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?
��p�b�iad�hjmzvwbeqSklongahjmzbede�j��be{aondzkfvÌ�nqD��hjqa�eont}�nbed%bM&'tÌoni gavwh������abemzbem��S�amfv}qa�ev}�yontwpDbeqSkfb �=betwo

�yon��v���qa�evwo���iab�pDhjdzkfmfhji|qyo���hjmfmzbe�s�uh�gab�dzkfb�kfmlon{youtw�aha�

?
��hndrpDbeiad��yonv}d�����iyongaontwia�=b�!Çhnmfmfb�drb������������ outw�eb�gaha�cb�v}mfp��nhjd��r�¼twv}ha�	�.o
��v}t��±o6b

�¼mft��j�a�=bet}h�ou�¡hjv}h��¡b�mfp�onqab�q�kfbn�

?
�Çbetwo;��hjqS��v}�
��qa�evwo�on nmlongy�s�nbet
qabed�klb�d_onqahnde�Ço|kfh�gahnd�hnd�b�dzkfiagyonqSklb�d_gah;�"qadzkfv}kfi klh;��iab

gab�iap�o�hji|hji klmfo�� hjmfp�o_�ehjqSkfmfvw{ iavwmfonp �youmlo���iab�bedzkloDb²k�on�aoDgyo�pDvwqa�aor��v}gyo��yqyont}vwxeonmlo �

?
��hjd��amzh�� bedzdfhjmzbede� �=hjm�dfia�=hjm�k�onmfonmfb�p pDbei �Çhnmzkli qa�ahjt�� gabedz�eiat}�¡b�p��©�
b�� iaqa�ev}hjqy�nmzvwhjd

gahD���'� ��iabrgab�ont} jiap�o�� hjmfp�o��ehjqSklmzvw{ai �wmloup �yonmfo�o�p�v}qa�yo�� hjmzp on�e�nh�b��aonmloDoDmzbsont}vwxeon�s�nh
gab�dzklb�klmfon{yont}�aha�
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 � 
 �/.<vw��mfh�b���onq hnklmzvw{=hjtwhj nvÌo ������������������������������������������������� 0


 � 
 � 
 ���yonmzbetw� hDg b��yhjmz�so_gab���i �¡b�m � �w��vwb ����������������������������������� 0

 � 
 �µ¢ .;vw�emzhjdf��1j�av}h�gab � hjmf�eoDo±k32jpDvw�eo_hji � hjmf�eo�g b�o±klmfv�klh ����������������� 4

 � 
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¢�� 
 �Çb�df��iavwdfond�onqyont}�}klv}�sond;��������������������������������������������������������� 
 4
¢�� 
 � 
 � hnmfvw nbep b�twb²klmC2nqavw�eo_gah o±klmfv�klh ������������������������������������� 
 4
¢�� 
 �µ¢ � hnmfvw nbep � hnqD2jqav}�so_gah�ouklmzv}kfh ��������������������������������������� ¢ 


¢��¬¢ &M�ntw��iatwhndM�¡hnm�
�vwq�Eup�v}�soF.<hjt}be��iatÌonm ����������������������������������������� ¢'G
¢��¬¢�� 
 ��p�h�gab�twh�gab�!chjp�t}vwqadzhjq ������������������������������������������� ¢�H
¢��¬¢��µ¢ ��p�h�gab�twh�gab��ymfb�q �nb�t�~JI�hjqSklhjmzh·�no ����������������������������������� ¢u¤
¢��¬¢��65 ��p�h�gab�twh�gab��3beqaqaonmfg�~JKnhjqab�d ��������������������������������������� 5�5
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GB5
5 � 
 
�bedz�emzvw�s�uh�gahnd�pDh�gabet}hjd������������������������������������������������������ GB5

5 � 
 � 
 .;h�gab�twh���hjp dfi {adzkfmloukfh�b�dzk��±klvw��h�������������������������������������� GB5
5 � 
 �µ¢ .;h�gab�twh���hjp dfi {adzkfmloukfh�gav}q�EnpDvw��h ����������������������������������� G�G
5 � 
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5�� 
 � 5 � 
 ��tw jhnmfv}kfp�h�gab�vwqSklb� jmlou�s�nh,��������������������������������� Gj¤
5 � 
 � G � oumfvÌ�s�nbevwd%mfbet}b��uonqSklb�d¼hj{adzbemz�uongaond
onh�twhnqa jh�gyoud¼dfvwpriatÌon����b�de�jg bMklbep�~

�=hjd�b�p klb�p��=hjd ����������������������������������������������������� GT0
5�� 
 � Ga� 
 
�vwdzkfmfv}{aiavw�e�nh_gab���b��yonmfon�s�nh ������������������������������� GT0
5�� 
 � Ga�¬¢ � oukfhjmMgab��¼dzkfmfi kfiamlo�b�&'iamz�uond�gab�
�v}df�=bemzdl�nh ������������� GT0
5�� 
 � Ga� 5 
�beqadzvwgyong b�g b��¼d�k�ongahnd���vw{amfon�ev}hjqyonv}d ��������������������� G��

5 �¬¢ .<b�kfh�g hjtwhj nvÌorb�gyougahjd�i klv}twv}xsongahnd���������������������������������������������� GB4
5 �¬¢�� 
 .;b�klh�gahjt}hj jvwo���������������������������������������������������������� GB4

5��µ¢�� 
 � 
 &M�utw�ei twh�gah��eh�b��a�evwb�qSklb�gab�ouklmzv}klh ������������������������� GB4
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Ga� 
 &M�ntw��iatwh�g hD��h�b �y�ev}beqSklb�gab�oukfmfv}kfh�twv}qabsonm@������������������������������������� H 

Ga�¬¢ � � bev}kfh�gyo�klbepD�=bemlo±kliamfo ����������������������������������������������������� ¤ 

Ga� 5 � � bev}kfh�gyo�mfbetwon�s�uh�gab��ehjpDbeqadziamlou�s�nh�ongadzhjmz�uoukfh�
udfi {adzkfmloukfh ����������������� ¤ G
Ga� G � � bev}kfh�gyo�bedzkfmfi kfiamloDongahuk�ongyo��=bet}hjd�ongy�ukfhjpDhjd ����������������������������� ¤��

Ga� Ga� 
 
�beqadzvwgyong b�g b�dzbe�youmlon�e�nh�b�h �Âoukfhjm�gab�bed�klmfi�kliamfoDb�dzk��±klvw��h ��������� ¤��
Ga� Ga�µ¢ 
�b�� hjmzp on����b�dMklhj�=hjt 1j jvw�eondMougahnk�ougyond��¡b�tÌo_mzbegab�gab�ongy�ukfhjpDhjd<������� ¤�4

Ga�6H �¼dzkli gah�gao�g beqadzvwgyong b�gab�b�dzk�ougahjd���vw{amfon�ev}hjqyonv}dMgahjd�ongy�±klhjpDhjd ������������� 0�H
Ga�º¤ �¼dzkli gahjd�gyond��ei mz�uond�gab�gavwdz�¡b�mfdl�uhDg hjd�ongy�ukfhjp�hnd���������������������������� 0
�
Ga�60 � � bev}kfh�gyo�bedz�ehjt}�yo�gab�iap �=hnklb�qa�evwont.v}q�kfbemz�yonmzkf�w��iatÌor�aonmfp 2jqav}�eha��p�h�gab�twh_gab

�ymfbeq �nbet�~JI�hjqSklhjmzh®�uor����������������������������������������������������������� �j¢
Ga��� � � bev}kfh�gyo�gavwq�Eup�v}�sorgah�dzia{ klmfouklhDdfhn{amfb�hD�eh�b��y��vwbeqSkfb�g b�o±klmfv�klh<������������� � G
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 � 
 !Çmfonqadz�¡hjm�klb_g b_iap �ehjt}hjdfdzh6be j�}�¡��vwha���
v}qSkliamfo beqa��hjqSklmlougyo qyo �av}m3EnpDvwgab�gab
!Çb���i klv�~���b²klb��.� �¼t�~�� bemfdz�abeg[� 
�b�� ¤ ��GT5��,������������������������������������� ¢


 �¬¢ !Çmfon�ehnd�mzbsont}vwxsougahjd��¡hnm��3behnqyonmfg h gyo���vwq �evÀbep 	 ��)�

��� ����'�� � ��� ����
�	 ��)�

�
� $%��� )�
�� �ugabepDhjqad�klmlouqagah�dziyond%pDhjqSk�ou jbeqadÇb����=bemfv}p�b�qSk�onv}dÇ�youmlo�gab²klb�mfpDvwqyonm��
�¾o(��o � hjmf�eo<gab�oukfmfv}kfh|beqSklmzb iap2�atwonqah;�ahjmzvwxehnq�klont¼bDhji klmzh;�nbem�klvw�eontÆ� � { ��h
b�� b�v}klh�gyoD�nmzbso�gab���hjqSk�oukfha�	�Â�
��o � hjmz�so�gabro±klmfv�klh�pDbegavwonqSklb�hDiadfh�gyoD�=hjt}vÌo
b �Âg �Mh�klhnmf��iab�gab�ouklmzv}kfh�� 5j£���GT5��¾��������������������������������������������� 5


 � 5 .<h�gabet}h�gab�&��a�r�y&'hjiatwhnp_{6mfb��amfb�dfbeqSklonqagah o_mfia jhndfvwgaongab�gab�gaiaond�dfia�=bem � ��~
�ev}bed�bep �ehjqSk�o±klh�� 5j£��DGT5 �¾�*��������������������������������������������������� G


 � G .<h�gabet}h�oukliyoutwpDbeqSklb|on��bev�klh�mfb��amfb�dfbeqSklonqagah h ��hjqSk�oukfh�b�qSklmfb;gahjv}d��ehjmz�¡hnde�
�amfhn�¡hjd�klh�hjmfv} jvwqyoutwpDbeqSklb¼�=hjm!�'h#"�gabeq�b !%on{=hjm�����{adzbemz�nbM��iabMdf�nh��=hjia�ehnd%hjd
�¡hnq�kfhjd3��iab
�yonm�klvw��vw�youp gah���hjqSk�oukfh�g vwmfb²klha�±o��nmzbso�gab�dzklb �=hjqSklhjdNU
�ehnqa�abe��vwgyo
�ehjpDh��nmzbso�gab��ehjqSk�o±klh�mfbeont$� 
 £��¾�3��������������������������������������������� ¤


 �6H 
�bedz�emzvw�s�uhrgahron�yonmzbetw� h�g b � hjmz�so�gab�dzia�=bem � �}�ev}b�� ���¼� ��qyo�p�b�gavw�e�nh�gyo�� hnmf�so
qahjmzp ont&%('�b gab ouklmzv}kfha���l�ub�qSklmfb gaiyondcdfi �¡b�m � �w��vwb�dÇ�=hjtwv}gyond3gab �nmzbso � �·dzbe�youmlo±~
gyondM�=hjm iap o��aqyo_�sonp�ongyo�gab�tw�}��iavwgah�gab�b�df�=bedfdziamlo�)���.<b�gavÌouq�kfb�k3U��eqav}�sond
bedz�¡b���klmzhjdf��1j�av}�sond U��¡hjdzdf���jbetÀpDbegav}m��ehjp �amfb��evwdf�nh�o��uonmzvÌon�e�nh�gyo�bedf�=bedzdfiamfo
bep kfbepD�¡h�mfbsoutÆ���¼p* jb�mlontco �umfbsoDgabr��hjqSk�oukfh U�gab

300 µm2
o

5mm2
b*)

�¡h�gab��uonmzvÌonmMb�qSklmfb�iap�o_p�hnt Ue��iatÌo �
D = σ − 4 + �Mouk3U 100 + �Ç��������������� �


 �º¤ 
�v � b�mfb�q�kfbedMkfvw�=hjd'gab�b�dzkfmfi kfiamlond���iab��=h�gab�ongahuk�onm h��ytwpDb���iab�t}ia{amfv��y�so�iap
�ehjmz�¡h � �¾o(�'d 1jtwv}gaha� � { �MonpDhjm � h � �Â�
�Mtw�w��iav}gah_b �Âg ��dzia�=bem�~��ev}qDU�kfvw�eh � ����������� 4


 �60 
�iamfonqSklb_h6pDh·��v}p�b�qSklh g b-,�onmzmlonq �so±~��y�nmlo�.�h6twia{amzv �y�eonqSklb�dfh�� mzb_iap�o�klmfonq�~
dfv}�s�nh�gab �Âondzbn� ont�klbemzqyo_dfb�i�b�dzk�ougah�g b�d 1jtwv}gah�o�tw�}��i vwgaha� ��������������������� 
 £
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 ��� .�on�youd�gab � hjmz�so|gab o±klmfv�klh|�yonmfo;v}tw�youd�g b
C60

�emfv}dzklontwv}qah6bep2dzia{adzkfmloukfh�gab
GeS (001)

����d|�nmzbsond6b�df��iamlond6mzbe�amzbedzbeqSk�onp dz�}kfvwhjd�gab�{yonv � h�ouklmzv}klh�b�hjd
{amfv}tw�youq�kfbed�gab�ont}kfh�o±klmfv�klha�D� � hjmf�eo;qahnmfp�ont U�b�p � ���

N = 6.7 nN
b�b�p

� � �
N = 30 nN

�M������������������������������������������������������������� 
B


 � 4 
�vÌou jmlonp�o6bedz��i bep��uklv}�eh �Âo(��� mzhjqSk�ont
b � { ��twouklb�mlont¼gab iap o;p�v}�emzhu~"{youtÌonqa�eo

gab���iaonmzkfxeha� ��d�mzbe jv ��b�d;dzhjp_{amzbsongaond<mzbe�amzbedzbeqSk�onp bet}b�kfmfh�gahjd|p�b²k��nt}vw��hjd
b��uon�=hjmlougahjd�dzhj{amfb�o�dzia�¡b�m � �}�evwb'p onv}hjme�Ç�%v}twpDbed �yqahjd
pDhjtwb��eiatwonmfb�d%gab�d 1jtwv}gahjd
hji�gab
tw�w��iav}gahjd3ou{adfhjm���vwgahjdc�=betÌo�dzia�¡b�m � �}�evwb¼g bedzkfbedÇbetwb²klmzh�gahnd3b mzbe�amzbedfb�qSk�ongahnd
bep � � �M�¡h�gab�p�on�amfb�dfb�q�klonm�gabedztwvwxeonpDbeqSklhjd�pDbedziaml�s�jb�vwd��ehjpDh��ehjq dfbe��� ��qa�evwo
gyond���vw{amfon�	��bedMkfmlonq dz�jb�mfdfonvwd�gyo�p�v}�emzhj{yontwonqa�so�� ����������������������������� 
 ¢


 � 
 £#��t} jiaqad mfbedziat}klongahjd hj{ kfvwgahjd �ehjp orpDvw��mfhu~�{yontwonqa�so�gab���iaonmzkfxeh��=hjm I�mzvwp^b�k
ont � 5S¢��¾�|����������������������������������������������������������������������� 
 H


 � 
B
 � � bev}kfh�gao�on�e�nhrg b�v}p��ai mfbexeond dfhj{amzb�h�klb�p��=h�g b�gab�twv}xsonpDbeqSklh�qyoud'pDbegav}gyond
mfbeontwv}xsongyoud ��hjp o_pDvw��mfhu~�{yontwonqa�so�gab���iyoumfxeh�� ¤j¤��Æ� ��dM��iyong mlongahnd�mfbe� mfbedzbeq�~
k�onp ond�oup�hjd�klmfond���hjqSk�onpDvwqyougyond�brhjd�ond�klbemzvwdz�ehjd�oud�onpDhjdzkfmlond�t}vwpD�yond�����o
�%vw niamlo �Âo(�MhDongadfhnmz�uouklhFU

N
b�qyo��%vw niamlo � { � U

Kr
� ����������������������� 
 ¤


 � 
 ¢I!Çb�p��=h@gab�gabedztwv}xsonpDbeqSklh�b�oukfmfv�klh��=hjm6iaqav}gyongab�gab��nmzbso
s = η v

�Â�yonmfo
v = 1 cm/s

�[��d�o��ehj{=bem�kliamfo��yonmfo�kfm ��d%gav�� bemfb�qSklbedÇdfia�=bem � �w��vwbedÇgab
Ag(111)

� 

p�hnqah��eonp�ongyo��

5.970
�uklhnp�hjd

/nm2
�²� � ouklmzv}kfhr�=hjm'iaq vwgyong b�gab��umfbso��yonmlo

o�{avw�eonp ougyo�gabrougy�uklhnp�hjd U�gab
15.1± 0.5N/m2

��iab U�on�amzh#��v}p ongaonp�b�qSklb
25 %

p�onv}hjm'��iab�h�ouklmzv}klh��aonmlo�iap�o_p�hnqah��eonp�ongyo
11.9± 0.4 N/m2

� � 
 ¤��Æ� � 
 ¤

 � 
 5#!Çb�p��=h gabrgabedztwvwxeonpDbeqSklh

τ
b_h|ouklmzv}kfh �=hjm�iaq vwgyong b_gab��nmzbso

s = ηv
�Â�yonmfo

v = 1 cm/s
�
��d

T/Tc

� � 
 0��Æ�#������������������������������������������������� 
 0
¢�� 
 .<h�gabet}h�gab�!chjp�t}vwqadzhjq.�

m
U�o�p ondzdlo�gyond �yonmzkf�w��iatÌond ong dfhjm���v}gyond b

k
U�iap o

p�b�gavwgao_gyo�vwqSklb�mlon�e�nh�gabed�k�ond��yonm�kl�w��iatÌoudM�ehjp hDmzbed�klhDgah���hjmf�=ha�*����������� ¢�H
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�ehnqa�abe��bepDhjd���hjpDh p�on��mfhnkfmfvw{=hjt}hj jvÌo���� ontwb�qagahu~�dfb�gab�iap {at}h���h�mzb�k�ouqa jiatwonm6gabedztwv}xsonqag h
dfhn{amfb�i p �atwonqah � �jb�m6�%v} jiamlo 
 �¬¢
�²��b�twb�v}qSklmfh�gaiax�vwi�h��ehjq �ebev�klh�g b��eh�b��a�evwb�qSklb�gab�ouklmzv}klh
�ehnp�h�mfb�dfiat�k�onqSklb<gyo�mfonxs�nh�beqSkfmfb�o � hjmf�eo gab�ouklmzv}klh�b�o � hjmz�so q hjmfp�ontÆ�I!Çiag h�vwd�klh�dzbep
i kfvwtwv}xsonm��.b����at}vw��v}k�oup�b�q�kfbn�Àh;�ehjqa��bev�klh;gab � hnmf�so��Çv}q�kfmfh�gaiax�vwgah|�=hjm��"dlojon����b�"�klhjq

200
ouqahjd

gab��¡hjv}d_gyo�pDhjmzkfb gab6gyo���vwqa��vÆ����h��jbemzp�hnd�hjd_klb�mfpDhjd_i kfvwtwv}xsong hjdr�=hjm_gyo���vwqa��vMqyo�dziyo
gab�df�emzvw�e�nh�gah�ouklmzv}kfh��¡h�gab�p�hjd%hj{adfb�mz�uonm¼��iab�b�twb'kfvwqa�yo�i p o���tÌonmfo��ehjpD�amzbebeq dl�nh�gah���hjqa�eb�v}kfh
gab � hjmz�so � ,��Foukfmfv�klh_mzbsont}vwxsougah��¡b�twh�pDbedzp�h��=bedzh�gab²�jb�dfb�m�vw jiyout ��mfb�dfvwd�k ��qa�evwo�q hDv}qa�w��vwh_g b
dfb�i�p�h·��vwpDbeqSklh �[onv}qagyo ��iab�h6��hjqSk�oukfh6�¡hndfdlo dzbem�gabrgav � b�mfbeqSkfb_tÌonmz jiamfo b_�ehnp��amzvwpDbeqSklh � -
b - ,�� ouklmzv}kfh�� mfh�gaiax�hrgahj{ mfhrgao���iyonqSklv}gyongab�gab�b�d � hjmz�eh�dfb�h��¡b�dfh8U�bep^gahn{amfh .l�%��dfdfv}p^betwb
� hjmzp_iatÌo�oud�gaiyond�twb�vwd�gahDoukfmfv�klh�p�on�emzhjdf��1j�avw��ha�

�¼p
1699

h � mlonq ���ed���i vwtwtwoniapDb���p�hjqSkfhjqad��aia{at}vw�eoDiap�oumzklv} jh�vwqSklv�kliatwongah 0 
-��' $ 
 � � �
�
� '�� � 
 � '������ 
�)('�� ��� 
 � " '�� ��� � 
 �²�cq h���iyont on�amfb�dfb�q�klo�h�mzbegab�df�ehn{amfv}p�b�q�kfh�gyoudrtwb�vwd�gab gao
��v}qa�ev �ÂoukliaontwpDbeqSklb¼��hjqa�ab��ev}gyondc�ehjpDh�t}bev}d3gab ��p�hnq�kfhjqad 
j&'hjiat}hjp_{ �[��hjp�h�mzbedfi t}k�ougah�gao�dziyo
�=bedf��iav}dlo dzhj{amzbrh gab�dft}vwxsoup�b�q�kfh�g brgaiyoud�dfi �¡b�m � �w��vwb�d��atwonqyond�qy�nh�twia{amzv �y�eongyond�����pDhjqSklhjqad
b����amzbedzdlo6ond�twbev}d�gabrgyoD��vwq �evÀbep*klb�mfpDhjd�gah �ehnqa�eb�v}klh�gab � hnmf�soDvwqSklmzh�g ia�ev}gah��=hjm���b�"�klhjq.�
���amfv}p�b�vwmfortwb�v.gahDouklmzv}kfh�o �ymfp�o �!,"� � hjmf�eo�g b�o±klmfv�klh���iab�mfb�dfv}dzklb�onh�gab�dft}vwxsoup�b�q�kfh�gab�gahjvwd
�ehnmf�=hjd U_gav}mfb�klonpDbeqSklb��amzhj�=hjmf��vwhjqyout � �eonmf So6��hjmfp�ont .���� o dzbe ji qagyo6twb�v � ,�����iyonqSkfvwgyong b
gab � hjmz�so�gab�ouklmzv}kfh�qy�nh�gabe�=beq gab�gao��nmzbso�gab��ehnq�klouklh�.��
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� &'�yonmztwb�d���ia jiad�klvwq�&'hjiat}hjp_{;�aia{at}vw�eo�i p*bedzkfiagah
dfv}dzkfbep��uklv}�eh�b��ehjpD�amzbebeq dfv}�nh_gah�o±klmfv�klh�p on��mfhjdz� 1j� vw�eh���iab�tw� b��=bemzp�v�klb��¡hjd�kliatwonm o�klb�mf�eb�vwmfo
twb�v%gyo p�on��mfhnkfmfvw{=hjt}hj jvÌo��$,�� � hjmf�eo gab�ouklmzv}kfh vwqag be�=beqagab�gao �jbet}h���vwgyougab_�ehnp ��iab�dfb�v}qavw��vÌo
h|p�h·��vwpDbeqSkfh .���� vwqSklb�mfb�dfdlouq�kfb ou�¡hjqSklonm���iab�bep2ont} jiaqad�kfmlon{aontw�ahnd�mfbe��beqSklb�d�dzbDouklmzvw{aiav�o
&'hjiat}hjp_{@h�kl�}kfiatwh�g b;�aonv�gyo�p on��mfhnkfmfv}{¡hjt}hj jvwo �%�=hjdfdzv}�nbetwpDbeqSkfb;g b���vwgah onh �Âouklh�gab�&'hji�~
twhnp_{|qy�nh d 1�kfbem�mfbsoutwvwxeongah�iap*b�dzkli gah p_i v}klh�gab²k�ont}�yongahDgah ouklmzv}klh �ap oud�klonp_{�Uep �=hjm�klb�m
�=hjdzkfiatÌong hDi p p�h�gab�twh_�youmlo�b����atwv}�sonm'dfiyond��souiadlond��'��h�dfbei<p�h�gab�twh�&'hji twhjp_{|�amzhj��2jd���i b
o��souiadlo�gah�oukfmfv�klh�b�dzkl�uklv}�eh U6h�b�qa�sonv ��b6�¡b�m � bev�klh�gaond�gaiyond�dzia�=bem � �}�ev}bed_b�p��ehnq�klouklh � �jb�m
�%v} jiamlo 
 �65(�©�

.<iav�klhjdchji kfmfhjdÇ�¡b�df��iavwdfongahjmzbedÇ�ehjqSklmzvw{ai vwmloup ���ehnp��amzbeb�qadl�nh�oukliaont�gyo�p�on�emzhnklmzvw{=hjtwhn jvÌo �
beqSkfmfb
hjd3��iyonv}d3�¡h�gabepDhjd.pDbeq �evwhnqyonm.��hjp�h � i qagyongahnmfbedÀgyoMkfbehjmzvÌoMgyoMt}ia{amfv��y�sou�s�nh��av}gamfh�gav}q�E±~
pDvw�so �

1973
�%�¼iat}beme���'b�mfqahniatwt}vÆ�j�chjvwdzbeiav}twt}bn�S��o·��v}bem¼b���klh��nbn�¼��iad�k�os����gahntw�a����v}mfq�� hjva��iab�p

pDhjdzkfmfhji;��iabr��iyonq gah gahjv}d���hjmf�=hjd�gabedztwv}xsonp b�p ont}klo��nbetwh��ev}gyongab�h�twia{amzv �y�eonqSklb U�b ���aiatwdzh
gyo�vwqSkfbem �Âou�eb�b�qab�dfdloud���vwmz�eiaqad�k Enq �evÌoud�hD��h�b �y�ev}beqSklb�g b�o±klmfv�klh U�� mfhj�=hjmf��vwhjqaont �_�nbetwh��ev}gyongab
�
1883

�²����dz{¡hnmfqab|	�b���qahjt}gad��ei twpDvwqyo���hjp�hnd_klmlou{yontw� hjd_gyo�twi {amfv��y�son�e�nh��av}gamfh�gav}q�EnpDvw�so
�etw�ndfdzvw�eo �

1886
�²� ��vwt}twvÌouq ��onmzg � � hjv
��i bep vwqav}�evwhni hjd�bed�kliagahndrbep pDvw�emzh<b�qyonqahuklmfv}{¡hntwhu~

 jvwo �-��onmzg ��b�dzkli gyo;h6b � bev�klh6twi {amfv��y�sonqSkfb_gab��¡hnia�sond��eonp�ongyond�g h6p oukfbemzvÌontctwia{ mfv �a�sonqSklbrb
gab�df�ehn{amfb���iab�h|vwpD�¡hjm�k�onqSkfbr�yonmfo6dfb�klb�m�iap {=hjp t}ia{amzv �y�eonqSklb U�o6�ehjq dzklv�kliav}�s�nh ��i �wpDvw�so
gah �aiavwgah b_qy�nh6o�dfiyo ��vwdz�ehjdzvwgyougabn����kfmlon{youtw�ah�gab ��oumfg �;klb�p iap vwpD�yon�²klh onvwqagao�p�onvwd
vwpD�=hjmzklonqSklb
��iabMh��am 1j�amzvwh�gabedz�ehj{amzvwpDbeqSklh�gyond%�eonmlo±klbemz�wd�klvw�eondcgabMiap�{=hjp twia{ mfv �a�sonqSklbu���¼twb
vwpD�aiat}dfv}hjqyo�o�on�at}vw�eon�s�nh�g b�kCUe��qavw�eond b ���¡b�mfvwpDbeqSklonvwd¼pDh�g bemfqaond¼qyond
�=bedf��iav}dlond mfb�tÌon��vwhjqaongyond
onh�o±klmfv�klha�c��dzdfv}p<�±klhjp�onqagah��ehjpDh�pDh�g betwh�o�dfiyo�v}qavw��vÌoukfv}�uo �·iap�o�d Uemfv}bMgabMhni klmzhjd%klmfon{yont}�ahjd
� hjmfonp*mfbeontwv}xsongahnde�=i klv}twvwxeonqagah�h ��iabrdfbrkfvwqa�yoDgabrp�onv}d�pDh�g bemfq h bep�p�ouk3U�mfvwoDgabr�¡b�df��iavwdfo
b����=bemzvwpDbeqSk�ont%gyon��iabet}bed�gavÌoude�_��t Uep gab�dfb�vwqSklb�qadfv��y�soum�o|v}qSklbemzgavwdz�ev}�atwv}qyonmfv}gyongab��amC1n�amfvwo6o
�=bedf��iav}dlond�gab�oukfmfv}kfha� bed�klb_b�d � hjmz�eh6oukfvwqa nb�dzbei��n�av}�eb�bep

1950
��iyonq gah|�'�=�Ç� �'h#"�gabeq�br
r�

!Çon{¡hnm¼�aia{at}vw�soupFiapFtwv���mzh�hjqag b���hjpD�avwtwonp iap�o�dCUemzvwb�gabMkfmlon{youtw�ahjdÇk�onqSklh��am 1j�amzvwhjd���iyouq�kfh
gabDhji kfmfhjd��=bedf��iav}dlong hjmfb�drmfb�tÌon��vwhjqaongahjd �6klmzvw{=hjtwhj nvÌo�p�on��mfhjdz� 1j�av}�so ����b�dzklo<hj{amfo;b ������bep
iap�o_dCU�mfvwb�gab�mzbedziat}klongahjd�b����=bemzvwpDbeqSk�onv}dM��iab��¡b�mfpDv}kfbep b�tÌon{=hjmfonm'iap�o�b����at}vw�sou�s�nh�dfouklv}d �Âo±~
k31nmfvÌo ��dzbe ji qagyo t}bevÀgah o±klmfv�klha�=oDtwbevÀgyoDvwqag be�=beqag ��qa�evwo�gyo � hjmf�eo�gab�ouklmzv}kfh���hjp o �nmzbso�g b
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�ehnq�klouklh �Âon�yonmzbeqSklb
�²� �Mondzbsong hjd_bep bed�kliagahnd�gab pDvw�emzhjdf��hj�avwo<bet}b�kfmC2jqav}�so �%vwqSklb�m � bemzhjpDb�klmzvÌo
1nkfvw�so��¡p U�kfh�gahnd�b�t U�kfmfv}�ehjd��¡b�q�kfmfb_hni klmzhjde� �'h#"�gabeq�b�!%on{=hjm�hj{adzbemz�uonmfonp ��i b�onh dzb_�ehntwh��sonm
bep �ehnq�klouklh gahjvwd��ehjmz�¡hnd�dfhjpDbeqSkfb�ontw niaqad��=hjqSklhnd�gyo dzia�¡b�m �y��vwb_g bedzkfbed���hjmf�=hjd U_��iabr�yonm�~
klv}�ev}�yonp�b�� b²klv}�uonpDbeqSkfb_gah|�ehjqSklouklha�[gab�� hjmfp�o ��iab�o �D����� (
���B������� ��� �'����+ �¾o dzhjp o gao
�nmzbso�klhnklont g hjd¼�¡hnq�kfhjd¼gab���hjqSk�oukfh�mzbsont �Çdfb�pDhjdzkfmlo�dzbepD�amfb�pDbeqahnm���iab�o �D����� (*� �B� �R��� ���
���
�D�����R�����¾�nmzbso�gaordfia�=bem � �w��vwb�klhnklont��©�%��t Uep^gav}dzklh ��dzbeiadMmzbedziat}klongahjd vwqagav}�sonmfonp���iab�or�nmfbeo
gab���hjqSk�oukfh;mzbsont%vwqagab��¡b�qagab�gah klonp ouqa�ah6gyo6dfi �¡b�m � �w��vwb_p�ond U�gav}mfb²k�onpDbeqSklbr�amfhj�=hjmz�evwhnqyont
� �soumf So � � hnmf�so q hjmfp�ont��©����dzdfvwp;�3onh6dzbDoniapDbeqSk�onm�o �sonmz So �3hjd��=hjqSklhjd�gab��ehjqSk�o±klh6�eb�gabep
b_pDh�g v �y�eonp�dfiyo6�nmzbso gabr�ehjqSk�o±klh6gab�� hnmfp�o o dfia�=hjm�k�onm�bedzklo6qah·�no �eonmf jo �[��hjp�h dfb��=h�gab
on�amzbe��vÌonm�qyo��%v} jiamfo 
 � G �

� � �=bemzvwpDbeqSklhnd�mzbe�eb�qSklbed�k ��p gabepDhjqad�klmfongahD��i b�h�ouklmzv}kfh�qy�nh U�v}qagab��¡b�qagabeqSkfb�gyo��jb�twhu~
�ev}gyongabu� ��{adfb�mz�jhni�~"dzb���iab�h_��h�b �y�ev}beqSklb�g b�oukfmfv}kfhrgav}p�v}q�iavy�ehjp h_ouiap�b�qSklh_gyo��jbet}h���vwgyougabn�
p�ond�b�dzk�o�gabe�=beqag �eqa��vÌo�U_p_i v}klh � mlou�so gab � hjmfp�o oDqy�nh dzbem��=bemz�ebe��kl�}�nbet�bu�[�=hjm�v}dzkfha�[ouvwqagyo
dl�uh�on��bev�klhjd�hjd�mzbedfi t}k�ougahjd�hj{ kfvwgahjd��=hjm���p�hjqSkfhjqad�b<&'hjiat}hjp_{.����t Uep�gavwd�klha� o��amC1j� mfvÌo
vwq gabe�=beqag �eqa��vÌo�gah��eh�b��y��vwbeqSkfb�gab�oukfmfv�klh��ehjp o��eonmf So�klbep dzvwgah���hjqSklb�dzk�ougyo � �f����iab�dzb
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�jb�mfv��y�ehji���iab�qahnd��sondzhjd�gab�� hjmz�sond�qahnmfp�onvwd�p_iav}kfh6ont�k�ond�h6�eh�b��y��vwbeqSkfb�gab�ouklmzv}kfh gavwpDvwq�iav¾�
&'hjqSkli gahrv}dzklh�qy�nh�vwqS�uontwv}gyo�ond onqy�nt}vwdzbed¼mfbeontwv}xsongaond
�¡hjm �'h#"�gab�q b�!%on{=hjm �f����i b�bet}bed gavwdz�ei�~
klv}mlonpFp_iav�klh�dfhj{ mfb�o�v}p��=hjmzk3Enqa��vÌo�gah��sonmf�uklb�m
�atÌ�nd�klv}�eh�hjiDbetÌ�udzklv}�eh�gahjd �=hjqSklhjd gab��ehjqSk�o±klha�
�amzhj�amfv}begyougabed�bed�k�ond���i b�b�dzk��uh gav}mfb�klonpDbeqSklb�mfb�tÌon��vwhjqyougyond ��vwqagab��¡b�qag ��qa�evwo�gah��eh�b��y��vwbeqSkfb
gab�oukfmfv}kfh��ehjp o��eonmf jo �
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� oukfmfv�klh�qyo�p�v}�emfh�b;qyonq h b�df�soutÌo)U<iap��ehjq �a jiamlou�s�nh gab|vwqSklb�mfbedzdfb;k�onqSklh�gah��¡hnq�kfh g b
��vwd�k�o�kfbe��qahjt 1n jvw��h���iyonqSkfh��evwb�qSkl� �a�eha�
� mzv}kfp�h�gab�pDvwq vÌoukfiamfv}xson�e�nh�gab�gav��jb�mfdfhnd'be��iav}�yonpDbeq�~
klhnd�vwqagai dzklmzvÌonv}de���¡hjm'b���bepD�atwh�gab�dzvwdzkfbep�ondMpDvw��mfh�betwb²klmzhjp�b���Enq vw�ehnd � .<�A.�� �Mb�dfvwd�klb�p ond�g b
onmzp onx�beqyoup�b�q�kfh<p�on jq U�klv}�eha�.kfbep2t}b��uongah|hjd��ev}beqSklv}dzk�oud�o;gabedzbeqS�jhnt}�jb�mrqah·�uond��¡b�df��iav}dlondro
�yp,g bD� mfh·�jb�mronhnd�kCUe��qavw��hjd�bDb�qa jb�qa�abev}mfhjd�gyougahjd�dC1jt}vwgahnd���iab�t}�abed��=bemzp�v�k�onp �amfh��zb�k�oum�b
pDbetw� hjmlonm�b�dzklb�d_pDvw�emzh�g vwdf�=hjdzv}klv��jhjd��;��vwpriat}klonqabsoup�b�q�kfbn�cgyo��=bemzdf�=be��kfv}�uo�gyo<�ev���qa�evwo;� iamlo �
hjd�bed�kliagahnd�bep�o±klmfv�klh��ehntwh��sonp ���amzh®�uoD�ehjqa��bev�klhjd�k��nh � iaqagaonp�b�qSk�onv}d���hjpDh���hjq �y ji mlon����b�d
mfb�tÌon��vwhjqaongahjd �ehjp o�klbehnmfvÌo�bemz B1�g vw�so���� b�qD2jpDbeqahjd ��i�EnqSklv}�ehjd gab�dzia�¡b�m � �}�evwbu��pDbe�eonqav}dfpDhjd g b
�ehnq��nbemzdl�nh�gab�beq bemf nvÌo �jb²kl�u����dzdfvwp;�jb�q�kfbeqag b²~"dzb���i b�o��=bedz��iavwdfo�g b � beqD2jpDbeq hjd�mfb�tÌon��vwhjqaongyond
onh�ouklmzv}klh UDp_iav}kfh<v}qSklbemzbedzdlonqSklb �f�<��iab qab�tÌo|dfb pDvwd�kliamfonp,��iab�dzk ��bed�k�onqSklh � iaqagyoup�b�q�klonvwd
�ehnp�h�klb��eqahnt 1j jv}�sond��

�#�yonm�klv}m%gah �aqyont gao�gDUe�eongyo�gab
60

dfbMga��vwqa�}�evwh�onh�b�dzkli gah�gyo�klmzvw{=hjtwhn jvÌo�bep qa���jbet�p�v}�emzh
b qyouqahjdf��1j�av}�eha�� nmlon�eond_onhndrbe��iav}�yonpDbeqSklhnd_gavwdz�¡hnqa�}�nbevwd��¼ont} jiaqad���vwqagahnd_gyo��nmzbso�g b � �wdzvw�so
gab�dfia�=bem � �w�ev}bn����iab��=bemzp�v�klbep�hj{adfb�mz�uonm qah·�jhjd b�vwqSkfbemfb�dfdfonqSklbed � beqD2jpDbeq hjd'qab�dzkfb�qa���jbet¾�¼��oud
dfb��	��bed¼o�dfb� jiavwmÇdfb'on�amfb�dfb�q�klo�iap�o�gab�df��mfvw�e�nh�gab klm �ed%gaond%�amzvwqa��vw�youvwd3k3U��eqav}�sondÇb����¡b�mfv}p�b�q�klonvwd
�ah �zb�i kfvwt}vwxsougyonde�

��������� N���W¼`aZ3X���T \�Z���T¼`! [W�\�ZFUMO"��Z.`!#%$�Y'&�Z
� on�yonmzbet}�ah�g b�� hjmf�eo�gab�dfia�=bem � �w��vwb �Â����� �²�=vwqS�jb�qSk�ongah

40
onq hjd�oukfml�nd�� � hnvcpDh�gav �y�eongahD�¡hnm

K �����n�"dfmloubetÌou���av}��vwt}v b�p 
 4T0�5��aonmlo�pDbegav}m¼h�o±klmfv�klh�� 0���¢�4��Æ��� ���¼�_��hjqadfv}dzkfb�g b�i p�{atwh��eh�g b
pDvw�so���iab Ur� mfbedzdfv}hjqyongah �ehjqSklmfo iap�o dfi �¡b�m � �w��vwb�qyo ��iyontÇb���vwd�klb�iap �atwpDb�gab�twia{ mfv �a�sonqSklb
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300 µm2
'

5mm2

��  ��)�


� '�$%� '�$ 
�� � $ 
�� " ' " ��� � � ����' 

D = σ − 4 � � '�� � 100 � '

� �nbem#�y a� 
 �6H
�²� �Fp�oukfbemfvwont[i�klvwt}vwxeongah_�youmlo�hD{ twh��eh�b�oDpDbedfoFU�pDvw�eo �agyong h�hDont�klh� jmloui;g b
�=hjtwv}p�b�q�kfh|��i b U �=hjdzdf�}�nbet dfb�hj{ klb�me�;��b�dzkfb vwqad�klmziap�b�qSklha�Çh�mfb� jiatwon jbep gyo!� hjmz�so<q hjmfp�ont
%��ehjqSklmzhjtÌoro_bedf�=bedzdfiamfoDg h�twia{amzv �y�eonqSklb )����¡h�gab�qagah�dfb�hn{ klb�m�bedf�=bedzdfiamfond�gab�on�=beqyoudMiap�o
�soup ongao�g b�pDhjt Ue�ei tÌond gah�t}ia{amzv �y�eonqSklbn�

.<iav�k�ond��=bedz��iavwdfond��ehnp h ���¼�;k �ep p�hjd�klmfongah ��iab_h�klvw�=h g b_bed�klmfi�kliamfo ��i b�dfb�� hjmzp o
beqSkfmfb�gaiyoud;dzia�=bem � �}�ev}bed gab²klb�mfpDvwqyo�h���hjp��=hjm�k�onpDbeqSklh�gah@ouklmzv}kfh � �nbem��y a� 
 �º¤(�²�F�¼dzk�oud
bed�klmzi kliamfond�gabe�=beq gabep gao�kfbepD�¡b�mloukfiamlo��¼gyo��sonmz So�b6gyo��jb�twh��evwgaongabn� ��dzdfvwp;�¼��iyonqag h oud
�soup ongaond���iab|dfbe�aonmlonp ond�dfia�=bem � �w��vwbed�df�nh��¡hnia�sond��'o���mfvwd�k�ont}vwqav}gyongab�gyo�dfia�=bem � �w��vwb6�=h�gab
vwq gaiaxev}mMiap�o_dfhjt}vwgav��y�sou�s�nh_g h�twia{amzv �y�eonqSklb�b�h�pDh·��v}p�b�qSklh�qy�nh��=h�gab�vwqav}�evwonm dzb�o � hnmf�so_g b
oukfmfv}kfh�bedzkl�uklv}�so�qy�nh � hjm��jb�qa�ev}gyo �'�
d�k�oDdfhjt}vwgav��y�son�e�nh��Âonx��ehnp*��i b�hD�ehjmz�¡hD�ehnq�kfvwq�iyonpDbeqSkfb
ont�klbemzqab p�hjpDbeqSkfhjd%qahnd%��iyonv}d	�y�eo�gab�kfvwgah �n�ehnp hni klmzhjd%qahnd%��iyonv}d%bed�k���b�pFpDh·��vwpDbeqSklha�Ç�¼dzkfb
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�ehnp��=hjmzklonpDbeqSklh U��ehnqa�abe��vwgahr�ehjpDhrpDh·��v}p�b�qSklhrg b�onmzmlonqa�eo±~"�a�nmlo � � � ����� ����� �& " � � � ��� � b�d 1
dfbDhj{ kCUep2qyo �ÂondfbDbep2��iab�o<b�dzkfmfi kfiamlo � hjmfp�ongyo<UDdfbepDbet}�yonqSklb�o|iap2dC1jt}vwgah � �jbem��%v} jiamlo

 �60
�²� ��b�o;b�dzkfmfi kfiamlo � hjmfp�ongyo6�=bet}h;t}ia{amzv �y�eonqSklb �y�soum�qao �Âondzb�dzbepDbet}�yonqSklbDo|iap2tw�}��i vwgah
qy�nh��ao·�nbemf��o±klmfv�klh�b�dzkl�uklv}�eh�b dzvwp iap oukfmfv�klh���vwqDU²klvw��ha����b�dzk�o��Âoudfb �uontwb o�twbev gab;��kfh
�nb�d
hji�dfb �fo �3h;ouklmzv}kfh�U��amfhn�¡hjmz�ev}hjqyont � �jbet}h���vwgyougab � �a a� 
 �6H��.b�p_{yonv � h �6b�df��iabemzgyo(�©����o �Âondzb
onpDhjm �Âo<h o±klmfv�klhPU|out}klh��¡hjv}d_h��ehjmzmfb iap�bep�onmlonq �yongah�gyoud��songab�vÌondrp�hjt}be��iatÌonmzbed � p_iav�klhjd
gahjd
t}ia{amfv��y�souq�kfbed
dl�uh��=hjt}�wpDbemfhnd �²�c� �Âondzb�dzia�=bem�~��ev}qDU�kfvw�so U�iap�o��ehjqag vw�s�uh�p_i v}klh�g bedfb �fongyo �
p�ond���iab�dC1|on��hjqSklb��eb�bep mlonmfond�h��eondfv ��b�de����b�dzk�o��Âondzbn�3h6t}ia{amfv��y�souq�kfbr�uonv�gyo �Âoudfb�onpDhjm �Âo
o_iap�o_�ehjq��y jiamfon�s�nh_klont[��iab�h�oukfmfv�klh U�p_i v}klhr{yonv ��ha��b�vwd�klh�h��ehjmzmfb�ou�R1jd�i t}klmfon�yondzdlonm iap�o
�jb�twh��ev}gyongab���mf�}kfvw�eo �

vc

�
�¼dzklb�d�b�dzk�ougahjd�qy�nhDdl�nhDvwqSkfmf�wq dfbe��hjd�onh�klv}�¡h�gab�twi {amfv��y�sonqSkfbn�y�=hjvwd��a�ehjpDh�dfb�p�b�qa�ev}hjqahji

onqSklb�mfv}hjmfpDbeqSklbu�no�gab��¡b�qag �eq �evÌo��ehjp�o��jb�twh��evwgaongab
vwq��aiav�qah�kfvw�=h�g b b�dzklmzi kli mlo���iab'ondfdziapDvwml�
h t}ia{amfv��y�souq�kfbn����dfdzvwp;�[b�p i p gab�dft}vwxsoup�b�q�kfh � ont�k�o��jb�twh��evwgaongabn�[o bed�klmzi kliamfo6ondfdziapDvwgyo U
p�onvwd��youmfbe��vwgyo;onh|twi {amfv��y�sonqSkfbDqao �Âondzb�d 1jtwv}gyo �3b�qah<�sondzh<gabD{yonv � ond��jbet}h���vwgyougabed��
UDp�onvwd
�yonmzbe��vwgyo ���Âondfb�t}�w��iavwgao �

��������� � &�Y=`aT
Q�Y�� � &�T^\�Z #�T
`  [W^W�R	��
 &�Y¡W�T
O #�T¼`! ¡W \�Z W�R�`!&�R�T
�"qSklmzh�gai xevwg h�b�p

1986
� h pDvw��mfhjdz� 1j� vwh�gab�� hjmf�eo oukC2jpDvw�so �>.���� ���=bemzp�v�klb �Âonx�bem�p�b�gavw����b�d

gab � hjmf�eondDb���klmzbep�onp�b�qSklb;�¡b���i beqyond�beqSklmzb�iap�o��¡hjqSklo�gab;�amzh®�uo�b<iap�o�dfia�=bem � �w�ev}bn� ��i b
�=h�gab�dfb�m���hjqagai kfhjmlo�hji�v}dfhjtwonqSklbn��&'hnp b�dzkfbrvwq dzklmziapDbeqSklh@Ur�=hjdfdz�}�jb�tÇmzbsont}vwxeonm�p�b�gavwgaond�g b
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� hjmz�so�p�b�qahjmzbedc��i b
1 nN

�%�
d�k�ondc�=be��iabeqaond � hnmf�soudcdf�nh�p�b�gavwgyoud3p�hjq v}klhnmlonqag hu~"dzb¼o �yb�� �nh�gyo
�=hjqSk�o�g b'�amzh®�uo�onh�gab�dft}vwxsoumcdzhj{amzbMo�dzia�=bem � �}�ev}bn�±p�b�gavÌonqSkfb'o�i klv}twvwxeon�s�uh�gab'gav��jb�mfdfhnd%p U�klh�gahjd
�ehnp�h<mfb �ab�� �nhP1nkfvw�eo �Çv}qSklbem � bem �eqa��vÌo 1uklvw�eo �c�son�you�ev}k3Enqa��vÌo|bDkfiaqabetwonpDbeqSklh<gab ��hjmfmzbeqSklbu�<��d
�yb ����bed�gyo_�=hjqSk�o�gab�� mfh·�uo��=bemzp�v�klb�p hn{ klb�m��yonm3Eup�b²klmfhndMmfb�twb��uonqSkfbed�gyo�dfi �¡b�m � �w��vwb���hjpDh�o
�=bemfv}h�g vw�ev}gyongab�b�onpD�at}v}kli gabn�����¡hjqSklo gab��amzh®�uo�U�� b�v}klo gabrkfiaqa jd�k �eq vwh6hji�gavwonp�onqSklb��ehjp
mlouvwh�beqSklmzb

10
b

100 nm
�%�Çhjmcb���bepD�at}ha�niap�o�g b �yb �a�uh�gab

0.02 mm
be��iav}�uont}b'o

10 N/m
�np�ond

U'�=hjdzdf�}�nbet�gab�kfbemfpDvwqaonm%�amzbedzd ��bed�gabMouk3U
0.2 N/m

���¼dzklond%�uonmzmfbeg iamlond%dl�nh � b�v}klond ���jbet}h���vwgyougab
�ehnqadzklonqSklb � ≈ 400 + /s

�ÇbM�eonmf jo��ehjqad�k�onqSkfb �Â�soumf Sond%gab
1
o

100 µN
�Àh���iab��=bemfpDv}kfb'�eontw��iatÌonm

��iyontNU�o�� hjmf�eo�gab�ouklmzv}klh���iab�oukfiyo�dfhj{amzb�o��=hjqSk�o��
.<h�gav �y�eon�	��bed�dfi {adfb�� � beqSklb�d�mfbsoutwvwxeongyond��=hjm .�oukfb�b²k�outÆ� � 5TH��%ouh�pDvw��mfhjdz� 1j�av}h�gab�� hjmf�eo

oukC2jp�v}�soDmfbedziat}klonmloup q h6gabedzbeqS�jhjt���vwpDbeqSklh6gah6pDvw��mfhjdz� 1j� vwh g b�� hjmf�eo gab�o±klmfv�klh hni�p�v}�emzhjd�~
� 1n�avwh6gab � hjmz�so6tÌo±klbemfontÆ��� gav�� bemfb�qa�so6{y�udfvw�eo6beqSklmzbDhnd�vwqad�klmfi p�b�q�kfhjd UDo gavwmzbe�e�nh|gyo�� hjmf�eo
on�at}vw�eongyor�=betwo�dzia�=bem � �}�ev}b�dfhj{ mfb�o��¡hjqSklo�g b��amfh·�uo � ��h��soudfh�gah�p�v}�emzhjdf��1j�avwhrgab � hjmf�eoDo±k32u~
pDvw�so�o � hjmz�so dzhj{amzb�o �=hjqSk�o gab��amfh·�uo U_q hjmfp�ont � dfi �¡b�m � �w��vwbu�¡�=bemzp�v�klvwq gahDkfmlon�eonm�h �¡b�m �yt
gyo�dfia�=bem � �w�ev}b��=bemz�ehjmzmfv}gyo

�
qah_�eondfh�gahrpDvw��mfhjdz� 1j�av}h�g b � hjmz�so�gab�oukfmfv�klh�o � hjmz�so U�qyo�gavwmzbe�s�uh

gah�pDh®��v}p�b�q�kfha�
��p�o�gyond� jmlouqagabed���hjqSklmfv}{aiav}�	��bed�gah�pDvw�emzhjdf��1j�av}h�gab � hjmf�eo�g b<o±klmfv�klh � hjvMo�� mfvwpDbev}mlo

�amzh®�uo�b ���¡b�mfvwpDbeqSklont g b iap�o<��vwhjtwon�s�uh<gav}mfb²k�o<gao�twb�v g b|&'hjiat}hjp_{�~���pDhjqSklhjqad��
F = µN

�
��o �%v} jiamlo 
 ��� U��=hjdzdf�}�nbet�hj{adzbemz�uonm|��iab iap oniapDbeqSkfh�qyo �sonmz So@qahjmfp�ont�� mfh�gaiax�iap�o
gav}p�v}q�i vw�s�uh�gyo � hjmf�eo�gab;ouklmzv}kfha���"d�klh U6iap o�b²��v}g �eq �evÌo�gyo�qy�uhu~"t}vwqabeonmfv}gyongabDgah�ouklmzv}kfh�o



���$� � M "$�B������� � �*�����'" � ��+,��-�",� �&�

% ",- � ��� � � � '
 '�� )�
 �
� $ � ' )�
 '�� $%�����  '�$ ' � � � '�� )�

C60

� $%� � � '�� � � � 
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GeS (001)

' �(� � $ 
 '�� 
 �#� ��$ '��!$ 
! $ 
 �#
�� � '%" �
$�� � �#� )�
�" '�� ��� '�� $ ����� 
 �#��"�$ ���
� � '�� � 
 ��)�
!'�� � � '�� $%��� �%' � �
� $ � ' � � $
" '�� � 

" �����

N = 6.7 nN

 

" �����

N = 30 nN
'

qa���jbet3qaonqahjdz� 1j�av}�eh � GT5 �¾�

�������	� � &�Y=`aT�
�W
X�W
�  ¡W \�Z���` &�QSR�W
XD\�Z��@O�W
`�R��[T
�FkCUe��qavw�eo�gyo pDvw��mfhj{aontÌonq �so�gabr��mfv}dzk�outcg b_��iyonmzkfxeh �>. � 7��²� gyoud�klm �ed�kCUe��qavw�eond�on� mfbedzbeqSk�o®~
gyond��:U�o �aq vw�so���i b��ehjqadzbe ji b�iap ou�ebedzdfh|gav}mfb�kfh6onh6o±klmfv�klh ��bedf�eontÌo6o±k31jpDvw�eoDv¾�ºbu�}�.h ouklmzv}klh
beqSkfmfb�gaiyond p�hnqah��eonp�ongyond¼o±k31jpDvw�eond��=hjm
b���bepD�atwh ����mfb��amfb�dfb�q�klo ���¡hjm�k�onqSkfha��o�� hjqSkfb�b ���¡b©~
mfv}p�b�qSk�ont.p�onv}d�vwpD�¡hjm�k�onqSkfb��yonmlo�hDqahjdfdzh�b�dzkfiagaha����klv}twvwxeongyo_�=betwo�� mfvwpDbev}mlor�nbexrq h�b�dzkli gah
gab�ouklmzv}klh��¡hnm I�mfv}p b ��vwg hjp �¬¢
� � ¤n¤��¡bep

1988
��o�k3U��eqav}�sor�=bemzp�v�klb�hj{ klb�m'h��eh�b��y��vwbeqSkfb�gab

oukfmfv}kfhrgab�iap o��sonp�ongyo�gab��=hjia�ehnd��uklhnp�hjd �
N
�
Xe

�
Kr

� dfhn{amfb�iap^dzia{adzkfmloukfh� jb�mlont}p�b�q�kfb
gab�hjiamzh�hji<� mlouklo �

�"qavw��vÌont}p�b�qSklbn��o�p�v}�emfh±~"{yontwonqa�eo�g b���iyonm�klxehrbemlo�i klv}twv}xsongyo��yonmfo�gab²klb�mfpDvwqyonm orp�ondzdlo�g b
�yonm�kl�}�eiatwond3on{adzhjmz��v}gyondÀqyo�dfiyo�dfi �¡b�m � �w��vwbu�c�"d�klh U
�¡hjdzdf���jbetSg b dzbemÀmfbeontwv}xsong h��¡hjmz��iab
h���iyoumzklx�h
klb�p �¡hnia�so@gavwdzdfv}�yon�s�uh v}qSklbemzqyo�b v}dzkfh �=hjdzdfvw{ vwtwv�k�o�o@dfiao@��vw{ mlon�e�nh@bep iap�o � mfbe��� ��qa�evwo
{=bep bedf�=be��� �y�eo �ÂiadziyontwpDbeqSkfb_gab

5
~
10

.<�ax �©����dfdzvwp;�[��iyont}��iabem�b ���ebedzdfh;gab_p�ondfdfo mfb�dfiat�k�o
q�iap�o �¡b�mzkfiamf{you�s�nh qao � mfb�� � �eqa��vÌo gabr��v}{amlon�e�nh g h ��iyonmzkfxeha��
�bed�k�o p�onqabev}mlo �¡o �youmzklv}m�gao
� mfb���� �eqa��vÌo|gah;��iaonmzkfxeh �

ω′ �²�Àgyo6�noumfvÌou�s�nh6gyo�� mzbe��� �eq �evÌo|hj{adzbem��nougyo �
δω

��bDgao|p�ondzdlo|gah
��iyonm�klxeh��

Mq
�'klb�p�~�dfb���iab�o�p�ondzdlo�gyond��yonm�kl�}�eiatwond�on{adzhjmz��v}gyond �

ma
�'bed�k���gyongyo��¡hnm��
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ma = Mq
δω

ω′
,

&'hjqSkli gaha�
bed�k�o�mfb�tÌon�e�nh�dfia� ��b ��iab;ond_�yonm�kl�}�eiatwondrdzhj{amfb6h���iyoumzklx�h�bedzkl�nh � � ond�hji���iyondzb
� � ond�� �� jhjmfo ��dzb�ondM�youmzkl�}�eiatwond qy�nh�bed�k��nh����aoud�onh_dfi {adzkfmloukfh�vwdzkfh_dfb�p�onqav�� bed�k�o���hjpDh_iap�o
�uonmfvwon�s�uh�qyo�� mzbe��� ��qa�evwo�gab���vw{amfon�s�uh�gah���mfvwd�k�onty��iab�qy�nh��ehnmfmfb�df�=hjqagab ��p oudfdlo�gab��¡hjdzv}klongyo �
�ÂoukfhDb�dzkfb�i�klvwt}vwxeongah_�=hjm I�mfv}p �yonmfo�hD�e�ntw��iatwh�gah���h�b �y�ev}beqSklb�gab�oukfmfv}kfh_��vwdf��hjdfh �
� pDvw��mfhj{aontÌonq �so6gab ��mfv}dzk�out g b ��iyonm�klxeh �%iadfongyo��youmlo<g b�klb�mfpDvwqyoum�h<�eh�b��y��vwbeqSkfb gab ouklmzv}klh
��vwdz�ehjdzha�y�ehjq dfvwd�klb�gab�iap*�emzvwd�k�ont.g b���iyoumzklx�h mzb�k�ouqa jiatwonmMbep*��iabu� dfhj{amzb�dfiyond�gaiyoud �Âon��bed���U
gab��¡hjdzv}klongah�iap p�oukfbemfvwont=�ehjqag i klhjm��abepV jbemfont.hji mfh�hji6�amfouk�o � ��i b�kfbep o � i qa�s�nh�gab�o±kliyonm
�ehnp�h�dzia{adzkfmloukfh g b;i p dfb� jiaqagah�p�ouklb�mfvÌout'��iab|���yonp�onpDhjd�gab|ongadzhjmz�uoukfh �Â�=hjm�b���bepD�at}h
Xe

�
Kr

�
H2O

�
C6H12

�©� ��p�ouklb�mfvwont¡��hjqagai�klhjmMklonp_{�Uep mfbsoutwvwxeoro�� iaqa�e�nh�gab�b�twb�kfmfh�gahjdMg h
�emzvwd�k�ont
gabD��iyonmzkfxeh�h<��iab �=hjdfdzvw{av}twv�k�o h;�ehjqSklmzhjtwbDgyond�hjdf��vwtwon�	��bed���iab h��ehnmfmfb�p2qah���mfv}dzk�outÆ�
� on�at}vw�sou�s�nh�gab|iap�o�g v � bemzbeqa�eo�g b<�=hnklb�qa�evwontMb�q�kfmfb;hjdDbetwb²klmzh�gahndDg h ��iyonm�klx�h dzb;kfmlongai x
�ehnp�h�o�on�at}vw�sou�s�nh�gab|iap�o � hjmf�eo�dzhj{amzb;hnd�ougadfhjm��uouklhjd���i �fo�p on nqav}kfiagab6bed�k���gyongyo��=betÌo
be��iyou�s�nh

F = F0 exp(iωt)
� ��dfdzvwp;� dfbe niaqagah I�mzvwp b²k�outÆ� �¬¢����Æ�=ond���vw{amfon�	��bed�gah��emfv}dzklont3gab

��iyonm�klxehr�¡h�gabep dzbem'on�amfh ��vwp�ongyoud �ud'gab�iap^hjdf��vwtwongahjm
�yonmzp@2nqavw��h�� hnmf�sougahr��hjp^gavwdzdfvw�aon�s�nh
�amzhj�¡hnmf�ev}hjqyont ���jbet}h���vwgyougabn�%�%onm�klvwq gah�gabed�k�o��avw��1nklb�dfbu�S�sont}�eiatwonmlonp gav��jbemzdlond
 jmfonqagab�xsond
gyoud
��iyonv}d�hj{ kfv}�nbemloup ��iab_o mfb�tÌon�e�nh b�q�kfmfb�oDmfbedzvwd�k �eq �evÌo pDbe� Enqav}�so

R
b_o mzbsouk3Enqa�evwo pDbe��Euqavw�eo

X
�a�aonmlo�h��sondzh�gab�iap�o_pDhjqahu~��sonp�ongyo ��bed�k���gyongyo��=hjm��

R/X = ωτ,

hjqag b
ω
U�o � mfb���� �eqa��vÌo�gao�gav � b�mfb�qa�so�gab��=hnklb�qa�evwont�on�at}vw�sougyo ouh��emzvwd�k�ont�b

τ
U�h�klb�p��=h

qab��ebedzdl�nmzvwh��yonmfo���iab�h�p�hnp�b�q�kfiap�gaond
�yonmzkf�w��iatÌond�on{adfhnmz��vwgyoud g be�souvÌo�oukCU
1/e

gah�dzbei��uontwhjm
qah6b���i vwtw�}{amfv}ha��&'hnq�kfiagaha�

X
b

R
qy�nh6�=h�gab�p dzbem�gab²klb�mfpDvwqyongaond�gav}mfb�klonpDbeqSklbro �yonmzkfvwm�gab

pDbegav}gyond_b � �=bemzvwpDbeqSk�ouvwde����kfh�� ��{amzvwga jb6g bepDhjqadzkfmfhji���iab|h�gab�dft}h��eonp�b�qSklh�gah��uontwhnmrp�onvwd
�amzh®�u�s�jb�t.gah��Âo±klhjm gab���iyont}vwgyougab�gaorp�v}�emzhu~"{youtÌonqa�eo�gab���iyonm�klxeh �

δ(1/Q)
��b�dzkl�_gavwmzb�k�oup�b�q�kfb

mfb�tÌon��vwhjqaongah��ehnp*o�mfbedzvwd�k �eq �evÌo�pDbe� Enqavw�eo �
R
� oukfmlos�BU�d�gyo�be��iyon�e�nh
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δ

(

1

Q

)

= 2

(

2R

ωρt

)

,

qyo6��iyont�h��Âo±klhjm
2
b�dzkl�|mzbetwon�ev}hjqyongah �ehjp h �Âo±klh6gyo|on{adzhjmf�e�nh6dfb�gyoum�bep2oup_{yond�hnd�tÌongahnd

gah<�emfv}dzklont¼bep2��iab � hjv¼gabe�=hjdzv}k�ougah<h;pDb�k�outÆ�Àb o|mfbeon��k3Enqa��vÌo �
X
�cbedzkl�<mzbetÌou�evwhnqyongyo6�ehnp o

�uonmfvwon�s�uh�gyo�� mfbe��� ��qa�evwoDg b�hndf�ev}tÌon�e�nh�gahD�emzvwdzklont.gab���iyonm�klx�ha�yvÆ� bn�

δω =
2X

ρt
.

��b�dzklormfb�tÌon�e�nh
ρ
b

t
df�nh_o�gabeq dfvwgaongab�b�bedz�¡b�dfdziamlo_gah��emzvwdzklont gab���iyoumzklx�ha��mfbedz�¡b���kfv}�uonpDbeqSklbu�

� �youmzklv}mMgab�dzk�oud�be��iyon����b�d#�a�so��Â�n��vwt[g bepDhjqadzkfmlonm'��i b�h_klbepD�=h��sonmfon��kfbemf�}dzkfvw�ehrgyo_hjdf��vwtwon�s�nh
gah�p�ouklb�mfvÌout �ydzvwhu~"on{adfhnmz��vwgah�dzhj{amzb�hDdfi {adzkfmloukfh�pDb�kl�ntwv}�eh U�gyong hD�=betwo�mfbetwon�s�uh

τ =
δ (1/Q)

2δω
,

� 
 � 
 �

��o��Çvw jiamfo 
 � 
 £�dzbM�=h�gab hj{adzbemz�uonmÇh��ehnp��=hjmzklonpDbeqSklh�gab
4
�eondfhnd�gav � b�mfb�q�kfbed�gao��eiam��uo�gah

klb�p��=h�gab�g bedft}vwxeonp�b�qSklh��eonmlon�²klb�mf�wd�klv}�eh���d
o���hj{¡b�mzkfiamlo ����hnklo±~"dzbM��iab�h��ehnp��=hjmzklonpDbeqSklh�g h
klb�p��=h��sonmfon��kfbemz�wdzkfvw��h�ou�amfb�dfbeqSklo�iap���hjpD�¡hjm�k�onpDbeqSkfh�gav � b�mfbeq �evÌougah��yonmlo��eongyo�onp�hndzklmfo�bed�~
kli gyongyo�h���i b U'iap vwqag vw�so±klv}�nh�g bM��iabM�yonmfo��sougyo�dfv}dzklb�p o��Â��hjq �ziaqSklh�ougadfhjm��uouklh�
±dfia{ad�klmfouklh �
�y��iap�o��eiam��no��soumlon�²klbemz�wd�klvw�eo�ondfdzh���vÌongao �

��kfvwtwv}xsonq gah|o . � 7_� ��o±kfkld�b²kroutÆ��on�amzbedzbeqSk�onp2pDbeg vwgyond�b�p,��iabD�ehjpD�yonmfonp h|b�� b�v}kfh
gyo|b����=hjdfv}�s�nh<onh<onm�gyond�onpDhjdzkfmlond��ehnp2hji klmfond�onpDhjdzkfmlond���iab�dfbDp onqSkfv}�jb�mlonp qah|�n�u�eiaha�
�"dzkfh � hjv � b�v}klh�o��ypVgab�dfv}p_iatwonm'h��amzh���bedzdfhDgab��ehjqSklonp�v}qyon�e�nha�
��d�mfb�dfiat�k�ong hjd�gabed�klb�d�b ���¡b©~
mfv}p�b�qSklhjd�dl�uh on� mfbedzbeqSk�ougahjd�qao��%v} jiamfo 
 � 
B
 �M��{adzbemz�uo±~�dfb���iab�h�klb�p��=hD�sonmfon��kfbemf�}dzkfvw�eh�gyoud
onpDhjdzkfmlond��ehjqSk�oup�v}qyongyond U�p�b�qahjm���iab�gyoud�onp�hndzklmfond�t}vwpD�yonde��&'hnp�h6b � v}dzkfb�iap o mzbetwon�s�nh
gab � mfhj�=hjmf�e�nh�v}qS�jbemzdlo�b�q�kfmfb h��eh�b��y��vwbeqSkfb gab6oukfmfv�klh�b�h�klb�p��=h�g b gabedztwv}xsonpDbeqSklh �%beqSkl�nh
o<��hjqSk�onpDvwqaon�s�nh|gyo;dfia�=bem � �w��vwb�vwpD�atwv}�so q�iap oni p�b�q�kfh�qah;�eh�b��a�evwb�qSklb g b oukfmfv�klha� ��d�oni�~
klhnmfbed�vwqSkfbemf� mfb�klonp2bed�klb�mfbedziat}klongah<gyo<dzbe jiav}qSklb � hjmfp�o ��o;��hjqSk�onpDvwqyou�s�nha�À�amzvwqa��vw�youtwpDbeqSklb
�=hjm��av}gamfh��soumf{=hjqab�kfhjde�¡�emzvÌo �=hjqSklhjd�q hjd���iyonv}d�hjd��ukfhjpDhjd �ydzvwhu~"ongadzhjmz��vwg hjd�df�nh6on�youqa�yongahnd
�� � � � � ��& � 
�� ��
 $ � �'g b�� hnmfp�o_��i b�h�oukfmfv}kfha� q bedfdzb��eondfhnde� oniapDbeqSklo �

��d_�=bedz��iavwdfond_mfbeontwv}xsongaond��ehjp o�pDvw��mfhu~�{yontÌouqa�so gab ��iaonmzkfxeh�pDhnklv��uonmlonp �s�nt}�eiat}hjd��¡hjm
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Ë�§eÏ%¥�¹zÄ'¸n­�¶·¹�¶·¹z½¾ª¬´��f§©ÄM¹�°eÅ¾­�Ã·½¼³�­�¨u¹z¦ÂÅ��®¦Æ§¸±§²¦Æ§���� Ê��u§�§©¨±½¾­²¦ÆÃs´¬¶®§�¹�Ä ¸®¦�§�Å�§	� ÅÆ¹�Ä�
¸n¹�¦�§�Å��±¦Æ§ §©Ä ¨®´¬¹�°eÅ¾¹�Ð�
 Å¾¹zÄ'¸n­;¶·¹�¶·¹z½¾ªº´�

�z§²ÄM¹�°eÅ¾­��

τ
�.¸±§²¦Æ§r­�³�§�½Â­_¶·¹��±ÄM§_ÄM­�°®­�
³�§²Ä�§²¶®§�� ³© ¶®¹

4 ns
Ð

Ë�¨uÏ%¥�¹�ÄM¸u­�¶·¹M¶·¹z½¾ª¬´��f§©ÄM¹�°eÅ¾­�Ã·½%³�­²¨n¹�¦¾Å��®¦�§¸±§©¦�§�³��·³�ªº­�«®¹��®§©°±­#§²¨±½¾­²¦ÆÃe´µ¶·­ ¹zÄ ¸±¦Æ§©ÅÆ§
� Å¾¹zÄ'¸n¹�¦�§�Å��®¦�§�§²Ä ¨®´¬¹�°eÅ¾¹�Ð�
#Å¾¹�ÄM¸n­�¶·¹¶·¹z½¾ªº´��z§²ÄM¹�°eÅ¾­��

τ
�_¸±§²¦Æ§�­ ³z§²½¾­�¶®¹��®Ä�§Ä'­�°®­�
 ³�§²Ä�§²¶®§�� ³© ¶·¹

1.9 ns
Ð

Ë�³fÏ�¥�¹zÄM¸u­�¶·¹�¶®¹z½¾ªº´��z§²Ä'¹z°eÅ¾­�Ã·½
³�­�¨u¹z¦ÂÅ��®¦Æ§¸±§²¦Æ§<°®´ºÅ¾¦Æ­²Ê�����°®´¬­�§©¨±½¾­²¦ÆÃs´¬¶®§;¹�Ä�­��®¦Æ­�§
77 K

Ð�
�Å¾¹zÄ'¸n­Ç¶®¹¡¶·¹f½Âª¬´��f§©ÄM¹�°eÅÆ­��
τ
�©¸±§©¦�§.­³�§�½Â­�¶·¹��®Ä�§%ÄM­²°®­�
Ì³z§©Ä�§²¶®§ � ³© ¶·¹
3.5 ns

Ð
Ë�¶±Ï�¥�¹�ÄM¸u­#¶·¹�¶·¹z½¾ª¬´��f§©ÄM¹�°eÅ¾­�Ã·½�³�­²¨n¹�¦�
Å��®¦�§�¸±§²¦Æ§��·¹�°�����°®´¬­�§²¨±½Â­�¦¾Ãs´µ¶®§ ¹�ÄI­��®¦Æ­�§
110 K

Ð!
6Å¾¹zÄ'¸n­ ¶·¹Ç¶·¹z½¾ªº´��z§²ÄM¹�°eÅ¾­��
τ
��¸u§©¦�§­�³z§²½¾­%¶®¹"�±ÄM§%ÄM­²°±­�
 ³�§©Ä�§�¶®§ � ³© ¶·¹
4 ns

Ð

% ",- � ���>���7� � � &���� ��$ 
 � ��� � '()��#� ��"�� � )��#��� � " ' " ��� $ � � " '���'�� � ' )�
 ��� '�$ � � �� � $�# $%��" 
 �#'��2!8%$ : '
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Ë}§�Ï Ë�¨uÏ

% ",- � ���>�&��� � � 
 ��� � )(' ' � ��� )�
���"  ��$ 
�� '���� ��"�$ 
�� � 

"  � )�
 )�
�� ��� '%" 
�� ��� � '�� " 
 )�� )('��
$ 
 '�� ��� '()('��*� � " ' " ��� $ � � " '���'�� � ' )�
 ��� '�$ � ��2+4/4 : '� � ��� '()�$ '()��#� $ 
! $ 
 �#
�� � '%"
'�� '%" �#� � $ '���� ��� � '%" � � '()('�� 
 �#� '�� ��
 $%� �#� �#��'�� '%" �#� � $ '��*� ��"  '�� '�� ' � ��&���$ '

 '
� � '()�� � $ � '�� ���

N

-� ' � ��&���$ ' 
 "�� �

Kr
'

% ",- � ���>��9 ��� 

"  � )�
 )�
 ��� ��� '%" 
�� � � 
 '�� $ �����  � $ ��� � )('()�
 )�
 � $ 
 '
s = η v


  '�$ '
v = 1 cm/s

� � � ' � ��"�
 $%� ��$ '� '�$ ' � $ � � )�� � 
 $ 
�� � 
 ��� �5 
 $ ��$�� ��
 � )�

Ag(111)
�� " ��� �#� '%" '()('��

5.970
�±klhjpDhjd

/nm2
�%'� '�� $%��� �  � $ ��� � )('()�
�)�
 � $ 
 '  '�$ '

'�"���� '%" '()(' )�
 '() � ��� " �#� �#)�

15.1±0.5N/m2

��� 
 �#'
 $ � �
��" '()('%" 
�� ��

25 %" '�� � $ ��� 
 � '�� $%��� �  '�$ ' � " ' " ��� �#� '%" '()('

11.9± 0.4 N/m2
' 2�� 4 : '
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% ",- � ���>��L ��� 

"  � )�
 )�
 ��� ��� '%" 
�� ���
τ


 � '�� $%��� �� � $ ��� � )('()�
�)�
 � $ 
 '
s = ηv


  '�$ '
v = 1 cm/s

� � �
T/Tc

' 2�����: '
gav}q�EnpDvw�so;p�hntwbe��iatÌoumr�yonmfo�vwqSklb�mf�amzb�klonm�hjd�mfb�dfiat�k�ong hjd_b����=bemzvwpDbeqSk�onv}d_hj{ kfvwgahnde��&'hnq�kfiagaha�
mfb�dfiat�k�ong hjd
�ehjqSklmzh·�jbemzdfhjd � hjmfonp�hj{�klvwg hjd¼�¡hnm¼ jmfia�=hjd
gav�� bemfb�qSklbed��¼��t} jiap�ond��=bedf��iav}dlond on�=hjq�~
k�oumlonp*��hjp�h�mfb�df�=hjqadl�s�nbevwd��=bet}h oukfmfv�klhDbep�qa�}�nbetÇqyonqahjdz� 1j� vw�eh�hjd�pDh·��vwpDbeqSklhjd�bet}b�kfmC2jqav}�ehjd
hjmzvw jv}qyongahjdÇ�¡b�twh�gab�dftwv}xsonpDbeqSkfh�gyo��sonp�ongyo�ong dfhjm���v}gyo �Sb�qa��iyonqSklh���i b�hni klmfond
ouklmzvw{ai �wmloup �ud
b�����v}k�ou�	��bed�gyond ��v}{amlou�	��bed�oukC2jpDvw�soud � �,2nqahjqad �²�

�iyoudMklbeqSklouklv��noudMb����=bemfv}p�b�qSk�onv}d � hjmfonpVmzbso±~
twv}xsongaond��yonmfo�bet}ia�ev}gyonm�oD��i bedzkl�nha��
�ont �|b8I�mfvwpVbed�kliagyoumlonp�hDdfvwd�klb�p o

Xe
dzhj{amfb

Ag(111)

� 
 ¤ �¾�
� mfb�dfiat�k�ongah�gabed�k�orb ���¡b�mfv���qa�evwo � hjv dziamf�amzbeb�qagabeqSkfbn�'��d �=bedz��iavwdfondM��iab�v}qagav}�sonp ��iab�h
oukfmfv}kfh�b�p^qa�}�nbet=qyonqahjdz� 1j� vw�eh�klb�p hnmfvw nbep bet}b�kfmC2jqav}�so�o �ymzp onp ��iab�h_�eh�b��a�evwb�qSklb�g b�oukfmfv}kfha�
�yonmfo�hD�eondfh�gab�gaiaond��sonp�ongyoud�gab�p oukfbemzvÌont¡on{adzhjmz��vwg ha� klb�p gab�oni p�b�q�klonm�bepV�¡b�twh�pDbeqahjd
5 %

gahD�uontwhjm�hn{ klv}gah��yonmlo�iap�oDpDhjqah±~"�soup ongao �AKj��ond��=bedf��iav}dlond���iab�g b�� beq gabep o�hjmfv} jbep
� hjqD2nqavw�eo�gahro±klmfv�klh�ondzdfv}qyontÌoupF��iab�bed�klb�oniapDbeqSklh��=h�g b�dzbem
gab�oukCU

100 %
��
�ont ��b I�mfv}pFhn{�~

klv��jb�mlonp ��iab�h_oniapDbeqSkfh � hjv gab�dfhjpDbeqSkfb
27 %

��mfb�dfiat�k�ong hrbed�klbu� ��iab�hnd t}b��jhni oro �ymfp�onm
��iab
qah�dfvwd�klb�p o�gab��nb�on�ehnq�kfbe��bem%i p o��ehjpD�¡b²klv}�s�nh�beqSklmzb'hjdÇgahjv}dcpDbe�eonqav}dfpDhjde�%�Ihji kfmfh�kfmlon{aontw�ah
��iabMklb�qSk�o�bed�kliagaonm¼p ouvwdcgab�klontw�yougyonpDbeqSklb'o��ehjqSklmzvw{ai vw�s�uh�bet}b�klm 2jqav}�so�ouh�ouklmzv}klh�qyonqahndf� 1n�avw��h
� hjv=mfbeontwv}xsongahr�¡hjm'
�o
�jh�b�k�ontÆ� � 
 0#�Æ�
�¼twb�dMi kfvwtwv}xsonmfonp �ehnp�h_p�oukfbemfvwont=on{adzhjmz��vwg h

N2

b���hjpDh
dfi {adzkfmloukfh

Pb
�ehjp

99.9999%
gab��aiamzbexeo ��� vwg UevÌo � hjv gav}p�v}q�iavwmÇo�klbepD�=bemlo±kliamfo��yonmfo�ou{yonv ��h

gyo�klbepD�=bemlo±kliamfo�gab�klmlouqadfv}�s�nhDdfia�=bemz�ehjq gai klhnmlo gah ����i p_{¡h �
7.2 K

�Mgab � hjmzp oDo�priagyonm�h
bed�k�ong h;g b��ehjqag ia�s�nh|gab�dzkfbDpDb�klont%hni�dzb �fo �3priagyonm��youmlo h6bed�k�ong h;dzia�=bemf��hjqagai�klhjm���&'hjpDh
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bed�k�oDp_iagyonq �so�gab�b�dzklongah v}p�� twvw�eorq�iap�oniapDbeqSkfh�qahnd�b�t U�kfmfhjq d�g b���hjqagaia�e�nh � bet U�klmzhjqad�dfi�~
�=bemf��hjqagai�klhjmzbed ��b�mlo6gab�dfb�b�df�=bemloum���iab�b�dzkfbD��hjpD�¡hjm�k�onpDbeqSkfh klv}�nbedzdfb�iap v}p��aon��kfh gavwmzb�kfh
qah;oukfmfv}kfh �ehnp,hjmfv} jbep bet}b�kfmC2jqav}�so p�onvwd�gah|��iab�qah;ouklmzv}klh � hjqD2jqav}�eha�[gabed�k�o � hjmfp�o �.dzbemfvwonp
�sou�yonxeb�d�gab�gab�p�hjq dzklmfonm�h��you�¡b�t � i qagyonpDbeqSk�outcg h oukfmfv�klh�gabrhnmfvw nbep b�twb²klmC2nqavw�eo ����d�mfbedziat�~
k�ougahjd�gab�dzkfb�b����¡b�mfv}p�b�q�kfhjd�dl�uh|on�amfb�dfb�q�klongahjd�qao6�%vw ji mlo 
 � 
 5 ����{adzbem��no®~"dfb���iab�q h6�¡hjqSkfh
gab kfmlonq dfvw�e�nh�h��ehjmzmfb�iap�ouiap�b�qSklh�on{ mfia� kfh�qah��uont}hjm�g h�klbepD�=h��soumlon�²klbemz�wd�klvw��h �Âhni�iap�o
gav}p�v}q�i vw�s�uh�qah��noutwhjm�g h � dz�absoum d�klmzbedfd � �²�
���amzvwqa���w�av}h�bed�klb�mfbedziat}klongah��yonmzbe�eb�dzbem ongabe��iyougah
b6on�=hjqSk�oumriap�o<��hjqSklmfv}{aiav}�s�nh�b����av}klouklv��no;beqSklmzb6ond_g iyond_hjmzvw jb�qadrg h�ouklmzv}kfha�%�=hjmCU�p�
�o �nh
b�k�ont¾�_hj{adzbem��noumlonp,��iab�qy�uh<ou�ehjqSklb��ebDiap2oni p�b�q�kfh;on{amfi � klh|qyo|��iyonqSklv}gyongab�gab�bet U�kfmfhjqad
dfi �¡b�mf�ehnqagai kfhjmfb�de��
�v��jbemzdfhjd_kfmlon{aontw�ahnd�kfb 1jmzvw�ehnd � hjmfonp mfbsoutwvwxeongahjd�� G�H��%¤B5�� 5T0�� Hn£ �'o!�yp
gab�b � � twvw�eonm�o6�souiadlo6gyo6p_iagaonqa�so|on{ mfia� klo qah6�uontwhjm�gah|�eh�b��y��vwb�q�kfb�gab�ouklmzv}kfha�_&'hnq�kfiagaha�
qy�nh<b���vwd�klb�iap o|b����at}vw�eon�s�nh;gab �yqav}kfv}�uo|�yonmlo;�ehjq��y jiamfon�s�nh �_��iyont gyond�gaiyond��ehjqSklmzvw{ai vw�	��bed
�Âb�twb²klmC2nqavw�eo_hji � hnqD2jqav}�so(�AU�o�p�onvwdMv}p��=hjm�k�onqSklb�qah��eondfh�gab�dzia{adzkfmloukfhjd�p�b²k��nt}vw�ehnd��
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��h��son� �}kli twh�onqSklb�mfvwhnm � hjv b � �=hjd�k�o�i p o�{amfb²�jb�mzb���vwdf�nhr� vwdzkC1jmfv}�so�o�mzbedf�=bev�klh�gah_oukfmfv�klha�Sv}qavw��v�~
ongah��ehnp hjdÀ�amfv}p�b�vwmfhnd.bed�kliagahnd%mfbeontwv}xsong hjd3�¡hnmÇ�3b�hjqyonmzgah�gao���vwqa��v�ouk3U ond �at�klvwp�ond.�=bedz��iavwdfond
mfbeontwv}xsongaond��ehjp o|pDvw�emzhu~"{aontÌonq �so gabD��iyonm�klxeh � ��b�dzkfb��eon�a�}kfiatwh;on{=hjmzgyonp�~"dfb�oud��=bedz��iavwdfond
klb�1jmfv}�sond�mfbetwon�ev}hjqyongaond���hjp,o pDvw��mfhu~�{yontÌouqa�so�gab���iyonm�klxeh �3�amfv}qa�ev}�yontwpDbeqSkfb�gab��eonml�±klbem�q�i�~
p Uemfv}�eha�c!Çonp_{�Uep;�ndfbMkfmlouklo�gyond%�¡b�df��iavwdfond
onqyoutw�}kfvw�eondÀmfbsoutwvwxeongyondcqyond¼��iyouvwd%h � h��eh��amfv}qa�ev}�yont
U�bed�k�on{=bet}be��bem�iap p onmz�eh kfb 1jmzvw��h6�ehjp h6��iyont�dzb �fo6�¡hndfdf���jb�t��ehjpD�amzbebeq gabem���iyont U�o �soniadfo
gahDoukfmfv}kfh�qahjd�mfb�dfiat�k�ong hjd�gyond��¡b�df��iav}dlond�mfbeontwv}xsongaond��ehjp o�pDvw��mfhu~�{yontwonqa�so�gab���iyonmzkfxeha�

� � � � ����� 	 �	� �
� ����� � ��� � � �
�

��d_gav�� bemfb�qSklbedrp@U²klh�gahjdrb ���¡b�mfvwpDbeqSklonvwd�i klv}twv}xsongahnd�qab�dzkfbed �at�klvwpDhjd�onqahndrk ��p v}qa�eb�qSklv}�uong h
iap oniapDbeqSkfh �ehjq dfvwg beml�s�nbet%qao��yonm�klv}�evw�aon�s�nhDgab_g v}�jb�mfdzhjd� jmzia�=hjd�kfb 1jmzvw�ehnd���iabrkfbeqSk�oup b ��~
�at}vw�soum'ond qah·�uondMgab�df�ehn{¡b�mzk�oude�y�amzvwqa��vw�yont}p�b�qSklb�qyo��nmzbsorgab�p�v}�emfh�b�qyouqahu~�kfmfv}{¡hjt}hj jvwo �c&'hjpDh
� hjv=p�b�qa�ev}hjqyong h�onqSklb�mfvwhnmfpDbeqSklbu��klm �ed'kCUe��qavw�eondMb����=bemzvwpDbeqSk�onv}d k �ep dfvwg h�onp�� tÌonpDbeqSklb�i kfvwtwv�~
xsougyond�qyo��=bedf��iav}dlo�dfhj{ mfb�ouklmzv}kfh�o�qa�}�nbet.pDvw��mfh�b�qyonq hjdf��1j�avw��h�b�gabeqSklmzb�bedzklond�dfb�gab�dzk�ou�soDo
gab�dfbeqS�nhjt}��vwgaoD�=hjm K ��I�mfv}p b��ehjtwon{=hjmlong hjmfb�d �¬¢ 4 � ¢�� �&5 
 �&5S¢#�Æ�

� ������� N T¼`!&�P
Z 
 Z3X�Z[R�` �
� &�Y¡W \�T W�R�` &�R T
�Çhnia�ehjd onqahnd
on�R1nd oud � mfvwpDbev}mlondÇ�aia{at}vw�eon�	��bed¼dzhj{amfb�ond
�=bedz��i vwdloud b�p ouklmzv}kfh�mfbsoutwvwxeongyond%�ehjp
o�pDvw��mfhu~�{yontwonqa�so�gab���iyonm�klx�ha� �����Çbemzdfdzhjq6�aia{at}vw��hji�i p�klmlou{yontw� h�kfb 1jmzvw��h�qah���iyont bed�kliagyoro
�uonmfvwon�s�uh�gyo�mzbedzvwdzkfv}��vwgaongab'g b'iap �ytwpDb p�b²k��nt}vw�eh �udzhj{amfb'h���iyont�bedzkl�nh�on{adzhjmz��v}gyond%pDhjt Ue�ei tÌond
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gab�hji kfmfh�p o±klbemzvÌont¾� ��hjp*o���v}gyo�p@U�gavÌo�gyo���vw{amfon�s�nh��youmlont}betÌo�ouh�dzia{adzkfmloukfh gyoud�pDhjt Ue�ei tÌond
on{adzhjmz��v}gyond��ehjpDh�mzbedziat}klongahDgyo�b � ��v}klon�s�nhDgab��yonmzbed�b�t U²klmfhnq�~"{ai mlon��h � bedf�=be��v �y�eonpDbeqSklb

CO

bep
Cu(100)

b
H

b�p
Cu(100)

� � Gj£ �Æ���Mondzbsong h�bep klm �edr� mfbed�~"dzia�¡hndzklhnde�
�Çb�mfdzdfhjq�hj{�klb��nb
��iab�o_mfb�tÌon�e�nh_b�q�kfmfb�or��vwgyo_p Ueg vÌo�gao���v}{amlon�e�nh_�youmlont}betÌo�onh�dfi {adzkfmloukfha�

τ
� b�or�noumfvÌou�s�nh_gao

mfb�dfv}dzklv���vwgyong b��ehjp*o�gab�qadfv}gyongab�gab��youmzkl�}�eiatwond�on{adzhjmz��v}gyonde�
ρ
�ybed�k���gyongyo��¡b�tÌo_mzbetÌou�s�nh

1

τ
=

n2e2

M
d

∂ρ

∂na

∣

∣

∣

∣

na=0

,
�Æ¢�� 
 �

hjqag b
n
Urgabeqadzvwgyougabrgabrbet U²klmzhjqad�g br�ehnqagaia�e�nha�

e
U_o �eonmf So�gah b�t U�kfmfhjq[�

M
Uro p oudfdlo�gah

ongadzhjmz�uoukfha�
d
U_b�df�=bedfdziamlo|gah��yt}p�bu�[b

na

U�o �ehnqa�eb�q�kfmlon�e�nh|gab�ongadzhjmz�uoukfhjde����klvwt}vwxeonqagah o
be��iyou�s�nh �¾¢�� 
 �
b�mfb�dfiat�k�ongahnd'b����=bemzvwpDbeqSk�onv}d hn{ klv}gahjd p�b�gavÌonqSkfb�b�df�=be��kfmfhjdz�ehj� vÌorgab�on{adfhnmf�s�uh
qah�v}q � mlos�jb�mfpDbet}�ah��=hjm�mfb �yb�� �nh � ��	���� �²�n�Çbemzdfdzhjq��eontw��iatÌo�h

τ
�yonmfo��n�umfvwhnd�dfv}dzklb�p oud#�Â!Çon{=betÌo

¢�� 
 �²�
? � � � 9:�$��� � 

"  � )�
�� � )(' "�� )�� '

τ


� � " � $ ��&�

" � ' 

��� ��� ' � ��� )�
  '�$ 
 �*
�� � � $ ����� "���$ '�� � �

)(' � � "�$ ' � ���  '�$ '�� 
���' '�� � � "�� � $ '�� �  '�$ ' � � $%� �#�(� � � � 

" '�� 
 )�
32 6 � : �%'
��vwdzkfbep�o

τ (s)7�i �wpDvwhu~"on{adfhnmz��vwgah
H/Ni 9.9× 10−13

CO/Ni 1.4× 10−11

N2/Ni 4.6× 10−11

CO/Cu 3.9× 10−11

O/Cu 6.9× 10−12

Ag/Ag 1.0× 10−10

�%�wdzvwhu~"on{adfhnmz��vwgah
CO/Ag 3.6× 10−10

C2H4/Ag 7.2× 10−10

Xe/Ag ∼ 3.0× 10−9

C6H6/Ag 1.4× 10−9

C6H12/Ag 1.7× 10−9

C2H6/Ag 3.6× 10−9

��iap^klmfon{yont}�ahr�=hjd�klbemzvwhjm����Çbemzdfdzhjq;on�atwv}�so�dfb�iad�mfb�dfiat�k�ongahnd �nd �¡b�df��iavwdfondMmzbsont}vwxsougyond �¡hjm
I�mfv}p b�kront¾�DbD�ehnqa�et}iav¼��iab�h;�eh�b��a�evwb�qSklbDgab o±klmfv�klh6b � �=bemzvwpDbeqSk�ougah<�=betwond�p�hnt Ue��iatÌoud���i b
�ehnp�� ��b�p h�p�ouklb�mfvÌout.on{adzhjmz��v}gaha�

ηt

�a�¡h�gab�dfb�m�b����amfb�dfdzh �¡b�tÌo_mzbetÌou�s�nh
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ηt =
1

τph
+

1

τe
,

�Æ¢��µ¢
�
hjqag b;h�klb�mfpDh

1/τe

bed�k�� mzbetwon�ev}hjqyongah���hjp h onpDhjmzkfbe�ev}p�b�qSklh�mfb�dfiat�k�onqSkfb;gaond�b����ev�k�on����b�d
gahjd��youmfbed�b�t U�kfmfhjq�~"{aiamfon�eh�b

1/τph

��hjp ond��=bemzgyond�hjmfv} jvwqaongyond_�=betwo�bepDvwdfdf�nh�b;on{adfhnmf�s�uh
gab �,2jqahjq de�|�Çb�mfdzdfhjq���hjqa�et}iav
��iab o;�ehjqSklmzvw{ai vw�s�uh<b�twb�kfmC2jq vw�so �Âo<�ehnq�kfmfv}{aiavw�e�nh

1/τeb

� U�g b
p�onvwhjm�vwpD�¡hjm�k Enq �evÌo���i b�o � hjqD2nqavw�eo �3�¡hnmCUep,ongapDv}klb���iabDbed�k�o|qy�nh;�¡h�gab�dzbem�gabedz�amfb�xsongyo��
�¼dzklo_vwqSklb�mf�amzb�k�ou�s�nh_g hjd'mzbedfi t}k�ougahjd'hn{ klv}gahjd'��hjp orpDvw�emzhu~"{aontÌonq �so�gab���iyonm�klx�h�gabei hnmfvw nbep
o�iap gabe{aouklb6b�q�kfmfb|�cbemfdzdfhjq b hji�klmfhnd_ jmfi �¡hjd�g b �¡b�df��iav}dlond���iab6gab � beqag vÌonp iap o<p onv}hjm
�ehnq�kfmfv}{aiavw�e�nh�gah�klb�mfpDh � hnqD2jqav}�eh�qyo�b����amzbedzdl�nh|¢��µ¢��

� ������� N T¼`!&�P
Z 
 #�T
� �
�"&�Y¡W^\�T�W�R�`!&�R�T
��t Uep gyo6vwqSklb�mf�amzb�k�ou�s�nh|bet}b�kfmC2jqav}�so �.�u�nmzvwhjd� jmfia�=hjd�oukfmfv}{aia�wmfonp �nd�vwqSklb�mlon����b�d � hjqD2jq vw�soud�o
mfb�df�=hjqadfon{avwt}vwgyougabr�=bet}h|ouklmzv}klh p�b�gavwgah qyond��=bedf��iav}dlond�g bFI�mzvwp b�k�ont¾���
d�k�o6vwqSkfbemf� mfb�klon�s�uh
klb�p dfiao hjmzvw jb�p qyoud6�¡b�df��iavwdfond;mfbsoutwvwxeongyond �¡hjm;��h
�nhjt}h � qah �yqaont�gyo�gDUe�eongyo@gab

70
��b

dfi mf jb��ehnp�h�iap�o�b���klb�qadl�nh�qyoukfiamlont �ud��=bedz��iavwdfond�mzbsont}vwxeongyondMdzhj{amzb�hjq gyo�gab�g beqadzvwgyong b�g b
�soumf So�b6��hjqagai kfhjmfb�d�v 2jqav}�ehjd�i klv}twv}xsonqag h�h�p�h�gab�twh�gab|�ymzbeq �ubet�~ I�hjqSkfhjmfh·�uo � �'ondfv}�sonpDbeqSklb
bed�klb�dMdfv}dzklb�p oud dzb��eonmlon�²klb�mfvwxeos�noup �¡b�tÌo�b���vwd�k �eq �evÌo�gab�i p o��ehjpD�=b�klv}�s�nh�beqSkfmfb�g iyond bedf�eontÌoud
�Âq h �soudfh gah�dfv}dzklb�p oDbed�kliagyougah �=hjm I�mzvwp*bed�k�oD�ehjpD�¡b²klv}�s�nhDh���hjmfmzb�b�qSklmfbrh �yonmCEnpDb�klmzh�g b
mfb�gabDgah�ougadfhjm��uouklh;b�h;�yonmCEnpDb�klmzh<g bDmzbegab�gah;dfia{ad�klmfouklh �©� ��dzdfv}p U��=hjdzdf�}�nbet
vwg beqSklv��y�sonm
gahjv}drb�dzk�ougahjd�{=bep�g b��yqav}gahjd_��iab6�=h�gabep dfb�m�beqa��hjqSklmlougahjd�qab�dzklb�d�dfvwd�klb�p ond����aonm3EnpDb�kfmfhjd
vw niyonvwd�hji�� mfhj�=hjmf��vwhjqaonvwd �Âb�dzklongah6�ehnqa�abe��vwgah �ehjpDh dfv}dzkfbep�o��ehnp�b�qadfiamfongah �©�.br�aonm3EnpDb�kfmfhjd
gav�� bemfb�qSklbed � �ehjq �abe��vwgah@�ehnp�h�b�dzklongah@vwqa��hjpDbeqadziamlong h �²�F��ond �¡b�df��iavwdfond|mfb�tÌon��vwhjqyougyond ouh
pDh�gab�twh�gab��ymfb�q �nb�t�~JI�hjqSklh·�uo�hj{adfb�mz�nhji�~"dzb���iab�dfv}dzklb�p oud ��hjpDbeqadziamlong hjd on�amfb�dfb�q�klonp^�eb�mzk�oud
�soumlon�²klbemz�wd�klvw�eondÀ�amC1n�amfvwond�� �Âo(�.h�dzvwdzkfbep�o�qa�nh��=h�gab dzbemc�ehjpD�amzvwpDvwgaha�ehji�dzb �fo � U g v � �w��vwtup_iagyonm
o6bedz�sontwo;v}q�kfbemzqyo6gah|dfvwd�klb�p o � � { ��h6klmlou{yontw� h klbemzp�h�gav}q�EnpDvw�eh�mfb²�jbemzdf���jbet qab��ebedzdl�nmzvwh;�yonmfo
gab�dftwv}xsonm�hDdfv}dzkfbep�oDb�p*mfbetwon�s�uh�ouh�dzia{adzkfmloukfh U� jmfonqagabu�'�"dzkfh dzb�kfmlongai x���hjpDh o�b���vwd�k ��qa�evwo
gab�o±klmfv�klh�bed�k��ukfvw�eh��6H 
 �DH 5 � ¤j¢��¾�
�
d�klb � t}klv}p�h��=hjqSklh U�vwpD�¡hjm�k�onqSkfb��=hjmz��i b�ondzdfvwqaontÌo���i b�bep
dfv}dzkfbep�ondÀqy�nh��ehjpDbeq dfiamfongahjdch�o±klmfv�klh�b�dzk��±klvw��h U �amfouklv}�sonpDbeqSkfb¼q�i twh-�6Hn¢��Æ�Ç�¼p klb�mfpDhjd3 jbemfonvwd
dfb��=h�gab�gavwx�bemM��iab�h � iaq gyonpDbeqSklh�b�p ��iab�bed�k���{yondzbsongaoDo_� vw��1nklb�dfb � hjqD2nqavw�eo U�o_�amfh·�u�s�jb�t
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b�����v}k�ou�s�nh�mzbedzdfhjqyouq�kfb6gab outw jiaq drpDh�gahnd�gabD��vw{amfon�s�nh�gahjd_ougy�uklhnp�hjd��ehnp�h<mfbedziat}klongah�g h
pDh®��v}p�b�q�kfh�gahDdfia{ad�klmfouklh��Âb�p mfb�tÌon�e�nh�onhjd�ongy�±klhjpDhjd �©�

� be��iyon�e�nh � iaqagyonpDbeqSklont[i kfvwt}vwxsougyorqah�b�dzkli gah�g hD�eonml�±klbem � hjqD2jqav}�eh�gahDoukfmfv�klh_b�p qa���jbet
qyonq hjdf��1j�avw��hFU

H =
∑

n

p2
n

2M
+ v (|xn − xn−1|) + ϕ (xn) ,

�Æ¢��65(�
hjqag b

v(r)
UDh��=hnklb�qa�evwont¼gabDvwqSklb�mlon�e�nh<��hjp ond�ongy�ukfhjpDhjd���v}xev}qa�ahjd�b

ϕ(r)
U�h;�=hnklb�qa�evwont

b���kfbemfq h���iab�mfb��amfb�dfbeqSklo o�vwqSklb�mlon�e�nh�gahjd�ongy�±klhjpDhjd��ehnp h�dfia{ad�klmfouklha�
�%onm�klv}qagahrg b�iap�o�b���iyon�s�uh_dfv}p�v}tÌonm �r�
� � �¾¢��65
�
b�on�at}vw�souqagah�h�klb�hjmfb�p o�gyo�mzbedz�¡hjd�k�orgao

�yi kfiyon�e�nh�b�dzk��±klvw�eo �%� on�e��h�b�kront¾� hj{ k �ep2��iab h;klb�qadfhjm�gab�ouklmzv}klh6��vwdz�ehjdzh�b����=bemzvwpDbeqSk�ong h
�=betwhnd�ongy�ukfhjp�hndMbed�k���gyongahD�¡b�tÌo_b � � mfbedzdl�nh

←→η (~v) =

(

π

2kBT

)

∑

~q

~q~q |ϕ~q|2 S(~q, ω = ~q · ~v),
�Æ¢�� G �

hjqag b
~v
Uro_�nbetwh��ev}gyongab�gahnd�ougy�uklhnp�hjd � dfia� ��b²~"dzb���iab ~F =←→η ~v

�=dzbeqag h ~F
o � hjmf�eoDb ��kfbemzqyo

�=hjmM�yonm�kl�}�eiatwo_on�at}vw�sougyo_onh�dzvwdzkfbep�o(�²�
~q
df�nh�hjdM�nb�klhnmfbed�mzbe�e�}�amfh��ehnd�gyo_mfb�gab�gah�dfia{ dzklmfouklh �ab

ϕ~q

dl�nh_hndM�eh�b��y��vwb�q�kfbedMgaordCU�mfvwb�gab��yhjiamzvwb�m b�pV��iab U�b����yonq gavwgahrh_�¡huklbeq �evÌout¡��iab�g bedf��mfb²�jb
h�dfia{ dzklmfouklh �

� be��iyou�s�nh�¢�� G�on�youmfbe��b�gab � hjmzp o�mfb��ehjmzmfbeqSkfb�k�onqSklh�b�pV�e�ntw��iatwhndMonqyoutw�}kfvw��hjd ��iyouq�kfh�bep
klmfon{yont}�ahjd q�i p@U�mfvw��hjde�
��hnk�o®~"dfb���i b�kfhjp�onqagah_h�� mfvwpDbev}mfh�klbemzp�hrgyo�b����yonqadf�nh�bepVdCUemzvwb�g b
�yhjiamzvwbem gah_�=hnkfbeqa��vÌont= jbemfongah_�=bet}h_dfi {adzkfmloukfh�b��ehjq dfvwg bemlouqagah_iap dfv}dzkfbep�oriaqav}gavwpDbeqadzvwhjqaont
hj{ kCUep�~"dzb���i b

η ∝ u2
0

�Æ¢�� H
�
�¼dzk�o_� mfhj�=hjmf��vwhjqaontwv}gyongab�b�q�kfmfb�hr�eh�b��y��vwbeqSkfb�gab�o±klmfv�klh���vwdf��hjdfh�b�h_��iyongamfongah_gaor�ehjmzmfi�~

 Son�e�nh�gah�dzia{ad�klmlo±klh�klonp_{�Uep � hnvyhj{ klv}gyo��¡hnm'&'v}be�atwo��_b²kMont¾�}� �
tph

U�h�kfbepD�¡h�gab���vwgyo�p@U�gavÌo
gahjd �,2jq hjqad �



9:�$�!; ����=:�
">����� � �
�D+�� ��"$�B��� 9&L

τ(q) =
1

η(q)
∝ u−2

0 tph(q),
�¾¢��¬¤
�

�=hjm���mfonqSklh�b�k�ont¾�

η =
∑

u2
0(~r, ~q)S(~q, ω = 0),

�Æ¢�� 0
�
b��¡hnm��Çbemzdfdzhjq�b���v�klxeonq � GBG �Æ�aq h��eondfhDtwv}qabsonm'gab

ν
b

ϕ
�

η = ηe + C ηe u2
0,

�Æ¢�� �(�
hjqag b�hD� mfvwpDbev}mfh�klbemzp�h�g h�tÌongah�g vwmfb�v}kfh U�o_�ehjqSkfmfvw{ iavw�e�nh�bet}b�klm 2jqav}�so_onhDoukfmfv�klhr��vwdz�ehjdzh�b�h
dfb� jiaqag hrklb�mfpDh U�o��ehjqSklmzvw{ai vw�s�uh � hjq 2jqavw�eo ����iab�qyo�b����amfb�dfdf�nhFU��amzhj�¡hnmf�ev}hjqyont ���ehjqSkfmfvw{ iav�~
�s�uhDb�twb²klmC2nqavw�eo �

��hjd �at}kfvwpDhjd
50

onqahjd�o��ehnp_{avwqaon�s�nh;gab��s�nt}�eiat}hjd�onqyont}�}klv}�ehjd���hjp �s�nt}�eiat}hjd�mfbsoutwvwxeongahjd
�=hjm�gavwqDEnp�v}�so;p�hjt}be��iatÌonm�klb�p dfb6pDhjdzkfmlong h�i p o�� hjqSkfb6gab|vwqab�dzklv}p �s�nbet �uont}hjm_qah�b�dzkli gah
gab�� beqD2np�b�qahjd�gav}�nbemzdfhjd�����hD�sondzh gah�ouklmzv}kfhDi p*b���bepD�atwhD�etwonmfh�gab�dzklo�vwqSkfbemlou�s�nhDhj{ kCUep�~"dfb
qyond��¡b�df��iav}dlond�mfbsoutwvwxeongyond���hjp2h�pDh�g betwh|gab �ymfbeq �nbet�~JI�hjqSklhjmzh®�uo;hjqagab�o<�=bedz��i vwdlo�onqyont}��~
klv}�soDdfbrq�i kfmfb_g vwmfb²k�onpDbeqSkfb�gahnd�mfb�dfiat�k�ong hjd�hj{�klvwg hjd���vwo�gav}q�EnpDvw�so�pDhjtwb��eiatwonm�b���vw��b²~Æ�jbemzdlo �
��p hji kfmfh b ��bepD�atwh6��iab Urgab�dfiap�o v}p��=hjmzk3Enqa��vÌo��yonmlo�iap o��ehjpD�amfb�beqadf�nh6gab�� b�qD2jpDbeqahjd
gav}dfdfv}�youkfv}�jhnd_bep q �}�jb�t�ouk32np�v}�eh�b6pDhjtwb��eiatwonmrp�ond���iab6klb�p dfv}gah��=hjia�eh�b � � twhjmfongyo��¡b�tÌond
�=bedf��iav}dlond�b�p oukfmfv}kfha��U�h�p�h�gabet}h��ybemzp�v�~¼�Çondzklo±~���tÌonp �¾���
� �²�y�¼p pDbsougahjdMgyo�gab��songao�g h
50

� b�mfpDvÆ�=�%oudzk�o b_��tÌoup � 5j¤��3¢BH��:5����NH G��Æ�¡i klv}twvwxeonmloup*o dfb� jiav}q�kfb_be��iyou�s�nh6b�p gav�� bemzbeqa�eond
�yqav�k�ond

d2x

dt2
= (xi+1 + xi−1 − 2xi) + β

[

(xi+1 − xi)
3 − (xi − xi−1)

3
]

i = 1, 2, . . . , 64
�Æ¢�� 4(�

o��yp gab6bed�kliagyoum�h�b�� bev�klh�gao�onqyonmzp�hjq vw�ev}gyongab�dfhj{ mfb6iap �ehjq��ziaqSklh�gab6hjdz�evwtwongahjmzbed��yonm�~
pDhjqavw�eonpDbeqSklb�on��hj�atÌougahjde����bedzdfb�b � �=bemzvwpDbeqSklh�q�iap@U�mfv}�ehrb�twb�d'b�����v}k�oumlonp h_� mfvwpDbev}mfh�pDh�gah
gabD��v}{amlou�s�nh<gah�dfv}dzkfbep�o<�ehnp h<hj{ �zb�kfv}�nh�gab hn{adfb�mz�uonm_h<b�� bev�klh<gyo�onqa�aonmfpDhjqav}�evwgaongab�dfhu~
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{amzb6o�be��iav}�yonm�klvw�e�nh�gao�beqab�mf jvwo ���=hjmCU�p<��onh��ehnq�kfml�nmzvwh<gah�bedz�¡b�mlong ha�
o�beq bemf nvÌo�qy�uh �yiav}i
onhjd�pDh�gahjd�gab�hjmzgabep dfia�=bemzvwhjm�p�ond�dfb�p�onqSklb²�jb�hjdf��vwtwonqSklb�beqSkfmfb�hjd�pDh�gahnd��ei �fond�hjmzgabeq d
bemfonp ong �fon��beqSklb�d ��gah�pDh�g h v}qavw��vÌont}p�b�q�kfb b�����v}k�ougaha� � � mfvwpDbev}mlo���vwd�k�o b�dzkfb�mfb�dfiat�k�ong h
�yonmzbe��b iap�o|��vwhntÌon�e�nh<b ���atw�}�ev}klo<ouh<klb�hjmfb�p o;bemz B1�g vw�eh �%�=hjmCU�p<�chjdrmzbedziat}klongahjd�gab�I�hjtwpDhu~
 jhjmzh·�¡�
��mfqahjt}g�b .<hjmzdfb � klbehnmfbep�o I�� . �r�=bemzp�v�klv}mlonp2o�&'�av}mfv �nh·� � 
 ¢���¢B0��¾�
�yhjmfg �º¢j¢��'b
hji kfmfhjd���b�qSklbeq gabem�o��souiadlorg bedzklo_on�youmfbeqSkfb��ehnq�kfmlong vw�s�uha�¼� kfbehjmzbep�o I�� .� Sonmlouq�kfb���iabu� dzb
o6�¡b�mzkfiamf{you�s�nh|on� twvw�eongyo ouh;�aonp�v}t}kfhjqavÌouqah��yonmfp 2jqav}�eh�U�� mfon�so��Àond�gavwd�klhjmz�	��bed��amzh·�jh��songyoud
qah�klhjiamzh�gab�dfb�qa�yongah��¡b�twh�dfvwd�klb�p o�qah�b�df�yon��h�gab �Âondfb;dl�uh�pD�wqav}p ond��#�%v}dfv}�sonpDbeqSklb6v}dzkfh
vwpD�at}vw�so6��iab<U priav}kfh��amzh®�u�s�jb�tMbeq �ehjqSklmfonm_h�dzvwd�klbep�o�b�dzkli gyongah��=hjm_�%� � � hjmlo�gao�mfb� jvÌ�nh
�so 1nklv}�so|hjqagab@U gab�dfb b�df�=bemfonmr��iab�dfb��nbemzv �y��iab6o;�ehjq gavw�e�nh�gab�be��iav}�yonmzkfvw�e�nh<gao<beq bemf nvÌo �
�Mondzbsong h qab�dzkfbedDmfbedziat}klongahjd�����h��nhjt}h � bed�kliagao o��=hjdfdzvw{av}twvwgaongab gab|dzb|kfbemzbep dfv}dzkfbep�ond�bep
��iab�h|ouklmzv}kfh � hjqD2jq vw�eh6b ���¡b�mfvwpDbeqSklongah|dfb �fo|q�iat}h �º¤n£ �*H�4��Æ�r�%onmfo|v}dzkfh|on�ehjqSkfbe�eb�me�cont Uep g h
dfv}dzkfbep�o�b�dzklonm�bep {aonv � o�klb�p��=bemfoukliamfo �
bet}b klbep���i b<dzbem��¡b���iabeqah � �f����iab|hjd�p�h�gahjd_g b
��vw{amfon�s�uh�mfb�dfiat�k�onmzvÌonp2{aondzklonqSklb b�df�yon�eongahjdrbeqSklmzb bet}bedrg b � hjmzp o;o�gav}p�v}q�i vwm�o��amzhj{yon{ vwtwv�~
gyong b_gab_v}q�kfbemz��Enp_{ vwh b�qabemz BU�kfvw��h beqSklmzb�p�h�gahjd � ��vwx�vwqa� hjd � ����t Uep gyo �=hjdfdzvw{av}twvwgaongab�gab_dzb
klb�m�dzvwdzkfbep�o�dzbep ouklmzv}klh � hjqD2jq vw�eh �=hni klmfo �sonmfon��kfbemz�wdzkfvw�eo�gahjd�dfv}dzklb�p oud�onqyoumfp 2jqavw��hjd U_��iabn�
� gav�� bemzbeqa�eo gah �soudfh6�yonmzp@2nqavw��ha�[ouh beqSklmfonmfb�p b�p mzbedfdzhjq�Enq �evÌo hnd�hjdz�evwtwongahjmzbed�onqyonmzp@2jq v�~
�ehnd�qa�nh|on{adzhjmz�nbep2beq bemf nvÌo vwq��yqav}klonpDbeqSklbu�_� ��vwdzkfb�iap o ��iyouq�kfvwgyougab�twv}p�v�klb���i bD�=h�gab�dfb�m
on{adzhjmz��v}gyo6b�qah|p�hjpDbeqSkfh6bep,��iab�bed�klbDtwv}p�v�klb�� hjm�ont}�sonqa�eongah|h|dfv}dzklb�p o v}qavw��vÌo i p vwqSkfbem�~
��Eup_{avwhDbeq bemf �U�klv}�eh ��hjp o � hjqSkfbrb�����v}k�ouq�kfbn���
p�mzbedfi p�ha�=�=h�gab�p�hnd��nbem���iabro vwqSklmzh�g ia�s�nh
gab�klbemzp�hndMonqyoumfp 2jqavw��hjd
qah_�=hnklb�qa�evwont gab�v}q�kfbemfon�s�nh��¡h�gab�dfbem�� �=hjm dfv[d 1a��or�soni dlorgah_ouklmzv}klh
o�qa�}�nbet3qyouqahjdf��1j�av}�eh��6HB0#�Æ�

� � � ��� � � 	 �
� � ��� 
�� �	���	� �	� � � � � � � 	 � � 



�ongao o��ehnp��at}b���vwgaongab6gahjd � b�qD2jpDbeqahjd���iab|h��ehjmzmfbep�qah�vwqSklb�mfvwhnm�gyo�mfbeg b<gab;onga�uklhjpDhjd
��iab|gabedztwv}xso�dfhn{amfb6iap�o�dfi �¡b�m � �w��vwbu� ��hjpDh�mfb�dfiat�k�ongah�gyo�on�e�nh�gab6iap�o�� hjmz�so�b���kfbemfqao �'oud
�=bedf��iav}dlond��ehjp2g vwq�EnpDvw�eo6p�hjt}be��iatÌonm�k �ep2dzb pDhjdzkfmlongah;gab�vwpD�¡hjm�k Enq �evÌo � i qagyonpDbeqSk�out q h
oni����}twvwh<k�onqSklh�gab|�s�utw�ei twhjd�onqaontw��klvw��hjdr��hjpDh�qao��am 1j�amzvÌo��ehjpD�amzbebeq dl�nh�gab|mfb�dfiat�k�ongahndDb ��~
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�=bemfv}p�b�qSk�onv}de���¼dzklo��ehjpD�atwb ��vwgyong b U;k�ont���iab�priav}klond��=bedz��iavwdfonde��pDbedfpDh���hjp gavwqDEnp�v}�so
pDhjtwb��eiatwonme��dl�nh�mzbsont}vwxsougyond'��hjqadzvwgab�mlonqag h�pDh�g betwhnd'iaqav}gavwpDbeq dfvwhnqyonvwd b�twv}qabsonmzbed��
&'hjq � hjmzp�b
h �=hnklb�qa�evwontcgab_vwqSkfbemlou�s�nh v}qSklbem�~�onga�uklhjpDhD�etÌoudfdfv��y�soup�~�dfb�hjd�pDh�gab�twhjd�i kfvwtwv}xsong hjde����b_h �¡hu~
klb�qa�evwont U�h��youmfp 2jqavw��h�hjd¼pDh�g betwh�beqSklmfonp�qyo��eouklb� jhjmzvÌo�gab�pDh�g betwhnd%gab��ymfb�q �nb�t�~ I�hjqSklhnmfh·�uo
� %�����b�dfb_h �=hnkfbeqa��vÌont*U_h�gab��3beqaqaonmfg�~JKnhjqab�d

6− 12
� ��� ��h pDh�gab�twhDmfb��ebe{=b_h q hjp�b�gah

pDh�gab�twh�gab��3beq qyonmfg�~ Knhjqab�de� ��t U�p gab�dzkfbede� k�oup_{RU�p dl�uhDi�klvwt}vwxeongahjdMhD�=hnklb�qa�evwont*.<hjmzdfb�b�h
b����=hjqab�qa�evwontÆ�%
�ongah���iab�h�dzvwdzkfbep�o�p onv}d¼bed�kliagyougah8U�h�gab��ymfbeq �nbet�~JI�hjqSklhjmzh®�uo��y��iap�o�kfbeq�~
g ��qa�evwo�bep ���aonp oum hnd pDh�g betwhnd¼�ehjp hji�klmfhnd �=hnklb�qa�evwonvwd¼g b�pDh�gab�twhjd¼g b��ymfb�q �nb�t�~ I�hjqSklhnmfh·�uo
 jb�qabemfontwv}xsongahnde�

��d pDh�g betwhnd¼ouk3U�on��iavy��v}klongahjd
dl�uh�kfh�gahnd¼dfvwpDvwtwonmfb�d��=hjvwd
o�vwqSklb�mlon�e�nh�beqSklmzb�oud �aonmzkf�w�ei tÌond
U�gav}mfb²k�o ��vÆ� bn��� o��yonmzkf�w��iatÌo

i
vwqSkfbemlou jb���hjp o

i + 1
b

i− 1
gav}mfb²k�onpDbeqSklbu� �=hjmCU�p^qah_�amzvwpDbevwmzh

pDh�gab�twh|gab�dfbeqS�nhjt}��vwg h�o �yp gab�beqSklb�qagabemrh�oukfmfv}kfh|bep qa�}�nbet qyonqahndf� 1n�avw��h�bed�k�o�v}qSklbemfon�s�uh
qy�nh6b�mlo gav}mfb²k�o b_dzvwp p�b�gavÌongao �¡hnm�iap kfbemz�ebev}mfh6��hjmf�=ha���¼dzklb�pDh�gabet}h U��ehnqa�abe��vwgah6��hjpDh
pDh�gab�twh�gab�!chjpDtwvwq dfhjq ��hjpDhD� hjp�b�qyon jb�p o�dfb�i<��mfvÌougahjme�

� � � ��� � 
�T�\�Z3X�T�\�Z ]_T 
�X�& ��Q�T �

% ",- � 9:�>��� � ��)�
���� )�
 � � " � � � � ��� -
m

� ' " '�� ��' )('��� '�$%� $�� ����'�� '()�� � $ � � )('���

k
� � " '" 
 )�� )('�)(' � � � 
 $ ' � ��� )�
 � � '��  '�$ � $�� ����'�� � � " � $ 
 � � � )�� � � $! �%'

��pDh�gabet}h�gab�!ÇhjpDtwv}qadfhnq �
1926

� � hjv¡or�amzvwpDbev}mlo�klbeqSklouklv��no�gab�b � � twvw�eonmMo�qa�}�nbet.o±k32jpDvw��h
o�t}bevÀgah ouklmzv}klhDgab_&'hjiatwhnp_{�~"��p�hnq�kfhjqad��M!Çhnp�t}vwqadzhjq|�ehjqadzvwgab�mfhji�hjd��ukfhjpDhjd�gyo�dzia�¡b�m � �}�evwb
dfi �¡b�mfvwhnme� ��i b;b�dzkl�nh b�p �ehnq�klouklh�gav}mfb²klh��ehjp hjd�gyo�hji kfmlo�dfia�=bem � �w��vwbn� �ehnp�h�hjdz�ev}tÌongahnmfbed
�yonmzp@2nqavw��hjd vwq gabe�=beqag beqSklb�d�twv} Songahnd onh@mfb�dzkfh�gah@��hjmf�=h�g h p�oukfbemfvwont�o±klmlos��Ued|gab�p�hntÌond
gab|�ehnqadzklonqSklb;betÌ�udzklv}�so

k
� �*dzia�=bem � �}�ev}b6vwq � b�mfvwhnme�
hji@dfia{ dzklmfouklh � U|mfb��amfb�dfbeqSklongyo �=hjm�iap

�=hnklb�qa�evwont.dfb�qahjv}gyont � ��hD�ehjq�� hjmfpDb��¡h�gab�dfb�m���v}dzkfhDqaoD�Çvw jiamfo�¢�� 
 �
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��h|on�at}vw�soum�i p o � hjmf�eo dfhj{ mfb_h ��hjmf�=h dzia�¡b�mfv}hjm��eon�yonxrgabrklv}mlonm�hjd��uklhjpDhjd�dfia�=bem �y�evwonvwd
gahjd�p��}qavwpDhjd�gah6dzia{adzkfmloukfha�.��hjqadfv}gabemfo±~"dzbr��iab�b�dzklb�d��uklhnp�hjd ,�� iatÌonp .�mzbe�=beqSklv}qyonpDbeqSklb_g b
iap�o_�¡hndfvw�e�nh�gab�be��iav}tw�}{amfv}h ��hji kfmlo �¼!Çonvwd ,"�aiat}hjd . �Âonx�bep ��hjp ��iab�bed�klb�d��ukfhjpDhjd'��vw{amzbepVb
dfi ����b²~�dfb���iab�orb�qabemz jvÌo_��vwqDU²klvw�eorgyond ��v}{amlou�	��bed'kfmlonqad � bemzb²~"dzb�vwqSklb� jmloutwpDbeqSklb�onh_vwqSkfbemfv}hjm'g h
�ehnmf�=ha�%��h�dfi �¡hjm%��i b�b�dzkfbed¼pDh®��v}p�b�q�kfhjd�df�nh�vwqad�k�onqSk3Enqabehnd¼b���i b�bedfdzbed �uklhnp�hjdÇdfia�=bem �y�evwonvwd
qy�nh�vwqSkfbemlou jbep�i qad ��hjp hjd
hji kfmfhjd U��¡hndfdf���jb�t=hn{ klb�m i p o�gyond
twb�vwd¼gab�&'hjiat}hjp_{�~���pDhjqSklhjq de�

��b���iyon�s�uh�gab p�h·��vwpDbeqSklh��youmlo�h
lmo �uklhnp�ha�®qah��sondzh�iaq vwgav}p�b�qadfv}hjqyontjb ��klbepD�=bemlo±kliamfo

xeb�mfha�y�=h�gab²~�dfb�bedz�emfb²�jb�m

m
d2xl

dt2
= −γ

dxl

dt
− f sin

(

2π

a
xl

)

− k
(

xl − x0
l

)

,
�Æ¢�� 
 £(�

hjqag b
m
U�o�p�ondzdlo�g h �ukfhjpDha�

xl

U�dziyo��=hjdzvw�s�uh�qyoDmfb�gabn�
γ
U�iap o��ehnqadzklonqSklbrg bronpDhjm�klb²~

