our measurements, pure HAp is diamagnetic 

(negative mass susceptibility χm). The Fe substituted DAp samples (x ≠ 0) have a positive 

mass susceptibility χm. Keeping in mind that the only identified phase in the FeDAp05 

pattern is HAp, and that the refined Fe concentration in the unit cell equals (within errors) 

the nominal Fe concentration, we can conclude that Fe substituted HAp is paramagnetic 

or superparamagnetic. Since the identified phases in the XRD patterns of samples with 

higher x are hematite and HAp, and hematite is antiferromagnetic at 5 K, we can 

conclude that the magnetic transition of the diamagnetic HAp to a paramagnetic or 

superparamangetic substance (positive χm) is due to the Fe substitution for Ca in the HAp 

structure. The susceptibility increase with increasing x indicates an increase of the 

response due to the increased Fe in the HAp structure.  
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Figure 32: Magnetization of the samples as a function of the applied field H at 77 K and 300K. 

The magnetic response of all samples as a function of the applied field H at 77 K 

and 300 K is shown in Fig. 32. The magnetic response of the diamagnetic sample 

FeDAp0 is independent of temperature.
70

 The observed decrease of the susceptibility 

slope for one sample (i.e., x = 0.1) with increasing temperature is a characteristic 

behavior of paramagnetic materials following the Curie law. The small hysteresis loops 

for x = 0.2 and x = 0.3 at 77 K and 300 K are probably due to the presence of the canted 

antiferromagnetic hematite, which was identified in the XRD patterns.  

The magnetic response of the four Fe substituted DAp samples in the temperature 

range of 5-300 K is shown in Fig. 33. The paramagnetic response of the samples 

decreases with increasing temperature. This result is in agreement with the magnetic 

measurements taken as a function of the field at three different temperatures. Notice the 

hematite’s Morin transition in Fig. 34 at ~230 K in samples with x ≥ 0.2.    
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Figure 33: Magnetization of the FeDAp samples as a function of temperature. 

 

Figure 34: Inverse magnetization of the samples with x = 0.2 and x = 0.3. The hematite’s Morin 

transition is shown at ~230 K. 

Hematite crystallizes in the rhombohedral crystal system (S.G. cR3 )
71

 and at 

temperatures lower than the Néel temperature (TN ~955 K) is described as canted 

antiferromagnet. As such, hematite consists of two ferromagnetic sublattices coupled 

antiferromagnetically to each other. The magnetic moments of both sublattices are 
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directed on the basal plane (perpendicular to the c-axis). The small canting of the two 

sublattices is caused by a Dzyaloshinsky-Moriya
72,73

 (DM) interaction from which a 

small net magnetic moment arises.  

  A first order spin reorientation, called the Morin transition,
74

 is observed for 

temperatures lower than 260 K (TM). In this case the magnetic moments are aligned along 

the c axis in an antiferromagnetic way and the small net magnetic moment is lost. Fig. 35 

is an illustration of the two cases.  

 

Figure 35: The magnetic moment orientation: (a) above TM where the sublattices are canted on 

the basal plane resulting in a small net magnetic moment and (b) below TM where the sublattices 

are antiparallel on the c axis resulting in zero net magnetic moment. 

The Morin transition is a result of the competition of two terms.
75

 The first one is 

the long–range dipolar anisotropy term arising from magnetic dipolar interaction. It is 

energetically favorable on temperatures lower than TM with the two sublattices being 

oriented antiparallel on the c axis direction. The second term is the local ionic anisotropy 

term caused by spin-orbit coupling favoring the two sublattices canting on the basal plane 

at temperatures higher than TM. 
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TM arises at slightly different temperatures whether the transition is approached by 

cooling or warming (FC or FW). The FC inflection point is usually 20-30 K lower than 

the FW inflection point (Fig. 36).
76

 Our measurements are FC curves, hence TM is 

observed at ~230 K. 

 

Figure 36: Example of the temperature hysteresis of the TM for the FC and FW curves. The 

temperature difference of the inflection points is ~30 K. 

 



70 

 

2.7. TEM STUDIES 

 The size and morphology of the crystallites in the samples were studied using the 

LIBRA 120 PLUS Scanning Transmission Electron Microscope operating at 120 kV.
77

 

The microscope is equipped with EDS (Energy Dispersive x-ray Spectroscopy), ESI 

(Electron Spectroscopic Imaging) and EELS (Electron Energy Loss Spectroscopy). A 

photograph of the microscope is shown in Fig. 37. 

 

Figure 37: The Libra 120 Plus transmission electron microscope. 

 

 Approximately 1-3 mg of the powdered samples were ultrasonically dispersed in 

ethanol for a minute. They were then deposited on carbon coated substrates. The 

substrates, purchased from Ted Pella Inc. consist of a Cu mesh grid covered by a carbon 

lacey support film with holes of micrometer size to allow high definition imaging.
78

 An 

image of the carbon lacey film is shown in Fig. 38.  The scale bar corresponds to 1 μm. 



71 

 

 

Figure 38: The lacey carbon support film is ideal for high definition imaging. The cell diameters 

in the film vary from 250 nm up to 10 μm. 

  

 TEM images, EDS spectra, electron diffraction images and EELS spectra were 

collected from two sets of samples. The first set consists of five deuterated FeDAp    

[Ca5-xFex(PO4)3OD] samples with x varying from 0 to 0.3. The size, shape and 

morphology of the particles as a function of the amount of the Fe content x were studied. 

The second set consists of the non-deuterated FeHAp samples [Ca5-xFex(PO4)3OH]         

(0 ≤ x ≤ 0.3). The effect of deuteration was studied by comparing the images from the 

FeDAp sample set to the FeHAp set. The sample names and the corresponding Fe 

nominal concentration x in the HAp matrix are listed in Table XIV. 

 

Table XIV: The sample names in each series and the corresponding Fe nominal concentration x. 

The first set consists of the deuterated samples and the second set is the non-deuterated samples. 

Set   \ x 0 0.05 1 0.2 0.3 

1 FeDAp0 FeDAp005 FeDAp01 FeDAp02 FeDAp03 

2 FeHAp0 FeHAp005 FeHAp01 FeHAp02 FeHAp03 
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 TEM images, EDX spectra and electron diffraction patterns from the FeDAp 

sample set [Ca5-xFex(PO4)3OD, x = 0, 0.05, 0.1, 0.2, 0.3] are shown in Figures 39-48.    

Fig. 39 shows TEM images from the pure, deuterated hydroxyapatite. 

 

 

Figure 39: TEM images from the sample FeDAp0 [Deuterated HAp, Ca5(PO4)3OD]. The 

particles are spherical or short rods with size varying from 20 to 50 nm. Etch pitches and cavities 

are created on the particles after several minutes of electron beam irradiation (right image). 

 

 The nanoparticles appear agglomerated with sizes varying from 20 to 50 nm. 

