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Abstract  

 

Using the Bogoliubov de-Gennes formalism, we investigate the charge and spin-dependent thermoelectric 
effects in ferromagnetic-superconductor graphene junctions with and without Rashba spin-orbit coupling. 
Results demonstrate that despite normal-superconductor junctions of graphene, there is a temperature 
dependent spin Seebeck both in the graphene-based ferromagnetic-superconductor (F-S) and ferromagnetic-
Rashba spin-orbit region-superconductor (F-RSO-S) junctions. Furthermore, we obtain significantly large 
figure of merit for spin thermopower in the presence of Rashba spin-orbit interaction and the charge and spin 
Seebeck coefficients can reach to their maximum up to 3.5 kBe and 2.5 kBe, respectively. Remarkably, these 
coefficients are tunnable with respect to magnetic exchange field and chemical potential. These observed effects 
disappear when the Rashba coupling is absent. These results suggest that graphene-based superconductors can 
be used in spin-caloritronics devices. 
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)�    (             ൬ܫ௖௛ܫ௧௛൰ = ௐగమℏߝ݀׬ ቀߢܩቁ ఙܰሺߝሻ[ ௅݂ሺߝሻ − ோ݂(ߝ)]  
��Z]�Ê³|À¿Z���\�u��]�Ä¯)ܩ = ఙܩ + ఙഥ (�Á�Ê³|À¿Z���ÉZ»�³ܩ

ߢ( = ఙߢ + �ఙഥ (¾Ìb�Yߢ Ä]� Äf�]YÁ )ߪ = തߪ,± = �«�Ê)ߪ− Ã{Y{-

|¿Â�.�Ä�]Y�� �{ÓZ]�É ௅݂,ோሺߝሻ��d¼���{�­Y�Ë{�Ê»�§��Ë�Âe��]Ze
d�Y�� Á�`q�� Á� µZ�eY஢ܰ = ȁߝ + ߤ + �ℎȁ�d·Zuߪ Ê·Z´q�ÉZÅ

d�Y�¾Ìb�Y�Ä]�Äf�]YÁ.���]YÁ���Y��Ì¿�ÊËZ»�³�Á�Ê°Ë�f°·Y�Ê³|À¿Z��
Ê»�d�{�Ä]��Ë�|ÀËM:  

)�         (
ߪܩ = ݃0 ׬ ߙ݀ߙݏ݋ܿ ቆ1− σ ቆหߪܰݎ′ห2 − ቚߪܣݎ′ቚ2ቇߪ′=± ቇ+ߪߢ2ߨ−2ߨ = ݃0 ׬ ߙ݀ߙݏ݋ܿ ቆ1− σ ቆหߪܰݎ′ห2 + ቚߪܣݎ′ቚ2ቇߪ′=± ቇ+2ߨ−2ߨ
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�Á�¾Ìb�Y�Ä]�Äf�]YÁ݃଴ = 2݁ଶ ℏൗ�d�Y�Ê³|À¿Z���ÉZf¿YÂ¯. �Á{��³Y
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���»� �{�Ê»Âf¿YÂ¯� {�]Y�e�\ËY���d�Y� Ê§Z¯� ,d�Y� µZ�eY� �{� �Z]
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d�Y�Ã|��Äf�Y|Æ´¿ .�,Ê°ÌeZ¼���Â��Ä]�­�f�»�¶�§�Ä]�ÓZ]�¾Ìb�Y�Z]�Ê¿Á�f°·Y
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�Z¿Z���]Y�ZË��Ì�ZÀ¤»Á�§�ÁH��Â¼n»�ÄÌuZ¿�Ê¿Âf¸Ì»ZÅ���Ì�ZÀ¤»Á�§
ிܪ( = ሺݏ௭ ⊗ ��)଴ሻℎߪ ÉY�Y� Ä])ݔ ≤ 0(�Z¿Z���]Y� ,
ௌܪ( = −ܷ଴ݏ଴ ⊗ �) ଴ߪ ÉY�Y� Ä])ݔ ≥ 0 (�­Y�Ë{� Ê¿Âf¸Ì»ZÅ� Á
஽ܪ( = ௫݇௫ߪ)ிݒ଴⊗ℏݏ + � .௬݇௬) (d�Yߪ ÉZÅ�f»Y�Zaݑ�� Áݒ���Ì¿

�z]� Ã|ÀÅ{� ½Z�¿Ã�¨u� Á� Ê¿Á�f°·Y� ÉZÅ� kÂ»� �]YÂe� ÉY� Áߪ௜��ZÅ
�Ë�eZ»� Ê·ÂWZa� ÉZÅ|Àf�Å.�ÄÌuZ¿� �{��¥Z³� �Y|¬»� �Ì�ZÀ¤»Á�§

Ê»� Äf§�³� ��¿� �{� �¨�� �]Y�]� ÊËZ¿Z���]Y�Z¿Z���]Y� �{� Á� {Â� ∆(ܶ) = ∆଴݊ܽݐℎ(1.76ඥሺܶܿ ܶΤ ሻ− 1)�� ½M� �{� Ä¯� d�Y∆଴��¥Z³
� �{� ÊËZ¿Z���]Yd�Y� �¨�� ÉZ»{ .©Â§� Ê¿Âf¸Ì»ZÅ� ½{�¯� É��«� Z]�,
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ߝ                               )�( = ிߤ± ± ቀሺ݇௫ிሻଶ + ൫݇௬ி൯ଶቁଵ ଶΤ ± ℎ   

