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Abstract 

In this study, the electronic and optical properties of the compounds HgAl₂S₄, HgGa₂S₄, and CdAl₂S₄ were 
investigated by solving the equation of motion of the two-particle Green’s function and the Bethe-Salpeter 
equation (BSE). This was achieved using the augmented plane wave (APW) basis sets and the full potential 
method, and the results were compared with those obtained by the random phase approximation (RPA). All 
three compounds are semiconductors with direct band gaps at the center of the Brillouin zone, with GW 
values of 3.412, 2.644, and 3.79 eV, respectively. The optical responses of these materials differ for 
polarizations parallel and perpendicular to the direction of light radiation, and consequently, the materials 
are anisotropic. In the dielectric functions of the three compounds, the presence of strong excitonic features 
in the band gap region and beyond results in the modification of the one-particle responses of the materials. 
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 Bethe-Salpeter equation 
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<�=2. U�(�+*4 ���92 ���D�� )a(  4S2AlHg �)b (4S2HgGa 	 )c( 4S2CdAl�  Z0*.4 ����� =4����� sol-PBE-GGA  yD) (/�l	  �������  

GW (*� yD) .  
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<�=3.  %-�N :-�Cl U�(�+*4 :2	*�B-� ���4S2XHg )X=Al, Ga (	 4S2CdAl � Z0*.4 ��sol-PBE-GGA.  

:� ��  �k*2�  �����92  :-�����	�  '0 94  :-�Cl <�
34   �  ��94
 %-�N�  :2	*�B-�  ���,<B�  .��	&  %��3  :�  ��12 ,+  ;��

 �� �� �k*2� �����92�  15-    �4eV  10-    �:�9�-�? Z�+*4 ��
 %-�N  <���  ���s  �9S-9�  �4�    	d   �4�	  �9�a  ���   @9�-�?

 �� /0� �@9�)��9-& <��� U�(�+*4 �� .%���   <��� n�4;�A �k*2�
 %-�N  ���s    �I� 	 �9S-9� �4�:�+    Uv�N  �d    ,M��	 8
>

  	sp     �  .%��  @9�)��9-&  �4�7-    �4eV  3/4- ��  �;�A �I� �
 %-�N  ���s   �4�  �  8�2 	 @9�)��9-& 	 @9�-�? ���d    ,M��	 8
>  �

  %0*��9B-�+  ��*�  :�*>   �*4  �	���  %�>*X  ��� �*4  .%��
�9����+:   %-�N   �  <B1��  ���p  �;)���  �9S-9�  �4�   ��

:-�N�9�a  U�(�+*4  ��*�  ,+;IA  *�  ���8��  �.2  /0�  ���� 
 %-�N  ���p    	  �9S-9�d   %-�N .%��  �9�a  ��  �k*2�  ���

\�����	� <��� n�4;�A 8�2 �2���  �*4  ���s  8
>U�    	 ,M��	p 
�k*2� �� 	 �%�� �9S-9� �� �� *4v�� ����  5    �4eV  10    <���

\�����	�  ���p    @9�)��9-&�0   ,�  @9�-�?  ��*��p  8
>U�    ,M��	
 .%��  

�������	   �
��  

   :?
0	  ,����  ��  ����92 %0*��9C-�+  �0��  *�  5`�2  ��� �  
  	  @9����+:�  :��*�  �9�a  '��4  �9o)�  /0�  ��*�  .��*?

��  Z0*.4 	� �� U�(�+*4 =0*�B-�RPA    	BSE,� ,+ � Z�4*4
 Z0*.4  :0��”�	;�“    	”��“     �  <Y�N  U�*f�  ��*+  ��3-
 %Sa*SN  	  :-�.�2�  �	*�B-�  :?;��  ��a*�  \�.�2�   �  �;2��

,�  �0  ��	*�B-�  _���  ��  :29���+�  U�*f�  :4��(A��92    �%��
��3�:� ,�0�.� 	 ,(  .��*?V�W   � <Y�N ���BSE    � ��

  ��364  \��A�GW  �;�  <Y�N  :2	*�B-�  �����92  *�  .;2�
  U�L-�M�  �	;L���92    ��  ,L-�M�  ��9�  U�(�+*4   �  �9a9�

 p9l��lDFT s�`� :��*� =0 @	8- �/0�*��)� 	 %�� �� *4
  p9l��lMBPT  :� r��N�  <�
34 ��*� ,B)0� /�h .��*?

