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Hydroxyapatite (HAp) is an attractive material for creating biocompatible implants owing to

its osteoregenerative properties, elemental and phase similarity to bone tissue. The flexible

structure of the material allows the introduction of ionic impurities to improve physicochemical

and biological characteristics while maintaining the space symmetry group. Rare earth ions are

a new step in improving compounds to create luminescent bioimaging agent for application in

diagnostics imaging medicine. Nanosized powder of HAp doped with cerium ions (Ce-HAp) was

obtained in order to study the impurity localization and its oxidizing state with conventional

and pulsed electron paramagnetic resonance (EPR) at X-band. Undoped and doped HAp pow-

ders were synthesized via precipitation technique. It was revealed, that Ce-HAp powders after

synthesis and heating exhibit luminescence in visible wavelength range (380 and 420 nm) that

confirms the presence of Ce3+ in HAp structure. Heating of Ce-HAp in the air atmosphere

results in formation of CeO2 with low intensity of luminescence. EPR spectra of the doped

sample confirms the Ce3+ incorporation into HAp structure. The powder-like EPR lineshape

for the obtained powders can be simulated with g∥ = 3.47 and g⊥ = 0.51.

PACS: 76.30.-v, 76.30.Kg, 76.60.Lz, 78.55.-m

Keywords: electron paramagnetic resonance, electron spin echo, hydroxyapatite, rare earth element,
photoluminescence

1. Introduction

Search for materials for the restoration of osteochondral defects resulting from injury and dis-

ease remains one of the main challenges in the field of materials science and tissue engineering.

One of the most used bioactive synthetic materials for bone replacement is calcium hydroxya-

patite (HAp), which is the main mineral component of bone tissue, tooth enamel and dentin.

HAp exhibits the greatest resistance to resorption by biological fluids of the body among cal-

cium phosphates [1–3]. HAp-based compounds possess high isomorphic capacity with respect

to cations and anions [4, 5]. Currently, natural and synthetic apatites are used not only for

the biomedical applications, but also as raw materials for the production of mineral fertilisers,

pure phosphorus and phosphoric acid, for lasers, immobilisation of radioactive waste, as ionic

conductors, sorbents, inorganic pigments [6].

In a series of our papers, we published the results of our comprehensive research concerning

synthesis, structural, physical, chemical, and biological properties for the HAp-substituted bulk

and nanosized powders, ceramics, cements, coatings, and composites [7–13]. Since recently, cal-

cium phosphates doped with the rare-earth elements (REEs) have attracted our attention [12,13].

We have also demonstrated in the mentioned above papers that various electron paramagnetic

resonance (EPR) techniques can be fruitfully used for the structural characterization of the

†This paper is dedicated to Professor Boris I. Kochelaev on the occasion of his 90th birthday.
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substituted HAp. Some studies of various apatites with rare earth dopants show their site pref-

erence for the Ca(2) position in the atomic arrangement of calcium phosphates [14]. The ratios

of REE-Ca(2)/REE-Ca(1) vary between 1.76 and 3.00, decreasing monotonically with atomic

number through the 4f transition series. Different radii constraints, bonds valence, mean tetra-

hedral bond distances and multiplicity of coordination number requirements influence on the

substitution of calcium by REEs. Lighter REEs tend to prefer the Ca(2) site, while heavier

REEs may occupy both Ca sites. Bond valence analysis suggests that Gd, La, Ce, and Pr in-

corporate into the Ca(2) site, while Pm and Sm prefer the Ca(1) position, and Nd ions show a

preference for both sites [14,15].

The introduction of Ce3+ ions into the structure of HAp makes it possible to obtain a material

that has antibacterial properties to counteract inflammation in the postoperative period, anti-

tumor properties, etc. [16–19]. In addition, the ability of cerium to luminesce allows the use of

HAp doped with cerium ions as a biomarker of biological visualization for monitoring processes

involved in the reconstruction of bone defects [20–22]. However, the synthesis of Ce-HAp is

associated with several problems, the main of which is the instability of the valence state (tran-

sition of Ce3+ to Ce4+ in air [23]) with the loss of the beneficial properties described above. In

addition, the substitution of the Ca2+ ion by the Ce3+ ion is complicated due to the difference in

their charges [24–27]. To prevent the transition of Ce3+ to Ce4+ in air when producing ceramics

based on hydroxyapatite, it was proposed to apply a powder consolidation method such as hot

pressing under an inert environment, for example, argon [28]. The purpose of this work was to

synthesize and study hydroxyapatite doped with cerium(III) to obtain functional ceramics and

to study the capabilities of the EPR methods for studying the obtained samples.