They are a mixture of spheres and short rods with rounded ends. Lattice fringes are 

visible in some of the crystallites at the right image. Etch pits and cavities are due to the 

electron beam damage (right image). The EDX spectrum of Fig. 40 confirmed Ca, P and 

O presence in the particles of the sample. Deuterium (as well as Hydrogen) cannot be 

identified because of their low atomic de-excitation energy.  
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Figure 40: EDX spectrum from the part of the specimen shown in the right image of Fig. 39: Ca, 

O, and P are identified. The peak at ~8 keV corresponds to the Cu grid.  

 

  TEM and electron diffraction images, as well as the EDX spectrum of the sample 

FeDAp005 are shown in Fig. 41. The particles are a mixture of spheres and short rods 

with sizes ranging from 25 to 60 nm. Incorporation of Fe in the HAp structure at this 

level does not seem to change the size, shape or surface morphology of the particles. The 

right image is the electron diffraction pattern obtained from an area in the sample. The 

discrete rings are an indication of polycrystalline materials while the bright spots 

originate from individual single crystals. The EDX spectrum confirms the presence of Fe 

in the crystallites of the sample.  
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Figure 41: The TEM and electron diffraction images from FeDAp005 confirm the presence of 

crystallites and the polycrystalline nature of the sample. The presence of Fe in the crystallites of 

the sample is confirmed by the EDX spectrum. 

  

 The TEM images of sample FeDAp01 are shown in Fig. 42. The particles’ shapes 

and sizes are the same as the ones in the two previous samples. The damaging effect of 

long exposure of the nanoparticles in the electron beam is shown. The left image is taken 

soon after beam irradiation (~1 min) while the right is taken after about 10 min of 

exposure. Electron irradiation causes surface porosity of the FeHAp particles (right 

image). The two particles circled in this image resisting the beam damage are probably 
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hematite (secondary phase identified by XRD in samples with nominal Fe concentration  

x > 0.1; detailed explanation on identifying the hematite particles is given later in this 

chapter). The detection of the hematite particles supports the hematite phase fraction of 

0.25% found from the simultaneous Rietveld refinement of the FeDAp01 pattern. 

 

Figure 42: TEM images from the sample FeDAp01. The particles size varies from 20 to 60 nm. 

Long time electron beam irradiation (~10 min) results to surface porosity of the FeDAp particles 

(right image). The two hematite particles in the red circle are resistant to the electron beam 

damage.  

  

 The TEM image from sample FeDAp01 of Fig. 43 was taken after about 40 

minutes of beam irradiation. Notice that mostly cubic shaped crystals are observed in the 

image. EDX spectra acquired from the sample, the first one after 3 min irradiation and 

the second one after about 35 min are shown in Fig. 44. The Ca/P ratio increases from 

2.28 to 31.55 and the Ca/O ratio increases from 0.79 to 1.51. We attribute that to 

phosphorus and oxygen escape from the HAp structure due to nuclear collisions of the 
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high energy electrons (120 keV) with the atoms’ nuclei (knock-out collisions).
79

 A phase 

transition of HAp to Ca3(PO4)2 and CaO is possible
80

 under beam irradiation in high 

vacuum environment (P ~ 2x10
-7

 mbar) according to the stoichiometrically balanced 

reaction: 

OHCaOPOCaOHPOCa 2243345 )(3)(2   

 

 

Figure 43: TEM image of the sample FeDAp01 [Ca4.9Fe0.1(PO4)3OD]  after 40 minutes of  

electron beam irradiation showing formation of cubic crystals.  
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Figure 44: The two EDS spectra were acquired from the same area of sample FeDAp01. The 

spectrum on the left was taken at the collection time of the image of Fig. 41, and the one on the 

right 37 minutes later corresponding to Fig. 42. Notice the Ca/P ratio increase in the right 

spectrum. 

 The high Ca content and the presence of O in the EDX spectrum on the right, as 

well as the cubic shape of particles suggest that the cubic crystal phase is CaO (S.G.F 

m3m). It has been shown experimentally that the CaO crystals can be formed in an 

electron microscope vacuum chamber,
81

 and the formation can be explained by electron 

excitation–ionization events, electron-nucleon collisions and heating mechanisms. In the 

present experiment, the electron beam current was 9 μA and the accelerating voltage 120 

kV resulting in a beam power of about 1 W deposited on an area of 50 nm in diameter. 

Such high power density causes a large temperature increase that could justify formation 

of CaO. 

 Fig. 45 shows a sequence of TEM images from the sample FeDAp02 acquired on 

different exposure times. The time difference between each image was about 5 min. The  
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Figure 45: A sequence of TEM images from the sample FeDAp02 acquired with a time lap of 

about 5 min showing the effect of beam irradiation on the sample as a function of time. 

 

effect of beam damage on the particles as a function of time is shown. The particles’ 

surface becomes more porous with increasing beam irradiation time. Notice that the 

particles circled in the lower left image are not damaged by the beam. The EDX spectrum 

on the circled area revealed a high Fe concentration. This result, combined with the 
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observation that the circled particles are round with diameters 15-20 nm (as compared to 

the larger size of the rest of the particles) suggests that these particles are iron oxide. This 

suggestion is supported by the XRD phase identification of Hematite (α-Fe2O3, 

S.G.     ), as a minor phase in this sample. Hematite is a more resistive material than 

FeDAp under such prolonged electron irradiation. 

 Fig. 46 shows a magnification of the circled area of the lower right image in    

Fig. 45. Notice that the particles’ outline is not as well defined as it was on the first image 

of Fig. 45 because of beam damage. The formed dark spots, about 5 nm in size, 

correspond to the Fe rich and more resistant to beam damage hematite phase.
22

 Lattice 

fringes randomly oriented in an amorphous matrix can be observed. 

 

Figure 46: A magnification of the red circled area of the lower image of Fig. 45 showing the 

formed dark spots and lattice fringes oriented in different directions. 
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 Fig. 47 shows another sample area before the beam damage effects are visible. 

Small particles (~15 nm diameter) can be observed in the center of the image. EDX 

spectra of the particles showed a high Fe concentration, indicating that the particles are 

hematite. Recall that hematite in our samples can be identified by the particles’ small and 

round shape and confirmed by EDX or by resistance to electron beam irradiation damage. 

EDX analysis on the rounded edge rod resulted to a Ca/Fe atomic ratio close to the 

nominal concentration of FeDAp02. 

 

Figure 47: Hematite particles in the FeDAp02 sample can be spotted by their smaller size 

compared to the hydroxyapatite particles and confirmed by the EDX analysis.  

 TEM images from the sample FeDAp03 are shown on Fig. 48. The image on the 

left was taken immediately after beam irradiation and the one on the right after 5 min of 

exposure. The particle in the red circle is an undamaged hematite particle of 22 nm in 

diameter identified after exposure to the electron beam, as being more resistant to the 

beam than the FeDAp particles.  
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Figure 48: TEM images from the sample FeDAp03 (a) immediately after exposure to the beam 

and (b) 5 minutes after irradiation. The particle in the red circle is hematite. 

