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1Time-of-Flight �����.-"�.�3 ��(SARPES)2�

!7Ĺƞ28�Time-of-Flight (TOF) ×7]k}¨Ƅƃò¨Ƅ¡Ʃà¨¡(SARPES)KŌ4+]k

}e|gV]ġĔ7ŘŠKŒő3$+.øĤ7ƫƩ·Ŋ×7SARPESƀŲ28�3GŅã7ƃò6

Ņã7RhzU�2Ď§#H+¡Ʃà7]k}$�¨Ƅ2�'�Ī§³ň9��ľã6ƢěƤ��

G!39Þ�5Îư23.+.ĠŘŠ7TOF×7SARPESƀŲ28�¡Ʃà7RhzU�KĪ§Ï?

27ƜěƤ3$1ľã&G!32�3GŅã7ƃò6Ď§#H+Ʃà7]k}7RhzU��á

þK�ò6ľã&G!392�G.#E6]k}Ī§Ï3$1�øĤ7MottĪ§Ï25��ôŚþ

�7źŵ6DGExchange ScatteringK¬Ō$+Ī§ÏKŌ4G!32�]k}Ī§³ňK#E6ƲA

14G.�

ªA7�ñ8�6ĕƁƀŲ7š-� 6ø�$+.Ĺƞƣßě68�]k}¨Ƅ$54Ɨî7¡

Ʃà]pVez9�I5%1ľã2�G,�7ņĂ23.+9�Ĺƞū�?26ƲËƐ7]k}¨

Ƅ¡Ʃà]pVez7ľã9¿Ŵ35.+.�Ɔ9õěĆ614+�5Îư3)7ƄĴĖť23G.�

�

l ]pVez9İL24G.�

ƉĔrgkw{�`7�ƠƠË9íƩ&G!32�EHGŀHƩÛ7÷Ʈ6DF�¡Ʃà7Ɠ

ƛ9Þ��÷ƮK¾�14G!39J�.+.Ɵ©5[�zfK�ă$�)HK½F��G!

32�İ@754]pVezKùG!36ă°$+.�
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l ]pVez9øĤ7ƫƩ·ŊKŌ4+¡Ʃà¨¡]pVez6Ĳ<�ƳĚ254.�

{�Z�7]qbeYO^9ƉĔ�2 100 x 100 µm23ê#�54!3�E�]pVez9ƬƳ

Ě65.14G!39¹Ñ3ċľ#H+.Ɵ©6¡âŨKdZO}$�]qbeYO^K 30 x 
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30 µm2 Şò?2$>G!32�ƫƩ·Ŋ×7 ARPES ]pVez3ÂŞò�)H��7ËƐ7

]pVezKùG!392�+.�
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l `}W]c}Ùĥ�6ăƢ$+Xjzeźŵ9]k}lNz`�3$1�įŴ$54.�

!7ƀŲ28�ôŚþźŵ7Ʃà7¼èň9]k}7Ä�3ôŚþu�t}e7Ŕçő5Ä�

6�á$1Ü¶&G!3K¬Ō$1�]k}Ī§Kż.14G.$�$59E�ĠƀŲ2�Ō

&G`}W]c}�7Xjzeźŵ6�41�Ƣ4Ƥ]k}lNz`�³ħ9řƊ2�145

�.+.!7ƄĴ7+A6�đ�av}j�K)7??�ƘƩàůÐą�LEED)ƀŲ;ŝƇ$�

äƨ7ăƢģ�K�-59E�)7źŵ7ËƐƈ�Kż.+.LEED ľã7Ŭħ6DG3�`

}W]c}Ùĥ7žƭ7ņĂ9�Ƭî6Mg�zĽò6Đā2�ë$7Ľò7Ɲ42Ł¶ńC

ơ¶ń9žƭ6öă#HG!39J�.+.!7äƱK�6ùEH+ģ�2ÙĥKMg�z$�

XjzeźŵKăƢ&G!36D.1�³ň7Ÿ4]k}lNz`�³ħKäŉ$+.�
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l )7ÛƄĦŌ7_lePQM7ƣŐ.�

ľã7¥Ŀ¶7+A6�)7ÛƄĦŌ7n|WxsKĭŧ$+.!H6D.1��Ɔ7Îư7

ƄĴBÅA��ī7³ň¶92�+.�
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ÒƸ6ľã$+eq|\TzŭŰ� Bi2Se37]k}¨Ƅ$1454Ɨî7¡Ʃà]pVez3]

k}¨Ƅ$+]pVezKś&.�Ɔ7ƋưKƄĴ&G!32�Ĺƞū�ě?26Ƭî6Ɛ7Ʋ4

]k}¨Ƅ¡Ʃà]pVezK³ňő6ľã&G!39¿Ŵ65.+.�
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Ò 2 8�Sb(111)žƭ6ç$1ż5.+ SARPES äƱ7Ŭħ23G.Sb 8x[wj¨ſ$+žƭ

ņĂKB-�žƭƭ¤ĖÄ�/ķĒoVez3Öœ6]k}�Ĭ&G!39ŗEH14G.Ò 2(a)
8 Sb(111)ƭ¤ĖÄ7]k}Kľã$+ SARPES ]pVez23G.D�ŗEH14GƗF�ł

K�ú3$1]k}7Ä�9¼Ɣ$14G!39J�G.�Ė�Ò 2(b)68žƭ6Öœ5]k}7

ă¨Kľã$+]pVez23G9�!-E8�ÿ6¼$ĞƧ7]k}�Ĭ9Ƃľ#H+.!H8

jzV7j}f37ļă7Ŭħ3$1ŋƄ¿Ŵ23G3ýJH�ŉÔŋƎƅŦ6DG¦ŉKƉ@1

4G. 

