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(
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N −→ N − 1

L −→ L ± 1
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©�\ YHh�y{KMdeONcThna~LUO�KwZXYQhnc�O�YH]HPR\Xan]Hc�]�W:PR\tSUan]Hc 	[K�q5Y�\,Z��nc�LeYNY�\tSfabYH\XZ[YNV8Y�dey{Y�]�Smc��
O�YH\}SfY�hjc@LeWXV8YHde]HKM\[ZXWX]�SUab�*anZ:cTZ¥oX��c@SfY�KMd �nc@ZXYzhnc@LUW[V3Y�dU]�KM\XZXW[]�Sfa~�§abZ:cRZFLUYzV[dUKMVXW[LUK
c �X\:cRhbYHLEZXYzhnKMLEc �XKML ® � ! !�V8KMd ��cRdUZXY�YH\¥¨:¢�K*KMV8YHd�q 2§]
	XdUY�a��3YHd�qNZXY�LUZXY�YH\}SfKM\X]�YHL
LUY�]HKR\XK*]HY�]HKM\QhjcRL�VXdUabOQY�dfcRL�an\Xab]HancRh~YHL�ZXY�YHLlSfKML£]�anY�\tS � �:]�KMLH¨MSfYHKRd �nc ��¢ 28o§��cvSUYHKMd��jc
��¢ 2NYHLE]HKROQV[hnab]&cRZXc@OQcTSfY�ONP Sfab]HcRO�YH\}SfY VXcRdfc@SfdUcTSmcTdUhjc"Y�\wY�LeSUY�]HWXdeLUK'V8YHdeK'V8K*ZXYB�
O�KML�Z[anLU]�W[Sfabdz_XdUYB�MYHO�YH\}SfY�hnc�anZXYHcF_:PTLUan]Hc[o�©�h«KMdUab�MYH\�ZXY'hjc�LeWXV8YHdU]�KM\XZ[WX]�Sfa~�§abZ:cRZ

¬"!



Y�L�YHh«cR]HKMV[hjcRO�abY�\tSfKNZXY`YHhbYH]BSfdUKM\[YHL�V8KMdzV:cTdUY�L �µV:cRdeYHL�Z[Y�¢�K*KMV8Y�d � o¥��c�anZXYHc�Y�L�hjc
LUab�MWXabYH\}SfYR¨�]HWXcR\XZXK�WX\5Y�hnY�]�SfdexM\kLUYuO`WXY��MYuY�\gY�h�]HcROQV8KF]HdUYHcRZXK�V8KMd�WX\XcwdUY�Z5ZXY
abKM\XYHL � ¨�ab\tSUYHdUcR]�SU�:c
]HKM\�hnc
deYHZ,q VXWXY�ZXYFVXdUKr�MK*]&cTd`YBª§]�abSmcT]HanKR\XYHL � �*an_XdUcR]HabKM\XYHL �
Y�\Ni�LeSmc§o§©�LUcRL��*an_XdUcR]HabKM\XY�LH¨}ZXYH\[KMOQab\:cRZ:cTL�� �����������B¨MVXWXY�ZXYH\Nan\}SfYHdUcR]�SUW:cRd�]�KM\QKRSfdeK
Y�hnYH]BSfdexM\�qQSfdUcR\XLey{Y�dUabdUhbY�Y�\XYHde�#�jc�ZXYzOQK*Z[K`stWXY�YHh�YBy{YH]�SUKu\XYBSfK'YHLEs*W[Y"¬�YHhbYH]BSfdeKM\XYHL
ZXYz]HKM\[ZXWX]H]�anxM\�¨XstWXY�VXWXY�ZXYH\�Y�LeSmcTd�LeYHV:cRdUcRZXKML�WX\Xc'ZXabLeSfcR\X]Hanc��MdUcR\XZXYT¨XLeY�YH\[]HWXY�\§�
SfdUcR\w]HKMdedUYHhncR]�anKM\:cTZXKMLEV8KMd!O�YHZ[ajcR]�anxM\�ZXYvhjc`dUYHZ�o
©�\�WX\w]HKR\XZXWX]BSfKMd�\XKMdUOQcRh ¨§hbKMLEYHhbYH]�SUdUKM\[YHL!ZXYz�TcRhbYH\[]Hajc`K*]�WXV:cR\wYHLlSmcRZXKRL�]�YHde]&cR\[KML
ckhnckO�a~SmcRZ�ZXY�hnc�_:cR\XZXc5Ywan\tSUYHdUcR]H]�anKM\XcR\ ZXiH_XabhnO�YH\}SfYF]�KM\�hnckdeYHZ¥¨�V8KMduYHhbhnK�LUY
]�KMOQV8KRdeSmcT\g]&cRLea£]�KMO�K�LUa�y{WXYHdUcR\ hnab_XdUY�LHo���KML@O�YBSmcRhbYHL"]�KM\,Y�hnY�]�SUdUKM\XY�L�YH\ OQa~SmcRZ
ZXY�hjck_XcR\XZ:c5ZXY�]HKM\[ZXWX]H]�anxR\ LUKM\�_XWXY�\XKMLQ]HKM\[ZXWX]�SUKMdUY�LH¨�V8KMdUstWXY�i�LeSfKRLQLUY�O`WXY �
�MY�\Qhnab_XdUY�OQY�\tSUYRoM� \�LUW[V8YHdU]�KM\XZXW[]�SfKMd�Y�L�ZXabLeSfab\tSUKX¨RhnKRL�YHhbYH]BSfdUKR\XYHL�an\}SfYHdUcR]�SU�:cR\'SmcR\
y{WXY�deSfY�O�YH\tSUY@]HKR\
hjcudeYHZ
stWXY@YHh�dUYHLeWXhbSfcRZXKQ\XYBSfKQYHL stWXY�hncudUY�Z�cR]�SU�:cQ]�KMO�KQO�YHdeK
V8KMdlSmcRZXKRdzZ[Y'an\§y{KMdUOQcR]�abxM\
Y�\tSUdUY'hnKRL�V:cRdUY�L�ZXYu¢�K*KMV8YHd�q
YHL�]HKROQK�LUa�\XK 	tWX_XanY�dfc
ab\tSfY�dfcR]�]HabxM\�cRhb�MWX\Xc[o