  

 TEM images, EDX spectra and electron diffraction patterns from the non-

deuterated FeHAp set of samples [Ca5-xFex(PO4)3OH, x = 0, 0.05, 0.1, 0.2, 0.3] are shown 

in Figures 49-54.   

 Fig. 49 shows an image from the pure, non-deuterated hydroxyapatite in 

comparison with the deuterated one. A mixture of irregular shaped rods and spherical 

particles with dimensions from 15 nm to 65 nm is observed in the image of the as-

prepared HAp (left) while the particle edges are smooth in the deuterated FeDAp sample 

(right). Moreover, the particle size distribution is not as uniform in the as prepared, as in 

the deuterated samples. Notice that lattice fringes can also be seen in some particles of 

the left image along with non-crystallized amorphous phase. The more uniform size 

distribution and better crystallinity in the deuterated sample is a result from the additional 

heat-treatment during the deuteration for 8 hours at 600ºC.  
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Figure 49: TEM image from the pure, non-deuterated hydroxyapatite (left) in comparison with 

the deuterated one. 

   

 

Figure 50: (a) TEM image from the sample FeHAp005. (b) Single particle from the same sample 

showing voids of 5-10 nm diameter. 
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 Fig. 50 shows TEM images from the sample FeHAp005. The sample, similarly to 

the pure non-deuterated hydroxyapatite, consists of spherical and irregular shape particles 

with dimensions varying from 15-65 nm. An amorphous phase can also be observed in 

the sample. Fig. 49 (b) shows formation of voids of 5-10 nm diameter on a single 

FeHAp005 particle with diameter 90 nm. Similar voids have been reported in the 

literature as a result of the beam irradiation on apatites.
82,83

 

 

  

Figure 51: TEM images from the sample FeHAp01 collected immediately after beam irradiation 

(left) and 3 min later.  

 

 Fig. 51 shows TEM images of FeHAp01. The particles are of spherical and 

irregular shapes with dimensions 20-70 nm. Some lattice fringes can be seen on the 

particles. An amorphous phase can also be seen, as in FeHAp0 and FeHAp005. The 

surface morphology changes from smooth to porous, because of the beam damage (image 

on the right). 
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Figure 52: TEM images from the sample FeHAp02 immediately after beam irradiation (left) and 

5 min later. The area marked with (1) is a high Fe concentration area.  

 Fig. 52 shows TEM images from the sample FeHAp02 (a) immediately after 

beam irradiation and (b) 5 min later. The particle size varies from 15-60 nm and the 

shape is either spherical, short rod or irregular. The sample damage due to beam 

irradiation is shown in Fig 51 (b). Similarly to the deuterated samples, Fe rich 

concentration areas resist the beam damage. EDS analysis of area 1 in Fig. 51 (b) 

revealed a Ca/Fe ratio of 2.75, in agreement with the presence of hematite particles in the 

sample, as identified by XRD.  

 A sequence of TEM images of the sample FeHAp03 is shown in Fig. 53. Electron 

beam damage is shown in the sample, whereas two spherical particles with 15 nm 

diameters are resistant to the damage. EDX analysis of the undamaged area of the lower 

TEM image shows a Fe/Ca ratio ~9 confirming that the spherical particles are hematite, 

as identified by XRD. Notice that the FeHAp areas on the first image completely 
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disappear on the lower left image due to the electron-nucleon (knock-out) collisions 

explained previously in the chapter.  

  

  

Figure 53: A sequence of TEM images from the sample FeHAp03 acquired with a time lap of 

about 5 min showing the effect of beam irradiation on the sample as a function of time. Notice 

that the areas circled in the upper left image are not shown in the lower image. 
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 Fig. 54 shows the Fe EELS spectrum from the sample area shown in Fig. 52. The 

brighter the area is, the higher the corresponding Fe concentration. Even though hematite 

nanoparticles are identified in Fig. 52, Fe is distributed in the whole specimen area. This 

is a confirmation that Fe is present in both the FeHAp and hematite structures. 

 

 

Figure 54: Fe EELS spectrum from the sample area shown in Fig. 53. The brighter the area is, 

the higher the corresponding Fe concentration. Fe is distributed in the FeHAp structure. 
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3. DISCUSSION 

   The simultaneous Rietveld refinement calculations resulted to a solubility limit 

(meaning no secondary phase is detected) of x = 0.05 in the Ca5-xFex(PO4)3OH system. 

This limit is the smallest reported in literature. Although the detection limits of XRD are 

about 1 wt% and the major hematite peaks coincide with HAp peaks in the XRD patterns, 

the simultaneous Rietveld refinements resulted in a hematite phase of 0.24(1) wt% in the 

FeDAp01 patterns which reduces the solubility limit down to 0.05. TEM studies 

confirmed the existence of hematite particles in this sample. According to our results, the 

value x = 0.05 represents a limit of Fe substitution to yield a single-phase sample by this 

synthetic route. From Figs. 26 and 28 it is inferred that further Fe substitution for Ca in 

the HAp structure takes place for higher Fe concentrations, but in a two phase system. 

Alternate synthetic routes could yield single-phase samples with higher Fe concentration 

than ours; further investigation is required in this direction. 

 Low et al.
18

 had found the solubility limit at Fe concentration x = 0.25 and 

reported a transition to Ca3(PO4)2, (TCP), for higher Fe concentrations at calcination 

temperature of 600ºC. However, in a later publication,
84

 from refinements of the NPD 

patterns of the same samples they found a secondary phase of TCP up to 16 wt%. That 

means they had overestimated their previously reported solubility limit. Heat treatment of 

our samples at 650ºC prevented the transition of HAp to TCP even at high Fe 

concentrations. They used a similar preparation method to ours with the difference that 
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the precipitation temperature was 65ºC instead of room temperature. The processing 

temperature is an additional parameter that has to be addressed. Preliminary results from 

our group have shown that the solubility limits of FeHAp at elevated temperatures are 

less than x = 0.2, but further investigation is required. 

 Wu et al.
17

 used a similar preparation method at 85ºC and found the solubility 

limit at x = 2.9, however the published XRD patterns show a progressive intensity 

decrease of the peaks with an increase of the (301) implying the presence of maghemite 

in the samples, an observation which is supported by the superparamangetic properties of 

their samples. On the other hand, Khudolozhkin et al.
19

 used a solid phase reaction and 

found the solubility limit at Fe concentration x = 0.75.  

 As an overall conclusion, the reported solubility limits are sensitive to the 

processing parameters as well as to the method one is using to find the limits. XRD 

pattern phase identification is less sensitive than a Rietveld refinement of the pattern, 

which in turn is less sensitive than a simultaneous refinement of the XRD and NPD 

patterns that we have used.  