V�W  :�*�4  ���  :4&,� Uv�.�2�  *f�  z1)�  *��S4  �9o)�
 V�W  �*o2  :��*�  �:2	*�B-�s�`�  p9l��l  /0�  ��  �� *4 

,� ��	*h:� *o2;��.  
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<�=4.  ,S-|��� �xx  (v��) %��`4 :.�.N ���9 �� '���(�+*4 =0*�B-�) Ua (4S2HgAl ) �b( 4S2HgGa) 	 �c (4S2CdAl� ��  �� r��` ,S-|��� �

zz ,� U�(�+*4 /0� (/�0��) )  � Z�4*4d) �4 (f�(  Z0*.4 	� ��BSE+GW �� yD) 	 (*RPA   yD)(/�l .

<B�4   %��`) :.�.N ���Re ε(ω)  	 (<B�5   %��`  ���
) :�9�9�ε(ω)Im  �� '��4 ( =0*�B-�4S2XHg  	4S2CdAl 

:�  ,�0�.�  ��*(��2  Z0*.4  	�  ��  ��,�  .;)+ ���.4  <�-�
 %��  ̀ � =0 *� �U�(�+*4 :�9?��Il  :�9�9� 	 :.�.N ���

�� '��94�(M` ��*� <.��� *6)A 	� ����� =0*�B-�  ���xx 
  	zz   %Sa *f� ,+ :0��2&  � .;)���:?;��	*�B-� ��� -  �*SN

�N�2  ��  n�4;�A�    :2	*�B-�  [�?  �k*2�  ,a94  <��`  �%��
V�W  ����92�4  	  ,�N�2  /0�  U�	���  ��  �  �k*2�  eV8  

�;�  ,�0�.�.;2�    *0��.�(0)xxε Re   %��f��  ���  =0*�B-�
  �(M` ��*� =�4����xx  :� �;���2  Z0*.4 �� ,+ ;29�RPA 

  ��*�4S2CdAl  �4S2HgAl    	4S2HgGa  ,�  ��  *��*�  Z�4*4
277/0  �321/0    	178/0   @9�-�? ,� @9�)��9-&  � *0��.� /0� .%��

:�  �0�8>�  �9�a  ,�  @9����+   �  ���  ����+  Z0*.4  ��  .;)��0
BSE %��f  ���  ���  ��  *��*�  =0*�B-�346/0  ��*�  Z�+*4  

�9����+:�    	40/0    	193/0    ��*�  U�(�+*4�9�a ��   @9�)��9-&  �

  @9�-�? ,�� r��  ̀�� .%���  RPA  �� *0��.� /0� �BSE   �0�8>�
,�>�0;2�,�  ��� :?
0	 ,+  �)L� /0�  :10�8>�  U�(�+*4  =0*�B-�
 %�� %��f  ���+  .�� ���  @9�-�?  ,�  @9�)��9-&   �  =0*�B-� 	

  �9�a ,� @9����+  � �& �0�8>�  ��BSE   %�� ��*`*� 8�2 /�h �
,B)0�   ��*�  :S�W  ��*C2�����2  ���  U�(�+*4�    ��  *�1��
��B�,)�1�� �k*2�  :S�W :?;)��� �� *��+ 	 :S�W ���  <��`
,a94  �  Z0*.4 �� ,l*?� .%�RPA    *6)Aω)(xxε Re   Z�+*4 

4S2HgGa    :N�92  ;`�>  �/0�*��)�  	  �%(��  *0��.�  �����  �I)4
  pKa �� ,A9)���92  Z0*.4 �� ��� �%�� �BSE   ;2	� /0�

:�  *��q4 ,�  �;)+,29?  	�  *�  ,+  ��S-|��  xx    	zz   '��94
���� =0*�B-��    ��*� ,A9)�� �k*2� :N�92 ����� �U�(�+*4

  pKa�92  �9�a ,� @9����+  � � �� /0� :S�W ��)I� ,+ ;)��� �  
:�  ���+  @9�-�?  ,�  @9�)��9-&   �  8�2  		dA  .;��0  �*�    �/0�

  ��  :S�W  ������D��BSE    ,�  %(�2RPA  �k*2�  �� ���
/�0��*4 �;� ;�-94 ��.;2�  



   ����� ��	
� �
���� ��������	� ���14����� �4 ������ 1403                                                              76    

 

  
<�=5.  ,S-|� ���xx  (v��) %��` �� '��94 :�9�9� ���) U�(�+*4 =0*�B-�a (4S2HgAl) �b (4S2HgGa) 	 �c (4S2CdAl�   �� r��` ��

 ,S-|� ���zz  ,� U�(�+*4 /0� (/�0��) )  � Z�4*4d) �4 (f�(  Z0*.4 	� ��BSE+GW �� yD) 	 (*RPA  yD)(/�l .  
  

<B�  ��5   %��`��  '��94  :�9�9�  ���  U�(�+*4  =0*�B-�
  [�? .%�� �;� ���� ��12�92   ��� \�.�2� /�-	�  � ��12 ,+ �

  �2���  ��� �*4  ,�  %�>*X  ��� �*4   �  :2	*�B-� %��  �  ��
  Z0*.4RPA  ��1l �0�8>�  @9�-�?  ,�  @9�)��9-&   �  �  	  �*�?

:� ���+ �9�a ,� @9����+�� ��*� 	 ;��0�   [�?  � U�(�+*4
.%�� *�?�8� :2	*�B-�  :10�8>� ;2	� /0�   @9�-�? ,� @9�)��9-&  � 

D*�  [d  :1��+ ;2	�U�(�+*4 :2	*�B-� [�?  ,��1�   ��12 	
 �  �9a	   �	\����� �	*�B-�  \�.�2�  ��*�   ���*�x  ���  

)Sp→Gap (     �M.2 /0*4v���  /�0��  ,� %�>*X ��92 ,M.2 /0*4
�2���  ��92    p9l��l  ���92�`  :(M`	�    Z�+*4  ��

4S2HgGa  .%��    [�? *0��.� �92  U�(�+*4 ��*� �4S2CdAl  �

4S2HgAl  	  �4S2HgGa    ��RPA  ,�  ��  %��  *��*�  Z�4*4
944/2�  580/2    	eV  537/3  .  Z0*.4  ��  *0��.�  /0�

BSE+GW  ,�  ��  *��*�  Z�4*4763/2  �215/2  	  �eV  250 /3  
  .%��  ��364  �9a	��GW  [�?  *0��.�  ��92  Z0*.4  ��  �
BSE    *0��.� /0�  � ��    Z0*.4RPA    .%�� *�Bl9+  ,l*?�
  ;2	�:
+    [�?�92  Z0*.4 �� �BSE  :� ��*B4 8�2  ��� ���*?

  �:2	*�B-�  [�?   �  *��+  �k*2�  ��  :N�92  ��  Z0*.4  /0�  ��
  �  ��12  ,+  %��  �;�  ;�-94 ��  :S�W  :0�����D��

��*��)+  �*SN  	  �	*�B-�  /��  �9`  ��� :�;���  /0�  .

�+  ������D��,)�1��  �k*2�.;)���  :29���+�  ���   )�1�� �  
�+  �k*2�  ��  �9a9�  g�S4��eV  258/2  ��  S-|��  xx   %��`

��4 :�9�9�'  ��  =0*�B-�4S2HgAl  S-|� �� ,+�  zz   '��4 /0�
 %��  Z0�x  	    V�W  ��RPA    ��;12  ;�-94 ��  ����D��

:29���+�  v�� *C2��92 U�;` ��  �N�2 8+*� �� ,+ %�� �   \	�
 /H9
0*� :Lh9�:�;��� � 	 \�.�2�  � <Y�N:2	*�B-� ��.��� 

   �  \�����	�d   �9�a    ,�   � �;0*(��\�����	����  s  �4� /0�    	p  
  @9�)��9-& �4�M.2 ���  Γ  .%��    	�*C0� :S�W ���D��  8�2    ��

�k*2����  15/3    	eV  312/3    z1)� /��� �����  \�.�2�;)���  �
� /0� 	,,� *W�DM.2 �� %�>*X ��92 :C2�?�  Γ  .%��  )�1�� �  

