
� � ��� ���	� 

� � ������ � � � ��� ������ �������� ����� � ��� �!�#"
$&%('*),+-)/.10#.2%43-56%708.:9-;<)-=>0?+-)A@CB�DE)F;63:DE)G%H@CB<I�),JK.:%40<)FL.�9-M2JK.:%70?)GLONQP�RTSVUKWXZY\[K]^Y SVR [ S`_ X SVacb`UedfS XfY1ghXZ[ U g UiSVj [e] dZklUKWKmnSVa1Uno XfY UeS XZ[ U Y UeW gqp\]qr Ssa1Un_tRuSsUKWvb ] dZU [Kw dfUKj X jSVWsR Y j r UKWsWxUKkvS ] SVa1Uzy ] SsU Y S X RqdFU Y UeW gqp`]qr SVa ] jsU Xf[ Uzb ] dfU [Kw dZUKj{SVa1RuS|RqWxUCjsUey/RqWsRuS XfY1g SValUKb&jsUKd~}^Uejr W ] b�SValU Xf[ U [ W p jxS�Rud-R Y k�b ] } XZY1g�XfY S ] SVa1U�d XZ�Ew1X k6�
���7� �-�v�����{� �`�e�������e�����*�&�������
P�UzdZUKRqW Y UKk XfYv� U [ S XZ]^Yn� � ��SVa1RuS¡SsUKb&y¢UeWVRuS w WsU X j{y1W ] y ] WxS XZ]^Y Rud1S ] Ssa1U�R7}qUKWsR g Uzo XfY UeS XZ[ U Y UeW gqp]qr R�j p jxSsUKb�m

£Q¤�¥6¦*§E¨��©¡ª¬«s�® ¯±° � �4²_�a1UKWxU ¦ X j&y/RqW³S Xf[ dZU�b`Rqjsj´R Y k § X j&Ssa1U XfY k X } X k w Rqd|y1RqWxS XZ[ dfU*}^UKd ]8[eX S p �¶µ ] _tUi}^UKWe·¸Ssa X jk1Ui¹ Y1X S XZ]^Y&X j Y1] S¡}^UeW p U Y d XZg aºSVU Y1XZYlg»X~r _¡Uzk ]¼Y1] S½o Y1] _¾Ssa1Uzk1Ui¹ Y1X S XZ]qY´]qr Ssa1U�_ ] Wxk ¿xU Y UKW gqp �ÁÀ�8] _�a/RTS X j�U Y UeW gqplÂÄÃ a1U [K] b&b ]qY k1Ui¹ Y1X S XZ]^Y`X j�SVa/RuStU Y UeW gqp`X j�SVa1U [ Rqy1R [KX S p S ] k ]vÅtÆTÇVÈ �P�U¼o Y1] _ r W ] bÉUe}qUKW p k1R p UiÊ8yFUKW X U Yl[ U¼Ssa/RuS¸k ]^XfY1g _ ] Wxo*WsU �ËwlX WsUej�UiÌ ] WxSÍ·GRTS�dfUÍRqj³S r¬] W�j ] b&U ]qrw je� P!a1U Y _tU�Ruy1y1d p R r¬] W [ U�S ] R Y`]^ÎËÏ U [ S|R Y k´b ] }^U X S XZY SVa1U�k X WxU [ S XZ]^Y&]qr?]qw WtRuy1y1d X UKk r¬] W [ Uq·_¡U�RqWsUCk ]^XZY1g _ ] Wxo1ÐK�{Ñ ] W¡UiÊlRqb&y1dZUu·8_¡U�k ] _ ] Wso&_�a1U Y _¡U�d Xfr StR�a1UKR7} p*Î R g · ] W½jsa ] }qUKd?j Yl] _�·] W|a/R Y k8ÒÓjsRÍ_Ô_ ]Ë] k<�Õ×ÖGØ4ÙxÚ±ÛeÜ{ÝÞØTß¡à6áiÚãâäÝiÚ±Ù6å½ÙxÝeæèç4ÚãÙxß�çTæ±éêØ4Û�ëãì4Ù?æ±ÝiåtÙ6ç4Ø4éêëxíië±ì4Ù?îeáiç4ï ÙiðGñ�Ø4Ù<îiáeç4ï Ù6ÙsòKçTÝÞïóæ8ë±ì4Ù?ÝÞå½áeç4ØKë1áiôTà6áiÚãâõ Ù³Ú±ôöáiÚãåtÙsß�à?ì4ÙxØ¸áeØ4Ù�÷:Ù³à<ëãáiØzáÞôEôöáeÚãø³Ù�å½á�ùiÙsæ¢ÝiØ¸áeú7û¬Ùxø×ë6áeØ4Ù�å½Ù³ë±Ù³Úsð/ü õ4õ Ú±áVý7é å½ÝÞë±ÙxïêÜ½áiØTÙ�îeáiç4ï Ù�áÞôËÙxØ4Ù³ÚãÛiÜ½éóæÚãÙxòKç4é Ú±Ùsß�ëãátï éêôþë�Ý½æ¬ëãé øÿâ�áiô8ú4ç4ëèë±ÙxÚ��������iÛ��FôöÚ±áeåHë±ìTÙ
	TáÍáiÚ<ë±átëãì4ÙäëãÝiú4ïêÙ��fÝ½ß7é æèëãÝiØTø×Ùäáiô1Ýiúuáeç7ë��OåtÙ³ë±ÙxÚ�×ð
� �



� � ���������
	������	���	������������������
	������! "	#��$
 %���'&��!����	�(
) Y UKW gqp UiÊ X jxSVj XfY b´R YEp�r¬] Wxb`je� Ã:] jVR p Ssa/RuS�Ssa1U�U Y UKW gup�]qr R Y�]^ÎËÏ U [ S X jzSVa1U�b`RTÊ X b w bRqb ]^w1Y S ]qr _ ] Wso X S [ R Y ylW ] k w1[ U X j ]^Y d p y/RqW³S X RudZd p a1UKdfy r¬w d±· Î U [ R w jxU½k X Ì¢UKWxU Y S�y1W ]Ë[ UejsjsUejäU Y R Î dZUk X Ì6UeW XZYlg Rqb ]^w1Y Ssj ]qr _ ] WxoG�#*	SVU Y ÒÓd X SVUeW [ R Yn]qrOg Rqj ] d XfY U�jxS ] WsUek ]^Y R&a XZg anjxa1UKd r{X j¸R`j X b&y1dZUUiÊlRqb&y1dfUq�,+ r Ssa1U jsa1Ued r½Î WsUÍRuoËje·äR Y k Ssa1U [ R Y r RqdZdfjzS ] SValU.- ]Ë] We·-R�jxb´RqdfdORqb ]^w1Y S ]qr _ ] Wxo X jk ]^Y U¼R Y k�Ssa1U/- ]8] W|U Y k1j w y�_ X SsanR j [ WVRuS [ a<�!0 Y SValU ] Ssa1UKW�a/R Y k<· Xfr SValU g Rqj ] d XZY U X j�y ]qw WsUekXZY S ] R [ RqW21Áj g Rqj½S�R Y o*R Y k*Ssa1U�a1UÍRÍ} p�[ RqW X jtSVa1U Y klW X }qU Y �4353 o X d ] b`UiSVUeWsjK·lR�a wlg U>Rub ]^wlY S ]qr_ ] Wso X j�y1W ] k w1[ UKk<�
687:9<;>=?7A@�;>9<; ÇABDCtX j ]^Y U r¬] Wsb ]qr b`U [ a/R Y1Xf[ Rqd8U Y UeW gqp R Y k X jäk w U�S ] SVa1U|b ] S XZ]^Y�]ur R Y&]qÎËÏ U [ S¯ jxUKU � U [ S Xf]^Yh� �ó� ² �* Y1] SVa1UeW r¬] Wsb ]qr b`U [ a/R Y1Xf[ Rqd<U Y UKW gqp*X j½y ] SVU Y S X Rqd¢U Y UeW gqp �FE ] SVU Y S X Rud<U Y UeW gqp k1UKyFU Y klj ]qYU X SVa1UeW ¯ X ² Ssa1U¼y ] j X S Xf]^Y�]qr R YÄ]^ÎËÏ U [ S¸_ X SsaÄWsUejsyFU [ SzS ]&] Ssa1UKW ]^ÎËÏ U [ SVj ] W ¯ XfX ² SValU¼k1U r¬] Wsb`RuS XZ]^Y]qr R Y�]^ÎËÏ U [ SÍ��+ Y�] SVa1UeW½_ ] Wsk1je·Fy ] SsU Y S X Rqd<U Y UKW gup k1UKyFU Y klj ]^Y Ssa1U g U ] b&UeSsW p*]ur Ssa1U�j p jxSsUKb��Ã a1Uvb ] jxS¼j X b`yldZU UiÊlRqb&y1dZU ]qr y ] SVU Y S X Rud�U Y UKW gqp X j»SVa1U`y ] SsU Y S X Rqd{U Y UeW gqp k w U´S ]ng WVRÍ} X ÒS�RTS XZ]qY Rqd r¬] W [ Uq��+ Y b´RuSsa1UKb`RuS XZ[ Rud<SVUKWxb`je·6R Y�]^ÎËÏ U [ S ]qr b`Rqjxj ¦ SVa/RTSCd X UKj ]^Y Ssa1U�UKk g U ]qr R YR Îºp jsj ]qr R&k1UeylSVaHGna/Ruj�Ssa1U�y ] SVU Y S X Rqd<U Y UKW gqp

IKJML ¦ON GQP ¯±° �ó� ²_�a1UeWsU NSR �43 bUTuj ¨ X j>Ssa1U r WsUeUiÒ r RudZd¡R [K[ UKdZUeWVRuS XZ]^Y(XZY SValU g WVRÍ} X SVRuS Xf]^Y Rqd{¹/UKdfk ]qr ) RqWxSsa<�V* Y]^ÎËÏ U [ Sza/Rqjzy ] SsU Y S X Rqd-U Y UeW gqpnXfr�X S [ R Y yFUKW r¬] Wsb�R [ UKW³S�R XfY Rqb ]^w1Y S ]qr _ ] Wso 7:9W7:=YX#Z\[ Ç =?7A@>]�^_[ Ç
X>7:=`]a[D=`7 Æ 9 �* W ]Ë[ oÄSVa1RuS X j Ïxw jxS»R ÎF]^w S�S ]�r RudZd ] Ì R [ d X Ì�a/Rqj�y ] SVU Y S X Rqd�U Y UeW gqp I�b �>P!alU Y SVa1U�W ]8[ ojxSVRqWxSsj r RqdZd XZY1g ·GSsa1U g WsR7} X S�RuS XZ]^Y Rud-¹1UKdZk ]qr Ssa1U ) RqWxSsa R [K[ UKdZUeWVRuSsUKj X SCj ] Ssa/RuSC_�a1U Y�X SCWxUÍR [ a1UejSValU ÎF] SxS ] b X S{a/Ruj{R [K�Ew1X WsUKk`R [ UeWxS�R XZY }^Ued ]Ë[KX S p � Ã a1U�y ] SVU Y S X RudlU Y UKW gup ]qr SVa1U�W ]Ë[ o�RuS�SVa1U|S ] y]qr Ssa1U [ d X Ì X j�SVWsR Y j r¬] Wsb&UKk XZY S ] Ssa1U>o XfY UeS XZ[ U Y UKW gqpn]qr SVa1U�R [K[ UKdZUeWVRuS XZY1g W ]Ë[ oG· ¦*§ ¨>c �8��µ ] _[ R Y _¡U k1UeSsUKWxb XfY U�SVa X j�o XZY UiS XZ[ U Y UeW gqplÂedCw U�S ] U Y UeW gqp [K]^Y jxUKW³}qRTS XZ]qY ·?SVa1U�S ] S�Rqd�U Y UeW gqp ]qrSValU¸W ]8[ o X jäSValU�jsRqb`U Î U r¬] WsU¸R Y k`R r SVUeWäSVa1U r Rqdfdã�f*½S{SVa1U|S ] y ]ur Ssa1U [ d X Ì�· Î U r¬] WsU½SValU¸W ]8[ o r RudZdZje·X S{a1Rqj ]^Y d p y ] SsU Y S X Rqd1U Y UKW gqp I#J ��*½S{SVa1U ÎF] SsS ] b ]qr SVa1U [ d X Ì X S{a/Rqj ]^Y d p o XZY UeS Xf[ U Y UeW gqp I#g �
dCw U�S ] Ssa1U�d RÍ_ ]ur U Y U gqp�[e]^Y jxUKWx}uRuS XZ]^Y · I#JHLhI#g �

¦ON G L2¦*§E¨� ® ¯±° � ° ²Ñ/W ] b�Ssa X j»U �Ew RTS XZ]qY _¡U [ R Y ¹ Y k(Ssa1U`}qUKd ]8[eX S p ]qr Ssa1U Î RqdZd Ïxw j³S Î U r¬] WxU X S>a X SVj�SVa1U g W ]qw1Y k<m§ Lji � N G6�E ] SsU Y S X RqdOU Y UKW guph[ R Y�Î U Y U g RuS X }^U k1Uey¢U Y k XZYlgn]^Y _�a1UeWsU p^]^w�[ a ]8] jsU SVa1U dZUi}^Ued�keUKW ]�r¬] WSValU�y ] SVU Y S X Rqd:U Y UeW gqp �l+ r _¡U [ a ]Ë] jsU�dfUe}qUKd�keUKW ] S ]vÎ U�RuSCSsa1U�jsUKR*dZUe}qUKd±·¢SValU Y RuSzSsa1U ÎF] SsS ] b]qr SVa1U d UÍRuk � UKR�}uRqdfdZU p XZY +ÓjsWsRqUKd ¯Ym 3 m b`UiSVUeWsj Î Ued ] _ jxUÍR�dZUe}qUKd ² SVa1U&y ] SVU Y S X RqdäU Y UKW gqp ]qr R



����5�������
	������! "	#��$
 %���'&��!����	�( � °jxS ]^Y U�_¡U XZg a XZY1g�]^Y U&o X d ]^g WsRqb X j ��� N��c¯��#m 3 m^¦ ² � � ®	��
������ R��#m 35353��q]^w dfUKje� Ã a X j�b&UÍR Y jSVa1RuS m 35353��q]^w dfUKj ]qr _ ] Wso�RqWxU¼WxU �Ew1X WsUKk�S ]`Î W XfY1g SVa1U¼jxS ]qY U w ynS ]�� UKk X SVUeWsWsR Y UÍR Y jsUKR`dfUe}^Uedã·_�a1UeWsU�SVa1U�y ] SVU Y S X Rqd6U Y UeW gqp*X j|k1Ue¹ Y UKk�S ]&Î U�keUKW ] �* Y1] SVa1UeW r¬] Wxb ]qr y ] SVU Y S X RqdäU Y UKW gqp X jCSsa1U`U Y UKW gqp jxS ] WsUek XfY Rc¿xklU r¬] Wxb`Uek1À ]qÎËÏ U [ S¼j w1[ aRqj»R [K] b&y1WsUejsjxUKk�jxy1W XfY1gn] W¼R�k1WsR7_ Y�Î¢] _ Ïxw jxS Î U r¬] WsU�Ssa1U`WxUKdfUÍRqjxU ]ur R Y RqWsW ] _��`P!a1U Y _¡Uk1WsR7_	R Î¢] _Ô_¡U�Rqyly1d p*r¬] W [ U ¯ R Y kÄyFUKW r¬] WsbÉ_ ] Wso ² S ] y w dZd Î R [ o*SValU ÎF] _½ÒÿjxSsW XZYlg � Ã a X j�_ ] WsoX j j³S ] WxUKk XfY Ssa1U Î¢] _ XfY Ssa1U r¬] Wsb ]qr y ] SVU Y S X Rqd|U Y UKW gqp �cP!alU Y _¡UnWxUKdfUÍRqjxU�Ssa1Unj³SVW XZY1g · X SyFUKW r¬] Wsb&j�_ ] WsonRqj X SzWsRqy X kld p R [K[ UKdfUKWVRTSVUKj�SVa1U�RuWsW ] _ r¬] W³_½RuWsk<� Ã a1U>y ] SsU Y S X Rqd:U Y UeW gqpn]qr SVa1UÎF] _ X j½SsWVR Y j r¬] Wsb&UKk XfY S ] SVa1U�o XZY UiS Xf[ U Y UeW gqp�]qr SValU¼RuWsW ] _��
� ° � � mäP!a/RuS¸a/Rqyly¢U Y _ X SVa*SVa1U�o XZY UeS Xf[ R Y ky ] SVU Y S X Rqd6U Y UeW gqp*]ur SValU¼RuWsW ] _�Rqj|SVa1U»RqWxW ] _- X UKj w y Â�� d w Uqm Ã a1U»RqWxW ] _e- X UKj XfY Ssa1Ug WsR7} X S�RuS XZ]^Y RudF¹/UedZk ]qr SVa1U ) RqWxSsa

µ ] _ [ R Y Ssa1U Î¢] k p�]qr SValU ÎF] _ jxS ] WsU¸U Y UKW gup1Â�Ã a1U ÎF] k p jxS ] WsUej¡U Y UKW gqp Rqj�R�WsUKj w dfS ]qr SVa1UXZY SsUKW Y Rqd r¬] W [ Uej ¯ ÎF] Ssa�RuSsSsWVR [ S X }^U�R Y k WsUey w dZj X }qU ²�Î UeSÓ_¡UKU Y X SVjzRuS ] b&jCR Y k b ] dZU [Kw dfUKjK� Ã a1UKjxUr¬] W [ UKjäRqWsU [ R w jsUKk Îºp SVa1UtUKdZU [ SsW XZ[ Rqd [ a/RqW g UKj ]ur SVa1U ]qr SValU ÎF] _/1Ájäb ] dZU [Kw dfUKj�R Y k�RTS ] b&jK� Ã a1UKjxUr¬] W [ UKj|j³S ] WxUKj|y ] SVU Y S X Rud¢U Y UKW gqp*XZY SVa1U�jsRqb`U�_½R p Ruj½SVa1U g WVRÍ} X S�RTS XZ]qY Rqd r¬] W [ U�jxS ] WsUej|y ] SsU Y S X RqdU Y UKW gup ]qr SValU�W ]Ë[ o XfY SVa1U R Î¢] }^U>UiÊlRqb&y1dZUu� Ã alU XZY SVUeWsb ] dZU [Kw dZRqW r¬] W [ Uej Î UeSÓ_¡UKU Y SValU Î¢] _/1Ájb ] dZU [Kw dfUKj��¾b ] dZU [ew dZUej¡Ssa/RuS¸RuSxSVWVR [ S�R Y k�WsUey w dfjsU�UÍR [ a ] SValUKW��¾jxS ] WsU�SValU»U Y UKW gqp ��8[KX U Y S X jxSsjOa/RÍ}^U�k X j [K] }^UeWsUek&Ssa/RuSäSsa1UKjxU r¬] W [ UejK·ºk1UeW X }^UKk r W ] b	Ssa1U XZY SVUeWsb ] dZU [Kw dZRqW:y ] SsU Y S X RqdU Y UKW gup ·FRqWsU»RuÌ¢U [ SVUek Îºp SValU»k X jxSVR Y1[ U Î UeSÓ_¡UKU Y SValU»b ] dfU [Kw dZUKje� *½S�}^UKW p d RqW g U�k X jxS�R Y1[ UejK·/SVa1Ur¬] W [ UKjtRqWsU�j ] jxb´RudZd1SVa1RuStUejsjxU Y S X RqdZd p SVa1U�b ] dfU [ew dZUej¡k ]¼Y1] S XZY SVUeWVR [ SÍ��*�j¡SValUzb ] dZU [Kw dfUKj�b ] }^U[ d ] jsUeW´S ] UÍR [ a ] Ssa1UKWe·¸Ssa1U XfY SsUKWsR [ S XZ]^Y j ]qr SValU YEw1[ dfU X R Y k¾UKdfU [ SsW ]^Y j [ R w jsUhR Y RTSsSVWsR [ S XZ]^YS ] k1Ue}qUKd ] y<�¾P!a1U Y SVa1Unk X j³S�R Y1[ U Î UeSÓ_¡UKU Y b ] dfU [ew dZUej Î U [e] b&UKj }^UKW p jxb´RudZdã·�a ] _¡Ue}^UeWK·�SVa1UWsUey w dfj XZ]qYvÎ UiSÓ_tUeU Y UKdfU [ SsW ]^Y*[ d ]^w k1j ]qr SValUCb ] dZU [ew dZUej Î U g^XfY S ] k ] b XfY RuSsUzR Y k�Ssa1UCb ] dZU [Kw dfUKjÎ U g^XfY S ] WsUKyFUKd?UKR [ a ] SVa1UeWK�Ã a1UKjxU r¬] W [ UejzRqWxU X dZd w jxSsWVRuSsUKk XfY Ssa1U g WVRuy1a ]ur y ] SVU Y S X Rqd6U Y UeW gqp IKJ }qUKWxj w j�k X j³S�R Y1[ U�jsUKyËÒRqWsRuS XfY1g b ] dfU [Kw dZUKj�� ¯ jxUKU�Ñ Xfg^w WxU ° � �4² �|P(U»SVWsUKRuSzSsa X j g WsRqy1a RujCR X b´R gqXZY RqW p W ] dZdfUKW [K] RqjxSsUKWK�Ã a1U�a1U Xfg aºS ]ur SVa1U g WsRqy1aUG´k1UeSsUKWsb XZY UKj{SVa1U¸y ] SVU Y S X RqdGU Y UKW gup ]qr SValU�y/R X W ]qr b ] dfU [Kw dZUKj XfY UÞÊËÒR [ SVd p SVa1U¸jVRqb&U|_½R p Rqj{SVa1U¸a1U XZg aºS ]qr Ssa1U Î RqdZd ]^Y Ssa1U�W ] dfdZUKW [e] Rqj³SVUKW�k1UiSVUKWxb XfY UKj X Ssj{y ] SsU Y S X RqdU Y UKW gup � Ã a1U»jxSVUeUKyFUKW�SVa1U�jxd ] yFU ]qr SVa1U g WsRqy1a<·lSsa1U»d RqW g UKWtSsa1U»RuSsSsWVR [ S X }^U ] W�WsUey w dfj X }qU r¬] W [ Uq�
� ] SsU¼Ssa/RuS�RTS�Ssa1U>d ] _¡UKj³S�y ]^XZY S XZY Ssa1U g WVRqy1a6·FSsa1U Î RudZd-a/RqjzR Y U g RuS X }^U>y ] SsU Y S X Rqd-U Y UeW gqp]qr � � · [e] WsWxUKjsy ]^Y k XZY1g S ] R»y ] j X S Xf]^Y RuS{SValU ÎF] SxS ] b ]ur SValU´¿ d UÍRqk � UÍR�}uRqdZdfU p À1� Ã a1U#-/RuS�y/RqWxS



� m ���������
	������	���	������������������
	������! "	#��$
 %���'&��!����	�(

−1.0 0.0 1.0 2.0 3.0 4.0 5.0
r

−1

0

1

2

3

E
P

r=4

Both attractive anda)
repulsive forces are
very small

−1.0 0.0 1.0 2.0 3.0 4.0 5.0
r

−1

0

1

2

3

E
P

r=1.5

b)

Attractive forces

−1.0 0.0 1.0 2.0 3.0 4.0 5.0
r

−1

0

1

2

3

E
P

r=1

c)

Repulsive forces

−1.0 0.0 1.0 2.0 3.0 4.0 5.0
r

−1

0

1

2

3

E
P

r=1.12
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Repulsion compensates
attraction

