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The interest in materials based on hydroxyapatite (HAP) is due to their wide application in the 

field of bioceramics (e.g., artificial bones and teeth), gas sensors, catalysis, etc. Important information 

about the nature of chemical bonds in these materials can be obtained using the Raman scattering 

method. In particular, vibrational spectroscopy is useful for studying the PO4
3- 

and OH
- 
ions, which are 

structural units of HAP. 

Experimental studies of the lattice dynamics of coatings for implants made of biocompatible 

HAPs by the Raman method (Fig. 1) revealed that in the spectra, in addition to the known bands of 

carbonate-containing HAP, features of unknown nature are also observed: 

- high-frequency bands with wave 

numbers of 5000 and 5027 cm
–1 

of 

anomalously strong intensity (observed 

for the first time); 

- a broad band in the range from 

~1000 to 4000 cm
–1 

with a maximum at 

~2500 cm
–1

; bands similar to it are called 

―background‖ in the literature, but there 

is no established interpretation of such 

bands. 

To describe spectra of this material 

theoretically it was taken into account 

that in HAP (Ca10(PO4)6(OH)2) there is a 

large number of hydrogen bonds, which 

are characterized by high vibration 

 
Fig. 1. Raman spectrum of the HAP coating. 
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frequencies. To describe the broad band, the strong anharmonic interaction of the fundamental 

vibration of the hydrogen bond with low-frequency lattice phonons (Ω=134 cm
-1

) was taken into 

account. Variation of the parameters 
 (damping constant), 

 ,1
(coupling constant, which 

determines the number of phonons involved in the complex vibrational process) and δo (determines the 

shift of the theoretical spectrum) allowed us to describe the shape and position of the broad band and 

achieve good agreement between the model spectrum and the experimental one (Fig. 2). Thus, it is 

shown that the broad structureless Raman band is the result of the redistribution of the intensity of the 

v -OH band between phonon repetitions (at 
 > Ω). Based on the comparison of the calculations 

with the experiment, it was found that the frequency of the undisturbed fundamental v-OH vibration 

should be ~ 2530 cm
-1

. This made it possible to interpret the experimentally observed spectral feature 

of ~ 5000 cm
-1 

(Fig. 3) as an overtone of the v-OH vibration. To explain the unusually high intensity of 

the overtone band, anharmonic interaction (third-order anharmonicity, Г≠0) between the fundamental 

v-OH vibration and its overtone was taken into account. Such an interaction is possible, since the most 

intense bands in the Raman spectra correspond to vibrations of complete symmetry and their overtones 

are also completely symmetric. Fig. 3 shows how an increase in the 3rd-order anharmonicity constant 

causes an increase in the intensity of the v-OH vibration overtone. 

Another manifestation of anharmonic interaction in the spectra of HAP is the appearance of a 

doublet structure in the high-frequency region. It was described by the Fermi resonance of the 

fundamental vibration OH (s) and close to it in frequency the overtone of bending vibrations (2b) 

(Fig. 4). 

Thus, the features of the Raman spectrum were theoretically explained as a result of the 

strong interaction between high-frequency vibrations of hydrogen bonds and low-frequency 

lattice phonons in crystals, taking into account the Fermi resonance interaction between the 

fundamental vibration OH (s) and the overtone of bending vibrations (2b), as well as the 

strong interaction of both components of the Fermi doublet with lattice phonons. Our Raman 

studies have highlighted the important role of both hydrogen bonds and strong anharmonic 

interaction between vibrations of different nature in the formation of the Raman spectrum of 

apatites. 

 
 

 
Fig. 2. Experimental 
Raman spectrum of HAP 
coating (1), (2-4) - 
theoretical spectra: χ1=2.4, 
γµ=0.9 (2) or γµ=0.6 (3). 
Reconstructed v-OH band 
(4). 

 

Fig. 3. The influence of the 
interaction of v-OH vibrations 
with phonons (constant χ1) 
and the anharmonicity 
constant Г on the shape of 
model Raman spectra: Г=0, 
χ1=0 (1); Г=4, χ1=1 (2); Г=4, 
χ1=4,5 (3); Г=6, χ1=5 (4). 

Fig. 4. The influence of the 
anharmonicity parameter β 
on the Raman spectra in 
the overtone region at 
Fermi resonance: β: 
0.01(1); 0.1 (2); 0.2 (3). 