Ò 1 (a) Ɨî7(]k}ş¨)¡Ʃà]pVez.(b)]k}¨Ƅ¡Ʃà]pVez.!!6�ƑŹ3

ƪŹ8)H*H�46¼çÄ�7]k}�ĬKś$�ƴŹ8Ń�Ĭ7ņĂKś&.5�ľã8åĽ

2ż.+.�
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Bi2Se3(a) Spin-integrated
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Bi2Se3(b) spin-resolved
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1���
��1! Sb �'2�.-"�.�3 ��(TrARPES)2�

�Ɔ$+ƀŲ7ƣŐ6�6ø�$+�Ė2�Ęá7ƀŲKŌ41 Sb(111)žƭ7 TrARPES 7äƱ

Bż5.+.Sb 8x[wj×7]k}�Ĭ$+žƭņĂKB/9�)7�/7j}f8)H*H�

Ʃàí3�éí6ĊŮ$�eq|\TzžƭņĂ23G3#HG.�®żJH+eq|\TzŭŰ

� Bi2Se3 6ç$1żJH+ TrARPES äƱ28�q}n¡6DF²ƒ#H+lSi}6D.1žƭ

j}f9jzVj}f3Â%D56ô�Ĉ´$�)7žƭj}f7Ĉ´68jzVj}f6854

Ĉ´u�f9áÔ&G!39ĚE�65.+[1].�Ė2 Sb 6ĭƙCƩàĭƙ7�+ Bi 6�418

žƭ7j}f8jzV6Ĳ<�=3L4Ĉ´$54!39ÚÆ#H14G[2].ĠäƱ28 Sb 7ž

ƭj}f3jzVj}f7lSi}üŤ�Ņ6�žƭj}f9jzVj}f6ĊŮ&G6/H�)

Ò 3 (a) Sb(111)¯ƣƭ6��G-KĖÄ7ARPES]pVez.�Ġ7žƭj}f(Suface1, Surface2)

3�Ġ7jzVj}f(Bulk)9Ƃľ#H+.(b)-(d) )H*H7j}f7ěƤƯØ27Ĉ´7Įà3

(e)-(g))7ÇķĒ]pVez. jzVj}f3žƭj}f2ŏ5GĈ´Ē2Ĉ´$14G!39

J�G. 

Ò 2 Sb (111) žƭ7]k}¨Ƅ¡Ʃà]pVez.(a) Sb (111) žƭƭ¤ĖÄă¨7]k} SyKś

&.(b) Sb (111) žƭƭ¤ĖÄă¨7]k} SzKś&.ƑŹ3ƪŹ8)H*H�46¼çÄ�7]

k}Kś&.�



7lSi}üŤ947D56Ü¶&G7�345ķĒ�áþ6ŕŒ$+.�

äƱ8 1.5 eV 7¡Kq}n¡�6 eV 7¡Kn|�m¡3$1Ō4+.!7äƱ6��GěƤ¨Ƅ

Ŵ8�D) 80 fs =423.+.ľã8 20 K 2ż.+.�

Ò 3(a)8¡²ƒ&G®7ãîņĂ ARPES ]pVez23F�x[wj¨ſ$+žƭj}f

�Surface1, Surface2 j}f3É:!33&G 3jzVj}f�bulk 9ĚŖ6Ƃľ#H+.?+q}

nn|�mĶ6D.1�)H*H7j}f7lSi}6DGĈ´7Ƃľ6Bă°$+ƵÒ 3(b)-(d)ƶ.
Ò 3(e)-(g)68)7l�yRÜč23GÇķĒ]pVezKś&.jzVj}f8 3.7 THz 3� 4.5 
THz �Ɩ6�/7k�VKć-�)H*H Eg 3 A1g lSi}u�f6çü&G.�Ė2�Surface1
j}f8 Eg u�f7@Kś$�Surface2 j}f8 A1g u�f3#E6Ʋ4ÇķĒ7u�f(A1g’)K
ś$+.!H8žƭ7 Sb ¹à9¤Ơ7¹à3ŏ5GlSi}üŤK$14G!3KśÍ$14G. 

Ò 4 6Ĉ´7ķĒ�áþKś&.Ò 4 (a) - (c) 68Ĉ´7Þ�#K� (d) - (f) 68)7�ŔKžś

$14G.jzVj}f8ł6Ɩ0�6/H1 A1g Ĉ´7Ĉï9 Eg Ĉ´7Ĉï6Ĳ<Þ��5.

14�!39J�.+.Surface1 j}f6�418�ķĒ9�-0.3 Å-1 �Ɩ2 Eg Ĉ´7�Ŕ9¼Ɣ$

14G!39J�.+.!H8lSi}7²ƒ9¸ũ6ĢűRhzU�K��#(G,�25��

j}fï547j}f7öBÜ614G!3KĀÈ$14G.Surface2 j}f83?FÞ�5ķĒ

�áþ8@EH5�.+.�

� ŉÔ��Ɔ$+j}f7Ĉ´7ķĒ�áþKŢ�¹ŋƅŦ6D.1¦ŉ&G!3KƉ@1�F�

ƩàĩàŔ��Ō7ķĒ�áþ546/41ƏƎKĻA14��ã23G.�
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Ò 4 j}f(Bulk,Suface1, Surface2)3Ĉ´u�f(Eg, A1g, A1g’)"37Ĉ´7Þ�#3�Ŕ7ķĒ�á

þ.(a)-(c)6Ĉ´7Þ�#K�(d)-(f)6Ĉ´7�ŔKś&. 