2. Synthesis

Undoped hydroxyapatites and Ce-containing hydroxyapatites (Ce-HAp) were synthesized via

precipitation technique with accordance to the reaction (1) in the way to keep the total molar

ratio (MCa +MCe)/MP = 1.67.

(10− x)Ca(NO3)2 + (2x/3)Ce(NO3)3 + 6(NH4)2HPO4 + 8NH4OH →
→ Ca10−xCe2x/3(PO4)6(OH)2 + 6H2O+ 20NH4NO3,

(1)

where x is a degree of substitution, x = ([Ca2+] × [Ce3+])/100; [Ca2+] is an atomic content of

Ca2+ in HAp, [Ce3+] is an atomic content of Ce3+ in Ce-HAp; [Ce3+] = 0 and 0.5 for [Ca2+].

The amount of Ce ([Ce]) was calculated of 0.5 in respect to Ca atomic content in HAp ([Ca]):

thus, for HAp [Ca]=10, the amount of Ce was taken of 0.5 for [Ca], therefore [Ce] = (10 ×
0.5)/100. For this, the 0.5M aqueous solution of ammonium hydrophosphate ((NH4)2HPO4)

was dropwise added to the mix of 0.5M solution of calcium nitrate (Ca(NO3)2) and 0.1M

solution of cerium nitrate (Ce(NO3)2) in appropriate amount under constant stirring. The pH

level was adjusted at 11.0± 0.5 by adding the ammonium hydroxide solution (NH4OH). The

resulted suspensions were kept for aging for 24 h under room conditions, then were filtered and

dried at 70◦C during 48 h. The dried cakes were ground to a fine powder and sieved through a

mesh size of 100µm.

As-dried powders were heat treated under different conditions: (i) the heat treating at 1300◦C

in air atmosphere (Ce-HAp-air) in a chamber furnace with SiC heaters and (ii) hot pressing (Ce-

HAp-HP) in a hot press furnace (Thermal technology Inc., model HP 250-3560-20) in a carbon

mold in an argon atmosphere at a pressure of 30MPa and temperature of 1100◦C to achieve

the reducing atmosphere.
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The obtained Ce-HAp materials were studied on phase composition and Ce content by the

following methods: EPR spectroscopy, X-ray diffraction (XRD) analysis, determination of the

specific surface area (SSA) and X-ray fluorescence spectrometry (XFS).

3. Methods

The magnetic resonance experiments were carried out with a Bruker Elexsys E580 commercial

spectrometer operated at 9.6GHz (X-band) in the continuous wave (CW) and pulsed modes.

The EPR spectra were recorded by detecting the amplitude of the primary electron spin echo

(ESE) as a function of the magnetic field sweep using a pulse sequence π/2− τ − π − τ − ESE,

where π/2 = 12 ns and τ = 200 ns.

The XRD patterns were collected on XRD-6000 powder diffractometer (Bragg-Brentano ge-

ometry, Scintillator detector, CuKα radiation, λ = 1.5418 Å, Shimadzu, Japan). The XRD data

were recorded at room temperature in the 2θ range between 10◦ and 60◦, with intervals of 0.02◦,

and a counter speed of 2◦/min. The element content of cerium [Ce] for the Ce-HAp powders was

determined using the XFS Spectroscan MAKC-GVM spectrometer (St. Petersburg, Russia).

Specific surface area of the powders was measured using the Brunauer-Emmett-Teller (BET)

method of low-temperature nitrogen adsorption on a Tristar 3000 analyser (Micromeritics, USA).

The particle average diameter (DBET) was calculated according to formula (2):

DBET =
6000

SSA · ρ
, (2)

where ρ is theoretical density for HAp (3.156 g·cm−3).

Photoluminescence emission spectra were recorded on LS-55 spectrometer (Perkin Elmer Inc.,

USA) with a xenon light source (power 150W, pulse frequency 50Hz, wavelength resolution

0.5 nm, λexc = 270 nm, λem = 300÷ 500 nm) at room temperature.

4. Results

The elemental analysis using XFS spectroscopy was performed on the Ce-HAp powder preheated

at 1300◦C in order to remove the inorganic salts and crystallohydrate water accompanying to

the precipitation. The Ce content in Ce-HAp was measured to be 2.21wt.%, that was higher

than expected (1.18wt.%) and could be recalculated as 0.78mol.% Ce in the compound. SSA

of the as-dried powder was 130m2·g−1 that in recalculation on the average particle size (DBET)

was 15 nm.

