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�¢�D�£�/¤F��¥(¦¨§ª©«�D�D�k¡1���Z�{��¬ª­®���D�°¯k±�¥D�²��¡
���

³ ´/µ�¶(·¸µº¹�·�»pµ�¼Q·[´,µ�½�¾�µ�¶B·a·[¿{ÀÂÁÄÃÄÁÆÅD¹ºÁÆÀB¼Ç½�¾;È(¶�»�Éº·$ÉFµ�¶(·>·²Ê�·$Ë²µ¸½�¾9µ�¶(·aÉºÀÂ¹º¾ »�Ë[·>µ�¶�»pµ�Éº·[È�»p¹²»pµ�·$ÉFµ�¶B·
Ì »p¹ºÁÆ½GÀ(ÉLÈB¶�»�Éº·$É3ÍL»�ÉL´B·[Î�ÃÆ·[ËÏµ�·[ÐÒÑ

³ ´a½�µÏ¶B·²¹ZÍ;½�¹�Ð(É$ÓG´(½xÐÂÁÆÉ�µºÁÆ´(ËÏµºÁÆ½n´>Í�»�ÉZ¼Ô»�Ð(·;Å
·²µ�Íh·$·[´ÕÉ�ÖBÉ�µ�·$¼QÉOµ�¶�»pµZ¶�»�Ð�»�´Q»�ÅBÀ(´(Ð�»�´BË[·;½�¾
ÉºÀD¹º¾�»�Ë$·
»�´BÐ×µ�¶(½GÉº·Fµ�¶�»ØµLÐ(½a´B½�µ�ÙÚµ�¶(·Ï¹�·FÍL»�É;´(½ÕÐDÁÆÉ�µºÁÆ´(ËÏµºÁÆ½n´^¼Ô»�Ð(·�ÅÒ·ÏµÛÍ;·[·$´ :

α

β β

α

Ü@ÁÆÎnÀÂ¹Ï·9ÝnÞØß�à :�áãâpä�åçæpè s âpé qÏêpu�u²ë�u ä q1ì�í�s â q�u�îÄí�m ä u$oOm â�è o æ îÄí m ä u$o[ï�rLêpuZqÏîÆuØm�qÏtku â q�ì�í(u$ð æ s å sãñ�î�s æ tæ,òfæ,â qÏs åOâ ì�óIq²îÆu�m�q�u è qÏê�u$o�uQq�óZì]oÛôpo�q�u�tkoampoañGu�s âpé m å sãõ�uÕu²öpu â q²êpì æpé ê×ì â uQìDñ�öns
ì æ o å ô]êGmØo
t æ�ä êQt�ì,îÆu÷o æ îÄí m ä uÕøÛm âpè q²ê æ oLm â ô¸u â u�î é ô�mpo�o�ì ä sùm[q�u è ó�s qÏêxq²ê�m�q9o æ îÄí m ä upú9q²ê�m â q²êpu�ì�q²êpu�îûï

ü ½G´(É�ÁÆÐ(·Ï¹�Ó1»�É÷»�´ý·�þ�»�¼QÈDÃÆ·�Ó
µ�¶�»pµ÷»�´ý»ØµÏ½G¼ÿ½G´ » ÉºÀÂ¹º¾ »�Ë[·Q»�ÉF¶�» Ì ÁÆ´(ÎV»ÔÞ ��� ¶DÁÆÎG¶(·Ï¹x·[´B·²¹�Î�Öfµ�¶�»�´
µ�¶(½GÉº·kÁÆ´�µ�¶B·xÅBÀDÃ��
ÓDµ�¶(·$´×µ�¶(·Ï¹�·FÍLÁÄÃÄÃSÅÒ·÷»�´�·ÏþÂµº¹²»a·$´(·Ï¹�Î�ÖV»�ÉºÉ�½{ËÏÁ'»ØµÏ·$Ð�ÍLÁÄµ�¶×µ�¶B·xÉºÀD¹º¾�»�Ë$·x½�¾¨»>ÉºÈ(¶B·²¹�·�Ñ
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ÉºÀD¹º¾�»�Ë$· »Ø¹�·Ø»�� ÉºÀD¹º¾�»�Ë$· »Ø¹�·Ø»>½�¾
	�ßûÈB¶�»�É�·�� +�
�����

Ì ½�ÃÆÀB¼ ·�� Ì ½�ÃÆÀ(¼Q·F½�¾�	ÒßûÈ(¶�»�Éº·�� +
Ý 
������L¶B·F·$´(·²¹�Î�Ö�½�¾Sµ�¶(·�É�ÖDÉ�µ�·$¼ ÁÆÉ :��������� ÉºÀD¹º¾ � É�ÀÂ¹º¾�� � Å(ÀÂÃ�� � Å(ÀÂÃ��� µ�½�µ$»ØÃ  ÝGÞpß�à"!#Ò·²µºµºÁÆ´(Î>µ�¶(·�·[´(·Ï¹�Î�Ö�½�¾¨»�´f»Øµ�½n¼ ½G´×µ�¶(·�ÉºÀD¹º¾�»�Ë$·xÅ
·�¶�»pÃ ¾¨»�Î�»ØÁÆ´�µ�¶�»Øµ�½�¾�µÏ¶B·FÅBÀDÃ�� :� ÉºÀD¹º¾�$ Ý

* � ÅBÀDÃ��  »�É�ÉºÀB¼ ÈÂµºÁÆ½n´%!  ÝGÞpß * !
���&�'�)(�à � à

* � ÉºÀD¹º¾� µ�½�µ$»ØÃ+*  ÝGÞpßÛÝ�!
³�¾�,ÚÁÆÉLµ�¶(· Ì ½�ÃÆÀ(¼Q·xÈ
·Ï¹�»Øµ�½n¼ »�´BÐ �.- ÁÆÉLµ�¶(·�¹²»�ÐDÁ À(ÉL½�¾Z»�´V»Øµ�½n¼^Ó{µ�¶(·$´

