
 

Terahertz-Raman Spectroscopy on Carbonated 
Hydroxyapatite to Investigate the Signature of Sintering

ABSTRACT

Terahertz-Raman spectroscopy (THz-Raman) is an advanced rotational-vibrational 
spectroscopic technique which can provide structural and molecular fingerprints. This work was 
aimed to characterize chemically synthesized carbonated apatite, a bone mimicking mineral, 

0sintered at elevated temperatures 400, 600, 700 and 800 C. A significant enhancement in the 
0THz-Raman peak intensity at 400 C is attributed to structural reorganization arising from the 

0removal of loosely bound water and hydroxyl groups. At intermediate temperatures (600-700 C), 
reduced intensity and peak broadening indicate carbonate loss, partial decomposition and 

0lattice restructuring. At 800 C, the emergence of additional vibrational features in terahertz 
-1region (< 200 cm ) indicates improved crystallinity and possible phase transformation. Notably, 

Ca-O vibrational modes (O–Ca–O) were observed exclusively in the terahertz region and were 
absent in the conventional Raman spectral range, highlighting the significance of terahertz-
Raman spectroscopy in capturing low-frequency lattice vibrations.
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ं�सटरन के �नशान क� जाचं हते ुकाब�नटेेड हाइडॉ� �ीपटे ाइट 
पर टेराहट�ज्-रमन ��े म� दश�

साराशं

टेराहट�ज्-रमन �े�म� दश� (टीएचजडे-रमन) एक �गत घूणन� -कंपन �े�म� द�शक� तकनीक ह ै जो 
संरचना�क एवं आ��क उप���त के �माण (अगुंल-छाप) �दान कर सकती ह।ै  इस काय� का उ�े� 
रासाय�नक �प से सं�े�षत काब�नेटेड एपेटाइट, एक अ�� ख�नज अनुहार, का उ� तापमान 400, 600, 

0 0ं700 और 800  C पर �सटर कर अ�भल�णन करना था। इसक� �वशेषता 400  C (सीए-400) पर THz-
ंरमन शीष� ती�ता म� एक मह�पूण � व�ृ� �श�थल बंध जल और हाइडॉ� ��ल समूहो को हटाने से उ�� संरचना�क 

0पुनग�ठन ह।ै  म�वत� तापमान (600-700  C) पर, कम ती�ता और चरम �व�ार काब�नेट क� कमी, आ�ंशक 
0 -1अपघटन एवं जालक पुनस�रचना को इं�गत करता ह।ै  800  C पर, टेराहट�ज़् ��े (<200 cm ) म� अ�त�र� 

ंकंपन �वशेषताओ का उ�व बहेतर ि��लीकरण और संभा�वत �ाव�ा प�रवतन�  का संकेत देता ह।ै  �ात� ह ै
िक, Ca-O कंपन मोड (O-Ca-O) �वशेष �प से टेराहट�ज् ��े म� देखे गए और पारंप�रक रमन वण�� मीय 
सीमा म� अनुप��त थ,े जो �न� आव�ृ� जालक कंपन के ��हण म� टेराहट�ज्-रमन �े�म� दश� के मह� को 
उजागर करत ेह।�

�व�त-चुंबक�य वण�� म ु
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THz-Raman spectroscopy that is responsible for its wide 
popularity. Many explosives and hazardous chemicals have 

-1strong transition < 6 THz (200 cm ) regime.  Carriere et al. used 
THz-Raman to fingerprint different polymorphic forms of 
Carbamazepine with same chemical composition and 
Ammonium Nitrate, the material commonly used in explosives 
[6]. Singh et al.  used THz-Raman spectroscopy to identify five 
common nitrogen based high energy organic compounds [7]. 
Zhang et al. reported THz-Raman spectra of graphite flaks and 
single walled carbon nanotubes [8]. Carpinteri et al. studied 
mechanical vibration of crystalline lysozyme enzyme in       
THz-Raman range [9]. 

 Apatite is the primary mineral component of biological 
hard tissues such as bones and teeth and is extremely 
important in biomaterials and biomedical engineering [10]. It is 
a group of calcium phosphate minerals with general formula 
Ca (PO ) (X)  where X can be -OH, -Cl, -F, C etc. Apatite possess 10 4 6 2

3-hexagonal lattice where phosphate group (PO ) form a 4

tetrahedral structure and calcium ion occupy two distinct 
crystallographic positions designated as Ca (I) and Ca (II) sites, 
as shown with blue and red colour, respectively in Fig.1c [11]. 
Carbonated apatite (CA) which is chemically more similar to 

2-natural bone is a modified form in which carbonated ion (CO ) 3

gets substituted into crystal lattice of hydroxyapatite 
[Ca (PO ) (OH)  : (HAP)] and alters the physical and chemical 10 4 6 2

properties of the lattice [12].  The CA when sintered to elevated 
temperature can undergo significant chemical and structural 
changes due to the thermal instability of carbonate group. 
Since, selective laser sintering of CA Is employed for scaffold 
fabrication utilized as implant materials, study of its 
temperature dependent properties is of great significance.  