��c'SfY�OQV8Y�dfcTSUWXdfcu]Hd��bSUan]&c'hncuZ[Y�SfY�dUO�an\:c'hjc'YH\XY�dU�#�ncuZXY"YH\XhncR]HY"Z[Y@hbKML ¬
e−
s*W[Y

y{KMdeONcT\0YHh�VXcRd�ZXY�¢�K*KMV8Y�dHo
Tc ≈ 10 K

]HKMdedUYHLeV8KM\XZXY�c5Y�\XYHde�#�jc5Z[Y�YH\XhncR]HY�ZXY
≈ 10−3 eV

o�

T ≤ Tc

hbKML�V:cRdUY�L�LUKM\�YHLlSmcR_XhbYHLzq
LeY'O'W[Y��MY�\5hban_XdeYHO�YH\}SfY�V8KRdzhjc
dUY�Z�LUan\wdUY�LUabLeSfa~�§abZ:cRZwcRhn�RWX\:c[o


�hn�RWX\:cRLzcRV[hnan]HcR]�anKR\XYHL ZXY`hjcQLUWXV8Y�dU]�KM\XZXWX]BSfab�*abZ:cRZkV8K*Z[dfPR\�LeYHd�¨¥LUa�LUY'V[WXZXanY�dfc
]�KM\XLUY��MWXabd�stWXY

Tc ≈ Tambiente

­3hbKML ]HcR_XhnY�L�ZXY`cRh~SmcuSUYH\XLeanxM\
LUan\
V8iHdeZXanZ:cTLH¨3abOQcR\XYHL
LUW[V8YHdU]�KM\XZ[WX]�SfKRdUYHL V:cRdUc'SUdUYH\[YHL!qFLeanLeSUYHOQcRL�ZXY"cR]HY�hnY�dfcR]�anxM\¥¨[Y�SU]Ro

�u< � ��� 	HC£> ��
wDwC ��>��
�!I
� \0LUY�OQab]HKR\tSfW[]�SfKRd'YHLuWX\0OQYBSmcRh�]HKR\0WX\0�}cRV ZXYwY�\XYHde�#�jc

≈ 1 eV
YH\}SfdUYwhjc

_:cT\XZ:c�Z[Yv�TcRhbYH\X]�ajc`qFhjc'ZXY"]�KM\XZXWX]�]HabxM\¥o 

T = 0 K

hncu_XcR\XZ:cuZXYv�TcThnY�\X]HancuY�LeSmP
hbhnYH\Xc"qNhjc@ZXYz]HKR\XZXWX]�]HabxM\F� cR]Hanc[o�


T 6= 0 K
hjc@YBª§]Ha~SmcR]�anxR\�SUiHdeOQab]&c@VXdUKROQK*]�anKM\Xc

cRhb�MWX\XKRL
e−
ZXY`hjcN_:cT\XZ:c�ZXY`� cRhnY�\X]Hanc�c�hjcNZXY`]HKM\[ZXWX]H]�anxR\¥o�©�LUstWXY�OQPTSfab]&cRO�YH\}SfYT¨

hnc'K*]�WXV:cR]�anxM\wZXYvhjcRLE_:cR\XZ:cTL�Y�\
T = 0 K
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$�cRdfc
T > 0 K