  �k*2� �� v�� U;� �����eV  510/3    %�� :S�W ����D��
  [�?  � *�1�� �k*2� �� ,+GW     � \�.�2� �& z1)� 	 ���� ��*`

  \�����	�p �9S-9�   \�����	� ,�s �9�a�    �� ,M.2  /�� ��N   	H  
.%��  S-|�  U	�S��  n��(�2  ���>�:  zz  ��  '��4 =0*�B-�

4S2HgAl    ��9
�  ��*C2�����2   �  ��12 .����  Z�+*4  /0�  
  �k*2� �� ,S-|� /0� �� :S�W ���D�� /�-	�eV  21/3�    /�-	�

)�1���  :29���+�  .M)� �� '`�	�    [�?GW    \�.�2�  � <Y�N 	
   � :2	*�B-�  \�����	�d    \�����	� ,� �9�a �4�p    �4�  @9�)��9-&  ��

M.2� Γ .%��  
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  ��9� �� :S�W ���>� /0�4S2CdAl    8�2�*�1�� U�;  ̀��   ���Y  
  ,+ �)L� /0;� �%��S-|� ���  xx  )zz(  �,)�1��  :S�W ���	  '`�

�k*2� ��  ���64/2  	  eV  59/3   )99/2  �59/3 	 �  eV78/3  (  *0 
  :2	*�B-�  [�?  �k*2�  ��  �9a9�  ���D��  	eV  11/4  

)eV76/4  ( :29���+� z1)� �����   � �9` *C2��92 U�;` �    ��9�
:2	*�B-� Uv�.�2�  � <Y�N 	  ��.���    \�����	�  �d  @9����+   ,�

  � �;0*(�� \�����	�s  �4� /0�  	p  @9�)��9-&M.2 ��� Γ  .%��  
�,  �� *�?�8� ���92 [�? <�-�4S2CdAl �� :29���+� U�*f� �

�9`  Z�+*4  /0�  /0�  ��  �*�1��  :29���+�  ������D��  	  *4
 �;��1� <��` Z�+*4 .%��  

  Z�+*4 ��*�4S2HgGa    ,l*?� .%�� U	�S�� :+;2� y0�*�
-��L� <N�  BSE    Z�+*4 /0� ��92 _��� :
+ cdY� ,� *�)�

  Z0*.4   �  <Y�N _���  ,�  %(�2RPA    �I)4  ���  �%��  �;�
S-|�  ��  :29���+�  ���D���  xx  )zz U�;` ��  ����D�� ��&  (

��B� �� 	 :2	*�B-� [�? ���	 (�9`) V�Lh *C2��92  �k*2�
eV71/3  )eV59/3   �  �;0*(��   �  \�.�2�  �&  z1)�  ,+  %��  (

  Uv�Ns    	 @9�-�? �4�d    Uv�N ,� :�*>  �*4 *0  �9�a �4�
\�q��;12�  p   �4�:� �9S-9� 	 @9�-�? ���.;���    /0� �/0�*��)�

  U�;  ̀�� U	�S4  pKa V�W :
+ ;2	� 	 *C2��924S2HgGa  
  %�A9)��  *�  �	dA  .���  %(�2  @9�-�?  �4�  �9bN ,�  ;0��  ��
  @9�-�? �9bN �:(M`	� Z0*.4 p9l��l �� :2	*�B-� \�.�2�
 *������  �0�8>�  ,�  *�)�  *�1��  �9�4�C2	*�B-�  	  :�4�  �;A ��
  %�>*X �����92 �� :2	*�B-� Uv�N '0 94 �� cdY� �,B(�

 >� �9A �� 	 �:2	*�B-� [�? ���+ ��2��� 	  [�? �0�8
:� ��o�2� /0�*��)� .%�� �;� ��92�9���+� :C��� ,+ �	�  ��

�&  *C2��92  U�;`  	V�Lh  Z�+*4  /0�  ��  ��  *0��   �  *4
.;��� ,L-�M� ��9� U�(�+*4  

<B�6   %��`���    :.�.N  :�9�9�  	4 9  :?;)2���  '��
 :B0*�B-�,L-�M� ��9� U�(�+*4 �� Z0*.4 �� �������  BSE  

:� ��12.;��  �` %�:�9�9� 	 :.�.N ���  '��4    :?;)2���
�:B0*�B-�  -��L� s0*W  ��  �*0   ,�  Z�4*4 %��  ̀�����   :�9�9�  
:.�.N 	 �� '��4 ~�(4�� �� =0*�B-�:;)���  