       In this work CA was synthesized by chemical method and 
characterized using SEM, EDS (energy dispersive x-ray 
spectroscopy), XRD and Raman spectroscopy. The CA powder 
was sintered at various elevated temperatures and its 
corresponding morphology was studied using SEM. 
Temperature dependent change in THz-Raman spectra were 

-1 -1reported in the range of 0.6 cm  to 3000 cm .     

Introduction

 Material characterization is of immense significance as it 
provides an insight into the chemical composition and 
structural arrangement of the materials which gives further 
information about bonding, purity, defects, mechanical, 
biological, thermal, and optical properties. Characteristic 
information prior to development helps in optimizing design 
and processing, saving significant time and resources. A range 
of techniques such as Scanning Electron Microscopy (SEM),    
X-ray Dif fraction (XRD), Fourier Transform Infrared 
Spectroscopy, X-ray Photoelectron Spectroscopy, and 
Transmission Electron Microscopy are already in use for this 
purpose. Among them, Raman spectroscopy is a widely used 
and a powerful analytical technique based on the inelastic 
scattering of light, arising from changes in the polarizability of 
molecules. It provides a unique molecular fingerprint of 
materials. In this process, the energy of the incident photons, 
when they get scattered from molecules, undergoes a shift. 
When the photons lose energy during this interaction, it is 
termed a Stokes shift, whereas when they gain energy, it is 
referred to as an anti-Stokes shift (Fig.1a) [1]. Raman 
spectroscopy can also be used to study phase transition, 
vibrational rotational modes, glass transition and relaxation 
processes [2]. A conventional Raman spectrometer is 
associated with molecular vibration in a spectral range from 

-1 -1200 cm  to 4000 cm  and  Raman signal in the range of      
-1 -1500 cm  to 1500 cm  provides chemical fingerprint of the 

molecules [3]. In last few decades, Raman spectroscopy at low 
-1wavenumbers (< 200 cm ), also known as Terahertz Raman 

spectroscopy (THz-Raman), has added an advancement in the 
analysis technique by providing structural fingerprint of the 
molecules and gained relevance in the research, Fig.1b [4]. 
THz-Raman spectroscopy has been used as an advanced 
vibrational-rotational spectroscopy approach in the range of    

-1~ 0.1 – 10 THz or 3-300 cm   to probe low-frequency molecular 
vibrations correspond to hydrogen bonding, lattice vibrations, 
intermolecular interactions, or phonons that are often invisible 
in the conventional Raman or IR spectra [5]. The ability to safely 
and remotely detect unknown materials is an advantage of 

Fig.2: Nisargruna plant at Nursery and the biogas stove at canteen located 
rdat 3  floor of CFB Building.

Fig.1: Illustration of typical (a) vibrational and rotation level of a molecule, (b) Terahertz and Raman spectrum range and (c) molecular structure of apatite.
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Experiment

 For synthesis of CA, about 9.45 g of NaHCO₃ was added 
0to 250 ml of distilled water heated at 60 C placed on a 

magnetic stirrer to prepare bicarbonate mixture. Separately, 
about 8.85 g of 0.15 M of Ca(NO₃)₂.4H₂O in 250 ml of DI water 
and 2.97 g of 0.99 M of (NH₄)₂HPO₄ in 250 ml of DI water were 
stirred for 30 min. These two solutions were added into the 
bicarbonate mixture drop wise. The pH of the mixture was 
adjusted and maintained at 9 by adding ammonium hydroxide 
solution. The reaction mixture was continuously agitated at 

01000 rpm and 60 C for 2 h. The precipitates was then washed 
three times with mixture of distilled water and 5% ethanol [13]. 

0The residue was then dried at 80 C for 24 h in an oven and 
ground to a fine powder to obtain CA. A schematic diagram 
illustrating the steps of CA synthesis is shown in Fig. 2. For THz-
Raman characteristics, CA powder was sintered at elevated 

0 0 0 0temperature of 400 C, 600 C, 700 C and 800 C and sintered 
samples were termed as CA-400, CA-600, CA-700 and CA-800, 
respectively. Morphology of CA samples was studied using SEM 
(S&C 4500 M) and THz-Raman characterization was done in 

-1 -1the range of 0.6 cm  to 3300 cm  ( 0.018 to 89 THz) using 
IndiRAM CTR300C Confocal Micro Raman/PL Spectrometer.