Y ª§anLeSUYNWX\Xc
V8Y�stWXY��:c
VXdUKM_XcR_XanhbabZ:cTZ5stWXY�cRhn�RWX\XKML"Y�hnY�]�SfdeKM\XY�L
LfcThbSUYH\�Z[Y"hnc'_XcR\XZ:cuZXY��TcThnY�\X]Hancucuhnc'_:cT\XZ:cuZXYv]�KM\XZXWX]�]HabxM\¥o
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T>0 K
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nivel de Fermi

©�\FY�LeSfc`LUabSUW:cR]�anxM\NY�\Fhjc@stWXY
T > 0

V8Y�dUK'Y�h��McRV�ZXYzYH\[YHdU�"�jc�Y�L
≈ 1 eV

¨§WX\XKRL
V8K*]�KML@Y�hnY�]�SUdUKM\XY�L@VXW[YHZXY�\,V:cTLfcRdvZXY�hjcF_:cR\XZ:cwZXYu�TcRhbYH\X]�ajc�cwhjcFZXY�]HKR\XZXWX]�]HanxR\¥o
$�cRdUc!WX\@LUY�OQab]HKM\[ZXWX]�SUKMd�S �bVXan]�K ® YHhbYH]BSfdUxM\"ZXY�WX\@PTSfKMO�K!ZXY�]&cRZ:c
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PTSfKROQKML 	:cT]HY

Y�LeSfK[o8¤�LlSfY"YHL�WX\�\*�XO�YHdeK�V8YHstWXY��[K�V8Y�dUKQ\XK�]HY�dUKXo $�KRd�Y±¿eYHO�VXhnKX¨XVXcRdfcuY�h�]&cRLeKQZXY
WX\�cRabLUhjcT\tSUYz]�KM\w�}cRV

≈ 5 eV
hnc`VXdeKM_:cR_[anhna~Z:cRZ�ZXY�K*]HW[V:cR]�anxM\FZXYvWX\wY�LeSmcTZXK�Y�\�hjc