 Reported a- and c-lattice constant trends of Fe substituted HAp as a function of 

the Fe concentration x are shown in Fig. 55 and 56. The ones reported by Wu et al.
17

 and 

Khudolozhkin et al.
19

 are not shown in these Figs. because their lattice constants extend 

beyond the ranges shown here. Wu et al.
17

 reported that the a- and c-lattice constants 

increase from 9.39(1) Å and 6.85(1) Å (for pure HAp) to 9.51(1) Å and 6.92(1) Å (for Fe 

concentration x=2.9). On the other hand, Khudolozhkin et al.
19

 reported a decrease of 

both lattice constants of Fe substituted fluorapatite from 9.360(3) Å and 6.880(3) Å (the  
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Figure 55: All reported a-lattice constants in Fe substituted HAp as a function of the Fe nominal 

concentration x. 

 

Figure 56: All reported c-lattice constants in Fe substituted HAp as a function of the Fe nominal 

concentration x. 
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a-lattice constant of pure fluorapatite is smaller than the one of HAp) down to 9.320(3) Å 

and 6.830(3) Å (for x=0.75).  

 The error bars of the reported lattice constants depend on the method used by each 

group. Low et al.
18

 and Li et al.
13

, as well as our group, used the Rietveld method to 

calculate the lattice constants. Notice that the error bars of our results are the smallest 

because we are the only group who simultaneously refined the XRD and NPD patterns of 

the samples. The other authors
17,19,20,21

 calculated the lattice constants from the positions 

of the (300) and (002) peaks using the Bragg equation. The a-lattice constant is three 

times the interplanar distance of the (300) plane and the c-constant is twice the 

interplanar distance of the (002) plane. Compared to the Rietveld method, which is a full 

pattern decomposition method, this technique is far less accurate because the rest of the 

Bragg reflections are completely ignored in the calculation of the lattice constants. 

 The overall effect of the Fe substitution on the a- and c-lattice constants appears 

conflicting. According to the Figs. 55 and 56, Fe affects mostly the a-lattice constant. 

Low et al.
18

 show an increase of 0.07 Å for xmax = 0.25 whereas Khudolozhkin et al.
19

 

report a decrease of 0.04 Å for xmax = 0.75. However the a-lattice constant changes 

reported by our group and most of the authors are less than 0.01 Å. Our results show an 

overall decrease of the a-lattice constant when Fe is substituting Ca in the HAp structure 

that can be explained by the ionic radius difference. Further to this, the increasing trend 

with increasing Fe concentration is attributed to a lattice relaxation introduced when the 

Fe is entering the two Ca crystallographic sites. Lattice relaxation caused by the Fe 

incorporation in the HAp structure is supported by electronic structure calculations 
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showing the 4-fold Fe as the most stable configuration at the 9-fold Ca1 site and 6-fold 

Fe at the 7-fold Ca2 site.
66

   

 The distribution of Fe entering the two Ca sites is a factor that may affect the 

lattice constants. Khudolozhkin et al.
19

 studying the Mossbauer spectrum of Fe 

fluorapatite concluded that at high Fe concentrations (x = 0.75) Fe prefers the Ca1 site but 

at decreased concentrations Fe is distributed evenly at the two crystallographic sites. In a 

similar fashion, Low et al.
84

 refined the NPD patterns and showed that Fe is fully 

occupying the Ca1 site for x up to 0.1 but for x = 0.25 the Fe is distributed statistically at 

the two sites. Fe, being a smaller ion than Ca, in the absence of geometrical preferences 

should occupy the Ca1 site.
67

 The existence of Fe at the Ca1 site may explain the large 

lattice changes found
19

,
84

  since the Ca1 atoms are strictly aligned in columns and any 

change near the site will greatly affect the lattice parameters.
65

 On the other hand, Hughes 

et al.
85

 refined a single crystal x-ray diffraction pattern of Fe-bearing natural apatite with 

Fe concentration x = 0.18 and showed that Fe occupies the more distorted Ca2 site 

because of similar geometries (both ions are distorted octahedra).  The Ca2 atoms are 

arranged into triads on the mirror planes around the 63 screw axis with each triad rotated 

by 60º relatively to the other one; hence substitutions on this site “allow random local 

displacements without compromising the whole structure”.
65

 This statement is in 

agreement with our results: Fe prefers occupying the Ca2 site and the lattice constant 

changes are small. In conclusion, the distribution of Fe in the two Ca sites affects the 

lattice parameters and is sensitive to the preparation conditions.  

 Magnetization measurements and TEM analysis are in agreement with the 

simultaneous Rietveld refinement results. Pure HAp is diamagnetic with particles of 
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spherical shape and size distribution from 20 nm to 50 nm. Substitution of the Ca by Fe at 

the solubility limit of x = 0.05 does not change the morphology or size distribution of the 

particles and the sample’s response becomes paramagnetic, in agreement with Low et 

al.
18

 and Li et al.
13

 Above the solubility limit, the Fe is gradually partitioned in and out of 

the HAp structure with increasing nominal Fe content x. The Fe percentage in the HAp 

structure is increasing in both sites with a strong preference to the Ca2 site while the 

excess Fe is oxidized to hematite (α-Fe2O3). Hematite spherical particles with diameter 

~15 nm, which are more resistant to electron beam damage, have been identified in all 

samples above the solubility limit. Moreover, EELS analysis supported the Fe 

distribution in both the HAp and hematite particles. The paramagnetic response of the 

samples is increasing with increasing Fe substitution in the HAp structure. The small 

hysteresis loops for x = 0.2 and x = 0.3 are consistent with the presence of the canted 

antiferromagnetic hematite, which was identified in the XRD patterns. 
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4. CONCLUSION 

Studies of the effect of Fe substitution on the crystal structure properties of      

Ca5-xFex(PO4)3OH  by simultaneous Rietveld refinements of NPD and XRD patterns has 

shed light on the Fe incorporation in the hydroxyapatite structure. 

Based on our findings we propose a model for the Fe substitution whereby the Fe 

is replacing Ca in both crystallographic sites, with a preference at the Ca2 site. This 

preference explains the small effect of Fe substitution on the lattice constants of HAp. 

The overall decrease of the lattice constants (~0.004 Å) is explained by the ionic size 

difference of Ca (0.99 Å) and Fe (0.77 Å) and the small substitution percentage of Fe at 

the Ca sites. The a-lattice constant increase (0.002 Å at most) with increasing x in the Fe 

substituted samples is attributed to a lattice relaxation caused by the substitution of the 4- 

and 6-fold coordinated Fe at the 7- and 9-fold coordinated Ca1 and Ca2 sites. This 

reduction of the Ca local geometry is inferred from the increase of the Ca1-O3 and    

Ca2-O1 bond lengths and supported by theoretical calclations.
66

 Above the solubility 

limit x = 0.05, the Fe is partitioned in and out of the HAp structure with increasing 

nominal Fe content x. The excess Fe is oxidized to hematite (α-Fe2O3). 