� ÉºÀÂ¹º¾ �  0/ ÀD¹º¾ »�Ë[·�1L¹�·Ø»�! �.-,� ÅBÀDÃ�� �  32 ½�Ã À(¼Q·�!,  ÝGÞpß + !#Ò·²µºµºÁÆ´(Î � � Å
·Fµ�¶B·k¹²»�ÐÂÁÆÀ(ÉL½�¾Sµ�¶(·�ÉºÈ(¶(·Ï¹�· :� �&� �54Sà � Ý � -
*6��798  ÝGÞpßÛÞ�!:Sì�ó®oÏt�m å"å,è ì{u$o;q²êpuxo ò êpu�îÆu â u[u è q�ì�ñnu¸s â ì,î è u�îSq²ê�m�q�qÏêpuxu<; ä u$o�oxs
ohmnñnì æ q�=">@?��7 $ àØÞ � � -  ¾�½�¹�·�þBË$·[ÉºÉk½�¾¨»�ÅÒ½GÀDµ÷àxÈ
·Ï¹�Ë[·$´,µA!  ÝGÞpß0B�!�L¶ÂÁÆÉ3ÁÆÉ�ÈD¹�·²µºµ�ÖÔÉº¼×»pÃ Ã�Ó(Å(ÀDµ;ÁÆ¼QÈ
½�¹ºµ²»�´,µ9ÁÆ¼QÈÒ½�¹ºµ²»�´,µ�ÁÆ´^¼Ô»�´,Ö×É�ÖDÉ�µ�·$¼ É$Ñ

C �EDFD �HG�¥Â�O�Z�D� ��¤;�������D����IÂ¤;�{��¥D�²��¡@�Û�KJ>�/¤F��¥(¦¨§LL½�µ�·¸µ�¶(·a»Øµ�½n¼QÉx»ØµFµ�¶(·>É�ÀÂ¹º¾ »�Ë[· Íh·Ï¹Ï· µº¹Ï·�»pµ�·$Ðý»�É�Å
·²ÁÆ´BÎ×É�½G¼Q·[¶B½�Í ÐDÁÄÊ�·Ï¹�·[´,µ�µÏ¶�»�´]µ�¶(½GÉº·a½�¾Zµ�¶B·
Å(ÀÂÃ��
ÑM�L¶DÁÆÉ ÁÆÐ(·�»fË�»�´5Å
· ·�þÂµ�·[´BÐ(·$Ð ¹ºÁÆÎG½�¹�½GÀ(É�ÃÄÖ µ�½^µº¹Ï·�»Øµ¸µÏ¶B·ÕÁÆ´,µÏ·Ï¹º¾ »�Ë[·�»�É�»Ô¹�·²Ã'»ØµºÁ Ì ·ÏÃÄÖ µ�¶DÁÆ´ Ã'»$Ö,·²¹�Ñ�L¶DÁÆÉ9µ�¶DÁÆ´ÔÃ'»$Ö�·Ï¹LÍLÁÄÃÄÃOÅ
·Fµº¹�·�»pµ�·$ÐV»�Ék»>Éº·[È�»Ø¹²»pµ�·ON�¿{À�»�É�ÁÄß�µÛÍ;½�ßûÐÂÁÆ¼ ·$´(É�ÁÆ½G´�»ØÃ�È(¶�»�Éº·�ÑQP�L¶B·�½�¹�Á Î�ÁÆ´�»ØÃSR�ÁÆÅ(ÅBÉ�ÁÆÐ(·�»×Í�»�Éa»�É�¾ ½�ÃÄÃÆ½�ÍkÉ : / À(È(È
½GÉº·¸µ�¶(·ÕË[½G¼ È
½GÉ�ÁÄµ�Á ½n´/ÁÆÉ¸ÐÂÁÄÊ@·Ï¹�·$´�µ¸Å
·ÏµÛÍ;·[·$´ýµ�½
È(¶�»�Éº·$É  Å(ÀDµkÐÂÁÆË²µ²»Øµ�·[Ð]Å,ÖMT&UV �WTYXV Ó�½�¾ZË[½GÀD¹�Éº·"!�Ñ��L¶B·²¹�·÷ÁÆÉk´B½Q¹�·[¿{ÀDÁÄ¹�·$¼Q·[´,µLµ�¶�»ØµLµ�¶(·¸Ë[½G´(Ë$·[´,µº¹²»ØµºÁÆ½n´
Éº¶(½GÀDÃÆÐ�Å
·�À(´DÁ ¾�½�¹Ï¼�ÁÆ´�µ�¶(· Ì ÁÆËÏÁÆ´DÁÄµÛÖ^½�¾Sµ�¶(·FÁ ´�µ�·Ï¹º¾ »�Ë[· :
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 z, spatial coordinate

α−phase β−phase

Ü1Á ÎnÀD¹�·÷ÝnÞØß * :káãåçå"æ o�q²î'm[qÏs
ì â ì�íOqÏê�u ä ìDt ò ìno�s qÏs
ì â s â qÏê�u�öns ä s â s q�ô ì�í¨m�î�u�m å s â q�u�îÄí�m ä unï�L¶B·KRkÁÆÅBÅ(É
µº¹�·�»pµ�¼Q·[´,µ�·�þÂµÏ·$´(ÐBÉ1·�»�Ë�¶¸½�¾{µ�¶(·Z¶(½G¼ ½GÎn·$´(·$½nÀBÉ�È(¶�»�Éº·$É1À(È�µ�½k»h¼×»Øµ�¶(·[¼×»ØµºÁÆËØ»ØÃnÉºÀD¹º¾�»�Ë$· :

C
o
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o
si
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n