Ñ Xfg^w WsU ° � � m�E ] SVU Y S X Rqd1U Y UKW gqp I�b ]qr¢XZY SsUKWsb ] dfU [Kw d RqW r¬] W [ UKj�Rqj r¬w1Y1[ S XZ]qY&]ur Ssa1U XZY SVUeWsb ] dZU [Kw dZRqWk X jxS�R Y1[ U �Ë� ) R [ a�y/R X W ]ur-g WVRqyla1j X dfd w j³SVWsRuSVUej{Ssa1U XfY SsUKWsR [ S XZ]^Y`]qr SÓ_ ] RuS ] b&j ]qr-Yl]^Î dZU g RqjxUKj|RuSk X Ì6UeWsU Y Stk X j³S�R Y1[ UKj r W ] b UKR [ a ] Ssa1UKWe� Ã a1UCRuS ] b&jtRqWxU�jxa ] _ Y Rqj Y U g RuS X }qUKd p [ a1RqW g UekvUKdfU [ SVW ]qY[ d ]^w k1j-_ X Ssa>jxb´Rqdfd [KX W [ dfUKj�RuS:SVa1U [ U Y SsUKWK· XZY k Xf[ RuS XZY1g y ] j X S X }^UKd p�[ a/RqW g UKk YEw1[ dZU X � Ã a1U¡SÓ_ ] d RuW g U[KX W [ dZUKj¡jsa ] _QUeÌ¢U [ S X }^U�RuS ] b XZ[ j X kKUKje·l_�a Xf[ a [K] WxWsUejsy ]^Y kvS ] SVa1UCb XZYlX b`Rqdlk X jxSVR Y1[ Uu·1RuS ] b&j [ R YRqy1ylW ] R [ a UÍR [ a ] Ssa1UKW�k w W XZY1g R [K] dfd X j XZ]qY RuS»d ] _	SVUeb`yFUKWsRuS w WxUq�.* ÎF] }^U SVa1U&RuS ] b`jC_¡U&jsa ] _SValU¸y ] SsU Y S X Rqd1U Y UKW gup d R Y k1j [ Rqy¢U ]qr SValU¸y1R X W ]ur RuS ] b&jK� Ã alU�jxb´Rqdfd Î RudZd XfY k Xf[ RuSsUKjäSValU�R Y Rqd ]qgqp_ X Ssa*SVa1U g WVRÍ} X SVRuS Xf]^Y RqdFy ] SVU Y S X Rqd¢¹/UKdfk<� Ã a1U Î RqdZd XfY SVa X j|d R Y klj [ Ruy¢U�a/Rqj|Ssa1U�jVRqb&U�y ] SsU Y S X RqdU Y UKW gup RqjOSVa1U¸y/R X W ]qr RuS ] b&jK� Ã alU r¬] W [ UejtR [ S XfY1g�]^Y Ssa1U¸RuS ] b`j�RqWxU¸ylW ] y ] WxS XZ]^Y Rqd8S ] = � ;KX>^ Æ Z ;]qr SVa1U�dZR Y k1j [ RqyFU»RuS|SVa1U Î RudZdA1Áj½d ]8[ RuS Xf]^Y �
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]qr SVa1U g WsRqy1a r¬] W¸R�}^UeW p d RuW g U � [e] WsWxUKjxy ]^Y k1j|S ] ¿ � UKk X SVUeWsWsR Y UÍR YÄ� UÍR dZUe}qUKdfÀ1�
� * � ) � mK*½Sä}qUKW p d RqW g U�k X j³S�R Y1[ UKjäSsa1U g WsRqy1a X j [K] b&y1dZUiSVUed p -GRuSORqjäjsa ] _ Y&XZY Ñ XZg^w WsU ° � � RzR Y k ]^w WÎ RudZd<k ] UKj Y1] S�b ] }^Uu��+ Y b ] dZU [Kw dZRqW¡SsUKWxb`je·1SVa1U�b ] dZU [Kw dfUKj Y U X Ssa1UKW¸RuSxSVWVR [ S Y1] W�WxUKyFUKdã�
� * � ) �8mK*½S¼k X j³S�R Yl[ UKj [ d ] jsUeW»Ssa/R Y Ssa1WsUeU´b ] dZU [Kw dZRqW�k X Rqb`UiSVUeWsj»Rqj»jsa ] _ Y�XfY Ñ Xfg^w WsU ° � �ÍÎ · ]^w WÎ RudZd/W ] dZdZjOdfU r S�k ] _ Y S ] Ssa1U�d ] _tUeW¡dfUe}^Uedã��+ Y SVa X j [ RqjsUu·8Ssa1U�b ] dfU [Kw dZUKj�RqWxU�jxS X dZd/jxUKy/RqWsRuSVUekÎºp WxUKd RTS X }qUKd p d RuW g UCk X jxSVR Y1[ UKj�R Y k�RqWsU�_¡UÍRqoEd p RuSsSsWVR [ SVUek�S ] UKR [ a ] SVa1UeWK�
� * � ) ° mK*½S¸}^UeW p jsb`Rqdfd<k X j³S�R Yl[ UKje·¢jxa ] _ Y XZY Ñ Xfg^w WxU ° � �Í[ · ]^w W Î Rqdfd?b ] }qUKj �ËwlXZ[ oEd p S ] Ssa1U¼W XZg aºSk w U�S ] SVa1U�jxSsUKUeyÄjsd ] yFU XZY k Xf[ RuS XZY1g Ssa/RuS|Ssa1U�b ] dfU [ew dZUej½WsUey¢Ued:UKR [ a ] SVa1UeWK�
� * � ) m m¸Ñ XfY Rqdfd p · Xfr Ssa1U Î Rqdfd X j´yld R [ UKk!RuS`SVa1U ÎF] SxS ] b ]qr SValU [Kw W³}^U�jxa ] _ YQXfY Ñ Xfg^w WxU ° � � k<·]^w W Î RqdZd/k ] UKj Y1] S�b ] }^U�RuS½RudZdã� Ã a X j�k X jxSVR Y1[ U [e] WsWxUKjsy ]^Y klj¡S ] SValU�b XZY1X b w by ] SsU Y S X RqdU Y UKW gqp ·TSVa1U [K]qY ¹ g^w WsRuS Xf]^Y RuS-_�a XZ[ a¼RuSxSVWVR [ S X }^U�R Y k»WsUey w dfj X }qU r¬] W [ UKj Î UiSÓ_tUeU Y b ] dZU [Kw dfUKjÎ Rud R Y1[ U�UÍR [ a ] SValUKWK� ��] dZU [Kw dfUKj XZY SVa X j [K]qY ¹ g^w WsRuS Xf]^Y a/RÍ}^U Y1] 9<;>= r¬] W [ Uq�P(U [ R Y Rqdfj ] dfUÍRqW YÄr W ] b ¹ g^w WsU ° � � _�a p j wlÎ jxSVR Y1[ Uej»RuS�k X Ì6UeWsU Y SCSsUKb&y¢UeWVRuS w WsUejCUiÊ X jxS XZYk X Ì6UeWsU Y S¼jxSVRuSVUejKm g RujsU ]qw jK·äd XZ�Ew1X k�R Y k(j ] d X k<����U [ RqdZd XZY1g Ssa/RuS»SVUKb&yFUKWVRTS w WxU X j¼R�b`UKRqj w WsU ]qrSValUÄRÍ}^UeWVR g UÄo XZY UiS Xf[ U Y UKW gqp ]qr b ] dfU [ew d RqW R Y kcRTS ] b XZ[ b ] S Xf]^Y ·O_¡U [ R Yc[K]qY1[ d w k1U�SVa/RuS`RuSd ] _¾SsUKb&y¢UeWVRuS w WsUejK·1b ] dZU [Kw dfUKjtRqWsU¸SVWVRuy1y¢Uek XZY R�WxUKdZRuS X }^UKd p W Xfg^X k`jxSVW w1[ S w WsU r¬] Wsb XZY1g R [ W p j³S�Rqdd RTSsS Xf[ Uu� Ã a1U�b ] dZU [Kw dfUKj¸y ] j X S XZ]^Y SVa1Ueb`jxUKd~}^UKj�RTS�R´k X jxSVR Y1[ U¼SVa/RuSCb XfY1X b X keUKj|SVa1U X W�y ] SsU Y S X RqdU Y UKW gup ·1SValU p j X S XZY Ssa1Un¿ d UÍRuk � UÍR�}uRqdZdfU p 1ÁjsÀ ]qr SVa1U X b´R gqXZY RqW p y ] SVU Y S X Rqd<U Y UKW gqp dZR Y k1j [ RqyFUq�Ã a1U p a/RÍ}^U�o XfY UeS XZ[ U Y UKW g^X UejtSVa/RTS|RqWxUCb w1[ a*jxb´RqdfdZUeW�Ssa/R Y SValUCy ] SVU Y S X RqdFU Y UeW gqp´Î RqWxW X UeW¡Ssa1U pY UeUKk�S ]�] }^UeW [e] b`U X~r SVa1U p RqWxU g^]^XfY1g S ] UKj [ RqyFU�Ssa1U|WsUed RuS X }qUKd p W XZg^X k>j ] d X k>jxSVW w1[ S w WsU ¯ jsUeU�¹ g^w WsU° � � ² �+ r _¡UCy w StR Î RudZdGRuS�SVa1U¸d ] _¡UKj³S½y ]^XZY S ]^Y´]qw W X b´R g^XZY RuW p W ] dZdfUKW [e] RqjxSsUKWtR Y k´o Xf[ o X S g U Y SVd p ·X S¸_ X dfd-b ] }^U Î R [ onR Y k r¬] WxSVa Y UÍRqW¸SVa X j�d ] _tUejxS�y ]^XZY SK· Î1w S Y Ui}^UKW�b`R Y R g U»S ] Uej [ Ruy¢Uu��+ Y SVa1UjVRub`U�_½R p ·6b ] dZU [Kw dfUKj XZY R [ W p jxSVRqdZd XZY U�d RTSsS Xf[ U�} XZÎ WsRuSVU Y UKRqW¸Ssa1U X W�b XfY1X b`Rqd6y ] SsU Y S X Rqd-U Y UeW gqpy ] j X S XZ]qY jK�

*zjz_¡U�a1UKRuS ]qw Wzj w1Î jxSVR Y1[ Uq·<SValU>b ] dZU [Kw dfUKj¸b ] }^U r RqjxSsUKWCR Y k r Rqj³SVUKWe�/0 [K[ Rqj Xf]^Y Rqdfd p j ] b`U]qr SVa1Ueb R [e�Ew1X WxU�R�o XZY UeS Xf[ U Y UKW gup d RqW g UKW�SVa/R Y Ssa1U�y ] SsU Y S X RqdlU Y UKW gqp�Î RuWsW X UKW{R Y k Î WsUÍRuo�RÍ_½R p �
��UeS w W Y1XfY1g S ]�]^w W�W ] dfdZUKW [K] RujxSVUeWK· Xfr _¡U|o XZ[ o ]^w W Î RqdZd8a/RqWxk�U Y1]^wlg a<· X Sä_ X dZdËUKj [ RqyFU|SVa1U ÎF] SsS ] bdZUi}^Ued ]qrF]^w W g WVRqy1a6� +ÿSVjOo XfY UeS XZ[ U Y UKW gqp k1U [ WxUÍRqjxUKj ÎEp SVa1U�Rub ]^wlY S ]qr y ] SVU Y S X Rqd8U Y UeW gqp>X S g R XZY jRqj X S [ d X b Î j w y´Ssa1UCa X dZdã�-P�Uzo Y1] _¶Ssa/RuS�_½RTSVUKW XZY´[e]^Y S�R [ S½_ X Ssavb&UKdfS XZY1g�Xf[ U g UeSVj [K] dfk1UKWem�SVa1Uo XZY UiS Xf[ U Y UKW gupÄ]qr SVa1U>_tRuSsUKWCb ] dZU [Kw dfUKj X j�SVWsR Y j r UeWsWxUKk S ] SVa1U¼y ] SsU Y S X Rqd:U Y UeW gqpn]qr Ssa ] jsU XZ[ Ub ] dZU [Kw dfUKj�Ssa/RuS¡RqWsU|jxUKy/RuWVRuS XZY1g SValUKb&jsUKd~}^Uej r W ] bSsa1U XZ[ U [ W p jxSVRqdGR Y k&b ] } XZYlg�XZY S ] SValU¸d XZ�Ew1X k<�



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

0 1 2 3
−1.5

−0.5

0.5

1.5

Potential barrier

Ñ Xfg^w WsU ° � �8m E ] SsU Y S X Rqd{U Y UeW gqp ]qr b ] dfU [ew dZU XZY [ W p jxS�Rud¡dZRuSsS XZ[ U X j¼RTS�R�b XfY1X b w bn� E ] SVU Y S X RqdÎ RqWxW X UKW|b w j³S Î U ] }^UeW [e] b`U Xfr b ] dZU [Kw dfU X j½S ] dZUÍRÍ}qU»Ssa1U�j ] d X k*jxSVRuSVUu�
*½S¡}qUKW p a XZg a SVUeb`yFUKWsRuS w WsUKje·ËRqdZdlSsa1U�b ] dZU [ew dZUejOjsUey/RqWVRTSVU r W ] b UKR [ a ] SVa1UeWK��+ r _tU¸o XZ[ o ]^w WÎ Rqdfdl}^UeW p a/RqWxk<· X S{W ] dZdZj{RÍ_tR p�r W ] b Ssa1U�y ] SsU Y S X Rqd/b XZY1X b w b�·qWsUKR [ a1Uej¡SValU�y1dZRuSVUKR w y/RqW³S ]qr SVa1Ug WsRqy1a<·�R Y k [e]^Y S XfYËw UKj>S ] W ] dZd r¬] WxUe}^UeW�� ] W¼_ ]^w dfk<·�_¡UKWxU X S Y1] S r¬] W�SVa1U r W Xf[ S Xf]^Y�r¬] W [ UKj»SVa/RuSUe}qU Y S w RqdZd p jsd ] _ X SCk ] _ Y � + Y Ssa1U�jVRub`U�_tR p ·?_½RTSVUKW�b ] dfU [Kw dZUKj�dZUKR7}qU�SVa1U�j w W r R [ U ]qr�Î¢]qX d XfY1g_tRuSVUeW�R Y knb ] }^U»RÍ_½R p RuS�a XZg a*}^Ued ]Ë[KX S X Uej XZY Ssa1U r¬] Wsb ]ur _tRuSVUeW|}qRuy ] We�
�������
	���������������
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��U [e]^g^Y1X kKUCSValU r¬] W [ Uej|SVa/RuS�R [ SVj Î UeSÓ_¡UKU Yy/RuWxS Xf[ dfUKj ]qr�g Rqj¸R Y knWxUKd RTSVUCSValUKjsU r¬] W [ Uej¸S ] Ssa1Ub`R [ W ] j [e] y Xf[�Î Uea/RÍ} Xf] W ]qr SVa1U�j w1Î jxSVR Y1[ Uq�
,.-0/GFH<JIBI&3&6@KL3MIB6N:D-�E

OQP Z ^ ÆTÇ ; Ssa1U�b Xf[ W ] j [e] y XZ[zXZY SVUeWVR [ S XZ]qY j ]qr SÓ_ ]Y1]qÎ dZU g Ruj�RuS ] b&jK�
R =`]LS C a ] _¶SVa1U r¬] W [ Uej�R [ S XfY1g Î UiSÓ_tUeU Y RTS ] b&j ]qrY1]qÎ dZU g RujsUKj�k1Uey¢U Y k ]qY Ssa1U�k X j³S�R Yl[ U Î UiSÓ_tUeU YSsa1U�SÓ_ ] RuS ] b`je�
OQP Z ^ ÆTÇ ; Ssa1U�WsUed RuS XZ]^YvÎ UeSÓ_¡UKU Y SValU XfY SVUKW Y Rqdy ] SVU Y S X Rud<U Y UeW gqp R Y k�SVa1U XZY SsUKWVRTS ] b XZ[¸r¬] W [ UKjK�
T ; X>= Xfr SValU»dZRÍ_ ]qr�[K]qY jsUeWx}uRuS Xf]^Y�]qr U Y UKW gqp*X jjsRuS X jx¹/Uek<�
UK;>^_[D= ; SsUKb&y¢UeWVRuS w WsU�R Y knj³SVWsU Y1g Ssa ]qrXfY SsUKWxb ] dfU [ew d RqW r¬] W [ UKj|S ] Ssa1U�y1a/RqjxU [ a/R Y1g UKje�

� RuoqU�SÓ_ ] [e] y X Uej ]qr SVa1U r¬] dZd ] _ XfY1g SVR Î dZUu� dC]�Y1] S½¹1dZd6k1RuS�R XZY Ssa1U [K] d w b Y dCX j³S�R Yl[ U XZYSsa1U�jsU [e]^Y k [K] y p �
� ] � ]qr dCX j³S�R Y1[ U E�RqWxS XZ[ dZUD1Áj V XfY UeS XZ[ E ] SsU Y S X Rqd Ã�] SVRqd Ñ XZY Rqd
) Ê8y¢UeW X b`U Y S W¡UKa/RÍ} XZ] W ) Y UKW gup ) Y UKW gqp ) Y UKW gup � S�RuSsU� ° � �� �8� 3° 3 � �
m � � �
X j XZYlg Ñ Xfg � ° � � b´RuoqU p^]^w W¡y1WxUKk Xf[ S XZ]^Y je· XZY SVa1U r¬] dfd ] _ XZY1g UiÊ8y¢UeW X b`U Y SsjK· [K]^Yl[ UKW Y1XZYlg SÓ_ ]y/RuWxS Xf[ dfUKjK·8_�a ] jsU [ U Y SVUeWsjCRuWsU�jsUey/RqWsRuSVUek Îºp m�7² b ] WxUCSVa/R Y ° y/RqW³S Xf[ dZU�k X Rqb&UeSsUKWsj
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� ² Ruy1y1W ] Ê X b`RuSsUKd p ��y/RqW³S XZ[ dZUCk X Rqb&UeSsUKWsj° ² dfUKjxj�Ssa/R Yh� y/RqWxS XZ[ dZUCk X Rqb&UeSVUeW
m ²�� �ó��y/RqW³S Xf[ dZUzk X Rqb&UeSsUKWxjÑ X dZd p^]^w W�ylWsUKk XZ[ S XZ]^Y j XZY SValUh¹1WsjxS [e] y p!]qr SVa1U�SVR Î dZU w j XZYlg SVa1U r¬] dfd ] _ XZY1g y ] jxj XfÎ dZU[ a ]qXZ[ UejKm

E�RqWxS XZ[ dfUD1Áj WtUKa1R7} Xf] WKm � SVR pvXZY y1d R [ U ¯ * ² · *½SxSVWVR [ S ¯ W ²|] W �¸Uey w dZjxU ¯ �|²V XZY UeS Xf[ ) Y UKW gqp m � S�R p j [e]^Y jxSVR Y S ¯ * ² · + Y1[ WxUÍRqjxUKj ¯ W ²½] W d U [ WxUÍRqjxUKj ¯ �|²E ] SVU Y S X Rqd ) Y UeW gqp m � S�R p j [e]^Y j³S�R Y S ¯ * ² · d U [ WsUKRqjsUej ¯ W ²½] W!+ Y1[ WxUÍRqjxUKj ¯ �|²Ã:] S�Rud ) Y UKW gqp m � S�R p j [K]^Y j³S�R Y S ¯ * ² · d U [ WsUKRqjsUej ¯ W ²½] W!+ Y1[ WsUÍRujsUKj ¯ �|²Ñ XfY Rqd � S�RuSsU¼m E�RqW³S XZ[ dZUej�j³S�R p Rqy/RuWxS ¯ * ² ·�0Cj [KX d RuSsU Y UÍRuW¡U �Ëw d XZÎ W XZw b#y ] j X S XZ]qY ¯ W ² · ��] }qUr WxUKUKd pvXfY Ssa1U�U Y S X WsU ÎF] Ê ¯ �|²½] W � SVR pv[ d ] jsU�S ] UÍR [ a ] Ssa1UKW XfY ¹8ÊlUekÄy ] j X S Xf]^Y ¯ d�²
� ] _ pq]^w _ X dfd/SVUKj³S p^]qw Wty1WxUKk Xf[ S XZ]^Y j Îºp yFUKW r¬] Wsb XZY1g SValU �8X b w � R Î R Y kvWsU [K] Wxk XZY1g»p^]^w W]^Î jsUKW³}uRuS Xf]^Y j XZY Ssa1U�jsU [e]^Y k [K] y p�]qr SVa1U�SVR Î dZUu�� �#0Cy¢U Y������ ·/jsUKdfU [ S¸¹1dZU

�
	 :D6�1�� -0IB698 /$IBKL1 XfY Ssa1U� 	�691����r¬] dfk1UKWe� � ]^w jsUKU¼R�j XfY1g dZU�y1RqWxS XZ[ dfU XZY Ssa1U[ U Y SsUKW ]qr Ssa1U�y/RqW³S XZ[ dZUCj [ WxUKU Y �

�8�KEOWsUejsj � :DK�1=:
Ã a1U�y/RqWxS XZ[ dZU X j [e] b&y1dZUiSVUKd pb ] S XZ]^Y dZUKjxjK��P(RuS [ a�Ssa1U g WVRqyla ]ur Ssa1UU Y UeW g^X UKj¸RuS|SValU»W XZg aºS�y/RuWxS ]qr SVa1Uj X b w d RuS XZ]^Y _ XZY k ] _���+ÿS�jsa ] _�jo XfY UeS XZ[ ·1y ] SVU Y S X Rqd±·1R Y k�S ] S�Rqd<U Y UKW gqp]qr Ssa1U�y/RqW³S XZ[ dZU�Ruj r¬wlY1[ S XZ]^Y j ]qr S X b`UÎEp SVa1U�WsUek<· Î d w Uq·GR Y k Î dZR [ o´d XZY UejK·WsUKjxy¢U [ S X }^Ued p ��+ r SVa1U�WxUKk ] W Î d w U�d XZY UKjRqWsU XfY } X j XZÎ dZUq· X S�b&UÍR Y j�Ssa/RuS|Ssa1U pUiÊlR [ Ssd p´[K]^XfY1[KX k1U�_ X SVavSValU Î d R [ o`d XfY Uq�
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° �KEOWsUejsj�� K)/$A76 �
Ã a1U�y ] SsU Y S X Rqd<U Y UKW gqp�]qr R j XZY1g dZUy/RqWxS XZ[ dZU X j|k1Ue¹ Y UKknS ] Î U/kKUeW ] ·Î U [ R w jxU ]qw W|y/RqW³S XZ[ dZUCk ] Uej Y1] SXZY SVUeWVR [ S|_ X SVa�R Yºp�] Ssa1UKW|y1RqWxS XZ[ dfUKj ] WX SVj|j w WsW ]^w1Y k XZY1g je�

� ° � �8mäP!a/RuS X j½Ssa1U�o XZY UiS XZ[ U Y UKW gqp*]qr SValUy/RqW³S Xf[ dZU Â ) Ê8y1d R XZY*p^]^w W�R Y jx_¡UKWe�
� ° � ° mäP!a/RuS X j½Ssa1U�S ] SVRqd<U Y UKW gqp*]qr SVa1U�j p j³SVUeb Â

m ��� 69A76 : ���� 6�1 < � 6 	0: r W ] b�Ssa1U	� <JI 6b&U YEw �
� ]^w _ X dZd Î U�y1d R [eXZY1g R Y1] SValUKW|y/RqW³S Xf[ dZURuS|}uRqW Xf]^w j|k X jxS�R Y1[ Uej r W ] b�Ssa1UUiÊ X j³S XZYlg RTS ] b�R Y k�jxS w k p SVa1U X WXZY SVUeWVR [ S XZ]qY �

� � � UedZU [ S�� KL1D:=<B8 IB69A r W ] b�SValU �
 <?:b&U YEw � Ã a1U�k X Rud ]^g�ÎF] Ê �
 < :
� KL1D:=<B8 I 6 A Rqy1yFUÍRqWxjK� � UKdfU [ S��
�

� KL1D:=<B8 I 6�� R Y k [ d Xf[ ovb ]qw jsU XfY j X k1USValU»y1RqWxS XZ[ dfU ÎF] Ê Y UÍRqW|Ssa1U�UKk g Uu�

* Y Ue_ g WsUKU Y y1RqWxS XZ[ dfUz_ X dfd?Rqy1yFUÍRuWK�
� �KEOWsUejsj � :DK�1=: ·1_½R X S¸Rqy1y1W ] Ê X b´RTSVUKd p �S X b`U w1Y1X Ssj¸R Y k�y1WsUejsj�� K)/$A76 � X j XfY1gSValU g WVRqy1a6·/WsU [e] Wsk p^]qw W ]^Î jsUeWx}uRuS XZ]^Y jXZY Ssa1U�S�R Î dfU�R Y k [K] b&y/RqWxUCSVa1Ueb_ X Ssa p^]^w W¸y1WxUKk Xf[ S Xf]^Y �
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