XRD patterns of as-dried powders indicated the presence of an amorphous state of HAp

(JCPDS card [09-0342]) (Figure 1). The set of low-intensity broadened XRD peaks was assigned

to the set of HAp peaks. However, in XRD of Ce-HAp the peak at 2θ = 29.3◦ was assigned to

cerium phosphate CePO4 (JCPDS card [04-0632]) that was absent on the pattern for undoped

HAp. The XRD for Ce-HAp-air and Ce-HAp-HP concided with the well-crystallized HAp (card

[09-0432]). The patten for Ce-HAp contained a weak peak at 2θ = 28.5◦, assigned to cerium

oxide, CeO2 (card [81-0792]). Thus, it was concluded that during the precipitation under high pH

level, the mix of calcium HAp and cerium phosphate was formed. According to ref. [29], the low-

temperature cerium orthophosphate crystallizes in hexagonal structure that is isostructural to

HAp and facilitates the isomorphic substitution in its crystal lattice. Then, during the following

heat treating in reducing atmosphere by hot pressing method, the CePO4 redistributes in the

HAp lattice as a result of high temperature diffusion to form solid solutions in a low range of

dopant concentration (up to 1 at.%). When Ce-HAp is heat treated in the air atmosphere, the
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Ce oxidation state changes with the CeO2 formation [28].

Figure 1. XRD patterns for undoped HAp and Ce-HAp: (1) – pattern for undoped as-dried HAp quite

consistent with the HAp card [09-0432], (2) – pattern for as-dried Ce-HAp indicates the

presence of CePO4 [04-0632], (3) – pattern for Ce-HAp obtained by hot pressing in reducing

atmosphere fully correspond to HAp card without any impurity; (4) – pattern for Ce-HAp

obtained by heat treating in air atmosphere contains the CeO2 impurity.

The influence of Ce content was estimated in respect to the changes of average crystallinity

size and parameters of HAp crystal lattice (Table 1). The average crystallinity size (D) of as-

dried powders was 14÷16 nm that was equal to SSA estimation. It was revealed that as a result

of heat treating in air, the lattice parameters for Ce-HAp became practically the same as for the

undoped HAp. During hot pressing the simultaneous sintering and densification occurred that

resulted in crystal lattice improvements and in slight decreasing of lattice parameters [30,31].

Table 1. The effect of the treating conditions on the average crystallinity size D and lattice parameters

(a and c) of HAp.

Sample D (±10%), nm a parameter (±0.002), Å c parameter (±0.002), Å

as-dried HAp 16 — —

as-dried Ce-HAp 14 — —

HAp-air 90 9.422 6.883

Ce-HAp-air 80 9.421 6.883

HAp-HP 75 9.402 6.872

Ce-HAp-HP 60 9.398 6.869
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Figure 2 demonstrates that as-dried Ce-HAp powder exhibits luminescence in visible wave-

length range. The luminescence of Ce-HAp consists of emission of the Ce3+ ion (380 and

420 nm) [32, 33] and the intrinsic emission of HAp (406 and 420 nm) [34, 35]. Ce-HAp-air ex-

hibits the lowest luminescence emission due to presence of CeO2. The Ce-HAp-HP shows the

highest luminescence intensity.

Figure 2. Photoluminescence spectra for Ce-HAp obtained by different methods: Ce-HAp heat treated

in air (1), as-dried powders of HAp (2), Ce-HAp (3), and hot pressed Ce-HAp (4).

In CW EPR spectrum of the Ce-HAp-as-dried sample (Figure 3A) one can observe lines at

g-factors of 4.2, 3.47, a group of lines around of g = 1.98, and a wide peak at g = 0.51. The

EPR spectrum in pulsed mode is shown in the (Figure 3B). The attenuation of the microwave

power of pulses in Hahn sequence (high power attenuation, HPA) was varied from 0 to 12 dB. As

can be seen from Figure 3B, in the magnetic field range from 0.2T to 1.4T (maximal magnetic

field value for the spectrometer), a broad line is observed. Due to its high intensity and absence

of such kind of signal in the non-doped samples we can attribute it to the presence of the

paramagnetic Ce3+ ions.