_:cT\XZ:c�ZXY`]�KM\XZXWX]�]HabxM\�YHL ® ZXY`]&cTZ:c
1044

o $�cRdfcNWX\:c�O`W[YHLeSUdfcNONcR]�dUKMLe]HxMV[an]HcNZXY
1020

P SfKMO�KMLEYH\�WX\�]HdUabLeSfcRh ­
]HKM\XZ[WX]�SUKMd

−→ 1020
YHhbYH]BSfdUKR\XYHL!ZXYv]HKM\XZ[WX]H]�anxM\

cRanLehjcR\}SfY
−→ 10−22 ≈ 0

YHhbYH]BSfdUKR\XYHL!ZXYv]HKM\XZ[WX]H]�anxM\
LUYHO�an]�KM\XZXW[]�SfKRd

−→ 1011
YHhbYH]BSfdUKR\XYHL�Z[Y"]�KM\XZ[WX]H]�anxM\¥o

��KRL�YHhbYH]�SUdUKM\[YHLzstWXY 	:cR\�abZXK�cNhncQ_XcR\XZ:cNZ[Y`]�KM\XZXW[]H]HabxM\ 	:cR\�ZXY±¿UcRZXK 	tWXYH]�KML
Y�\�hjc�_:cR\XZXcuZ[Y��TcThnY�\X]Hanc[o:¢�W:cT\XZXK�LeY"cRVXhban]Hc�WX\�]HcRO�V8KuY�hni�]�Sfdean]�Kuc'WX\wLUYHO�an]�KM\§�
ZXW[]�SfKRdH¨thnKML�YHhbYH]BSfdUKR\XYHL£Y�\Nhjcv_:cT\XZ:c"ZXY ]�KM\XZXWX]�]HabxM\NLUY O`W[Y��MYH\NVXdeK*ZXWX]�anYH\[ZXK�WX\Xc
]�KMdUdeanYH\}SfY'YHhbiH]�SUdUab]&c[o 
 h�O�anLeOQKNSfabYHO�V8KwhbKML�YHhbYH]BSfdUKR\XYHLvYH\5hjcF_XcR\XZ:cwZXY'�TcThnYH\[]Hanc
SfabYH\[ZXYH\�cNO�K��MYHdeLUY�K*]HWXV:cT\XZXKFhncRL��TcR]HcR\tSUYHLzstWXY 	:cR\�ZXY�¿UcTZXK�hnKML Y�hnYH]BSfdeKM\XYHL�s*W[Y
	:cT\uLfcRh~SmcTZXKvczhncz_XcR\XZ:czZXY�]HKM\[ZXWX]H]�anxR\ �{YHstWXa~�TcRhbYH\tSUYHO�YH\}SfY�hncRL��TcR]&cT\tSfY�L�LUY�O`WXY �
�MY�\�YHL�ZXabdUY�]H]HabxM\FKRVXWXYHLlSmcuc`hnKML�YHhbYH]BSfdUKR\XYHL � o�
�L��¥stWXY�	XcrqF¬�OQY�]&cR\XabLUO�KML�V8KMdEhnKRL
stWXY�LUY�V[dUK*ZXWX]�Y�WX\:c@]HKMdedUanY�\tSUY YHhbiH]�SUdUab]&c[o1
 WX\XstWXYzY�h3\t�XOQY�dUK�Z[Y�YHhbYH]BSfdUKR\XYHL�Y�\�hjc
_:cT\XZ:c@Z[Y ]HKM\XZ[WX]H]�anxM\NY�L�ab�MW:cRh:cRh7\*�[OQY�dUK@ZXY��TcT]&cR\}SfYHL£YH\Nhjcv_:cT\XZ:c@Z[Y��TcRhbYH\X]�ajc[¨
LUW[L!]�KM\tSUdUan_[WX]HabKM\XYHL�c`hnc`]�KMdUdeanY�\tSfYz\XYBSmc'\[KuLeKM\wan�MWXcRhnY�L£q}c'stWXY�hnKML�YHhbYH]�SUdUKM\[YHL�YH\
hnc�_XcR\XZ:c�ZXY']HKR\XZXWX]�]HanxR\5LeY'O'W[Y��MY�\5OQPRLzdfPTVXanZ:cTOQY�\tSUY`stWXY'hjcTL��TcT]&cR\}SfYHL�YH\khjc
ZXY��TcThnY�\X]Hanc[o:©�LeSUKQY�L�hbKustWXY"LeY"hbhjcRO�c�WX\�LUYHO�an]�KM\XZXW[]�SfKRd 
 ����� � �	� ��� � o

©�\�dUY�LUWXO�YH\�¨7Y�\�WX\�LUY�OQab]HKR\XZXWX]BSfKMd�an\}Sfd �b\XLUY�]HKX­
® o ��cT\tSfKRL�Y�hnY�]�SfdeKM\XY�L�]HKROQK,	tWXYH]�KML�YH\�hjc`_:cR\XZXcuZXY��TcRhbYH\X]�ajc[o
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YH\�Y�h�]HY�\tSUdUK�ZXYHh��}cRV�o
� o²¢�KM\tSUdUan_[W[qMYH\�cNhncQ]�KMdUdeanY�\tSfY@hbKML YHhbYH]BSfdUKR\XYHL�YH\�hjc�_:cR\[Z:cNZXY�]�KM\XZXWX]�]HabxM\�q

hnKML 	tWXYH]�KML�YH\�hjc`ZXY��TcRhbYH\X]�ajc[o
� o 
�VXdeKrª§anOQcRZ:cTOQY�\tSfY ® P SfKMO�KvZXY�]HcRZ:c
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]HKM\}SfdUab_XW[qMY�c"hnc�]HKM\XZ[WX]H]�anxM\Q]�KM\

® YHhbYH]BSfdUxR\¥o
��KRL�LUYHO�ab]HKM\XZ[WX]�SUKMdUY�Lvab\tSfd��n\XLeYH]�KML�LeKM\kZXY'V8K*]&cFW[SUanhna~Z:cRZ�V[dfPR]BSfan]HcNq}cFs*W[Yuhjc

VXdeYHLUY�\X]�ajc�ZXY�cRhb�MWX\:cvanO�VXWXdeYH|&c"Y�\�VXdeKMV8KMde]HanKR\XYHL£Z[Y ® c
109

V[WXYHZXY�Y�LeSfdeKMV8Y&cTd�hjcTL
VXdeKMVXabYHZ:cRZ[YHL@ZXY�h�LUYHO�ab]HKM\XZ[WX]�SUKMdHo 2§YQLUW[YHhbYH\ an\tSUdUK*ZXW[]Hand�anO�VXWXdeYH|&cTL@c�VXdeKMV8xMLeabSfK
Y�\wV[dUKMV8KMde]HabKM\XYHL�ZXY ® c