Cα

Cβ

 z, spatial coordinate

α−phase β−phase

mathematical
       interface

Ü@ÁÆÎnÀÂ¹Ï·÷ÝGÞpßÛÝ :[Z s"ñ,ñ�oLs è u�m å s]\�m�qÏs
ì â ì�í�q²êpu>s â q�u�îÄí m ä u÷mpoLmQtFm�q²êpu�t�m[qÏs ä m ånè s öns è s â�é o æ îÄí m ä uGï/ À(ÅÂµ�¹²»�Ë²µ�µ�¶(·>¹�·Ø»ØÃ3É�ÖDÉ�µ�·$¼ ÁÆ´�Ü@ÁÆÎnÀÂ¹Ï·×ÝGÞpß * ¾'¹�½G¼ÿÁÄµ�É÷ÁÆÐ(·�»pÃ Á_^Ø»ØµºÁÆ½n´5ÁÆ´�Ü@ÁÆÎnÀÂ¹�·ÔÝGÞpßÛÝÔµ�½VÐB·+`�´(· »�´
·ÏþBË$·$É�É�¿{À�»�´,µ�ÁÄµ�Öf»�É�Éº½{ËÏÁ'»pµ�·$Ð]ÍLÁÄµ�¶Vµ�¶(·÷¼×»pµ�¶B·[¼×»pµºÁÆË�»pÃ1ÉºÀÂ¹º¾ »�Ë[·aNb�L¶(·@R�ÁÆÅ(ÅBÉ / ÀD¹º¾�»�Ë$·APQÍk¶ÂÁÆË�¶f¶�»�Ék´B½
Ì ½�ÃÆÀ(¼Q·x»�ÉºÉº½{Ë²Á'»Øµ�·[ÐÔÍ�ÁÄµ�¶ÔÁÄµ�Ó(Å(ÀÂµ�·�þBË[·$ÉºÉk·ÏþÂµ�·$´(É�Á Ì · ¿{À�»�´,µºÁÄµºÁÆ·$É$Ñ

³�¾Oµ�¶B·k¾�½�ÃÄÃÆ½�ÍLÁÆ´(ÎÕÁÄÃÄÃÆÀBÉ�µº¹$»ØµºÁÆ½n´Ô¹�·[ÈÂ¹Ï·$Éº·$´�µ�ÉL»¸µ�¶B·²¹�¼Q½{ÐDÖD´�»�¼ÕÁÆËkÉ�ÖDÉ�µÏ·$¼ :

n
∧

I-phase

O-phase

δn
→

Ü@ÁÆÎnÀÂ¹Ï·aÝGÞpß + : á"å"åçæ oÛqÏî'm�qÏs
ì â ì�í3m â s â q�u�îÄí�m ä u¸o�u ò m�î'm[qÏs â�é q�óZì ò ê�mpo�u$o[ïFrhê�u¸u<;Øq²î'mÕo æ îÄí�m ä u×îÆu òdc
îÆu[o�u â q�o;q²êpuatkì�qÏs
ì âQâ ì,î�t�m å q�ìÔs q�o�u å í¢m â�è s
o æ o�u è s â q²êpu è u�î�s öGm[qÏs
ì â ì�ífe{ð æ m�q�s�ì âhg�ijc = g ï

ÜÂ½�¹Lµ�¶(·�ÉºÀD¹º¾�»�Ë$·xÈB¶�»�Éº· :lk � ÉºÀD¹º¾ �nm kpo ÉºÀD¹º¾ �rq k6s � tu V�vYw T V
k
� V É�ÀÂ¹º¾  ÝGÞpßyx6!
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Ík¶(·Ï¹�·

s
ÁÆÉ;µ�¶B·xÉºÀD¹º¾�»�Ë$· »Ø¹�·Ø»>½�¾Sµ�¶(·�ÁÆ´,µ�·²¹º¾�»�Ë$·�Ñz ê�m�qLs�o q ?{ Å Ì ÁÆ½nÀBÉ�ÃÄÖnÓ q � ([| � ÉºÀD¹º¾|

s *~}3��� ��� 7�� }3��� ������� ÉºÀD¹º¾  ÝGÞpß0��!�9ÀDµ�Ó{ÁÄµF»ØÃÆÉº½�¹�·$ÈD¹�·$É�·$´,µ�É3µ�¶B·FÍ;½�¹��×Ð(½G´(·�µÏ½>ÁÆ´(ËÏ¹�·Ø»�Éº·Fµ�¶B·xÉºÀD¹º¾�»�Ë$· »Ø¹�·Ø»k  q s !���� k�� �q�� k�� ��� k���&� q � ��  ÝGÞpß0��!
Ík¶(·Ï¹�·x»¸¾ ½�¹�Ë$·~�7Á É�»�È(ÈÂÃÄÁÆ·[ÐÔµ�½ »>É�ÀÂ¹º¾ »�Ë[·�½�¾SÍLÁÆÐDµ�¶ � µ�½Õ·ÏþÂµ�·$´(Ð�Á µÏÉ;ÃÆ·$´(Î�µ�¶

�
Ñ

F

w

Ü@ÁÆÎGÀD¹�· ÝGÞpßÛÞ : rhê�uÕtku ä ê�m â s ä m å sãt ò,å s ä m�qÏs
ì â o�ì�í¢o æ îÄí m ä u�q�u â o�s
ì â ï�L¶ÂÁÆÉ÷ÁÆÉ÷µ�¶(·QÉºÀD¹º¾ »�Ë$·�µ�·$´(É�ÁÆ½n´ÒÓ�ÁÄµa¶�»�É¸ÀB´DÁÄµ�É÷½�¾L¾ ½�¹�Ë$·QÈÒ·Ï¹aÀ(´ÂÁÄµ¸ÃÆ·[´BÎ�µ�¶ ½�¹�ÓZ·[¿{ÀDÁ Ì »ØÃÆ·$´,µ�Ã ÖnÓ�ÉºÀD¹º¾�»�Ë$·
·[´B·²¹�Î�Ö�È
·²¹k»p¹�·�»{Ñ3³�µhÁÆÉLµ�¶B·F·$´(·²¹�Î�ÖV»�ÉºÉº½{ËÏÁ'»pµ�·$Ð�ÍLÁÄµ�¶VËÏ¹�·Ø»ØµºÁÆ´(Î�ÉºÀÂ¹º¾ »�Ë[·�Ñ �0�ü ½G´(É�ÁÆÐ(·Ï¹;µ�¶(·x·$´,µºÁÄ¹�·xÉ�ÖDÉ�µ�·$¼ :� � µ�½�µ²»ØÃ � � � Á ´(É�ÁÆÐ(· � � � ÉºÀD¹º¾ � � � ½GÀDµ�É�ÁÆÐB·��m � o ÁÆ´(É�ÁÆÐB·.��� �j� ÁÆ´BÉ�ÁÆÐ(· � tu V�vYw T V � � ÁÆ´(É�ÁÆÐ(·V� m � o ÉºÀD¹º¾ ��q � s � tu V�vYw T V � � V ÉºÀD¹º¾� m � o ½nÀÂµ�É�ÁÆÐ(·.��� ��� ½nÀÂµÏÉ�ÁÆÐB· � tu V�v�w T V � � ½GÀDµ�É�ÁÆÐ(·V