The line at g-factor 4.2 from CW EPR disappears in the pulsed regime, and can be ascribed

to uncontrolled impurities of the iron group complexes [7] with concentration < 0.001mol.% in

HAp. The group of lines at g = 1.98 behaves differently with a change in microwave power than

the broad one. A weakly expressed hyperfine structure of 6 lines is also observed, which allows

us to attribute this group of lines to the Mn2+ ions (an uncontrolled impurity with concentration

< 0.01mol.%) [36].

In a rotating coordinate system, the Rabi frequency for the precession ω1 around the magnetic

component B1 of the microwave field can be described by the following expression [37]:

ω1 =
gµB

ℏ
B1

√
S(S + 1)−MS(MS + 1), (3)

where B1 is an amplitude of the magnetic component of the microwave irradiation, µB is a Bohr

magneton, g is a g-factor, S is an electron spin and MS is a spin projection quantum number.

It gave us an opportunity to estimate the value of B1 = 0.33mT for HPA = 4dB from

measuring ω1 for Mn2+ for the central EPR transition (S = 5/2, MS = −1/2). Details of

measuring ω1 are given below.
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Figure 3. EPR spectrum of Ce3+ ions in Ce-HAp. A – spectrum recorded in CW mode. B – spectrum

recorded in pulse mode at different microwave pulse powers (HPA of 0, 6 and 12 dB). The

dots on the Figure 3B show the values of the magnetic fields in which Rabi oscillations were

measured; the number correspond to the value of θ angle particles relative to B0. Magenta

curve – EPR spectrum simulated in Easyspin program [38] for g∥ = 3.47 and g⊥ = 0.51

The broad EPR line of Ce3+ ions has a shape that is not characteristic for the powder.

Additonally, the lineshape changes greatly with microwave power (Figure 3B). For single crystals,

these are the signs for detection of various electron transitions with different values of the

operator ⟨M1|Sx|M2⟩. To check this effect, Rabi oscillations at various spectral positions were

measured from the dependence of the ESE amplitude AESE (Figure 4) by using the three-pulse

sequence (preparation pulse with the varied duration from 4 to 4100 ns (τfirst pulse) followed by

the Hahn pulse sequence after 15µs).

AESE = sin (ω1τfirst pulse) exp

(
τfirst pulse

T2

)
. (4)

The experimental data in Figure 4 show smooth change of the oscillation period with in-

creasing magnetic field and a fairly rapid decrease in the oscillation amplitude compared to the

transverse relaxation time T2 = 2.9± 0.5µs.
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Figure 4. Rabi oscillations measured at the same microwave power (HPA = 4dB) for different values of

the magnetic field. Dots show experimental data, lines show calculation data using Eq. (13)
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The Ce3+ ion has only one 4f electron, the 4f1 ground state configuration of which gives two

multiplets: the lower 2F5/2 and the upper 2F7/2 [39]. In YAG crystals, the lower doublet of

Ce3+ ions is characterized by g-factors from 2.5 to 0.9 [40]. Cerium has only even isotopes with

zero nuclear magnetic moment (I = 0), so the hyperfine structure of the EPR spectra is not

observed.

Crystallites of HAp powder, according to XRD analysis, have a hexagonal crystal structure

(P63/m). For Ca ions, there are two nonequivalent positions: Ca(1) with the C3 point group,

and Ca(2) with the lower symmetry C1h. For Ca(1), the EPR spectrum should be described by

the Hamiltonian of axial symmetry

Ĥ =
(
0 0 B0

)g⊥ 0 0

0 g⊥ 0

0 0 g∥


Sx

Sy

Sz

 , (5)

where the main z axis of the g-tensor is directed along the c axis of the crystallite, and x and

y are located in the ab plane. If the Ca(2) position is replaced, the g-tensor will contain three

different components gxx, gyy, gzz, and the main axes of the tensor will be deviated from the

crystal axes directions.

Ĥ =
(
0 0 B0

)gxx 0 0

0 gyy 0

0 0 gzz


Sx

Sy

Sz

 , (6)

Note that for the case of low symmetry, the main directions of the g-tensor can differ from

the directions of the crystal axes. But since the directions of the crystalline axes for particles

in the powder are distributed uniformly over the solid angle, then the main directions of the

g-tensor will also be distributed uniformly. Therefore, the direction cosines of the g-tensor do

not manifest themselves in any way in the case of powder-like spectral patterns, and cannot be

determined by powder EPR spectroscopy.

Let us consider the behavior of ω1 for such wide lines. The rotation of the spherical coordinate

system for individual particles is carried out by multiplying the rotation matrixcosϕ cos θ − sinϕ − sin θ cosϕ

sinϕ cos θ cosϕ − sinϕ sin θ

sin θ 0 cos θ

 , (7)

by the g-tensor.