106
qNhnc�]�KM\tSUdUab_XWX]HabxM\�c`hnc@]HKM\[ZXWX]�SUab�*anZXcRZFZ[YzhjcRL£anO�VXW§�

dUY�|&cTL�LUY�dfP�ONc&qMKMd �µZXKMO�an\XcRdfP � stWXY�hjc�ZXYH_XabZ:c�c�hnKRL«YHhbYH]BSfdUKR\XYHL�ZXYHhXLeYHO�an]HKR\XZXWX]BSfKMd
KMdean�Mab\:cTh o 
 YHLlSfKML�LUY�O�an]HKR\XZXWX]BSfKMdeYHL�LUY�hbYHL ZXY�\XKMO�an\:c�LUY�O�an]HKR\XZXWX]BSfKMdeYHL�anO�VXWXdeKML
K �����	� ��� �Bo[p�c&q�¬`� cRdUabYHZ:cTZXYHL�­
® o°hjc�abOQV[WXdUY�|&c c �:cTZXY£YHhbYH]�SUdUKM\[YHL�Y�\`hnc�_:cR\[Z:c ZXY�]�KM\XZXW[]H]�anxM\¥­ LeYHO�an]HKR\XZXWX]BSfKMd

SfanV8K
n

¬§o°hjc�abOQV[WXdUY�|&cFc �XcRZXY 	*W[YH]HKRL@c�hjc�_XcR\XZ:cFZXY`�TcThnYH\[]Hajc§­�LUY�OQab]HKR\XZXWX]BSfKMd�SfanV8K
p
o

2§a3]�KM\XLUabZXY�dfcRO�KML£WX\�OQcTSfY�dUancRh:]HKMO�K�Y�h
C
stWXY�SUanY�\XY � Y�hnYH]BSfdeKM\XYHL�ZXY �TcThnY�\X]Hanc

Y�\,KMde_XabSfcRhbYHL�	��n_XdeanZXKRLH¨�YH\,LeW y{KMdeONcwLexMhnabZ:c 	:c&q
4N

YHhbYH]BSfdUKR\XYHL�stWXYQ]HKMO�VXhnYBSmcR\
hnc@_:cR\XZXc`ZXY �TcRhbYH\X]�ajc§¨*]HKMO�K�]HKMO�YH\}SmcRO�KML�cR\}SfY�dUanKRdUO�YH\tSUYRo�2*a3WX\wPTSUKMO�K�ZXY

C
LUY

LUW[LeSfa~SfW[qMY!V8KRd�WX\�PTSfKMO�KzstWXY�SfY�\X�}c ! YHhbYH]BSfdeKM\XYHL�ZXY�� cRhnY�\X]Hanc,�
P, Sb, As, . . .

� ¨ �
ZXY YHLUKRLEY�hnY�]�SUdUKM\XY�L�¿eWXYH�McR\�Y�h3O�abLUO�K"V:cRV8Y�h3stWXY�hnKML�ZXY�h

C
qQY�h3Y�hnY�]�SfdexM\NLUKM_[dfcR\}SfY

V:cTLfcRdUP'cRh�Lean�MWXabYH\}SfY�\Xab�MY�h�V8YHdeOQa~SfabZXKX¨ts*W[YvY�\wYHh�]HcRLUK'ZXY�stWXY�hnc�YHLeSUdUWX]BSfWXdUc`y{WXYHdUc
LUxRhnK"ZXY

C
¨}LUYHd��jcvhjcv_:cT\XZ:c"ZXY ]�KM\XZXW[]H]HabxM\¥o�2§an\�YHO`_:cTdU�MKX¨M]HKMO�K"YHh8PTSUKMOQKvZXKMVXcR\§�

SfYuSfabYH\XY�\Xa~�MYHhbYHL"ZXaby{Y�dUY�\tSfY�L�cRh
C
Y�h�LUab�MWXabYH\tSUY�\Xa~�MYHh�YHhbYH]BSfdUxR\Xan]�K�V8Y�dUO�abSfabZXKwY�LeSmP

hban�MY�dfcROuYH\}SfYzONPTL�hnan�McRZXK`stWXY"hnc'_:cT\XZ:cuZXYv]HKR\XZXWX]�]HanxR\¥o

¬ �



��c�Y�\XYHde�#�jcz\XY�]HY�LfcRdeajc�V:cRdfczstWXY!YHLeKML�YHhbYH]BSfdUKR\XYHL�V:cRLUY�\Qc�hjc�_:cR\XZXc�ZXY!]�KM\XZXW[]H]�anxM\
Y�L V8YHstWXY��Xc �

≈ 0,01 eV − 0,05 eV
� qwhjcuVXdeKMVXancuYBª§]�abSmcT]HanxR\�SUiHdUO�an]HcuVXW[YHZXY@Z:cRd

hbWX�}cRd«c�YBª§]Ha~SmcR]�anKM\[YHL�Y�hnY�]�SfdexM\Xab]&cRL�o}©�LUKML�\*W[Y��MKML�Y�LeSfcRZXKML��MY�\XYHdUcRZXKML�V8KMd�hnczanO�VXW§�
dUY�|&czLUY�hbhjcRO�cR\�Y�LeSmcTZXKML ����� ����� ���BoR� \'LUY�OQab]HKM\[ZXWX]�SUKMd«ZXKRV:cRZXK�]�KM\uabOQV[WXdUY�|&cRL�ZXY
Y�LeSfYESfabV8K�LeY!hbhjcRO�c � � 	 

������� 	 ��� ��� ��
 ��� �:¨RV8KMdes*W[Y!]�KM\tSUdUan_[W[qMY!czhjc�]�KM\XZXWX]BSfa~�*anZ:cRZ
cRV8KRdeSmcT\XZXKu]&cRde�}cRL�\XYH�}c Sfab� cRLHo

©�h KRSUdUK ]&cRLeK�]HKRdUdUY�LUV8KM\XZ[Ykc an\}SfdeK*ZXWX]HabdQabOQV[WXdUY�|&cRLQ]HKM\ OQY�\XKMLNYHhbYH]BSfdeKM\XYHL
stWXY`hnKRL�ZXY�hjcQLeWXLeSfcR\X]Hanc�LeYHO�an]�KM\XZXW[]�SfKRdfcNKMdean�Mab\:cTh o $�KMd�Y�¿eY�OQVXhbKX¨8Y�\�YHh�]&cTLUKFZ[YHh
C
ab\tSUdUK*ZXWX]�anO�KML�WX\Xc`LeWXLeSmcT\X]Hanc`]�KM\ �

e−
ZXY��TcThnY�\X]Hanc[o§©�LeSfKRL�]�WX_XdeYH\wY�h�hbWX�}cRd�ZXY

� ZXY"hnKML!Y�hnY�]�SfdeKM\XY�L ZXY�h
C
V8YHdeKQs*W[YHZ:cQWX\ 	tWXYH]�KNYH\�hjc'_:cR\XZ:c�Z[Y"� cRhnY�\X]Hanc'q�cRL��

LUY�]�KM\tSUdUab_XW[qMYvc`hjc�]�KM\XZXWX]BSfa~�§abZ:cRZ�o�
!ZXY�ONPTLH¨[hjc�LUWXLlSmcR\[]Hajc`ZXKMV:cT\tSfYzVXdUKMV8KRdU]HabKM\:c
Y�LeSmcTZXKML�Z[anLU]�dUYBSfKMLzW[\�V3K*]�KFV8KMd�Y�\X]HabONcQZXY`hjcQ_:cT\XZ:c�ZXY�� cRhnY�\X]Hanc �

≈ 0,01 eV
� o


 Y�LeSfKRL�YHLlSmcRZXKRL�LUY"hbYHL�hnhncROQc�YHLlSmcRZ[KML ����� � � �������vqwc`SfY�OQV8Y�dfcTSUWXdfcucRO`_XanY�\tSUY�hnKRL
Y�hnYH]BSfdeKM\XYHL'ZXYFhnc�_:cT\XZ:c�ZXY�� cRhnY�\X]Hanc�VXWXY�ZXYH\0V:cRLUcRduc�YHLlSfKML'YHLlSmcRZXKRL�cR]�YHV[SUKMdUY�L
ZXY±¿UcR\XZXK&	*WXY�]HKML�Y�\0hjc�_:cT\XZ:ckZ[YF�TcRhbYH\X]�ajc[¨�hbK�s*W[Y�]HKR\tSfdean_XW[andUP�ckcRWXO�YH\}SmcRd`hjc
]�KM\XZXWX]BSfa~�§abZ:cRZ¥o


 Y�LeSfY"SUanV8K�Z[Y@LeYHO�an]�KM\XZXWX]BSfKMdeYHL�ZXKMV:cRZ[KML�LUY@hbYHL�hbhjcTOQc � � 	 

��������	 ��� ������� ��
 ��� �

q}cvs*W[Y ]�KM\tSUdUan_[W[qMYH\Ncvhjc�]�KM\XZXW[]�Sfa~�*anZ:cRZQcRV8KRdeSmcT\XZXK"]HcRdU�McRL�V8KRLUabSUab� cRL�� 	*WXY�]HKML�ZXY
Y�hnYH]BSfdeKM\XYHL � o