 The TEM images show no significant effect on the morphology and size of the 

HAp particles upon Fe incorporation. The particles are a mixture of spheres and short 

rods of dimensions 20-60 nm. Hematite particles are present in the samples with x 

exceeding the solubility limit. These particles are spheres, about 15 nm in diameter and 
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are more resistant to electron beam irradiation. The surface morphology of FeHAp is 

changing from smooth to porous after several minutes of electron beam irradiation. The 

magnetic measurements reveal a transition of the diamagnetic pure HAp to paramagnetic 

Fe substituted HAp.  

 Overall, we now have a better understanding of the type and size of the effect of 

the Fe substitution on the HAp crystallographic properties. Considering the strong 

dependence of the properties of the Fe-HAp system on the processing parameters, we 

suggest that further fundamental research is needed; especially the processing 

temperature is expected to affect the solubility limit of Fe and the crystal structure 

properties. At the very least, processing at physiological conditions could offer useful 

insights towards possible medical applications of the compound. 
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APPENDIXES

APPENDIX A: FeDAp0  

Phase information from GSAS 

 

_pd_phase_name                         "from C:/GSAS/FeDAp/HYDROXYAPATITE.cif" 

_cell_length_a                         9.42309(10) 

_cell_length_b                         9.42309 

_cell_length_c                         6.88445(10) 

_cell_angle_alpha                      90.0 

_cell_angle_beta                       90.0 

_cell_angle_gamma                      120.0 

_cell_volume                           529.403(10) 

_symmetry_cell_setting                 hexagonal 

_symmetry_space_group_name_H-M         "P 63/m" 

loop_ _symmetry_equiv_pos_site_id _symmetry_equiv_pos_as_xyz 

       1 +x,+y,+z  

       2 x-y,+x,+z+1/2  

       3 -y,x-y,+z  

       4 -x,-y,+z+1/2  

       5 y-x,-x,+z  

       6 +y,y-x,+z+1/2  

      -1 -x,-y,-z  

      -2 y-x,-x,-z+1/2  

      -3 +y,y-x,-z  

      -4 +x,+y,-z+1/2  

      -5 x-y,+x,-z  

      -6 -y,x-y,-z+1/2  

 

# ATOMIC COORDINATES AND DISPLACEMENT PARAMETERS 

 

 

loop_ 

      _atom_site_type_symbol 

      _atom_site_label 

      _atom_site_fract_x 

      _atom_site_fract_y 

      _atom_site_fract_z 

      _atom_site_occupancy 
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      _atom_site_thermal_displace_type 

      _atom_site_U_iso_or_equiv 

      _atom_site_symmetry_multiplicity 

Ca 

Ca1     0.3333           0.6667       0.00151(29)    1.03478    Uiso   0.0125(5)     4 

Ca 

Ca2     0.24603(17)  0.99264(20)  0.25              1.05677    Uiso   0.01089(33)   6 

P  

P3       0.39918(21)  0.36845(20)  0.25              1.02998    Uiso   0.0084(4)     6 

O  

O1      0.32747(28)  0.48336(30)  0.25               1.07188    Uiso   0.0116(7)     6 

O  

O2      0.58757(31)  0.46502(34)  0.25               1.0419     Uiso   0.0140(8)     6 

O  

O3      0.34142(23)  0.25703(24)  0.07054(23)  1.05144    Uiso   0.0168(5)    12 

O  

O(D)    0.0              0.0                0.20388           0.53353    Uiso   0.02128       4 

D   

D         0.0               0.0               0.07538           0.29603    Uiso   0.03937       4 

 

loop_ _atom_type_symbol 

      _atom_type_number_in_cell 

                   Ca 10.48        

                   P   6.18        

                   O  27.434       

                   D   1.184       
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APPENDIX B: FeDAp005  

_pd_phase_name 

                   "from C:/GSAS/NPDFeHAp/HYDROXYAPATITE.cif" 

_cell_length_a                         9.41934(9) 

_cell_length_b                         9.41934 

_cell_length_c                         6.88159(9) 

_cell_angle_alpha                      90.0 

_cell_angle_beta                       90.0 

_cell_angle_gamma                      120.0 

_cell_volume                           528.762(8) 

_symmetry_cell_setting                 hexagonal 

_symmetry_space_group_name_H-M         "P 63/m" 

loop_ _symmetry_equiv_pos_site_id _symmetry_equiv_pos_as_xyz 

       1 +x,+y,+z  

       2 x-y,+x,+z+1/2  

       3 -y,x-y,+z  

       4 -x,-y,+z+1/2  

       5 y-x,-x,+z  

       6 +y,y-x,+z+1/2  

      -1 -x,-y,-z  

      -2 y-x,-x,-z+1/2  

      -3 +y,y-x,-z  

      -4 +x,+y,-z+1/2  

      -5 x-y,+x,-z  

      -6 -y,x-y,-z+1/2  

 

# ATOMIC COORDINATES AND DISPLACEMENT PARAMETERS 

 

 

loop_ 

      _atom_site_type_symbol 

      _atom_site_label 

      _atom_site_fract_x 

      _atom_site_fract_y 

      _atom_site_fract_z 

      _atom_site_occupancy 

      _atom_site_thermal_displace_type 

      _atom_site_U_iso_or_equiv 

      _atom_site_symmetry_multiplicity 

Ca 

Ca1     0.3333           0.6667           0.00195(25)   0.98714   Uiso   0.0124(4)     4 

Ca 

Ca2     0.24640(14)  0.99277(17)  0.25                0.9882     Uiso   0.00951(27)   6 

P  

P3      0.39916(18)   0.36903(17)  0.25                1.0           Uiso   0.0099(4)     6 
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O  

O1      0.32781(26)  0.48423(28)  0.25               1.0         Uiso   0.0086(6)     6 

O  

O2      0.58750(29)  0.46428(31)  0.25               1.0         Uiso   0.0138(7)     6 

O  

O3      0.34085(21)  0.25717(21)  0.07064(21)  1.0         Uiso   0.0150(4)    12 

O  

O(D)    0.0          0.0                      0.1975(7)    0.50668    Uiso   0.0109        4 

D  

D         0.0           0.0                    0.0575(16)   0.43594    Uiso   0.04666       4 

Fe 

Fe1     0.3333       0.6667            0.00195(25)  0.01286    Uiso   0.0124(4)     4 

Fe 

Fe2     0.24640(14)  0.99277(17)  0.25             0.0118     Uiso   0.00951(27)   6 

  

loop_ _atom_type_symbol 

      _atom_type_number_in_cell 

                   Ca  9.878       

                   P   6.0         

                   O  26.027       

                   D   1.744       

                   Fe  0.122       
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APPENDIX C: FeDAp01  

_pd_phase_name 

                   "from C:/GSAS/NPDFeHAp/HYDROXYAPATITE.cif" 

_cell_length_a                         9.42058(11) 

_cell_length_b                         9.42058 

_cell_length_c                         6.88256(10) 

_cell_angle_alpha                      90.0 

_cell_angle_beta                       90.0 

_cell_angle_gamma                      120.0 

_cell_volume                           528.976(10) 