Re σ(ω)+i Im σ(ω)= ω/4π×[Im ε(ω) + i (1-Re ε(ω)] 4       

  �,-��L�  /0�  r���  *�  :S�W  ������D��V�Y94  ��  �;�
 %��`  :�9�9�  ���  (:.�.N)��  '��94  �U�(�+*4  =0*�B-�

,��2��  ����� %��`  ��  *X�)��  :0��  :.�.N  ���  (:�9�9�)
  .%�� :B0*�B-� :?;)2���Re σ(ω)  )Im σ(ω)(   '��4 �9t��

Im ε(ω)  )Re ε(ω) /��L4 (;))+�  �92 pKa   )�(M`�*0K� ( 
 %��.    �,M���  /0�  ��  s��M� :�9�9�  %��`  ��  :S)�  *0��.�

,�  :?;)2���  '��94
�a �  -��L�  ��  *D&�4    	 ��  *��  ~9MD  
 %��`)  ���a)  �4  (c<B�  (4  :�*���*?  .�&   �:0�a  ��  ,+

 *��*+  Ud0;(4-��  ���2	*+�    <��`  ����  *�  ��92  '��94
�%�� ,(��3� 	 :��*�  4 <��+ �0��2 *� �	dA9  :?;)2��� '��

<B�  ��6  �  ,����  �� %��`  V�Y94  ,�  �I)4  :.�.N  ����& 
:�  .�0 ��*�  /0�*��)�:
+  ;2	�  ,��14  Im ε(ω)    	Re σ(ω)  

4z-��L� �� s��M4 	 U�(��3� %3Y *� �;�0�4    �/�)t�� .%��
,)�1��29���+�  ���V�Y94  :��  �;�   %��`  :�9�9�  ���

��  '��94 =0*�B-�    U�(�+*4:N�92  ��    ����92  [�?  [�*W�
,��2��  ����� %��`  ��  *X�)��  :0�����    :?;)2���  :.�.N

.%�� :B0*�B-�    *SY*�x *0��.�Re σ(ω)    =0  � �� 8�2  [�?
 92:� ��0��2 ��;29� . /�-	��k*2� �� *h�N ������D��  ���

4S2HgAl  �4S2HgGa  	 �4S2CdAl  ��  ,S-|�  ���xx  )zz  � (  
Re σ(ω)   ,�  Z�4*4,)�1�� ,�  �� :29���+� ���Im ε(ω)    y(4*�
  ,+ %��  Z�+*4 *� ��*��k*2� �����  258/2  )21/3(  �71/3  

)59/3( 	 �eV 64/2 )99/2 (���� ��;2�.
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<�=6.  ,S-|� ���xx  (v��) %��`) :.�.N ���D y*��) :�9�9� 	 (D y/�l :?;)2��� '��94 () U�(�+*4a  (4S2HgAl) �b (4S2HgGa) 	 �c (

4S2CdAl�  �� r��` �� ,S-|� ���zz ,� U�(�+*4 /0� (/�0��) )  � Z�4*4d) �4 (f�(  Z0*.4 ��BSE+GW.  

<B�7    ��9� U�(�+*4  :2	*�B-�  �k*2�  [d4�  V�W *C10��2
 =4  Z0*.4  	�  ��  ,L-�M���  	  ������   �  <Y�N  	  ���

��*� B0��� ���1+�2 �)+�    :W �& �� ,+ %�� ���� 	 :2	*�B-�
 :�  %��   �  �k*2�  ��	*>  �	*�B-�  :S
�7�  ���;)0�*>  .;��

M����  �� '��4  ��  V�W /0��  ����  =0*�B-�,  U�9YL(ω)=-

Im(1/ε(ω))  :�  �;��1�  .%��  <N ,+  �9�BSE    ,�  *�)�
�1l cdY�=4 _��� *�? U;� �� �� ��� �� 	 :S�W ���

,)�1�� .%�� �;� ,S-|� 	� *� �� *C2��92 U�;` '0 94  ���
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