)�         (å = ൭ȁ∆ȁଶ + ቆߤௌ + ܷ଴ ± ටሺ݇௫ௌሻଶ + ൫݇௬ௌ൯ଶቇଶ൱ଵ ଶΤ
   

��{�É��»��ËY���µZ¼�Y�Z]ݔ = 0  Ê»�\ËY���½YÂe�Á�µZ»�¿�[Ze�Z]
{�¯�Ä^�Zv»�Y��ÂË�|¿M )��m�»��{�cZ^�Zv»��f�Ì]�cZÌW�u]��[(.  

¶°��Á����ZÌ »� �Y{Â¼¿� Á� ¾Ìb�Y� Á� �Z]� ®^Ì�� \Ë��� cY�ÌÌ¤e
Y��¾Ìb�Y�Á��Z]�Ê´f�ËZ� �Ì�ZÀ¤»Á�§�ÄÌuZ¿���ZÀ¤»�\�u��]��Ä]

� Ã|��µZ¼�Y� ÊËZÌ¼Ì��¶Ì�¿Zfa� Á� Z»{� �ÌÌ¤e� Z]�\Ìe�eÊ»� ½Z�¿|Å{ .
½Z¼ÅÊ»�]�¶°���Y�Ä¯�Ä¿Â³�Ê�Ì�ZÀ¤»�Ê·{Z^e�½Y|Ì»�[ZÌ£��{� ,|ËM
��{d�Y��¨��ÊÀÌb�Y�®^Ì���iY�,�Ì�ZÀ¤»Á�§�ÄÌuZ¿.  

  

  
¶°�� :��Z]�®^Ì��\Ë��)ܵ௖௛ (�¾Ìb�Y�Á)ܵୱ୮ (�¾Ìb�Y�Á��Z]�Ê´f�ËZ���ZÌ »�Á

�µZ�eY��{���ZÀ¤»�\�u��]F-S .��Y|¬»�ZÅ�Y{Â¼¿�¹Z¼e��{ߤ = 1.0 ∆଴��Á
�µZ�eY����Á{�ÉZ»{�¥ÔfyYܶ ܶܿΤ = 0.1�d�Y�Ã|��Äf§�³���¿��{.  

  

��Ì�ZÀ¤»Á�§� ¶Ì�¿Zfa��ËY�§Y� Z]ℎ��Á� �Z]�®^Ì��\ËY��� �Y|¬»� ,
Ê»� �ËY�§Y� ¾Ìb�Y|]ZË .�ÉZÅ�YÂ¿� �Ë�� Ê´f§Z°�� ¶Ì·{� Ä]� �iY� ¾ËY

¶»Zu� Ê·Z´q� Ä¯�d�Y��Ì�ZÀ¤»Á�§� ÄÌuZ¿� �{�ÊÀÌb�Y��{� �Z]� ÉZÅ
Ê»��ÌÌ¤e� Y��Ê»�§�t���c�ÁZn»|Å{ .½Y|Ì»��{�±��]�Ê·{Z^e�ÉZÅ

� �Y� �e∆଴�Ê»� �ËY�§Y� Êe�Y�u� {�]Y�e��ZÌ »� d¸�� ¾Ì¼Å� Ä]� ,|]ZË
Ê»�¶Ì»��¨��Ä]�Á�Ã{Â]�Ê�ÅZ¯�|¿Á��ÉY�Y{�½M���ZÀf»�Ê´f�ËZ�-

|À¯.���Ë{Z¬»�ÉY�]ℎ ≤ ∆଴�Ê»�º¯�Ê°Ë�f°·Y�Á�Êe�Y�u�{�]Y�e�Á�{Â�
ÄnÌf¿��{d�Y{�|ÅYÂy�Ê�ËY�§Y�|¿Á��Ê´f�ËZ���ZÌ »�½M�É .½M��Y -

��{�Ä¯�ÊËZm¾Ì§Y�³�¶Ì�¿Zfa��Y|¬»�,�ÊËZÌ¼Ì�ì��ºÌ�Àe�Á��ÌÌ¤e�¶]Z«
Ê»� ,d�YºË���½YÂe�\Ë���d»Ô��Á��Y|¬»�½M� �{�Ä¯�d§ZË�ÊËZÅ

ÄÀÌÆ]�®^Ì� |�Z] :¦·Y (�¦Ì ����ZÀ¤»�ºË��)ℎ ≤ ∆଴ :(�¾ËY��{
� Ä¯� Êe�Â�� �{� ºË��§Y�³Ì¾ Ã|ÌËÓM�� |�Z]� Ã|���Ë{Z¬»� ÉY�Y� Ä] ߤ = ℎ = 1.0∆଴��¾Ë�f�Ì]� Ä]� Ê´f�ËZ�� �ZÌ »� Á� ®^Ì�� \Ë��

Ê»�{Ây��Y|¬»|À�� .�É�YÂ¿��ZfyZ���Y�Ä¯��Â��½Z¼Å�¾Ì§Y�³Ê»�]-
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