It allows calculating the g-factor for each of the particles in axial symmetry case

geff(θ)(I) =
√
g2∥ cos

2 θ + g2⊥ sin2 θ (8)

and for the low symmetry case

geff(θ)(II) =
√

g2xx sin
2 θ cos2 ϕ+ g2yy sin

2 ϕ sin2 θ − g2zz cos
2 θ. (9)

As can be seen from Eq. (8), for axial symmetry geff does not depend on the angle ϕ. To find

the frequency ω1, in the case of the direction of B1 along the x axis, it is necessary to replace

the vector (0, 0, B0) with (B1, 0, 0) in expression (5, 6).

gB1(θ, ϕ)(I) =
√

g2∥ sin
2 θ cos2 ϕ+ g2⊥ sin2 ϕ+ g2⊥ cos2 ϕ cos2 θ, (10)

Magnetic Resonance in Solids. Electronic Journal. 2024, Vol. 26, No 1, 24103 (11 pp.) 7
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gB1(θ, ϕ)(II) =
√

g2xx cos
2 ϕ cos2 θ + g2yy sin

2 ϕ cos2 θ − g2zz sin
2 θ. (11)

Leaving outside the brackets of this investigation the question of the location of Ce3+ ions

and to simplify calculations, the axial symmetry tensor will be further used for the spin system

with the electron spin S = 1/2 (Figure 3B, magenta curve). For axial position the equation 10

can be simplified to

gB1(θ, ϕ) =
√

g2eff(I)(90
◦ − θ) cos2 ϕ+ g2⊥ sin2 ϕ. (12)

Note, that even for the axial symmetry gB1 is ϕ-dependent. The relation between the angle θ

and the value of the magnetic field induction B0 is given by the expression 8. Since crystallites

in powder are oriented randomly relative to the angles θ and ϕ, ESE amplitude without taking

T2 into account will be described by the formula:

AESE =
2

π

∫ π/2

0
sin

(
gB1(θ, ϕ)(I)µB

ℏ
B1τfirst pulse

)
dϕ, (13)

In the case of low symmetry, such a simple formula cannot be obtained, since for a given

orientation of magnetic field, a set of powder particles with different ϕ and θ. Therefore, it is

impossible to obtain an expression for the amplitude AESE.

Calculations performed using expressions (12), (13) are shown in Figure 4 by solid lines. As

can be seen from the Figure 4, averaging harmonic signals with different frequencies leads to

rapid attenuation of Rabi oscillations, but two components corresponding to the limits:

ω1,low =
g2eff(90

◦ − θ)µB

ℏ
B1 (14)

and

ω1,high =
g⊥µB

ℏ
B1, (15)

remain pronounced.

It should be noted that the presented calculations do not take into account additional mech-

anisms of averaging by the distribution of g⊥ (in Figure 3B, the high-field part of the spectrum

has a larger width than the low-field one), which, in accordance with (12) will lead to additional

averaging of Rabi oscillations and suppression of the high-frequency component.

5. Conclusions

In this article a hydroxyapatite powders with the impurity rare earth cerium ions were synthe-

sized and analyzed by X-ray, photoluminescence and EPR spectroscopy. XRD shows that the

temperature treatment of the samples leads to a significant increase in the crystallinity degree

of a hydroxyapatite. Intense luminescence spectra of Ce3+ ions in the visible range (380 nm

and 420 nm) promise of using cerium-doped hydroxyapatite as a contrast agent for biomedical

applications. EPR studies confirmed the presence of Ce3+ in the HAp structure. Application

of the pulsed EPR techniques made it possible to determine the values of the components of

g-factor. It was observed that EPR lineshape is distorted compared to the classical powder-like

EPR spectrum due to the large anisotropy of g-factor components. To correctly record such

EPR spectra using pulsed EPR techniques methods, it can be recommended to acquire the

EPR spectra at the microwave power value which is lower than the optimal one. Regrettably,

based on the results presented in this paper, the authors have refrained from delving into the

precise localization of cerium ions due to the broad EPR spectrum, including a structureless

8 Magnetic Resonance in Solids. Electronic Journal. 2024, Vol. 26, No 1, 24103 (11 pp.)
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line that hinders detailed analysis. Further investigations utilizing electron-nuclear double res-

onance techniques are planned to be applied for detecting signals from neighboring nuclei such

as hydrogen 1H and phosphorus 31P, with aim to estimate the interatomic distances for RE

dopants.
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