Results and Discussion

 Fig.3a shows SEM image of as synthesized CA in which 
nanostructured powder is clearly visible. In EDS analysis 
shown in Fig.3b, detection of carbon along with Ca and P 
without additional impurity confirmed success of carbonation. 
Raman spectra of as synthesized CA and HAP (for the sake of 
comparison) are shown in Fig.3c. One can notice that the 

-1 3-characteristic peak of HAP at 960 cm  corresponding to PO  4
-1stretching diminished and sharp an intense peak at 1090 cm  
-1was observed in case of CA.  This peak at 1090 cm  

2-corresponds to the v  symmetric stretching mode of CO  ions 1 3
3-in CA [14, 15].This indicated that PO  in HAP lattice was 4

2 -replaced by CO  molecules during the process of 3

carbonization and this is called B-type substitution. Another 
2-possible replacement is -OH site in HAP by CO  and that is 3

called A-type substitution [12]. Most of the biological apatites 
are of B-type CA. Fig.3d shows the XRD data that exhibit typical 

0 0 0 0 0 0diffraction peaks at 25.8 , 28.1 , 29.4 , 31.9 , 32.9 , 34.0 , 
0 0 0 0 0 039.5 , 47.5 , 48.5 , 50.05 , 53.1 , and 55.9  corresponding to 

(002), (102), (210), (211), (112), (300), (202), (310), (222), 
(312), (213), (004), and (322) planes of CA respectively(JCPDS 
09–0432) [16].

 Figs.4a-4d show the SEM images of sintered CA powder 
where temperature dependent change in morphology is clearly 
visible. Fig.4e shows the THz-Raman spectra of as synthesized 

-1and sintered CA samples. In Raman band from 400  cm to 
-11300 cm , the characteristic peak of CA the characteristic 

peak of CA showed a significant increment for CA-400. This 
0could be because at 400 C removal of loosely bound water, 

hydroxyl group and surface impurity induced structural 
reorganization and improved detectability of carbonated group 
[17]. Further, possibility of crystalline order of apatite lattice at 
this temperature may have enhanced the efficiency of Raman 
scattering. For CA-600, there is a possibility of carbonated 
group decomposing and release of CO  gas from the lattice 2

structure. This resulted in the reduction of Raman peak 
-1intensity at 1090 cm . As carbonate content reduces in the 

structure, the lattice shift towards stoichiometric HAP and 
3-therefore, the characteristic peak of PO  stretching of HAP was 4

-1 0observed 960 cm . On further sintering to 700-800 C, 
significant decomposition resulted in alteration of Ca/P ratio of 
apatite and phase transition to β-tricalcium phosphate (β-TCP) 
[17]. The defects generated during carbonated substitution get 
removed during sintering at these high temperature and 
generate more ordered structure [18]. 

     A significant temperature dependent behavior was 
-1observed for CA in THz-Raman band (1-10 THz or 0-333 cm ) 

which correspond to phonon vibrations that arise due to 
collective motion of atoms in the crystal lattice (Fig.4e). As 
synthesized CA that is characterized by broad bands at 3.4 THz, 
4.53 THz, 5.13THz, 6.12 THz, 8.00 THz and 8.97 THz indicates 
poor crystallinity and structural disorder. The CA-400, exhibited 
two significantly intense sharp peaks centered around       

Fig.2: Illustration the steps for synthesis of CA.

Fig.3: (a) SEM image (b) EDS analysis of as synthesized CA, (c) Raman 
spectra of HAP and CA (d) XRD of as synthesized CA.

 

 

 

(a) (b)

(d)
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4.56 THz and 8.33 THz along with low intense peaks at 1.08 
THz, 1.59 THz, 2.02 THz, and 2.32 THz. In the intermediate 

0temperatures (600-700 C), reduction in peak intensity and 
peak broadening indicated structural modification due to loss 
of carbonated group, decomposition and restructuring. Here 
the observed THz-Raman bands were at 1.06 THz, 1.85 THz, 

02.64 THz, 4.56 THz and 8.33 THz. At 800 C, additional 
vibrational features appeared in the THz-Raman spectrum, 
indicated possible phase transformation and modification in 
lattice dynamics [19]. Surface phonons contributes strongly in 
low-frequency Raman signals results in bond splitting and 
appearance of new peaks. It has been reported that the      

-1THz-Raman peaks detected < 2 THz (< 70 cm ) corresponds to 
2+translational vibration motion of Ca  ions. Peaks between      

-12-6 THz (70-200 cm ) corresponds to librational (restricted 
rotational) modes of PO  and CO  groups. And, the peaks 4 3

between 6- 10 THz are low energy optical vibration of O-Ca-O 
bending [20].   

Conclusion

       The CA powder was successfully synthesized via a 
simple in-house chemical technique. Superior quality and 
purity of CA powder was confirmed from EDS, Raman and XRD. 

0The signature of sintering (400–800 C) was systematically 
investigated using THz-Raman spectroscopy in both the 
terahertz (0–10 THz) & conventional Raman (400–1300 cm⁻¹) 
regime. The terahertz regime revealed collective translational 
and librational motions of Ca²⁺ ions and PO₄/CO₃ units, which 
are not accessible in the conventional Raman range. 
Carbonate substitution-induced lattice disorder was evident 
from peak broadening in the THz spectra for CA-600 and CA-
700, providing direct insight into structural dynamics and 
substitution mechanisms. With increasing sintering 
temperature, progressive decarbonation, and enhanced 
crystallinity, were observed. These findings demonstrate that 
terahertz-Raman spectroscopy serves as a powerful 
complementary tool for probing low-frequency lattice 
vibrations and offers enhanced sensitivity for identifying 
structural evolution in apatite systems. 
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