T = 0 K

Y�\kWX\�LUY�OQab]HKM\[ZXWX]�SUKMd�SUanV8K �gYHh�\Xab�RYHh�ZXY �:YHdeOQa�YHLeSfPFY�\tSfdeY'hbKML
Y�LeSmcTZXKML�ZXKM\XcR\tSUYHL£q�hjcv_:cR\XZ:c@ZXY ]HKM\[ZXWX]H]�anxM\��§YH\NWX\�LeYHO�an]�KM\XZXWX]BSfKMd�SfanV8K ��YHLlSmP
Y�\tSfdeY�hnc"_:cT\XZ:c@ZXY��TcRhbYH\X]�ajcvq�hbKML�Y�LeSmcTZXKMLEcR]�YHV[SUKMdUY�LHo�
�O�YHZ[anZ:cvs*W[YzcRWXO�YH\}Smc"hjc
SfY�O�V8YHdfc SfWXdfcQYHh�\Xa~�MYHh�ZXY �7Y�dUO�a�LUY`O`WXYB�MY 	:cT]HajcQY�h�]�YH\}SfdUKFZ[YHh��}cRV�]�KMOQV8KRdeSmPT\§�
ZXKRLUY@cTO`_8KML�]HKMO�KuWX\�LUY�OQab]HKR\XZXWX]BSfKMd�an\}Sfd �b\XLUY�]HKXo

� \:ckZXYwhjcTLucRVXhban]&cT]HabKM\XY�L'OQPRL'anO�V8KMdlSmcR\}SfYHL`ZXY�h!LeYHO�an]�KM\tSUWX]�SUKMd'YHL�Y�h ��

� ���
O�YHZXancR\tSUY@hncQW[\XanxR\
ZXY�hnKML Z[KML SfabV8KML ZXY�LeYHO�an]HKR\XZXWX]BSfKMdeYHL � �5q � � o 2§a�LUY�V3KR\XYH\
Y�\"]HKM\}SmcR]BSfK!WX\"LeYHO�an]�KM\XZXWX]BSfKMd¥SUanV8K ��q�KTSfdUKESfabV8K �:¨rcRhn�RWX\XKML¥Y�hnYH]BSfdeKM\XYHL��*anc ¿UcTdfPR\
ZXY�h �kcRh �

¬ �



	:cTLeSmc�stWXYkY�stWXanhban_XdUcR\ YHhz\[ab�MYHh�ZXY �:Y�dUO�a�Y�\�cRO`_:cTLFVXcRdeSUYHLFZXYkhnc,W[\XanxM\�oE��KRL
Y�hnYH]BSfdeKM\XYHL�Y�\QWX\QLUY�OQab]HKM\[ZXWX]�SUKMd�\XK"VXWXYHZ[YH\Q�*ajc�¿UcRd�O`WX]
	XK"V8KMd�iHh ¨tcTL �7stWXYT¨*Y�\Qhjc
|�KM\:c@ZXY�hnc"WX\XabxM\ 	:c&q�WX\:c@]&cRde�}c@\[YH�}cTSUab�Tc"YH\NYHh8hjcRZXK ��q�WX\:c@]&cTdU�}c@V8KRLUabSUab� c"YH\
Y�hXhncRZXK��NZXY�y{KMdUOQc�stWXY 	:c&q`W[\u]&cTOQV8KzYHhbiH]�SUdUab]HKz\XY�SUKXoM©�\uhnc�|HKR\:c�Z[Y�hjc�W[\XanxR\'LUY
VXdeK*ZXWX]�YH\wOQKr�*anO�abY�\tSfKRL�Z[Y�Y�hnYH]BSfdeKM\XYHLEYH\wZ[KMLELUYH\}SfabZXKMLEKMVXWXY�LeSUKMLH¨XhbK`stWXY�Z:c`WX\Xc
]�KMdUdeanYH\}SfY \XYBSmc�\*W[hjc[o*��KML�Y�hnYH]BSfdeKM\XYHL�YH\ ��VXWXY�ZXY�\wV:cTLfcRd£V3KRd�YBy{YH]BSfK�SfiHdeOQab]HK�c@hjc
_:cT\XZ:cQZXY@]HKR\XZXWX]�]HanxR\¥¨3cRhnhba¥LUanY�\tSUYH\�Y�h�]&cTOQV8KQYHhbiH]BSfdUab]HKQstWXY�hbKML�hbhnYB�TcQc�OQKr�MYHdeLUY
	:cT]Hajc �:o:��KML�YHhnY�]�SUdUKM\XY�L!YH\ �
�MYH\�hbKMLEYHLlSmcRZXKRL!�TcT]HanKRL!Y�\�hjc`|�KM\:cuZ[Y��TcRhbYH\X]�ajc`ZXY
��qFLeY"O`WXYB�MYH\�V:cTdfc'K*]HWXVXcRdUhbKMLHo