�ev}p�b�qSklh � b�qahjpDbeqahnt 1j jv}�so���iab_gav}dfdfv}�yo�h �sont}hjm� nbemlougaha����kfbemzp�h
f sin

(

2π
a

xl

) mfb��amfb�dfb�q�klo6h
dfi {adzkfmloukfha�

��b�vwd_b �¼twpDbem��º¢n£��Mbed�kliagaonp i p pDh�g betwh;bep ��iab6pDvwdzkfiamloup o��amfhn�¡hjd�k�o�hnmfvw nvwqyont¼g b
!chjp�t}vwqadzhjqD�ehjp^hrpDh�gabet}h�gab�� mzbeq �ubet�~JI�hnq�kfhjmfh·�uo �¼��bedzdfb�kfmlon{youtw�ah�mfb �aqabep�~"dzb�ond ��iaontwv}gyo±~
gab�d�gab�onp_{=hjd�hjd�pDh�gab�twhjd�����dzdfvwp �±klhjpDhjd���vwx�vwqa�ahnd��a�sonp2ou�ehj�atwongahjd�� &'hnp�h|mfb�dfiat�k�ong h
gab�dzk�o � iadf�nha�jh�q h®�nh�p�h�gab�twh�ou�amfb�dfbeqSklo�o�kfmlonq dfvw�e�nh�gab �ÂoudfbM�am 1j�amzvÌo�gah�p�h�gabet}h�gab��ymzbeq �ubet�~
I�hnq�kfhjmfh·�uo �Ç��h Enp_{av�klh�gah�oukfmfv}kfha� � bevwdÀb �¼twpDbem3hj{ kfv}�nbemloup ��iab'o�onpD�at}v}kli gab�gah��¡huklbeq �evÌoutÆ�
��iab�gab�df�emzb��nbDh6dzia{ad�klmlo±klha�.v}q��yiavcqyo b � v}dzk �eqa��vÌo hji�qa�nh6gah6oukfmfv�klha� k�onqSkfh6bedzkl�uklv}�eh ��iyouq�kfh
gav}q�EnpDvw�eh �

� � � ��� � 
�T�\�Z3X�T�\�Z���`aZ ���
Z3X����#T
� R�T
` TcKÇW
&'hjpDh �f��� hjv gav}kfha��U�� mfh·�u�·�nbet¡��i b�bed�klb�p�h�gabet}h�dfb �fo�hrp�onvwd
b�dzkli gyongah_g b�kfh�gahnde� � pDh�gab�twh
� hjvchjmfv} jvwqaontwpDbeqSklb�g bedfb�qS�jhjt���v}gah|�yonmfo h bed�kliag h6gab_gab�dftwh��soup�b�q�kfhjd�g vwq�EnpDvw��hjd�bep �emfv}dzklonvwd
�=hjmD� mzbeq �ubet�bPI�hjqSklhjmzh®�uo � p oudDkfbep dfv}gah�i klv}twvwxeongah�qah�bed�kliagah�gab<g beqadzvwgyong b�gab;hjqagyoud
�soumfmfb� Songyoude�y�ehnqagai kfhjmfb�d�dzia�¡b�m�~�v 2jqav}�ehjd�� �yt}p�b�d�ougadfhjm���vwgahjd�b�p dfia�=bem � �w��vwbed�� �ziaqa����b�d�gab8Knhu~
dfb��a�adzhjq.�y�emzbedz�evwpDbeqSkfhDb��av}klo���vÌont=gab �atwpDbede���Âondfb�d�vwqa��hjpDbeqadziaml�s�jb�vwd�b�p gav}bet U²klmzvw�ehnde���songab�vÌond
p�on jqDU²klvw�eonde��p�h�gab�twhjd�qy�uhDt}vwqabeonmfb�dMgab�
����r� b�kf�n� ��o�dfiao��nbemfdf�nhD�etÌ�udfdfv}�so � h�pDh�g betwhrgabed�~
�emzb��nb�iap ��hjq �ziaqSklh�gab��yonm�kl�w��iatÌoud¼��i b�vwqSkfbemlou jbep o±klmlos��Ued gah��=hnkfbeqa��vÌonty�youmfp 2jqavw��h�b�b�dzkl�nh
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�� ��� )(' �%��� � ���@��iatwt� '�$ ' � " ��)�
���� )�
 � # '�� � 
 � 
 )�
! � � � )('
� $ '�� � � � ���  � $ $%�5 � ��$ ' )�
�'�� '�� ��� ��� � '()�
 ' �*
 � � ' � ��&���$ '

λ = (2π/a)2u0

'
dfi��zbev}klond�o�iap �=hnklb�qa�evwont.b���kfbemfq h��=bemzv 1�gavw��h �

m
d2xl

dt2
+

2πu0

a
sin

(

2π

a
xl

)

− k (xl+1 + xl−1 − 2xl) = 0,
�Æ¢�� 
B
 �

hjqag b
m
UMo�p ondzdlo�gyond%�aonmzkf�w�ei tÌond��

u0

b
a
dl�nh�o�onpD�atwv�kliagab
b �¡b�mf�wh�gah�gah��=hnklb�qa�evwont�b���klb�mfqah �

b
k
U�oD��hjqadzklonqSklb�betw�ndzkfvw�eo�g b�ou�ehj�atwonpDbeqSklh�v}q�kfbem�~"�yonm�kl�}�eiatwo �
��h �yqyont�gyo�gDUe�eongyo�gab

70
� ��ia{am � gabepDhjqad�klmfhniIo�b���vwd�k ��qa�evwo gab|iap�o�kfmlonq dfvw�e�nh�qah

�souml�ukfbemconqyont}�}kfvw�eh'gyo � iaqa�s�uh���iab gabedz�emzb��jb h�b�dzklongah�{yondfb gah�p�h�gab�twhMgab � I��s�ah��zb ��hjqa�ab��ev}gyo
�=hjm_klmfonqadfv}�s�nh��=hjm_mzia� kfiamlo�gyo�onqyont}v}kfvw�ev}gyongab!� �jbem �y  �@¢��¬¢
�������Æ���¼t}b6p�hjd�klmzhji���iab|bedzklo
klmfonqadzvw�s�uh�bed�k���gav}mfb�klonpDbeqSklb mfbetwon�ev}hjqyongao��ehnpFh�g bedlou�yonmfb��ev}p�b�q�kfh�gah�kfhjmfh�g b I�hjt}p�hn jhjmfh·�S~
��mzqahjt}g�~ .<hndfbem � �ehjqa� be�ev}gah;�ehjpDh6klhjmzh I�� . ��qah<p�on�yo6�yougaml�nh �ch;��iabDvwpD�atwv}�so b�p,iap�o
klmfonqadzvw�s�uh;�aonmlo6iap,b�dzklongah��eo�1nkfvw�eh ����ia{am ��hj{adzbem��jhji ��i b�b�dzk�o6klmfonqadzvw�s�uh<ou�ehjqSklb��ebD�yonmfo
�uontwhnmfbed%gab

u0

��i b�dl�nh�p�onvwhnmfbedÇ��iab�iap���bem�klh��uontwhnm%�emz�}kfvw�eh
uc

0

���ÇhnmCUep;�S�yonmfo�bed�k�o�klmfonqadzvw�s�uh
klb�mMtwi  Sonme��o_mfb�tÌon�e�nh_b�q�kfmfb�h_�youm3EnpDb�kfmfh_gab�mzbegab�gaondM�yonm�kl�}�eiatwondMon��hj�atwongyondMb�h��¡b�mf�wh�gah_gao
� iaqa�e�nh�dfb�qahjv}gyont[kfbep ��i b�dzbem�iap q��apDbemfh�v}mfmlou�evwhnqyont � GT0�� Ga�DH�� 
 H��Æ�
��p o�gyond�vwpD�at}vw�sou�	��bed
� �wdzvw�eond6gyo�klmfonqadfv}�s�nh@�=hjm|mfia��kliamfo gab�onqaontwv�klvw��vwgyougab U�o@h on�yonmzbe�ev}p�b�qSklh@gab ,� Son� d .�q h
bedz�¡b���kfmfh�gab �,2jqahnqade� ��t U�p,gabed�klb ,� Son� d .��ch;b����¡h�beqSkfb gab�� �Son�ai qah·� priagyo<g b�x�bemfh<�yonmfo
�uontwhnmfbed�p�onv}hjmfb�d_��iab<x�bemzh qah��soudfh�gab6�noutwhjmzbed�gab

u0

p�onv}hjmfb�d_��iab
uc

o

�Âh���iab|�jb�mfv �a�so�o
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 $ 
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λ = (2π/a)2u0

'
klmfonqadzvw�s�uh��yonmlo�h@bed�k�ong h �eo�1nkfvw�eh���iyouqagah

u0 > uc
0

�²� ��p �ehjpD�=hjmzklonp�b�qSklh�dzvwpDvwtÌoum�dzb
hj{ kCUep �yonmfo h �noutwhjm�gyo � hjmz�so gab � gabe�av}qaqav}qa  � q be�eb�dfdf�nmfvwo|�aonmlo v}qavw��vÌonm�h6pDh®��v}p�b�q�kfh gyoud
�yonm�kl�}�eiatwond

�
�ehjpDh dfb�hn{adfb�mz�uo qyo6�%v} jiamlo ¢�� Ga�[�youmlo��uont}hjmfb�d�on{youv ��h gyon��iab�twb�d�gyo�klmfonqadzvw�s�uh

�Âq h �soudfh gyo��%vw niamlo
λ = 0.2

�©� qy�nh b ��vwdzkfb � hjmz�soDgab ,"�avwqaq vwqa  .l�M�chjmCU�p<�¡ont U�p*gah �=hjqSklh�gab
klmfonqadzvw�s�uh�bedzkfb���hjpD�¡hjm�k�onpDbeqSkfh_p_iagyo�b U�qabe��bedzdl�nmzvwh�on�atwv}�sonm iap�o�� hjmf�eo

F
�yonmlo�v}qavw��vÌonm h

pDh®��v}p�b�q�kfh�gaond��youmzkl�}�eiatwonde�M�
d�klb��ehjpD�¡hnmzk�oup�b�q�kfh@U�bedz�¡b��evwontwpDbeqSklb�vwqSkfbemfb�dfdfonqSklb_qah��sondzh
gah b�dzkfiagah6gabrouklmzv}klhDbed�k��ukfvw��ha�[pDbedzp�h�bep�dfv}dzklb�p oud�vwq �ehjpDbeqadziamlougahjd��=h�gabepDhjd�beqa��hjqSklmloum
�uontwhnmfbed �aqav}kfhjd�gab�ouklmzv}kfh�bedzkl�uklv}�eha�

.<iav�klh<onqSklbed�gyond��=be��iav}dlond�gabD��ia{am �j�Ço;�=bedz��iavwdfo;gab��ymlonq ��b@.<bem "'b�m��º¢�5 � �f�6mfb��amfb©~
dfb�qSk�os�uonpVi p p onmz�eh�qyond �¡b�df��iavwdfondMmzbetÌou�evwhnqyongyond onh�pDh�gab�twh�gab�� I�����bed�klb�kfmlon{youtw�aha�Sb�twb�d
bed�kliagaonp�ond��amzhj�amfv}begyougabed�bed�k��ukfvw�eond�gah�p�h�gabet}h�gab�� IF��tÌ�ndzdfv}�eha�
�Çonmzkfvwqagah�gyo�b���iaon�s�nh

xl−1 + 2xl + xl+1 =
2πu0

k a
sin

(

2π

a
xl

)

,

�yondzdlonq gahu~�o�onhD�ehjqSkl�}q�iaha�=�ehjqadzvwgab�mlonq gah dzhjp�b�qSklbrhnd�kfbemfpDhjd�gab��amfv}p�b�vwmlo�hjmzgabep;� �ymlonq �6b
.<b�m
" bem�hj{ klv��jb�mlonp ��iab

d2x

dl2
=

2πu0

a
sin

(

2π

a
x

)
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�� � � '�� )�
 ( ��
 $ � �
� � '(" '�$ $ � E

 )(' �
� $ � '�)�
  � � � � ��&� � " � � " '��%��� � ��� )�
 λ = (2π/a)2u0

'
�¼dzkloDb���iaon�s�nh�ongapDv}kfb��ehnp�h�iap�o�gab�dfiyond�dzhjtwia����b�d

x =
(π

2

)

arctan

[

exp

(

π

2

√

a

u0

)]

�¼dzklo;dzhjtwia�e�nh;beqa��hjqSklmlougyo;�=hjm��ymlonq ��b@.<bem "'b�m �|be��iyon�e�nh�g b�� I � hjv�mzbebeq �ehjqSklmfongyo;�¡hjm
���(��mfpDb �6H�H��aq�iapFbed�kliagah�mzbsont}vwxsougah�dfhn{amfbMv}qSklbemfon�	��bed � hnmzklb�d�qy�nh�t}vwqabeonmfb�de�ubedf�=be��v �y�eonpDbeqSklbu�
qah_�eondfh�gab��eonpD�¡hjd bedz�sontwonmfb�d'bep^iap�o�g vwpDbeqadf�nha�¼&'hnp�h_���(��mzp�b�gabedz�ehjq �abe��vÌo_h�kfmlon{aontw�ah
gab��ymlonq ��b .<b�m
" bem�� hrpDbedfpDh�gah�kfmlon{aontw�ah�gab��¼qaqabe�=bem'gab

1870
� 
 4 �=dfhj{ mfb�dfia�=bem � �w�ev}bed gab

�ei mz�uoukli mlo�q be Soukfv}�uo �®��iab U hjq gab'ou�yonmlou�eb
�¡hnmÇ�amzvwpDbev}mlo'�jb�x �3b {aouklv}xso�o�b���iaon�s�nh�gab be��iyon�e�nh
gab�dfv}qab²~���hnmfgahjq � d�� � �Âonxeb�qagahDiap klmzh��eongav}tw�ah_gao���hjqa�ab��ev}gyoDb���iyon�s�uh�gab I�twb�vwq�~���hnmfgahjq[�

� gav � b�mfb�qa�so�gyo�b���iyon�s�uh�g b�� I��jo�be��iyou�s�nh�gab�dl� U�iap�o�be��iyou�s�nh�gav�� bemfb�qa�evwont ��hjqSkl�}q�iao

∂2φ

∂x2
− b2k

∂2φ

∂t2
= ε0 sin

(

2π

b
φ

)

.

�¼dzkloDb���iaon�s�nh�ongapDv}kfb�klm �ed�klv}�¡hnd�gab�dfhjt}ia�	��bed�gav�� bemfb�qSklbed�� oDdzhjtwi �s�nh�t}vwqabeonmMhji �,2jqahjq d

φ(x, t) ∝ exp (iωt− ikx) ,
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t
'

o�dfhjt}ia�s�uhDqa�nh�twvwq bsonmM��hjqa�ab��ev}gyoD�=hjm ��vwq ��d 
nonqSklv ��vwq ��d�hji|dC1jt}v}kfhjqadMklhn�¡hjt 1j jv}�ehjd

φ(x, t) = ±4 arctan [exp (−σγ(v) (x− vt))] ,

hjqag b
σ = ±1

U�o �eonmf So kfhj�=hjt 1j nvw�so!�Âb�dzklo|�eonmf jo gab��aqab�dfb U_iap ��vwq �;hji�iap onqSklv�~ ��vwq ���²�
γ = 1/

√

1− (v/c)2
UDh!�Âoukfhjm�gabD�ehjqSklmfon�s�uh�gab��3hjmfb�q�kfx �

c = a
√

k
��b

v
U�o|�nbet}h���vwgyong b

�ehnp ��iab�dfb�gabedztwh��so�h�dC1jt}v}klhnq.�
��t Uep*gyoDdfhjt}ia�s�uh gab �,2jqahjqad�b���v}q ��d 
nonqSkfv���vwq ��d��[oDbe��iyon�e�nh gab�d��^ongapDv}kfb�hji klmfo�dzhjtwia�e�nha�
,�{ mfbso±kl�ab�m .�hni<d 1jtwv�klhjqad'gavwq�Eup�v}�ehjd�� hjd���iyonv}d�dl�nh�hjdz�evwtwon�	��bed�b�df�you�evÌoutwpDbeqSklb�t}h��eontwv}xsongyoud

φ(x, t) = 4 arctan

[

(
√

1− Ω2

Ω

)

sin (Ωt)

cosh
(

x
√

1− Ω2
)

]

,

hnqagab
Ω
U�o � mfb�� � �eqa��vÌo�gah ,�{amzbsoukf�abem�.��

��h �yqyout3gyo�gDUe�eongyo�gab
70

b�vwq �w�ev}h_gyo�gDU��songyo�gab
80

p �at}kfvw�atwond'�=bedz��i vwdloud#� hnmlonpVmfbsoutwv�~
xsougyond�o��ypVgab�ontw�eonqa�eonm'iap�o_p�onvwhjm �ehnp��amzbeb�qadl�nh�gyoud��amfhj� mfvwb�gyongab�d � �wdzvw�soud'mfb�tÌon��vwhjqaongyond
��dzhjtwi �s�nh_gao�be��iyou�s�nh�gab�d���� �yhj nbet b�kMontÆ� �¬¢ 
 �¡b�dzkfiagyonp h_b�� b�v}kfhrgab��¡b�mzkli mf{yon����b�d'dzhj{amfb�o
gav}q�EnpDvw�so�gyorb���iyon�s�uh_gab�dl��o �ypVg b�dfv}p_iatwonm
hjd'b � bev}kfhjd'g b�vwpD�aiamzbexeond'b�gab�� b�v}klhnde� &'iamzmfvwb
b�k�ontÆ� � 
 G��Mbed�kliagaonp�q�iapDbemzvw�soup�b�q�kfb o�dzv}kfiyon�s�uh�on{=hjmfgyougyo��=hjm_�yh�be jb�t'b�k�ontÆ�;k�onqSklh�q h
�soudfh ��hjqSkl�}q�i h���iyonqSkfh �yonmfo�h��eondfh�gavwdz�emfb²klha�'�¼twbed�hj{�klv}�nbemfonp ��iabrhnd�pDh�gahjd�qy�nhDtwv}qabsoumfbed
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� ��v}q ��d �c�=h�gabep dfb�m	� hjm�klbepDbeqSkfbMon��hj�atÌougahjdÇonh�pDh�gahndÇt}vwqabeonmfb�d ���,2jqahjqad �²�%�Çb���mfonmfg�b I�mziad �±ont
� G � �Àbed�kliagaonmlonp*��hjp*p�onvwhjm'�amfh�� i qagavwgaongab�h�b � bev�klh�gahD�sonmf�uklb�m�gav}df��mfb�kfh�dzhj{amzbro�gavwqDEnp�v}�so
gahjd ��v}q ��d�pDbeg vÌonqSklb�gavwq�Eup�v}�so�pDhjt}be�ei tÌonm vwdzkfh Un�ah���hjp��=hjm�k�onpDbeqSklhrgahjd ��vwq ��d�qah�pDh�gab�twh
gab�� I�� � kfmlon{aontw�ah��cb���mloumfg�b I�mfi d �±ont3�ehnqadfv}dzklvwo�bep b � ��v}klonm�iap ��vwq � qah�p�h�gabet}h�gab�� I
b�hj{adzbemz�uonm�dfb�i���hjp��=hjm�k�onpDbeqSklh �
�
t}bed�hj{ kfv}�nbemloup ��iab ��pDbegav}gyo���i b�h�klb�p��=h�klmlouqadf��hjmfmzb
o��jb�twh��ev}gyongab�gah ��vwq ��gabe��mfb�df�eb;�ehnp�h�dzb6p�hndzklmfo�qyo��%v} jiamfo�¢��60���!Çonp_{�Uep��=bemz�eb�{¡b�mlonp
��iab|o�k�o��ao�g b6�¡b�mfgyo�gab6b�qabemz jvÌo<bedzkl��mfbetwon�ev}hjqyongao<�ehnp o<�nbetwh��ev}gyongab gah ��vwq � � ��iyouq�kfh
p�onvwd�ml�n� vwgah�dfbrpDh·�jb_h ��v}q �|p ouvwd�beqab�mf jvwo gav}dfdfv}�yo ����h �eondfh bep ��i b_iap�o � hjmz�so b ��kfbemzqyo
oukfiyo dfhj{ mfbDond��yonm�kl�}�eiatwonde�[�Çb���mfonmfg�hj{adzbemz�nhji���i bDh ��vwq ��vwmzmlong vÌo�h|b � ��bedzdfh;gab�beqab�mf jvwo6o
�yp g b�p�onqSklb�m�dziyo��jbet}h���vwgyougab��ehjqad�k�onqSkfbn����klmlou{yontw� hDg b��cb���mloumfg�dzb���hjpD�atwb�p�b�q�klo��ehjp
h6klmfon{yont}�ah|mfbsoutwvwxeongah6�=hjm �'h�bedz� b²kroutÆ��� 4 �Æ�D�¼twb�d�bedzkfiagyonmfonp2h|�sondzh<g b ��v}q ��d��amzbedzhjd�qao
{yonmzmfb�vwmlo�gab��¡hnkfbeqa��vÌont gab��Çb�vwbemztwd�~���ou{yonmfmzh�b�hj{adzbemz�uonmfonp o�b�p�v}dfdl�uhrgab�mlongavwon�s�uh���vwd�k�o��¡hjm
�Çb ��mlonmzg.�¼�"df�av}p�hnmfvab .<iaqao��±ouk�o��¬¢u¤ �Æ���amzb���vÌoup�b�q�kfb�onh�kfmlon{aontw�ah�g b��cb���mlonmzg b²k'outÆ���jklvwq �yonp
�soutw�ei tÌongah;onqaontwv�klvw�eonpDbeqSklb_h<b�� b�v}klh;gyo|gavwdz�emzb�klv}xson�e�nh;gah�b�df�yon��h�dfhn{amfb�o;� mfhj�you Son�s�uh<gahnd
��vwq ��d �ziaqSklh ��b�p�v}dfdl�uh�gab�mlougavÌon�e�nh�gab#�,2jqahjqad���� mfbeg hjp�v}qyonqSklb�p�b�qSklb�qyo�g vwmfb��s�nh�hj�=hjdzklo�ouh
pDh®��v}p�b�q�kfh�gah ��v}q � �
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 ��
 $ � � � � � 

"  �%' � ��
����#� � )('()�
 � � ��� � '�� )��
� � � � �

v0 = 0.8

 �#�  '�$+*%" 
 � $ �#��)�� � � � � 

" '������

u0 = a
1.805π

-
k = 1



m = 1'

	�hndfdfb�qyoni � 5B4�� beq �ehjqSklmzhji�iap�o<b ���amfb�dfdl�uh�onqyont}�}klv}�so ��iab g bedf��mfb²�jb|on�amzh � v}p ougyonpDbeqSklb
h�pDh�gab�twh<gab|� I���
�b�dlo � hnmzkli qyonpDbeqSklb6b�dzk�o�b � � mfbedzdl�nh U6dfi p onpDbeqSkfb �ehjpD�at}b�� o�b�U6gav�� ��~
�ev}t¼gabDhj{ klb�m�mfbedziat}klongahjd���hjqa�emzb�kfhjd_o|�yonm�klvwm�g betÌo�� � �=hjm�vwdzdfh<��i b o| jmlouqagab�p ouvwhjmzvÌo gyoud
on{=hjmfgaon jbeq dronh<p�h�gab�twh|gab � I dl�nh<hj{ klv}gahjd�o<�youmzklv}m�gab dzvwp_iatwon�	��bed�q�iap Uemzvw�soude�6��dzdfv}p<�
klb�p2dfbDvwqSklmzh�g iaxev}gah|p�h�gav �a�son����b�d �|be��iyou�s�nh<hjmfv} jvwqyout%gab�� I bDbed�kliagyougah�hjd�b � bev}kfhjd���i b
bed�k�ond�pDh�gav �y�eon�	��bed��amzh�gai xebep dfhj{ mfb_dziyond��amzhj�amzvwbegaongabed�����p�o �amzvwpDbevwmfoDpDh�gav �y�eon�s�uh � hjv
b����at}hjmlougyo��¡hjm��Çb���mfonmfg � GT4�� ��iab�p�h�gav �a�ehji_h��=hnklb�qa�evwonta�=bemzv 1�gavw��h�b���klb�mfqah���iab�oukliao�dzhj{amzb
h�dfvwd�klb�p o�gab;�yonmzkf�w��iatÌond��#&'hnp�h�mfb�dfiat�k�ongah�gab�dzk�o��uonmfvwon�s�nh�o�{yonmfmzbev}mlo�gab;�¡hnkfbeqa��vÌont�g b
�¼vwb�mftwd�~���on{yonmzmfh��Mp_iagahji<h ��iab_v}p��at}vw��hji|q�i p o�ont}kfbemlou�s�nh�gah �uontwhnm�g h6ouklmzv}kfh�b � �=bemzvwpDbeq�~
k�ougahr�=bet}h���vwq ����hjp�h�mfb�dfiat�k�ong hrgyorv}mfmfongavÌou�s�nh�gab �,2jqahjqad��¼��t Uep gab�p�h�gav �a�sonm
hr�=hnkfbeqa��vÌont
b���kfbemfq h U��=hjdfdz�}�jb�t[pDh�g v �y�eonm
hr�=hnklb�qa�evwont vwqSklb�m�~"�aonmzkf�w�ei tÌo �S{youdfvw�eonpDbeqSklb�vwqSklmzh�gai xevwq gah�kfbem�~
pDhjd�qy�nh;�yonmfp 2jqav}�ehjd�qah;�=hnklb�qa�evwont¼gabDvwqSklb�mlon�e�nha� !Çont
p_iagaonqa�so|vwqSkfmfh�gaiaxDiap o6d Uemfv}b�g b
qah·�jhnd � beqD2np�b�qahjd���hjp�h �¡�=hjm�b ��bepD�atwha�=mfi � kliamfo gyo dzvwpDb�klmzvÌo , ��vwq �S~"onqSklv ��v}q �&.�� qah·�jhnd�dC1jt}v�~

��� ¸®¦Æ­ �·´ºÄ�§²¦�­ÀÄM­·¶·¹�ª¬­c¶·¹��®¦Æ¹�°���¹�ª�
	��­²°eÅ¾­�¦¾­�Ã�§=§©Å¾¦�§lÃ�
f½�¶·¹ �®Ä�Ê
�²½�¶·¹[Î �±§²½¾¹ ¸±§²¦ÂÅÆÈ¬³ �®ª¬§�½ Ë��s´¬°��·½��©§©°eÅ¾´��s´º°��s½�Ï´¬Ä'¸±ªº´µ³�§'¹�Ä�³�­²°u½Â´µ¶·¹�¦�§©¦.Î �®¹�¹z½ÂÅÆ§�½[Î �±§�½Â¹%¸±§²¦ÂÅÆÈ¬³ �®ª¬§�½[¸u­e½¾½Æ§©Ä@¹f½ Å�§©¦.¹�Ä Ä'­�Ãs´¬ÄM¹�°eÅ¾­'­���¹�Ä@¦Æ¹�¸n­��u½Â­M¶·¹�¸n¹�° 
¶·¹z°±¶·­�¶®§�¹�°®¹z¦¾Ê�´¬§�¶·¹f½ Å�§�Î �±§²½¾¹
¸±§²¦ÂÅÆÈ¬³ �®ªµ§²½zÐ��¡½ Å�§�¨±§©¦Æ¦Æ¹�´¬¦Æ§�§²¸±§©¦Æ¹z³�¹�³�­²ÄM­�¦Æ¹z½��®ªºÅÆ§²¶®­�¶®§�¹��·´µ½ Å���°±³�´¬§�¶·¹��®Ä¸n­©Å¾¹z°±³�´µ§©ªS¹ �sÅ¾¹�¦Æ°®­�½¾­²¨®¦Æ¹%§�½.¸±§©¦¾Å¾Èµ³��±ª¬§�½.¹�§M½��±§�³�­�ÄM¹�°±½��®¦�§lÃe´¬ª¬´¬¶®§�¶·¹Ç³�­²Ä@¹f½ ÅÆ¹¼¸u­²Å¾¹z°±³�´µ§©ªS¹ �eÅÆ¹�¦Æ°®­
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klhnqad�gavwq�Eup�v}�ehjd � hjqagyoud�dzia�=bemfd 2jqav}�sond �²�cmfia� kfiamlo6gyo|�sougabevwo|g bD�aonmzkf�w�ei tÌo �ehnp�h|mfb�dfiat�k�ong h
gyo�mfb��aiat}dl�nhDgahjd ,�ouq�kfv���vwq ��d�.���b�kl��� 5�Ga� 
B
 �Æ�

� � � �	� � 
�T�\�Z3X�T�\�Z��_Z � ��W¼`a\ ���'T
��Z3Q
��v}qagyo���iab�hDpDh�gabet}h�gab��Àb�qaqyonmzgPKnhnqabed��¡hndfdlo�dfb�m��¡b�qadlong h �ehnp�h�iap�o� jbeqab�mlont}vwxeon�s�nh�g h
pDh�gab�twh�gabM�ymzbeq �ubet�~ I�hjqSkfhjmfh·�uo �nq bedzklo�dfi {adfb��s�nh�on� mfbedzbeqSk�oup�~�dfbMhjdÇmfb�dfiat�k�ongahndÇgab'iap o�dCU�mfv}b
gabM�=bedz��iavwdfond � bev�k�ondÇ�ehjp bed�klbMpDh�gabet}ha�Ç��p�huklv}�uon�e�nh��amfv}qa�ev}�yont�gavwd�klh U'��i bn�Sgav�� bemfb�qSklbepDbeqSkfb
gyond��=bedz��iavwdfond � bev}klondM��hjp h�pDh�gab�twh_g b�� I�� bep ��i b� nbemloutwpDbeqSklb�h�hn{ �zb�kfv}�jh��amzvwqa��vw�yout[dl�uh
ond��amzhj�amzvwbegaongabed�gah|pDh�g betwh  
 $ �#
²�3h;pDh�gabet}h6gab��3beqaqyoumfg�Knhjqabed �Â�#K(��kfbep�~"dzb�i klv}twvwxeongah
qyo g bedf��mfv}�s�nh6gahnd�mfb�dfiat�k�ongahnd�b����=bemzvwpDbeqSk�onv}d�hj{�klvwg hjd�q h6bedzkfiagah6��hjp o�p�v}�emfh±~"{yontwonqa�eo�g b
��iyonm�klxeh �

��b���iaon�s�nh�gav � b�mfb�qa�evwontÀ��i brgab²klbemzp�v}qyoDo��=hjdfv}�s�nhDgyo
ima �yonm�kl�}�eiatwo �yqah pDh�gabet}hDg b_�
K

U

m
d2

ri

dt2
−mηe

dri

dt
=
∑

j 6=i

∂V (|ri − rj|)
ri

+
∂U (ri)

ri
+ fi + Fext

�Æ¢�� 
 ¢
�
hjqag b

m
U�o�p�ondfdfo gahjd��ngyoukfhjpDhjde�

η
U_oDp o±klmfv}x�gahjd���h�b �y�ev}beqSklb�d�gabrouklmzv}kfh���iab�dfvwpriatÌoDo

�ehnq��nbemzdl�nh�gab�beqab�mf jvwoDo±klmlos��Ued�gyond�vwqSklb�mlon����b�d�gahjd�bet U�kfmfhjqad��

ηe =













η‖ 0 0

0 η‖ 0

0 0 η⊥













;
�Æ¢�� 
 5(�

V (|ri − rj|)
U�h��¡hnkfbeqa��vÌont�gab�vwqSklb�mlon�e�nh�beqSkfmfb�hjd|�ngyo±klhjpDhjd

ima b
jma ��qabed�klb��sondzh@h

�=hnklb�qa�evwont.gab��3beqaqaonmfg�~JKnhjqab�d

V (|ri − rj|) = ε

[

(

r0

ri − rj

)12

− 2

(

r0

ri − rj

)6
]

;
�Æ¢�� 
 G �

Fext

U�iap�o � hjmf�eo�b���kfbemfqao on�at}vw�sougyo�iadlongao �yonmfo��soutw�ei tÌonm�oDmfbedz�¡hndzk�o�gah dzvwdzkfbep�o
� fi

U�iap
klb�mfpDh ��iab�dfv}p_iatwo�hjd�pDh·��v}p�b�qSklhjd�gabr��vw{amfon�s�uh gah6dfi { klmfouklha�[gab��yq vwgah6�=hjm�dziyond��amzhj�amfv}b²~
gyong bed�bed�k�oukf�wdzkfvw�eond �Âmfi �wgah�{amfonqa��h �
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〈fi(t)〉 = 0
�¾¢�� 
 H
�

〈fi(t), fj(t′)〉 = 2ηkBTδ(t− t′)δ(i, j)/m;

U (ri)
U�hD�=hnkfbeqa��vÌont.mzbedziat}klonqSklb�gyo�vwqSklb�mlon�e�nh�gahjd�ongy�ukfhjp�hndM�ehjp h�dzia{ klmfouklh �y��i b�qyo�dziyo

� hjmzp o_p�onvwd' jbeqDU�mfv}�so �y�=h�g b²~"dzb�bedz�emfb²�jb�m�qyo � hjmfp�o_�amzhj�¡hndzk�o��=hjm���kfbebet �

U(ri) = U0(z) + U1(z)

n
∑

j=1

cos (kj · ri)
�Æ¢�� 
 ¤(�

hjqag b
kj

dl�nh hjd �nb�klhnmfbed;mfb��e�}�amfh��ehjd|gyo�mzbegabu� � �amfv}p�b�vwmfh klbemzp�h@b�p ¢�� 
 ¤�gabedz�emfb²�jb�o
vwqSkfbemlou�s�nh�p UegavwoMgahjdcongy�±klhjpDhjd[��hjp h�dfi df{ kfmloukfh�b
h�dzbe jiaq gah�kfbemzp�h�gab�df�emzb��nb'o��ehnmfmfi  Son�s�uh
�=bemfv 1�g vw�so��I� ���amfb�dfd ��b�d �yonmfo

U0(z)
b

U1(z)
� hjmfonp gab�mfv��nougyo��=hjm���kfbebet�dzia�¡hnqagah���iab<h

�=hnklb�qa�evwont
U(ri)

U�o dfhjp�o gab��=hnkfbeqa��vÌonv}d�gab��3beq qyong�~JKnhjqabed�b�qSklmfb�o � mfvwpDbev}mloD�sonp�ongyo g b
ongy�±klhjpDhjd�b<h dfia{ dzklmfouklh ���¡hjm Uep;�'��iyonq gah�iadfongah��aonmlo�dfvwpriatÌonm�dzia{ad�klmlo±klhjd�p�b²k��nt}vw�ehnd U
qab��ebedzdl�nmzvwh�klb�m�b�p �ehnqadfv}gabemfon�s�nhDo�{atwv}qagyon nbep gyoDq�i �nbep*b�twb�kfmC2jq vw�so��

��dfonqagah�bed�klb�pDh�g betwh � �cbemfdzdfhjq;�=bedf��iav}dlo�iapVdfvwd�klb�p or��iab U��aonmfb��evwg h�onh�bed�kliagyougah��¡hjm
I�mfv}p br��hjtÌon{=hjmfongahjmzbede� ��hjqSkliagah bedzklo �=bedf��iav}dlo qa�nh�kfbep*�=hjm�hn{ �zb�kfh gyonm�iap�oDb � � twvw�eon�s�uh
onhjdcmfb�dfiat�k�ong hjdÀhj{ klv}gahjdÀ�=hjm
I�mzvwp b²k�outÆ�À�ehjp�o�pDvw�emzhj{yontwonqa�eoMgab ��iyoumzklx�h�p�ondÀdfv}p h�b�dzkli gah
gyo�twia{amzv �y�eon�s�uh�pDhjtwb��eiatwonme�Ç�Ip U�kfh�gah�i kfvwtwv}xsong h��=hjmÇ�Çb�mfdfdzhjq��yonmfo�h��s�nt}�eiat}h�gah��eh�b��y��vwbeqSkfb
gab�o±klmfv�klh UMh�p U�klh�gah���i b��¡h�gab'dzbem���hjqadzvwgab�mlongah���hjpDh�h�p U�klh�gah��yongamf�nh��yonmfo�h��s�utw�ei twh�g h
�eh�b��a�evwb�qSklb�gab�ouklmzv}klh�qyondMdzvwp_i tÌon����b�d �=hjm'g vwq�EnpDvw�eo�pDhjt}be�ei tÌonm����¼dzkfb�p@U²klh�gahr��hjqadfv}dzkfb�bep
on�at}vw�eonm.iap�o � hjmf�eo�b ��kfbemzqyo�o��sougyo��±klhjpDh���i b ��hjpD����b¼h�dzvwd�klbep�o�ongadzhjmz��vwg h��Âongadfhnmz�uouklhndchni
ongy�±klhjpDhjd � b��ehjpDh�mfb�dfiat�k�ongah�gab�dzklo � hnmf�so�hjd�ougadfhjm��uouklhjd�v}qavw��vÌonp^h�pDh·��v}p�b�qSklh�on��betwb�mlong h
oukCU;��iab<o � hjmf�eo�gab<oukfmfv}kfh�be��iav}twvw{ mfb|o � hjmf�eo�b ��kfbemzqyo�on� twvw�eongyo � ��be jiaq gah��cbemfdzdfhjqIdfb<o
�jb�twh��ev}gyongabDoukfvwqa jv}gyo �=betwh;�ehnq �ziaqSklh;gab�ongadfhnmz�uouklhnd8UDp�b�qahjm���iab o|�nbetwh��ev}gyongab�gah;dfhnp2b
pDbeqahjm���iab<o��jbet}h���vwgyougab|gab;� b�mfpDvMgah�dfia{ dzklmfouklh �Âq h �eondfh gab|dfia{ad�klmfouklhjdDpDb�k��utwvw��hjd ��o
� hjmz�so�gab�ouklmzv}kfh���i broukfiyo�dfhj{ mfb�hjd�ongadzhjmz�uoukfhjdMklb�p ��iab��nbemzv �y�eonm�o�mzbetwon�s�nh

Fext = mηtv,
�Æ¢�� 
 0
�



9:� 9 � ��+>�T�
+,�R� � �&� ) " ����	O"$�B� M ��+,���T�#+,�D� L �

% ",- � 9:� � � 	 � "  � $%� '%" 
�� ��� )(' �
� $ � ' � � " � �%��� � ����)(' ��
����#� � )('()�
 '
 � ��� '()(' � �#�(� '�� �#� � 
 '
�
� � � � � 

" '�
 � � � � � 
 � � '()������ '��#
 ��$ ����� )���
�
 "���� ��� '�� � 

" ��� 
�� � � � � 

" '�
 � � �� � 
 � � '()�� � ��� � )��%'

hjqag b
m
U�o�p oudfdlo�gahjd'ongy�ukfhjp�hnde�¼
�b�dzklo � hjmfp�o U��=hjdfdz�}�jb�t[hj{�klbem hr�uont}hjm
gyo���hjqadzklonqSklb�g b

oukfmfv}kfh6��v}df��hjdfh<�yonmlo|h;dfvwd�klb�p o;ongadzhjmz�uoukfhjd�~�dfia{ad�klmfouklha� �Vhj{ �zb²klv��jh�b�df�=be��� �y��h�gab��Çb�mfdfdzhjq
� hjv bed�kliagaonmMhrpDh·��vwpDbeqSklh�gab�onmzmlonq �so±~��y�nmlo �Âd�klvw� �j~"onqag�~�dftwv}��pDhnkfvwhjq �©�%�Çonmlo�vwdzkfha��betwb�i kfvwtwv}xso
�ehnp�h��=hnklb�qa�evwont.gah�dfi {adzkfmloukfh o�� hjmzp o

U(ri) = u0

[

2− cos

(

2π

a
xi

)

− cos

(

2π

a
yi

)]

,

qyo ��iyout
a
U_h �aonm3EnpDb�kfmfh�gab_mfb�gabn����d��yonm3Eup�b²klmfhnd�i kfvwt}vwxsougahjd��¡hnm�bet}bed � hjmlonp*klonvwd���i b_h

ongadzhjmz�uoukfh � hndfdfb
Xe

b�h dzia{adzkfmloukfh
Ag(100)

� G 
 �¾���Çbemzdfdzhjq�hj{ kfb��jb���iabrhD�ehjpD�=hjmzklonp�b�qSklh
gyo �nbetwh��ev}gyongabr�ehjpDh�� iaqa�e�nh|gyo � hjmf�eo6on�at}vw�sougyo bed�k��6gav}mfb�klonpDbeqSklb_mzbetwon�ev}hjqyongah��ehjp o bed�~
klmzi kli mlo6ongahuk�ongyo��¡b�twhjd�ougy�uklhnp�hjd�dfhj{ mfb�h6dfi {adzkfmloukfha�3dfb�o ��hjqa�eb�qSklmlou�s�nh|gab_�aonmzkf�w�ei tÌond U
k�out3��i b�hjd�onga�uklhjpDhjd�dzb�b�qa�ehnq�kfmlonp*q�iap*b�dzklongahD��iaondfb�tw�w��iav}gah � �jb �fo�o��Çvw jiamfo�¢����jo(�²� ��h
�soudfh;bep,��iabDh<b�dzklongah;gahjd�ongy�ukfhjpDhjd UD�yonmfb��ev}gah;onh|gab�iap2dC1jt}vwgah|o6��iamz�uo�U�o|gab�df�emzv}klo
qyo_�Çvw jiamfo_¢����n{.�¼��{ dfbem��uo±~"dzb���iab�qah��eondfh_b�pV��iab�h_dfv}dzklb�p o�dfb�b�qa�ehjqSkfmlo_qah_b�dzklongah_��iyondzb
tw�}��iavwgah;qy�nh��a��,�oukfmfv�klh�b�dzkl�uklv}�eh .l���Çhnm_p�b�qahjm���i b6dfb �fo�o � hjmf�eo�on�at}vw�sougyo�onh�dfvwd�klb�p o�g b
ongy�±klhjpDhjde� b�dzklb�d�vwq vw�evwonp h p�h·��vwpDbeqSklh ����dfdzvwp�dfb�i��ehnp��=hjmzklonpDbeqSklh UrdzvwpDvwtÌoum�onh g briap
tw�}��iavwgah � ��be jiaq gah��Çb�mfdzdfhjq�b�dzkfb �ehnp��=hjmzklonpDbeqSklh|bed�k��;gab ou�ehjmzgah<��hjp2hjd�mfb�dfiat�k�ongahnd�b ��~
�=bemfv}p�b�qSk�onv}d hn{ klv}gahjd �¡hjm�� hjdz�avwxeo#"'orb��"dfmloubetÌos��vwt}vy��iab�b�dzkli gyonmloupVhrouklmzv}klh�b����=bemzvwpDbeqSk�ong h



9:� 9 � ��+>�T�
+,�R� � �&� ) " ����	O"$�B� M ��+,���T�#+,�D� L �

% ",- � 9:� � � � � ��� � 
�� � $ ' � ���!)('��� '�$%� $�� ����'�� � ��"�$ 
 � � � "�� � $ '����5-�" 
 )�� )(' '�� $ ' ��� � )(' � ��"�
 $��
� ��$ ' - )�
 � 
 $
" � � ' �#
 ' 
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 � � '�$ � 
 '
��� � " 
����
� ��$ '()(' � � " � � � "�� � $ '���� 
��  � � � � ��& � � '�� 
�� ��� � 
 "�� 
 � � '�$ � � � � � " 
�� � ��$ '()(' � � "
� � � "�� � $ '���� � ��� 
 � ��� ��� )���$ 
 � '%" 
�� � 
 � � � '���� $ )�� '�� $%��� � 

�  
 $ ��" 
�� � '()��  
����� � � � 

" '/'

�=betwh���b � ongabe�eonqah �
n − C16H34

����hjp h�on�aonmloukfh�gab � hjmz�so�o±k32jpDvw�eo|b�qy�nh<hj{adfb�mz�uonmfonp h
pDh®��v}p�b�q�kfh gab-,�onmfmfonqa�eo±~"�y�umlo�.���iyonq gah|o klb�p��=bemfoukliamfo bemfo gab

T = 25 oC
����h6�sondzh6bep

��iab h<bedzklongah U�gab�kfvw�=h�dC1ntwvwg h�o;�eiam��no
F

��d
v
ou�amfb�dfbeqSklo��avwd�klbemzbedzbn���"d�klh��=h�g b dfb�mrhj{�~

dfb�mz�uongah�qyo��%v} jiamfo�¢���� �Ç�yonmzkfvwqag h<gab�iap dfv}dzklb�p o6klb�mfp�ontwv}xsong h;��hjp 〈v〉 = 0
dfb�hj{adzbemz�uo

��iab U�qabe��bedfdf�nmfv}h o±klvwq  jvwm iap �uontwhnmM�emz�}klv}�eh
F0

�youmlo���iab�hjd��uklhjpDhjdMv}qavw��vwb�pVh�pDh®��v}p�b�q�kfh �

�v}p�v}q�i vwqagah�o � hjmf�eoD nmlongyo±klv}�uonpDbeqSkfbn�ydfb�hj{adzbem��noD��iab_onh�oukfvwqa jv}m�iap �uontwhnm�gab � hnmf�so

F1

h
dfv}dzkfbep�o �y�nmlo6ou{amfia��k�onpDbeqSklbu�.hji�dfb �fo �3�yondzdlo6gab

v = vc

o
v = 0

�3h6vwqSkfbemfb�dfdfonqSklbFU_��iab�h
�uontwhnm'gab�dzk�o � hjmz�so U�k�out.��iab

F0 > F1

� ��be jiaq gahD�Çbemzdfdzhjq�b�dzklb�kfvw�=h_gab��ehnp��=hjmzklonpDbeqSklh_b ��~
�at}vw�so�h_pDh·��v}p�b�qSklhrg b ,�oumfmlouqa�so±~��y�nmfo�.�hj{adzbem��nougah�qyond �¡b�df��iavwdfondM��hjpVhron�yonmzbet}�ah_gab � hjmf�eo
oukC2jp�v}�so�� ¤T0��¾��� �ÂoukfhDp�onv}d�v}p��=hjm�k�onqSklb�ou�¡hjqSklongahD�¡hjm��cbemfdzdfhjq�qabed�k�o �=bedz��i vwdlo U�hD�yon�=bet
� iaqagaonp�b�qSk�ont gabedzbepD�¡b�qa�yongah��=betwo � ��hj{¡b�mzkfiamlo � gah�dfia{ dzklmfouklh��=hjm��yonmzkfb gahjd_ongy�ukfhjp�hnde�
��hnd�dzbeiad��s�nt}�eiat}hjd��ehjp2gav}q�EnpDvw�eo p�hjt}be��iatÌonm�bedzkfb �youm3EnpDb�kfmfh � hjv
gab��aqavwgah;�ehnp�h<o;mfonxs�uh
beqSkfmfb�h�q��ap�b�mfh�gab��youmzkl�}�eiatwondMqahDong dfhjm��no±klh �

N
�'b�h�q��ap�b�mfh�gab��youmzkl�}�eiatwond'q hDdzia{ad�klmlo±klh

�
M
�²�

θ =
N

M
,

&'vwb��atÌo��|b²k�ont¾� � 
 5 �Çbed�kliagyoumlonp iap dfvwd�klb�p oDdfvwpDvwtwonm�onh i dlongah �¡hjm��Çb�mfdfdzhjq.�3p�ond��ehjp
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 '�� ��� '()('  � $�	 ��
! ��' ��
 � '�� ' 2�� 8;: '� � ��$ � ' � ��� � $ � � '�$ 
! $ 
 �#
�� � '���$ 
 � ��� � '()�� 

�  
 $%��" 
�� � '�� ��"�� � )��  � $�# $%��" 
 �
'�� '  � )('()��#� �
� $ '%" ����)��#� )�� � � )�� )��#�  
���� � 

"  � � '�$ '�� � 
 $�$ � � ��� �5-

t0

���� &��

)�� � � )�� )��#�  � $ � � � � ' 
 " )�
 '��%��� � '�$ ' � ��$ � ' 

�  
 $ ��" 
�� � '�� ' 
 "���� 
���' � ���
�� � $ 

v



F
 '�$ ' )�� � 
 $ 
�� ��
 ��� � " 
�� � ��$ ' � �#
 � )�� � � � � 

" ' 


σ = 1.12r0

-
t0 =

√

mσ2/ε
�%' � ' 
	&���$ ' �#� �
$�$ � �����#� � � 
 � �#��$ 
! $ 
 �#
�� � '%" ��� � � � 

" ' � � 
 � � '()��

� ��� )�� 
 �#� �
$�$ � �����#��'("�
 $ ���#� - 

" 
 � � '()�� � ��� � )��%'
h �yp gab���hjpD�amfb�beqagab�m�o�hnmfvw nbep g h�o±klmfv�klh_qaond�p�b�gavwgyoudMmfbeontwv}xsongyoudM�¡hnm I�mzvwp b�k�ont¾���yonmfo
h_dzvwdzkfbep�o

Kr/Au
�%� �amzvwqa��vw�yont gav�� bemzbeqa�eor�ehjp h_pDh�g betwh�b�dzk�ou{¡b�twbe��vwgahr�¡hjm'�Çb�mfdfdzhjq.�yout Uep

gah �Âoukfh�gab6mfbeontwv}xsonmrond��ehnq�klond��yonmfo�h��sondzh�kfmfv}gavwpDbeqadzvwhjqaontÆ�
U|o�� hjmfp�o�gah��=hnklb�qa�evwont'g b
vwqSkfbemlou�s�nh�gahjd�ong dfhjm��no±klhjd���hjp hDdfia{ad�klmfouklha�

U(r) = ε′

[

U0(z) + f U1(z)
3
∑

i=1

cos (ki · r)
]

�Æ¢�� 
 �(�
hjqag b

ki

dl�uh�hjd��nb�kfhjmfb�d�gab mfb�gab qah��atÌonq h
(111)

qah�b�df�yon��h�mfb��e�w� mfh��eha�
U1(z)

bed�k���gyougah
�=hjm i p o�b����amfb�dfdf�nh��sont}�eiatwongyo��¡hjm'��kfbebet¡dfia�=hjqag h�ordfi �¡b�m � �w��vwb��ehjpD�=hjdzklo��=hjm'�±klhjpDhjd ��i b
vwqSkfbemlou jbep ouklmfo·��Ued�gahD�¡hnkfbeqa��vÌont[gab��#K �

U1(z) = α exp(−g1z)

√

π

2g1z

[

σ6
Kr/Au

30

( g1

2z

)5

− 2
( g1

2z

)2

]

�Æ¢�� 
 4(�
hjqag b

α = 4πεKr/AuA
6/
√

3
��hjp

εKr/Au/εKr = 1.19
�
g1 = 4π/

√
3
b�x

σKr/Au/σKr = 0.97
�

dfb�qagah
εKr

b
σKr

hndD�aonm3EnpDb�kfmfhjd�g b��
K��yonmlo�qah��soudfh�gah
Kr

� ��p �=hjqSklh�v}p��=hjm�k�onqSklb
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o<dzbem�gabed�k�on�eongah�b�p mzbetwon�s�nh�o<b�dzk�o<�¡b�df��iavwdfo!UD��i b h<kfbemfpDhjd�k�oukfh<dzhjp�b�qSklb � hnv ou�atwv}�songah
qyo|gavwmzbe�e�nh

z
�%�=bemf�=beq gavw��iatÌonm �;on�at}vw�sou�s�nh6gyo � hjmf�eo;b ��klbemzqyo �|&'hnp2bedzkfb pDh�g betwh;&'v}be�atwo��

b�k ontÆ� ��hjqadzbe jiav}mlonp mzbe�amzh�gai xevwmDhjd�mfbedziat}klongahjdDb����=bemzvwpDbeqSk�onv}d�hn{ klv}gahjdD�¡hjm@I�mfv}p b�k6outÆ�
o��ziad�k�onq gah<h6�aonm3EnpDb�kfmfh

f
gyo6b���iaon�s�nh�¢�� 
 � �r�
t}bed�b�df�=bemlos�uonp2��iab�bed�klb��yonmCEnpDb�klmzh�� hjdfdzb

on�amzh � v}p ougyonpDbeqSklb
0.1

hji
0.2

gyougah_��iab�o_pDh�gab�tÌon nbep gyorv}qSklbemfon�s�uh_gah�dfi {adzkfmloukfh��ehjp hjd
ongy�±klhjpDhjd�o±klmlos��Ued�gah �=hnkfbeqa��vÌontcgab��
K qy�nh<U�ou�amfhj� mfvÌougyo��=hjmf��iabrhjd�bet U�kfmfhjqad�gah

Au
df�nh

qy�nh�twh��sont}vwxeongahjd��j�¡hnmCUep^o�gavwpDvwq�iav}�s�nh � hnv¡out Uep�gahrb�df�=bemlougah
f = 0.03

��mfbedziat}klongah�bedzkfb���iab
qy�nh � hjv[�¡hjdzdf���jbetÀb � � twvw�eonme�

��t Uep�g b6�ehjqadzbe ji vwm�mfb��amfh�gaiax�vwm_hnd�mfbedziat}klongahjd�g b�I�mzvwp b�kDont¾�}� &'v}be�atwo���b�kDont¾� b�dzkli�~
gyonmfonp h�b�� b�v}kfh�gah�b�dzklongah�gah�ongadfhnmz�uouklh�dfhj{amzb h�o±klmfv�klha�Ç�ehjp mzbedfi t}k�ougah�dfi mf�amzbebeq gabeqSklbu�
��{ klv��jb�mlonpV��i b���iyouqagahDh�ongadfhnmz�uouklh�b�dzk���qah�b�dzk�ougah �aia�wgah�hDoukfmfv�klh U�p�onvwhjm ��iab�qah��sondzh
bep ��iab b�dzkl��bep bed�k�ongah�dC1jt}vwgaha�6�"d�klh��=h�gab dzbemrhn{adfb�mz�uongah�qyo<�%vw niamlo<¢�� 
 £ �Â{ �²�%hnqagab hnd
gyong hjd mzbe�amzbedzbeqSk�ong hjd��¡b�twhjd
���wmf��iatwhnd � b����yongahjd dl�nh�hj{ kfvwgahjd �yonmfo�kfbepD�¡b�mloukfiamlo�hrgahn{amfh���i b
qah;�sondzh<g hjd�gyongahjd�mzbe�amzbedfb�qSk�ongahndr�=betwhnd��e�wmz�eiat}hjd�on{=bem�klhjd�� 
�b�dzklo � hjmzp o6b�twbed�dzvwp_iatwonp h
bed�k�ong h_�emzvwdzklontwv}qah �Â�e�}mf��iatwhjd on{=bem�klhjd � b�h_b�dzklongah �yi vwgah��Â�e�}mf��iatwhjd ���abev}hjd �©� ��vwpriat}klonqabsoup�b²klb
bed�kliagaonmlonp h b � bev}kfh gyo�p onv}hjm�hji�pDbeqahnm���hjmfmzia Son�e�nh gah dzia{ad�klmlo±klha��&'hnp�h�bemlo�bedf�=bemfongaha�
hj{adzbem��noumlonp ��i b6qah��sondzh�gab6p ��� v}p o;�ehj{=bem�kliamfo�b6 jmlouqagab ��hjmfmzia Son�e�nh�h�dfv}dzklb�p o�b ���¡b©~
mfv}p�b�qSklhji�oukfmfv�klh�bed�k��ukfvw��h � gyongahnd;mzbe�amzbedzbeqSk�ong hjd<�=bet}hjd6��iyongamfongahjd|���ab�vwhjd � b���iab�onh@dzb
gav}p�v}q�i vwm
bed�k�o_�ehnmfmfi  Son�s�uhrp�onqSklbeq gah�or�ehnp�b�qadfiamfon�s�uh_h�oukfmfv}kfhrb�dzk��±klvw��h_gab�dlon�youmfbe��vÌo �
�¼p
mfb�dfiapDha��hrklmfon{yont}�ah�gab�&'vwb��atÌo ��b�k�outÆ���=bemzp�v�klvwi���hjp�� mfbeb�qagab�mMb�� b²klv}�uonpDbeqSkfb�hjd'mfbedziat}klongahjd
hj{ kfvwgahnd¼�¡hjm I�mzvwp bet ont¾�%�chjmCU�p<���amzh®�nh���hjiDiap o��=hjt �epDvw�so��cdzbe ji qagah�betwb�d¼hro±klmfv�klh�b�p�qa���jbet
pDvw�emzhjdf��1j�av}�ehrkfbep dziyo�hjmfv} jbep qyond�v}qSklbemfon�	��bed � hnqD2jqav}�sondM��hjqSklmfongavwx�beqag ha�youkCU��ebem�k�o��=hjqSklha�
hDo �ymzp ong hD�=hjm��cbemfdzdfhjq<qah�dfb�i<klmfon{yont}�ah_klb�1jmfv}�eha�

�Çb�mfdfdzhjqIb|��v}kfxsonq � GBG���b�dzkfiagyonmfonp��=hjm�gav}q�EnpDvw�so;p�hntwbe��iatÌoumrh�dfv}dzklb�p o
Xe/Ag(111)

�ehnp�o �yqaontwv}gyongab�gab�on{=hjmzgyonm�hjd�mfb�dfiat�k�ongahnd�b ���¡b�mfvwpDbeqSklonvwd�hj{ kfvwgahnd��=hjm I�mfv}p b�k�ont¾� � �jb�m
�%v} jiamlo 
 � 
 ¢
�²���%onmfo�vwdzkfh�bet}bed_i�klvwt}vwxeonmlonp,o�dfb� jiavwqSkfb6be��iyon�e�nh��yonmfo�dfv}p_iatÌoum�h��=hnkfbeqa��vÌont
 jb�mlongah��=bet}hjd��uklhnp�hjd�g hDdzia{ad�klmlo±klh
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η‖/η

� � " ���%��� � ����)(' � ��"�
 $ � ��$ ' 
�� " ��� � � � '%" '()(' �
68/144 = 0.472 = θ

�%'
 '�� $%����� '()%� � �#����� � � ��� '()�� �
� �

η‖ = 2.5× 109s−1
'

U(r) = EB {exp [−2α (z − z0)]− 2 exp [−α (z − z0)]}

uo

[

2− cos

(

2π

a
x

)

− cos

(

2π

a
y

)]

exp [−α (z − z0)] ,
�Æ¢��¬¢n£(�

hjqag b
α

bed�k���mfbetwon�ev}hjqyong h � � mfb�� � �eqa��vÌo g b<mzbedfdzhjq�Enq �evÌo�gab|��v}{amlou�s�nh��=bemf�=beq gavw��iatÌonm�gahnd
�ukfhjp�hndÇgah�dfia{ad�klmfouklh �

ω ≈ 22 cm−1
�Àb

EB

U'o�beqab�mf jvwo�gab'twvw jon�s�nh�gah�dfvwd�klb�p o
Xe/Ag(111)

�
EB ≈ 0.23

�²�
��dfonqagah�h p U�klh�gah��yong ml�nhD�yonmfo�hD�s�nt}�eiat}hDg h �eh�b��a�evwb�qSklb�gabro±klmfv�klha�yb�twb�d�b�dzkfiagyonmfonp�h

b�� b�v}kfh gyo ��hj{=bemzkfiamlo��Âgab �yqav}mlonp o���hj{=bemzkfiamlo��ehjpDh
θ = N/M

�[dfb�qagah ��iab
N

U�h q��ap�b�mfh
gab6�youmzkl�}�eiatwond_qah�ong dfhjm��no±klh�b

M
h�q��apDbemzh�gab|�yonmzkf�w��iatÌond���iab|�ehjpD����bep h�dfia{ dzklmfouklh(�

dfhn{amfb;h�mfb�� b�mfv}gah ��h�b �y�ev}beqSklbu� ��{adzbemz�uonmfonp ��iab;qah��sondzh�gab|iap�o��sonp�ongyo��ehnp��at}b�klo�g b
�ukfhjp�hnd gab���b �

68/144
�¼hr�eh�b��y��vwbeqSkfb�gab�o±klmfv�klh�klhnklont�U��amfouklv}�sonpDbeqSklb�vw niyont=onh_��h�b �y�ev}beqSklb

gab�ouklmzv}kfh<oug�~"�ah��!�
ηe/ηt = 0.98 ± 0.04

�²� Kj�|qah��eondfh<bep2��iabDdfb�k �ep2g iyond��sonp�ongyond�gab
�ukfhjp�hnd�gab���b�hn{ klv��jbemfonp,��iabDh<��h�b �y�ev}beqSklbDgab�ouklmzv}kfh|kfhnk�out U

20%
p�onvwhnm���iab�h<ong�~��ah��

�
ηe/ηt = 0.83± 0.02

�²�
!Çhnp ondzdfhjq b b�k_ontÆ� � ¤TH�� k�oup_{RU�p2bed�kliagyoumlonp h�dzvwdzkfbep�o

Xe/Ag(111)
�|�Çonmlo�v}dzkfh<b�twbed
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dfv}p_iatwonmlonp�h��¡huklbeq �evÌout� jb�mlong h��¡b�twh dfia{ad�klmfouklh�gyo p�b�dfp�o � hjmzp o���i b�&'vwb��atÌon� �@b²k|ontÆ���
i kfvwtwv}xsonq gah6ond�be��iyou�	��bed�¢�� 
 �6b ¢�� 
 4��_� �yp,gab�gab²klb�mfpDvwqyonm�h;��h�b �y�ev}beqSklbDgab�oukfmfv�klh klhuk�ont
b����=bemzvwpDbeqSk�ong h��¡b�twhjd'ongy�ukfhjp�hnde��!Çhjp�ondzdfhjqab�b²k�ont¾�¼on�at}vw�soumlonp^orpDbedzp o � hjmf�eo�orklh�gahjd'hnd
ongy�±klhjpDhjd �¡hjm on�amzh � v}p ougyonpDbeqSklb

100 t0
� hjqagab

t0 =
√

mσ2

ε

�²���"pDbegavwouk�oup�b�q�kfb�ou�R1jd klmfonqad�~
�ehnmfmfv}gah_b�dzklb�kfbepD�¡h�o�� hjmz�so_b ��kfbemzqyo�bemlo�mzb�klv}mlongaorgah��ehjq��ziaqSklh�gab��yonm�kl�}�eiatwonde� �ziaqSk�onpDbeqSkfb
�ehnp�h�klb�mfpDhjdzklouklh�b���klb�mfqaha�Sh���iab�mzbedziat}klo�q�i p�gab��sonv}p�b�q�kfh�b����=hjqabeq �evÌoutagyo��jb�twh��ev}gyongabMg h
�eb�qSklmfh�gab'p ondzdlond¼��i �zh�b����=h�b�qSklb U�h�v}q��nbemzdfh�gah��eh�b��a�evwb�qSklb�gab�oukfmfv�klh�kfhnk�out b����=bemzvwpDbeqSk�ong h
�=betwhndronga�uklhjpDhjd��;��t U�p g bedzkfb p U�klh�gah;bet}bedri�klvwt}vwxeonmlonp hji kfmfh�qah<��iyont qy�nh�b�mlo�ou�atwv}�songyo
� hjmz�so�b ��kfbemzqyo �¼{yondzbsong hjd_qyo�t}bev gab v}p��=beg�Euqa�evwo;gab 
�mfi gab²~"
�onmf� �j���*oui klh��ehjmzmfb�tÌon�e�nh<g b
�jb�twh��ev}gyongab�de�

C (t− t′) =
〈vx(t) vx(t

′)〉
〈vx(0)〉 ,

�Æ¢��¬¢ 
 �
klb�p�iap���hjpD�¡hjm�k�onpDbeqSkfh�b����¡hnqabeqa��vÌont¾�S�ei �zh�b � �=h�beqSklb U�h�v}qS�jbemzdfh�gah��eh�b��y��vwb�q�kfb�gab�ouklmzv}klh
hji6klb�p��=h��sonmfon��kfbemz�wdzkfvw��h

C (t− t′) = exp

(

−|t− t′|
τ

)

.
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Xe/Ag(100)

 
 "��

Xe/Ag(111)
2!8/8;: '


�v�� bemfb�qSklbepDbeqSkfbMgah�hn{ klv}gah��=hjmÇ�Çb�mfdfdzhjq�bM��v}kfxsonq.�ubet}bedc�ehjqadzbe ji vwmloup mzbe�amzh�g iaxev}mÇhjdcmfb�dfiat�k�o±~
gahjd�b ���¡b�mfvwpDbeqSklonvwdMg b I�mzvwp b�k�ont¾���ehnp onp_{=hjdMhnd�p@U²klh�gahjde� � mfb�dfiat�k�ong hD� mfvwq �evw�aont¡g bedzkfb
klmfon{yont}�ah � hjv���iab�onh�dfb�mzb�kfvwmloum%h�klb�mfpDhjdzklouklh�qah��amfv}p�b�vwmzh�p U�klh�gah�h�mzbedziat}klongah�bed�k���twv���mfb'gao
on�e�nh<gao;��hjqSklmfv}{aiav}�s�nh|bet}b�kfmC2jqav}�so �3��iab@U�twb��uongao|b�p2�ehjq dfvwg bemlou�s�nh<ouklmfos�BUed�gah;�eh�b��y��vwbeqSkfb
ηe
��
�bed�k�o � hjmfp�o<b�twb�d�b���vwgab�qa�evwonp h��yon�=bet'� mfvwq �evw�aont g bedfb�p��=beq �yongah��¡b�tÌo���hjqSklmzvw{aiav}�s�nh

� hjqD2nqavw�eo�onhDouklmzv}klh_kfhnk�out.b��ehjqSklmfongav}xebep gavwmzb�k�oup�b�q�kfb�h�b ���¡hjd�klhD�¡hnm��Çbemzdfdzhjq�b���v�klxeonq.�
�3vwbe{ df��b�k�ont¾� � 5B5 �Çk�onp_{�Uep bed�kliagyoumlonp,h6dzvwd�klbep�o

Xe/Ag(111)
dfv}p_iat}klonqabeonp�b�qSklb�onh

dfv}dzkfbep�o
Xe/Ag(100)

���%onmfo;v}dzkfh6i klv}twvwxeonmloup h|pDbedzp�h6�=hnklb�qa�evwont�gah|dzia{adzkfmloukfh<i�klvwt}vwxeongah
�=hjm �Çbemzdfdzhjq6b���v}kfxsonq[�¼�¼twbed
�jb�mfv��y�sonmfonp ��iab��yonmlo�bed�klbed dfv}dzklb�p oud dzb�hn{ klv}qa�yo�o�gab��¡b�qag ��q�~
�evwo6��iaongaml�±klvw�eo6gab

ηph

��hjp
u0

�À�amzb���vwd�klh;�¡hjm�g v � bemzbeqSklb�d��=bedz��iavwdfond�� mCU���vwonde����t Uep gavwd�klha�
hj{adzbem��noumlonp ��iab�o�klhj�=hjt}hj jvÌo�ong hnk�ongao��¡b�twhjd�ongadfhnmz�uouklhnd%bepFmfb�tÌon�e�nh�onh�dzia{ad�klmlo±klh�pDh�gav��y�so
h �uont}hjm�gah �eh�b��y��vwbeqSkfb�gab�oukfmfv}kfh pDbegav}gah ���yonmfo iap p�b�dfpDh �ehnq �ziaqSklh6gab��aonm3EnpDb�kfmfhjd�bemfo
�=hjdfdz�}�jb�t'hj{�klbemrgahjvwd��uontwhjmzbed�gav � b�mfbeqSkfbed��yonmfo�h���h�b �y�ev}beqSklb6gab ouklmzv}klh ��&'hjqSkli gah�bet}bed_qy�uh
� hjmfonp �eon�yonx�bed�gab6mzbe�amzh�gai xevwmrhjd�mfb�dfiat�k�ongahnd�b����¡b�mfv}p�b�q�klonvwdrgab�I�mfvwp b�kDoutÆ� �
t}bed�oumf ji�~
pDbeqSk�onmfonp,��iab o;mfonxs�nh<�yonmfo;qy�uh<��hjqadfb� jiav}m�mzbe�amzh�gai xevwm�b�dzklb�drmzbedfi t}k�ougahjd�b����¡b�mfv}p�b�q�klonvwd
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�=h�gab�mfvwoDdzbem���hjqadzbe��i �eq �evÌo g h��uontwhnm�i�klvwt}vwxeongah��yonmfo oD�ehjmzmfia Sou�s�nh�gah dzia{adzkfmloukfha����p �Âoukfh
vwqSkfbemfb�dfdfonqSklb���iab�dfiamz jbDonh6dfb��ehnp��youmlonmzbep hjd�mfbedziat}klongahjd�hn{ klv}gahjd��=hjm��cbemfdzdfhjq b���v�klxsouq
�ehnpVhjd'hj{ klv}gahjd �¡hjm'�3vwbe{ df�6b�k�ontÆ� U���i b�p�b�dfpDh_i klv}twv}xsonqag h�dzvwdzkfbep�ond'v} jiyonv}d'hjd'mfbedziat}klongahjd
� hjmfonp p_i v}klh�g v � bemzbeqSklb�de� �Çhnm�b���bepD�atwhD�cbemfdzdfhjq<b���v}kfxsonq6i�klvwt}vwxeonqagah

ηe = 0.62 ns−1
hj{ kfv�~

�jb�mlonp ��i b
ηph ≈ 0.001 ns−1

b�qa��iyonqSklh���iab��3vwb�{adf�|b�k�outÆ��hj{�klv}�nbemfonpV��iab
ηph = 0.3 ns−1

�
� mlouxs�nh�gab�k�oup onq �yo_gav}�nbemz 
�eqa��vÌo��¡h�gab�b�dzk�oum�qao�dzbeqadzvw{av}twv}gyongab�g h�o±klmfv�klh�� hjq 2jqavw��h��ehjp o
mfhuk�on�e�nh�mfbetwouklv��uorgyo��sonp�ongyo ���ehjpDh�p�b�qa�ev}hjqyong h�onqSklbemzvwhjmzp�b�qSklbn�
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��b�dzklb6kfmlon{youtw�ah�b�dzkli gyonpDhjd�iap pDh�g betwh�iaqavwg vwpDbeqadzvwhjqyout gab6�aonmzkf�w�ei tÌond �Â�%vw niamloP5�� 
 �
bep ��iab�h �=hnklb�qa�evwontcgab_vwqSkfbemlou�s�nh v}qSklbem�~"�youmzkl�}�eiatwo Urh gab��3beq qyongQKnhjqab�de���¼dzklo �songab�vÌo g b
�yonm�kl�}�eiatwond�vwqSkfbemlou jb��ehjp�iap��=hnklb�qa�evwontab���kfbemfq h���iab�dfv}p_iatÌo�o�on�e�nh�gab�iap�dzia{adzkfmloukfh�dzhj{amzb
h���iyont bedzklonmfvwo�gabe�=hjdzv}k�ougyo�o��sougabevwo �����=hnkfbeqa��vÌont  jbemfongah��=bet}h�dfia{ dzklmfouklh � hjv bedz�ehjt}�avwg h
ont�klbemzqyoukfv}�uonpDbeqSklb�b�dzk��±klvw��hr��iyonqSkfhrgav}q�EnpDvw�eh �%�Çonmlo�dfvwpriatÌonm¼b�dzkfb �at�klvwpDh�hrdzia{ad�klmlo±klh U� jb²~
mlougah_gav}mfb�klonpDbeqSklb��¡hnm'hji kfmlor�eongab�vÌo�g b��yonm�kl�w��iatÌoude�¼&'�aonp oumfbepDhjd bedzklondMgaiaondMont�klb�mfqyoukfv}�uond
gab�pDh�gab�twh���hjp ,�dzia{ad�klmlo±klh�bed�k��ukfvw�eh�.�b�p�h�gab�twh_��hjp ,�dzia{ad�klmlo±klhDgavwq�Eup�v}�eh .l�

� ������� � T�\�Z3X�T�Y[T 
 Q�O 
�QSR�` W�R T Z3QSR
	�R &�Y¡T

�%onmforh_�eondfh_b�pV��iab�h_dfi {adzkfmloukfh_dfb�p�onqSk3U�p^vwp 1®�nbet	�¾�Çvw a� 5 � 
 �²��orbe��iyon�e�nh_gav�� bemzbeqa��vÌont

% ",- � L:�$��� � ��)�
������ � " � � "�� � $ '�� � 
 � � � � ��� �%'
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��iab�gabedz�emfb²�jb�hDpDh·��vwpDbeqSklh�gyo
ima �youmzkl�}�eiatwo U

m
d2xi

dt2
= −mηe

dxi

dt
−
∑

j

∂V (|xi − xj|)
xi

− ∂U (xi)

xi
+ fi + Fext,

�>5�� 
 �

hjqag b
m

U o<p�ondfdfo<gahjdrongy�ukfhjpDhjde�
ηe

UDh��eh�b��a�evwb�qSklb gab�oukfmfv}kfh<��iab�dfv}p_iatÌo;o<�=bemzgyo<g b
beq bemf nvÌo��soni dlongyo��=betwond�vwqSklb�mlon����b�d�gahjd�bet U�kfmfhjqad��
	�beontwv}xsonpDhjd iap �ehnq �ziaqSklh�gab�dfv}p_iatwon�	��bed
bep ��i b�iadfonpDhjd��yonmfo

V (|xi − xj|)
hD�¡huklbeq �evÌout.gab��3beqaqyoumfg�~JKnhjqabed � � � � �

V (x) = ε0

[

(r0

x

)12

− 2
(r0

x

)6
]

,
�>5��µ¢
�

�¼p,hji kfmfh|�ehnq �ziaqSklh;gab�dfv}p_iatÌou�	��bede�[iadlonpDhjd�h|�amfv}p�b�vwmzh klb�mfpDh;��iyougaml�ukfvw��h6gyo;b ���yonqadf�nh
bep dCUemzvwb�gab�!Ço ��t}hjm�bep

y = x− r0

gah��=hnklb�qa�evwont.gab��
K �yh��¡huklbeq �evÌout.�yonmzp@2jq vw�eh �

V (x) =
1

2
kf(x− r0)

2,

hjqag b

kf = 72
ε0

r2
0

,

��o�b��=�A5 � 
 U (x)
U�h��=hnklb�qa�evwont.gab�vwqSkfbemlou�s�nh�beqSkfmfb�hjd�ongy�ukfhjpDhjd�b�h�dzia{ad�klmlo±klha�

U(x) = u0 sin(
2π

a
x),

�>5��65(�

fi
U o!� hnmf�so;bed�klh��s�nd�klvw�eo�b����=bemzvwpDbeqSk�ongao��¡b�tÌo

ima �youmzkl�}�eiatwo �c�ei �fo;bedzkloukl�}dzkfvw�so;bed�k���gyongao
�=betÌo�b���iaon�s�nh ¢�� 
 H��ab Fext

U�iap o�� hjmz�so�b���kfbemfqao�on� twvw�eongyo�onh���hjq �ziaqSklhDgab�ongy�±klhjpDhjde�
��h��sont}�eiat}h�q�iap Uemzvw�eh�klh�gyond ond �noumfvÌ�s�nbevwd
df�nh_qahjmzp outwvwxeongyond��cond �uonmzvÌ�s�jb�vwd bedz�yon�evwonvwd dl�uh

gav���v}gavwgaond��¡hjm
r0

�%ondrp�ondzdlond��¡hjm
m

b ondrb�qabemz jvÌond��=hjm
ε0

�|��dfdfv}p o<iaqav}gyongab�gab�klbepD�=h
U

t0 = r0

√

m
ε

b�o;kfbepD�¡b�mloukfiamlo|bed�k��;gyongyo;bep � iaqa�e�nh�g b
ε0

�
T ∗ = kB

ε0

T
� �
p2kfh�gyoud�oud

dfv}p_iatwon�	��bed � hnmlonpVi klv}twvwxeongyond'�ehjqag vw�	��bed��=bemzv 1�gavw�eond�gab��ehnq�kfhjmfq ha�
� ������� � T�\�Z3X�T�Y[T 
 Q�O 
�QSR�` W�R T \"& ��� 
 &�Y[T
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��hDbed�kliagah gahjd�b�� b�v}klhnd�gaoDgav}q�EnpDvw�eo_gah dzia{adzkfmloukfh dzia{ klv�klia�}p�hndMh��=hnkfbeqa��vÌont3dzia{adzkfmloukfh

gyong hD�=betwo_be��iyon�e�nh
U (x)

�¡hjm'hji klmfo��songab�vÌo_gab��ukfhjpDhjde����dfdzvwp o�b���iaon�s�nh@5 � 
 U�mfb�bedf��mfv�k�o
�ehnp�h

ml d
2xl

i

dt2
= −mlηl

e

dxl
i

dt
−
∑

j

∂V
(∣

∣rl
i − rl

j

∣

∣

)

rl
i

−
∑

j

∂V
(∣

∣rl
i − rm

j

∣

∣

)

rl
i

+f l
i+F l

ext l = {s, a} m = {a, s}
�>5�� G �

hjqag b�hjd��}qagavw��bed
l
b

m
�Âonxeb�p2mfb � bem ��qa�evwo �|twh��soutwvwxeon�s�uh gyond��yonm�kl�w��iatÌoud���dfia{ dzklmfouklh �

s
�chji

ongadzhjmz�uoukfha�
a
� � �=hnkfbeqa��vÌont

V
(∣

∣xl
i − xm

j

∣

∣

) U�h��=hnklb�qa�evwont.gab��
K �

V
(∣

∣rl
i − rm

j

∣

∣

)

= εlm
0





(

rlm
0

rl
i − rm

j

)12

− 2

(

rlm
0

rl
i − rm

j

)6


 , {l, m} = {s, a}


�b�� hjmfp�o�dfv}p�v}tÌonm onhD�sondzh�b�p*��i b�hDdfia{ dzklmfouklh@U�bedzkl�uklv}�eha�akfh�gaond�ond��uonmzvÌ�s�jb�vwd�gahDdfv}dzkfbep�o
� hjmfonp b � � mfbedzdlond%bep iaq vwgyong bedcmfbeg iaxev}gyondÀgah�ongadfhnmz�uouklh��

ma � εa
0

�
ra
0

�©��&'hnqagavw����b�dÀ�¡b�mfv 1�gav}�sond
gabD�ehjqSkfhjmfqah � hjmloup,i klv}twv}xsongyoud�qyo<�eongabevwo;g hjdrougy�uklhnp�hjd��rou��i betwb�d���iab�bedz�son�youp �=hjm�iap
tÌougah�gyo��sonv � o_dl�nh�mfb�vwqSklmzh�g iaxev}gahjdM�=bet}hDtwongah_hn�¡hjd�klh�b�ond�v}q�kfbemfon�	��bed�dl�uhD�eontw��iatÌougyond'��hjpDh
dfb�o��eongab�vÌo�gab�ougy�uklhnp�hjd�dzb!� be���aondfdzb�bep ���wmf��iatwh �#� dzia{adzkfmloukfh�U;p ouq�kfvwgah � ��h�ouh dzb
vwpDhj{av}twv}xsonm�o �at}kfvwp�oD�youmzkl�}�eiatwo ��
�v � b�mfb�q�kfbepDbeqSklb�ouh klmfon{yont}�ah gah 
�be�=hjqSks�3oup_{yond��songab�vÌond
�Âdzia{ad�klmlo±klhDb�ougadfhjm��uouklhjd � klb�p h�pDbedzp�h���hjpD�amfv}p�b�q�kfha� g b�� hnmfp�o_��i b��

N srs
0 = Nara

0 ,

�FkfbepD�¡b�mloukfiamloDgah dzvwdzkfbep�o�dzbrp�onqSk3Uep � � o b�dzklonqagah6mzbetÌou�evwhnqyongyo �nd��ehjqad�k�onqSkfbed�gav}dfdfv}�yo±~
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klv��uond�b�gav � iadzv}�uondMgaond��songab�vÌond��=betwo_mfbetwon�s�uhDg b��¼v}qadzkfbevwq[�

� �����	� ��Z.`�`aW 
�Z � R�W
Q�� O 
��.` &�Y[W
Q
L:�$�&� L:�$� � +,-��&�'" ��	��)(*�P" �R����-&�'� ���D�

�#vwqSkfbe jmfon�s�nh�gaond�be��iyou�	��bed¼gav�� bemfb�qa�evwonvwd � hjv mzbsont}vwxeongyo�i�klvwt}vwxeonqagah�h�ontw jhnmfv}kfp�h��amzhj�=hjdzkfh
�=hjmA. ���Ç����t}twb�q�� 
 ��¢��¾�
&'hjp b�dzkfb�ont} jhjmzv}klpDh�o��=hjdfv}�s�nh�gyo

iima �yonm�kl�w��iatÌo�qah�klb�p��=h
t+∆t

U�gyongyo��=hjm��

xi(t + ∆t) = x
i
(t) + ca ∆t vi(t) + cb ∆t2 ai(t) + cc ai(t−∆t) ∆t + Bix

bn� o_�nbetwh��ev}gyongab�q h�pDbedzp�h�v}qadzklonqSklb��

vi(t + ∆t) = cd vi(t) + ce ∆t ai(t + ∆t) + cf ∆t ai(t) + cg ∆t ai(t−∆t) + Biv

hjqag b
ai

U�o on��bet}bemlou�s�nha�¡hji�dzb �fo
F (xi)/m

����d���h�b �y�ev}beqSklb�d�bedzkl�nh6mfb�tÌon��vwhjqaongahjd��ehjp
γ =

ηe ∆t
�¡hnm

ca = c1 cd = c0 c0 = exp (−γ)

cb = c2 + c3 ce = c2 − c0c3/c1 c1 = (1− c0) /γ

cc = −c2 cf = c1 − c2 + 2c0c3/c1 c2 = (1− c1) /γ

cg = −c0c3/c1 c3 =
(

1

2
− c2

)

/γ

�>5�� H
�

Bix

b
Biv

df�nh�q��ap�b�mfhjd
outwbso±k31jmzvwhjdÇ�ehjmzmfbetwon�ev}hjqyong hjd%��hjp�gav}dzkfmfvw{ iavw�e�nh� SouiadfdzvÌonqyo�{ v}�uonmfvwonqSklb
gab��uonmfv Enqa��vÌond

σx

�
σv

b��eh�b��y��vwbeqSkfb�g b���hjmfmzbetwon�s�nh
ρ
� gyongahjd��=hjm

σ2
x = 2ηe (kBT/m)

∫ ∆t

0

η−2
e [1− exp {−ηe (∆t− t)}]2 dt

�$5 �¬¤
�

σ2
v = 2ηe (kBT/m)

∫ 2∆t

0

exp [−2ηe (∆t− t)] dt
�$5 �60
�
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ρσxσv = 2ηe (kBT/m)

∫ ∆t

0

η−1
e [1− exp {−ηe (∆t− t)}] exp [−2ηe (∆t− t)] dt

�$5 ���(�


�iamfonqSklb_kfh�gyoud�ond�dzvwp_i tÌon����b�d�mzbsont}vwxsougyond�qabed�klb_klmfon{yont}�ah i�klvwt}vwxeonp�hnd�h vwqSklb�mz�uont}h gab_v}qSklb²~
 jmfon�s�nh�v} jiyont[o

∆t = 0.01
b�h��eh�b��y��vwbeqSkfb�gab�oukfmfv�klh�ong�~��ah��

ηe = 0.005
�

� ������� � W¼`!& 	ÀK
Z�&�Q�` Z3X�Z.KÇW
� R�Z3Q�T�
�Q�Z.` KÇW
\�W
Q�W
TFX�T
��P
TF\�W
Q�Q & 
 O�X�W� ���Z3Q��
\�Z R�Z 
 ��T
Q�Z 
 R�Z 
 �rT
Q

�yhjmlonp ,�pDbegav}gyond�.¼ond3dzbe ji vwqSklb�dÀ�uonmzvÌ�s�jb�vwd3v}p��=hjmzklonqSklb�d.�yonmfo�q hjdfdzh�b�dzkli gah �c
�vwd�klmzvw{aiav}�s�nh
gab�dfb��yonmfon�s�nh �ygabeqadzvwgyougab�gab�bedzklongahjd���vw{amfon�ev}hjqyonv}d'b �Âoukfhjm�gab�bed�klmfi�kliamfoDgav}q�EnpDvw��ha�

L:�$�&� �*�$� )�">� ���'" � �#"����D�)(*� � � �
�D��� ���D�
�Mondzvw�soup�b�q�kfb h�ont} jhjmfv�klpDh��ehjq dfvwd�klb�bep dzb�gav���v}gavwm6h bedz�yon��h#beqSklmzb�gaiaond<�aonmzkf�w�ei tÌond

�ehnq�kf�w jiaond�bep
2048

�yonm�klbed��Çhni dzb �fo �
δr = r0/2048

� �^pDbegav}gyo6��iab�h;dfv}dzkfbep�o;b²�jhjt}iav¼dfb
gab²klbemzp�v}qyoMbep ��iaontjgyond

2048
��Uet}iatÌond3dzb¼beqa��hjqSklmfo�o��yonm�kl�}�eiatwo �c&'hjqSkliag ha�nouq�kfbedÀgab¼dzb v}qavw��vÌonm

h�p�hnqav}kfhjmlonpDbeqSkfh_gyo��¡hjdzvw�e�nh�gyond��yonm�kl�}�eiatwondMhDdfvwd�klb�p o U�klb�mfp�ontwv}xsong h �_klbepD�=bemlo±kliamfo�g b
mfb � bem �eqa��vÌo � � ,�pDbegav}gyo�.|dzb�mfbeontwv}xso�o��songao

100
�yondzdfhjd6gab<vwqSklb� jmlou�s�nh�g iamlonqSkfb

100000

�yondzdfhjd��

L:�$�&� �*� 9 %N� ���&��(*��� � ���'�*���*��� � � �
��� ���@(*� )�"$��� ���'�	�D�
� �e�ntw��iatwh�gah �Âouklhjm�g b<b�dzklmzi kli mlo b�dzkl�uklv}�eh�dfb;hj{ k3U�p o��aonmzkfvwm�gyo � iaqa�s�uh v}q�kfbemzp�b�gavÌ�nmzvÌo
gab6gav}df�=bemzdl�nh��yonmfo

t = 0
� 5 �
¢'G �¾���%oumlo�vwd�klh�dfb6�eontw��iatÌo�o�kfmlonq d � hjmzp ongao�gab|�yhjiamzvwbemrgyo

gab�qadfv}gyongab�t}h��eontÇg b��yonmzkf�w��iatÌond �¬¢'G �¾��� � i qa�s�nh|v}q�kfbemzp�b�gavÌ�nmzvÌo�gab�gav}df�=bemfdf�nh6bed�k��6gab �yqavwgao
�=betÌo�b � � mfbedzdl�nh

F (k, t) =
1

N
〈ρk(0)ρ−k(t)〉 ,

�>5��64(�
hjqag b

N
U'h�q��ap�b�mfh�g bM�yonm�kl�w��iatÌoude�jo�p@U�gavÌo�� 〈〉 �
U�o�pDbeg vÌo�dzhj{amzbMh�q��apDbemfh�gabMmfbeontwv}xson����b�de�

ρk

U�o�kfmlonq d � hjmzp ongao_gab�� hniamfv}bemMgyo�gab�qadfv}gyongab�twh��sout[gab��yonm�kl�}�eiatwonde�
ρx
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ρx =
N
∑

i=1

δ [x− xi(t)] ,
�>5 � 
 £(�

hji.�yg vwmfb²k�onpDbeqSkfb

ρk(t) =

N
∑

j=1

exp (−ikxj(t)) ,
�>5 � 
B
 �

k = 2π
b

Urh��jb�kfhjm�g brhjqagao�b
b
UrhD�yonm3Eup�b²klmfhDgab�mfbeg bn��� �Âoukfhjm�gabrb�dzklmzi kli mlo gav}q�EnpDvw��h U

o_klmfonqad � hnmfp�ongyo�gab��yhjiamfv}bemMq h�kfbepD�¡h�gyo�� iaq �s�nhDvwqSklb�mfpDbegavw�nmfvworgab�gav}df�=bemfdf�nh �

S(k, ω) =
1

2π

∫ ∞

−∞

F (k, t) exp(iωt)
�>5�� 
 ¢��

� �yonmzkfvwmÀgah �ÂouklhjmÀgab bed�klmzi kliamfo�gav}q�EnpDvw�eh�dzb hj{�k3Uep o��eiam��uo�gab gavwdz�¡b�mfdl�uha�ndzb � � o�h��uontwhjm3g b
ω
gab � hjmfp�o�o�dfb�hj{ kfbem�iap b�df�=be��kfmfhDgab

S(ω, k)
��d

k
�agabeqSkfmfhDgabed�klb�bedf�=be�²klmzh dfb�b�df�ehntw�ab�p

on��iab�twbed�� vw�ehnd_�ei �fo�oup��at}v}kfiagabDqy�nh�dzb �fo�p�b�qahjm���i b
15%

gah��uontwhnmrgah�p�onv}hjm�g hjd��avw��hjde�
�%v}qyontwpDbeqSkfb_dfbD�ehjq dzklm 1jv
iap,b�df�=be��kfmfh<gab

ω
��d

k
hjq gab�hnd��uont}hjmfb�d�gab

k
df�nh<hnd�g hjd�� vw�ehnd

��iab��jbemzv �y�eonmloup o��ehjqag vw�s�uhD� mfb���vwonp�b�qSklb�pDbeqa��vwhjqyougyo �

L:�$�&� �*� L )<���#��"$(*��(
�P(
� � ������(*����� " � �'�D�T"$� �*��">�
�%onmfo�h��e�ntw��iatwh�gao�g beqadzvwgyong b�g b�bedzklongahjd¼��vw{ mlon��vwhjqyouvwd ��) ��� �cgyo��songab�vÌo�gab�onga�uklhjpDhjd

� hjv=i klv}twv}xsongyo�o�on{¡hnmfgyon nbep^dfia nbemfv}gyor�=hjm 
�vw� �ub�� b��%ond ��vwq � 
 � � � o*) ��� dzb�hj{ kCUep^�ehnp�hro
klmfonqad � hjmfp�ongyo_gab��yhjiamzvwb�m�gyo�� iaqa�s�uh�gab�oni�klh��ehjmzmfbetwon�s�uh_gab��jbet}h���vwgyougabn�

γ =
〈
∑

vi(t) · vi(0)〉
〈∑ v2

i (0)〉
hjqag b

vi = vi − vcm

�adzbeqagah
vcm

o��nbetwh��ev}gyongab�g hD��beqSklmzh�g b�p�ondfdfond�gahDdfv}dzklb�p o��
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�

� � � ��� � Z[R T�\�T
X�T
P�&�W
��hndfdfh�hj{ �zb²klv}�nh@U�bed�kliagaonm�o�b���v}dzk ��qa�evwoDg b���hjmfmzbetÌou�s�nh�beqSkfmfb�h oukfmfv�klh�b����=bemfv}p�b�qSk�ongahD�=betÌo
�sougabevwo|g b onga�uklhjpDhjd��3q�i p o|gyongyo6��hjp�b�qadfi mlon�e�nha�cb�outw jiap�ond�� mfhj�amzvwb�gyongab�d���v}{amlon��vwhjqaonvwd
gah�dfv}dzkfbep�o �
�%onmfo�ouklv}qa jvwm bed�klb�hj{ �zb²klv}�nh� jbemfont.dfb�b�dzkli gyonp*ond��eonmlon�²klb�mf�wd�klv}�sond'��v}{amlon��vwhjqaonvwd
gyo��sougabevwo�b�p*gav}�nbemzdlond��ehnp�b�qadfiamfon�	��bed�� 
�b��yq b²~"dzb_o��ehnp�b�qadfiamfon�s�uh�gah�dzvwdzkfbep�o �

ζ
�a��hjp�h

ζ =
a

b
,

hjqag b
a
U h��youm3EnpDb�kfmfh�g b mfb�gab gah�dzia{ad�klmlo±klh�b

b
U h��yonm3Eup�b²klmfh<gab mzbegab gao��song bevÌo<gab

ongy�±klhjpDhjde����hnkfb���iab�bep qahjdfdzhjd|�s�nt}�eiat}hjd6h@�ehjpD�amzvwpDbeqSklh�gyo@�sougabevwo@g b ougy�uklhnp�hjd U
vw niyont onh��ehjpD�amfv}p�b�qSklh�gah_dfi { klmfouklha���=hjmzklonqSklhr�=h�gabepDhjd bedf��mfb²�jbem�o�b����amzbedfdf�nh�onqSklb�mfv}hjm gao
dfb� jiav}q�kfb � hjmfp�o �

ζ =
Na

Ns
.

�$5 � 
 5(�
��{adfb�mz�nb���iab�o���hjpDbeqadziamlon�e�nh U�i p o�pDbegav}gyo�gab���iy�nh�{¡b�p�beqa�eonv � ong h�b�dzk��uh�hjd onga�uklhjpDhjd
qah�dfi {adzkfmloukfha�

L:� 9N�$���$� � ��+$�T�#+,��(*�O�B� ��� �T",� �����P(*�P� ���'" ���
&'hjqSkli gaha�3�ehnp�h6qahndfdfh|v}q�kfbemzbedfdzb U�gab�kfbemzp�v}qyonm�o6b � v}dzk �eqa��vÌo hji�qy�uh6gab�ouklmzv}kfh � hjqD2jq vw�eh U
qab��ebedzdl�nmzvwh���iyonqSklv��y�sonm�b�dzklo� nmlonqag bexso�����dzdfvwp;�
�yonmfo�h��e�ntw��iatwh�gah��eh�b��y��vwbeqSkfb;g b|ouklmzv}klh
b����=bemzvwpDbeqSk�ong h��=bet}hjd�ougy�uklhnp�hjd � hnmlonp i�klvwt}vwxeongahjd�gahnvwd�p@U²klh�gahjd��M��h��amfv}p�b�vwmzh�gabev �aoup�hjd
mfb�tÌo�� onm hrdzvwd�klbep�o ��klb�p��=bemfoukliamfo

T
gai mlonqSklb�iap klbepD�=h�gab

100000
�yondzdfhjd gab�v}q�kfbe jmfon�s�uha�

on�at}vw�eonqagah�o�dzbe ji vwm
iap�o�� hjmz�so�b���klb�mfqyo
Fext

o��eongyo�iap gahjd ongy�ukfhjpDhjd
gaiamlouq�kfb�i p�klbepD�=h
gab

300000
�yondfdzhjd�gab vwqSklb� jmlou�s�nha�c����1jdÇbedzklonm¼oukfiyonqag h�o � hjmz�so�dzhj{amzbMondÇ�yonmzkf�w��iatÌondcgaiamfonqSklb

ont} jiap klb�p��=ha�yklv}�avw�eonpDbeqSklb�gab
100000

�yondfdzhjd�gabrvwqSklb� jmlon�e�nha�=o��nbetwh��ev}gyongab�gah ��beqSklmzh gab
p�ondfdfond�gyo6�song bevÌo6b�q�kfmlo|iap mzbe jv}p�brbedzklon�ev}hjqy�nmzvwha�[mfbedziat}klongah|gah|be��iav}tw�}{amfv}h beqSkfmfbDo�� hjmf�eo
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on�at}vw�eongyo�b_o � hjmz�soDgab_oukfmfv�klhDb����¡b�mfv}p�b�q�klongyo �=bet}hjd�ongy�ukfhjp�hnde����dzdfvwp Ur�=hjdzdf�}�nbetcgabeg iaxev}m
h��eh�b��y��vwb�q�kfb�g b�o±klmfv�klha�

ηt =
Fext

vcm
,

�$5 � 
 G �
hjqag b

vcm

U�o��nbetwh��ev}gyongab � p@U�gavÌo_klb�p��=hjmfont�� g h���beqSklmzh gab�p�ondfdfondfd�gahjd�ongy�±klhjpDhjde�
ηt

U�h
�eh�b��a�evwb�qSklb�gab�ouklmzv}kfh_klhnklont.b����=bemzvwpDbeqSk�ong h��=bet}hjd�ongy�ukfhjpDhjde�
� dzbe ji qagahDp@U²klh�gah�bedzkl�D{aondfbeongah�qah �Âouklh�gab���iabu�=dzb��ehjqadzvwgab�mlonmzp�hnd�hDdzvwd�klbep�o��ehjpDh�iap
hjdz�evwtwongahjm��aonmfp 2jqav}�eh�dfi �zb�v}klh o i p o � hjmf�eo�b ��kfbemzqyo �

F = F0 cos(ωt)
��ondDbe��iyon����b�d ��iab

mfb�dfiat�k�onp gab�dzk�o�on� mfh ��vwp�on�s�nh�dl�nh_klonvwd ��iab�onh_dzb��ehjpD�yonmfonmfb�pV��hjpVhndMmfb�dfiat�k�ongahndMhj{ kfvwgahjd
qyo_klb�hjmfvwo�gab��evwmz�eiav�klhjd'bet U²klmzvw�ehnd U��=hjdzdf�}�nbetÀgab �yqavwm�i p o�vwpD�=beg�Enq �evÌo

Z(Ω) = lim
δf→0

δf

δv
,

hjqag b
f
U|o � hjmf�eo�b���klb�mfqyo on�at}vw�eongyo�b

v
U;o��jb�twh��ev}gyongab g h dzvwdzkfbep�o � I�mfv}p b ��v}qagahjp

gab�p�hjq dzklmfonmloup���iab�bedzklo�vwpD�¡b�g�Enqa��vÌo��=h�gab�dzbem
bedz�emzv}k�o���q h���hjqSklb ��kfh�gao�kfbehjmzvÌo�gyo�mfb�df�=hjdzklo
twv}qabsoume� ��hjpDh

Z(Ω) = −Ωρ2

∫ ∞

0

C(t)eiΩtdt,

hjqag b
ρ2 = Nm/A

�
A
U�o<�nmzbso;h���ia�yongyo|�=betwhnd�ougy�uklhnp�hjd �²����b�dzk�o;b����amzbedfdf�nha��dzb�dzia� ��b

��iab�o � i qa�s�nh�gab���hjmfmzbetÌou�s�nh

C(t) =
〈Vcm(t)Vcm(0)〉
〈Vcm(0)2〉 ,

gab��sonv3b � �=hjqab�qa�evwontwpDbeqSkfbn�

C(t) = exp (−ηtt) ,

hjqag b
ηt
U�h��uontwhnmMgahD�eh�b��y��vwbeqSkfb�g b�o±klmfv�klh_kfhnk�ont[b����¡b�mfv}p�b�q�klongahD�¡b�twh�dzvwdzkfbep�o �
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��� mfbedzbeqSk�oup�hjd�ou��i v'hjd_mzbedziat}klongahjd_hn{ klv}gahjd_qab�dzkfb klmlou{yontw� ha���*hj{ �zb�kfv}�nh�gabed�klb|bed�kliag h U
o ��hjp�� mfbeb�qadl�uh6gyo hjmzvw jb�p g h6ouklmzv}kfh � hjqD2nqavw��ha�[p�onvwd��amzbe�ev}dlonpDbeqSkfb_gyo gab��¡b�qag ��qa�evwo �ehjp
�yonmCEnpDb�klmzhjd%���ao·�nbed
�ehnp�h�o�onp�� twv}kfiagab
gabM��hjmfmzia Son�e�nh�gah�dzia{ad�klmlo±klha�j��hjpDbeqadziamlon�e�nh�ongadzhjm�~
�uouklh 
udfia{ dzklmfouklh brklb�p��=bemfoukliamfo ����vwpDhjd�qyo dfb��e�e�nh|onqSklb�mfvwhnm���iab�o ��hjqSklmzvw{aiav}�s�nh � hjqD2jq vw�so
UDvwpD�¡hjm�k�onqSkfbn�c�¡h�gabeq gah�dzbem_o±k3UDgab p�onvwhnm�vwpD�¡hjm�k Enq �evÌo b�p2�eb�mzk�oudrdfv�kliyou�	��bede�<� b�dzkli gah
gah�oukfmfv�klh�� hjq 2jqavw��h U��ehnp��at}b���ha��gyongyo�or�uonmzvwbegaongab�gab � b�qD2jpDbeqahnd���i b�h���hjmfmzbep g iamlonqSkfb�h
gab�dftwv}xsonpDbeqSkfh�gab�iap���hjmf�=h�dfhj{amzb�hji klmzha�%� pDh�gah�gab�b���bepD�at}h�p�b�qa�ev}hjqyonpDhjd¼o�hjmzvwb�q�klon�s�uh
mfb�tÌoukfv}�uo�gyond dfia�=bem � �w��vwbed bep ��hjqSk�oukfh ��iap�o�mfhnklon�s�nh�onmz{av}kfml�nmzvÌo�gab�iap o�bep^mzbetÌou�s�nh�o�hni klmfo
vwpD�at}vw�so�qao��uonmfvwon�s�uh�gao �ehnp�b�qadfiamfon�s�uh�b�� b²klv��no�gah�dzvwd�klbep�o�h���iab�pDh�gav �y�eo�h �uontwhnmDg h
oukfmfv}kfha�¼��p hji kfmfh�� b�qD2jpDbeqah���iab��¡h�gab�kfbem�iapV�yon�=bet.v}p��=hjmzklonqSklb�qahDouklmzv}klh U�o�� hnmfp�on�s�nh
gab g b�� hjmzp on����b�drhji ��v}q ��d_qyo��eongabevwo ����iab6�=h�g bep vwqSklb�mlon nvwm�� hjmzkfbepDbeqSklb ��hjp hjd �,2jq hjqade�
	�bedfi p�v}qagaha�3�y�|p_iav�klhjd �Âo±klhjmzbed���iabD�¡h�gabep vwq��yi beqa��vÌonm�qah;oukfmfv�klh6hj{adzbem��nougah<b�qSklmfbDgaiyoud
dfi �¡b�m �y��vwbed���iab�gab�dftwv}xsonp beqSklmzb�dfvÆ�3�=hjm Uep qao|q hjdfdfo;ou{¡hjmzgyon jb�p �uonpDhjd � h��sonm�b�p,ont} jiaqad
ondz�¡b���klhnd�ordfb�mfb�pVgab²k�ont}�yongahnd qab�dzklo_dfbe�e�nha�
�Çonmlorv}dfdzh_�amfhn�¡hjpDhjd iap^p�h�gab�twh��etÌ�udfdfv}�eh_i qav�~
gav}p�b�qadfv}hjqyont

�
bedf�=bemfonpDhjd��¡hjm Uep;�3�¡h�gab�m�dzvwp_i tÌonm � b�qD2jpDbeqahnd�hn{adfb�mz�uongahjd�b�p2dfvwd�klb�p ond�g b

p�onvwhjm gavwpDbeq dl�nha�

� � � ��� � � 	 �
� � � � � ��� � �	� � � � � � � ��
���� � � � � �1� 
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�sougabevwo�gab�ongy�ukfhjpDhjde�¼��o�dzbe�s�uh�onqSklb�mfvwhnm b ���atwv}�sonpDhjd
hjd'g hjvwd
p U�klh�gahjd o�dzbemzbep i klv}twvwxeongahjd��
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ζ = 0.750
-
u0 = 0.05

-
F = 0.0009 �

� ��� '�� � 
 "��
ζ = 0.950

-
u0 = 0.08

-
F = 0.0015

'
h p U�kfh�g h �yong ml�nh���i br�ehnqadfv}dzklbrbep�gab�kfbemzp�v}qyonm�h �uontwhnm�g h �eh�b��a�evwb�qSklb_gabrouklmzv}kfh oD�yonmzkfvwm
gyo�mfb�tÌon�e�nh

ηt =
F

vcm
,

�$G � 
 �
b�h�p U�klh�gah�gyorkfbehjmzvÌorgao�mzbedz�¡hjd�k�o�twv}qabsoume�
&'hjqSkfiagaha� � hnv.oukfmlos�BU�d�gaoDou�atwv}�son�e�nhrgah�p U�kfh�gah
�yong ml�nh6��iab�o p�onv}hjmfvwoDgahnd��s�nt}�eiat}hjd � hjmfonp�mfbeontwv}xsongahnde�[g bev � onq gah6h6p@U²klh�gah gyo kfbehjmzvÌo gao
mfb�df�=hjdzklo�twvwq bsonm_��hjpDh�p@U²klh�gah�gab �nbemfv��y�sou�s�nh o��yp�g b; jonmlonqSkfvwmr��iab|h�p U�kfh�gah��aongaml�uh
bed�k�os�uo o � bemfv}qagah�o�mfb� jvÌ�uh�twvwq bsonm���� p U�kfh�g h��yongamf�nha�
i klv}twv}xsongah��yonmlo�h��soutw�ei twh�gah��eh�b²~
�y��vwbeqSkfb gab�ouklmzv}kfh<��hjqadfv}dzkfb bep ou�atwv}�sonm�iap�o � hnmf�so|iaqav�� hjmfpDbDo;kfh�gyoudrond��yonm�kl�}�eiatwonde�6�¼p
�ehnqadfb�� � �eqa��vÌoroud �youmzkl�}�eiatwond�dzb�pDh·�jbep g b#� hnmfp�o�on�eb�twbemfongyo�ouk3U�oukfvwqa nvwmfb�pFh�bed�k�ong h�b�dzk�ou�ev�~
hjqy�umfvwh � ��iyonqag hDh�pDh·��v}p�b�qSklh��yondzdlo�o�dfb�m���hjpV�nbet}h���vwgyong b�on�amfh ��vwp�ongyoup�b�q�kfb���hjqadzklonqSklbu�
&'hjqadzbe���ab�q�kfbepDbeqSklbu�=o � hjmf�eorgav}dfdfv}�youkfv}�uo U�vw jiaont bep p�h�gaiat}h � � hnmf�soron�atwv}�songao �%� p ����v}p o
�jb�twh��ev}gyongab�p@U�gavÌo���i b��¡h�gab�ouklv}qa jvwm
h��ebeqSkfmfh�gab�p�ondzdlond gyor�sougabevwo U�k�out=��iab�o�gavwdzdfvw�aon�s�nh
dfbDgy�|oukfmlos�BU�drgah;onpDhjmzkfbe��vwpDbeqSklh '()%� � �#�_vwqSklmzh�gai xevwg h6vÆ� bn���

vmax
cm = F/ηe

���"d�klh;�¡h�gab�dfb�m
hj{adzbem��nougah|qyo|�%vw ji mlo Ga� 
 �Âo(��hjqag b�ouh6dfbDon�at}vw�soum�iap�o � hjmf�eo6gab

0.0009
�3o �jb�twh��ev}gyongab_b�p

be��iav}tw�}{amfv}h�gab � hjmf�eond U�gab
0.171± 0.0041

�ygah���iab�dfb�hj{ kCUep*�=betwoDb���iaon�s�nh ¢�� 
 0 �Âdfi �¡hjq gah
iap�ormfb�tÌon�e�nh�twv}qabsoum �¼��i b

ηt = 0.0051± 0.0001
���uont}hjm'��iab���hjvwq �evwg b��ehnp h��eh�b��a�evwb�qSklb '()%�
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� �#�'i klv}twvwxeongaha�c��h�hni klmzh�b���klmzbepDha�Sqyo��%vw niamlo G � 
 � { ��o��ehjpDbeqadziamlou�s�nh�gah�dzvwdzkfbep�o U

0.950
�

o � hjmz�so�on�atwv}�songao U
0.0015

b�o��jbet}h���vwgyougab�g h_�eb�q�kfmfh�gab�p oudfdloud U
0.157± 0.1

hr��i b�mfb��amfb©~
dfb�qSk�o_iap^�eh�b��a�evwb�qSklb�gab�ouklmzv}kfhrb�� b²klv��jh_gab��Âdzia�¡hnqagah_iap�o�mzbetwon�s�nh�twv}qabsonm �

0.0095± 0.0002

��iab U���iyondfb h�gahj{ mfh�g h<�uontwhnm '()%� � �#��i klv}twvwxeongaha� �¼dzklb �ehjpD�¡hnmzk�oup�b�q�kfh;on�¡hnq�klo<��iab �a�
iap�o�klmfonqad � bem ��qa�evwo�gab�beq bemf nvÌo��youmlo�hjd�pDh�gahjd%v}qSklbemzqahjd�gao��songab�vÌo �%
�b �Âoukfha�Sonh�dfb�hj{adzbem��noum
o_�%v} jiamfo Ga� 
 �Â{ � �¡h�gabepDhjd �jbem���iab�o_�songab�vÌo�kfbeqSk�o�o±klvwq  jvwm iap^�noutwhjm p ouvwhjm gab��nbetwh��ev}gyongab
�=hjmCU�p dzbMgy��outw jiap kfvw�=h�gab'�amfh��eb�dfdfh�v}qSklbemzqah���iab �Âonx'gav}p�v}q�iavwmcon{ai � k�onpDbeqSkfbMo��nbetwh��ev}gyongab
gah��eb�qSklmfh�gab�p oudfdloude�
� mfonxs�uh�gab�i klv}twvwxeonmfpDhjd�iap hji�klmfh<p@U²klh�gah�o �yp gab  jonmlonqSkfvwm�hjdrq hjdfdzhjd_mfb�dfiat�k�ong hjde��q h
�soudfh�gah�pDh�gabet}h<��hjp dfiadz{ klmfouklh�b�dzk��±klvw��ha� U ��iab hj{adfb�mz�uonpDhjdr��iab h��ehjpD�=hjmzklonp�b�qSklh�gao
�ei mz�uo

F
��d

v
qabep dfb�p�� mfbDdloukfvwd �Âoux �;twvwq bsonmzvwgyong b�on�¡hnq�klongyo|qyo<b���iyon�s�uh!Ga� 
 �;&'hjpDh<dzb

pDhjdzkfmlo�qyoD�%vw ji mlo Ga�¬¢�� o��nbet}h���vwgyong b�g h���beqSklmzh gab�p oudfdloude�y�ehnp�hDmfb�dfiat�k�ongah�gyo�on�at}vw�sou�s�nh
gab g v}�jb�mfdfond�� hjmf�eonde� on� mfbedzbeqSk�o�mzbe jv ��b�drgab6��hjp��=hjm�k�onpDbeqSklh<qy�nh�t}vwqabeonme�����nh�gav��jbemzdfhjd�hnd
�yonmCEnpDb�klmzhjd���iab_vwq �yiabep*q bedzklo qy�nhDtwv}qabsoumfvwgaongabn����{ dfbem��uonqagah o �%v} jiamloFGa�¬¢!� { ��qahnk�oup�hjd
��iab�qah6�eondfh6b�p ��iab�o ��hjp�b�qadfi mlon�e�nh6ongadzhjmz�uoukfh�
udzia{adzkfmloukfh<U

0.950
o qy�nh6t}vwqabeonmfv}gyongab U

oukfvwqa jv}gyo���hjpDh_mfb�dfiat�k�ongah�g h�oniapDbeqSklh�gyo�� hnmf�so�� ��dzvwdzkfbep�o U�twv}qabsoum �youmlo�� hjmz�sondMpDbeq hjmfb�d
��iab

F = 0.001
�a��iyoudfb�twv}qabsonm'beqSklmzb

F = 0.001− 0.0015
b��yondfdfoDg be�=hjvwd��youmlo�iap�o_mfbe nvÌ�nh

� hjm�klbepDbeqSkfb�qy�uhrtwv}qabsoume�%��h�dfb�p_iagyonm oroup��at}v}kfiagab�gyo���hjmfmzia Son�e�nhrg hrdfi { klmfouklh�dfb�hn{adfb�mz�uo
��iab�o_p_iagyouqa�so_gyo�mzbe jvw�nh_��iyondzb�t}vwqabeonm'�aonmlo�o_mzbe jvw�nh_qy�nh�t}vwqabeonmMou�ehjqSklb��eb�bep �uontwhjmzbedMg b
� hjmz�so�p�b�qahjmfb�de�'�Çhjm�hji kfmlo��yonm�klbn�=onhDdfb�p_iagaonm�hD�uont}hjm�gyo��ehjpDbeq dfiamfon�s�nh�dfb�hj{adzbemz�uoD��i b
h dzvwdzkfbep�o�dzbrp�onqSk3Uep�gab�qSklmfh gyo xehnqyo twv}qabsoum��aonmlo��uont}hjmfb�d�mzbetwouklv��noup�b�q�kfb�ont}kfhjd�g b � hjmz�so �
��t UepVgavwd�klha��h�b�� bev�klh�gyo���hjmfmzia Son�e�nh U�p_iav�klh�pDbeqahjm����"dzkfh��¡h�gab�dfb�mM��vwdzkfhDonh�dfb��ehnp��youmlonm
h|�ehjq��ziaqSklh|gab��ei mz�uond �¾o(��b �Â{ ����hjp � � ��b �Âg �²�r�
b�p�hjd���i bDi p,oniapDbeqSkfh;qao;oup��at}v}kfiagab
gyo;�ehjmzmfia Sou�s�nh;�yonmfo;h;�sondzh�b�p2��i b

ζ = 0.950
vwpD�at}vw�so�bep2iap�o;pDbeq hjm�gabe��twv}��v}gyongab�qyo

�ei mz�uo�beqa��iyouq�kfh���i bn�
�yonmfo�h��sondzh�bep ��iab
ζ = 0.750

��qy�nh��y��p_iagyouqa�so�on� mfbe��vÌ�s�jb�tMqyo
gab��etwv���vwgyong b��yonmlo_�uont}hjmfb�d�gab � hjmf�eo�pDbeq hjmfb�d���iab

F = 0.001
�

	�bedfi p�v}qagaha�Sb�qa�ehjqSkfmlonpDhjd iap �ehjpD�=hjmzklonp�b�qSklh�twv}qabsoum¼�yonmlo��uontwhnmfbed¼g b � hjmz�so�p�b�qahjmzbed ��i b
0.001

�ybedz�¡b��ev �a�sonpDbeqSklb�h v}qSklbem��uontwh
0.0001− 0.0009

�y�youmlo�klh�gahjd�hjd��noutwhjmzbed�gab��ehjpDbeqadzi�~
mlou�s�nh|b��ehnmfmfi  Son�s�uh;b�dzkfiagyongahnde���"dzkfh<�=h�gab�dfb�m�ou�amfb��evÌougah6p�b�tw�ahnm�qyond��%v} jiamfond Ga� 5 �3hjqag b
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on�amzbedzbeqSk�onpDhjd�mfb�dfiat�k�ongahnd�gaond�mzbetwon�	��bed
F

��d
v
�yonmfo��u�nmzvÌond�mfonx	��bed�gab��ehnp�pDbeqadziamlou�	��bed�b

onpD�atwv�kliag bedcgabM�ehnmfmfi  Son�	��bed��%�#mzbetwon�s�nh�gabM��hjp�b�qadfi mlon�e�nh
ζ = 2/3

p�b�mfb��ebMiap �ehnp�b�q�kl�nmfv}h
on�youmzklb �%�y��iap gab�dz��vwhron�amzbe�evw�s�jbet gah��ehnp��=hjmzklonpDbeqSklh�twv}qabsoum¼qah��eondfh�bep ��iab�o�oup��at}v}kfiagab
gab6��hjmfmzia Son�e�nh)U

0.05
���
d�k�o�qy�nh�t}vwqabeonmfv}gyongabD�yonmfo� nmlonqag bed�onpD�atwv�kliag bed_gab6��hjmfmzia Son�e�nh

�yonmzbe��b6bedzklonm_mzbetÌou�evwhnqyongyo;�ehjp o�mfb�tÌon�e�nh�gab �ehjpDbedziamlon�e�nh�ongadzhjmz�uoukfh�
udzia{adzkfmloukfha� ���¡hjm
vwdzdfh���i bn�aqah��sondzh_gab

ζ = 2/3
��pDhjdzkfmlonpDhjd on�¡b�qyond gaiyond �ehjmzmfia Sou�	��bede� ondfdzvwp h_b � bev�klhr�=h�gab

dfb�mrpDbet}�ahjm�on�amfb��evwongaha�<&'hjpDh<dzbemf��gavwdz�ei kfvwgah;p ouvwd�ongavÌouq�kfbn�Çhj{adfb�mz�uonpDhjd���i b ��iyonqagah�h
dfv}dzkfbep�o U�mfb�d � mzvÌongah�o

T = 0.0005
o��sougabevwo�ong hnk�o�bed�klmzi kliamfond vwqSklb�mfqyond
��iab��amfh�gaiax�bep gab�d�~

��vwhjd'on�amzbe�evw�s�jbev}dMgah���hjp��=hjm�k�onpDbeqSklh�twv}qabsonm bedz�¡b�mlong h�p�b�dfpDh_�yonmfo��uontwhjmzbed gab��ehnmfmfi  Son�s�uh
� mlou�ehjd�� �%oumlo

T = 0.05
o � hjmfp�on�e�nh|gyond�gab�� hjmzp ou�	��bed�vwqSklb�mfqyoud�gao<�sougabevwo;qy�uh<df�nh<p�onv}d

�Âos�jhjmzbe��vwgyondr�¡b�tÌo<��hjqSkl�}q�iao��emfvwon�s�uh�gab �,2nqahjqad���hjd_��iyonv}dr��iab�{amlonp�o�dfv}p�b²klmzvÌo|qabe��bedfdf�nmfvwo
�yonmfo�o�dziyo���mfvwon�s�nh ���chjmCU�p<� oniapDbeqSklonqagah o���hjmfmzia Son�e�nh�gah�dfia{ad�klmfouklh�bed�k�o dzvwpDb�kfmfvÌo U
mfb�bed�k�on{=bet}be�ev}gyo�bep �yonmzkfbn� dl�nh���mfvÌougahjd�b|onqav}��iavwtwongah���hjqSklv}q�iaonp�b�qSklb;ond�gab � hjmfp�on�	��bed�qao
�sougabevwo �ah���iab�dzb�mfb �ab�klb�qyo�qy�nh�t}vwqabeonmfv}gyongab�hn{adfb�mz�uongyo�qyo��eiam��uoDgyoD�%v} jiamlo8Ga�65!�Âb
�²�
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�� � ��$ ' � �#
 ��

����)('��!'�� � � $%$%�
&(' � �#
 ��
 � � � )('()('�� ' � ��
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 $ '�� ��$ ' )�� � � � � 

" ' �

0.05
-

ηe =
0.005

-
u0

� ' '%"  � ��� � )�
 )�
 � � $ $%��&(' � ���#
 ζ = a/b
'

ζ\u0 0.01 0.02 0.03 0.04 0.05

0.961 5.8± 0.2 6.8± 0.2 8.3± 0.3 10.2± 0.4 12.9± 0.5
0.950 5.3± 0.2 5.7± 0.2 6.3± 0.2 7.09± 0.2 8.1± 0.3
0.931 5.1± 0.2 5.2± 0.2 5.4± 0.2 5.5± 0.2 5.9± 0.2
0.750 5.0± 0.2 5.0± 0.2 5.0± 0.2 5.0± 0.2 5.0± 0.2
2/3 5.0± 0.2 5.0± 0.2 5.1± 0.2 5.2± 0.2 5.3± 0.2

0.575 5.1± 0.2 5.2± 0.2 5.4± 0.2 5.6± 0.2 5.9± 0.2
0.551 5.2± 0.2 5.5± 0.2 6.0± 0.2 6.7± 0.2 7.6± 0.2
0.525 6.5± 0.2 8.9± 0.3 11.3± 0.4 13.0± 0.5 13.7± 0.5

�%onmfo��sougyo<��hjq �ziaqSklh�gab �youm3EnpDb�kfmfhjd �
ζ
�
u0

�
F
� � hjmfonp2mfbeontwv}xsongaond�klm ��drmzh�gyougyond��ehjp

�ehnqagavw����b�d�vwqav}�evÌouvwd gav � b�mfbeqSkfbede�'���uont}hjm�gah��eh�b��a�evwb�qSklb�gab�ouklmzv}klh_kfhnk�outÆ�
ηt

�adfb�hj{ kfb��nb���hjpDh
o|p@U�gavÌo6gyo|gabemzv}�uongyo|gyond��ei mz�uond

F
��d

v
bDh;�amfh��eb�gavwpDbeqSklh�UDmfb��¡b²klvwg h<�youmlo|�songyo|�yonmfo

�
ζ
�
u0

��oukCU���hjpD�atwb²k�onm�o;klon{¡b�tÌo�Ga� 
 �<��d��uontwhjmzbed�p�hndzklmfongahjd�dl�uh��ehjmzmfb�df�=hjqagab�p �n��iab�tÌond
�ehnp�b�qadfiamfon�	��bed ��iab�ou�amfb�dfbeqSklonp �eh�b��y��vwb�q�kfb�gab�oukfmfv}kfh�klhnklont on�amzbe��vÌos�jb�twpDbeqSklb�gav � b�mfb�q�kfb�g h



�*�$� � ��+>�T�
+,��(*�O�B�:� � �T"$���R���P(*�P� ���'" ��� +>" �
���D� � �

0 0.01 0.02 0.03
η

e

0

0.005

0.01

0.015

0.02

η
ph

u
0
 = 0.08

u
0
 = 0.05

u
0
 = 0.01

% ",- � �*� � � � � 
 ��� � )�� � �#
 
 � ��
�� ��
 )�
 '�� $%����� '()%� � �#� 

ηe

� � ��"�$ 
 � � �#
 
 � ��
�� � 
 )�
 '�� $ �����
�
������� ��� � �!" 
 )�� )�� �  
���� "�� ����)��  '()�$ ���%' � $ ' � ��� )�
 � � " 
�� � ��$ ' � ��� '()�� � $��
� '������ � � "�� � $ '�� � �

ζ = 0.95

�' ��

"  
 $ '�� ��$ ' �

T = 0.05
'

oukfmfv}kfh '()%� � �#�²�
ηe

� ��kfvwt}vwxsouqagah�o�be��iyou�s�nh ¢��¬¢��y��iab�mfbeb�df��mfb��nbepDhjd���hjpDh

ηt = ηe + ηph

�$G �µ¢
�
hj{adzbem��noup�hjd���iab6h��uontwhnm�gah��eh�b��y��vwbeqSkfb gab6oukfmfv�klh!� hnqD2jqav}�eha�

ηph

� U p�onvwhnm���iab o��ehjqSklmzv�~
{aiav}�s�nh�bet}b�klm 2jqav}�so �

ηe = 0.005
����iyouqagah oD�ehjpDbeq dfiamfon�s�nh�klbeq gab_o

1.0
hji

0.5
b�qahjd��eondfhnd

gab�p�����vwp�o�onp�� twv}kfiagab�gab���hjmfmzia Son�e�nha��!cbep dfv}gah�onmz jiapDbeqSk�ougahrb�pVhji�klmfhnd klmfon{yont}�ahjd ��i b
o�bedz�ehjt}�yo�g h ��h�b �y�ev}beqSklb|gab<ouklmzv}kfh '()%� � �#� �

ηe

���=h�gab6�¡b�mzkfiamf{youmDh��uontwhnm_gah��eh�b��y��vwbeqSkfb
gab�oukfmfv�klh � hnqD2jqav}�eh�pDbegav}gaha� ��dfdzvwp;��b�dzkfiagyonpDhjd6��iyont U�o�vwq��ai �eqa��vÌo�gab�dzkfb��eh�b��y��vwbeqSkfb
dfhn{amfb�qahjdzdlond�dfv}p_iatwon�	��bed����%onmfo;v}dzkfh;p�onqSklv��jb�p�hjd ���ao;o6mlonxe�nh|gab��ehjpDbeq dfiamfon�s�nh<ongadzhjm�~
�uouklh 
udfia{ dzklmfouklh�bu�
i klv}twvwxeonqagah;h�p U�klh�gah��aongaml�uha�¼gab�kfbemzp�v}qyonpDhjdrh���h�b �y�ev}beqSklb6gab ouklmzv}klh
� hjqD2nqavw��h �ehnp�h � iaqa�s�uh gyo��uonmzvÌon�e�nhDgah �eh�b��a�evwb�qSklb '()%� � �#�²�

ηe

��&'hjp�h��¡h�gab�p�hjd�hj{adzbem��noum
qyo��%vw niamloPGa� Ga�
�jb�p�hjd���iab;h��eh�b��y��vwbeqSkfb<gab;oukfmfv�klh � hjqD2nqavw��h�dfb;p onqSkCUep ��hjqadzklonqSklb<ouk3U
ηe = 0.015

�j�uontwhjm¼b�dzkfb���iab U�p onv}d�gah�gahj{amzh�g h�i�klvwt}vwxeongah�gaiamfonqSklb�bed�klb�klmfon{yont}�aha�%���youmzklv}m
gab�dzklb��uontwhnm�h<��h�b �y�ev}beqSklbDgabDouklmzv}kfh � hnqD2jqav}�eh;on�amzbedfb�qSk�o<i p,�ehjpD�=hjmzklonp�b�qSklh|twv}qabsonm��ehjp
ηe

��iab_g be�=beqagab�dfb�qadfv��jbet}p�b�qSklb_gahD�uontwhjm�gyo�onpD�atwv�kliagab�g br�ehnmfmfi  Son�s�uha����dzdfvwp;� �¡h�gab�p�hjd
o �ymzp oumÇ��iabMb�df��hjtw�ab�qagah

ηe = 0.005
�±qahjdfdzh�dfv}dzklb�p o�bed�k���gab�q�kfmfh�gao�xehjqao�gabMv}qagabe�=beq g �eqa��vÌo
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ηe

�
0.005

'
gab

ηe

�
�¼dzk�o�hj{adzbemz�uon�e�nh�dfhj{amzb�o��amzbe�=hjqagab�m3Enq �evÌo�gab;iap�o�hni�hji�klmlo � hjqSkfb<gab � g vwdfdzvw�you�s�nh �

gyoDbeqab�mf jvwoDgab�klmfonqadztÌon�e�nh�gyo��eongabevwoDq hjd�hn{amfv} So�oDhjt}�yonm�qah·�uonpDbeqSklb�ond��eiam��uond�gyoD�%v} jiamlo
Ga�¬¢���
�v�� bemzbeqSklb�p�b�q�kfb�gah ��vwd�klh6�youmlo o mzbe jvw�nh t}vwqabeonme�=qyo x�hjqyo qy�uh twv}qabsonm��y� iap�o� nmlonqag b
klmfonqad � bem ��qa�evwo�g b�b�qabemz jvÌo���vwqDU²klv}�so��yonmfo�hnd pDh�gahjd¼vwqSkfbemfq hjd¼gyo�mfbeg bn�¼�chjmCU�p qy�nh U��¡hjdzdf���jbet
dfb��uont}bemMgyo�be��iyou�s�nh Ga�¬¢r�yonmlo�dfon{¡b�m���i b�pDbe�eonqav}dfpDh U�� mfvwpDhjmzgavÌont}p�b�qSklb�mfb�df�=hjqadl�s�nbetc�¡hjm
bed�k�o��ehnq��nbemzdl�nh beqab�mf BU²klvw�eo ��&'hnq�kfiagaha� dfb6hj{ dfbem��uonp�hnd���i b<o��uonmzvÌon�e�nh�gyo � hjmz�so��amzh�gai x
iap�o��uonmfvwon�s�uh_gab��jb�twh��ev}gyongab���iab U�p_iav}kfh_pDbeqahjm'��i b�or�noumfvÌou�s�nh�gab��jb�twh��evwgaongab�b�df�=bemlougyo
qah��sondzh�b�p ��iab�o�g vwdfdzvw�you�s�nh�gyo�beqab�mf jvwo�dzb�gy����vÌo�h�kfbemfpDh '()%� � �#� -

ηe
-=�¡h�gabepDhjd
�ehnqa�et}iavwm

��iab_h pDbe�eonqav}dfpDh���iab�ou{adfhjm��jb�oDbeqab�mf jvwo gab�kfmlonq dftÌou�s�nh�qyo xehnqyo qy�nh twvwq bsonm�gyo ��iamz�uo
F

��d
v
U�priav}kfh p�onvwd�b�� b�kfv}�nh6��i b�h6�amfh�gaiax�vwgah6�=betwo �ehjqSkfmfvw{ iavw�e�nh b�twb�kfmC2jq vw�so��[mfb��amfb�dfb�q�klongyo

�=betÌo�b � � mfbedzdl�nh
Ff = −ηev

�
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 $ 
 �#
�� � '()('�� � ' � ��&���$ ' 6 ' �/'
ζ 10−3η0 10−1c

0.961 5.4± 0.2 30± 1
0.950 5.2± 0.1 11.8± 0.3
0.931 5.1± 0.1 3.30± 0.07
0.600 5.0± 0.1 1.81± 0.06
0.575 5.0± 0.1 3.55± 0.07
0.551 5.1± 0.1 10.1± 0.2

��d�mzbedfi t}k�ougahjd�ouk3U�on jhjmfo;hn{ klv}gahjd�vwqag vw�soup,��iab �youmlo � hjmf�eond�pDbeq hjmfb�d���iab
f = 0.001

h;�ehjpD�¡hnmzk�oup�b�q�kfh ��vwdf��hjdfh;gah<ouklmzv}kfha�.qah;p�h�gab�twh6gyo|�song bevÌo6iaq vwgav}p�b�qadfv}hjqyontÇdfbDp onqSkCUep
vÆ� bn����dzb �jbemzv �y�eo�o�mfb�tÌon�e�nh�t}vwqabeonm�b�qSklmfb o�� hjmf�eo�on�at}vw�sougyo<b6o;�jbet}h���vwgyougab �yqaont'gah���beqSklmzh
gab�p�ondfdfonde��� dfb� jiavwm��jbemzv �y�eonpDhjd�dfb�o mzbetÌou�s�nh6b�q�kfmfb�h|oukfmfv}kfh klhuk�ontÇb����¡b�mfv}p�b�q�klongah|�=betÌo
�sougabevwo�g b�ougy�uklhnp�hjd'b ���ehnmfmfi  Son�s�uhDg hDdzia{ad�klmlo±klhDdloukfvwd �Âouxebep o�mzbetwon�s�nh���iyong ml�ukfvw�so

ηt = ηe + c u2
0.

�$G �65(�
��o��%vw niamlo Ga�6H��=h�g bepDhjd hn{adfb�mz�uonm ��i b�hr��h�b �y�ev}beqSklb�gab�o±klmfv�klh�klhuk�ont	�

ηt
���jbemzv �y�eo_o�mzbetwon�s�nh

Ga� 5 ����d�mzbedfi t}k�ougahjd�g hjd�o �ziadzkfbed���iyong ml�ukfvw�ehnd�df�nh6on�amzbedzbeqSk�ong hjd�qyoD!%on{=betwo@Ga�¬¢�����hnklb���i b
dfb6��hjpD�yonmloup�hjdro�be��iyou�s�nh)Ga� 5��ehjp o�be��iyou�s�nh)Ga�¬¢<�jb�mfbepDhjd���iab|o��youmzklb �amfhj�=hjmz�evwhnqyont
onh|��iyongamfongah;gyo6�ehjmzmfia jon�s�nh UDo6�ehjqSklmzvw{ai vw�s�uh�� hjqD2jqav}�so|onh;oukfmfv}kfh klhnklontÆ�_
�bed�k�o � hnmfp�o6o
�ehnqadzklonqSklb_gab��amfhn�¡hjmz�ev}hjqyont}vwgyong b

c
U�iap oDp�b�gavwgaoDgyo�vwqSklb�qadfv}gyongab�gabed�k�o ��hjp��=hjqab�qSklbrg h

oukfmfv}kfha����dfdfv}p<� onh�hj{adzbem��noumfpDhjd�o_k�on{=betwo Ga�¬¢�� q hnk�onpDhjdM��iab ��pDbegav}gyor��iab�qahjd�ou�amfh ��vwp�o±~
pDhjd
gyond'��hjpDbeqadziamlon����b�d'�=bem � bev}klond �

1.0
b

0.5
��hrouklmzv}klh � hjq 2jqavw��hrouiap�b�qSk�o �¼�¼d�klb�mzbedziat}klongah

�ei mfvwhndlonpDbeqSklb6mzbedz Souk�o�ond�v}gDUevwondr��iab;
�o���vwqa��vMb;&'hjiat}hjp_{�klv}qa�yonp dfhn{amfb;ond��eoniadloudDg h
oukfmfv}kfh � b�qa�nh�kfvwqa�yo�dzvwgah�mfb�tÌouklongah�hji�hn{adfb�mz�uongah�bep qab���i p^kfmlon{aontw�ah�onqSkfbemfv}hjm o�b�dzklo�klb�dfbu�

&'hjpDhron�=hjqSk�oup�hjd¼� mfb���vwonp�b�qSklbn��U��¡hndfdf���jb�t=i�klvwt}vwxeonm�h�p@U²klh�gah�gao�mzbetÌo��aou�s�nh�gyo�� iaqa�s�uh
gab�oui klh��ehjmzmfb�tÌon�e�nh�g b'�jb�twh��evwgaongabedÇgah��eb�qSklmfh�g bMp oudfdloudfd%�aonmlo��eontw��iatÌoumÇgav}mfb²k�onpDbeqSklb h��eh�b²~
�y��vwbeqSkfb�gab�ouklmzv}kfh�klhnklontÆ�c!cbehjmzvw�soup�b�q�kfbn�j��hjp�b�dzkfb�p@U²klh�gah�dfb�mf�Ìoup�hjdÇ�son�aonxeb�d g b ,�beq�� b�mf Soum .
h;�ehjpD�¡hnmzk�oup�b�q�kfh6gah;dfvwd�klb�p o6qah;�sondzh<b�p2��iab oud��nbet}h���vwgyong bed �Âb��=hjm��ehjqadzbe��i ��qa�evwo �%oud
� hjmz�sond �¼df�nh�p_iav}kfh��amC1 ��vwp�ond
gab�xebemzha����iyonqagah�dfb�klhjmzqyo�p_iav}kfh�gav � �}�evwt�hj{ kfbem ,�pDbegav}gyond�.��=betwh
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��o��Çvw jiamfo Ga�º¤�dzbMp�hndzklmfo�o�b²�jhjt}ia�s�uh�klb�p��=hjmlout�gyo � iaqa�s�uh�gab�oni�klh��ehjmzmfbetwon�s�uh�gab �jbet}h���v�~
gyong b�gah��ebeqSkfmfh�gab�p�ondfdfond �

Cv

�%�youmlo�h��soudfh�gyond¼��hjp�b�qadfi mlon����b�d ��iab�ou�amfb�dfbeqSklonmlonp�p onv}hjm
oukfmfv}kfh � hjqD2jqav}�eha����{adfb�mz�jb���i b�h��eh�b��y��vwbeqSkfb�gab�ouklmzv}kfha�S��iab���hjmfmzbedz�¡hjq gab ��gabe��twv���v}gyongab�gyoud
�ei mz�uo �_gavwmzbev}klo�� bep b�df�eontÌo_dzbepDv�~"t}hj  �©��qa�nh U��ehnqadzklonqSklb�gaiamfonqSklb�klh�gah_h_kfbepD�¡h�b�p ��iab�dzb
hj{adzbem��jhji h�mfb�tÌo�� onpDbeqSklh �%��dzdfv}p g b��yqav}p�hnde��onmf{ v}klmfonmfvwonpDbeqSklbu�j��iab�h��eh�b��y��vwbeqSkfb�p Uegav}h�g b
oukfmfv}kfh o dzbem���hjqadzvwgab�mlongah U_on��iab�twb_��iab_��hjmfmzbedz�¡hjq gab � gab��etwv���vwgyong b�gyo�mfb�klo

ln Cv vs t
q hjd

�amzvwpDbevwmzhjd
150 t0

��&'hnp�h;�jbepDhjd_qao!�y jiamfo ��b�dzk�o�b�df��hjtw�yo<�yonmfb��eb mfonxehj�·�nbet¾��iap�o<�jb�x6��i b
�ehnmfmfb�df�=hjqagab�onh�klbepD�=h�b�p^��i b

Cv

U��ehnqadfv}gabemf�·�nbet=b�ouq�kfbemzvwhjm ��mfbe nvÌ�nh�mfi vwgahjdfo�gao�pDbegav}gyo �
��dzdfv}p<�yhj{�klv}�nbepDhjd�hjd��eh�b��y��vwbeqSkfbed�g broukfmfv�klh�klhnklonvwd���hjp�h � iaq �s�nh�gyo�oup��at}v}kfiagab�gab��ehjmzmfi�~
 Son�e�nh_gahrdfia{ad�klmfouklh�i kfvwt}vwxsouqagahrb�dzkfb�p@U²klh�gaha��h_��iab U�on� mfbedzbeqSk�ougah�qyo��%v} jiamlo Ga�60��¼��b�dfdfond
pDbedfp�ond �y jiamfond � hjmlonp ��hjtwh��sougahjd
hjd mfbedziat}klongahjd hj{ kfvwgahnd'oukfmlos�BU�d'gyo�i klv}twv}xson�e�nh�gahrp U�kfh�gah
�yong ml�nha�;�ch�gab�p�hndrhj{adzbem��noumr��iabn�%�ehjp b�����be�s�uh�gah���hjp��=hjm�k�onpDbeqSklh;�yonmfo�o<��hjpDbeqadziamlo±~
�s�uh�gab

0.575
� �y�Dt}vw jb�vwmfondMgav�� bemfb�qa�soud�b�q�kfmfbronp_{=hjd�p@U²klh�gahjde�M&'hjqSkliag h hD�ehjpD�¡hnmzk�oup�b�q�kfh

 jt}hj{yont.gaond��eiam��noud U�dfv}p�v}tÌonm���pDbedzp�h��yonmfo�o��ehnp�b�qadfiamfon�s�uh�gab
0.575

�ahjqag b�hjd�mfb�dfiat�k�ong hjd
hj{ kfvwgahnd��¡b�twh|p@U²klh�gah6�yong ml�nh|dfbD�ehnp��=hjmzklonp �ehjpDh|iap o p Ueg vÌo6gah|�ehjpD�=hjmzklonp�b�qSklh6hj{�~
klv}gah ��hjp�h p U�klh�gahDgyo mzbedf�=hjd�k�o twv}qabsoume��
�b�� hnmfp�oD��iab_�=h�gabepDhjd�o �ymfp�onm���iab_h p U�kfh�gah
�yong ml�nhFU�iap�o�on{=hjmfgyou jbepVmlonx�hS�s�jbet3�aonmlo_h�bed�kliag h�gahDoukfmfv�klh_b � �=bemzvwpDbeqSk�ougah��¡b�tÌo_�sougabevwo
gab�ongy�±klhjpDhjde�

� � � ��� � �
� � ��� � � � � � 
 � �
	 
 �

��t Uep�gao�kfbepD�¡b�mloukfiamlo�gab
t = 0.05

�
� hjmfonp�mzbsont}vwxsougahjd¼hjd
pDbedfpDhjd
�s�utw�ei twhjd¼�youmlo�iap�o�kfbep�~
�=bemlo±kliamfo

100
�nbex�bed�p�b�qahjme�

t = 0.0005
�_� hj{ �zb²klv��jh|�amfv}qa�ev}�yontcgavwd�klh�� hjvcklb�q�klonm�hj{adzbem��noum

o b���v}dzk ��qa�evwo hji�qy�uh6gab_�=hjdfdz�}�jb�vwd�b�dzklmzi kli mlond�oudfdfi p�v}gyond��=betwo �song bevÌo�gab�ongy�ukfhjpDhjd���hjpDh
mfb�dfiat�k�ong h�gyo;vwq��yi �eqa��vÌo|gah�dzia{adzkfmloukfha�<��vwpriat}klonqabsoup�b�q�kfbn�Àbedz�¡b�ml�s�uonpDhjdrb�qa�ehjqSkfmlonm�iap�o
b����at}vw�eon�s�nhD�yonmfo�h �Âouklh�gabrdzbrhj{adzbem��noum�p�onvwhjm�o±klmfv�klh � hjqD2nqavw��h qyond��ehnp�b�qadfiamfon�	��bed��amC1 ��v�~
p�ond �nd��ehjpDbeq dfiamfon�	��bed_�=bem � bev�k�ond��

ζ = 1, 0.5
�²����dfdzvwp;�%h�� mfvwpDbev}mfh<o�bed�kliagaonmfpDhjd�� hjv o

��� ½ ÅÆ­ 
 �®Ä�§'ªº´¬ÄM´ Å�§ �	�²­'Å 
z³�°®´µ³�§�¶·­MÄ 
�ÅÆ­s¶®­±Ð � Ä�¸®¦Æ´º°±³�Èº¸±´º­ �·ÅÆ´ºª¬´��z§©°u¶·­ �®Ä�¸u§²½Æ½Â­M¶·¹¼´¬°�ÅÆ¹�Ê�¦Æ§ �	�©­ ÄM¹�°®­�¦¹%Ã �²¦¾´µ§²½=¦¾¹f§©ª¬´��f§ �	
e¹f½ ¶®§'³�­�°·¯±Ê��±¦Æ§ �	�©­
Î �®¹%¶·¹z½¾¹��Â§²ÄM­�½¡¹z½ÂÅ��±¶®§²¦ �e¸n­s¶®¹�¦ÆÈ¬§²Ä'­e½=½¾¹�¦.³�§²¸±§��z¹z½[¶·¹c¹f½ Å��±¶®§©¦ ��­²¦ ��§�½Å
�²­M¸u¹fÎ��±¹�°±§�½3Î��u§©°eÅ¾­�Î �®´�� 
z½Æ½¾¹�ÄM­�½zÐ
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ηt
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 � � $%$%��&(' � ��� 

u0
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�uontwv}gyongab�hji qa�nh_gyo_t}vwqabeonmfv}gyongab�beqSkfmfb

F
b

v
��kfbepD�¡b�mloukfiamlor��iyoudfb�q�iatwo � &'hjpDhr�=h�gab�p�hnd

hj{adzbem��noum�qyo��%vw niamlo!G � ��b�dzkfb;��hjpD�¡hjm�k�onpDbeqSkfh�dfb6�nbemfv��y�so��aonmlo�b�dzk�o�qah·�uo�klb�p��=bemfoukli mlo �
��t Uep gab���i b�orqy�uhrtwv}qabsoumfvwgaongab�dfb�p onq v � bed�k�o�bep^�uontwhjmzbed gab � hnmf�so�p_iav�klh�p�b�qahjmfb�d'��iab�q h
�soudfhrb�p^��i b�o�kfbepD�¡b�mloukfiamlo�gahrdzvwd�klbep�o U�gab

t = 0.05
�Â�%vw niamlo Ga��� �Âo(� �©�
��vwpDvwtwonmfpDbeqSkfb�onh

�soudfh|gab�p�onvwhjm�klb�p��=bemfoukli mlo �.h6��h�b �y�ev}beqSklb�g b�ouklmzv}klh�klhnklontÇ�nbemfv��y�so|o mzbetÌou�s�nh ��iyougaml�ukfvw�eo
�ehnpVo�onpD�atwv�kliagab�g b��ehnmfmfi  Son�s�uhrgah_dzia{ad�klmlo±klh_��hjp�h��=h�gab�dfb�on�amfb��evwonm qaor�%v} jiamlo Ga� 4 �¼��o
!Çon{¡b�tÌoFGa� G on�amzbedzbeqSk�onpDhjd�hjd�o��zi dzklb�d���iyongamf�uklv}�ehjd�mfbeontwv}xsong hjd��yonmloDh ��hjq �ziaqSklh gab��=hjqSklhnd
on�amzbedzbeqSk�ong hjd�qyo_�%v} jiamfo Ga� 4 �
&'hnp�h�p�b�qa�ev}hjqyonpDhjd onqSklbemzvwhjmzp�b�qSklb�h_�eh�b��y��bev}q�kfb

c
�sonmzmfbe jo

o�v}q � hjmzp on�e�nhDgah oukfmfv�klh ��hjp�hjmfv} jbep � hjqD2jqav}�so ����dfvwp;�=�ehjpD�yonmfonqagah�ond�!Çon{=betwond Ga�¬¢Db8Ga� G
�jb�mfv��y�sonpDhjd¼��iab�h�ouklmzv}klh � hnqD2jqav}�eh��yonmfo

t = 0.0005
U�p_iav�klh�pDbeqahjm¼��iab��youmlo

t = 0.05
��
�b

�Âoukfha� ��hjp�h�ou�amfb�dfbeqSklonp�hnd�qao �a jiamlo G � 
 £��ah��eh�b��y��vwb�q�kfb�gab�ouklmzv}kfh�� hjqD2jq vw�eh � mfb��amfb�dfbeqSklongah
�=betÌo��ehjqad�k�onqSkfb

c
�'ou�amfb�dfbeqSklo�i pV��hjp��=hjm�k�onpDbeqSklhr��iaondfb�t}vwqabeonm ��hjpVorklbepD�=bemlo±kliamfo �¼���uh

U�hj{S��vwha� on� mfvwhnmfvÆ����iab�o�kfbepD�¡b�mloukfiamlo��=hjdfdfo�o � b²k�onm�h��uontwhnmMgah�ouklmzv}klh�� hnqD2jqav}�eh�k��nh�gav}mfb²k�o±~
pDbeqSklbu� ��b�orhjmzvw jb�p gabed�klb�o±klmfv�klh � hjdfdzb�bed�klmfi�kliamfontÆ��hji dfb �fo � mzbetwon�ev}hjqyongah��ehnp o_ougah��e�nhrg b
ont} jiap kfvw�=h6gab�bed�klmfi�kliamfo;v}q�kfbemzqyo;�=betwo6�songab�vÌo6gabDongy�±klhjpDhjde�3b�dzklo;gab²�jb�mfvÌo|dfb�p�onqSklb�m�hni
oukCU�mfb�� hnmf�soum��yonmlo_kfbepD�¡b�mloukfiamlo_{youv � onde�¼!cmlo±k�o±~�dfbn� beqSk��nh �ygab�iap b � bev}kfh�gavwqDEnp�v}�eh_hni;dzb �fo �
mfb�tÌon��vwhjqaongah �nd�b � ��v}klon�	��bed�gyo��song bevÌo��
? � � � �*� L � 	 �#
 
 � ��
�� � 
�)�
 '�� $%��� ��� � � '�� 


10−3ηt

�  '�$ ' � � $%� '���$ 
���' � �#
 � )�
�� � " 
�� � ��$ ' � ���
�'%"  � ��� � )�
 � )�
 � � $%$%�
&(' � �#
 � - � " '�� � ' ��

"  
 $ '�� ��$ '�

T = 0.0005

�%'
ζ\u0 0.01 0.02 0.03 0.04 0.05

0.961 5.03± 0.05 5.13± 0.05 5.30± 0.05 5.53± 0.05 5.64± 0.06
0.950 5.01± 0.05 5.04± 0.05 5.09± 0.05 5.15± 0.05 5.25± 0.05
0.551 5.00± 0.05 5.00± 0.05 5.01± 0.05 5.01± 0.05 5.01± 0.05
0.525 5.01± 0.05 5.03± 0.05 5.09± 0.05 5.15± 0.05 5.30± 0.05

?A� � � �*� � � � �%� � � 
 ����� '()�$ � � ��� �#��)('�� � ��$ � '�� '
 $ 
 �#
�� � '()('�� � ' � ��&���$ ' 6 '��/'
ζ 10−3η0 10−1c

0.961 5.4± 0.4 2.695± 0.0008
0.950 5.00± 0.03 0.977± 0.0006
0.931 5.00± 0.03 0.024± 0.006
0.551 5.00± 0.01 0.049± 0.0006
0.525 5.00± 0.003 0.914± 0.006
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T = 0.0005
�%' ( '�$ ' '�� � � " 
�� � ��$ ' � �#
 � 
 '
�

0.961
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 "��

0.950
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���

0.551
- 
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�

0.525
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 $ ��'�� � � $%$%��&(' � �#
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 � � ���
� � �7��
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 � � �

��d�mfb�dfiat�k�ongahnd�ouk3U�ou��i v.hj{ kfvwgahjd'�¡h�gabepVdfb�m�dfvwqSkfb�klv}xsong hjdMqyond�g iyond��eiam��uond�gyo��%v} jiamlo8Ga� 
�

qyo���iyont�ou�amfb�dfbeqSklonp�hnd6h ��h�b �y�ev}beqSklb

c
�ehjpDh � iaqa�e�nh�gyo�mfb�tÌon�e�nh�gab��ehnp�b�qadfiamfon�s�uh g h

dfi {adzkfmloukfh�
nongadzhjmz�uoukfh|�yonmlo|ond�g iyond�klb�p��=bemfoukliamfond�b�dzkli gyongyond��D�
dzdlo|�eiam��uo|q hjd�gavwx_��hjpDh
dfb��ehnp��=hjmzklo_hDouklmzv}klh � hjq 2jqavw��h��yonmfoDiap�o�gyongyo���hjp�b�qadfi mlon�e�nha�'��{ dfbem��uonp�hnd��etÌoumlonpDbeqSklb
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ζ = 0.95
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ζ = 0.55

'
��iab|h�ouklmzv}kfh�� hjqD2jq vw�eh!U6gamlonp�oukfvw�soup�b�q�kfb p�onvwhnmrqyond���hjpDbeqadziamlon����b�d��amC1 ��vwp�ond_gaond��ehu~
pDbeqadziamlon����b�d��=bem � b�v}klond

ζ = 1.0
b

ζ = 0.5
� 7�iyouq�kfh � gab��¡b�qag �eq �evÌo ��hjp o�klb�p��=bemfoukliamfo �

gab�p�onqabev}bemfo| nbemlout%�jb�p�hjd���iabDh;ouklmzv}klh|ouiap�b�qSk�o|�ehjp2o kfbepD�¡b�mloukfiamlo �Àp�ond�mfb�df�=bev�k�onqag h
o6gabe�=beq gabeqa��vÌo6�ehnp

ζ
�3o6��iab�dfb_klhnmfqyo6p�onvwd�on{amfi � k�o6�yonmfo klb�p��=bemfoukliamfond�pDbeqahjmzbed��_�Çhnm

hji kfmfh tÌongah � �nbepDhjd ��iab<h�oukfmfv}kfh � hjqD2jqav}�eh U�pDbeqahnmDqaon��iabetwond���hjpDbeqadziamlon����b�d �=bem�klh�g b
ζ = 0.5

dzbr�ehnp��youmlongyoud���hjp on��iabetwond���iab�bed�k��nh v} jiyont}p�b�qSklb��=bemzkfh gab
ζ = 1.0

��� �yp�gab
b����at}vw�eonm�bed�klb��Âouklh�b����amzbedzdfbepDhjd�o�dzbe�youmlon�e�nh�b�qSklmfb�gaiyoud��aonmzkf�w�ei tÌond���hjqSkl�w niyond�bep kfbemzp�hjd
gah��=bemz�wh�gahrgah�dzia{ad�klmlo±klha� ��b

r0

U�o_dfb��yonmlou�s�nh�v}q�kfbemz�yonmzkf�w��iatÌo�gyo_�sougabevwo �
as

hr�¡b�mf�wh�gah_g h
dfi {adzkfmloukfha�yb

ζ
o�mfb�tÌon�e�nh�gab��ehjpDbeqadziamlou�s�nh�gahDdfv}dzklb�p o

ζ = as/r0

�aklb�p�hnd���i b

r0 = ζ−1as,

ondzdfvwp;�jqah��soudfh�bep���iab�o��ehnp�b�qadfiamfon�s�uh�gah�dzvwdzkfbep�o U
ζ = 0.95

gaiyond
�yonm�kl�}�eiatwond��ehnq�kf�w jiaond
bed�k��nhrdfbe�aonmlongaond

r0 = 0.95−1as = 1.05 as

��bep ��iyonqSklh_��iab�dfb�o��ehjpDbeqadziamlou�s�nh_g hrdfv}dzkfbep�o
U

ζ = 0.55
b�dfdlo�dfbe�aonmlon�e�nh�U

r0 = 1.81 as

���¼dzk�oud�gaiyoud���hjp�b�qadfi mlon����b�d�dl�uh on�amzbedzbeqSk�ongaond
qyo �%vw niamlo�G � 
 ¢��^��h �sondzh�gab

ζ = 0.95
�¾�%v} jiamfo�Ga� 
 ¢ �¾o(� � o dzbe jiaq gyo �aonmzkf�w�ei tÌo�bed�k��

gab�dftwh��sougyo_bep
dxa = 0.05 as

�rgav}mfb�v}k�o���b�p ��iyonqSklh���iab�qah��eondfh�g b
ζ = 0.55

�¾�%v} jiamfo8Ga� 
 ¢
�Â{ � � b�dzklb�gab�dft}h��eonp�b�qSklh U

0.19 as

�youmlo�o_bex���i bemfgao �'�chjmzklonqSklha�ao_�ehjpDbeqadziamlou�s�nh���iab�dfb�mfvwo

������ � '�� 
�� ��
 �

ζ = 0.95
U�k�out.��iab�o��=hjdzvw�s�uhDgao�dzbe ji qagyo��yonmzkf�w��iatÌo_b�dzk���o

dxa = 0.05 a′
s
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T = 0.0005

- 
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u0 = 0.04

-�' �
� $ � '
 � � � '�� � '�� )�� � ��"�$ 
 �#� '() � � � " �#� '
gav}mfbev�k�oDgah dfb� jiaqag h;p�����vwpDhDgah dfi {adzkfmloukfh6hji�dfb �fo �[��iab�o dzbe�youmlon�e�nh6beqSklmzb�ond��aonmzkf�w�ei tÌond
dfb �fo

1.95 a′
s

h���iab�be��iav}�uont}b�o�iap o���hjp�b�qadfi mlon�e�nh�g b
1.95−1 = 0.513

�

�oDpDbedzp o�� hjmzp o��
qah|�soudfh|bep,��iab

ζ = 0.55
o6��hjp�b�qadfi mlon�e�nh|be��iav}�uont}beqSklb U

ζ = 0.846
�_&'hjqSkliagah �cpDbedzp�h

�soudfhjd 
������ � '�� 
�� ��
 �_bep �ehjpDbeq dfiamfon�s�nh|ou�amfb�dfbeqSklonp �uont}hjmfb�d�gab�oukfmfv�klh � hnqD2jqav}�eh gav�� bemzbeqSklb�d
�f����iabn���ehnp�h��=h�g bepDhjd��jb�m qao��Çvw jiamfo Ga� 
 ¢��So��uonmfvwon�s�uh�gyo�beqab�mf jvwo��=hnkfbeqa��vÌont��ehjpDh � iaqa�s�uh
gyo��=hjdfv}�s�nhFU�gav � b�mfb�q�kfb�bep �eongyo��sondzha�
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��h_b�dzkli gyonmfpDhjd gabeqadzvwgyougab�gab�dfb��yonmlou�s�nh_v}qSklbemz�yonm�kl�w��iatÌoud dzb�hj{adzbem��jhji6��iab��aonmlo�o�klb�p��=b²~
mlo±kliamfo�gab

T = 0.0005
h�dfvwd�klb�p oDb���vw{=brgaiaond�dzbe�yonmfon�	��bed�gabrb���i vwtw�}{amfv}ha� �Fp�b�gavwgyo���iab�o

klb�p��=bemfoukli mlo�oniapDbeqSk�o�bed�k�ond gaiyond �¡hndfvw����b�d dzb � i qagabep^q�iap�o�d 1a��b�v}dzklh�k�oup_{RU�p on��hjqSklbe��b
��iyonqag h o��ehnp�b�qadfiamfon�s�uh�gahDdfv}dzkfbep�o��uonv[�yonmlo

ζ = 0.75
�ehnp�h�dfb�pDhjdzkfmlo�qyo��%v} jiamlo G � 
 5��

��v}qagyo_��iab�ond���iamz�uond�gab�g vwdzkfmfv}{aiavw�e�nh_gab�dzbe�youmlon�e�nhDon�¡hnq�kfbep o_b���vwd�k �eq �evÌo�gab�outw jiap^klv}�¡h
gab�b�dzklmzi kli mlo�vwqSklb�mfqyo � gavwpDbemzvwxeon�s�nh(� mfb�dfiat�k�onqSkfb�gyo�on�s�uh�gah��¡hnkfbeqa��vÌont=gah�dfi {adzkfmloukfhDdzhj{amzb



�*� � � � ��" ����(*� � � ���'�*���*���)��(
�����D(
� � � +,��� ��( � ����	���� � �

0 0.2 0.4 0.6 0.8 1

u
0

0.0001

0.01

1

I P s / 
I P p

% ",- � �*�>� � � � ����� � � ����)(' $ ' � ����)��#� )�� � �  ��� �#�  $%� � � �& '�� ��)�� ��'���� $�)�
�
 � � $ ��� ��$ ' 
 � � � � ��� �� � " � �%��� � ��� )(' '%"  � ��� � )�
 )�
 � � $%$%��&(' � ��� )�� � � "�� � $ '����  '�$ ' ' $ ' � ��� )�

� � " 
�� � ��$ ' � ��� '()�� � $
� '������ � � "�� � $ '���� )�
 ζ = 0.95
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T = 0.05

o��song bevÌo_g b�ongy�ukfhjp�hnde� qa�nhFU��¡hjdzdf���jbet3dfon{=bem�o��yonm�klvwm gabed�k�ond��ei mz�uond��ehnp�h U���iab�dfb�hjmz So±~
qav}xsonp oud �youmzkl�}�eiatwonde����d mzbedfi t}k�ougahjd
hj{ kfvwgahjd o��yonm�klvwm
gahnd b�df�=be��kfmfhjd gah��Âouklhjm
gab�bed�klmzi kliamfo
bed�k��ukfvw��hr�ehnq �ymfp�onp h �f��pDbeqa��vwhjqaongah�bep^mfb�tÌon�e�nh ��gabeq dfvwgaongab�g b�dfb��yonmfon�s�nh ��hrdzia{adzkfmloukfh
hj{amzvw So�ond¼�yonm�kl�w��iatÌoud%gah�ongadzhjmz�uoukfh�o�ondfdziap�v}m%b�p ontw niap klvw�=h�gab�b�dzklmzi kli mlo�h���iab�dfb�mfb �yb�kfb
qah�bedf�=be�²klmzh �ehjpDh i p q h®�nh �av}�ehD��i b_on�youmfbe��brgah�tÌong h gah��avw��h��amzvwqa��vw�youtÆ�ybedz�¡b��evwontwpDbeqSklb
qyon��iab�tÌond�mzbetÌou�	��bed�gab��ehjpDbeqadziamlou�s�nh�ongadzhjmz�uoukfh�
udfi {adzkfmloukfh��am 1 � v}p oud ���=bem � b�v}klo � �
d�klb�dfb©~
 jiaq gah��avw��h�on�yonmzbe�eb�priav}kfh�k ��q�i b�q h��eondfh�gab�oup��at}v}kfiagabed%gab��ehjmzmfia jon�s�nh��=be��iab�qyond
�=hjmCU�p<�
�ehnp�h6�=h�g bepDhjd�hj{ dfbem��uonm�qyo|�%vw niamlo Ga� 
 G6�yonmlo h6�eondfh|gab

ζ = 0.95
�3ont Uep�gab

u0 = 0.2
o

onpD�atwv�kliag b�gab�dzkfb�dfbe niaqagah��av}�eh�oniapDbeqSklo_on{amzia� k�oup�b�q�kfbn�
�ch�gab�p�hnd��¡b�mf�eb�{¡b�m���iab�h_vwqSkfbem�~
�uontwh;gab��ehjmzmfia Sou�	��bedrb�dzkfiagyongah�qabed�klb kfmlon{youtw�ah �

u0 ≤ 0.05
��b�dzk��<dfv}kfiyongah�onqSklb�d_gyon��iab�tÌo

klmfonqadzvw�s�uha�
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� �yp gab hj{adzbemz�uonmcbed�k�ondcbed�klmzi kliamfond � hjvSqabe��bedzdl�nmzvwh�b�dzkfiagyonmÇgavwmzb�k�oup�b�q�kfb o�b²�jhjt}ia�s�nh�klb�p��=hu~
mloutagab��songyo��youmzkl�}�eiatwo�gyo��songab�vÌo �%�Çhjm Uep;���ehjpDh�ond
gaiyond
�=hjdfv}�	��bed
gab�be��iav}tw�w{ mfvwh�on�¡hnq�klongyond
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�=betÌoud��ei mz�uond�gab_g vwdzkfmfv}{aiavw�e�nh g b�dfbe�aonmlon�e�nh6mfb��amfb�dfb�q�klonp v}qa�emzbepDbeqSklhnd�b�gabe��mCU�df�ev}p�hnd�gabn�
qah�p�����vwpDha�

10%
gyo_dzbe�yonmfon�s�uhDhnmfvw nvwqyont gyoudM�yonm�kl�w��iatÌoude��� hnv¡qab��eb�dfdl�umfvwh�b�df�soutÌonm�oud�gavwd�k Enq�~

�evwond��youmlo�onpD�atwv��y�soum�ond�g b�� hjmzp on����b�d �Âon�ev}twv�k�onqag h�o���vwdziyontwv}xson�e�nha�c�%oumlo�vwd�klh��sougyo��yonm�kl�w��iatÌo
� hjvÇgabedztwh��songyo g b�� hjmfp�o ��iab�dziyo6dfbe�aonmlon�e�nh6�ehnp dfb�iad��amzvwpDbevwmzhjd���v}xev}qa�ahjd��.qah6be��iav}tw�}{amfv}ha�
qy�nh�dzb �fo�p onv}hjm'��iab

10%
gab

r0

�¼���¡hndfvw�e�nh�gyo��yonm�kl�w��iatÌo
i
dzb�mzbegab �yqab��ehjpDh �

x′
i = xi − xcm − i (r0 − δ),

�,Ga� G(�

�b�dzk�o6p�onqab�vwmlo�o dfb��yonmlou�s�nh6b�q�kfmfb�gaiaond��yonm�kl�w��iatÌoud��ehnq�kf�w jiaond Uu�3qyo p@U�gavÌo��

δ
��&'hjp v}dzkfh

hj{ kfbepDhjdD�ehjq �a jiamlou�	��bed ��hjpDh�ond�on�amzbedfb�qSk�ongyoud qyo��%v} jiamfo)G � 
 H�� � � ��hjp��=hjm�k�onpDbeqSklh
hj{adzbem��nougah��yonmfo�o_�ehjpDbeqadziamlou�s�nh�gab

0.750
U��eonmlou��klb�mf�}dzklv}�eh_g hjdM�soudfhjd�hjq gab�h�oukfmfv}kfh�� hjqD2±~

qav}�eh � hjvMg bedf� mfbex��}�nbetÆ� beqa��iyouq�kfh ��iab;ond��a jiamloud�hj{ klv}gyond_�aonmlo�o��ehjpDbeq dfiamfon�s�nh�gab
0.950

mfb��amfb�dfb�q�klonp ond�dzv}kfiyon�	��bed�hjqag b h�o±klmfv�klh � hjqD2nqavw��h � hjv
gahnd�p�onvwhnmfbed�hj{ dfbem��uongahjd���&'hnq �ym�~
p�onqagah�h_hj{ kfvwgah��ehjp orgab�qadfv}gyongab�gab�dzbe�yonmfon�s�uha� ou��i betwb�dM�soudfhjdM��iab�on�amfb�dfb�q�klonmloupV�=hjia��h
oukfmfv}kfh � hjqD2jq vw�eh�qy�uh�pDhjdzkfmlonmfonpF�uonmzvÌon����b�d
qyond
dfiyoud dzbe�yonmfon�	��bed gab�be��iav}tw�w{ mfvwh �

δ = 0.025
�©�

gav�� bemfb�qSklbepDbeqSkfb6gah�hj{ kfvwgah��aonmlo�o���hjp�b�qadfi mlon�e�nh�gab
0.950

�
δ = 0.125

��hjqag b �¡h�gab�p�hjd
hj{adzbem��noum��etÌoumlonpDbeqSklb�o_b���vwd�k �eq �evÌo_g b�on jmfi �yonpDbeqSklhjd�q hjd���iyonvwdMond��yonm�kl�w��iatÌoudMon�amzbedzbeqSk�onp
dfb��yonmfon�	��bedDp�b�qahjmzbede�#��{adfb�mz�jhni�~"dzb���iab ��pDbegav}gyo���iab�o��ehnp�b�qadfiamfon�s�uh gah�dfv}dzkfbep�o�dzb
o �Âond�k�o�gahndD�eondfhnd�gab|�ehjpDbeqadziamlou�s�nh��=bem � b�v}klo�h�q��apDbemzh�gab|�yonm�kl�w��iatÌoud_��iab6�yonm�klvw��vw�yo�g h
on jmzia�yonpDbeqSkfh6gavwpDvwq�iavÇouk3U�o±klvwq  jvwm�iap b�dzk�ougah|qah|��iaont�gab�dlon�youmfbe��b�klhnklontwpDbeqSklb �Â�soudfh �¾o(�
gyo �Çvw jiamfo G � 
 H��²����h dfb�on� twvw�eonm�o � hjmz�so dzhj{amfb_ond��youmzkl�}�eiatwond�hjd�on nmfia�youp�b�q�kfhjd�v}qavw��vÌonp h
pDh®��v}p�b�q�kfha���ehjpD�¡hnmzk�ouqagahu~�dfb��ehjpDh_iap�or�yonm�kl�}�eiatwo �%�"d�klh��=h�gab�dfb�mMhj{adzbemz�uong h��etÌoumlonpDbeqSklb
qyo �Çvw jiamfo@Ga� 
 ¤ �¡hjqagabrhj{adfb�mz�uonpDhjd�h pDh·��vwpDbeqSklh�gyond�gab � hjmfp�on����b�d�gah|on{ dfhjm��no±klha� ��vwp�~
�=hjmzklonqSklbMdfontwv}beqSk�onmc��iab��ehnp ,"gab�� hjmzp ou�	��bed%g h�ongadfhnmz�uouklh�.'b�dzklonp�hnd�vwqag vw�souqagah�pDh·��vwpDbeqSklhjd
gab�dfdloud��youmzkl�}�eiatwondMmzbetÌo±klv}�nhjd�onh�dzvwdzkfbep�o_�eb�q�kfmfhDgab�p oudfdloud�hD��iyout3bedzkl��dfb�gabedztwh��sonq gah��ehjp
�jb�twh��ev}gyongab

vcm

�<�
dzdlondrgab�� hjmzp ou�	��bedrg bedft}h��eonp�~"dfbDbep mzbetÌou�s�nh<o�bedzdfb dzvwd�klbep�o<b�p p�h·��v�~
pDbeqSklh���iab�mfbe� mfbedzbeqSk�o@iap pDbe�souqavwdzp�h�ongavw��vwhjqaont�gab�gav}dfdfv}�yon�e�nh�v}q�kfbemzqyo ���,mfb�dfiat�k�ong h
p�onvwd�dziamf�amzbeb�qagabeqSkfb�dfb|hj{ kfb��nb��yonmfo o���hjp�b�qadfi mlon�e�nh�gab

ζ = 2/3
qyo�klb�p��=bemfoukli mlo�gab

T = 0.0005
�c��hjpDh;�=h�gab�dzbem�on�amzbe�evwongah;qyo��Çvw jiamfo�Ga� 
 0���hj{adfb�mz�uo±~�dfb o � hjmzp on�e�nh|gabDiap

��vwq ���etÌ�udfdfv}�eh�qyo��sougabevwo�gab;�3beq qyonmfg Knhjqab�de� 7�iyonqagah�qy�uh o±kliyo�o � hjmf�eo�b ��klbemzqyo dzhj{amzb
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�%v} jiamlo Ga� 
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 0��=h�gabepDhjd'q hnk�onm ��iab�onh_dzb�gabedztwh��sonm
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 G �¾��hnqagab�bed�kliagyoumlonp
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������©�%��ond��%vw ji mlond Ga� 
 4|b
Ga�¬¢n£6�¡h�gab�p�hjd�hn{adfb�mz�uonm�o<
��¼� �youmlo;ontw ji p ond�gyond��ehjpDbeq dfiamfon�	��bed�bed�kliagaongyond�qyond�klb�p�~
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T = 0.05
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T = 0.0005
�¡mzbedf�=be�²klv��noup�b�q�kfbn������hjmfmzia Son�e�nh gah�dfia{ dzklmfouklh6q h

�amzvwpDbevwmzh<�eondfh)U g b
u0 = 0.04

b qah�dfb� jiaqagah U
u0 = 0.05

���%vw�eo�b���v}gabeqSklbu� onh�dfb6��hjp�~
�yonmfonm�hjd�gahjvwd��ehjq �zi q�kfhjd�gab��%v} jiamfonde�¡h b�� b�v}klh6gao klbepD�=bemlo±kliamfo � ��{yonv �aoDklbepD�=bemlo±kliamfo h
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p_iav�klh�dfv}p�v}tÌonm ��hj{ kfvwgyo�qah_�eondfh�gab�hjdz�ev}tÌongahnmfbed �yonmzp@2nqavw��hjd on�ehj� tÌongahnd ��hjp gaiyond bedz�RU��evwb�d
gab��youmzkl�}�eiatwond6on��hj�atwongyond���hjq gab�dfb�hj{�k3Uep iap mfonp�h�on� �ad�klv}�eh@b�hji kfmfh 1nklv}�eha� 7�iyonqag h
hj{adzbem��noup�hjdÀgav}mfb²k�onpDbeqSklb o��ehjq��y jiamfon�s�nh�ongahnklongyo��=betwhndÇougy�uklhnp�hjd3qaon��iabetwo��ehnp�b�qadfiamfon�s�uh
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�yonm�kl�}�eiatwond�bedzkl�nh�p�onvwd��am 1 � v}p oude�Mout Uep g b���iab�h q��ap�b�mfh�g b��yonm�kl�}�eiatwond�bep �songao�klv}�¡h
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�yonmzbe��b<��iab;iap�o�ou�amfh ��vwp�on�s�uh���i b<�=bemzp�v�klb6gyonm
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h��¡hnkfbeqa��vÌontyg b ��� � �¡hnkfbeq�~
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�ehnp��youmlon�e�nh�hD�uont}hjmMgyo���hjqadzklonqSklb�gab � hjmf�eo�i klv}twvwxeongyorg iamlonqSkfb�hjd��e�ntw��iatwhjd'�ehjp hDpDh�gab�twh
gab�� I � hnvÇh � mfvwpDbev}mfh�klb�mfpDh gyo d Uemfv}b_gab_!Ço
��twhjm�gah �=hnklb�qa�evwontÇg b��
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h@�sondzh@gab�dfia{ad�klmfouklh bed�k��ukfvw�eh�dzb��jbemzv �y�eo�o�mzbetÌou�s�nh�t}vwqabeonm b�q�kfmfb o � hjmf�eo@on�atwv}�songao�b�o
�jb�twh��ev}gyongab ouklv}qa jvwgao;�=betwondr�youmzkl�}�eiatwond�qah��soudfh�b�p ��iab6o<vwqSklb�mlon�e�nh�dfi {adzkfmloukfhu~"dzia{adzkfmloukfh
U;vw jiyoutMhji p onv}hjm���iab<o�v}q�kfbemfon�s�nh ongadzhjmz�uoukfhu~�ougadfhjm��uouklha����h��soudfh�g b<��iab<o�v}qSklbemfon�s�uh
vwqSkfbemf�aonmzkf�w�ei tÌo�g h6dfia{ad�klmfouklh�U�p�onvwd#� mlon�eo ��iab�h6�¡huklbeq �evÌout%gab_v}qSklbemfon�s�uh6gah6dfia{ dzklmfouklh �Ào
twv}qabsoumfvwgaongab�gabe�=beq gab � hjm�klbepDbeqSkfb gab p�on jq v}kli gab�gyo�vwqSkfbemlou�s�nh<dfia{ad�klmfouklhu~"ongadzhjmz�uoukfha����h
�soudfh�bedz�¡b��e� �a�eh�gyond���hjp�b�qadfi mlon����b�d��amC1 ��vwp�ondMgab

0.75
bed�k�o�qy�nh�t}vwqabeonmfv}gyongab U�p ouvwd � mfon�so��


�ong h���i b��yonmfo_ontw niap oud ��hjq �y ji mlon����b�dMdfb��nbemzv �y�eo�ortwv}qabsonmzvwgyougab�beqSklmzb�o � hjmf�eo_on�at}vw�eongyo�b
o��jb�twh��ev}gyongabMg h��ebeqSkfmfh�gab�p�ondfdfond�gahjd
ougy�uklhnp�hjd��n�=h�g bepDhjd�vwqS�nbedzkfvw Soum�dfb��youmlo�bedzdfb�d �eondfhnd
o�mfb�tÌon�e�nh���iyongamf�uklv}�so�beqSklmzb�h���h�b �y�ev}beqSklb�gab�oukfmfv�klh�b�o��ehjmzmfia jon�s�nh � qabed�klb��sondzh�o�v}qSklbemfon�s�uh
ongadzhjmz�uoukfhu~"dzia{ad�klmlo±klh � onv}qagyo U��u�ntwv}gyo ����hjdfdzhjd;mfbedziat}klongahjd|ou�¡hjqSklonp ��iab��yonmfo�on��iab�tÌond
�ehnp�b�qadfiamfon�	��bed qy�nh�k��nh��am 1#��v}p ond �nd
��hjp�b�qadfi mlon����b�d'�=bem � b�v}klond {1.0 b

0.5} onvwqagao U��u�ntwv}gyo
o mzbetwon�s�nh���iyongamf�uklv}�so �'�ehjpDh��=h�g b<dzbem���v}dzklh qyo��%v} jiamfo)G �µ¢�4 �Â{ �©� ��bedzdlo�pDbedzp o �y jiamfo
hj{adzbem��noup�hjd���iab ��pDbegav}gyo���iab6h�dfia{ dzklmfouklh�b�qagaiamzbe�eb;h��eh�b��y��vwb�q�kfb6gab;ouklmzv}kfh�� hjqD2jq vw�eh
gav}p�v}q�i vÆ����o �a jiamlo Ga�¬¢�4 �¾o
��hn{adfb�mz�uonpDhjd�i p o��ehjpDbeqadziamlou�s�nh p_iav}kfh�p onv}d��amC1 ��vwp�o�gao
�ehnp�b�qadfiamfon�s�uh<�=bem � bev}klo �3qab�dfdfbD�soudfh<o;mzbetÌou�s�nh6��iyong ml�ukfvw�so|qy�nh|dzb��nbemzv �y�eo � �Çonmlo|o��zi dzk�oum
hjd�gyong hjd�bep gav�k�o_��iamz�uo�iadlonpDhjd�o�dfb� jiavwqSkfb�mzbetwon�s�nh

ηt = ηe + b εn
s−a.
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� vwqSkfbemfb�dfdfonqSklb ��iab�gyongah<h<v}p��aon��kfh;g vwmfb²klh;��iab h<ouklmzv}kfh;� mfh�gaiaxDqyo<dzh���vwbegaongabD�ehjqSklb�p�~
�=hjm3Enq bso6h|bedzkfiagah;gabed�klb�klb�p o|onv}qagyo dfb �fo;i p2�nmfbeo6gabDouklv���v}gyongabr�emfb�df��beqSklb�gah|�¡hjqSkfh;g b
��vwd�k�o<gao��¡b�df��iav}dlo!� iaq gyonpDbeqSk�ont¾�6� mfonxs�nh<gavwd�klh U ��iab ouvwqagyo;qy�nh;klbep dzvwgah<mfbedz�¡hnqagavwgao
iap�o; nmlonqag b���iyonqSkfvwgyong b gabD��iabed�k ��bed�� iaq gyonpDbeqSk�onv}d���i b�k ��p vwqSklmzvw Song h<ouh<�ahnp�b�p2�¡hjm
p_iav�klhjd%dCUe��iatwhnde�Sb�onhjd¼��vwb�q�kfvwd�k�ond¼gab�dfgab��3behnqyonmfg h�gyo���vwq �evÆ�%&'bem�k�onpDbeqSkfbn���ehjpFhjd¼p U�klh�gahjd
klb��eqahnt 1j jv}�ehjdÇgabedzbeqS�jhnt}��vwgahnd
on�R1nd¼o�mfb²�jhjt}ia�s�nh�v}qagaiad�klmzvÌont¾�±kfbepDhjd�dfv}gah��eon�yonx�bed¼gab���hjqSklmfhntÌonm
hjd�b�� b�v}klhnd��amzb �ziag vw�evwonvwd���iab�h�oukfmfv}kfh<� mfh·�jh��so��=hjm Uep;�Çp_i v}klhnd�g bedzkfbed_p U�kfh�g hjd�onvwqagao<dl�uh
bepD�a�}mfvw��hjd�qy�nh|ouklon�sonq gaha�.gab�dzklo � hjmfp�o �.o�hjmfv} jbep � iaqagaonp�b�qSk�ontÇgah|ouklmzv}kfha����v}qagyo ��iab�oud
�=bedf��iav}dlond���vwbeqSkf� �y�eond�gabedzbeqS�jhnt}��vwgyoud�o6�youmzklv}m�gahjd�ouqahjd�gab

1970
�=bemfpDv}klonp��ehjq dzklmziavwm�i p

p�on�yo�p onv}d�hji�pDbeq hjd���h�b�mfb�q�kfb�g h oukfmfv}kfh�p on��mfhjdz� 1j� vw�eh �yp�b�dfhjdz� 1j�av}�eh�b 
uhji<qyonqahndf� 1n�avw��h
gab�� hjmzp o�v}qagab��¡b�qagabeqSkfbn�'qa�nh�dfb6beqSkfbeqagab;�ehnp�h U|��iab|h�ouklmzv}kfh�p_iagyo�onh��youdfdloum�gab|gav�~
pDbeqad ��b�d�qyouqahjdf��1j�av}�sond��yonmfo6p on��mfhjdz� 1j� vw�soude����h �zb�bep2g vÌo6dfbDbeqSklb�qagabD��iab�b�dzkfbDkfvw�=h;g b
gab�df�emzvw�e�nh U�gav�� �w�ev}t[gab�� hjmzp o���iab�k �ep*dzb�� mfb�� b�mfv}gah�g vwmfb��ev}hjqyonm�hjd�b�d � hjmz�ehjd �D��hjpD�amfb�beqadf�nh
gab6�eongyo��soudfh�bep �yonmzkfvw��iatÌonm�vwq gabe�=beqag beqSklb�p�b�q�kfbn� dfbeq gah���i b;hnd_�ev}beqSklv}dzk�oud �Â��ia�}p�v}�ehjd�b
� �wdzvw��hjde�ab�df�=be��v �y�eonp�b�qSklb �Mk ��p*dfb�gabeg vw�sougah��amfv}qa�ev}�yontwpDbeqSkfb�o���hjpD�amfb�beqagab�m�hnd � b�qD2jpDbeqahjd
mfb�tÌon��vwhjqaongahjd¼ouh�o±klmfv�klh�b�p�bedz�sontwo�pDbedzhjdf��1j�av}�so�b�bep�b�df�=be�evwontyqyo�bedz�sontwo�qyonqahjdz� 1j� vw�so�gyong h
hDong �nbeqSklh�gyo�qyonqahnkfbe��qahjtwhn jvÌo �

����1jd o��aia{at}vw�eon�s�nh�gahnd mfb�dfiat�k�ong hjd�hn{ klv}gahjdD�¡hjm I�mfv}p b�k ontÆ�I�ehjp o�p�v}�emfhn{yontÌouqa�so
gab���iyonm�klx�ha�3qD1jd � �}dfvw��hjd � hnp�hjd��son�youxebed�g b�beqSklb�qagabem��amzh���bedzdfhjd � iaqagaonp�b�qSk�onv}d�beqS�jhnt}��vwgahnd
qah�ouklmzv}klh �Ç��iab on�ehjqSkfbe�eb�p b�p bedf�eontÌo;gab b�df�you�eh�bDklbepD�=h�p_iav�klh;�eiam�klhjd��;�Çbemz�eb�{¡b�p�hjdrh
�yon�=bet � iaq gyonpDbeqSk�ont3g hjd �,2nqahjqad�qah�ouklmzv}klh � KniaqSkfh o�vwdzkfha�yhjd�gabedzbeqS�jhnt}��vwpDbeqSklhnd�k�ouq�kfhDkfb 1u~
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mfv}�ehjd
��iyonqSkfhrb����=bemzvwpDbeqSk�onv}d¼mfb�tÌon��vwhjqyougahjd¼�ehnp�h�b�dzkfiagahrg hrpDh�gab�twh��amzhj�=hjdzkfh��=hjm
�ymfb�q �nb�t
b)I�hnq�kfhjmfh·�uo�qah@vwqav}�ev}h�gah@dfb��eiat}h��youdfdlougaha��b���iab�dC1@mzbe�eb�qSklbepDbeqSkfb � hjmfonp kfhnk�outwpDbeqSklb
beqSkfbeqagav}gahjd��'�=bemfpDv}kfvwmfonp onhjd�� �wdzvw��hjdrklb�1jmfv}�ehjd�� ��hjqSklmzvw{aiav}m_gab � hjmzp o�oukfv}�uo�qyond��=bedz��iavwdfond
mfb�tÌon��vwhjqaongyondM��hjp*oukfmfv�klh�qyonq hjdf��1j�avw��ha�

�#qahjdzdlo��=bedf��iav}dlo ��ou�amfb�dfbeqSklongyo�qabed�k�o�klb�dfb�d g bMgahji kfhjmlougaha�jv}qadfb�mfb²~�dfb�gab�qSklmfh�gab�dzkfb��ehjq�~
klb ��klha�
��hjdfdzhrklmfon{yont}�ah8U�iap�o���hjqSklvwq�iyou�s�nh�qyoukli mlont gab�iap o�dCU�mfv}b�gab��¡b�df��iav}dlondMmzbsont}vwxeongyond
�=hjmc�Çbemzdfdzhjqrb²k�ont¾� � GBG ��GT5���G�¢���GS¤ ��G 
 ��GS£ ��G�H#�Æ�j��h
�nhntwh ��b²kÇontÆ� � Hn¤ �'H�4 �'H
���®¤ 
 �®¤j¢��®¤j£��'H�0��®¤B5 �
b�bep b�df�=be��vÌont.g hjd�klmlou{yontw� hjdMmfbeontwv}xsong hjdM�=hjm�&'vwb��atÌo���b�k�ont¾� � 
 5��Àb��3vwb�{adf���;b�k�ont¾� � 5�5 � �Mo±~
dfv}�sonpDbeqSkfb�hD�¡hnq�kfh � i qagyonpDbeqSk�out3qabed�k�ond��¡b�df��iavwdfond�kfb 1jmzvw�eond U�gab²klb�mfpDvwqyonm���iyout
U�o��soniadfo
� iaqagaonp�b�qSk�ontÀgah�ouklmzv}kfh�b�p*bedf�eontÌoDqyonqahndf� 1n�avw�eo �AUroD��hjqS�jb�mfdl�uh gyo�b�qabemz jvÌo�gab�klmlouqadftwon�s�nh
oukfmlos�BU�d�gahjd�pDh�gahnd'gab���vw{ mlon�e�nh_gyo_mzbegab�hji6��hjqS�jb�mfdl�uh�gab�b�qabemz jvÌorouklmfo·��Ued�gab�b ���ev}klon�s�uh�b
gab��sonv}p�b�q�kfhjd3gab
bed�k�ong hjdÀbetwb²klm 2jqavw��hjde�Ç��h�dzbei�klmlou{yontw� ha�±&'vwb��atÌo���b�kÇont¾�Çou�amfb�dfbeqSklonmlonp mfbedziat�~
k�ougahjd onqyont}�}klv}�ehjd¼pDhjd�klmlouqagah�o�mfb�tÌon�e�nh�beqSklmzb�h_o±klmfv�klh��ehnp hjmfv} jbep � hjq 2jqavw�eo�b�oroup��at}v}kfiagab
gab���hjmfmzia Son�e�nh_gahrdfia{ad�klmfouklha�aor��iyont � hnv¡mzbe�eb�qSklbepDbeqSkfb��nbemzv �y�eongyorb � �=bemzvwpDbeqSk�outwpDbeqSklb��¡hjm
&'h �¡b���b I�mfv}p �º¤ G��Æ�¼&'hjqSkliagah �agabedzdfb�dMklmlou{yontw� hjd qa�nhrdzb�gabe� mfbeb�qagab�dzb�bedzdlo_�ehnq�kfmfv}{aiavw�e�nh U
o�g brp�onvwhjm�v}p��=hjm�k Enqa��vÌo � �3vwb�{adf����b²k�outÆ�Mklb�qSk�onmfonp*�ehjqSkfhjmfqyoum�ond�twv}p�v�k�on����b�dMgah�kfmlon{aontw�ah
onqyoutw�}kfvw��h�gab_&'v}be�atwo�� b²k�ont¾� � 
 5 �ci kfvwt}vwxsouqagah�o�k3Ue��qavw�eo�gab�gav}q�EnpDvw�so�pDhjtwb��eiatwonmM{amzh#"�qavÌonqao
qah bedzkfiagah�gah�ouklmzv}kfh b � �=bemzvwpDbeqSk�ougah��=hjmDdfvwd�klb�p ond�klmfouk�ougahjdDb����¡b�mfv}p�b�q�klontwpDbeqSkfbn���¼twb�d
�ehnq � bemzvwmloup q�iapDbemzvw�soup�b�q�kfb�o mfb�tÌon�e�nh6beqSklmzb�h6�eh�b��y��vwbeqSkfbDg b�ouklmzv}klh � hjqD2jqav}�eh6b�o|onpD�atwv�~
kli gab6gab6�ehnmfmfi  Son�s�uha� !Çonp_{�Uep gab�kfbemzp�v}qyonmloup ��iabu� �aonmlo�h��soudfh�bedz�¡b��e� �a�eh�gah�dfv}dzkfbep�o
bed�kliagaongah��¡hnmMbet}bede� h�o±klmfv�klh � hjqD2jqav}�eh��=h�g b�dfb�m�p onv}d'v}p��=hjmzklonqSklb���i b�h�b�twb²klmC2nqavw��h_gabe�=beq�~
gab�qagah�gao�oup��at}v}kfiagab gab;�ehnmfmfi  Son�s�uha� �Çhjm Uep;� qab�dfdzb<klmfon{yont}�ah�dfb|gab��yonmloumlonp ��hjp ��iabn�
gab��¡b�qagabeq gah�gyo�hnmfvwb�qSk�on�e�nh�mzbetwouklv��no�gyo��sonp�ongyo�gab�ongadfhnmz�uouklh�bep^mfb�tÌon�e�nh�onh�dzia{ad�klmlo±klha��h
oukfmfv}kfh � hjqD2nqavw��h bemfo6o � b�klongah gamfondzkfvw�eonp�b�qSklbn����dfdfv}p<�[bemlo q be�eb�dfdf�nmfv}h;b�dzkfiagyonm�iap dfv}dzkfbep�o
iaqav}gavwpDbeq dfvwhnqyont.hjq gab�b � bev�klhjd�klhn�¡hjt 1j jv}�ehjdM� iagabedzdfb�p dzbem���hjqSklmzhjtÌong hjd�gab � hnmfp�o�� mfbe��vwdfo � b
qy�nh�h�mfb�dfiat�k�ong h�gyo�hjmfv}beqSk�on�e�nh��amfb � bemzvwgyo��=bet}h�ougadfhjm��uouklha�%�¼dfdfb�mfb��amfb�dfb�q�klo�h��amzvwqa��vw�yout hj{�~
�zb�kfv}�nh_gabed�k�o_klb�dfb�h���iab�ou�emfb�gav}klonpDhjd kfbemM��iapD�amfv}gahrdfouklv}d �Âoukfhjmfvwonp�b�qSklbn�Ç��t Uep gavwdzdfha��qahjdfdzh
klmfon{yont}�ahD�ehjpD�atwb²k�o�h �aonqahjmfonp o�gyoDvwpD�¡hjm�k Enq �evÌo_mzbetwouklv��no�gahnd��souqyonvwd�gab��ehjqSkfmfvw{ iavw�e�nh ouh
oukfmfv}kfh�oukC2jp�v}�eha�%�¼dzkli gyonpDhjd�h�ouklmzv}kfh_b����=bemfv}p�b�qSk�ongah��=hjmMi p or�eongab�vÌo_gab��youmzkl�}�eiatwond'v}qSklb²~
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mlou jbeqSklb�d¼��iab�gabedztwvwxeonp�dfhj{ mfb�iapFdfia{ad�klmfouklh���iab��=h�gab�dzbem¼b�dzk��±klvw��h�hji�gav}q�EnpDvw�eh �Ç�Çonmlo�v}dzkfh
i kfvwtwv}xsonpDhjd'o�kCUe�eq vw�so�gab�gavwqDEnp�v}�so_pDhjtwb��eiatwonm �'mzh#"�qavÌonqaoDo �yp*gab�dfv}p_iatwonmMhDp�h·��vwpDbeqSklh
gyond��youmzkl�}�eiatwonde�

��hjdzdfh�mfb�dfiat�k�ongahnd�p�hjd�klmfonp ��tÌonmfonpDbeqSklbu�
ouklmfo·��Ued�gah�iadzh�g b6gahjvwd�p U�kfh�g hjd_vwq gabe�=beq�~
gab�q�kfbed�����iab�h�o±klmfv�klh b����¡b�mfv}p�b�q�klongah��=betwo �eongabevwo�gab�ougy�uklhnp�hjdD��iab�gab�dftwv}xso�dfhj{amzb�iap
dfi {adzkfmloukfh�bed�k��ukfvw��h�on�amzbedzbeqSk�o �'�ehjp mfonmlondDb�����be�	��bed���iap �ehjpD�=hjmzklonp�b�qSklh���vwdf��hjdfh vÆ� bn�'o
� hjmz�sorgab�ouklmzv}klh8U�gav}mfb�klonpDbeqSklb��amfhj�=hjmz�evwhnqyont �r�jb�twh��evwgaongab�gaondM�yonm�kl�}�eiatwonde����iyonqagah�o � hjmf�eo
on�at}vw�eongyo�U��¡b���iabeqyo�� �¼dzkfbD��hjpD�¡hjm�k�onpDbeqSkfh;dzb�p�hjd�klmzhji�mfhj{ai dzklh<o6�noumfvÌou�	��bed�gab�klb�p��=b²~
mlo±kliamfo�brg br�=hnklb�qa�evwontÀgab_vwqSkfbemlou�s�nh�vwqSklb�mf�yonm�kl�}�eiatwo � ont U�p*gabrdzb_p�onqSklbem�vwq gabe�=beqag beqSklb_g b
dfb�o6gav}q�EnpDvw�eo�gah6dzia{adzkfmloukfh<b�mlo ��hjqadfv}gabemfongyo � .�ond U�v}p��=hjmzklonqSklb�gabed�k�on�eonm���iab�qah6�sondzh
gah|�=hnklb�qa�evwont��yonmzp@2nqavw��h �ÂpDh�gab�twh ��tÌ�ndzdfv}�eh|gabD� I ��o6�ehjqSklmzvw{ai vw�s�uh6gahjd �,2jqahjq d�onh;ouklmzv}klh
�yonmzbe��b�dzbem�gabedz�amfb�xe���jbet¾�

�
bemzv �y�eonp�hnd6hjd|mfbedziat}klongahjd|�amzb���vÌoup�b�q�kfb�hj{ klv}gahjd6�=hjm;&'vwb��atÌo �#b�k<ont¾� b �3v}be{adz��� b²k
ont¾�}�
��iab|h�o±klmfv�klh�� hnqD2jqav}�eh)U6gavwmzb�klonp�b�qSklb|�amfhn�¡hjmz�ev}hjqyont'onh���iaongamlougah�gyo oup��at}v}kfiagab g b
�ehnmfmfi  Son�s�uh gah dfia{ dzklmfouklh ���
mfouklv}�sonpDbeqSkfb;�aonmlo�klh�gyondDondD�ehjpDbeqadziamlou�	��bed b�dzkfiagyongyoud � hjv
�=hjdfdz�}�jb�t.b����amzbedzdlonm�h�oukfmfv�klh�kfhnk�out[b����=bemzvwpDbeqSk�ong h_�¡b�tÌor�eongab�vÌo_gab�ougy�uklhnp�hjd �ehjpDh�ordzhjp�o
gyo_��hjp��=hjqab�qSklb�bet}b�kfmC2jqav}�sorp�onv}dMo_�ehnq�kfmfv}{aiavw�e�nh�� hjq 2jqavw�eo �¼��klvwt}vwxeongah_o_��hjqad�k�onqSklb�g b��amfhu~
�=hjmf��vwhjqyoutwvwgaongab
beqSklmzbMh���h�b �y�ev}beqSklbMg b�ouklmzv}kfh � hjq 2jqavw��h�b�o�onp�� twv}kfiagab
gabM��hjmfmzia Son�e�nh � hjpDhjd
�sou�yonxeb�d'gab�gab�kfbemzp�v}qyonm
bep^��iyonv}d ��vwmf��iaqad�k Enqa��vÌond h_o±klmfv�klh � hjqD2nqavw��h��=h�g b�� gabe�=beqag beqagah�g h
�uontwhnm mzbetÌo±klv}�nhrgah_ouklmzv}klh�bet}b�klm 2jqav}�eh �¼dfb�m�p onv}d v}p��=hjm�k�onqSklb���iab�h�o±klmfv�klh�betwb²klm 2jqavw��ha�¼��{adzbem�~
�uonpDhjdÇklonp_{�Uep ��i b�h�ouklmzv}klh � hjqD2jqav}�eh�ouiap�b�qSk�o�on�amzh � v}p ougyonpDbeqSklb gab � hjmzp o�t}vwqabeonmc�ehjp�o
klb�p��=bemfoukli mlo � orklbepD�=bemlo±kliamfondMmfb�tÌoukfv}�uonpDbeqSklb�{yonv � onde����vwpDhjd'��iab�qahnd��sondzhjd�bepV��i b�o_mfb²~
tÌou�s�nh�gab���hjpDbeqadziamlon�e�nh�gah�ongadzhjmz�uoukfh�
udfi {adzkfmloukfh�b�dzkl���am 1 � v}p o�gyo��ehjpDbeqadziamlou�s�nh��¡b�m � b�v}k�o
{1.0 � 0.5} h6�eh�b��y��vwbeqSkfbDg b�ouklmzv}klh � hjqD2jqav}�eh6ouiap�b�qSk�o gamfondzkfvw�soup�b�q�kfbn�r�
d�k�o6gab��¡b�qag �eq �evÌo
gah��eh�b��y��vwbeqSkfb�gab�ouklmzv}kfh�� hnqD2jqav}�eh��ehjp^o��ehjpDbeq dfiamfon�s�nh��¡h�gab�b����at}vw�soum h�mfb�dfiat�k�ong hrhj{ kfvwgah
�=hjm��3vwb�{adf����b²k�ontÆ����iabrhj{adfb�mz�uonmfonp iap oniapDbeqSkfh6dfbeq df�}�nbet�g h|ouklmzv}klh � hjqD2jq vw�eh �ehjp iap�o
mfhuk�on�e�nh�gyo��sonp�ongyo�g b<ougadfhjm��uouklh

�
on�emzbegav�k�onpDhjd_��iab;o�mzbetÌou�s�nh�gab|��hjp�b�qadfi mlon�e�nh���v}dzklo

�=betÌoudM�yonm�kl�w��iatÌoud'gah�ong dfhjm��no±klh_p_i gab�gab � hjmzp o���i b���iaonqagahDoniapDbeqSklo_h�ouklmzv}kfh�� hjqD2jq vw�ehrh
dfi {adzkfmloukfh�dzb�kfhjmfqaoDp_i v}klh��aonmfb��evwg h�ouh�ougadfhjm��uouklha�
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�sougyo��youmzkl�}�eiatwo�gab�kfbemfpDvwqaonp�hnd���iab�bed�k�o � hjmzp oup bed�klmfi�kliamfonde��� p�hjm � hjtwhn jvÌorgao�bed�klmzi kliamfo
gab��¡b�qagab dzbeqadzv}�nbetwpDbeqSkfb gyo<mzbetwon�s�nh;gabD�ehjpDbeq dfiamfon�s�nh�ongadzhjmz�uoukfh�
udfi {adzkfmloukfh�b gao�onpD�atwv�~
kli gab�gabM��hjmfmzia Son�e�nha�jgab � hjmfp�o���iabMklb�p�hnd�bed�klmfi�kliamfond¼p_iav�klh�{=bepFgab��aqavwgyoud�qyon��iab�twbed¼�eondfhnd
��iab hj{�klv}�nbepDhjd�p_iav}kfh�o±klmfv�klh � hjqD2jq vw�eh �<��hnk�oup�hjd���iab6oudrbed�klmzi kliamfond_ouq�kfbed_g b on�at}vw�eonm�o
� hjmz�so�b�dzkl�nh bed�k��ukfvw�eond�bron�R1nd�o ou�atwv}�son�e�nh�gao � hjmz�so �youdfdloup o�iap�bedzklongah g vwq�EnpDvw��ha���¼dzkfb
�ehnp��=hjmzklonpDbeqSklh��yonmzbe��brbed�k�onm�vwqSkfvwp�onp�b�qSklb�twv} Songah���hjp�h �Âo±klhDgabr��iab�ond���iamz�uond�gab�gabeq�~
dfv}gyongab�gab�bedzklongah�b_ond��eiam��uond�gab�gav}df�=bemfdf�nh ou�amfb�dfbeqSklonp i p �  Son� � qyo�mzbe jvw�nh�gyond�{yonv � ond
� mfb���� �eqa��vÌond�� 7�iyonqag h<U_on�at}vw�eongyoDo � hjmf�eo hj{adzbem��noup�hjd���iab�ond � mzbe��� ��qa�evwond�onqSklb�mfv}hjmfpDbeqSklb
�amzhjvw{av}gyond�dl�uh b�����v}k�ougyonde��
�b�dzk�o � hjmfp�oD�aonmfb��eb_��iab�iap��ebeqa�nmfv}h ��iabrb ���atwv}�so oDhjmfv} jbep*g h
oukfmfv}kfh�q h��sondzh�gab � hjmf�eond	� mfon�sondcbed�klb �fo�mfbetwon�ev}hjqyong h���hjp�h �Âoukfh�gab'o � hjmf�eo�hj{ mfvw jonmÀh�dfv}dzkfbep�o
or��vw{amfonm'��hjp � mfbe��� ��qa�evwond��amzhjvw{av}gyond �¡b�tÌordzvwpDb�kfmfvÌo�� oukfv}�uonqag hriap �sonqaont[b �y�ev}beqSklb�gab�g vwdfdzv�~
�yon�e�nh �¾o mzbetwon�s�nh6g b��ehjpDbeqadziamlou�s�nh|ong dfhjm��no±klh�
udzia{ad�klmlo±klh|vwpD����b�bedzklo6dfvwpDb�kfmfvwo(�²����hndfdfhnd
mfb�dfiat�k�ong hjd�klonp_{�Uep on�=hjqSk�onmfonp ��i b bed�klb �=hjdfdz�}�nbet'pDbe�eonqav}dfpDh�gab ��hjqS�jb�mfdl�uh�b�qabemz BU�kfvw�eo
qy�nh U�h � qavw��ha� ��h<�eondfh;bep2��iab�o;��hjpDbeqadziamlon�e�nh U

ζ = 2/3
hj{ klv��jb�p�hjd���iabDh<dzvwd�klbep�o

ongahuklhji@iap ��hjp��=hjm�k�onpDbeqSklh�g b;dzvwd�klbep�o��etÌ�udfdfv}�eh�gab;�ymfb�q �nb�t�~JI�hjqSklh·�uo �Mou�amfb�dfbeqSklonqagah�o
� hjmzp on�e�nh gab���v}q ��b*,"{amfbeoukl� bem .r�yonmfo h6�sondzh6gab�{yonv � ond�klb�p��=bemfoukli mlond��_&'hjqSkfiagaha� � gav�� b²~
mfb�qa�so_g h�dfvwd�klb�p or��tÌ�ndzdfv}�eha��hrklb�p��=h_gab���vwgaorp@U�gavÌo�gabed�k�ond�gab � hjmfp�on����b�d U�p_i v}klh��eiam�klha�ao
vwqSkfbemlou�s�nh � hjmzkfb ��hjp�hjd �,2nqahjqadÇgyo�mzbegab h���iabM�amzh�g iax h�dfb�i�onqavw��iav}tÌonpDbeqSkfha�c�IvwqSklb�mfb�dfdlouq�kfb
�ehnp,mfb�tÌon�e�nh �|on�yonmzvw�s�uh6gabed�k�o|gab�� hjmzp ou�s�nh<U���iabDbeqa��iyouq�kfh<b�tÌo b � v}dzkfvwm�qyo6mfb�gab�h;ouklmzv}klh
klhuk�ont#U�p_iav}kfh|ont}kfh b�vwq gabe�=beqag beqSklb�gyo�� hjmz�so6on�at}vw�eongyo p�ond�gav��y�ev}twpDbeqSklb��¡h�gab�dzbem�hj{adzbem�~
�uongaha� 7�iaonqagah�mfb�gaiax�vwpDhjd�h�qahjdfdzh�dfvwd�klb�p o�onh�dfv}dzkfbep�o��etÌ�udfdfv}�eh�gab;�ymfb�q �nb�t�~ I�hjqSklhnmfh·�uo
��vwpDhjdr��iab6b�dzkfb6qy�nh�on�amzbedzbeqSklhji oukfmfv�klh�� hjq 2jqavw��h�bep qabeq ��i p o�gyoud_�ehjq��y jiamfon�	��bed�b�dzkli�~
gyongaond�� �uonmzvÌonq gah�kfbepD�¡b�mloukfiamlo ��onpD�atwv�kliag b�gab��ehjmzmfia Sou�s�nh_b 
uhji mfonxs�uh_gab���hjp�b�qadfi mlon�e�nh �²�
�¼dzkfb�mzbedfi t}k�ougahDon�¡hnq�klo�hD�aon�¡b�t � iaqagyoup�b�q�klont.gab�dfb�q��nhjt}��v}gah �=bet}h��¡hnkfbeqa��vÌont[gab�vwqSklb�mlon�e�nha�

�%onmfo �aqyontwv}xsonm� jhjdzklonmf�wonpDhjd�gab�b�q �Âouklv}xsonm���iabDonv}qagyo6b���v}dzklb�p,p_iav�k�ond���hjq �y niamlon����b�d�o
dfb�mfb�p kfmlouklongahjd p�b�gavÌouq�kfb�hriadfh_g b�dfv}dzkfbep�ond i qavwgav}p�b�qadfv}hjqyonv}de�%&'hjpDhrpDbeqa��vwhjqyoup�hjd on��iav
gahjdÀk31n�avw��hjdÀ��i b � hjmfonp �=hjia�eh�bed�kliagaongahjdÇ�¡hjmcqD1jd��Àh�b � bev}kfh�g h��=hnklb�qa�evwontSgab vwqSklb�mlon�e�nh�dzhj{amzb
h|oukfmfv}kfh � hjqD2nqavw��h b�dfiyo6mzbetÌou�s�nh ��hjp,oud�bedzkfmfi kfiamloud�ongahnklongyond��=betwo �song bevÌo g b�ongyoukfhjp�hnde�
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klhuk�ontcb����=bemfv}p�b�qSk�ongah6�=betwo �sougabevwo ���¼dzkfiagyonm�h b � bev�klh gah6dzia{ad�klmlo±klh6gav}q�EnpDvw�eh�iadlouqagah6iap
dfv}dzkfbep�o|dzvwpDvwtwonm�ouh;i�klvwt}vwxeongah �=hjm�&'h �¡b���b I�mfv}p � ¤�G��¼mzbe��beqSklb�p�b�q�kfb �youmlo6bed�kliagyoum�b ���¡b©~
mfv}p�b�qSk�ont}p�b�q�kfb�h<b � bev�klh;gyo<oup��at}v}kfiagab_gabD�ehnmfmfi  Son�s�uh<dzhj{amfbDh;�eh�b��y��vwbeqSkfb gab�ouklmzv}kfha�3vÆ� bn�
gab��¡hjdzv}klonm dzhj{amzb�iap^dfi {adzkfmloukfh�bedzkl�uklv}�eh��Âdfv}p_iatwongah�ouklmfos�BUed'gab�iap�o � i qa�s�nhrdfbeq hjvwgyout���iap�o
�soup ongao�gab6�yonm�kl�}�eiatwond�� ��iab<U �ehnqa�abe��vwgah���hjp�h<klbemz�eb�vwmfh��ehjmz�¡h ����i b6bedzklonml��b�p���hjqSk�oukfh
gav}mfb�kfh_�ehnp hjd�ougy�uklhnp�hjd��¼�Çhnm �at}kfvwpDhrb�dzkli gyonm�h�b�� b�v}kfh_gyo�� hjmzp org h�dfia{ kfmloukfh�i klv}twv}xsonqag ha�
�=hjm�b���bepD�at}ha�ah��¡huklbeq �evÌout.gab��Çb ��mfonmfg�~�	�bevwpDhjdzdfbeq b�k � GT4��Æ�
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