_symmetry_cell_setting                 hexagonal 

_symmetry_space_group_name_H-M         "P 63/m" 

loop_ _symmetry_equiv_pos_site_id _symmetry_equiv_pos_as_xyz 

       1 +x,+y,+z  

       2 x-y,+x,+z+1/2  

       3 -y,x-y,+z  

       4 -x,-y,+z+1/2  

       5 y-x,-x,+z  

       6 +y,y-x,+z+1/2  

      -1 -x,-y,-z  

      -2 y-x,-x,-z+1/2  

      -3 +y,y-x,-z  

      -4 +x,+y,-z+1/2  

      -5 x-y,+x,-z  

      -6 -y,x-y,-z+1/2  

 

# ATOMIC COORDINATES AND DISPLACEMENT PARAMETERS 

 

 

loop_ 

      _atom_site_type_symbol 

      _atom_site_label 

      _atom_site_fract_x 

      _atom_site_fract_y 

      _atom_site_fract_z 

      _atom_site_occupancy 

      _atom_site_thermal_displace_type 

      _atom_site_U_iso_or_equiv 

      _atom_site_symmetry_multiplicity 

Ca 

Ca1     0.3333          0.6667       0.00186(26)  0.98943    Uiso   0.0130(4)     4 

Ca 

Ca2     0.24645(15)  0.99248(17)  0.25          0.9808     Uiso   0.01040(29)   6 

P  

P3      0.39903(19)   0.36893(18)  0.25             1.0        Uiso   0.0107(4)     6 



100 

 

O  

O1      0.32799(29)  0.48372(29)  0.25                 1.0        Uiso   0.0083(5)     6 

O  

O2      0.58697(31)  0.46339(32)  0.25                 1.0        Uiso   0.0122(8)     6 

O  

O3      0.34044(22)  0.25696(23)  0.07021(23)    1.0        Uiso   0.0151(5)    12 

O  

O(D)    0.0                0.0          0.1964(8)    0.51627         Uiso   0.0137(19)    4 

D  

D          0.0               0.0          0.0557(20)   0.42141          Uiso   0.045(4)      4 

Fe 

Fe1     0.3333       0.6667       0.00186(26)  0.01057         Uiso   0.0130(4)     4 

Fe 

Fe2     0.24645(15)  0.99248(17)  0.25         0.0192        Uiso   0.01040(29)   6 

 

loop_ _atom_type_symbol 

      _atom_type_number_in_cell 

                   Ca  9.842       

                   P   6.0         

                   O  26.065       

                   D   1.686       

                   Fe  0.158 

       

_pd_phase_name                         "from C:/GSAS/NPDFeHAp/hematite.cif" 

_cell_length_a                         5.03985(33) 

_cell_length_b                         5.03985 

_cell_length_c                         13.7986(15) 

_cell_angle_alpha                      90.0 

_cell_angle_beta                       90.0 

_cell_angle_gamma                      120.0 

_cell_volume                           303.530(31) 

_symmetry_cell_setting                 trigonal 

_symmetry_space_group_name_H-M         "R -3 c" 

loop_ _symmetry_equiv_pos_site_id _symmetry_equiv_pos_as_xyz 

       1 +x,+y,+z  

       2 -y,x-y,+z  

       3 y-x,-x,+z  

       4 y-x,+y,+z+1/2  

       5 -y,-x,+z+1/2  

       6 +x,x-y,+z+1/2  

      -1 -x,-y,-z  

      -2 +y,y-x,-z  

      -3 x-y,+x,-z  

      -4 x-y,-y,-z+1/2  

      -5 +y,+x,-z+1/2  

      -6 -x,y-x,-z+1/2  
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     101 +x+1/3,+y+2/3,+z+2/3  

     102 -y+1/3,x-y+2/3,+z+2/3  

     103 y-x+1/3,-x+2/3,+z+2/3  

     104 y-x+1/3,+y+2/3,+z+1/6  

     105 -y+1/3,-x+2/3,+z+1/6  

     106 +x+1/3,x-y+2/3,+z+1/6  

    -101 -x+2/3,-y+1/3,-z+1/3  

    -102 +y+2/3,y-x+1/3,-z+1/3  

    -103 x-y+2/3,+x+1/3,-z+1/3  

    -104 x-y+2/3,-y+1/3,-z+5/6  

    -105 +y+2/3,+x+1/3,-z+5/6  

    -106 -x+2/3,y-x+1/3,-z+5/6  

     201 +x+2/3,+y+1/3,+z+1/3  

     202 -y+2/3,x-y+1/3,+z+1/3  

     203 y-x+2/3,-x+1/3,+z+1/3  

     204 y-x+2/3,+y+1/3,+z+5/6  

     205 -y+2/3,-x+1/3,+z+5/6  

     206 +x+2/3,x-y+1/3,+z+5/6  

    -201 -x+1/3,-y+2/3,-z+2/3  

    -202 +y+1/3,y-x+2/3,-z+2/3  

    -203 x-y+1/3,+x+2/3,-z+2/3  

    -204 x-y+1/3,-y+2/3,-z+1/6  

    -205 +y+1/3,+x+2/3,-z+1/6  

    -206 -x+1/3,y-x+2/3,-z+1/6  

 

# ATOMIC COORDINATES AND DISPLACEMENT PARAMETERS 

 

loop_ 

      _atom_site_type_symbol 

      _atom_site_label 

      _atom_site_fract_x 

      _atom_site_fract_y 

      _atom_site_fract_z 

      _atom_site_occupancy 

      _atom_site_thermal_displace_type 

      _atom_site_U_iso_or_equiv 

      _atom_site_symmetry_multiplicity 

Fe 

Fe      0.0          0.0          0.35688      1.0        Uiso   0.02         12 

O  

O       0.32906      0.0          0.25         1.0        Uiso   0.02         18 

 

loop_ _atom_type_symbol 

      _atom_type_number_in_cell 

                   O  18.0         

                   Fe 12.0           
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APPENDIX D: FeDAp02  

_pd_phase_name 

                   "from C:/GSAS/NPDFeHAp/HYDROXYAPATITE.cif" 

_cell_length_a                         9.42128(11) 

_cell_length_b                         9.42128 

_cell_length_c                         6.88135(10) 

_cell_angle_alpha                      90.0 

_cell_angle_beta                       90.0 

_cell_angle_gamma                      120.0 

_cell_volume                           528.961(10) 

_symmetry_cell_setting                 hexagonal 

_symmetry_space_group_name_H-M         "P 63/m" 

loop_ _symmetry_equiv_pos_site_id _symmetry_equiv_pos_as_xyz 

       1 +x,+y,+z  

       2 x-y,+x,+z+1/2  

       3 -y,x-y,+z  

       4 -x,-y,+z+1/2  

       5 y-x,-x,+z  

       6 +y,y-x,+z+1/2  

      -1 -x,-y,-z  

      -2 y-x,-x,-z+1/2  

      -3 +y,y-x,-z  

      -4 +x,+y,-z+1/2  

      -5 x-y,+x,-z  

      -6 -y,x-y,-z+1/2  

 

# ATOMIC COORDINATES AND DISPLACEMENT PARAMETERS 

 

 

loop_ 

      _atom_site_type_symbol 

      _atom_site_label 

      _atom_site_fract_x 

      _atom_site_fract_y 

      _atom_site_fract_z 

      _atom_site_occupancy 

      _atom_site_thermal_displace_type 

      _atom_site_U_iso_or_equiv 

      _atom_site_symmetry_multiplicity 

Ca 

Ca1     0.3333           0.6667       0.00192(27)  0.98211    Uiso   0.0124(5)     4 

Ca 

Ca2     0.24567(16)  0.99186(19)  0.25         0.96862     Uiso   0.01033(30)   6 

P  

P3      0.39911(19)  0.36910(18)  0.25         1.0              Uiso   0.0095(4)     6 
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O  

O1      0.32857(25)  0.48463(28)  0.25               1.0        Uiso   0.0080(5)     6 

O  

O2      0.58836(28)  0.46532(31)  0.25               1.0        Uiso   0.0157(7)     6 

O  

O3      0.34084(21)  0.25726(21)  0.07095(21)  1.0        Uiso   0.0159(4)    12 

O  

O(D)    0.0               0.0                0.1969(7)    0.51208    Uiso   0.0088(15)    4 

D  

D          0.0               0.0              0.0591(23)   0.35524    Uiso   0.068(5)      4 

Fe   

Fe1     0.3333          0.6667        0.00192(27)  0.01789    Uiso   0.0124(5)     4 

Fe 

Fe2     0.24567(16)  0.99186(19)  0.25           0.03138    Uiso   0.01033(30)   6 

 

loop_ _atom_type_symbol 

      _atom_type_number_in_cell 

                   Ca  9.74        

                   P   6.0         

                   O  26.048       

                   D   1.421       

                   Fe  0.26        

_pd_phase_name                         "from C:/GSAS/NPDFeHAp/hematite.cif" 

_cell_length_a                         5.0350(8) 

_cell_length_b                         5.035 

_cell_length_c                         13.770(4) 

_cell_angle_alpha                      90.0 

_cell_angle_beta                       90.0 

_cell_angle_gamma                      120.0 

_cell_volume                           302.32(8) 

_symmetry_cell_setting                 trigonal 

_symmetry_space_group_name_H-M         "R -3 c" 

loop_ _symmetry_equiv_pos_site_id _symmetry_equiv_pos_as_xyz 

       1 +x,+y,+z  

       2 -y,x-y,+z  

       3 y-x,-x,+z  

       4 y-x,+y,+z+1/2  

       5 -y,-x,+z+1/2  

       6 +x,x-y,+z+1/2  

      -1 -x,-y,-z  

      -2 +y,y-x,-z  

      -3 x-y,+x,-z  

      -4 x-y,-y,-z+1/2  

      -5 +y,+x,-z+1/2  

      -6 -x,y-x,-z+1/2  

     101 +x+1/3,+y+2/3,+z+2/3  
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     102 -y+1/3,x-y+2/3,+z+2/3  

     103 y-x+1/3,-x+2/3,+z+2/3  

     104 y-x+1/3,+y+2/3,+z+1/6  

     105 -y+1/3,-x+2/3,+z+1/6  

     106 +x+1/3,x-y+2/3,+z+1/6  

    -101 -x+2/3,-y+1/3,-z+1/3  

    -102 +y+2/3,y-x+1/3,-z+1/3  

    -103 x-y+2/3,+x+1/3,-z+1/3  

    -104 x-y+2/3,-y+1/3,-z+5/6  

    -105 +y+2/3,+x+1/3,-z+5/6  

    -106 -x+2/3,y-x+1/3,-z+5/6  

     201 +x+2/3,+y+1/3,+z+1/3  

     202 -y+2/3,x-y+1/3,+z+1/3  

     203 y-x+2/3,-x+1/3,+z+1/3  

     204 y-x+2/3,+y+1/3,+z+5/6  

     205 -y+2/3,-x+1/3,+z+5/6  

     206 +x+2/3,x-y+1/3,+z+5/6  

    -201 -x+1/3,-y+2/3,-z+2/3  

    -202 +y+1/3,y-x+2/3,-z+2/3  

    -203 x-y+1/3,+x+2/3,-z+2/3  

    -204 x-y+1/3,-y+2/3,-z+1/6  

    -205 +y+1/3,+x+2/3,-z+1/6  

    -206 -x+1/3,y-x+2/3,-z+1/6  

 

# ATOMIC COORDINATES AND DISPLACEMENT PARAMETERS 

 

 

loop_ 

      _atom_site_type_symbol 

      _atom_site_label 

      _atom_site_fract_x 

      _atom_site_fract_y 

      _atom_site_fract_z 

      _atom_site_occupancy 

      _atom_site_thermal_displace_type 

      _atom_site_U_iso_or_equiv 

      _atom_site_symmetry_multiplicity 

Fe 

Fe      0.0              0.0          0.3527       1.0        Uiso   0.02         12 

O  

O       0.30453      0.0          0.25          1.0         Uiso   0.02         18 

 

loop_ _atom_type_symbol 

      _atom_type_number_in_cell 

                   O  18.0         

                   Fe 12.0         
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APPENDIX E: FeDAp03 

_pd_phase_name 

                   "from C:/GSAS/NPDFeHAp/HYDROXYAPATITE.cif" 

_cell_length_a                         9.42106(12) 

_cell_length_b                         9.42106 

_cell_length_c                         6.88184(11) 

_cell_angle_alpha                      90.0 

_cell_angle_beta                       90.0 

_cell_angle_gamma                      120.0 

_cell_volume                           528.974(11) 

_symmetry_cell_setting                 hexagonal 

_symmetry_space_group_name_H-M         "P 63/m" 

loop_ _symmetry_equiv_pos_site_id _symmetry_equiv_pos_as_xyz 

       1 +x,+y,+z  

       2 x-y,+x,+z+1/2  

       3 -y,x-y,+z  

       4 -x,-y,+z+1/2  

       5 y-x,-x,+z  

       6 +y,y-x,+z+1/2  

      -1 -x,-y,-z  

      -2 y-x,-x,-z+1/2  

      -3 +y,y-x,-z  

      -4 +x,+y,-z+1/2  

      -5 x-y,+x,-z  

      -6 -y,x-y,-z+1/2  

 

# ATOMIC COORDINATES AND DISPLACEMENT PARAMETERS 

 

 

loop_ 

      _atom_site_type_symbol 

      _atom_site_label 

      _atom_site_fract_x 

      _atom_site_fract_y 

      _atom_site_fract_z 

      _atom_site_occupancy 

      _atom_site_thermal_displace_type 

      _atom_site_U_iso_or_equiv 

      _atom_site_symmetry_multiplicity 

Ca 

Ca1     0.3333       0.6667       0.00174(28)    0.9702     Uiso   0.0133(5)     4 

Ca 

Ca2     0.24605(16)  0.99212(19)  0.25         0.95639    Uiso   0.01127(31)   6 

P  

P3      0.39917(20)  0.36888(19)  0.25         1.0             Uiso   0.0096(4)     6 
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O  

O1      0.32878(30)  0.48498(32)  0.25         1.0          Uiso   0.0089(7)     6 

O  

O2      0.58816(32)  0.46462(35)  0.25         1.0          Uiso   0.0117(8)     6 

O  

O3      0.34080(24)  0.25752(24)  0.07101(24)  1.0        Uiso   0.0149(5)    12 

O  

O(D)    0.0          0.0          0.1960(8)    0.50995            Uiso   0.00994       4 

D  

D         0.0          0.0          0.0575(18)   0.4244               Uiso   0.04099       4 

Fe 

Fe1     0.3333       0.6667       0.00174(28)  0.0298       Uiso   0.0133(5)     4 

Fe 

Fe2     0.24605(16)  0.99212(19)  0.25         0.04361    Uiso   0.01127(31)   6 

 

loop_ _atom_type_symbol 

      _atom_type_number_in_cell 

                   Ca  9.619       

                   P   6.0         

                   O  26.04        

                   D   1.698       

                   Fe  0.381       

_pd_phase_name                         "from C:/GSAS/NPDFeHAp/hematite.cif" 

_cell_length_a                         5.0356(4) 

_cell_length_b                         5.0356 

_cell_length_c                         13.7613(21) 

_cell_angle_alpha                      90.0 

_cell_angle_beta                       90.0 

_cell_angle_gamma                      120.0 

_cell_volume                           302.20(4) 

_symmetry_cell_setting                 trigonal 

_symmetry_space_group_name_H-M         "R -3 c" 

loop_ _symmetry_equiv_pos_site_id _symmetry_equiv_pos_as_xyz 

       1 +x,+y,+z  

       2 -y,x-y,+z  

       3 y-x,-x,+z  

       4 y-x,+y,+z+1/2  

       5 -y,-x,+z+1/2  

       6 +x,x-y,+z+1/2  

      -1 -x,-y,-z  

      -2 +y,y-x,-z  

      -3 x-y,+x,-z  

      -4 x-y,-y,-z+1/2  

      -5 +y,+x,-z+1/2  

      -6 -x,y-x,-z+1/2  

     101 +x+1/3,+y+2/3,+z+2/3  
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     102 -y+1/3,x-y+2/3,+z+2/3  

     103 y-x+1/3,-x+2/3,+z+2/3  

     104 y-x+1/3,+y+2/3,+z+1/6  

     105 -y+1/3,-x+2/3,+z+1/6  

     106 +x+1/3,x-y+2/3,+z+1/6  

    -101 -x+2/3,-y+1/3,-z+1/3  

    -102 +y+2/3,y-x+1/3,-z+1/3  

    -103 x-y+2/3,+x+1/3,-z+1/3  

    -104 x-y+2/3,-y+1/3,-z+5/6  

    -105 +y+2/3,+x+1/3,-z+5/6  

    -106 -x+2/3,y-x+1/3,-z+5/6  

     201 +x+2/3,+y+1/3,+z+1/3  

     202 -y+2/3,x-y+1/3,+z+1/3  

     203 y-x+2/3,-x+1/3,+z+1/3  

     204 y-x+2/3,+y+1/3,+z+5/6  

     205 -y+2/3,-x+1/3,+z+5/6  

     206 +x+2/3,x-y+1/3,+z+5/6  

    -201 -x+1/3,-y+2/3,-z+2/3  

    -202 +y+1/3,y-x+2/3,-z+2/3  

    -203 x-y+1/3,+x+2/3,-z+2/3  

    -204 x-y+1/3,-y+2/3,-z+1/6  

    -205 +y+1/3,+x+2/3,-z+1/6  

    -206 -x+1/3,y-x+2/3,-z+1/6  

 

# ATOMIC COORDINATES AND DISPLACEMENT PARAMETERS 

 

 

loop_ 

      _atom_site_type_symbol 

      _atom_site_label 

      _atom_site_fract_x 

      _atom_site_fract_y 

      _atom_site_fract_z 

      _atom_site_occupancy 

      _atom_site_thermal_displace_type 

      _atom_site_U_iso_or_equiv 

      _atom_site_symmetry_multiplicity 

Fe 

Fe      0.0          0.0          0.3529       1.0        Uiso   0.02         12 

O  

O       0.31147      0.0          0.25         1.0        Uiso   0.02         18 

 

loop_ _atom_type_symbol 

      _atom_type_number_in_cell 

                   O  18.0         

                   Fe 12.0         
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_pd_phase_name                         "magnetic Fe2O3" 

_cell_length_a                         5.03557 

_cell_length_b                         5.03557 

_cell_length_c                         13.7613 

_cell_angle_alpha                      90.0 

_cell_angle_beta                       90.0 

_cell_angle_gamma                      90.0 

_cell_volume                           348.9451 

_symmetry_cell_setting                 triclinic 

_symmetry_space_group_name_H-M         "P 1" 

loop_ _symmetry_equiv_pos_site_id _symmetry_equiv_pos_as_xyz 

       1 +x,+y,+z  

 

# ATOMIC COORDINATES AND DISPLACEMENT PARAMETERS 

 

 

loop_ 

      _atom_site_type_symbol 

      _atom_site_label 

      _atom_site_fract_x 

      _atom_site_fract_y 

      _atom_site_fract_z 

      _atom_site_occupancy 

      _atom_site_thermal_displace_type 

      _atom_site_U_iso_or_equiv 

      _atom_site_symmetry_multiplicity 

Fe 

FE1     0.0          0.0          0.3529       1.0        Uiso   0.02          1 

Fe 

FE2     0.0          0.0          0.6471       1.0        Uiso   0.02          1 

Fe 

FE3     0.0          0.0          0.8529       1.0        Uiso   0.02          1 

Fe 

FE4     0.0          0.0          0.1471       1.0        Uiso   0.02          1 

Fe 

FE5     0.33333      0.66667      0.01957      1.0        Uiso   0.02          1 

Fe 

FE6     0.33333      0.66667      0.31376      1.0        Uiso   0.02          1 

Fe 

FE7     0.33333      0.66667      0.51957      1.0        Uiso   0.02          1 

Fe 

FE8     0.33333      0.66667      0.81376      1.0        Uiso   0.02          1 

Fe 

FE9     0.66667      0.33333      0.68624      1.0        Uiso   0.02          1 

Fe 

FE10    0.66667      0.33333      0.98043      1.0        Uiso   0.02          1 
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Fe 

FE11    0.66667      0.33333      0.18623      1.0        Uiso   0.02          1 

Fe 

FE12    0.66667      0.33333      0.48043      1.0        Uiso   0.02          1 

 

loop_ _atom_type_symbol 

      _atom_type_number_in_cell 

                   Fe 12.0         
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