 ÝnÞØß�à � !
���b ¢¡¤£¦¥+§©¨Qª¬«­¡¤®Q¨°¯"«b±�²¤ªj¡<£�³j¥E´K£¦¥E´¦µW¶b²<ª¬²<´�¨°«�¥.·�³"¨°¶�³@¨°«K²¸«�«�¡¹¶E¨º²¤£¦¥y¯»·�¨¼£�³@«3£�´¦¥E£¦¶�³"¨Qª"½~£�³j¥.¥E¾d¨º«3£�¨¼ª"½¿«3À"´ÂÁ�²¸¶y¥¦Ã�£�³"¨º«©¨º«¶b²<®Q®°¥y¯�£�³j¥
«3À"´ÂÁ�²+¶b¥
«3£�´¦¥y«�«bÄ
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����	�	�� ���� ��������� �"!�� #$! %���& �'!(��) *�+ B�9·$ËØ»�À(Éº·Lµ�¶(·kÉºÀÂ¹º¾ »�Ë[·k¹�·$ÈD¹�·$Éº·[´,µ�Éh»�´×½nÅlÅ�·$Ë²µ9µ�¶�»pµ9ËØ»�´×¹�·[É�ÁÆÉ�µ;ÈD¹�·[ÉºÉºÀÂ¹�·�Ó,ÁÄµ�Ë�»�´Ô´B½÷ÃÆ½n´BÎn·Ï¹�»�ÉºÉ�ÀB¼Q·[Ð
µ�¶�»Øµhµ�¶B·FÈD¹�·$ÉºÉºÀD¹�·[ÉL½G´�µ�¶(·�ÁÆ´(É�ÁÆÐB·>»�´(Ð×µ�¶B·x½GÀDµ�É�ÁÆÐ(·�È(¶�»�Éº· »Ø¹�·x·$¿{À�»ØÃ�ÑÆ9Ç�È[É<ÊÌËpÍÂÎ°Í�Ï¸È+Í�ËlÐ k ��� � Ó{»pÃÆ½G´(ÎkÍLÁÄµ�¶÷µ�¶(·¨µ�·[¼QÈ
·²¹²»Øµ�ÀD¹�·�»�´BÐaË�¶(·$¼ÕÁÆËØ»ØÃDÈ
½�µ�·$´,µ�Á�»pÃÆÉ�Å
·²ÁÆ´BÎFÀ(´ÂÁÄ¾�½�¹�¼ :q � s �Ñ� ��� ÁÆ´BÉ�ÁÆÐ(· �n� �j� ½GÀDµ�É�ÁÆÐ(·  ÝnÞØß�ànà"!

³ ¼Ô»�Î�Á ´(·kµ�¶�»pµ;µ�¶(·xÉºÀÂ¹º¾ »�Ë[·�¼ ½ Ì ·$Éh´B½�¹�¼×»pÃ
µ�½aÁÄµ�Éº·ÏÃÄ¾  ÉºÀBË�¶V»�É;ÁÆ´]Ü@ÁÆÎnÀD¹�·÷ÝnÞØß + !�L¶B·[´×µ�¶B·F¾ ½�ÃÄÃÆ½�ÍLÁÆ´BÎa¹�·ÏÃ'»pµºÁÆ½G´(Ék¶(½�ÃÆÐ :�j� ÁÆ´(É�ÁÆÐB· � s �&ÒÓ »�´BÐ �j� ½nÀÂµ�É�ÁÆÐB· � � s �&ÒÓ  ÝnÞØß�à * !� s �  ¦Ô w � Ô � !
s �&ÒÓ�  ¦Ô w � Ô � ! �j� ÁÆ´BÉ�ÁÆÐ(·�  à� w � à� � ! �j� ÁÆ´(É�ÁÆÐB·  ÝnÞØß�àØÝ�!

Ík¶B·²¹�·�Õ w »�´(ÐÖÕ � »Ø¹�·�µÏ¶B·×N�Ë[ÀÂ¹ Ì »pµ�ÀÂ¹Ï·$É�P�½�¾Oµ�¶B·xÉºÀD¹º¾�»�Ë$·�ÁÆ´V·�»�Ë�¶]½�¾�µ�Íh½�È
·Ï¹�È
·[´BÐDÁÆË$ÀDÃ'»Ø¹�ÈÂÃ'»�´B·[É$Ó
Ík¶(·Ï¹�·kµ�¶(·÷»ØþÂÁÆÉL½�¾OÁÆ´,µ�·Ï¹�É�·$ËÏµ�Á ½n´^ÁÆÉL´(½�¹�¼×»pÃ
µ�½¸µ�¶B·xÉºÀÂ¹�¾�»�Ë$·�ÑÔlØÚÙ�Û � � Ô w � Ô �  ÝnÞØß�à + !
ÁÆÉ�ËØ»ØÃÄÃÆ·[Ð µ�¶(·ÜN�¼Q·Ø»�´�Ë$ÀD¹ Ì »Øµ�ÀD¹�·AP×½�¾3µ�¶B·aÉºÀD¹º¾�»�Ë$·�à�Ý � w �ÞÕ w ÓO»�´(Ð à�Ý � � �ßÕ � Ík¶(·Ï¹�· � w »�´(Ð � �»p¹�·�µ�¶(·k¹²»�ÐDÁÄÁ1½�¾ZË[ÀÂ¹ Ì »Øµ�ÀD¹�·�Ñà¢ÀDµºµºÁÆ´(Î�·[¿{À�»pµºÁÆ½G´(É3ÝGÞpß�à * Ó(ÝnÞØß�àØÝ�ÓB»�´(Ð×ÝnÞØß�à + µ�½nÎG·ÏµÏ¶B·²¹�Ó,µ�¶(·;¾ ½�ÃÄÃÆ½�ÍLÁÆ´BÎ÷ÁÆ¼ È
½�¹ºµ$»�´,µZ¹�·²Ã'»ØµºÁÆ½n´Q¶(½�ÃÆÐ(É :q Ô Ø¢Ù�Û � � � ÁÆ´BÉ�Á Ð(· ��� ½nÀDµ�É�ÁÆÐB·  ÝnÞØß�àØÞ�!