©�hXdUY�LUWXh~SmcRZXKv\[Y�SfKvZXY!YHLlSfKML�O�K��*anO�a~YH\tSUKML«ZXY�YHhnY�]�SUdUKM\XY�L�YHL�]HY�dUKXo����zWXY�K*]HWXdedUY
LUa�LeY@cTVXhnab]&c`WX\XcuZXaby{Y�dUYH\[]Hanc'ZXYvV8KRSfY�\X]HancRh¥YBª*SfY�dU\XKQY�\�hnc'|�KM\:cuZ[Y"hnc'WX\[anxM\��
® o 2§Y'V8KM\[Y'Y�h«V8KTSfYH\[]HajcTh�V8KMLeabSUab�MKNYH\khncN|HKR\:c �8o¥©�h�Y�y{Y�]�SUKwZXY`YHLeSUY'V8KRSfY�\X]HancRh

YBª*SfY�dU\XK�YHL�yµcR]Habhna SmcTd�Y�htV:cRLUK Z[Y£Y�hnYH]BSfdeKM\XY�L�ZXY�hjc!VXcRdeSUY ��c�hnc �8o���c�]�KMdUdeanYH\}SfY
ZXY�YBª§]Ha~SmcR]�anxM\uSUiHdUO�an]Hc�YHL£cRVXdUK&ª§anOQcRZ:cROuYH\tSUY�an�MW:cThXV8YHdUK@Y�h7]&cTOQV8K"Y ª§SUYHdU\[K
yµcR]Habhna~Sfc5YHh V:cRLUK,ZXY�YHhbYH]BSfdUKR\XYHL�ZXY � c �

−→
cTWXOQY�\tSfc hjcg]HKRdUdUabYH\}SfY
ZXY

dUYH]�KMO`_Xan\XcR]HabxM\¥oXp�crqF]HKMdedUabYH\tSUY"\[Y�Smc�Z[Y@Y�hnY�]�SfdeKM\XY�L ZXY �5c � �µhjc']�KMdUdeanYH\}SfY
YHhni�]�SUdUan]Hc`�TcuZXY �kc � � o

¬§o 2§a7LeY V8KM\[Y�YHh7V8KRSUYH\X]�ajcTh:V8KMLUa~Sfab�MKvY�\Qhjc�|HKM\Xc �:¨}LUWQY�y{Y�]�SfK@Y�L£ab\�	Xan_[and«Y�h7V:cRLeK
ZXYwYHhnY�]�SUdUKM\XY�L�Z[YwdUYH]�KMO`_Xab\:cR]HabxM\�Z[Y �^c � q�\XK5cTy{YH]BSmc5c�hjc�Y ª[]�abSfcR]HabxM\
SfiHdeOQab]&c�ZXY@YHhnY�]�SUdUKM\XY�L

−→
	Xcrq�WX\:cN]�KMdUdeanY�\tSfY@\[Y�SmcQZXY�YHhbYH]BSfdUKR\XYHL�ZXY � c

� �µhnc']�KMdUdeanY�\tSfY�YHhbiH]BSfdUab]&c`� c�Z[Y ��c � � o
¢�W:cR\XZXK�LUY 	XcR]HY�\�]&PRhb]HWXhbKML ]�W:cR\}SfabSfcTSfa~�MKML Z[Y`Y�LeSfKRLzY�y{Y�]�SfKRL�LeY`KM_[SUanY�\XY�]�KMO�K

dUY�LUWXh~SmcTZXKwhjc��RdfP��:]HcFLUab�MWXanY�\tSUY'stWXYudUY�VXdUY�LUY�\tSmc�hnc�]HKRdUdUabYH\}SfY'\XYBSmcwY�\5WX\:cFWX\XabxM\
��� �
y{dUY�\tSfY"cTh¥�MKRhbSmc�¿eYvcTVXhnab]&cRZ[KX­

¬ !



stWXYu\XKMLvZ[an]HY'stWXYuhjc�]�KMdUdeanYH\}SfYucRWXO�Y�\tSmc�O'W§q�dfPRV[anZ:cRO�Y�\tSfY`]�W:cR\XZ[K�LUYuV8KM\XYuY�h
�MKMh~Smc�¿eY�V8KMLUa~Sfa~�MKgYH\ hnc5V:cRdlSfY�� qR¨£Lean\ YHO`_:cTdU�MK[¨�YHLN]&cTLUa \tWXhnKgLUa�an\}�MYHdeanO�KML�Y�h
�MKMh~Smc�¿eYRo�
�L�� ¨Xhjc`WX\XabxM\ ��� ��LeY"WXLUcuV:cRdfc'dUY�]�SUa��:]HcRd!]�KMdUdeanY�\tSfY�L��TcRdeajcR_[hnYHL�o

¬ �


