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Abstract 

In this paper, the structural, thermodynamic properties and phonon dispersion of thorium carbide 

are investigated through the density functional theory and the density-functional perturbation 

theory by using ab initio calculations within the framework of the plane-wave method. Ultrasoft 

pseudopotentials with GGA-PBE functional are utilized for the exchange and correlation 

potential. Thermodynamic properties of ThC are studied for the first time under the quasi-

harmonic Debye-Gruneisen model as was implemented in the GIBBS2 code. Structural properties 

including lattice constant (a0), bulk modulus (B0) and the first derivative of the bulk modulus (B0') 

are calculated by fitting the third-order Birch-Murnaghan equation of state, and comparing it to 

other theoretical and experimental works revealed a good agreement. The phonon band structure 

is calculated from the density-functional perturbation theory for the lattice constant and 

investigated experimentally. The obtained phonon gap was about 185 cm-1. It was observed that 

the Debye temperature decreases by increasing the temperature at a constant pressure while it 

increases by increasing the pressure for all temperatures. The Vibrational Helmholtz free energy, 

the Gibbs free energy, the adiabatic bulk modulus, and the isothermal bulk modulus decreased 

by\ increasing the temperature at a given pressure.  

Keywords: Debye-Gruneisen Quasi-Harmonic Model, Thermodynamic Properties, Gruneisen 
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 A���k�11C  �12C  �44C  ���% )*� �� .���� �9g	



   ����� ��	
� �
���� ��������	� ���12����� �2������  �1401                                                  54    

 

&R�� [�� -� ���W��� �� A���k� [*�$� ; 9u ���
 �9
� =R�� �� Q�9�� V9u /?$� j$P� &% ;,9,9B

�<� &2��4� /�� _	<� =��� ;@�,�@� S�9R .<,�
) ;�$�G) ^,�* _	<� �(E) �9��9� /2�, �(F 	 (

) ��$D,�����, $������A&� ( w*$P  $*- V�9u
;�<,9�  

g� = 	
� �v		 + 2v	��                                 19 

� = 	
Y �v		 − v	� + 3vSS�                          20  

� = �Em!
�EmR!                                                    21    

F = �Em1l
nEm                                                     22     

� = �UXX
UVV1UVW                                                     23  

 :�/���� :��;<=  

    ���(  �� �*�9  <����%�� − 3�� ;*��B �	$C �� 

225 ;� �9
2�� ;s�4� Q*�$� �� <d�	 _9
� �� 	 �9�
�'	��  .���� (�*�9  	 )�$%) � � 	� ��9RThC  A*

% ���� $� �9g	 8%$� ;2P@� ���R�� �0 ;,9* ���R�� &
rock salt  ;� � ��D*�g �� �*�9  ./��)0, 0, 0(  	

 ;� � ��D*�g �� )�$%)5/0, 5/0, 5/0(  �9
� �� .���� ��$X
 ;,9*ThC��D*�g )�$% �&�9C �� ���13  �*�9  	

/�PX9���� $� �9g	 8%$�14 ;� _���� ��<33% 
=@� �� �*�9  <����% ��9
� ����R��1  ���� ��+,

 /�� �<� =% �i$,� �2��4� ��$� ;,	$�@'� V�2��4�.
 <% Q�9  ;'�DO ;P��  �*$N, Z9O��O �� �9
�

 ; �2��4���� >9�,09%9�$15 ]14[ �4� �*�� $� V�2�
 	 /7  Y�9�� L	� -� ./�� �<� >��,� &�'	� _9u�

=��,��� &2� /B���� �2��4� �� �� ;�9R /X� &% ��
                                                           

13 Octahedral 
14 Face-Centered 
15 Quantum Espresso 
16 Perdew-Burke-Ernzerhof 
17 Monkhorst Pack 

 ./�� �<� ���W��� <,��� ;,	$�@'� ;'�DO 	 �i$,�
&2�=��,��� [�� [*$(  Z9O��O �� >$, \9B ���

	�$� �-��$������ �� &�B�* ���P -v	$�-j9K,-��16 
�� 	 _��2  =��,��� ��$�&,9�, A* .���� ��$X ;D��2 

(s3� p�(, -� ����$�� &� )J9
*$� _	� V�9u
12×12×12 �� L	� ��A� /��97,9� �<3�17  ��$�

 ./�� �<� >��,� ;,	$�@'� 	 ��C-�� �9R V�2��4�
(s3�� ���-��� ��*�9D'� �� )J9
*$� _	�-/
���<,�	18 

]15[ ^3*$��� ��$�19 _�$D�,� �$�C)K� -� .<� ;C<�
�C|;�20 Ry 01/0  1sX �i$,� 	 Ry 250  /Kg

 	 /�� �<� ���W��� Z9
s� ;*�$D�� &� �<���
&� ;,9�
���� �*$ ���9�<*9*� L	�21  �<� �$sX

 &�'	� <d�	 _9
� ��$� ;� � V���P �� V�2��4� ./��
 L	� Z9O��O �� ;'�DO ;P��  ;'U�R� �*$N, Q�9 

;sR ����22 ]16[  ���R�� V�2��4� ./�� �<� >��,�
�*$ �� 	 ;,9,9B ���9, Q�9  ;@���3*� ���

&,9�, p�(, -� ����$�s3� �� $*M��, ���% �( )J9
*$�
&�V�9u 4×4×4 ./�� &�B$C >��,�  

>�� 	 ?��75  

�
�5�
� 	 ���7��� ����   

=@�2  ��+, ��d [�d$� �� �9
� =% �i$,� V�$��� 
;� ;'��P  ��d $D,��� ���9�, )*� ���3�� &% <��)0V( 

;�$�  �*��, �� �<� &2��4� ����R�� S�9R ./�� 
]17�18[ *�_	<g �� &�*�(� /Kg $D1 .<,<� /��'  

&@2� /��c2 $� T�+� 	 ;��d _	<� ��  _	<� _	�
� &2��4� ;��d �<� L��8C ;�$�  $*��(� �� �<

&� ����� [� $  ��sR%03/0 �%8 	%6/0 �; &% <���

18 Mazrzari-Vanderbilt 
19 Smearing 
20 Degauss 
21 Davidson 
22 Linear Response Method 
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=@� ./�� V�2��4� /4u 	 /X� �<3�� ��+,3 
P  ��d V�$��� ��+B [�d$� �� �*�9  <����% ;'�� 

 ��3 ;� ��+, w
�7� ;*��� �-��;� .<�� �<��+� ��9 
 /��c ��+B A* �� ��� �*�8B� �� ;'��P  ��d &% �$%

;� �*�8B� �� ��+B �*�8B� �� ��d &% ;'�d �� <��*
;� �<�� ���% $N, ��9� ������ >��  �*�8B� �� .<3%

� � ���+B A*�8, $D*<@* &� <d�	 _9
� =R�� �� ��
;�@2� /��c 	 <,9�;� ���% & ���% &� $�3� &% <��*

;� &�'	� <d�	 _9
� ��d.�9� 

  
@
�1.  ;*��B �	$C �� �*�9  <����% ������$X <d�	 _9
�225. 

 
@
�2. &� �9
� =% �i$,� ��+B 	 ��� �� ��d V�$���  -� ;P��  V�9u
.$Wu  

@
�3. $� ��d V�$��� .w
�7� ;*��� �-�� <3O �� ��+B V�$���  [�d  

1	 =1.  /'�d �'��P� L-�$� -� ���W��� �� �<� &2��4� ����R�� S�9R
g��� f*$� >9�-.�9C�,�9�  

  

<����% ;@�,�@� S�9R 	 A���k� [*�$�  �� �*�9 
_	<g2 �<� ���� ��+, ]A���k� [*�$� .<,�11C  �44C 

 �12C &� _�@����D�C $Wu ��+B �� $*��(� ����� [� $ 
6/192 _�@����D�C �1/92 _�@����D�C  	7/100 

_�@����D�C ;�&� ;@�,�@� ���<*�� ���P� .<3��� V�9u
0>12C-11C  �0>44C  �0>12C+211C  w*$P 

;� ��+B �-�� �� �<� &2��4� A���k� [*�$� &% �9�
0-40 _�@����D�C ;� \<u �0 ��;� 	 <33% /WC ��9 

 ���R�� �� �*�9  <����% &%1B  ��$X ;@�,�@� _��P  ��
;� �<��+� .���� &% �9�11C  	12C  ��+B �*�8B� ��

;� �*�8B� &% ;'�d �� �<3��*44C  ���% ��+B �*�8B� ��
;�&� .<��*,�@� S�9R �	U?��+B -� <P� ;@� GPa 40 

&�;� ���% �$�D�+O �9a;� &% <3��* -� ;��, <,�9 
.<��� ;'���d� -�B _�(�,� �, �9�%�B ��$D,����A  $D,���

 ��<(� ./�� V�<��g �� A���k� ��$D,�����, ��8��
A  $��$� =��% �$D,���� ��9� ��$�1  $C� ./��A  -�

 ��$D,�����, ��8�� �<��� $�@O9% �* $�C�8� ��<(� )*�
;� 57+� A���k�;� .�9� &% �$% �<��+� ��9 A 

 �	<d �� ��+B �*�8B� �� GPa50 ;� ���% <��*
 �<�� �*�8B� �*�9  <����% ��$D,�����, �)*�$��3�

;�) �9��9� /2�, .<3%F �K� ���$������ -� ;@* (
 ��9� �� �� ;�K� V�?Ua� �$*- �/�� ;@*8�B9�$ 

;C
*	;� ��$X ����R� �� �<,9�� �	$�, ��� <d .<��
&� �9��9� /2�, ;*k�� 	 )�*�� [� $ 25/0  	5/0  ��$�

;� �8%$� ���	$�, �� V�<��g $D*� j$a -� .<���

B'0 B0 (GPa) a0 (Å)   

3/12 136 5/346 $��d ��% 

3/10[18]  125 [18]  5/344 [17]  ;�$�  ��% 
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;� �<�� �*�8B� ��+B �*�8B� �� �9��9� /2�, 	 <3%
 )�� -� ��+B _��?� �� ��	$�, ]��9� �8%$� /P�2a

;�.�	� ) ;'�DOT) ���� ���� �(6�/?$� 	 ( ���
_	<g �� ���+% Y�9�� ;�$? 	 ;'9a3  ���� ��+,

;� �<��+� ./�� �<��9� ��+B -� ��$������ )*� &% 

GPa40 ;� �<�� ���% <P� &� /?$� )�3r�� .<33%
) ;'9a ; 9uFQ);�$? ; 9u /?$� 	 (FO 	 (
V9u /?$� )Q�9��FG �*�8B� �� �9
� =R�� �� (

;� �*�8B� ��+B� � �<� A*�8, -� ;��, &% <3��* &� ��
;� $D*<@*.<���  

1	 =2. ) A���k� [*�$�ijC(  )^,�* _	<� �E ��$D,�����, �9�%�B � (
)A) �9��9� /2�, � (F) ;��d _	<� � (B .��+B V�$���  [�d $� (

 ^,�* _	<� 	 ;�$� _	<� �;��d _	<� �A���k� [*�$� ��@*)
;� _�@����D�C;� ��$D,�����, $������ 	 �9��9� /2�, 	 <��� <P�

(.<3���  

A � E G B 12C 44C 11C P(GPa) 

00/2  27/0  7/177  7/69  3/131  7/100  1/92  6/192  0  

9/0  29/0  2/223  4/86  8/177  5/116  9/82  4/300  10  

89/0 30/0  7/299  1/115  6/252  8/171  3/111  0/414  20  

87/0  32/0  0/286  4/108  9/262  5/184  8/102  6/419  30  

57/0  33/0  9/290  3/109  7/286  7/184  1/87  5/490  40  

37/0  38/0  2/155  3/56  4/212  3/145  4/37  7/346  50  

  

_	<g3. ) ;'�DOT) ;'9a ; 9u /?$� �(FQ ;�$? ; 9u /?$� � (
)FO) Q�9�� V9u /?$� � (FG) ���� ���� 	 (67 �*�9  <����% (
&�.��+B -� ;P��  V�9u   

����� ����
� � ����

� � ����
� � � � �

���$ ������ 

3/458  2/2850  
6/459

1  

8/255

9  
10/638 0  

0/505  8/3062  
8/505

4  

2/274

5  
470/11  10  

8/518  7/3454  5/5800/309038/12  20  

                                                           
23 Longitudinal Acoustic 

����� ����
� � ����

� � ����
� � � � �

���$ ������ 

7  2  

2/558  3/3275  
5/567

0  

3/292

5  
671/12  30  

9/557  1/3233  
4/573

4  

0/288

3  
149/13  40  

5/400  4/2292  
0/485

9  

1/203

1  
653/13  50  

E����  ����' �5�5�� F�G  

   <����% ;,9,9B w�a  &*$N, Z9O��O �� �*�9 
;'�DO ;P��  ;'U�R� ]19[  ���(  $� ���$��� ��<��� ��

/��c ��$� $Wu ��+B 	 ��� ��  �� �<� &2��4� �@2�
=@�4 -�� A* ./�� �<� ���� ��+,�  ���<� )��

 ���9, hC &� &% ���� �9g	 ;@���9%0 	 ;@����
 <����% ;,9,9B hC ./�� j	$P� ;,9,9B (&
u�B)
 &@2� /��c -� =u�d ;,9,9B ;C<3��� ��$� �*�9 

2��4� �	<d �� ���<(� ��<� &1-mc185  -� .����
s(, _9d ;sR ���B� A* $D*� j$a�  8%$� �� &% ���C

&(s3�&R�� ��$� ���� ��$X )J9
*$� _	� �� ; 9u ���
;'9a23 )LA;�$? ; 9u 	 (24 )TA �<��+� (

;� $��� �� )�3r�� .�9�Γ →X ;� ;3DK2  ��9 
&R�� �� �� &,�C	� ;�$? ; 9u ���1TA 	 2TA 

� ;@���� �,�%$B ��*8%�� .�$% �<��+�& �<�0 /��
 $��� �� �<� &2��4�Γ→L  ���<(� &% /�� ���� }�

	<d �� �  1-cm 483 .���� /'�d ;'�DO ;,9,9B ���
=@� �� �*�9  <����% �<� &2��4�5  �<� ���� ��+,

���-��� L	� -� ./��-_�$D�,� ��$� /
���<,�	 �$�C
 ;'�DO ./�� �<� ���W��� )J9
*$� _	� �(s3�

/'�d ;,9,9B ���ThC  ���(  ;��P �� ��d�, 	� &�
;�.<,9� ;� ��+, �9
� ;��P �� w�a 8�'�,0 �� &% <��

;�,�%$B �-��       1-cm185-0  �*�9  � � V���P ��

24 Transversal Acoustic 
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�� ['�o-�� �� 	 <3��  �	<d �� �,�%$B1-cm -185

480  ./�� )�$% � � -� ;��, n� <�? ;� � V���P ��
&R�� 	 �*�9  � � V���P �� &� T
P�� ;@���9%0 ���
&R�� )�$% � � V���P �� &� T
P�� ;@���� ���

;�)�D3� )�$% � � -� �*�9  � � �$*- �<3��� /�� $ 
.���� �$��% ;��P �� �,�%$B )*�$��3�  

  

@
�4.  &2��4� ;,9,9B ���9, ���R��.�*�9  <����% ��$� �<�  

  
@
�5. .$Wu ��+B 	 ��� �� ;,9,9B ��� /'�d ;'�DO  

E����  ����' �
���
������ ���� 

   /R9� �$@
�? ;��*-��&��� ��� [
X =R�� �� ��
 	 ��� �� ;@���3*�9�$  S�9R �2��4� >8
��� �9�%��
 ;@���3*�9�$  S�9R �2��4� �� ./�� w
�7� ��+B

;�;
�
4  ��9   ��$� .�$% &J��� �� ��$C &� ��9� ���� -�
�&3��% <*�� �<��� �;@���3*�9�$  S�9R ���	0 /��� 

&?9��� �	� �� �9
� =% �i$,���d -� �� ;'��P  ���
�&&
�g <3O A* L-�$� �� ��� ��	0 /�� $� ��    

E-V  ��-0 �i$,� .�$% &2��4� �� �2�C ��-0 �i$,�

) ;��P �� 8�'9K�
��J��∗/��% -� ;@* ( �K� ���
&,���� ���<*�� ;��$� ��$� ;@���3*�9�$  ���

�9�,09%;  /4  ;��P �� 8�'9K�
� ��-0 �i$,� ./��
���� ^3���� &2� _<�– V�$���  [�d$� )��,	$C

=@� �� ��+B 	 ���6 ;� ./�� �<� ���� ��+, ��9 
 &% �$% �<��+��J��∗  ��� �*�8B� �� /��c ��+B A* ��

&�;� �<�� ���% V<� ���� A* �� &% ;'�d �� <3%
;� �*�8B� ���+B �*�8B� �� /��c ��-0 �i$,� ���% .<��*

) ;��P �� 8�'9K�
��J��∗ = 
J�� − �� -� ;��, (
 �K� �<� $�C�8�TS –  �<X &O$� ./�� ��� �*�8B� ��

K�
� ��-0 �i$,� ;��P �� �K�&� 8�'9 ;W3� $*��(� /��
 �*�8B� .���� �$�+�� ���<*�� ��9
� ���R�� <3% =��

 �K� ���% 	 ���� ���� �*�8B� /?�� ��+BTS– 

;� )*�$��3� ��9��J��∗ ;� �*�8B�.<��*  /����d�J��∗ 
 &2� _<� �$*- /�� $�+�� $ k�� ������ �� ��+B &�

���� ^3����–� � )��,	$C&� �� �� V�9u
;� ���9, _��P  �s(, _9d &% ;*��$D,��9, �� <33%

;� $N, AO9% )�*�� ������ �� ���9, �3��� .�$�C
 ��-0 �i$,� �	� ;,�<3O $�ct  ��+B �*�8B� 	 /��
 k�� ������ �� &% ;'�d �� ����<, ;��P �� 8�'9K�
�

;� $�+�� ���9, &3��� V�$c� ��+B �*�8B� 	 �9�
&��g$��	� �� �� �J��∗ ;� k�� ������ �� �$*- ����MC

;� =*<2  ^3�����, V�$c� &� ^3���� V�$c�.<,9�  

  
@
�6. &� 8�'9K�
� ��-0 �i$,� ;��P �� �K� �� ��+B -� ;P��  V�9u

�-��.w
�7� ;*��� ���  
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 _<� /4  �2�C ��-0 �i$,� ��+B 	 ;*��� ;D����	
���� ^3���� &2�–=@� �� )��,	$C7  ���� �*��,

 &% /�� ���	 ./�� �<�*G  A* �� ��� �*�8B� ��
;� ���% �/��c ��+B;'�d �� <��* ���� A* �� &%

;� �<�� �*�8B� ���+B �*�8B� �� /��c ���% =�'� .<3%
 �*�8B� 	*G  �i$,� &% /�� )*� ��+B 	 ��� �*�8B� ��

&� ��+B 	 ��� �*�8B� �� ;��P �� 8�'9K�
� ��-0 [� $ 
%;� �<�� �*�8B� 	 ���.<3% =@�8  ;,	�� �i$,�

 ��� 	 ��+B V�$���  [�d$� �� �*�9  <����% ;��P ��
;� ��+,;� .<�� &% �$% �<��+� ��9 vibU  �*�8B� ��

&� /��c ���� A* �� ��+B;� �*�8B� 8�O�, V�9u <��*
&� )�P� ��+B A* �� ��� �*�8B� �� &% ;'�d �� V<�

;� �<�� �*�8B�% .<3  

  
@
�7. .�2�C ��-0 �i$,� ��+B 	 ;*��� ;D����	  

  
@
�8.   [�d$� ;��P �� ;,	�� �i$,�.��� 	 ��+B V�$��  

  

) A� ���*�0 ;��d _	<�sB 	 ��� V�$���  [�d$� (
=@� �� ��+B9 ;� ./�� �<� ���� ��+, �<��+� ��9 
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