Ík¶ÂÁÆË�¶�Á É��D´(½�Ík´×»�É¨µ�¶(·�á^�_â9â¢�Ìã<ä÷�O~��Üå���~��ý·$¿{À�»Øµ�Á ½n´�Ñ�³�µ¨¹�·²Ã'»Øµ�·[É¨µÏ¶B·kÐDÁÄÊ�·Ï¹�·[´BË[·LÁÆ´QÈÂ¹Ï·$ÉºÉºÀD¹�·k»pµ
»�´ ÁÆ´,µÏ·Ï¹º¾ »�Ë[·�µ�½>ÁÄµ�É�ÉºÀÂ¹º¾ »�Ë[·�µ�·[´BÉ�ÁÆ½n´f»�´(Ð�Ë$ÀD¹ Ì »Øµ�ÀD¹�·�Ñ

æ ±x¥lç��Z�B±�¥D���£���/¯F���Þè¿J�� ¯k±x¥D�Ï��¡
�¢��L¶B·k¹�·²Ã'»ØµºÁÆ½n´ : � s � ÔlØ¢Ù�Û � ��� � 4 à� w � à� � 8 �j�  ÝnÞØß�à¹B�!
Í�»�É�À(Éº·$Ð×»�Å
½ Ì ·Lµ�½�¹�·ÏÃ'»pµ�·;µ�¶(·LÈD¹�·$ÉºÉºÀD¹�·LÐDÁÄÊ�·Ï¹�·[´BË[·F»�Ë²¹�½GÉºÉ3»�´QÁÆ´,µ�·Ï¹º¾ »�Ë[·�Ñ9³�¾
µ�¶(·kÈD¹�·$ÉºÉºÀD¹�·9ÁÆÉ�µ�½÷Å
·hµ�¶B·
É�»�¼Q·kÍLÁÄµ�¶ÂÁÆ´�·Ø»�Ë�¶]È(¶�»�Éº·�ÓDµ�¶B·[´V»Øµk·[¿{ÀÂÁÄÃÄÁÆÅD¹ºÁÆÀB¼ª»aÉºÀÂ¹º¾ »�Ë[·÷¼aÀBÉ�µ;¶�» Ì ·xË$½n´BÉ�µ²»�´,µLË[ÀÂ¹ Ì »Øµ�ÀD¹�·�Ñ

ü ½G´(É�ÁÆÐ(·Ï¹�¶(½�ÍÇË$ÀD¹ Ì »Øµ�ÀD¹�·^¹Ï·ÏÃ'»ØµÏ·$É×µ�½£Éº½n¼Q·fÎG·$½n¼Q·²µº¹ºÁÆË�»pÃ�½nÅéÅ�·[ËÏµ�É×µ�¶�»Øµ�¶�» Ì ·êN�Ë[½G´(É�µ²»�´�µ�¼Q·�»�´
Ë[ÀÂ¹ Ì »pµ�ÀÂ¹Ï·�ÑQP
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ÜÂ½�¹Lµ�¶(·�ÉºÈ(¶B·²¹�· : |

s
| � � |

s
| ��7 | ��7| � � � 
���7

+j
�� �7 � *��7 � Ô Ø¢Ù�Û �  ÝnÞØß�à�x6!�L¶(·Ï¹�·ZÁÆÉ�½n´B·�¹²»�ÐÂÁÆÀ(ÉS½�¾(Ë$ÀD¹ Ì »Øµ�ÀD¹�·Z¾ ½�¹Z·Ø»�Ë�¶aÈ
·Ï¹ÏÈ
·$´(ÐÂÁÆË[ÀÂÃ'»p¹SÈDÃ'»�´B·�ÍLÁÄµ�¶a»�´a»ØþÂÁÆÉ�´(½�¹�¼Ô»ØÃnµ�½�µÏ¶B·�ÉºÀD¹º¾�»�Ë$·
»pµL·�»�Ë�¶]È
½�ÁÆ´,µ�Ñ

ÜÂ½�¹Lµ�¶(·�Ë²Ö{Ã ÁÆ´(Ð(·Ï¹ : |
s
| � � |

s
| � t | � t| � � *"
�ë

*¹
�� t ë � à� t � ÔéØÚÙ�Û �  ÝnÞØß�à¹��!
ìF±�¤x¬���� �¢¤;�{�KJ>¥D�
JÛ�Z�(���9¤x� �[�3¥Ú�D±x¥Â�²��¡
���

³û´ µÏ¶ÂÁÆÉ×Éº·[ËÏµºÁÆ½n´ÚÁÄµ×ÍLÁÄÃÄÃFÅ
·fÉº¶B½�Í�´ µ�¶�»pµQµ�¶(·Ï¹�·f»Ø¹�·�»�Ð(ÐDÁÄµºÁÆ½G´�»ØÃkÉº½�ÃÆÀ(ÅÂÁÄÃÄÁÄµ�Ö®·²Ê�·$Ë²µ�É�»�É�Éº½{ËÏÁ'»pµ�·$Ð�ÍLÁÄµ�¶
ÁÆ´,µ�·²¹º¾�»�Ë$·[É$Ñ

ü ½G´(É�ÁÆÐ(·Ï¹ : k � ÉºÀD¹º¾ �nm kpo ÉºÀD¹º¾ �rq k6s � tu V�vYw T V
k
� V É�ÀÂ¹º¾  ÝnÞØß�à¹��!

É�ÁÆ´(Ë$·Lµ�¶(·kÐB·[È
·$´(Ð(·$´,µ Ì »Ø¹ºÁ'»�ÅDÃ ·[É;»p¹�·F»ØÃÄÃ@·�þÂµ�·[´BÉ�Á Ì ·�Ó{Íh·kË�»�´QÁÆ´,µ�·$Î�¹²»pµ�·  Á�Ñ ·�ÑZ¶(½G¼ ½GÎn·$´(·$½nÀBÉ�Ð(·$Î�¹�·$·¸àLÁÆ´
»pÃÄÃ@½�¾�ÁÄµ�É Ì »p¹ºÁ'»�ÅDÃÆ·$ÉÌ!�ÓDµ�¶B·²¹�·Ï¾�½�¹�· � ÉºÀD¹º¾ �nm o ÉºÀD¹º¾ �rq s � tu V�vYw T V � V ÉºÀD¹º¾  ÝnÞØß * � !��»"�{ÁÆ´BÎaµ�¶(·�Ð(·Ï¹ºÁ Ì »pµºÁ Ì ·  »�É;Í�»�É�ÐB½n´B·kÍk¶(·$´VÐB·²¹ºÁ Ì ÁÆ´BÎ¸µ�¶(·~RkÁ Å(Å(É�ß0í�À(¶(·$¼ ·$¿{À�»ØµºÁÆ½n´�!¤îk � É�ÀÂ¹º¾ �nm klo ÉºÀD¹º¾ � o

É�ÀÂ¹º¾

k m ��q k6s � s�k q'� tu V�vYw T V
k
� V ÉºÀD¹º¾ � tu V�v�w � V ÉºÀÂ¹�¾

k T V  ÝnÞØß * à"!
Ë[½G¼QÈ�»Ø¹�ÁÆ´BÎ÷µ�½�ïZ¿{À�»pµºÁÆ½G´VÝnÞØß�à¹��Ó� � o

ÉºÀD¹º¾

k m � s�k q�� tu V�vYw � V ÉºÀD¹º¾

k T V  ÝnÞØß *n* !
Ík¶DÁÆË�¶Ô·ÏþBÈD¹�·$ÉºÉº·[Ék»÷¹�·ÏÃ'»pµºÁÆ½G´VÅ
·ÏµÛÍh·$·$´ Ì »p¹ºÁ'»ØµºÁÆ½n´BÉ�½�¾1µ�¶(·�ÁÆ´,µ�·[´BÉ�Á Ì ·�Ð(·$Î�¹�·$·[ÉL½�¾1¾�¹Ï·$·$Ð(½n¼e¾�½�¹k»aÉºÀD¹º¾�»�Ë$·
µ�½¸¹�·$¼Ô»ØÁÆ´×ÁÆ´V·$¿{ÀDÁÄÃÄÁÆÅÂ¹ºÁÆÀ(¼^ÑíhÁ Ì ÁÆÐDÁÆ´BÎxµ�¶Â¹�½nÀ(ÎG¶�Å,Ö¸µ�¶B·hµ�½�µ²»pÃ�É�ÀÂ¹º¾ »�Ë[·k»Ø¹�·Ø»  Éº½¸»�ÉZµ�½�´(½�¹�¼×»ØÃÄÁ_^[·LÅ,Öaµ�¶B·�»Ø¹�·Ø»�ÓÂËÏ¹�·Ø»ØµºÁÆ´(Î÷Ð(·Ï¹ºÁ Ì ·$Ð
ÁÆ´,µ�·[´BÉ�Á Ì · Ì »p¹ºÁ'»�ÅDÃÆ·$É+!L»�´BÐ�Ð(·¸`�´DÁ ´(Î ðo

ÉºÀD¹º¾ �
o
ÉºÀD¹º¾
s  ÝnÞØß * Ý�!



���������
	�	
�����
����	�	�� ���� ��������� �"!�� #$! %���& �'!(��) *�+ �
»�É;µ�¶B·F·[´,µº¹�½GÈ,Ö^½�¾Oµ�¶B·FÉºÀD¹º¾�»�Ë$·÷ÈÒ·Ï¹k»p¹�·�»{Ó(µ�¶B·[´ÒÓ� � k q�� ðo

ÉºÀD¹º¾

k m �Ññ w k T w �Ññ �
k T � �nòÌòAòAñ t

k T }� k q�� ðo
ÉºÀD¹º¾

k m � tu V�vYw ñ V
k T V  ÝnÞØß *�+ !

Ík¶(·Ï¹�· ñ V � ð� V ÉºÀD¹º¾  ÝnÞØß * Þ�!
ÁÆÉ;µ�¶(·�É�µ$»�´(Ð�»p¹�Ð×´(½�µ²»pµºÁÆ½G´×¾�½�¹Lµ�¶(·�·ÏþBË$·[ÉºÉkÉºÀD¹º¾�»�Ë$·�Ë[½G´(Ë$·[´,µº¹²»pµºÁÆ½G´�ÑóL½�ÃÆÐDÁÆ´BÎ�· Ì ·Ï¹ºÖ{µ�¶DÁÆ´BÎ  µ�·[¼QÈ
·Ï¹$»Øµ�ÀD¹�·�ÓôÉdõ÷ö<Édõ�ÉAÈ<ød!>Ë[½G´(É�µ²»�´,µ×·ÏþBË$·[ÈÂµùT w Ó;Íh·]În·Ïµ]»�¹�·²Ã�»pµºÁÆ½n´Úµ�¶�»Øµ
·ÏþBÈÂ¹�·[ÉºÉº·$ÉOµ�¶B·Z¹�·²Ã'»ØµºÁÆ½n´>ÅÒ·ÏµÛÍ;·[·$´¸µ�¶(·9Ë�¶�»�´(ÎG·�ÁÆ´¸ÉºÀÂ¹�¾�»�Ë$·9µ�·[´(É�ÁÆ½G´÷µ�½kµ�¶(·¨Ë�¶�»�´(În·¨ÁÆ´aË�¶B·[¼ÕÁÆË�»pÃDÈ
½�µ�·$´,µºÁ'»pÃ
½�¾Z»�´]»�ÅBÉº½�¹�ÅDÁÆ´BÎaÉºÈ
·[ËÏÁÆ·[É : 4 | q| T V 8 Ë$½n´BÉ�µ$»�´,µbú � ûAü<ýv û � � � ñ V  ÝnÞØß * B�!�L¶DÁÆÉ9ÁÆÉLµ�¶(·þN¸R�ÁÆÅ(ÅBÉf1kÅ(Éº½�¹ÏÈÂµºÁÆ½n´V³ Éº½�µ�¶(·Ï¹�¼^ÑQPLL½�µ�·aµ�¶�»pµFÁÄ¾L»�ÉºÈ
·$Ë²ÁÆ·$É¸»�Å(Éº½�¹�Å(É�µ�½×µ�¶(·aÉºÀD¹º¾�»�Ë$· ñ Vfÿ � »�´(Ð/µ�¶(·>ÉºÀD¹º¾ »�Ë[·>µ�·[´BÉ�ÁÆ½n´ýÐB·[ËÏ¹�·Ø»�Éº·[É¸»�É
µ�¶(·�Ë�¶(·$¼�ÁÆË�»pÃSÈ
½�µ�·[´,µºÁ'»ØÃ1½�¾Sµ�¶�»Øµ�ÉºÈ
·$Ë²ÁÆ·$ÉLÁÆÉ;ÁÆ´(ËÏ¹�·Ø»�Éº·[ÐÒÑ

G ��� æ �9¤x¬÷���(���9¤x� ���×���L± ��Jº�ED ¥���±x� ­����¢¥Â� ¯��9ç���¥D�KJQ¯k±x¥Â�²��¡
����IÂ¤;�{��¥(�{��¡
�

ü ½G´(É�ÁÆÐ(·Ï¹;µ�¶(·xË�»�É�·�Ík¶(·Ï¹�·kµ�¶Â¹Ï·$·�ÐDÁÄÊ�·²¹�·$´,µ�ÈB¶�»�Éº·[ÉL¼×»"�,·FË$½n´,µ²»�ËÏµ :

α−phase

ζ−phase

β−phase
Aζα

Aβζ

Aαβ

Ü@ÁÆÎnÀÂ¹�· ÝGÞpß0B :�áãâ q�u�îÆo�u ä qÏs
ì â�� ì,î@q²î�s ò�å u å s â u � ókêpu�îÆu�qÏê�îÆu$u ò ê�mpo�u$oFtFm,õ�u ä ì â qºm ä q�s â o ò m ä uGï
ü ½G´(É�ÁÆÐ(·Ï¹ºÁÆ´(Î

k � ÉºÀD¹º¾ � q U X k6s U X ��q X��

k6s X�� ��q � U k s � U
¼aÀBÉ�µ;Å
· »>¼�ÁÆ´ÂÁÆ¼aÀB¼VÓ{½n´B·x¼×»$Ö×Ð(·Ï¹ºÁ Ì ·�µÛÍ;½a¹�·²Ã�»pµºÁÆ½n´BÉ;¾�½�¹LµÏ¶B·x»�´(Î�ÃÆ·[Ék½�¾¢Ë$½n´,µ²»�Ë²µ :

É�ÁÆ´�� U Xq U X � É�ÁÆ´�� X��q X��
� É�ÁÆ´	� � Uq � U  ÝnÞØß * x6!

Ík¶DÁÆË�¶ÔÁÆÉ;µ�¶(·�În·$´(·Ï¹$»ØÃ1·$¿ÂÀ�»pµºÁÆ½G´�µ�¶(·�»�´BÎ�ÃÆ·$ÉF»pµk»¸µº¹ºÁÆÈÂÃÆ·FÃÄÁÆ´B·�Ó�ËØ»ØÃÄÃÆ·$Ð�
YÇ�Ë
����� �9·[¿{À�»pµºÁÆ½G´�ÓDÍk¶(·Ï¹�·
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γζα

γβζ

γαβ

φβζ

φαβ

φζα

Ü@ÁÆÎnÀÂ¹�· ÝGÞpßyx : rLê�u è u�� â s qÏs
ì â ohì�íOqÏêpuFq�u�î�tkoFs â�� ì æ,âpé�� oFe{ð æ m�q�s�ì â�� e{ð æ m�qÏs
ì â~gji�c���� ï
Ík¶DÁÆË�¶>ÁÆÉ�·$¿{ÀDÁ Ì »ØÃÆ·[´,µ�µ�½�µ�¶(·»NÛ¾ ½�¹�Ë$·LÅ�»pÃ�»�´(Ë$·ÌPFÍk¶(·Ï¹�·h·�»�Ë�¶ ½�¾
µ�¶(· q »Ø¹�·�Ë$½G´(É�ÁÆÐ(·Ï¹�·[Ð>µ�¶(·9¾�½�¹�Ë[·$É3»�ÈBÈDÃÄÁÆ·$Ð
µ�½¸µ�¶(· Ì ·Ï¹ºµ�·ÏþÒÑ

ÜÂ½�¹Lµ�¶(·�ÉºÈ
·[ËÏÁ'»pÃSËØ»�Éº·FÁÆ´ÔÍ�¶ÂÁÆË�¶V½G´(·�ÁÆ´,µ�·²¹º¾�»�Ë$·�ÁÆÉLË[½G´(É�µº¹²»pÁÆ´B·[ÐÔµÏ½>ÅÒ·	�Ò»Øµ�Ó�»�É;ÁÆ´

γlv

γsl

liquid

solid

vapor

γvsφ

Ü@ÁÆÎnÀÂ¹�· ÝGÞpß0� : ì
´(·�ËØ»�´VÐB·²¹ºÁ Ì ·  Å,ÖQ¾�½�¹�Ë[·÷Å�»ØÃ'»�´BË[·�¼Q½nÉ�µLÉ�ÁÆ¼ ÈÂÃÄÖY!q
� � Ë[½GÉ!� �rq � � � q�� �

Ë$½nÉ"�ù� q � � � q � �q � �  ÝnÞØß * ��!
Ík¶DÁÆË�¶ÔÁÆÉ$#¨½GÀ(´BÎ�%ùÉk·$¿{À�»ØµºÁÆ½n´×¾ ½�¹&�
»pµLÉºÀD¹º¾ »�Ë[·$É$Ñ

�×� Í;·²µºµºÁÆ´BÎ »�´BÎ�ÃÆ· �(' � ' à¹� ��)  ÝnÞØß * ��!
G ��� ¯����
èa��� �¨�ùG �÷��¤�¦3�1kÅ
½ Ì ·�Ó q ¶�»�É;Å
·$·[´f»�ÉºÉºÀ(¼Q·[ÐQµ�½aÅ
·�ÁÆÉº½�µº¹�½GÈDÁÆË�Ñ+*L´BÐ(·Ï¹LµÏ¶ÂÁÆÉL»�ÉºÉºÀ(¼QÈDµºÁÆ½G´�ÓD»~`�´DÁÄµ�·  ÁÆÉº½�Ã'»pµ�·$Ð�! Ì ½�ÃÆÀ(¼Q·

Å
½{ÐDÖVÍLÁÄÃÄÃZ¹�·$Ð(ÀBË[·¸Á µÏÉ�µ�½�µ²»ØÃ¨ÉºÀÂ¹º¾ »�Ë[·Õ·[´B·²¹�Î�Öfµ�½V»×¼ÕÁÆ´ÂÁÆ¼aÀ(¼^Ñh�L¶B·¸¹�·[ÉºÀÂÃÄµx¾ ½�¹¸»�´/ÁÆÉº½�Ã'»pµ�·$ÐýÅ
½{ÐDÖV¾ ½�¹
ÁÆÉº½�µº¹�½GÈDÁÆË�ÉºÀD¹º¾ »�Ë[·�µ�·[´BÉ�ÁÆ½n´ÔÁÆÉk»aÉºÈ(¶B·²¹�·�Ñ
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,�-/.10�243�5�6�7�8:9<;&=�>@?BADC�AD?BA E�ADCGFIHKJ�LNMPO�QR>SMUT�LVOSW:XY>RZ\[�T�]^J:?�>	_`A a�=bAcHdTYaKL/T�e�A QSHKJ:LNMfO�QR>Sag>GCGH4AcT�C
h
i&jlk$3�m�3K2�n"opjY2BqK2sr�tdu�v�w/tRnyxz-/tBvbop0|{|qKus-/j�{}jYo~u4��3�jG2s-/3�{�u�v�us-/j�{}jYo~u4��3It�0�2soPvGq�3�xV�G������ ,�jY2S3K�yvY�\��w/3Yn

-/{���7��

γ(θ)

,�-/.�0�2K3@516�74�l�
9S��X�O�?�e�] >ITYM&=�Tl_�aK=G>IHKJ�LNMPO�Q�>�ad>YC�H4A T�C�?BA F�=�a&Z�>Ye�>GC�Z�T�C@aK=G>�T�LUAc>YClasOlaKAcT�C@TGM
�� TYM<O�HKJ:LNMfO�QR>�h

�&�|3	t��yvY�"3	-/t&.Y-Nm�3�{}��r�u4��3������ ��qRj�{�tdus2K0�q�us-/j1{�9

,�-/.�0�2K3�516�74�1�Y9$��X�O�?�e�] >&TYM"a�=�>$ ¡J�] ¢�Q�T�CGH£aKLfJGQKaKAcT�C	agTSQ�O�] QGJ:] Olad>¤aK=G>S?BADC�AD?BA E�ADCGF	H�J�LNMfO�Q�>¥MUT�L
OSW:XG>�Z\[�T�]^J�?�>¦_`A a�=IO�C�A HdTGa�L/T�e�AcQ¦HKJ:LNMfO�QR>¦ad>YC�H4A T�C�x§������ h§;¥=G>IADC�ad>YLUAcT�L�>YCl[�>Y] T�e�>(ADCBaK=�>@LUAcF�=la
W�F�J�L/>@A H+aK=G>(?BA¨C�AD?�AcEGADC�FIH�=YO�e1>�ADC�af_~T©Z�AD?�>YC�HKAcT�CGHRh

�&��3�ª�0�wN«zqRj�{�tdu�240�q�us-/j1{�-/t��"3K2�opjY24�\3R¬­vGt$oUjGwNw/jlk�tR9¯®g°
±f²s³�´Yµ�¶I·�¸¯¹Sºf´Yµg»�¼½µg¾	¿�À�´�ÁDÂf´¦µdÃpº½Ä4Å�¸ÆÁDÃp´YµdÃ�ºf´YµÇ¶I·�¸¯¹SÂg»�ÈYÃpºf¼f·YÂ�ºfÁ^»4È¦Á^Ã"ºf´YµÉ¾+ÁÆÈ�ÁD¾+ÁDÊ£Á¯È�Ë�Ãp·�¼UÌÍÄ�ÂdµÇÁDÃ�Ãp·�¼fÎ�¼fÁDÃpÁÆÈ�Ë�¸ÆÏ¦´YÄ4¼½Ð
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ÜÂ½�¹¸·�»�Ë�¶ ½�¹ºÁÆ·[´,µ²»ØµºÁÆ½n´ ÒÓ ÓOÐÂ¹²»$Íe» ¹$»$Ö]¾�¹Ï½G¼ÿµ�¶B·a½�¹ºÁÆÎ�ÁÆ´ýµ�½×µ�¶(·>ÉºÀD¹º¾ »�Ë[·Õ½�¾ q  ÒÓ !�Ñ@19µ÷µÏ¶B·�·$´(Ðý½�¾
·Ø»�Ë�¶Õ¹²»$ÖnÓ{Ë[½G´(É�µº¹�À(ËÏµZµ�¶(·;È
·²¹�È
·$´(ÐDÁÆË$ÀDÃ'»Ø¹�¶�»ØÃÄ¾�ÈDÃ'»�´(·�Ñ��L¶(·9ÁÆ´,µ�·Ï¹�Á ½�¹3½�¾
µÏ¶B·h·$´ Ì ·ÏÃÆ½GÈÒ·hµÏ¶�»pµZ¹�·$ÉºÀDÃÄµ�É�¾'¹�½G¼
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