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BM/B+�i2b i?2 i2`K Bb BM i?2 HQ; b+�H2 /2}M2/ �b 1[X jXeX Γ Uy- y- yV- G
U12 - y- yV- �M/ s U13 -

√
2
3 - yV �`2 2KTHQv2/ �b ?B;? bvKK2i`v TQBMibX X X 8y

jXRR 1M2`;v@`2bQHp2/ a>* Q7 A` K2i�H- BMb2i Bb i?2 bi`m+im`2 Q7 T`BKBiBp2 +2HHX 8R
jXRk �M�Hvb2b Q7 bTBM "2``v +m`p�im`2 Q7 A`X U�V "�M/@T`QD2+i2/ bTBM "2``v

+m`p�im`2X *QHQ`#�` BM/B+�i2b i?2 �KTHBim/2 Q7 bTBM "2``v +m`p�im`2
BM i?2 HQ; b+�H2 /2}M2/ �b 1[X jXeX hrQ #H�+F /�b?2/ ?Q`BxQMi�H HBM2b
/2MQi2 2M2`;v TQBMib E = EF �M/ E = EF+0.84 2oX U#V �M/ U+V T`2b2Mi
i?2 �KTHBim/2b Q7 bTBM "2``v +m`p�im`2b �i E = EF �M/ E = EF +0.84
2o- `2bT2+iBp2HvX U�V- U#V- �M/ U+V �`2 �HQM; i?2 b�K2 k@T�i?X X X X X X 8k

jXRj h?2 bTBM "2``v +m`p�im`2 BM k. bHB+2b Q7 kz 4 y BM "w 7Q` σx
yz a>* Q7

A`X U�V aHB+2 �i E = EF X U#V aHB+2 �i E = EF + 0.84 2oX h?2 +QHQ` #�`
BM/B+�i2b i?2 i2`K Bb BM i?2 HQ; b+�H2 /2}M2/ �b 1[X jXeX Γ Uy- y- yV- G
U12 - y- yV- �M/ s U13 -

√
2
3 - yV �`2 2KTHQv2/ �b ?B;? bvKK2i`v TQBMibX X X 8j

jXR9 �iQKB+ bi`m+im`2b Q7 A`1−xSix Q` A`1−x�mx �HHQvbX U�V x 4 yXRk8X U#V x
4 yXk8X U+V x 4 yXjd8X U/V x 4 yX8X X X X X X X X X X X X X X X X X X X X 88

jXR8 a>* Q7 A` �HHQvbX G27i +QHmKM Bb 7Q` A`1−xSix �HHQvb �M/ `B;?i +QHmKM
Bb 7Q` A`1−x�mx �HHQvbX x 4 yXRk8- yXk8- yXjd8- yX8- `2bT2+iBp2HvX a>* Q7
Tm`2 A` K2i�H Bb ;Bp2M 7Q` `272`2M+2bX o�Hm2b BM bm#};m`2b BM/B+�i2 i?2
a>* �i 16X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8e

jXRe �M�Hvb2b QM a>* Q7 A`yXd8�myXk8X U�V aTBM "2``v +m`p�im`2 T`QD2+i2/
QM i?2 #�M/ bi`m+im`2X U#V �KTHBim/2b Q7 bTBM "2``v +m`p�im`2b �i
E = EF X U+V h?2 bTBM "2``v +m`p�im`2 i2`K BM bHB+2b Q7 i?2 "w �i kz 4
y 7Q` σx

yz a>* Q7 A`yXd8�myXk8 �i E = EF X X X X X X X X X X X X X X X X X X 8d

9XR �iQKB+ KQ/2Hb Q7 U�V Rh oa2kfR> JQakfRh oa2k JhC U�##`2pB�i2/
�b Jh JhCV �M/ U#V Rh oa2kfR> oa2kfRh oa2k JhC U�##`2pB�i2/
�b oh JhCVX :`22M �``Qrb BHHmbi`�i2 i?2 K�;M2iBx2/ Q`B2Mi�iBQMX _QH2
Q7 2p2`v H�v2` Bb b?QrM BM i?2 `B;?i bB/2X X X X X X X X X X X X X X X X X X ek

9Xk aTBM@ �M/ k||@`2bQHp2/ i`�MbKBbbBQM bT2+i`�X U�V@U+V �`2 7Q` Jh JhC
�M/ U2V@U?V �`2 7Q` oh JhCX U/V Bb i?2 62`KB bm`7�+2 Q7 Rh JQak 2H2+@
i`Q/2- T`QD2+i2/ QM kz = 0 BM "wX h?2 +QHQ` #�` /2MQi2b i?2 i`�MbKBbbBQM
b+�H2X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X e9
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9Xj aTBM@`2bQHp2/ i`�MbKBbbBQMb �M/ `2bQM�M+2b Q7 h�S* �i Γ TQBMi 7Q` Jh
JhCX U�V h`�MbKBbbBQM +Q2{+B2Mib p2`bmb 2M2`;vX U#V h`�MbKBbbBQM
2B;2M+?�MM2H r�p27mM+iBQMb Q7 KBMQ`Biv@bTBM bi�i2b �i 16X U+V �M/
U/V �`2 i`�MbKBbbBQM 2B;2M+?�MM2H r�p27mM+iBQMb Q7 i?2 K�DQ`Biv@ �M/
KBMQ`Biv@bTBM bi�i2b- `2bT2+iBp2Hv- �i E = EF − 0.02 2oX :`22M /�b?2/
HBM2b T`2b2Mi i?2 TQbBiBQM Q7 16X _2/ �M/ #Hm2 /Qi HBM2b BM/B+�i2 i?2
2M2`;v H2p2Hb Q7 [m�MimK@r2HH bi�i2bX X X X X X X X X X X X X X X X X X X X ee

9X9 aTBM@`2bQHp2/ i`�MbKBbbBQMb �M/ `2bQM�M+2b Q7 h�S* �i Γ TQBMi 7Q` oh
JhCX U�V h`�MbKBbbBQM +Q2{+B2Mib p2`bmb 2M2`;vX U#V h`�MbKBbbBQM
2B;2M+?�MM2H r�p27mM+iBQMb Q7 KBMQ`Biv@bTBM bi�i2b �i 16X U+V h`�Mb@
KBbbBQM 2B;2M+?�MM2H r�p27mM+iBQMb Q7 K�DQ`Biv@bTBM bi�i2b �i E =
EF −0.15 2oX U/V h`�MbKBbbBQM 2B;2M+?�MM2H r�p27mM+iBQMb Q7 KBMQ`Biv@
bTBM bi�i2b �i E = EF−0.36 2oX :`22M /�b?2/ HBM2b T`2b2Mi i?2 TQbBiBQM
Q7 16X _2/ �M/ #Hm2 /Qi HBM2b BM/B+�i2 i?2 2M2`;v H2p2Hb Q7 [m�MimK@r2HH
bi�i2bX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ed

9X8 a[m�`2 �KTHBim/2b Q7 r�p27mM+iBQMb Q7 i`�MbKBbbBQM bi�i2b �i E′ TQBMi
BM S* Q7 Jh JhCX X X X X X X X X X X X X X X X X X X X X X X X X X X X X e3

9Xe LQM@2[mBHB#`BmK i`�MbTQ`i T`QT2`iB2b �i jyy EX h?2 H27i +QHmKM Bb 7Q`
Jh JhC r?BH2 i?2 `B;?i +QHmKM Bb 7Q` oh JhCX U�V �M/ U/V �`2 i?2
+m``2Mib BM S*X U#V �M/ U2V �`2 i?2 +m``2Mib BM �S*X U+V �M/ U7V �`2 i?2
hJ_ `�iBQbX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X dy

9Xd aTBM@`2bQHp2/ h�S* mM/2` p�`vBM; #B�bX h?2 H27i +QHmKM Bb 7Q` Jh JhC
�M/ i?2 `B;?i +QHmKM Bb 7Q` oh JhCX U�V �M/ U/V T`2b2Mi i?2 `2bmHi Q7
yXR o #B�bX U#V �M/ U2V T`2b2Mi i?2 yXj o #B�bX U+V �M/ U7V T`2b2Mi i?2
yX8 o #B�bX "B�b rBM/Qrb �`2 b?QrM #v p2`iB+�H ;`22M /�b?2/ HBM2bX X X dR

9X3 LQM@2[mBHB#`BmK i`�MbTQ`i T`QT2`iB2b �i Ryy EX h?2 H27i +QHmKM Bb 7Q`
Jh JhC r?BH2 i?2 `B;?i +QHmKM Bb 7Q` oh JhCX U�V �M/ U/V �`2 i?2
+m``2Mib BM S*X U#V �M/ U2V �`2 i?2 +m``2Mib BM �S*X U+V �M/ U7V �`2 i?2
hJ_ `�iBQbX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X dk

9XN *QM+2Ti Q7 aPh p/q JhCX U�V h?2 �iQKB+ b+?2K�iB+ /B�;`�K Q7 aPh
JhC BM+Hm/BM; i?2 #QiiQK H�v2`- r?B+? Bb +QKTQb2/ Q7 Rh JQak BM Jh
JhC �M/ mb2/ 7Q` aPh brBi+?BM;X h?2 #Hm2 �``Qr BM/B+�i2b i?2 r`BiBM;
+m``2Mi- ;`22M �M/ Tm`TH2 �``Qrb BM oa2k H�v2`b /2MQi2 i?2 K�;M2iBx2/
Q`B2Mi�iBQMb- �M/ i?2 bK�HH �``Qrb BM #H�+F �M/ r?Bi2 `2T`2b2Mi i?2
bTBMb Q7 2H2+i`QMb Q`B;BM�iBM; 7`QK a>1X U#V 1M2`;v@`2bQHp2/ a>* Q7
i?2 Rh JQak BM #mHFX X X X X X X X X X X X X X X X X X X X X X X X X X X X d9

9XRy U�V �iQKB+ bi`m+im`2 Q7 h/@Jh2k UJ4JQ Q` qVX U#V a+?2K�iB+ /B�;`�K
Q7 i?2 i?`22@/BK2MbBQM�H "w Q7 Jh2k- i?2 ?B;? bvKK2i`v TQBMib �`2
BM/B+�i2/ #v #H�+F /Qi HBM2bX X X X X X X X X X X X X X X X X X X X X X X X X de

9XRR a>* i2MbQ` 2H2K2Mib `2H�iBp2 iQ i?2 2M2`;v 7Q` U�V@U+V JQh2k �M/ U/V@U7V
qh2kX .Bz2`2Mi +QHQ`b `2T`2b2Mi /Bz2`2Mi �MBbQi`QTB2bX X X X X X X X X X d3
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9XRk U�V "�M/ bi`m+im`2 T`QD2+i2/ #v bTBM "2``v +m`p�im`2 rBi? HQ; b+�H2X U#V
a>* σz

xy Q7 qh2k p2`bmb 2M2`;vX U+V �M/ U/V �`2 k@`2bQHp2/ bTBM "2``v
+m`p�im`2b �i E = EF �M/ E = EF − 0.09 2o- `2bT2+iBp2HvX A/2MiB+�H
?B;? bvKK2i`v TQBMib �`2 mb2/ BM U�V- U+V- �M/ U/VX X X X X X X X X X X X dN

9XRj h?2 k@`2bQHp2/ bTBM "2``v +m`p�im`2 rBi? HQ; b+�H2 BM � bHB+2 Q7 i?2 k.
"w �i kz 4 y 7Q` a>* σz

xy Q7 qh2k �i U�V E = EF �M/ U#V E = EF−0.09
2o- `2bT2+iBp2HvX >B;? bvKK2i`v TQBMib �`2 Γ Uy- y- yV- s UyX8- y- yV-
u Uy- yX8- yV �M/ a UyX8- yX8- yVX "H�+F +m`p2b �`2 i?2 BMi2`b2+iBQMb Q7
62`KB bm`7�+2 rBi? i?2 bHB+2 Q7 "wX X X X X X X X X X X X X X X X X X X X X 3y

8XR .B�;`�K Q7 i?2 bTBM BMD2+iBQM bvbi2KX h?2 #H�+F �``Qrb BM/B+�i2 i?2 H27i
�M/ `B;?i 2H2+i`Q/2b- 2ti2M/BM; iQ±∞ �M/ +QMbBbiBM; Q7 62URRRVfbBHB+2M2
bi�+F UH27i 2H2+i`Q/2V �M/ Tm`2 bBHB+2M2 U`B;?i 2H2+i`Q/2VX h?2 +2Mi2`
T�`i Bb i?2 b+�ii2`BM; `2;BQMX h?2 `2/ #Qt BM/B+�i2b i?2 mMBi +2HH Q7
62URRRVfbBHB+2M2 bi�+FX U�V h?2 bB/2 pB2rX U#V h?2 iQT pB2rX X X X X X X 38

8Xk "BM/BM; 2M2`;v Q7 � bBHB+2M2 KQMQH�v2` QM 62URRRV bm`7�+2 �b � 7mM+iBQM
Q7 i?2 bi�+F +QM};m`�iBQM �M/ i?2 BMi2`H�v2` bT�+BM;X .Bz2`2Mi FBM/b Q7
bi�+F +QM};m`�iBQM �`2 b?QrM BM i?2 BMb2iX X X X X X X X X X X X X X X X 3e

8Xj h`�MbTQ`i T`QT2`iB2b Q7 i?2 bTBM BMD2+iBQM bvbi2K BM MQM@2[mBHB#`BmK
bi�i2bX U�V aTBM@`2bQHp2/ �M/ iQi�H +m``2MibX h?2 `2/ HBM2 rBi? mT@
TQBMiBM; i`B�M;H2b �M/ #Hm2 HBM2 rBi? /QrM@TQBMiBM; i`B�M;H2b BM/B+�i2
i?2 K�DQ`Biv@bTBM +m``2Mi �M/ KBMQ`Biv@bTBM +m``2Mi- `2bT2+iBp2HvX h?2
#H�+F HBM2 rBi? /Qib /2MQi2b i?2 iQi�H +m``2MiX U#V aTBM BMD2+iBQM 2{@
+B2M+B2b /2}M2/ �b 8XRX X X X X X X X X X X X X X X X X X X X X X X X X X X X 3d

8X9 "�M/ bi`m+im`2 Q7 62URRRVfbBHB+2M2 mMBi +2HH bi�+F 7Q` U�V K�DQ`Biv@bTBM
bi�i2b �M/ U#V KBMQ`Biv@bTBM bi�i2bX "H�+F mT@i`B�M;H2b U#Hm2 /QrM@
i`B�M;H2bV b?Qr i?2 p Q`#Bi�Hb Q7 i?2 ?B;?@TQbBiBQM UHQr@TQbBiBQMV aB
�iQK- �M/ i?2 `2/ /Qib `2T`2b2Mi i?2 d Q`#Bi�Hb Q7 62 �iQKbX U+V S`Q@
D2+i2/ /2MbBiv Q7 bi�i2b Q7 62 �iQKb BM i?2 62URRRVfbBHB+2M2 bi�+FX X X X 3N

8X8 1M2`;v@`2bQHp2/ i`�MbKBbbBQM bT2+i`� Q7 i?2 bvbi2K mM/2` /Bz2`2Mi #B�b
oX U�V o 4 jy KoX U#V o 4 ey KoX U+V o 4 Ny KoX h?2 #B�b rBM/Qr
Bb /2MQi2/ #v i?2 irQ ;`22M /�b?2/ HBM2bX X X X X X X X X X X X X X X X X Ny



LQK2M+H�im`2b

k. hrQ@.BK2MbBQM�H
�>1 �MQK�HQmb >�HH 1z2+i
�S* �MiB@S�`�HH2H *QM};m`�iBQM
#++ #Q/v@+2Mi2`2/ +m#B+
"w "`BHHQmBM wQM2
.6h .2MbBiv 6mM+iBQM�H h?2Q`v
.Pa .2MbBiv P7 ai�i2b
.Paa .2MbBiv P7 a+�ii2`BM; ai�i2b
EF 62`KB 1M2`;v
7++ 7�+2@+2Mi2`2/ +m#B+
61h 6B2H/ 1z2+i h`�MbBbiQ`
::� :2M2`�HBx2/ :`�/B2Mi �TT`QtBK�iBQM
:J_ :B�Mi J�;M2iQ_2bBbi�M+2
>J >2�pv J2i�H
G.� GQ+�H .2MbBiv �TT`QtBK�iBQM
GG: G�M/�m@GB7b?Bix@:BH#2`i
J_�J J�;M2iB+ _�M/QK �++2bb J2KQ`v
JhC J�;M2iB+ hmMM2H CmM+iBQM
L1:6 LQM@1[mBHB#`BmK :`22MǶb 6mM+iBQM
S"1 S2`/2r@"m`F2@1`Mx2`?Q7
S* S�`�HH2H *QM};m`�iBQM
S.Pa S`QD2+i2/ .2MbBiv P7 ai�i2b
SJ� S2`T2M/B+mH�` J�;M2iB+ �MBbQi`QTv
a*6 a2H7@*QMbBbi2Mi@6B2H/
a>� aTBM >�HH �M;H2
a>* aTBM >�HH *QM/m+iBpBiv
a>1 aTBM >�HH 1z2+i
aA1 aTBM AMD2+iBQM 1{+B2M+v

pBBB



aP* aTBM@P`#Bi *QmTHBM;
aPh aTBM@P`#Bi hQ`[m2
ahh aTBM@h`�Mb72` hQ`[m2
p/q p�M /2` q��Hb
h.Pa hmMM2HBM; .2MbBiv P7 ai�i2b
hJ.* h`�MbBiBQM J2i�H .B+?�H*Q;2MB/2
hJ_ hmMM2HBM; J�;M2iQ_2bBbi�M+2

�HPt �HmKBMBmK PtB/2
�m :QH/
" "Q`QM
* *�`#QM
*Q *Q#�Hi
*` *?`QKBmK
62 A`QM
:2 :2`K�MBmK
?@"L ?2t�;QM�H "Q`QM LBi`Q;2M
A AQ/BM2
A` A`B/BmK
J;P J�;M2bBmK PtB/2
JQ JQHv#/2MmK
L LBi`Q;2M
LB LB+FH2
Si SH�iBMmK
Sv S2`K�HHQv
a amH7m`
a2 a2H2MBmK
aB aBHB+QM
h� h�Mi�HmK
h2 h2HHm`BmK
o o�M�/BmK
q hmM;bi2M

Bt



�# BMBiBQ BMp2biB;�iBQMb Q7 bTBM@/2T2M/2Mi [m�MimK
i`�MbTQ`i
CB�[B w>Pl

� h?2bBb 7Q` .P*hP_ P6 S>AGPaPS>u
*2Mi`2 /2 L�MQb+B2M+2b 2i /2 L�MQi2+?MQHQ;B2b- *L_a

lMBp2`bBiû S�`Bb@a�+H�v

�"ah_�*h

aTBMi`QMB+b /2pB+2b K�MBTmH�i2 i?2 2H2+i`QM bTBM /2;`22 Q7 7`22/QK iQ T`Q+2bb BM@
7Q`K�iBQMX AM i?Bb i?2bBb- r2 BMp2biB;�i2 bTBM@/2T2M/2Mi [m�MimK i`�MbTQ`i T`QT2`iB2b
iQ QTiBKBx2 T2`7Q`K�M+2b Q7 bTBMi`QMB+b /2pB+2bX h?`Qm;? �# BMBiBQ �TT`Q�+?- r2 `2@
b2�`+? i?2 imMM2HBM; K�;M2iQ`2bBbi�M+2 UhJ_V- bTBM >�HH 2z2+i Ua>1V- �b r2HH �b bTBM
BMD2+iBQM 2{+B2M+v UaA1VX Ai ?�b #22M /2KQMbi`�i2/ i?�i ?2�pv K2i�Hb U>JbV �`2 �#H2
iQ KQ/mH�i2 hJ_ 2z2+ib BM J;P@#�b2/ K�;M2iB+ imMM2H DmM+iBQMb UJhCbV- �M/ imM;@
bi2M- KQHv#/2MmK- �M/ B`B/BmK �`2 T`QKBbBM; iQ 2M?�M+2 hJ_X JQ`2Qp2`- bm#biBim@
iBQM�H �iQK /QTBM; +�M 2z2+iBp2Hv QTiBKBx2 a>1 Q7 >Jb- r?B+? rQmH/ bi`2M;i?2M bTBM
>�HH �M;H2b Ua>�bV iQ �+?B2p2 2{+B2Mi bTBM@Q`#Bi iQ`[m2 UaPhV brBi+?BM; Q7 JhCbX hQ
2HBKBM�i2 i?2 KBbK�i+? #2ir22M 72``QK�;M2iB+ �M/ #�``B2` H�v2`b BM J;P@#�b2/ JhCb-
r2 /2bB;M i?2 JhC rBi? #QM/@7`22 p�M /2` q��Hb Up/qV ?2i2`QDmM+iBQM oa2kfJQak

�M/ `2TQ`i i?2 `QQK@i2KT2`�im`2 hJ_X h?2 Q++m``2M+2 Q7 [m�MimK@r2HH `2bQM�M+2b
2M�#H2b pQHi�;2 +QMi`QH iQ #2 �M 2z2+iBp2 K2i?Q/ iQ KQ/mH�i2 hJ_ `�iBQb BM p/q
JhCX q2 Tmi 7Q`r�`/ i?2 B/2� Q7 aPh p/q JhC- r?B+? 2KTHQvb aPh iQ brBi+?
p/q JhC �M/ `2[mB`2b p/q K�i2`B�Hb rBi? bi`QM; a>1X _2b2�`+? QM JQh2k �M/
qh2k p2`B}2b i?2 TQbbB#BHBiv Q7 `2�HBxBM; i?Bb B/2�X "Qi? Q7 i?2K �`2 H�v2`2/ i`�MbB@
iBQM K2i�H /B+?�H+Q;2MB/2b UhJ.*V �M/ 2t?B#Bi bi`QM; a>1b- �b r2HH �b H�`;2 a>�b
i?�MFb iQ i?2B` HQr 2H2+i`B+�H +QM/m+iBpBivX G�biHv- KQiBp�i2/ #v i?2 /2K�M/ Q7 �
irQ@/BK2MbBQM�H Uk.V brBi+?�#H2 /2pB+2 rBi? HQM; bTBM /BzmbBQM H2M;i?- r2 +QMbi`m+i
i?2 bTBM BMD2+iBQM bvbi2K rBi? bBHB+2M2 KQMQH�v2`- �M/ `2p2�H ?B;? aA1b mM/2` 2H2+i`B+
}2H/bX qQ`Fb BM i?Bb i?2bBb rQmH/ �/p�M+2 i?2 `2b2�`+? Q7 bTBMi`QMB+b /2pB+2bX

E1uqP_.a, imMM2HBM; K�;M2iQ`2bBbi�M+2- bTBM >�HH 2z2+i- bTBM BMD2+iBQM
2{+B2M+v- K�;M2iB+ imMM2H DmM+iBQM- irQ@/BK2MbBQM�H bvbi2K- �# BMBiBQ +�H+mH�iBQM



_úalJú

• *?�TBi`2 R , AMi`Q/m+iBQM /2b +QM+2Tib 7QM/�K2Mi�mt /2 H� bTBMi`QMB[m2

G2 +?�TBi`2 R T`ûb2Mi2 H2b /BbTQbBiB7b 2i H2b T?ûMQKĕM2b /�Mb H2 /QK�BM2 /2 H�

bTBMi`QMB[m2X G� KûKQB`2 K�;MûiB[m2 ¨ �++ĕb �Hû�iQB`2 UJ�;M2iB+ _�M/QK �++2bb

J2KQ`v- J_�JV 2bi mM2 KûKQB`2 MQM@pQH�iBH2- 2HH2 biQ+F2 H2b BM7Q`K�iBQMb T�` H2b

bTBMb /2b ûH2+i`QMbX G2 /BbTQbBiB7 ûHûK2Mi�B`2 /2 J_�J 2bi H� DQM+iBQM imMM2H K�;@

MûiB[m2 UJ�;M2iB+ hmMM2H CmM+iBQM- JhCVX 1HH2 2bi #�bû2 bm` mM2 #�``Bĕ`2 mHi`�KBM+2

2Mi`2 /2mt ûH2+i`Q/2b 72``QK�;MûiB[m2bX GǶûH2+i`Q/2 HB#`2 2bi mM2 +Qm+?2 72``QK�;Mû@

iB[m2 +QMb2`p�Mi H2b BM7Q`K�iBQMb biQ+Fû2b- H� #�``Bĕ`2 2bi mM2 +Qm+?2 BbQH�Mi2 miBHBbû2

TQm` H2 i`�MbTQ`i T�` 2z2i imMM2H 2i HǶûH2+i`Q/2 }t2 T`ûb2Mi2 mM2 7Q`i2 �MBbQi`QTB2 K�;@

MûiB[m2 2i mM2 �BK�Mi�iBQM bi�#H2X G� JhC T`ûb2Mi2 mM2 7�B#H2 `ûbBbi�M+2 [m�M/ H2b

KQK2Mib K�;MûiB[m2b /2 H� +Qm+?2 HB#`2 2i /2 H� +Qm+?2 }t2 bQMi 2M +QM};m`�iBQM T�`@

�HHĕH2 US�`�HH2H *QM};m`�iBQM- S*V 2i mM2 `ûbBbi�M+2 THmb ;`�M/2 TQm` H� +QM};m`�iBQM

�MiB@T�`�HHĕH2 U�MiB@S�`�HH2H *QM};m`�iBQM- �S*VX .�Mb mM2 JhC- QM T2mi /QM+ û+`B`2

/2b BM7Q`K�iBQMb #BM�B`2b 2M KQ/B}�Mi HǶQ`B2Mi�iBQM K�;MûiB[m2 /2 H� +Qm+?2 HB#`2 2i

H2b HB`2 2M K2bm`�Mi H� `ûbBbi�M+2 /2 H� bi`m+im`2X G� p�`B�iBQM /2 `ûbBbi�M+2 +Q``2@

bTQM/ ¨ HǶ2z2i /2 K�;MûiQ`ûbBbi�M+2 imMM2H UhmMM2HBM; J�;M2iQ_2bBbi�M+2- hJ_VX

GǶ�m;K2Mi�iBQM /2 hJ_ #ûMû}+B2 ¨ H� }�#BHBiû /2b J_�JX �m /2H¨ /2 H� bi`m+im`2

7QM/�K2Mi�H2- H2b Kûi�mt HQm`/b bQMi H�`;2K2Mi miBHBbûb 2M i�Mi [m2 +Qm+?2 /2 `2pāi2@

K2Mi 2i /2 7QM/ /�Mb /2b JhCX

.2b +�H+mHb i?ûQ`B[m2b QMi T`û/Bi 2M kyyR [mǶmM2 hJ_ ûH2pû2 T2mi āi`2 Q#i2Mm2 /�Mb

mM 2KTBH2K2Mi 72`fQtv/2 /2 K�;MûbBmKf72` U62fJ;Pf62VX .2TmBb HQ`b- #2�m+QmT

/Ƕ2zQ`ib QMi ûiû +QMb�+`ûb ¨ HǶûH�#Q`�iBQM /2b JhC ¨ #�b2 /2 J;P 2i /2b hJ_ ûH2pû2b

QMi ûiû Q#i2Mm2b 2tTû`BK2Mi�H2K2MiX S�`�HHĕH2K2Mi- QM � û;�H2K2Mi Q#b2`pû [m2 H2b

Kûi�mt HQm`/b miBHBbûb +QKK2 +Qm+?2b /2 `2pāi2K2Mi /2b JhC BM~m2M+2Mi H� p�H2m` /2

H� hJ_X G� THmT�`i /2b 2tTû`BK2Mi�i2m`b �ii`B#m2Mi +2 T?ûMQKĕM2 ¨ H� /BzmbBQM /2b

�iQK2b /2b Kûi�mt HQm`/b- +2T2M/�Mi- H2b ûim/2b i?ûQ`B[m2b bm` HǶBM~m2M+2 BMi`BMbĕ[m2



+�mbû2 T�` H2b Kûi�mt HQm`/b `2bi2Mi BMbm{b�Mi2bX 1M /ûTBi /2b �p�M+û2b `û�HBbû2b /�Mb

H2b JhC #�bûb bm` J;P- H� /ûb�/�Ti�iBQM /2 K�BHH2 +`Bbi�HHBM2 /2 kW 2Mi`2 H� +Qm+?2

72``QK�;MûiB[m2 2i H� +Qm+?2 /2 J;P 2KTā+?2 HǶ�KûHBQ`�iBQM /2 hJ_X S�` �BHH2m`b- H2b

K�iû`B�mt #B/BK2MbBQMM2Hb UirQ@/BK2MbBQM�H- k.V 2i H2m`b ?ûiû`Qbi`m+im`2b /2 p�M /2`

q��Hb Up/qV Qz`2Mi mM2 bi`�iû;B2 /ǶBMiû;`�iBQM b�Mb HBKBi�iBQM pBb@¨@pBb /2 H� K�BHH2

+`Bbi�HHBM2X G� /û+Qmp2`i2 /m 72``QK�;MûiBbK2 /�Mb /2b K�iû`B�mt k. T2`K2i /2 H2b

miBHBb2` +QKK2 ûH2+i`Q/2b /�Mb /2b JhC- +2 [mB T2`K2i /Ƕ�ii2BM/`2 mM2 hJ_ `2K�`@

[m�#H2 ¨ #�bb2 i2KTû`�im`2X GǶ2z2i hJ_ MǶ�TT�`�ŗi +2T2M/�Mi Dmb[mǶ¨ T`ûb2Mi T�b ¨

i2KTû`�im`2 �K#B�Mi2 �m MBp2�m 2tTû`BK2Mi�HX

lM2 Kûi?Q/2 TQm` û+`B`2 /2b /QMMû2b /�Mb H2b JhC 2bi /ǶmiBHBb2` H2 +QmTH2 /2 i`�Mb72`i

/2 bTBM HBû ¨ HǶBMi2`�+iBQM bTBM@Q`#Bi2 UaTBM@P`#Bi hQ`[m2- aPhV [mB T2mi āi`2 BM/mBi

T�` HǶ2z2i /2 >�HH /2 bTBM UaTBM >�HH 1z2+i- a>1VX lM +Qm`�Mi /2 bTBM T2mi āi`2 ;ûMû`û

pB� H2 a>1 T�` mM +Qm`�Mi ûH2+i`B[m2- ¨ i`�p2`b mM2 +QMi`B#miBQM 2ti`BMbĕ[m2 UpB� /2b

+QHHBbBQMb /ûT2M/�Mi /m bTBM �p2+ /2b BKTm`2iûbV Qm BMi`BMbĕ[m2 UHBû2 �m +QmTH�;2 bTBM@

Q`#Bi2 +�`�+iû`BbiB[m2 /2b K�iû`B�mtVX .�Mb H2 /2mtBĕK2 +�b- 2HH2 2bi +�H+mH�#H2 T�` mM

7Q`K�HBbK2 �# BMBiBQ +QK#BMû ¨ H� 7Q`KmH2 /2 Em#QX .2 i2HH2b T`û/B+iBQMb i?ûQ`B[m2b

bQMi miBH2b TQm` ;mB/2` H2b i`�p�mt 2tTû`BK2Mi�mt 2i QTiBKBb2` H� +QM+2TiBQM /2 /Bb@

TQbBiB7b #�bûb bm` H2 a>1X

GǶBMD2+iBQM 2{+�+2 /2 +Qm`�Mi TQH�`Bbû 2M bTBM /�Mb mM +�M�H /BzmbB7 2bi 2bb2MiB2HH2

TQm` H2b /BbTQbBiB7b bTBMi`QMB[m2bX GǶBMD2+iBQM /m bTBM � /ûD¨ ûiû /ûKQMi`û2 /�Mb H2

;`�T?ĕM2 �p2+ mM2 ?�mi2 2{+�+Biû 2i mM2 ;`�M/2 HQM;m2m` /2 /BzmbBQM /2 bTBMX *2T2M@

/�Mi- HǶ�#b2M+2 /2 #�M/2 /ǶûM2`;B2 BMi2`/Bi2 /�Mb H2 ;`�T?ĕM2 2KTā+?2 H� `û�HBb�iBQM

/ǶmM i`�MbBbiQ` miBHBb�Mi H2 bTBMX GǶûK2`;2M+2 /2 bvbiĕK2b /2 bTBM �p2+ mM2 7QM+iBQM

+QKKmi�#H2- mM2 ;`�M/2 HQM;m2m` /BzmbBQM /m bTBM 2i mM2 2{+�+Biû ûH2pû2 /ǶBMD2+iBQM

/m bTBM UaTBM AMD2+iBQM 1{+B2M+v- aA1V 2bi 7Q`i2K2Mi �ii2M/m2X



• *?�TBi`2 k , h?ûQ`B2 /m i`�MbTQ`i [m�MiB[m2

G2 +?�TBi`2 k T`ûb2Mi2 #`Bĕp2K2Mi H2b 7QM/2K2Mib /2 H� i?ûQ`B2 /2 H� 7QM+iBQMM2HH2 /2

H� /2MbBiû U.2MbBiv 6mM+iBQM�H h?2Q`v- .6hVX lM bvbiĕK2 bQHB/2 +QMiB2Mi /2 MQK@

#`2mt MQv�mt 2i ûH2+i`QMb- /QM+ /2b �TT`QtBK�iBQMb 2i /2b bBKTHB}+�iBQMb bQMi BM@

ûpBi�#H2b TQm` H2b �M�Hvb2b T`�iB[m2b /2b T`QT`Bûiûb T?vbB[m2bX GǶ�TT`QtBK�iBQM /2

"Q`M@PTT2M?2BK2` /û+QmTH2 H2b KQmp2K2Mib /2b MQv�mt /Ƕ�iQK2b 2i /2b ûH2+i`QMb- 2M

bǶ�TTmv�Mi bm` H� /Bzû`2M+2 /2 K�bb2 2Mi`2 H2b /2mt ivT2b /2 T�`iB+mH2bX GǶ�TT`QtBK�iBQM

/2 >�`i`22 i`�Mb7Q`K2 H2 bvbiĕK2 ¨ THmbB2m`b T�`iB+mH2b 2M mM bvbiĕK2 ¨ mM2 T�`iB+mH2-

/2 THmb- HǶ�TT`QtBK�iBQM /2 >�`i`22@6Q+F BMi`Q/mBi H2 /ûi2`KBM�Mi /2 aH�i2` TQm` +QM@

bi`mB`2 mM2 bQHmiBQM �MiBbvKûi`B[m2 2i /QMM2` H2 i2`K2 /Ƕû+?�M;2 /�Mb HǶ?�KBHiQMB2MX

G2b i?ûQ`ĕK2b /2 >Q?2M#2`;@EQ?M BM/B[m2Mi [m2 H� /2MbBiû /2 +?�`;2 2bi H� [m�MiBiû

7QM/�K2Mi�H2 TQm` `ûbQm/`2 HǶ?�KBHiQMB2M /m bvbiĕK2- TmBb HǶû[m�iBQM /2 EQ?M@a?�K

7Qm`MBi mM2 �TT`Q+?2 T2`K2ii�Mi /2 H� +�H+mH2` T�` H� Kûi?Q/2 /m +?�KT �miQ@+Q?û`2Mi

Ua2H7@*QMbBbi2Mi 6B2H/- a*6V 2i H2b 7QM+iBQMM2HH2b /Ƕû+?�M;2@+Q``ûH�iBQMX

G2 b+?ûK� .6h M2 T2mi T�b āi`2 miBHBbû /�Mb H2b bvbiĕK2b ?Q`b /Ƕû[mBHB#`2 +�` H� bi�iBb@

iB[m2 /2 62`KB@.B`�+ miBHBbû2 M2 bǶ�TTHB[m2 [mǶ�mt bvbiĕK2b 2M û[mBHB#`2X SQm` `ûbQm/`2

H2 T`Q#HĕK2 /m i`�MbTQ`i [m�MiB[m2- H� 7QM+iBQM /2 :`22M ?Q`b /Ƕû[mBHB#`2 T2mi āi`2

KBb2 2M Q2mp`2X hQmi /Ƕ�#Q`/- mM2 2biBK�iBQM BMBiB�H2 /2 H� /2MbBiû /2 +?�`;2 2bi

/QMMû2 +QKK2 H� bQHmiBQM /Ƕû[m�iBQM /2 EQ?M@a?�K- �HQ`b H2 TQi2MiB2H /2 EQ?M@a?�K

T2mi āi`2 Q#i2Mm 2i H� K�i`B+2 ?�KBHiQMB2MM2 /2 /BbTQbBiB7 2bi /QMMû2X 1MbmBi2- �p2+ H2b

ûM2`;B2b T`QT`2b /2b ûH2+i`Q/2b- H� 7QM+iBQM /2 :`22M /m /BbTQbBiB7 2bi +�H+mHû2- 2i mM2

MQmp2HH2 /2MbBiû /2 +?�`;2 T2mi āi`2 T`Q/mBi2 T�` H� 7QM+iBQM /2 :`22MX G� Kûi?Q/2 /m

a*6 2bi miBHBbû2 TQm` 7�B`2 +QMp2`;2` H� p�H2m` /2 /2MbBiû /2 +?�`;2X 1M}M- H� 7QM+iBQM

/2 :`22M 2bi T`Q/mBi2 2i miBHBbû2 TQm` H2b +�H+mHb /2 T`QT`Bûiûb /2 i`�MbTQ`iX



• *?�TBi`2 j , PTiBKBb�iBQM /2 H� hJ_ 2i /m a>1 T�` Kûi�mt HQm`/b

G2 +?�TBi`2 j /Bb+mi2 HǶBM~m2M+2 /2b +Qm+?2b /2 Kûi�mt HQm`/b miBHBbûb /�Mb H2b JhC

¨ #�b2 /2 J;P bm` H� hJ_ 2i H2 a>1X LQmb ûim/BQMb /2b JhC bvKûi`B[m2b �p2+ /B7@

7û`2Mib Kûi�mt HQm`/b- i�Mi�H2 Uh�V- imM;biĕM2 UqV- KQHv#/ĕM2 UJQV 2i B`B/BmK UA`V-

H2b[m2Hb bQMi miBHBbûb +QKK2 +Qm+?2b /2 `2+Qmp`2K2Mi 2i /2 7QM/X G2b +�H+mHb �# BMBiBQ

KQMi`2Mi [m2 H2b Kûi�mt HQm`/b QMi mM BKT�+i BKTQ`i�Mi bm` H� +QM/m+i�M+2 /ûT2M@

/�Mi /m bTBM 2i H� hJ_X G2b bT2+i`2b /2 H� i`�MbKBbbBQM /ûT2M/�Mi /m bTBM KQMi`2Mi

[m2 /2b TB+b /2 H� i`�MbKBbbBQM /m bTBM K�DQ`Bi�B`2 �TT�`�Bbb2Mi 2M S* /�Mb iQmb H2b

JhC- ¨ HǶ2t+2TiBQM /2 +2HH2 miBHBb�Mi JQX GǶ�M�Hvb2 /2b #�M/2b /ǶûM2`;B2 `ûpĕH2 [m2

HǶ�#b2M+2 /2 H� #�M/2 ∆1 �m MBp2�m 62`KB U62`KB 2M2`;v- 16V /�Mb JQ- 2tTHB[m2 H�

/BbT�`BiBQM /2 +2 TB+X G2 +�M�H /2 +QM/m+iBQM ¨ bTBM KBMQ`Bi�B`2 2M S* 2bi /QKBMû

T�` H2b ûi�ib /2 `ûbQM�M+2b BMi2`7�+B�mt- H2b[m2Hb bǶ�iiûMm2Mi Hû;ĕ`2K2Mi /�Mb H2 `û;BK2

/Ƕ2z2i imMM2H +2 [mB +QM/mBi ¨ mM2 ;`�M/2 hJ_ /�Mb H2b JhC ¨ #�b2 /2 JQX G2b JhC

BM+Hm�Mi q Qm A` T`ûb2Mi2Mi û;�H2K2Mi /2b 2z2ib /2 hJ_ `2K�`[m�#H2b ;`�+2 ¨ H2m`

+QM/m+i�M+2 mHi`�@7�B#H2 /�Mb HǶ�S*X G� i2MbBQM �TTHB[mû2 �mt JhC `û/mBi HǶ2z2i /2

hJ_- 2M T�`iB2 ¨ +�mb2 /2 H� /2bi`m+iBQM /m imMM2H `ûbQMM�Mi 2M S*X

�T`ĕb +2H�- MQmb ûim/BQMb H� +QM/m+iBpBiû /2 >�HH /2 bTBM BMi`BMbĕ[m2 UBMi`BMbB+ aTBM

>�HH *QM/m+iBpBiv- a>*V /2b Kûi�mt HQm`/b- +�` H� aPh T2mi āi`2 BM/mBi2 T�` +2i 2z2iX

G� a>* 2bi +�H+mHû2 /�Mb JQ 2i A` 2i H2b �M�Hvb2b /2 H� +Qm`#m`2 /2 "2``v /2 bTBM bQMi

T`ûb2Miû2bX JQ � mM2 a>* /2 Ɛ9Rk (!/e)S/cm ¨ 16X G� a>* /ǶA` 2bi 9yj (!/e)S/cm ¨

16 2i ky8e (!/e)S/cm ¨ E = EF+0, 84 2oX AH 2bi 7Q`i T`Q#�#H2 [m2 H� a>* /2 HǶA` TmBbb2

āi`2 QTiBKBbû2 T�` mM /QT�;2 �p2+ /2b �iQK2b /2 bm#biBimiBQM /2 TH�iBM2 Si Qm �mX .2b

�iQK2b /2 bm#biBimiBQM �p2+ mM THmb ;`�M/ MQK#`2 /ǶûH2+i`QMb /2 p�H2M+2 ûHĕp2Mi H�

TQbBiBQM /2 16 2i �m;K2Mi2Mi H� a>* /2b �HHB�;2b /ǶA`@Si 2i /ǶA`@�m T�` `�TTQ`i �m +�b

/ǶA`X LQmb �pQMb ûim/Bû H� a>* /2b �HHB�;2b /ǶA`1−xSix 2i /ǶA`1−x�mx TQm` x 4 y-Rk8-

y-k8- y-jd8- Qm y-8X .�Mb A`yXd8�myXk8- H� a>* �ii2BMi R9d8 (!/e)S/cm- THmb /2 i`QBb 7QBb



+2HH2 /�Mb A`X *2 `ûbmHi�i /ûKQMi`2 [m2 H2 /QT�;2 T�` bm#biBimiBQM 2bi mM KQv2M 27@

}+�+2 /ǶQTiBKBb2` H� a>*- /�Mb H2 #mi /Ƕ�KûHBQ`2` HǶ2{+�+Biû /2 `2Mp2`b2K2Mi T�` aPhX

• *?�TBi`2 9 , JhC #�bû2b bm` /2b ?ûiû`QDQM+iBQMb p/q

G2 +?�TBi`2 9 T`QTQb2 /2b JhC ¨ #�b2 /2b ?ûiû`QDQM+iBQMb p/q- [mB T2mp2Mi āi`2

�bb2K#Hû2b b�Mb HBKBi�iBQM pBb@¨@pBb /2 H� K�BHH2 +`Bbi�HHBM2X .2b i`�p�mt 2tTû`BK2M@

i�mt QMi `�TTQ`iû H2 72``QK�;MûiBbK2 ¨ i2KTû`�im`2 �K#B�Mi2 /ǶmM2 KQMQ+Qm+?2 /2

/BbûH2MBm`2 Uoa2kV T`ûT�`û2 bm` bm#bi`�i 2M /BbmH7m`2 /2 KQHv#/ĕM2 UJQakVX �v�Mi

2M pm2 HǶBKTHûK2Mi�iBQM T`�iB[m2- MQmb T`QTQbQMb mM2 JhC #�bû2 bm` HǶ2KTBH2K2Mi

oa2kfJQakfoa2kX G2b +�H+mHb �# BMBiBQ KQMi`2Mi [mǶ¨ HǶûi�i /Ƕû[mBHB#`2- H� ;`�M/2 +QM@

/m+i�M+2 /�Mb HǶ�S* 2Mi`�ŗM2 H2 /û+HBM /2 hJ_X LQmb i`QmpQMb [m2 /�Mb HǶ�S*- H2b

ûi�ib /2 i`�MbKBbbBQM b2 HQ+�HBb2Mi �m MBp2�m /2 +2`i�BM2b +Qm+?2b 2i BM/mBb2Mi /2b `û@

bQM�M+2b- �p2+ mM2 T`Q#�#BHBiû /2 i`�MbKBbbBQM 2ti`āK2K2Mi ûH2pû2- T`Q+?2 /2 HǶmMBiûX

GǶ�TTHB+�iBQM /ǶmM2 i2MbBQM �TTHB[mû2 bmTT`BK2 H2b `ûbQM�M+2b- +2 [mB T2mi āi`2 mM2

Kûi?Q/2 2{+�+2 TQm` �KûHBQ`2` H� hJ_ /�Mb /2b JhC p/qX LQb +�H+mHb BM/B[m2Mi mM

`�iBQ /2 hJ_ ¨ i2KTû`�im`2 �K#B�Mi2 TQmp�Mi �ii2BM/`2 39eW bQmb i2MbBQM- [mB T�bb2

¨ RkddW ¨ Ryy EX LQmb ûim/BQMb H� TQbbB#BHBiû /2 aPh /�Mb H2b JhC �p2+ JQak +QKK2

+Qm+?2 /m 7QM/X G� p�H2m` /2 H� a>* /�Mb JQak 2bi b2mH2K2Mi /2 Ɛj9 (!/e)S/cm ¨

16- K�Bb 2HH2 T2mi �ii2BM/`2 9yy (!/e)S/cm ¨ E = EF − 2.0 2o- +2 [mB Qmp`2 /2b

T2`bT2+iBp2b TQm` `û�HBb2` H2 `2Mp2`b2K2Mi /Ƕ�BK�Mi�iBQMX

SQm` B/2MiB}2` /2b K�iû`B�mt T`ûb2Mi�Mi mM2 a>* ûH2pû2 ¨ 16- MQmb �pQMb ûim/Bû H2b

b2KB@Kûi�mt JQh2k 2i qh2kX G� p�H2m` /2 a>* bǶ�pĕ`2 +QMbB/û`�#H2 /�Mb H2b /2mt

+�bX �p2+ /2b T`QT`Bûiûb THmb BMiû`2bb�Mi2b [m2 JQak- JQh2k T`ûb2Mi2 mM2 a>* MQ@

i�#H2 /2 σz
yx 4 ƐjeR (!/e)S/cm ¨ 16- 2i mM �M;H2 /2 >�HH /2 bTBM UaTBM >�HH �M;H2-

a>�V ûH2pû /2 Ɛy-dkX G2 a>� 2bi mM #QM BM/B+�i2m` TQm` HǶ2{+�+Biû /2 +QMp2`bBQM

/ǶmM +Qm`�Mi /m +?�`;2 2M +Qm`�Mi /m bTBMX lM ;`�M/ a>� T2mi āi`2 �ii`B#mû ¨ H�



a>* ûH2pû2 2i ¨ H� 7�B#H2 +QM/m+iBpBiû ûH2+i`B[m2 /m b2KB@Kûi�HX SQm` qh2k- H� a>*

σz
xy 4 Ɛky9 (!/e)S/cm ¨ 16 2i H2 a>� 4 Ɛy-89X AH 2bi BMiû`2bb�Mi /2 MQi2` [m2 JQh2k

2i qh2k QMi bBt ûHûK2Mib /2 i2Mb2m` /2 a>* MQM MmHb �p2+ /2b �KTHBim/2b /Bzû`2Mi2bX

*2ii2 `B+?2bb2 BM?�#Bim2HH2 /2 a>* 2bi KBb2 2M ûpB/2M+2 TQm` H� T`2KBĕ`2 7QBb /�Mb /2b

K�iû`B�mt k. 2i 2bi �ii`B#mû2 ¨ H� bvKûi`B2 bi`m+im`2HH2 `û/mBi2 /2 JQh2k 2i /2 qh2kX

*2b i`�p�mt /2p`�B2Mi 7�pQ`Bb2` HǶûK2`;2M+2 /2 /BbTQbBiB7 k. TQm` H� bTBMi`QMB[m2X

• *?�TBi`2 8 , avbiĕK2 /ǶBMD2+iBQM /m bTBM bm` bBHB+ĕM2

JQiBpûb T�` HǶ2tB;2M+2 /2 bvbiĕK2b /ǶBMD2+iBQM /m bTBM �p2+ mM2 7QM+iBQM +QKKmi�#H2-

mM2 ;`�M/2 HQM;m2m` /2 /BzmbBQM /m bTBM 2i mM2 2{+�+Biû /ǶBMD2+iBQM /m bTBM ûH2pû2-

MQmb �pQMb ûim/Bû mM bvbiĕK2 miBHBb�Mi H2 bBHB+ĕM2- +Ƕ2bi@¨@/B`2 mM2 KQMQ+Qm+?2 +QM@

biBimû2 /Ƕ�iQK2b /2 aB ¨ bi`m+im`2 ?2t�;QM�H2X .2b i`�p�mt �Miû`B2m`b QMi KQMi`û

[mǶmM2 #�M/2 BMi2`/Bi2 2M ûM2`;B2 T2mi āi`2 Qmp2`i2 /�Mb H2 bBHB+ĕM2 2M �TTHB[m�Mi mM

+?�KT ûH2+i`B[m2 p2`iB+�H ;`�+2 ¨ b� bi`m+im`2 QM/mHû2X *2ii2 #�M/2 BMi2`/Bi2 T2`@

K2i /Ƕ2MpBb�;2` HǶmiBHBb�iBQM /m bBHB+ĕM2 +QKKmi�#H2 +QKK2 +�M�H TQm` H2 i`�MbTQ`i /2

bTBMX LQmb �pQMb ûim/Bû i?ûQ`B[m2K2Mi H2 i`�MbTQ`i /2 bTBM /�Mb mM +�M�H /2 bBHB+ĕM2

�bbQ+Bû ¨ mM 2KTBH2K2Mi 62URRRVfbBHB+ĕM2 2M i�Mi [mǶBMD2+i2m` /2 bTBMX G2b +�H+mHb ?Q`b

û[mBHB#`2 KQMi`2Mi [m2- /�Mb mM2 +2`i�BM2 TH�;2 /2 i2MbBQM �TTHB[mû2- H2 bvbiĕK2 T2mi

T`ûb2Mi2` H2b aA1 T`Q+?2b /2 RyyW- T`Qp2M�Mi /2 H� /2MbBiû /Ƕûi�ib /ûT2M/�Mi /2 bTBM

T�`iB+mHBĕ`2 /2 HǶ2KTBH2K2Mi 62URRRVfbBHB+ĕM2X �m@/2bbmb /2 HǶûM2`;B2 /2 62`KB- BH 2tBbi2

b2mH2K2Mi /2b ûi�ib /m bTBM KBMQ`Bi�B`2- /ǶQɍ H2 +Qm`�Mi /ȿ ¨ +2 ivT2 /ǶûH2+i`QMbX G2b

bT2+i`2b /2 H� i`�MbKBbbBQM 2M 7QM+iBQM /2 HǶûM2`;B2 QMi û;�H2K2Mi ûiû ûim/Bûb TQm` +QK@

T`2M/`2 H2 +Qm`�Mi /ûT2M/�Mi /m bTBM 2i H2b aA1 ûH2pûbX *2ii2 T`QTQbBiBQM /2 bvbiĕK2

/ǶBMD2+iBQM /m bTBM /QBi #ûMû}+B2` �m /ûp2HQTT2K2Mi /2 bTBMi`QMB[m2 ¨ #�b2 /m bBHB+ĕM2X



• *?�TBi`2 e , *QM+HmbBQMb 2i T2`bT2+iBp2b

G2 +?�TBi`2 e `ûbmK2 H2b +QM+HmbBQMb 2i T`ûb2Mi2 H2b T2`bT2+iBp2b /2 +2ii2 i?ĕb2X LQmb

�pQMb ûim/Bû H2 i`�MbTQ`i [m�MiB[m2 /ûT2M/�Mi /m bTBM 2M miBHBb�Mi /2b +�H+mHb �# BMBiBQ

TQm` +QM+2pQB` /2b /BbTQbBiB7b bTBMi`QMB[m2b ¨ ?�mi2 T2`7Q`K�M+2X LQmb MQmb bQKK2b

7Q+�HBbûb bm` H� K�;MûiQ`ûbBbi�M+2 imMM2H /�Mb /2b DQM+iBQMb imMM2H K�;MûiB[m2b- H�

+QM/m+iBpBiû /2 >�HH /2 bTBM BMi`BMbĕ[m2 /�Mb /2b Kûi�mt HQm`/b 2i /2b K�iû`B�mt

k. 2i HǶ2{+�+Biû /ǶBMD2+iBQM /2 bTBM /�Mb mM bvbiĕK2 ¨ #�b2 /2 bBHB+ĕM2X .2 7mim`b

i`�p�mt TQm``QMi TQ`i2` bm` HǶûp�Hm�iBQM /2 +QmTH2 bTBM@Q`#Bi2 TQm` H2 `2Mp2`b2K2Mi /2

HǶ�BK�Mi�iBQM 2i H� /vM�KB[m2 /m bTBM /�Mb /2b JhCX



*?�Ti2` R

AMi`Q/m+iBQM

aTBMi`QMB+b Bb �M BMi2`/Bb+BTHBM�`v bm#D2+i BMp2biB;�iBM; �M/ K�MBTmH�iBM; i?2 2H2+i`QM

bTBM /2;`22 Q7 7`22/QK-(R- k) r?B+? 2M�#H2b i?2 2H2+i`QMB+ /2pB+2 iQ T`Q+2bb BM7Q`K�iBQM

rBi? �/p�Mi�;2b Q7 i?2 MQMpQH�iBHBiv- HQM; 2M/m`�M+2- HQr@TQr2` +QMbmKTiBQM- �M/ ?B;?

bT22/X(j- 9) AM `2+2Mi v2�`b- i?�MFb iQ BMMQp�iBp2 K�i2`B�Hb �M/ MQp2H /2pB+2 bi`m+im`2b-

TH2Miv Q7 M2r T?2MQK2M� �M/ 2t+BiBM; 7mM+iBQM�HBiB2b 2K2`;2 BM i?Bb }2H/-(8ĜRk) K�FBM;

bTBMi`QMB+ /2pB+2b T`QKBbBM; 7Q` 7mim`2 K2KQ`v i2+?MQHQ;vX �M BKTQ`i�Mi bTBMi`QMB+

K2KQ`v Bb i?2 K�;M2iQ`2bBbiBp2 `�M/QK �++2bb K2KQ`v UJ_�JV-(RjĜRe) r?Qb2 #�bB+

+2HH Bb i?2 K�;M2iB+ imMM2H DmM+iBQM UJhCVX AM i?Bb +?�Ti2`- r2 rQmH/ BMi`Q/m+2 i?2

K2+?�MBbKb Q7 `2�/BM; �M/ r`BiBM; QT2`�iBQMb BM JhCb- �M/ /Bb+mbb i?2 `2b2�`+? QM

T2`7Q`K�M+2b Q7 bTBMi`QMB+ /2pB+2bX

RXR J�;M2iB+ imMM2H DmM+iBQM

6B;m`2 RXRU�V b?Qrb i?2 �iQKB+ /B�;`�K �M/ 6B;X RXRU#V b?Qrb i?2 i`�MbKBbbBQM 2H2+@

i`QM KB+`Qb+QTv BK�;2 Q7 JhCX h?2 #�bB+ bi`m+im`2 Q7 JhC- 7`QK i?2 #QiiQK iQ i?2

iQT- +QMbBbib Q7 b22/ H�v2`f7`22 H�v2`fimMM2H H�v2`f`272`2M+2 H�v2`f+�TTBM; H�v2`X(Rd)

h?2 72``QK�;M2iB+ K�i2`B�Hb �`2 2KTHQv2/ �b i?2 7`22 H�v2` �M/ `272`2M+2 H�v2`- i?2B`

R



RXRX J�;M2iB+ imMM2H DmM+iBQM k

6B;m`2 RXR, U�V �iQKB+ /B�;`�K �M/ U#V ?B;?@`2bQHmiBQM i`�MbKBbbBQM 2H2+i`QM KB@
+`Qb+QTv BK�;2 (Rd) Q7 � ivTB+�H JhCX

K�;M2iBx�iBQMb +�M #2 BM T�`�HH2H +QM};m`�iBQM US*V Q` �MiB@T�`�HH2H +QM};m`�iBQM

U�S*VX h?2 imMM2H H�v2` Bb �M mHi`�i?BM BMbmH�iQ` r?B+? `2bmHib BM i?2 [m�MimK imM@

M2HBM; i`�MbTQ`iX >2�pv K2i�Hb U>JbV �`2 2ti2MbBp2Hv mb2/ �b b22/ H�v2` �M/ +�TTBM;

H�v2`- iQ T`QKQi2 i?2 +`vbi�HHBx�iBQM �M/ T`2p2Mi QtB/�iBQM Q7 72``QK�;M2iB+ H�v2`bX

"�b2/ QM i?2 #�bB+ JhC bi`m+im`2- K�Mv QTiBKBx�iBQM i2+?MB[m2b ?�p2 #22M BMp2Mi2/-

bm+? �b i?2 bvMi?2iB+ �MiB72``QK�;M2ib bi`m+im`2-(R3) /Qm#H2@BMi2`7�+2 7`22 H�v2`-(RN)

/Qm#H2 imMM2H #�``B2` H�v2`-(ky) i?`22@i2`KBM�H JhC-(kR) 2i+X h?2b2 +`2�iBQMb H2�/ iQ

i?2 2M?�M+2K2Mi Q7 hJ_ 2z2+i �M/ i?2 `2/m+iBQM Q7 2M2`;v /BbbBT�iBQMX

"�bB+ 7mM+iBQM�HBiB2b Q7 JhCb BM+Hm/2 `2�/BM; �M/ r`BiBM; QT2`�iBQMb QM /�i�- r?B+?

�`2 biQ`2/ i?`Qm;? i?2 `2H�iBp2 K�;M2iBx�iBQM Q`B2Mi�iBQM Q7 irQ 72``QK�;M2ib- M�K2Hv-

S* Q` �S*X h?2 `2�/BM; QT2`�iBQM 2KTHQvb i?2 hJ_ 2z2+i- r?B+? Bb i?2 `2bBbi�M+2

/Bz2`2M+2 #2ir22M S* �M/ �S* Q7 JhCX J2�Mr?BH2- BMbi2�/ Q7 i?2 2ti2`M�H K�;M2iB+

}2H/- i?2 bTBM@i`�Mb72` iQ`[m2 UahhV (kk) �M/ bTBM@Q`#Bi iQ`[m2 UaPhV (kj) +�M #2

2{+B2Mi 2H2+i`B+�H �TT`Q�+?2b iQ r`Bi2 /�i� BM JhCb #v brBi+?BM; i?2 K�;M2iBx�iBQM

Q7 7`22 H�v2`X hQ QTiBKBx2 JhC T2`7Q`K�M+2b BM+Hm/BM; `2�/BM; `2HB�#BHBiv �M/ r`BiBM;

2M2`;v +QMbmKTiBQM- K�Mv 2zQ`ib ?�p2 #22M /2pQi2/ iQ i?2 2M?�M+2K2Mi Q7 hJ_

`�iBQ �M/ aPh 2{+B2M+v- �b /Bb+mbb2/ BM i?2 7QHHQrBM;X
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RXk hmMM2H K�;M2iQ`2bBbi�M+2 2z2+i

h?2 `2bBbi�M+2 Q7 JhC /2T2M/b QM i?2 `2H�iBp2 K�;M2iBx�iBQM �HB;MK2Mi Q7 irQ 72``Q@

K�;M2iB+ H�v2`b- �b b?QrM #v i?2 #Hm2 �``Qrb BM 6B;X RXRU�VX q?2M i?2 K�;M2iBx�iBQMb

Q7 irQ 72``QK�;M2iB+ H�v2`b �`2 BM S*- i?2 DmM+iBQM 2t?B#Bib � HQr@`2bBbi�M+2 bi�i2X

q?2M i?2 K�;M2iBx�iBQMb �`2 BM �S*- i?2 DmM+iBQM 2t?B#Bib � ?B;?@`2bBbi�M+2 bi�i2X

h?2 `2bBbi�M+2 p�`B�iBQM Q`B;BM�i2b 7`QK i?2 bTBM@/2T2M/2Mi b+�ii2`BM; Q7 i?2 2H2+i`QMbX

q?2M i?2 K�;M2iBx�iBQMb Q7 #Qi? 72``QK�;M2iB+ H�v2`b �`2 T�`�HH2H- i?2 2H2+i`QMb rBi?

K�DQ`Biv bTBM- r?B+? Bb T�`�HH2H rBi? i?2 HQ+�H K�;M2iBx�iBQM- rQmH/ #2 r2�FHv b+�i@

i2`2/ BM i?2 [m�MimK imMM2HBM; i`�MbTQ`i- H2�/BM; iQ HQr `2bBbi�M+2X >Qr2p2`- 7Q` i?2

�MiB@T�`�HH2H K�;M2iBx�iBQM- #Qi? i?2 K�DQ`Biv �M/ KBMQ`Biv 2H2+i`QMb ;2i b+�ii2`2/

b2p2`2HvX *QMb2[m2MiHv- 72r 2H2+i`QMb +�M T�bb �M/ ?B;? `2bBbi�M+2 +�M #2 Q#b2`p2/X

h?Bb `2bBbi�M+2 p�`B�iBQM #2ir22M S* �M/ �S* Q7 JhC Bb i?2 hJ_ 2z2+i- �M/ i?2

`�iBQ Q7 `2bBbi�M+2 p�`B�iBQM Bb +�HH2/ hJ_ `�iBQX q2 mb2 _ iQ `2T`2b2Mi i?2 `2bBbi�M+2

�M/ : iQ /2MQi2 i?2 +QM/m+i�M+2- �M/ /2}M2 hJ_ `�iBQ �b

hJ_ `�iBQ =
_�S* − _S*

_S*
× 100% =

:S* −:�S*
:�S*

× 100%. URXRV

AM 1[X RXR- :S* = :↑
S* +:↓

S*- r?2`2 :
↑
S* �M/ :↓

S* Bb i?2 K�DQ`Biv@bTBM �M/ KBMQ`Biv@

bTBM +QM/m+i�M+2 BM S*- `2bT2+iBp2HvX :�S* = :↑
�S* + :↓

�S*- r?2`2 :↑
�S* �M/ :↓

�S*

Bb i?2 K�DQ`Biv@bTBM �M/ KBMQ`Biv@bTBM +QM/m+i�M+2 BM �S*- `2bT2+iBp2HvX

AM RNd8- CmHHBĕ`2 }`biHv `2TQ`i2/ i?2 imMM2HBM; K�;M2iQ`2bBbi�M+2 UhJ_V 2z2+i

rBi? i?2 `�iBQ Q7 R9W �i i?2 i2KT2`�im`2 Q7 9Xk E BM i?2 62f:2f*Q DmM+iBQMX(k9)

aBM+2 R3W hJ_ `�iBQ r�b `2HB�#Hv `2�HBx2/ �i `QQK i2KT2`�im`2 BM i?2 62f�HkPjf62

DmM+iBQM-(k8- ke) i?2 hJ_ 2z2+i bi�`i2/ iQ �ii`�+i i`2K2M/Qmb �ii2MiBQM- �M/ 2ti2MbBp2

i?2Q`2iB+�H �M/ 2tT2`BK2Mi�H 2zQ`ib ?�p2 #22M /2pQi2/ iQ BM+`2�bBM; i?2 hJ_ `�iBQ

�i `QQK i2KT2`�im`2X >Qr2p2`- i?2 hJ_ `�iBQ BM �HPx@#�b2/ JhC r�b HBKBi2/ iQ
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dyW-(kd) ?BM/2`BM; i?2 T`�+iB+�H �TTHB+�iBQMb Q7 bTBMi`QMB+ /2pB+2bX LQp2H BMbmH�iQ`

K�i2`B�Hb r2`2 BMp2biB;�i2/ �M/ #`Qm;?i ;`2�i #`2�Fi?`Qm;?b BM i?2 2M?�M+2K2Mi Q7

hJ_ `�iBQX(k3- kN)

RXkXR J;P@#�b2/ JhC

� `2pQHmiBQM�`v bim/v i?`Qm;? �# BMBiBQ �TT`Q�+? T`2/B+i2/ i?�i `2K�`F�#H2 hJ_

`�iBQ +�M #2 7QmM/ BM i?2 JhC bi`m+im`2 Q7 62URyyVfJ;PURyyVf62URyyVX(jyĜjk) �

+`vbi�HHBM2 J;PURyyV #�``B2` H�v2` +�M #2 2TBi�tB�HHv ;`QrM QM � #Q/v@+2Mi2`2/ +m#B+

U#++V 62URyyV H�v2` rBi? � H�iiB+2 KBbK�i+? �`QmM/ kWX AM i?Bb r�v- � `2H�iBp2Hv

T2`72+i +`vbi�HHBx�iBQM +QmH/ #2 `2�HBx2/- �M/ +Q?2`2Mi imMM2HBM; rQmH/ ?�TT2M BM i?2

62fJ;Pf62 bi�+FX

6B;m`2 RXk, U�V SQbbB#H2 bvKK2i`B2b Q7 "HQ+? bi�i2b T`QT�;�iBM; �HQM; ∆ URyyV /B`2+@
iBQMX(jy) U#V .BbT2`bBQM 7Q` J;P BM i?2 pB+BMBiv Q7 i?2 ;�T �HQM; ∆ URyyVX(jR) U+V@U7V
hmMM2HBM; /2MbBiv Q7 bi�i2b Uh.PaV Q7 62fJ;Pf62 BM /Bz2`2Mi bTBM@/2T2M/2Mi +?�M@
M2HbX(jR)

"miH2` 2i �HX +�H+mH�i2/ i?2 bTBM@`2bQHp2/ i`�MbTQ`i T`QT2`iB2b BM 62fJ;Pf62

bi�+FX(jR) h?2 ?B;? :↑
S* �b r2HH �b � H�`;2 /Bz2`2M+2 #2ir22M :S* �M/ :�S* ?�p2
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#22M 7QmM/- `2bmHiBM; BM � `2K�`F�#H2 hJ_ `�iBQX Ai b?Qrb i?�i i?2 i`�MbKBbbBQM

bT2+i`mK Q7 :↑
S* ?�b � /BbiBM+i �M/ #`Q�/ T2�F +2Mi2`2/ �i k|| = 0X hQ };m`2 Qmi i?2

i`�MbKBbbBQM +?�`�+i2`- i?2 imMM2HBM; /2MbBiv Q7 bi�i2b Uh.PaV 7Q` k|| = 0 r�b 2t�K@

BM2/X 6B;m`2 RXkU�V T`2b2Mib i?2 TQbbB#H2 bvKK2i`B2b Q7 "HQ+? bi�i2b r?B+? T�`iB+BT�i2

2H2+i`QMB+ i`�MbTQ`iX Ai +�M #2 Q#b2`p2/ i?�i i?2 ∆1 "HQ+? bi�i2b- BX2X spd ?v#`B/Bx2/

bi�i2b- ?�p2 i?2 ?B;?2bi bvKK2i`vX 6B;m`2 RXkU#V /BbTH�vb i?2 /BbT2`bBQM Q7 J;P BM

i?2 pB+BMBiv Q7 i?2 ;�T �HQM; ∆ URyyV /B`2+iBQMX Ai BHHmbi`�i2b i?�i ∆1 "HQ+? bi�i2b

?�p2 i?2 bHQr2bi /2+�v `�i2 BM J;PX 6H�i #�M/b Q7 bTBM@TQH�`Bx2/ 62 b?Qr i?�i i?2 ∆1

bi�i2b �`2 7mHHv bTBM@TQH�`Bx2/ �i 62`KB 2M2`;v- M�K2Hv- QMHv i?2 K�DQ`Biv@bTBM bi�i2b

?�b i?2 ∆1 #�M/ +`QbbBM; 16X(jj) PM i?2 Qi?2` ?�M/- #Qi? i?2 K�DQ`Biv@ �M/ KBMQ`Biv@

bTBM bi�i2b ?�p2 i?2 ∆5 �M/ ∆′
2 U∆2V bvKK2i`B2bX �b � `2bmHi- 7Q` i?2 bTBM@/2T2M/2Mi

imMM2HBM; i`�MbTQ`i BM S*- ∆1 bi�i2b BM i?2 K�DQ`Biv@bTBM +?�MM2H /2+�v BM i?2 bHQr2bi

`�i2- �b b?QrM BM 6B;X RXkU+VX h?2 `�TB/ �ii2Mm�iBQM Q7 ∆′
2 U∆2V �M/ ∆5 bi�i2b BM

J;P +�M #2 Q#b2`p2/ BM 6B;bX RXkU+V@U7VX h?2 bTBM@/2T2M/2Mi imMM2HBM; i`�MbTQ`ib BM

�S* �`2 bBKBH�` �M/ /Bb+mbbBQMb �`2 QKBii2/X "`B2~v b�vBM;- i?2 imMM2HBM; i`�MbTQ`i

BM i?2 62fJ;Pf62 JhC /2T2M/b bi`QM;Hv QM i?2 "HQ+? bi�i2b rBi? ∆1 bvKK2i`vX

qBi? i?2 K�i+?BM; Q7 ∆1 bi�i2b BM 62 �M/ J;P- i?2 +Q?2`2Mi imMM2HBM; BM JhC H2�/b

iQ i?2 H�`;2 :↑
S* �b r2HH �b ?B;? hJ_ `�iBQX 6QHHQrBM; rQ`Fb QM 62fJ;Pf62 `2TQ`i

BKT`2bbBp2 `2bmHib- BM+Hm/BM; i?2 hJ_ `�iBQ �i MQM@2[mBHB#`BmK bi�i2b-(j9) i?2 Qtv;2M@

p�+�M+v@BM/m+2/ /BzmbBp2 b+�ii2`BM;-(j8) �b r2HH �b i?2 i?2`KQ2H2+i`B+Biv �M/ /BbQ`/2`

Q7 *Q62fJ;Pf*Q62 JhCX(je)

AMbTB`2/ #v i?2 i?2Q`2iB+�H /Bb+Qp2`v- ;`2�i 2zQ`ib ?�p2 #22M /2pQi2/ iQ i?2 2t@

T2`BK2Mi�H bim/v Q7 J;P@#�b2/ JhCbX liBHBxBM; KQH2+mH�` #2�K 2TBi�tv- um�b�

2i �HX `2TQ`i2/ � `QQK@i2KT2`�im`2 hJ_ `�iBQ Q7 R3yW BM i?2 bBM;H2@+`vbi�H JhC

rBi? 62fJ;Pf62 bi`m+im`2X(jd) J2�Mr?BH2- hJ_ `�iBQ mT iQ kkyW r�b Q#b2`p2/ BM

*Q62fJ;Pf*Q62 DmM+iBQM �i `QQK i2KT2`�im`2X(j3) �7i2` i?�i- hJ_ `�iBQ Q7 8yyW
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+�M #2 Q#i�BM2/ BM JhCb rBi? *Q62" 2H2+i`Q/2b �i `QQK i2KT2`�im`2X(jN) JQ`2 BM@

i`B;mBM;Hv- #v bmTT`2bbBM; i?2 /BzmbBQM Q7 h� �iQKb- � `QQK@i2KT2`�im`2 hJ_ `�iBQ Q7

ey9W r�b bm++2bb7mHHv Q#b2`p2/ BM *Q62"fJ;P JhCX(9y) *QKT�`2/ iQ i?2 TQHv+`vb@

i�HHBM2 *Q62 H�v2`-(j3) i?2 �KQ`T?Qmb *Q62" H�v2` Bb ?QKQ;2M2Qmb-(9y) K�FBM; Bi KQ`2

T`�+iB+�H iQ T`2T�`2 i?2 JhC /2pB+2b BM H�`;2 b+�H2 miBHBxBM; K�;M2i`QM bTmii2`BM;X(9R)

PM i?2 Qi?2` ?�M/- /m2 iQ i?2 TQi2MiB�H 7Q` ?B;?@/2MbBiv J_�J- i?2 BMi2`7�+B�H

T2`T2M/B+mH�` K�;M2iB+ �MBbQi`QTv USJ�V �ii`�+ib BM+`2�bBM; BMi2`2bibX(9k) PM2 TBQ@

M22`BM; bim/v QM T@JhC Bb #�b2/ QM i?2 h�f*Q62"fJ;Pf*Q62"fh� bi�+F rBi? � 7`22

H�v2` Q7 RXd MK �M/ � `272`2M+2 H�v2` �b i?BM �b RXy MKX(9j) AMi2`7�+B�H SJ� +QKT2i2b

rBi? i?2 #mHF BM@TH�M2 K�;M2iB+ b?�T2 �MBbQi`QTv- ?2M+2 i?2 i?B+F *Q62" H�v2` Bb

?�`K7mH iQ SJ�X �7i2` i?2 �MM2�HBM; T`Q+2bb �i 300 ◦C- i?2 JhC +�M 2t?B#Bi � hJ_

`�iBQ Q7 Rk9WX aBM+2 i?2M- � b2`B2b Q7 2tT2`BK2Mib rBi? h� H�v2`b 2K2`;2/X C2QM 2i �HX

T2`7Q`K2/ � +QKT`2?2MbBp2 BMp2biB;�iBQM Q7 h�f*Q62"fJ;P@#�b2/ T@JhCbX(99) h?2v

`2p2�H i?�i i?2 hJ_ `�iBQ bi`QM;Hv /2T2M/b QM i?2 i?B+FM2bb2b Q7 #Qi? 7`22 �M/ `272`@

2M+2 H�v2`bX h?2 i?B+FM2bb Q7 72``QK�;M2iB+ H�v2`b /2i2`KBM2b #Qi? i?2 SJ� bi`2M;i?

�M/ i?2 /BzmbBQM Q7 h� �iQKb- r?BH2 bi`QM; SJ� #2M2}ib hJ_ �M/ /BzmbBQM /�K@

�;2b hJ_X *QMbB/2`BM; �HH 7�+iQ`b- i?2 +QK#BM�iBQM Q7 RX8N MK 7`22 H�v2` �M/ RXR MK

`272`2M+2 H�v2` Bb i?2 #2bi bi`�i2;v 7Q` i?Bb T@JhC- �M/ ;2M2`�i2b i?2 ?B;?2bi hJ_

`�iBQ Q7 Ry9WX h?Bb rQ`F �M/ _27X (9y) `2TQ`i i?2 BM~m2M+2 QM hJ_ +�mb2/ #v i?2

h� /BzmbBQM 2z2+i- /2KQMbi`�iBM; i?�i >Jb +�M ;`2�iHv BKT�+i hJ_X

�+im�HHv- i?2 /BzmbBQM 2z2+i Q7 h� �iQKb Bb � b2`BQmb T`Q#H2KX q?2M i?2 �MM2�HBM;

i2KT2`�im`2 BM+`2�b2b iQ 400 ◦C r?B+? Bb `2[mB`2/ 7Q` i?2 #�+F@2M/@Q7@HBM2 T`Q+2bb Q7

BMi2;`�i2/ +B`+mBi /2pB+2b- h� �iQK /BzmbBQM rQmH/ BM/m+2 � i?B+F K�;M2iB+ /2�/ H�v2`

2bT2+B�HHv 7Q` HQM;@iBK2 �MM2�HBM;- i?2M i?2 BMbi�#BHBiv Q7 �S* Q++m`b �b r2HH �b �M

Q#pBQmb `2/m+iBQM Q7 hJ_ `�iBQX(98- 9e) �b � `2bmHi- Bi K�v #2 +?�HH2M;BM; iQ �TTHv

i?2 JhCb rBi? h� H�v2`b iQ J_�J BM T`�+iB+2X
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_2TH�+BM; h� rBi? �MQi?2` ?2�pv K2i�H K�v Qp2`+QK2 i?2 /BzmbBQM T`Q#H2KX PM2

T`QKBbBM; >J +�M/B/�i2 Bb JQX(9d) Ai ?�b #22M `2TQ`i2/ i?�i 7Q` i?2 JQf*Q62"fJ;P

bi`m+im`2b- i?2 bi`QM; SJ� `2K�BMb �7i2` �MM2�HBM; �i 425 ◦CX "2bB/2b- JQf*Q62"

�M/ *Q62"fJ;P BMi2`7�+2b �`2 +H2�`Hv b?�`TX(93) h?2 bi�#BHBiv Q7 JQ �iQKb +�M #2 �i@

i`B#mi2/ iQ i?2 H�`;2 7Q`K�iBQM 2M2`;v Q7 JQ@62 �HHQvbX(9N) 6QHHQrBM; rQ`F T`Qp2b i?�i

JhC rBi? JQ H�v2`b +QmH/ 2t?B#Bi � hJ_ `�iBQ Qp2` R9yW �7i2` �MM2�HBM; �i 400 ◦C 7Q`

k ?Qm`bX(9N) JQ`2Qp2`- #v +QK#BMBM; i?2 bi�#BHBiv Q7 JQ H�v2` �M/ i?2 ;QQ/ #Q`QM bBMF

h� H�v2`- �HK�bB 2i �HX /2bB;M2/ i?2 JhC rBi? h�fi?BM JQf*Q62"fJ;Pf*Q62"fi?BM

JQfh� bi�+F- r?B+? T`2p2Mib i?2 BMi2`KBtBM; Q7 h� rBi? 62 �b r2HH �b �HHQrb i?2 bK�HH

" �iQKb iQ /Bzmb2 Qmi /m`BM; i?2 �MM2�HBM; T`Q+2bbX �b � `2bmHi- � ?B;? hJ_ `�iBQ

Q7 ky3W ?�b #22M �+?B2p2/ BM i?Bb T@JhCX(8y)

PM i?2 Qi?2` ?�M/- rBi? � ?B;? K2HiBM; TQBMi r?B+? #QQbib mT i?2 �MM2�HBM; bi�#BH@

Biv- i?2 ?2�pv K2i�H q �HbQ �ii`�+ib HQib Q7 �ii2MiBQM- bBM+2 i?2 `Q#mbi q@q #QM/b +�M

T`2p2Mi q �iQKb 7`QK /BzmbBM; BMiQ J;P H�v2` /m`BM; i?2 �MM2�HBM; T`Q+2bbX �7i2` i?2

�MM2�HBM; �i 420 ◦C 7Q` Ry KBMmi2b- i?2 T@JhC #�b2/ QM qf*Q62"fJ;Pf*Q62"fq

bi�+F +�M T`2b2Mi � hJ_ `�iBQ Q7 Rj3WX(9e) G22 2i �HX `2p2�H � ?B;?2` hJ_ `�iBQ Q7

RejW BM T@JhC rBi? qfh� b22/ H�v2` �M/ q +�TTBM; H�v2`X(8R) "Qi? *Q62" H�v2`b

?�p2 #22M r2HH i2tim`2/ rBi? i?2 J;P H�v2`- i?2`2#v `2�HBxBM; � ?B;? hJ_ `�iBQ �7@

i2` �MM2�HBM; �i 400 ◦CX _2+2MiHv- `2K�`F�#H2 hJ_ `�iBQ ?�p2 #22M `2TQ`i2/ BM i?2

JhC rBi? q KQMQH�v2`X(8k) h?2 JhC bi�+F +QMbBbib Q7 /Qm#H2 7`22 H�v2`b b2T�`�i2/

#v i?2 q KQMQH�v2` �M/ /Qm#H2 *Q62"fJ;P BMi2`7�+2bX >B;? hJ_ `�iBQ Q7 k9NW

?�b #22M Q#b2`p2/ BM i?Bb T@JhC- /2KQMbi`�iBM; i?2 Q++m``2M+2 Q7 +Q?2`2Mi imMM2HBM;

BM +`vbi�HHBM2 J;PX

h�#H2 RXR T`2b2Mib hJ_ `�iBQb BM T@JhCb rBi? p�`BQmb >JbX 1tT2`BK2Mib �#Qp2

/2KQMbi`�i2 i?�i >Jb ;`2�iHv BKT�+i i?2 hJ_ BM JhCb /m2 iQ i?2 /BzmbBQM 2z2+ib

mM/2` /Bz2`2Mi �MM2�HBM; +QM/BiBQMbX "v pB`im2 Q7 bmT2`BQ` i?2`K�H bi�#BHBiv- JQ �M/
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h�#H2 RXR, hJ_ BM JhCb rBi? p�`vBM; ?2�pv K2i�H K�i2`B�Hb- i /2MQi2b i?B+FM2bb- h�
`2T`2b2Mib �MM2�HBM; i2KT2`�im`2X �HH JhCb 2KTHQv2/ *Qky62ey"ky �b 72``QK�;M2ibX

>J i7`22 H�v2` i`27 H�v2` iJ;P h� hJ_ UWV _272`2M+2

h� RXd RXy yX38 jyy Rk9 (9j)
h� RXy8 RX8N RXy @ Ry9 (99)

h�fi?BM JQ RX8 yX38 yXN 8yy ky3 (8y)
JQ RXe yX3 RXN8 9yy Rek (9N)
q RXy RX9 RXk 9yy Rej (8R)
q RX8 yXN8 kX9 9ky Rj3 (9e)

q BMb2`iBM; RXj �M/ yX8 RXy yX3 jNy k9N (8k)

q K2i�Hb +�M #2 ;QQ/ +�M/B/�i2b 7Q` ?B;? hJ_ `�iBQbX >Qr2p2`- /2bTBi2 �#mM/�Mi

2tT2`BK2Mi�H �+?B2p2K2Mib- i?2Q`2iB+�H rQ`Fb bim/vBM; i?2 BMi`BMbB+ BM~m2M+2 QM hJ_

+�mb2/ #v ?2�pv K2i�Hb `2K�BM BM�/2[m�i2- BKT2/BM; i?2 +QKT`2?2MbBQM Q7 i?2 `QH2

Q7 >JbX

RXkXk .2p2HQTK2Mi Q7 p/q JhC

.Bz2`2Mi 7`QK i?2 i`�/BiBQM�H J;P@#�b2/ JhC rBi? � kW H�iiB+2 KBbK�i+?- p�M /2`

q��Hb Up/qV JhCb T`QpB/2 � bi`�i2;v iQ 2ti2`KBM�i2 H�iiB+2 KBbK�i+? BM ?2i2`QDmM+@

iBQMb- i?�MFb iQ i?2 #QM/@7`22 BMi2;`�iBQM Q7 p/q K�i2`B�HbX(8jĜ88) "`2�Fi?`Qm;?b

BM 72``QK�;M2iB+ p/q K�i2`B�Hb 2M�#H2 i?2 irQ@/BK2MbBQM�H Uk.V bTBMi`QMB+ /2pB+2bX

GQM;@`�M;2 K�;M2iB+ Q`/2`b ?�p2 #22M 7QmM/ BM irQ /Bz2`2Mi BMbmH�iBM; p/q K�i2@

`B�Hb- *`k:2kh2e �M/ *`AjX(8e- 8d) *`k:2kh2e Bb � k. >2Bb2M#2`; 72``QK�;M2i rBi?

bK�HH K�;M2iB+ �MBbQi`QTv- r?2`2�b *`Aj Bb � k. �@ivT2 �MiB72``QK�;M2i rBi? bi`QM;

SJ�X >Qr2p2`- i?2 72``QK�;M2iB+ Q`/2`b BM *`k:2kh2e �M/ *`Aj +�M QMHv #2 T`2b2`p2/

�i HQr i2KT2`�im`2bX G�i2` QM- ;�i2@imM�#H2 `QQK@i2KT2`�im`2 72``QK�;M2iBbK r�b

7QmM/ BM 62j:2h2kX(83) AM 62j:2h2k- i?2 +`vbi�HHQ;`�T?B+ 2MpB`QMK2Mib Q7 62 �iQKb �`2

�bvKK2i`B+ �HQM; �M/ MQ`K�H iQ i?2 #�b�H TH�M2- H2�/BM; iQ i?2 bBx�#H2 K�;M2iQ+`vb@
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i�HHBM2 �MBbQi`QTvX _2+2MiHv- `QQK@i2KT2`�im`2 �M/ BMi`BMbB+ 72``QK�;M2iBbK ?�b #22M

/Bb+Qp2`2/ BM i?2 k. 72``QK�;M2ib oa2k KQMQH�v2` r?B+? +�M #2 ;`QrM QM JQak #v

KQH2+mH�` #2�K 2TBi�tv-(8N) T`QpB/BM; i?2 TQbbB#BHBiv Q7 k. bTBMi`QMB+ �TTHB+�iBQMbX

h?2 Q#b2`p�iBQMb Q7 BMi`BMbB+ 72``QK�;M2iBbK BM p/q K�i2`B�Hb i`B;;2` BMi2`2bib

BM bTBMi`QMB+ /2pB+2bX _2+2MiHv- JhCb #�b2/ QM p/q K�i2`B�Hb ?�p2 #22M bim/B2/

� HQiX(eyĜej) hmMM2HBM; bTBM p�Hp2b ?�p2 #22M �+?B2p2/ mbBM; 2t7QHB�i2/ 62j:2h2k �b

72``QK�;M2iB+ H�v2`b �M/ ?@"L �b i?2 imMM2H H�v2`- �M/ i?2 hJ_ bB;M�H `2�+?2b mT iQ

ReyW �i 9Xk EX(e9) h?2 p/q ?2i2`QDmM+iBQMb +QMbBbiBM; Q7 *`Aj imMM2H H�v2`b 2t?B#Bi

H�`;2` hJ_ T2`7Q`K�M+2bX G�v2`@/2T2M/2Mi K�;M2iB+ T?�b2b ?�p2 #22M Q#b2`p2/ BM

*`Aj@#�b2/ JhCb-(e8) �M/ hJ_ +�M #2 /`�biB+�HHv 2M?�M+2/ rBi? BM+`2�bBM; *`Aj H�v2`

i?B+FM2bb- `2�+?BM; mT iQ RNyyyW �i i?2 mHi`�@HQr i2KT2`�im`2 Q7 k EX qQ`Fb �#Qp2

`2p2�H i?2 TQbbB#BHBiv iQ b?`BMF i?2 JhC b+�H2 iQ i?2 �iQKB+�HHv i?BM HBKBi rBi? p2`b�iBH2

p/q K�i2`B�Hb- �b r2HH �b `2K�`F�#H2 hJ_ 2z2+ib BM p/q JhCbX J2�Mr?BH2- r2

�MiB+BT�i2 i?2 �+?B2p2K2Mi Q7 `QQK@i2KT2`�im`2 hJ_ BM p/q JhCb- r?B+? rQmH/

T`QKQi2 i?2 �TTHB+�iBQM Q7 p/q /2pB+2bX

RXj aTBM >�HH 2z2+i

6Q` i?2 r`BiBM; QT2`�iBQM- ahh �M/ aPh +�M #2 2KTHQv2/ iQ brBi+?BM; i?2 K�;@

M2iBx�iBQM Q7 7`22 H�v2`X .2bTBi2 �/p�M+2b BM ahh K2i?Q/- i?2`2 biBHH `2K�BMb bQK2

+?�HH2M;2bX h?2 b�K2 T�i? Q7 `2�/BM; �M/ r`BiBM; +m``2Mib `2bmHib BM mM/2bB`�#H2 r`Bi@

BM; QT2`�iBQM BM i?2 `2�/Qmi T`Q+2bb- K2�Mr?BH2 BM+`2�bBM; i?2 T`Q#�#BHBiv Q7 imMM2H

H�v2` #`2�F/QrMX "2bB/2b- ahh J_�J Bb ?�`/ iQ `2�+? i?2 bT22/ `2[mB`2/ #v +�+?2

K2KQ`vX(eeĜe3) h?2 2K2`;BM; aPh J_�J T`QpB/2b �M �Hi2`M�iBp2 K2i?Q/ iQ bQHp2

�#Qp2 Bbbm2bX(eNĜd8) AM i?2 i?`22@i2`KBM�H aPh JhC- i?2 b2T�`�iBQM Q7 `2�/BM; �M/

r`BiBM; T�i?b `2/m+2b i?2 r`Bi2 2``Q` `�i2 �M/ BKT`Qp2b i?2 /2pB+2 2M/m`�M+2X J2�M@

r?BH2- *m#mF+m 2i �HX ?�b `2TQ`i2/ �M mHi`�@7�bi #BTQH�` K�;M2iBx�iBQM brBi+?BM; /QrM
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iQ 9yy Tb BM T2`T2M/B+mH�` aPh JhC- K�FBM; aPh J_�J T`QKBbBM; 7Q` i?2 +�+?2

K2KQ`v �TTHB+�iBQMX(de) AM i?2 aPh JhC- r`BiBM; +m``2Mi Bb BMD2+i2/ BMiQ i?2 #QiiQK

H�v2` +QMbBbiBM; Q7 ?2�pv K2i�H- r?2`2 a>1 Q++m`b �M/ BM/m+2b aPhX(dd- d3) AM i?Bb

b2+iBQM- r2 /Bb+mbb i?2 a>1 �M/ a>1@BM/m+2/ aPhX

RXjXR J2+?�MBbKb Q7 a>1

6B;m`2 RXj, a+?2K�iB+b Q7 U�V aTBM >�HH 2z2+i �M/ U#V aPh BM/m+2/ #v a>1X(dN)

h?2 ;2M2`�iBQM- K�MBTmH�iBQM- �M/ /2i2+iBQM Q7 bTBM +m``2Mib �`2 F2v �bT2+ib BM

i?2 }2H/ Q7 bTBMi`QMB+bX AM i?Bb }2H/- bTBM >�HH 2z2+i ?�b #22M 2ti2MbBp2Hv mb2/X �b

b?QrM BM 6B;X RXjU�V- BM a>1- bTBM@/2T2M/2Mi /2~2+iBQMb /m2 iQ i?2 bTBM@Q`#Bi +Qm@

THBM; UaP*V ;2M2`�i2b � bTBM +m``2Mi Js U#H�+F �``QrV- r?B+? Bb i`�Mbp2`b2 iQ i?2

+?�`;2 +m``2Mi Jc U;`�v �``QrVX h?2 bTBM TQH�`Bx�iBQM Bb T2`T2M/B+mH�` iQ i?2 TH�M2

/2}M2/ #v i?2 bTBM �M/ +?�`;2 +m``2MibX(dN) AMbTB`2/ #v i?2 i?2Q`2iB+�H 7`�K2rQ`F Q7

�MQK�HQmb >�HH 2z2+i U�>1V-(3y) i?2 bQm`+2b Q7 a>1 +�M #2 /BpB/2/ BMiQ i?`22 /BbiBM+i

KB+`Qb+QTB+ K2+?�MBbKb- M�K2Hv- i?2 BMi`BMbB+- i?2 bF2r@b+�ii2`BM;- �M/ i?2 bB/2 DmKT

K2+?�MBbKbX(Ry)

• AMi`BMbB+ K2+?�MBbK

h?2 BMi`BMbB+ +QMi`B#miBQM iQ i?2 bTBM >�HH +QM/m+iBpBiv Ua>*V /2T2M/b QMHv QM i?2

#�M/ bi`m+im`2 Q7 i?2 T2`72+i +`vbi�HX Ai +�M #2 +�H+mH�i2/ �++m`�i2Hv mbBM; �# BMBiBQ



RXjX aTBM >�HH 2z2+i RR

i2+?MB[m2X �++Q`/BM; iQ i?2 Em#Q 7Q`KmH�-(3R- 3k) a>* +�M #2 r`Bii2M �b

σz
xy(ω) = !

∫

BZ

d3k

(2π)3

∑

n

fnk

×
∑

m ̸=n

2 Im
[
⟨nk|ĵx

x|mk⟩ ⟨mk |−ev̂y|nk⟩
]

(ϵnk − ϵmk)
2 − (!ω + iη)2

URXkV

r?2`2 σz
xy Bb � i?B`/@`�MF i2MbQ` �M/ `2T`2b2Mib i?2 bTBM +m``2Mi �HQM; x /B`2+iBQM

T`Q/m+2/ #v �M 2H2+i`B+ }2H/ �HQM; y /B`2+iBQM- �M/ i?2 bTBM +m``2Mi Bb TQH�`Bx2/ �HQM;

z /B`2+iBQMX ϵn �M/ ϵm �`2 i?2 2B;2Mp�Hm2b- n �M/ m �`2 #�M/ BM/2t2bX "w /2MQi2b i?2

}`bi "`BHHQmBM xQM2- fnk Bb i?2 62`KB /Bbi`B#miBQM 7mM+iBQM- ĵzx = 1
2 {ŝz, v̂x} Bb i?2 bTBM

+m``2Mi QT2`�iQ`- ŝz = !
2 σ̂z Bb i?2 bTBM QT2`�iQ`- v̂y = 1

!
∂H(k)
∂ky

Bb i?2 p2HQ+Biv QT2`�iQ`

�M/ H(k) Bb i?2 >�KBHiQMB�M K�i`BtX 6`2[m2M+B2b ω �M/ η �`2 b2i iQ x2`Q BM i?2 /B`2+i

+m``2MiX

• aF2r@b+�ii2`BM; K2+?�MBbK

h?2 /272+i BM � +`vbi�H K�v +?�M;2 i?2 KQpBM; /B`2+iBQMb Q7 i?2 2H2+i`QMb i?`Qm;?

b+�ii2`BM;X 1H2+i`QMb BM /Bz2`2Mi T�i?b U/2pB�iBM; iQ i?2 H27i Q` iQ i?2 `B;?iV 2tT2`B@

2M+2 QTTQbBi2 2z2+iBp2 K�;M2iB+ }2H/b +�mb2/ #v aP*- H2�/BM; iQ /Bz2`2Mi b+�ii2`BM;

T`Q#�#BHBiB2b 7Q` 2H2+i`QMb rBi? QTTQbBi2 bTBM �M;mH�` KQK2Mi�- �b r2HH �b � bm#b2[m2Mi

bTBM +m``2Mi ~QrBM; T2`T2M/B+mH�`Hv iQ i?2 +?�`;2 +m``2MiX

• aB/2@DmKT K2+?�MBbK

AM � +`vbi�H- � /272+i T`Q/m+2b �M 2H2+i`B+ }2H/ �`QmM/ Bib2H7X q?2M �M BiBM2`�Mi

2H2+i`QM T�bb2b BM i?2 pB+BMBiv Q7 i?2 /272+i- Bi 2tT2`B2M+2b �M 2z2+iBp2 K�;M2iB+ }2H/

+�mb2/ #v aP*- r?B+? +QK2b 7`QK i?2 2H2+i`B+�H }2H/ Q7 /272+iX 6Q` i?2 bi`�B;?i@;QBM;

2H2+i`QM T�bbBM; i?`Qm;? i?2 /272+i 7`QK H27i Q` `B;?i bB/2- QTTQbBi2 H�i2`�H /BbTH�+2K2Mi

rQmH/ #2 ;2M2`�i2/ /2T2M/BM; QM i?2 bTBM �M;mH�` KQK2MimK Q7 2H2+i`QM- H2�/BM; iQ

/BbT�`�i2 T�i?b 7Q` 2H2+i`QMb rBi? /Bz2`2Mi bTBM �b r2HH �b i?2 bm#b2[m2Mi bTBM +m``2MiX



RXjX aTBM >�HH 2z2+i Rk

RXjXk aPh BM/m+2/ #v a>1

aTBM@Q`#Bi iQ`[m2 Q`B;BM�i2b 7`QK i?2 i`�Mb72` Q7 �M;mH�` KQK2MimK 7`QK H�iiB+2 iQ

bTBM bvbi2K BM i?2 72``QK�;M2ifMQMK�;M2iB+ K2i�H #BH�v2`X(dk- d8- 3jĜ38) h?2 /vM�K@

B+b Q7 72``QK�;M2iB+ H�v2` Bb ;Qp2`M2/ #v i?2 G�M/�m@GB7b?Bix@:BH#2`i UGG:V 2[m�iBQM

dm

dt
= −γm×BM + αm× dm

dt
+

γ

Ms
T URXjV

r?2`2 m = M/Ms Bb i?2 mMBi�`v K�;M2iBx�iBQM p2+iQ` �M/ Ms Bb i?2 b�im`�iBQM K�;@

M2iBx�iBQM- γ Bb i?2 ;v`QK�;M2iB+ `�iBQ- �M/ α Bb i?2 :BH#2`i /�KTBM; T�`�K2i2`X h?2

}`bi i2`K QM i?2 `B;?i bB/2 Q7 1[X RXj Bb i?2 T`2+2bbBQM Q7 i?2 K�;M2iBx�iBQM m �`QmM/

i?2 2z2+iBp2 }2H/ BMX h?2 b2+QM/ i2`K /2MQi2b i?2 K�;M2iBx�iBQM `2H�t�iBQM iQr�`/b

Bib 2[mBHB#`BmK TQbBiBQMX h?2 i?B`/ i2`K �++QmMib 7Q` Qi?2` iQ`[m2b BM/m+2/ #v i?2

2H2+i`B+�H +m``2Mi- 2X;X ahh Q` aPhX am+? iQ`[m2b �`2 /2}M2/ iQ #2 Q`i?Q;QM�H iQ i?2

K�;M2iBx�iBQM m BM i?2 7Q`K Q7

T = τFLm× ζ + τDLm× (m× ζ), URX9V

r?2`2 ζ Bb � mMBi p2+iQ` /2i2`KBM2/ #v i?2 bTBM@+?�`;2 +QMp2`bBQM Q`B;BM�iBM; 7`QK

aP*X :2M2`�HHv- τFL- i?2 }2H/@HBF2 iQ`[m2- /2MQi2b i?2 HQM;Bim/BM�H +QKTQM2Mi HvBM;

BM i?2 (m, ζ) TH�M2X τDL- i?2 /�KTBM;@HBF2 iQ`[m2- Bb i?2 i`�Mbp2`b2 +QKTQM2Mi MQ`K�H

iQ i?2 (m, ζ) TH�M2X

6B;m`2 RXjU#V T`2b2Mib i?2 TB+im`2 Q7 a>1@BM/m+2/ aPh- r?2`2 a>1 2z2+iBp2Hv

im`Mb i?2 >J BMiQ � bTBM BMD2+iQ`X h?2M- i?2 �M;mH�` KQK2MimK Q7 i?2 Tm`2 bTBM

+m``2Mi Bb �#bQ`#2/ #v i?2 T`QtBK�i2 72``QK�;M2iB+ H�v2`X(dN- 3j) L2ti- a>1@aPh

rQ`Fb bBKBH�`Hv iQ ahh- BX2X- i?2 �M;mH�` KQK2MimK Bb i`�Mb72``2/ 7`QK i?2 bTBM +m``2Mi

iQ i?2 HQ+�H K�;M2iBx�iBQM- �M/ i?2M `2�HBx2b i?2 K�;M2iBx�iBQM brBi+?BM; BM i?2 7`22

H�v2`X(dy- dR) aBM+2 i?2 a>1@aPh KQ/2H T`QpB/2b �M BMbB;?i7mH TB+im`2 iQ i?2 Q`B;BM Q7



RX9X aTBM BMD2+iBQM bvbi2K Rj

aPh- Bi Bb rB/2Hv �/QTi2/ BM 2tT2`BK2Mi�H BMp2biB;�iBQMbX

SH2Miv Q7 rQ`Fb ?�p2 `2TQ`i2/ a>1 �M/ aPh BM 72``QK�;M2if>J /2pB+2b rBi?

/Bz2`2Mi >J K�i2`B�Hb- bm+? �b h�- q- Si- A`- 2i+X(dR- dd- 3e- 3d) hQ `2�HBx2 i?2 aPh

brBi+?BM;- Bi Bb BM m`;2Mi M22/ iQ }M/ >Jb rBi? bmT2`BQ` bTBM >�HH T`QT2`iB2b- BM+Hm/BM;

bi`QM; a>1 �M/ H�`;2 bTBM >�HH �M;H2 Ua>�V- r?B+? Bb /2}M2/ �b i?2 `�iBQ Q7 bTBM

>�HH +QM/m+iBpBiv �M/ 2H2+i`B+�H +QM/m+iBpBiv- BM/B+�iBM; i?2 2{+B2M+v Q7 bTBM@+?�`;2

+QMp2`bBQMX

Pp2`�HH- rBi? �/p�Mi�;2b Q7 HQr@TQr2` +QMbmKTiBQM- HQM; 2M/m`�M+2 �M/ ?B;?

bT22/- aPh J_�J Bb � +QKT2iBiBp2 +�M/B/�i2 7Q` i?2 M2ti@;2M2`�iBQM bTBMi`QMB+

K2KQ`v i2+?MQHQ;v- �M/ i?2 B/2MiB}+�iBQM Q7 >Jb rBi? /2bB`�#H2 bTBM >�HH T`QT2`iB2b

Bb m`;2MiHv `2[mB`2/ iQ �+?B2p2 i?2 2{+B2Mi aPh brBi+?BM;X

RX9 aTBM BMD2+iBQM bvbi2K

GQ;B+ /2pB+2 Bb �MQi?2` �TTHB+�iBQM Q7 bTBMi`QMB+bX h?2 2{+B2Mi BMD2+iBQM Q7 bTBM@

TQH�`Bx2/ +m``2Mi BMiQ � /BzmbBp2 +?�MM2H Bb BKTQ`i�Mi- bBM+2 bTBM HQ;B+ /2pB+2b 2tTHQBi

bTBM �b BMTmi �M/ /2i2+i bTBM �b QmiTmiX(33- 3N) 6Q` i?Bb `2�bQM- BMi2Mb2 `2b2�`+?

2zQ`ib ?�p2 #22M /2pQi2/ iQ i?2 BKT`Qp2K2Mi Q7 bTBM BMD2+iBQM 2{+B2M+v UaA1V mbBM;

M2r K�i2`B�Hb �M/ bi`m+im`2bX

h?�MFb iQ i?2 r2�F aP* �M/ HQM; bTBM /BzmbBQM H2M;i? Q7 ;`�T?2M2- i?2 bTBM BM@

D2+iBQM BMiQ 2TBi�tB�H ;`�T?2M2 ?�b #22M rB/2Hv bim/B2/X(NyĜNk) E�`T�M 2i �HX Q#b2`p2/

i?�i i?2 BM@TH�M2 H�iiB+2 +QMbi�Mib Q7 72``QK�;M2ib *Q �M/ LB +�M K�i+? r2HH rBi?

i?2 BM@TH�M2 H�iiB+2 +QMbi�Mi Q7 ;`�T?Bi2X h?2v `2p2�H i?�i i?2 2H2+i`QMB+ bi`m+im`2b

Q7 *Q ULBV �M/ ;`�T?Bi2 Qp2`H�T BM `2+BT`Q+�H bT�+2 QMHv 7Q` QM2 bTBM +QKTQM2Mi- �M/

T`2/B+i i?2 T2`72+i bTBM }Hi2`BM; 7Q` i?2 72``QK�;M2if;`�T?Bi2 BMi2`7�+2X(Nj) "2bB/2b-

J��bb2M 2i �HX T2`7Q`K2/ �M �# BMBiBQ `2b2�`+? QM i?2 72``QK�;M2if;`�T?2M2 BMi2`@

7�+2 mbBM; *QURRRV �M/ LBURRRVX h?2 mb2 Q7 *Q �M/ LB 72``QK�;M2ib �+?B2p2b aA1



RX8X amKK�`v R9

`2�+?BM; mT iQ 3yW �M/ eyW- `2bT2+iBp2HvX >B;? aA1b `2bmHi 7`QK i?2 BMi2`�+iBQM

#2ir22M i?2 72``QK�;M2ib �M/ ;`�T?2M2X h?2 #�M/ bi`m+im`2b b?Qr i?�i i?2 HBM2�`

/BbT2`bBQM `2H�iBQMb Q7 i?2 ;`�T?2M2 ?�p2 #22M /�K�;2/ #v 72``QK�;M2ib- H2�/BM; iQ

� bTBM@/2T2M/2Mi 2M2`;v ;�T �i E TQBMiX h?2 KBMQ`Biv@bTBM #�M/ ;�T `2bB/2b BM ?B;?

2M2`;v- r?BH2 i?2 K�DQ`Biv@bTBM #�M/ ;�T HQ+�i2b M2�` i?2 62`KB 2M2`;vX h?Bb 72�im`2

`2bmHib BM � /QKBM�Mi KBMQ`Biv@bTBM@TQH�`Bx2/ +m``2Mi- �b r2HH �b i?2 ?B;? aA1X(N9) >Qr@

2p2`- ;2M2`�HHv- i?2 +QKTmi�iBQM�H +Qbi Q7 �# BMBiBQ K2i?Q/ Bb `2H�iBp2Hv ?B;?X G�xBÉ 2i

�HX 7Q`KmH�i2/ � +QKTmi�iBQM�HHv BM2tT2MbBp2 KQ/2H iQ 2t�KBM2 i?2 MQM@mMB7Q`KBiv

�M/ #B�b /2T2M/2M+2 Q7 bTBM BMD2+iBQMX h?2v 2Hm+B/�i2 T`QtBKBiv 2z2+ib mbBM; bTBM

TQH�`Bx�iBQM K�Tb- 2ti2M/BM; i?2 �TTHB+�#BHBiv Q7 bBKTH2 bTBM BMD2+iBQM KQ/2Hb #�b2/

QM 72``QK�;M2if;`�T?2M2 DmM+iBQMbX(N8)

�T�`i 7`QK i?2Q`2iB+�H bim/B2b- bB;MB}+�Mi T`Q;`2bb2b ?�p2 �HbQ #22M K�/2 BM 2t@

T2`BK2MibX(Ne- Nd) h�FBM; i?2 �/p�Mi�;2 Q7 ?B;?@BKT2/�M+2 BMD2+iBM;f/2i2+iBM; imM@

M2H DmM+iBQMb Q7 *Qf�HkPjf;`�T?2M2- .Hm#�F 2i �HX `2TQ`i �M aA1 mT iQ d8W �M/

� bTBM /BzmbBQM H2M;i? 2t+22/BM; Ryy µK BM ;`�T?2M2X(N3) qQ`Fb �#Qp2 /2KQMbi`�i2

i?2 TQbbB#BHBiv iQ K�MBTmH�i2 bTBM BMD2+iBQM �M/ bTBM@TQH�`Bx2/ +m``2Mi 2{+B2MiHv BM

k. bvbi2KbX >Qr2p2`- i?2 H�+F Q7 2M2`;v ;�T BM ;`�T?2M2 BKT2/2b i?2 �TTHB+�iBQM Q7

;`�T?2M2 i`�MbBbiQ` /2pB+2X(NN- Ryy) q2 2tT2+i i?2 2K2`;2M+2 Q7 bTBM BMD2+iBQM bvbi2K

rBi? +?�`�+i2`b Q7 imM�#H2 ;�T- HQM; bTBM /BzmbBQM H2M;i? �b r2HH �b ?B;? bTBM BMD2+iBQM

2{+B2M+vX

RX8 amKK�`v

AM i?Bb +?�Ti2`- r2 BMi`Q/m+2 i?2 F2v 2z2+ib �M/ /2pB+2b BM i?2 }2H/ Q7 bTBMi`QMB+bX

JhC Bb i?2 #�bB+ +2HH Q7 J_�J /2pB+2X h?2 `2�/BM; QT2`�iBQM Q7 /�i� 2tTHQBib i?2

hJ_ 2z2+i- �M/ �M 2{+B2Mi �TT`Q�+? Q7 r`BiBM; K�MBTmH�iBQM Bb i?2 aPh brBi+?BM;-

r?B+? +�M #2 BM/m+2/ #v a>1X >Jb BM JhCb TH�v �M BKTQ`i�Mi `QH2 QM #Qi? hJ_ �M/



RX8X amKK�`v R8

a>1X PM i?2 Qi?2` ?�M/- p/q K�i2`B�Hb T`QpB/2 � bi`�i2;v iQ Qp2`+QK2 i?2 T`Q#H2K

Q7 H�iiB+2 KBbK�i+? 2tBbiBM; BM J;P@#�b2/ JhCb- �M/ 2tT2`BK2Mi�H rQ`Fb QM p/q

JhCb ?�p2 �+?B2p2/ `2K�`F�#H2 hJ_ `�iBQbX JQ`2Qp2`- bTBM i`�MbTQ`i bvbi2Kb #�b2/

QM k. K�i2`B�Hb T`QpB/2 BMi`B;mBM; T2`bT2+iBp2b 7Q` bTBM HQ;B+ /2pB+2bX

h?Bb i?2bBb rBHH #2 Q`;�MBx2/ �b 7QHHQrbX AM *?�Ti2` k- i?2 /2MbBiv 7mM+iBQM�H i?2@

Q`v Bb `2pB2r2/X q2 #`B2~v T`2b2Mi i?2 i?2Q`v Q7 [m�MimK i`�MbTQ`i- r?B+? +�M #2

BMp2biB;�i2/ mbBM; MQM@2[mBHB#`BmK :`22MǶb 7mM+iBQMX *?�Ti2` j 7Q+mb2b QM i?2 `QH2 Q7

?2�pv K2i�Hb BM JhCb #�b2/ QM i?2 *Q62fJ;Pf*Q62 bi�+FX q2 i?2Q`2iB+�HHv `2b2�`+?

i?2 BM~m2M+2 QM hJ_ +�mb2/ #v >Jb- �b r2HH �b i?2 bTBM >�HH 2z2+ib BM p�`BQmb >Jb

�M/ QTiBKBx�iBQM �TT`Q�+?X *?�Ti2` 9 bim/B2b i?2 JhCb #�b2/ QM p/q K�i2`B�HbX

q2 `2TQ`i `QQK@i2KT2`�im`2 hJ_ 2z2+ib BM JhCb +QMbBbiBM; Q7 oa2kfJQak ?2i2`Q@

DmM+iBQMb- �M/ /2KQMbi`�i2 i?�i i?2 JQh2k �M/ qh2k +�M 2t?B#Bi bi`QM; a>1 �M/

H�`;2 a>�- K�FBM; Bi T`QKBbBM; iQ `2�HBx2 i?2 aPh brBi+?BM; Q7 p/q JhCX *?�Ti2`

8 T`2b2Mib i?2 bTBM i`�MbTQ`i bvbi2K #�b2/ QM bBHB+2M2X q2 `2p2�H i?2 2{+B2Mi bTBM

BMD2+iBQM BM i?2 bvbi2K r?2`2 62fbBHB+2M2 bi�+F Bb bTBM BMD2+iQ` �M/ bBHB+2M2 �+ib �b bTBM

i`�MbTQ`i +?�MM2HX *?�Ti2` e bmKK�`Bx2b i?Bb i?2bBb �M/ T`QTQb2b i?2 7mim`2 rQ`FX



*?�Ti2` k

Zm�MimK i`�MbTQ`i i?2Q`v

h?2 rQ`FBM; T`BM+BTH2b Q7 2H2+i`QMB+ /2pB+2b �`2 ;Qp2`M2/ #v i?2 T?vbB+b Q7 2H2+i`QM

i`�MbTQ`iX �b i?2 72�im`2 bBx2 Q7 2H2+i`QMB+ /2pB+2b i2M/b iQ i?2 M�MQK2i2` b+�H2-

[m�MimK K2+?�MB+�H 2z2+ib �`2 TH�vBM; �M BM+`2�bBM;Hv BKTQ`i�Mi `QH2 BM i`�MbTQ`i

i?2Q`vX h?mb- Bi Bb 2bb2MiB�H iQ +QMbB/2` i?2 KB+`Qb+QTB+ Q`B;BM Q7 T?vbB+�H 2z2+ib �M/

mb2 �/p�M+2/ i?2Q`2iB+�H K2i?Q/b iQ �++m`�i2Hv T`2/B+i /2pB+2 T`QT2`iB2bX AM i?Bb

+?�Ti2`- r2 rBHH BMi`Q/m+2 i?2 #�bB+ +QM+2Tib Q7 i?2 [m�MimK i`�MbTQ`i i?2Q`v �M/

K2i?Q/b 7Q` i?2 �iQKB+ b+�H2 +�H+mH�iBQMX

kXR .2MbBiv 7mM+iBQM�H i?2Q`v

h?Bb b2+iBQM rBHH #`B2~v T`2b2Mi i?2 7mM/�K2Mi�Hb Q7 /2MbBiv 7mM+iBQM�H i?2Q`v U.6hV-

r?B+? Bb 2ti2MbBp2Hv mb2/ iQ +�H+mH�i2 i?2 ;`QmM/@bi�i2 2H2+i`QMB+ bi`m+im`2 Q7 �iQKb-

KQH2+mH2b- �M/ bQHB/@bi�i2 K�i2`B�HbX AM T`BM+BTH2- i?2 bQHB/ bvbi2K +QMi�BMb MmK2`Qmb

Mm+H2B �M/ 2H2+i`QMb- i?mb- �TT`QtBK�iBQMb �M/ bBKTHB}+�iBQMb �`2 BM2pBi�#H2 7Q` i?2

T`�+iB+�H �M�Hvb2b Q7 T?vbB+�H T`QT2`iB2bX "Q`M@PTT2M?2BK2` �TT`QtBK�iBQM b2T�`�i2b

i?2 KQp2K2Mib Q7 Mm+H2B �M/ 2H2+i`QMbX >�`i`22 �TT`QtBK�iBQM im`Mb i?2 K�Mv@T�`iB+H2

bvbi2K iQ � bBM;H2@T�`iB+H2 bvbi2K- �M/ i?2 b2H7@+QMbBbi2Mi@}2H/ ?�b #22M mb2/ iQ bQHp2

Re



kXRX .2MbBiv 7mM+iBQM�H i?2Q`v Rd

i?2 >�`i`22 2[m�iBQMX >�`i`22@6Q+F �TT`QtBK�iBQM BMi`Q/m+2b i?2 aH�i2` /2i2`KBM�Mi

iQ #mBH/ �M �MiBbvKK2i`B+ bQHmiBQM �M/ `2bmHib BM i?2 2t+?�M;2 i2`K BM i?2 >�KBH@

iQMB�MX "�b2/ QM >Q?2M#2`;@EQ?M i?2Q`2Kb- .6h `2;�`/b i?2 2H2+i`QM /2MbBiv �b

i?2 7mM/�K2Mi�H [m�MiBiv- �M/ T`QpB/2b �M �Hi2`M�iBp2 �TT`Q�+? iQ i?2 EQ?M@a?�K

2[m�iBQMX

kXRXR "Q`M@PTT2M?2BK2` �TT`QtBK�iBQM

h?2 a+?`ƺ/BM;2` 2[m�iBQM Q7 K�Mv@T�`iB+H2 bvbi2K +�M #2 r`Bii2M �b

(TA + VAA + V2A + T2 + V22)χ(RNI , rNe) = Eχ(RNI , rNe), UkXRV

r?2`2 RNI /2MQi2b i?2 +QQ`/BM�i2b Q7 �HH Mm+H2B- rNe /2MQi2b i?2 +QQ`/BM�i2b Q7 �HH

2H2+i`QMb- χ(RNI , rNe) Bb i?2 r�p2 7mM+iBQM Q7 K�Mv@T�`iB+H2 bvbi2K �M/ E Bb 2M2`;vX

TA Bb i?2 FBM2iB+ 2M2`;v Q7 Mm+H2B- VAA Bb i?2 *QmHQK# `2TmHbBQM #2ir22M Mm+H2B- V2A Bb i?2

*QmHQK# �ii`�+iBQM #2ir22M Mm+H2B �M/ 2H2+i`QMb- T2 Bb i?2 FBM2iB+ 2M2`;v Q7 2H2+i`QMb-

�M/ V22 Bb i?2 *QmHQK# `2TmHbBQM #2ir22M 2H2+i`QMbX a2iiBM; e2 = ! = 2me = 1 r?2`2 e

`2T`2b2Mib i?2 2H2K2Mi�`v 2H2+i`QM- ! Bb i?2 `2/m+2/ SH�MF +QMbi�Mi- me Bb i?2 2H2+i`QM

K�bb- r2 +�M r`Bi2

TA = −
∑

µ=1,NI

1

2Mµ
∇2

µ, VAA =
∑

µ ̸=ν

ZµZν
|Rµ −Rν |

,

T2 = −
∑

i=1,Ne

∇2
i , V22 =

∑

i ̸=j

1

|ri − rj|
,

V2A = −
∑

µ=1,NI

∑

i=1,Ne

Zµ

|Rµ − ri|
,

UkXkV

r?2`2 Mµ Bb i?2 K�bb Q7 Mm+H2mb- Z Bb i?2 �iQKB+ MmK#2`X *QMbB/2`BM; i?2 7�+i

i?�i Mm+H2B �`2 Km+? bHQr2` BM KQp2K2Mi �M/ ?2�pB2` BM K�bb i?�M 2H2+i`QMb- r2 +�M

�bbmK2 i?�i i?2 KQiBQM Q7 �iQKB+ Mm+H2B �M/ 2H2+i`QMb +�M #2 i`2�i2/ b2T�`�i2HvX h?Bb



kXRX .2MbBiv 7mM+iBQM�H i?2Q`v R3

�bbmKTiBQM Bb i?2 "Q`M@PTT2M?2BK2` �TT`QtBK�iBQMX(RyR) h?�MFb iQ i?2 b2T�`�iBQM-

r2 +�M r`Bi2 i?2 iQi�H r�p27mM+iBQM Q7 i?2 Mm+H2B@2H2+i`QMb bvbi2K �b � KmHiBTHB+�iBQM

Q7 irQ r�p27mM+iBQMb 7Q` Mm+H2B �M/ 2H2+i`QMb r?B+? �`2 /2+QmTH2/ �b

χ(Rµ, ri) = Φ(Rµ)ΨR(ri), UkXjV

r?2`2 ΨR(ri) Bb i?2 2H2+i`QM r�p27mM+iBQM b�iBb7vBM; i?2 a+?`ƺ/BM;2` 2[m�iBQM

(T2 + V2A + V22)ΨR(ri) = ERΨR(ri). UkX9V

AM 1[X kX9- i?2 BM/2t R Bb � `2KBM/2` i?�i #Qi? i?2 r�p2 7mM+iBQM �M/ i?2 2M2`;v

/2T2M/ QM i?2 Mm+H2B +QQ`/BM�i2b pB� V2AX

kXRXk >�`i`22 �TT`QtBK�iBQM

1p2M i?Qm;? i?2 "Q`M@PTT2M?2BK2` �TT`QtBK�iBQM ?�b bBKTHB}2/ i?2 a+?`ƺ/BM;2`

2[m�iBQM iQ � H�`;2 2ti2Mi- Bi Bb biBHH BKTQbbB#H2 iQ bQHp2 i?2 K�Mv@2H2+i`QM a+?`ƺ/BM;2`

2[m�iBQM /m2 iQ i?2 /B{+mHiB2b BM /2�HBM; rBi? i?2 2H2+i`QM@2H2+i`QM BMi2`�+iBQMX 6m`@

i?2` �TT`QtBK�iBQMb �`2 `2[mB`2/X

*QMbB/2` � bBKTH2 �bbmKTiBQM i?�i i?2 K�Mv@2H2+i`QM bvbi2K +�M #2 r`Bii2M �b �

KmHiBTHB+�iBQM Q7 K�Mv bBM;H2@2H2+i`QM r�p27mM+iBQMbX h?2 r�p27mM+iBQM Q7 i?2 K�Mv@

2H2+i`QM bvbi2K Ψ(`) +�M #2 2tT`2bb2/ �b

Ψ(`) = ψ1(`1)ψ2(`2) . . .ψN(`N), UkX8V

r?2`2 ψi(`i) Bb i?2 r�p27mM+iBQM Q7 i?2 bBM;H2@2H2+i`QM bvbi2KX 1[m�iBQM kX8 Bb +�HH2/

>�`i`22 r�p27mM+iBQM- �M/ i?Bb �bbmKTiBQM Bb M�K2/ �b >�`i`22 �TT`QtBK�iBQMX(Ryk)

h?2 r�p27mM+iBQM Ψ(`) b�iBb}2b i?2 a+?`ƺ/BM;2` 2[m�iBQM

HΨ(`) = EΨ(`) UkXeV



kXRX .2MbBiv 7mM+iBQM�H i?2Q`v RN

�M/ i?2 iQi�H 2M2`;v +�M #2 +�H+mH�i2/ #v

E = ⟨Ψ|H|Ψ⟩ =
∑

i

⟨ψi |Hi|ψi⟩+
1

2

∑

i,j

⟨ψiψj |Hij|ψiψj⟩ , UkXdV

r?2`2 Hi Bb bBM;H2@2H2+i`QM >�KBHiQMB�M- Hij Bb i?2 >�KBHiQMB�M /2MQiBM; irQ@2H2+i`QM

BMi2`�+iBQMX "v �TTHvBM; i?2 p�`B�iBQM�H T`BM+BTH2 iQ i?2 K�Mv@2H2+i`QM a+?`ƺ/BM;2`

2[m�iBQM 1[X kXe- r2 +�M �``Bp2 �i i?2 bBM;H2@2H2+i`QM 2[m�iBQM

⎡

⎣−∇2 + V2ti(`) +
∑

i′( ̸=i)

∫
d`′ |ψi′(`′)|2

|`′ − `|

⎤

⎦ψi(`) = Eiψi(`). UkX3V

1[m�iBQM kX3 Bb +�HH2/ >�`i`22 2[m�iBQMX Ai b?Qrb i?�i i?2 −∇2 i2`K BM i?2 H27i

bB/2 Bb i?2 bBM;H2@2H2+i`QM FBM2iB+ 2M2`;v- �M/ i?2 bBM;H2 2H2+i`QM Q#2vBM; �M 2z2+iBp2

TQi2MiB�H- r?B+? Bb � +QK#BM�iBQM Q7 i?2 2ti2`M�H TQi2MiB�H V2ti(`) �M/ i?2 TQi2MiB�H

+�mb2/ #v �HH Qi?2` 2H2+i`QMb- BX2X- >�`i`22 TQi2MiB�H V>�`i`22X

kXRXj >�`i`22@6Q+F �TT`QtBK�iBQM

�Hi?Qm;? i?2 >�`i`22 2[m�iBQM ?�b K�/2 ;`2�i T`Q;`2bb #v +QKBM; mT rBi? i?2 >�`i`22

TQi2MiB�H- Bi biBHH ?�b bQK2 HBKBi�iBQMb- bm+? �b i?2 >�`i`22 �TT`QtBK�iBQM /B/ MQi

`2bT2+i i?2 T`BM+BTH2 Q7 �MiBbvKK2i`v Q7 i?2 r�p2 7mM+iBQMX(Ryj) �b �M �Hi2`M�iBp2

K2i?Q/- r2 +�M #mBH/ �M �MiBbvKK2i`B+ bQHmiBQM #v BMi`Q/m+BM; i?2 7QHHQrBM; aH�i2`

/2i2`KBM�Mi,

Ψ(r1, r2, . . . , rN) =
1√
N !

∣∣∣∣∣∣∣∣∣∣∣∣∣

ψ1(r1) ψ2(r1) · · · ψN(r1)

ψ1(r2) ψ2(r2) · · · ψN(r2)

XXX XXX X X X XXX

ψ1(rN) ψ2(rN) · · · ψN(rN)

∣∣∣∣∣∣∣∣∣∣∣∣∣

. UkXNV

"v i?2 p�`B�iBQM�H T`BM+BTH2- i?2 2tT2+i�iBQM p�Hm2 Q7 i?2 bBM;H2@2H2+i`QM >�KBHiQ@



kXRX .2MbBiv 7mM+iBQM�H i?2Q`v ky

MB�M E = ⟨ψi(ri)|H|ψi(ri)⟩ 7Q` bBM;H2@2H2+i`QM bi�i2 ψ +�M #2 Q#i�BM2/- �b r2HH �b i?2

>�`i`22@6Q+F 2[m�iBQM,

⎡

⎣−∇2 + V2ti(`) +
∑

i′( ̸=i)

∫
d`′ |ψi′(`′)|2

|`′ − `|

⎤

⎦ψi(`)−
∑

i′( ̸=i),||

∫
d`′ψ

∗
i′(`′)ψi(`′)
|`′ − `| ψi′(`) = Eiψi(`).

UkXRyV

*QKT�`2/ rBi? i?2 >�`i`22 2[m�iBQM 1[X kX3- i?2 >�`i`22@6Q+F 2[m�iBQM 1[X kXRy

?�b QM2 KQ`2 i2`K
∑

i′( ̸=i),||
∫
d`′ ψ

∗
i′ (`

′)ψi(`′)
|`′−`| ψi′(`) r?B+? Bb +�HH2/ i?2 2t+?�M;2 i2`K-

r?2`2 || /2MQi2b i?2 b�K2 bTBMX >Qr2p2`- i?2 >�`i`22@6Q+F bQHmiBQM Bb MQi 2t�+i-

bBM+2 ;2M2`�HHv- i?2 bvbi2K +QmH/ MQi #2 /2b+`B#2/ #v r�p27mM+iBQM BM i?2 7Q`K Q7 �

aH�i2` /2i2`KBM�MiX h?2 2M2`;v /Bz2`2M+2 #2ir22M i?2 2t�+i bQHmiBQM �M/ >�`i`22@

6Q+F bQHmiBQM Bb +�HH2/ i?2 +Q``2H�iBQM 2M2`;vX h?Bb M�K2 Q`B;BM�i2b 7`QK i?2 7�+i i?�i

>�`i`22@6Q+F �TT`QtBK�iBQM KBbb2b T�`i Q7 i?2 ǳ2H2+i`QM +Q``2H�iBQMǴ- BX2X- �M �`iB}+B�H

2z2+i +�mb2/ #v Qm` �bbmKTiBQM i?�i i?2 K�Mv@2H2+i`QM bvbi2K +�M #2 /2b+`B#2/ #v �

bBM;H2@2H2+i`QM 2[m�iBQM Q#2vBM; �M 2z2+iBp2 TQi2MiB�HX

kXRX9 >Q?2M#2`;@EQ?M i?2Q`2K

.Bb+mbbBQMb �#Qp2 /2KQMbi`�i2 i?�i i?2 >�`i`22@6Q+F �TT`QtBK�iBQM Bb MQi �++m`�i2X

PM i?2 Qi?2` ?�M/- i?2 /2MbBiv 7mM+iBQM�H i?2Q`v T`QpB/2b �Hi2`M�iBp2 K2i?Q/b iQ

bQHp2 i?Bb T`Q#H2KX AM RNkd- h?QK�b (Ry9) �M/ 62`KB (Ry8) Tmi 7Q`r�`/ i?2 #�bB+ B/2�

Q7 .6h- BX2X- i?2 7mM/�K2Mi�H T?vbB+�H T`QT2`iB2b Q7 �iQKb- KQH2+mH2b �M/ #mHFb +�M

#2 /2b+`B#2/ #v i?2 /2MbBiB2b Q7 T�`iB+H2bX L�K2Hv- i?2 7mM+iBQM�H Q7 2H2+i`QM /2MbBiv

+�M /2i2`KBM2 i?2 ;`QmM/ bi�i2 T`QT2`iB2b Q7 bvbi2KbX h?Bb B/2� Q`B;BM�i2/ 7`QK irQ

7�KQmb >Q?2M#2`;@EQ?M i?2Q`2Kb,(Rye)

• h?2 }`bi >Q?2M#2`;@EQ?M i?2Q`2K,

h?2 2ti2`M�H TQi2MiB�H V2ti(r) �M/ i?2 iQi�H 2M2`;v �`2 mMB[m2Hv /2i2`KBM2/ #v



kXRX .2MbBiv 7mM+iBQM�H i?2Q`v kR

i?2 ;`QmM/@bi�i2 2H2+i`QM /2MbBiv ρ(r)X

• h?2 b2+QM/ >Q?2M#2`;@EQ?M i?2Q`2K,

h?2 ;`QmM/@bi�i2 2M2`;v +�M #2 Q#i�BM2/ p�`B�iBQM�HHv, h?2 2H2+i`QM /2MbBiv

i?�i KBMBKBx2b i?2 iQi�H 2M2`;v Bb i?2 2t�+i ;`QmM/@bi�i2 /2MbBiv- rBi?BM �M �//BiBp2

+QMbi�MiX

>Q?2M#2`;@EQ?M i?2Q`2Kb BHHmbi`�i2 i?�i i?2 2H2+i`QM /2MbBiv Bb i?2 #�bB+ p�`B�#H2

iQ /2i2`KBM2 i?2 T`QT2`iB2b Q7 K�Mv@2H2+i`QM bvbi2K- �M/ i?2 ;`QmM/ bi�i2 Q7 bvbi2K

+�M #2 Q#i�BM2/ mbBM; i?2 p�`B�iBQM Q7 2M2`;v rBi? `2bT2+i iQ i?2 2H2+i`QM /2MbBivX AM

i?2 7QHHQrBM;- r2 rBHH /Bb+mbb ?Qr iQ ;2i i?2 2H2+i`QM /2MbBiv �M/ 2M2`;v Q7 ;`QmM/

bi�i2X

q2 +QMbB/2` � MQM@/2;2M2`�i2 ;`QmM/ bi�i2- r?2`2 i?2 2M2`;v Q7 K�Mv@2H2+i`QM

bvbi2K rBi?Qmi bTBM +�M #2 r`Bii2M �b

E>E[ρ(`)] = T2 + V22 + V2A + TA + VAA = T [ρ(`)] + EBMi[ρ(`)] + V2ti(`) + EAA, UkXRRV

r?2`2 T [ρ(`)] /2MQi2b i?2 FBM2iB+ 2M2`;B2b Q7 2H2+i`QMb- EBMi[ρ(`)] BHHmbi`�i2b i?2 TQ@

i2MiB�H 2M2`;B2b Q7 2H2+i`QMb- �M/ V2ti(`) `2T`2b2Mib i?2 TQi2MiB�H 2M2`;B2b #2ir22M

2H2+i`QMb �M/ Mm+H2BX EAA = TA + VAA Bb i?2 bmK Q7 FBM2iB+ �M/ TQi2MiB�H 2M2`;B2b Q7

Mm+H2BX V2ti(`) �M/ EAA +�M #2 +�H+mH�i2/ �++m`�i2Hv- +QMb2[m2MiHv- r2 7Q+mb QM ?Qr iQ

;2i i?2 2H2+i`QM@`2H�i2/ 2M2`;B2b BM i?2 7QHHQrBM;X

q2 /2}M2 i?2 2M2`;v 7mM+iBQM�H Q7 2H2+i`QMb F>E[ρ(`)] �b

F>E[ρ(`)] = T [ρ(`)] + EBMi[ρ(`)], UkXRkV

r?2`2 T [ρ(`)] �++m`�i2Hv /2b+`B#2b i?2 FBM2iB+ 2M2`;B2b Q7 2H2+i`QMb- �M/ i?2 TQi2MiB�H

2M2`;B2b Q7 2H2+i`QMb EBMi[ρ(`)] +QKT`Bb2 i?2 2M2`;B2b Q7 >�`i`22 TQi2MiB�H �M/ 2H2+i`QMbǶ



kXRX .2MbBiv 7mM+iBQM�H i?2Q`v kk

BMi2`�+iBQMbX AM i?Bb +QM/BiBQM- iQ +�H+mH�i2 i?2 T`QT2`iB2b Q7 ;`QmM/ bi�i2- r2 ?�p2

i?`22 T`Q#H2Kb iQ #2 bQHp2/,

URV >Qr iQ }M/ Qmi i?2 2H2+i`QM /2MbBiv ρ(`) \

UkV >Qr iQ ;2i i?2 2H2+i`QM FBM2iB+ 7mM+iBQM�H T [ρ(`)] \

UjV >Qr iQ /2b+`B#2 i?2 2H2+i`QM TQi2MiB�H 7mM+iBQM�H EBMi[ρ(`)] \

kXRX8 EQ?M@a?�K 2[m�iBQM

hQ �Mbr2` i?2 [m2biBQMb K2MiBQM2/ �#Qp2- r2 BMi`Q/m+2 i?2 +QM+2Ti Q7 EQ?M@a?�K

2[m�iBQM-(Ryd) r?B+? +�M #2 r`Bii2M �b

{
−∇2 + VKS[ρ(`)]

}
ψi(`) = Eiψi(`). UkXRjV

AM 1[X kXRj- i?2 ∇2 i2`K BM i?2 H27i bB/2 `2T`2b2Mib i?2 FBM2iB+ 2M2`;v Q7 bBM;H2

2H2+i`QM- �M/ i?2 EQ?M@a?�K TQi2MiB�H VKS Bb

VKS[ρ(`)] = V2ti(`) + V>�`i`22[ρ(`)] + Vt+[ρ(`)]

= V2ti(`) +
∫

d`′ ρ(`
′)

|`− `′| +
δEt+[ρ(`)]
δρ(`) .

UkXR9V

�M/ i?2 2H2+i`QM /2MbBiv Bb

ρ(`) =
N∑

i=1

f(Ei, µ) |ψi(`)|2 . UkXR8V

r?2`2 f(Ei, µ) Bb i?2 62`KB@.B`�+ /Bbi`B#miBQM 7mM+iBQM- �M/ µ Bb i?2 2H2+i`Q+?2KB+�H

TQi2MiB�HX

h?2 EQ?M@a?�K 2[m�iBQM 1[X kXRj ?�b � bBKBH�` 7Q`K iQ i?2 >�`i`22@6Q+F 2[m�@

iBQM 1[X kXRy- 2t+2Ti i?2 2z2+iBp2 TQi2MiB�H i2`K VKS[ρ(r)]X qBi? i?2 ;Bp2M 2H2+i`QM

/2MbBiv ρ(r) �M/ i?2 2t+?�M;2@+Q``2H�iBQM i2`K Vt+[ρ(r)] r?B+? +QKT`Bb2b +QKTHB+�i2/



kXRX .2MbBiv 7mM+iBQM�H i?2Q`v kj

6B;m`2 kXR, 6HQr +?�`i Q7 bQHpBM; i?2 EQ?M@a?�K 2[m�iBQMXƘ

2H2+i`QMbǶ BMi2`�+iBQMb- r2 +�M ;2i i?2 EQ?M@a?�K TQi2MiB�H VKS[ρ(r)]X h?mb- i?2 r�p2@

7mM+iBQM Q7 bBM;H2@2H2+i`QM bvbi2K ψi(r) +�M #2 Q#i�BM2/ #v bQHpBM; 1[X kXR9- r?2`2

i?2 >�KBHiQMB�M Bb /B�;QM�HBx2/ iQ +�H+mH�i2 i?2 2B;2Mp�Hm2b Ei �M/ 2B;2Mp2+iQ`b ψi(r)X

L2ti- i?2 ;`QmM/@bi�i2 2H2+i`QM /2MbBiv ρ(r) Bb /2i2`KBM2/ #v ψi(r) mbBM; 1[X kXR8-

+QMb2[m2MiHv- � M2r 2H2+i`QM /2MbBiv +QK2b mT- /2MQi2/ �b ρ′(r)X *QKT�`2 ρ′(r) rBi?



kXRX .2MbBiv 7mM+iBQM�H i?2Q`v k9

i?2 BMBiB�H ρ(r)- B7 i?2v �`2 2[m�H Q` i?2 /Bz2`2M+2 Bb bK�HH 2MQm;? iQ #2 M2;H2+i2/- r2

+�M `2;�`/ i?�i i?2 +Q``2+i ρ(r) ?�b #22M Q#i�BM2/X A7 MQi- r2 rQmH/ KBt i?2 BMBiB�H

;m2bb ρ(r) rBi? ρ′(r)- �M/ i?2M � M2r HQQT rQmH/ #2 bi�`i2/ �;�BM- mMiBH i?2 /Bz2`2M+2

Bb bK�HH 2MQm;? iQ ;2i +QMp2`;2MiX h?Bb T`Q+2bb Bb +�HH2/ �b b2H7@+QMbBbi2Mi@}2H/- �b

b?QrM BM 6B;X kXRX

kXRXe 1t+?�M;2 +Q``2H�iBQM 7mM+iBQM�H

AM i?2 >Q?2M#2`;@EQ?M@a?�K 7`�K2rQ`F- i?2 T`Q#H2K Q7 bQHpBM; i?2 K�Mv@2H2+i`QM

bvbi2K +�M #2 i`�Mb7Q`K2/ BMiQ bQHpBM; �M 2z2+iBp2 bBM;H2@2H2+i`QM T`Q#H2K- r?BH2

i?2 +QKTHB+�i2/ K�Mv@2H2+i`QM BMi2`�iBQMb �`2 �b+`B#2/ iQ i?2 2t+?�M;2@+Q``2H�iBQM

TQi2MiB�H 7mM+iBQM�H Et+[ρ(`)]X h?Bb K2i?Q/ Bb bBKBH�` iQ i?2 >�`i`22@6Q+F �TT`QtBK�@

iBQM- #mi i?2 i?2Q`v Bb KQ`2 `B;Q`Qmb i?�M i?�i Q7 i?2 >�`i`22@6Q+F �TT`QtBK�iBQMX

>Qr2p2`- i?2 �/p�M+2K2Mib Q7 i?2 >Q?2M#2`;@EQ?M@a?�K 7`�K2rQ`F QMHv K�F2 b2Mb2

r?2M Et+[ρ(`)] Bb FMQrMX h?Bb Bb i?2 F2v iQ bQHp2 i?2 b2+QM/ �M/ i?B`/ [m2biBQMb

K2MiBQM2/ �i i?2 2M/ Q7 a2+X kXRX9X AM i?2 7QHHQrBM;- r2 rBHH /Bb+mbb i?2 2t+?�M;2@

+Q``2H�iBQM 7mM+iBQM�H Et+[ρ(`)]X

h?2 2t+?�M;2@+Q``2H�iBQM 2M2`;v +�M #2 r`Bii2M �b

Et+[ρ(`)] = T [ρ(`)]− Tb[ρ(`)] + EBMi[ρ(`)]− E>�`i`22[ρ(`)], UkXReV

r?2`2 T [ρ(`)] Bb i?2 2t�+i K�Mv@2H2+i`QM FBM2iB+ 2M2`;v- Tb[ρ(`)] Bb i?2 MQM@BMi2`�+iBM;

bBM;H2@2H2+i`QM FBM2iB+ 2M2`;vX EBMi[ρ(`)] Bb i?2 2H2+i`QM@2H2+i`QM BMi2`�+iBQM 2M2`;v- �M/

E>�`i`22[ρ(`)] Bb i?2 >�`i`22 i2`KX h?2 2t+?�M;2@+Q``2H�iBQM 2M2`;v +�M #2 2tT`2bb2/

BM i?2 7Q`K Q7 2M2`;v /2MbBiv �b

Et+[ρ(r)] =

∫
drρ(r)εt+[ρ(r)], UkXRdV



kXkX LQM@2[mBHB#`BmK :`22MǶb 7mM+iBQM k8

r?2`2 εt+[ρ(r)] Bb i?2 2t+?�M;2@+Q``2H�iBQM 2M2`;v /2MbBivX h?2M- r2 +�M ;2i i?2

2t+?�M;2@+Q``2H�iBQM TQi2MiB�H �b

Vt+[ρ(`)] =
δEt+[ρ(`)]
δρ(`) ≈ d

dρ(`) {ρ(`)εt+[ρ(`)]} = εt+[ρ(`)] + ρ(`)dεt+[ρ(`)]
dρ(`) . UkXR3V

q2 BMi`Q/m+2 irQ FBM/b Q7 2t+?�M;2@+Q``2H�iBQM �TT`QtBK�iBQMbX AM i?2 bBKTHB@

}2/ +QM/BiBQM- ?QKQ;2M2Qmb 2H2+i`QM ;�b +�M #2 mb2/ �b � KQ/2H Q7 i?2 HQ+�H /2MbBiv

�TT`QtBK�iBQM UG.�VX(Ry3) AM i?2 mMB7Q`K 2H2+i`QM ;�b- i?2 2H2+i`QM /2MbBiv Bb � +QM@

bi�Mi- K�FBM; i?2 2t+?�M;2@+Q``2H�iBQM 2M2`;v /2MbBiv εt+[ρ(`)] � 7mM+iBQM Q7 2H2+i`QM

/2MbBiv- i?2M εt+[ρ(`)] +�M #2 bQHp2/ #v JQMi2 *�`HQ bBKmH�iBQM �M/ bmKK�`Bx2/ �b �

i�#H2X �7i2` i?�i- #v /BpB/BM; i?2 `2�H MQM@mMB7Q`K 2H2+i`QM /2MbBiv BMiQ BM}MBi2 bK�HH

pQHmK2b- i?2 2H2+i`QM /2MbBiv BM 2p2`v bK�HH pQHmK2 +�M #2 `2;�`/2/ �b � +QMbi�MiX

�++Q`/BM; iQ i?2 εt+[ρ(`)] i�#H2- r2 +�M ;2i i?2 2t+?�M;2@+Q``2H�iBQM 2M2`;v /2MbBiv

Q7 i?2 `2�H bvbi2KX 6Q` i?2 +QM/BiBQM r?2`2 2H2+i`QM /2MbBiv p�`B2b `�TB/Hv Qp2` �

bK�HH `2;BQM Q7 bT�+2- � #2ii2` +?QB+2 +QmH/ #2 i?2 ;2M2`�HBx2/ ;`�/B2Mi �TT`QtBK�iBQM

U::�V-(RyN) r?B+? /2T2M/b QM i?2 HQ+�H /2MbBiv �b r2HH �b i?2 bT�iB�H ;`�/B2Mi Q7 i?2

/2MbBivX ::� Qp2`+QK2b /2}+B2M+B2b iQ � +QMbB/2`�#H2 2ti2Mi- ;BpBM; KQ`2 `2�HBbiB+

/2b+`BTiBQMb 7Q` K�Mv K�i2`B�HbX

AM bmKK�`v- #�b2/ QM i?2 >Q?2M#2`;@EQ?M i?2Q`2Kb �M/ EQ?M@a?�K 2[m�iBQM-

r2 +�M }M/ Qmi i?2 2H2+i`QM /2MbBiv i?`Qm;? b2H7@+QMbBbi2Mi }2H/- /2b+`B#2 i?2 FBM2iB+

�M/ TQi2MiB�H 2M2`;B2b mbBM; bBM;H2@2H2+i`QM KQ/2H- �M/ �b+`B#2 i?2 +QKTHB+�i2/ K�Mv@

2H2+i`QM T�`i iQ i?2 2t+?�M;2@+Q``2H�iBQM i2`K- i?mb bQHpBM; �HH i?2 [m2biBQMb K2MiBQM2/

BM a2+X kXRX9X



kXkX LQM@2[mBHB#`BmK :`22MǶb 7mM+iBQM ke

6B;m`2 kXk, a+?2K�iB+ THQi Q7 � irQ@+QMi�+i /2pB+2 KQ/2HX µ1 �M/ µ2 �`2 i?2 2H2+@
i`Q+?2KB+�H TQi2MiB�Hb Q7 i?2 H27if`B;?i 2H2+i`Q/2bX h?2 /�b?2/ HBM2 #Qt BM/B+�i2b i?2
/2pB+2 `2;BQM rBi? [m�MimK H2p2Hb b?QrM �b #Hm2 HBM2bX

kXk LQM@2[mBHB#`BmK :`22MǶb 7mM+iBQM

�Hi?Qm;? i?2 /2MbBiv 7mM+iBQM�H i?2Q`v ?�b #22M mb2/ 2ti2MbBp2Hv- Bi b?QmH/ #2 MQi2/

i?�i 62`KB@.B`�+ bi�iBbiB+b +�M QMHv �TTHv iQ 2[mBHB#`BmK bvbi2Kb- ?2M+2 i?2 �#Qp2

.6h +�H+mH�iBQM b+?2K2 +�M MQi #2 mb2/ 7Q` MQM@2[mBHB#`BmK bvbi2Kb bm+? �b i?Qb2

/`Bp2M #v [m�MimK i`�MbTQ`iX aBM+2 i`2�iBM; i?2 MQM@2[mBHB#`BmK [m�MimK bi�iBbiB+b Q7

bvbi2K ;Q2b #2vQM/ i?2 bi�M/�`/ .6h- BM i?Bb b2+iBQM- r2 rBHH /Bb+mbb ?Qr iQ �//`2bb

i?Bb T`Q#H2K #v MQM@2[mBHB#`BmK :`22MǶb 7mM+iBQM UL1:6V- �b r2HH �b i?2 7`�K2rQ`F

Q7 L1:6@.6hX

kXkXR hrQ@+QMi�+i i`�MbTQ`i KQ/2H

6B;m`2 kXk b?Qrb i?2 irQ@+QMi�+i /2pB+2 KQ/2H 7Q` i?2 [m�MimK i`�MbTQ`iX h?2 b2KB@

BM}MBi2 +QMi�+ib �`2 T2`BQ/B+ bi`m+im`2b �r�v 7`QK i?2 /2pB+2- �M/ irQ +QMi�+ib ?�p2

/Bz2`2Mi �M/ M2;�iBp2 2H2+i`Q+?2KB+�H TQi2MiB�Hb µ1 �M/ µ2- K�FBM; i?2 bvbi2K BM MQM@



kXkX LQM@2[mBHB#`BmK :`22MǶb 7mM+iBQM kd

2[mBHB#`BmK bi�i2X �b b?QrM BM 6B;X kXk- 2H2+i`QMb +QK2 7`QK i?2 +QMi�+i R- +`Qbb i?2

/2pB+2- �M/ i?2M �`2 i`�MbKBii2/ iQ i?2 +QMi�+i k Q` `2~2+i2/ #�+F iQ i?2 +QMi�+i RX

q2 �bbmK2 i?2 i`�MbTQ`i BM i?2 /2pB+2 Bb +Q?2`2MiX h?Bb [m�MimK i`�MbTQ`i KQ/2H Bb

i?2 bQ@+�HH2/ G�M/�m2`@"ɃiiBF2` KQ/2HX

kXkXk :`22MǶb 7mM+iBQM

q2 bBKTHB7v i?2 [m�MimK i`�MbTQ`i bvbi2K BMiQ i?2 7Q`K Q7 bBM;H2@2H2+i`QM bvbi2K-

bBKBH�` iQ i?2 T`Q+2bb BM .6hX q2 mb2 |ψ⟩ BM i?2 7QHHQrBM; iQ 2KT?�bBx2 Bi Bb � p2+iQ`

/2b+`B#BM; 2H2+i`QM r�p27mM+iBQMX h?2 a+?`ƺ/BM;2` 2[m�iBQM Q7 i?2 bi�iBQM�`v bBM;H2@

2H2+i`QM bvbi2K Bb

H |ψ⟩ = E |ψ⟩ . UkXRNV

.BpB/BM; i?2 >�KBHiQMB�M H �M/ r�p27mM+iBQM |ψ⟩ Q7 i?2 bvbi2K BMiQ +QMi�+ib �M/

/2pB+2 bm#bT�+2b- r2 +�M ;2i

⎛

⎜⎜⎜⎜⎝

H1 τ1 0

τ †1 Hd τ †2

0 τ2 H2

⎞

⎟⎟⎟⎟⎠

⎛

⎜⎜⎜⎜⎝

|ψ1⟩

|ψd⟩

|ψ2⟩

⎞

⎟⎟⎟⎟⎠
= E

⎛

⎜⎜⎜⎜⎝

|ψ1⟩

|ψd⟩

|ψ2⟩

⎞

⎟⎟⎟⎟⎠
, UkXkyV

r?2`2 H1 �M/ |ψ1⟩ �`2 7Q` +QMi�+i R- H2 �M/ |ψ2⟩ �`2 7Q` +QMi�+i k- Hd �M/ |ψd⟩ �`2 7Q`

i?2 /2pB+2 `2;BQMX τ1,2 /2b+`B#2b i?2 BMi2`�+iBQMb #2ir22M i?2 /2pB+2 �M/ i?2 +QMi�+ib-

�M/ r2 �bbmK2 i?�i i?2 +QMi�+ib �`2 BM/2T2M/2Mi- BX2X- i?2`2 Bb MQ BMi2`�+iBQM #2ir22M

+QMi�+i R �M/ +QMi�+i kX

:2M2`�HHv- Bi Bb 2�bB2` iQ +�H+mH�i2 :`22MǶb 7mM+iBQM i?�M iQ bQHp2 i?2 r?QH2 2B;2M@

p�Hm2 T`Q#H2K- K2�Mr?BH2- KQbi T`QT2`iB2b Q7 i?2 bvbi2K +�M #2 +�H+mH�i2/ 7`QK

:`22MǶb 7mM+iBQM- �M/ r2 rQmH/ mb2 :`22MǶb 7mM+iBQM iQ bQHp2 1[X kXkyX h?2 :`22MǶb

7mM+iBQM G(E) Bb /2}M2/ �b

(E −H)G(E) = I, UkXkRV



kXkX LQM@2[mBHB#`BmK :`22MǶb 7mM+iBQM k3

�M/ i?2 `2bTQMb2 iQ i?2 T2`im`#�iBQM |v⟩ +�M #2 +�H+mH�i2/ #v i?2 :`22MǶb 7mM+iBQM

/B`2+iHv- �b

|ψ⟩ = −G(E)|v⟩. UkXkkV

hQ K�F2 i?2 7QHHQrBM; +QMi2Mib KQ`2 BMi2HHB;B#H2- ?2`2 r2 T`2b2Mi bQK2 �//BiBQM�H

+H�`B}+�iBQMb Q7 i?2 :`22MǶb 7mM+iBQMX h?2`2 �`2 irQ ivT2b Q7 bQHmiBQM 7Q` :`22MǶb

7mM+iBQM Q7 1[X kXkR- BX2X- i?2 `2i�`/2/ �M/ i?2 �/p�M+2/ :`22MǶb 7mM+iBQMbX AM i?2

7QHHQrBM;- G �M/ G† /2MQi2 i?2 `2i�`/2/ :`22MǶb 7mM+iBQM �M/ i?2 �/p�M+2/ :`22MǶb

7mM+iBQM- `2bT2+iBp2HvX *�TBi�H G /2MQi2b i?2 :`22MǶb 7mM+iBQM Q7 i?2 r?QH2 bvbi2K-

HQr2`+�b2 g1 �M/ g2 /2MQi2 :`22MǶb 7mM+iBQMb Q7 BbQH�i2/ +QMi�+ibX

q2 bi�`i rBi? bQHpBM; 1[X kXkyX "v `2�``�M;BM; i?2 i?B`/ `Qr Q7 1[X kXky �M/

+QK#BMBM; 1[X kXkk- i?2 r�p27mM+iBQM Q7 +QMi�+i k +�M #2 r`Bii2M �b

|ψ2⟩ = g2(E)τ2 |ψd⟩ , UkXkjV

r?2`2 g2 Bb i?2 :`22MǶb 7mM+iBQM Q7 i?2 BbQH�i2/ +QMi�+i kX q2 +�M `2r`Bi2 1[X kXky �b

⎛

⎜⎜⎜⎜⎝

E −H1 −τ1 0

−τ †1 E −Hd −τ †2

0 −τ2 E −H2

⎞

⎟⎟⎟⎟⎠

⎛

⎜⎜⎜⎜⎝

G1 G1d G12

Gd1 Gd Gd2

G21 G2d G2

⎞

⎟⎟⎟⎟⎠
=

⎛

⎜⎜⎜⎜⎝

I 0 0

0 I 0

0 0 I

⎞

⎟⎟⎟⎟⎠
. UkXk9V

h?`Qm;? 1[X kXk9- r2 +�M Q#i�BM i?�i

G1d = g1τ1Gd, G2d = g2τ2Gd, Gd = (E −Hd − Σ1 − Σ2)
−1 , UkXk8V

r?2`2 Σ1 = τ †1g1τ1 �M/ Σ2 = τ †2g2τ2 �`2 i?2 b2H7 2M2`;B2b 7Q` +QMi�+ib R �M/ k- `2bT2+@

iBp2HvX PM i?2 Qi?2` ?�M/- 7Q` �Mv T2`im`#�iBQM |v⟩- r2 +�M ;2i irQ bQHmiBQMb- |ψR⟩



kXkX LQM@2[mBHB#`BmK :`22MǶb 7mM+iBQM kN

�M/ |ψA⟩- iQ i?2 T2`im`#2/ a+?`ƺ/BM;2` 2[m�iBQM

(E −H)|ψ⟩ = −|v⟩, UkXkeV

rBi? i?2 /2}MBiBQM Q7
∣∣ψR

〉
�M/

∣∣ψA
〉
�b

|ψR⟩ = −G|v⟩, |ψA⟩ = −G†|v⟩. UkXkdV

h?2M r2 +�M ;2i

(E −H)(|ψR⟩ − |ψA⟩) = (E −H)
(
G−G†) |v⟩ = (I − I)|v⟩ = 0. UkXk3V

.2}M2 i?2 bT2+i`�H 7mM+iBQM �b

A = i
(
G−G†) . UkXkNV

*QMb2[m2MiHv- Bi +�M #2 b22M i?�i |ψ⟩ = A |v⟩ Bb i?2 bQHmiBQM iQ a+?`ƺ/BM;2` 2[m�iBQM

7Q` �Mv T2`im`#�iBQM |v⟩X h?2 bT2+B}+ 7Q`K Q7 :`22MǶb 7mM+iBQM +�M #2 r`Bii2M �b

G =
1

E + iδ −H
=

∑

k

|k⟩⟨k|
E + iδ − ϵk

, UkXjyV

r?2`2 iδ Bb i?2 bK�HH BK�;BM�`v T�`i- |k⟩ /2MQi2b �HH 2B;2Mp2+iQ`b iQ H rBi? +Q``2@

bTQM/BM; 2B;2Mp�Hm2b ϵkX J2�Mr?BH2- i?2 bT2+i`�H 7mM+iBQM +�M #2 r`Bii2M �b

A =
∑

k

|k⟩⟨k| 2δ

(E − ϵk)2 + δ2
δ→0
= 2π

∑

k

δ(E − ϵk)|k⟩⟨k|. UkXjRV

1[m�iBQM kXjR BHHmbi`�i2b i?�i i?2 bT2+i`�H 7mM+iBQMA ;Bp2b �HH bQHmiBQMb iQ i?2 a+?`ƺ/BM;2`

2[m�iBQMX



kXkX LQM@2[mBHB#`BmK :`22MǶb 7mM+iBQM jy

kXkXj _2bTQMb2 iQ �M BM+QKBM; r�p2

AM i?2 bi�iBQM�`v +�b2- i?2 BbQH�i2/ +QMi�+i R ?�b i?2 bQHmiBQMb +Q``2bTQM/BM; iQ BM+QK@

BM; r�p2b r?B+? �`2 iQi�HHv `2~2+i2/ �i i?2 +QMi�+i 2M/X h?2b2 bQHmiBQMb �`2 /2MQi2/

#v |ψ1,n⟩ r?2`2 R Bb i?2 +QMi�+i MmK#2` �M/ n Bb i?2 BM/2t Q7 i?2 +QKBM; r�p2X q2

mb2 a1 iQ /2MQi2 i?2 bT2+i`�H 7mM+iBQM Q7 i?2 BbQH�i2/ +QMi�+iX �HH bQHmiBQMb BM+Hm/BM;

2B;2Mp�Hm2b �M/ 2B;2Mp2+iQ`b +�M #2 7QmM/ BM a1X

AM i?2 MQM@2[mBHB#`BmK +�b2- +QMi�+ib rBi? /Bz2`2Mi 2H2+i`Q+?2KB+�H TQi2MiB�Hb rBHH

BMD2+i 2H2+i`QMb BMiQ i?2 /2pB+2X h?2`27Q`2- r2 r�Mi iQ }M/ Qmi i?2 bQHmiBQMb +Q``2@

bTQM/BM; iQ i?2b2 BM+QKBM; r�p2bX �7i2` +QMM2+iBM; i?2 +QMi�+i R iQ i?2 /2pB+2- i?2

r�p27mM+iBQM Q7 i?2 r?QH2 bvbi2K Bb |ψ1,n⟩+ |ψR⟩- r?2`2 |ψ1,n⟩ Bb HQ+�HBx2/ BM i?2 +QM@

i�+i RX q2 �bbmK2 i?�i |ψ1,n⟩ Bb i?2 bQHmiBQM Q7 τ1 |ψ1,n⟩ = (E −H1) |ψ1,n⟩ �M/ `2;�`/

|ψR⟩ �b i?2 `2i�`/2/ `2bTQMb2 iQ |ψ1,n⟩ bT`2�/BM; Qp2` i?2 r?QH2 bvbi2KX "v �TTHvBM;

i?Bb r�p27mM+iBQM iQ a+?`ƺ/BM;2` 2[m�iBQM �M/ +QK#BMBM; 1[X kXky- r2 +�M ;2i

(H1 + τ1+Hd + τ †1 + τ †2 +H2 + τ2)(|ψ1,n⟩+
∣∣ψR

〉
) = E(|ψ1,n⟩+

∣∣ψR
〉
),

(H − E)
∣∣ψR

〉
= −τ †1 |ψ1,n⟩.

UkXjkV

1[m�iBQM kXjk b?Qrb i?�i |ψR⟩ Bb i?2 `2bTQMb2 Q7 i?2 r?QH2 bvbi2K iQ � T2`im`#�iBQM

Q7 −τ †1 |ψ1,n⟩- �M/ 1[X kXjk +�M #2 `2r`Bi2 �b

∣∣ψR
〉
= Gτ †1 |ψ1,n⟩ . UkXjjV

6Q` i?2 /2pB+2 T�`i- i?2 r�p27mM+iBQM |ψd⟩ Bb

|ψd⟩ = Gdτ
†
1 |ψ1,n⟩ . UkXj9V



kXkX LQM@2[mBHB#`BmK :`22MǶb 7mM+iBQM jR

6Q` i?2 +QMi�+i k- i?2 r�p27mM+iBQM |ψ2⟩ Bb

|ψ2⟩ = g2τ2 |ψd⟩ = g2τ2Gdτ
†
1 |ψ1,n⟩ . UkXj8V

6Q` i?2 +QMi�+i R- r2 M22/ iQ �// i?2 BM+QKBM; r�p27mM+iBQM- �b

|ψ1⟩ = (1 + g1τ1Gdτ
†
1 ) |ψ1,n⟩ . UkXjeV

h?`Qm;? .6h- r2 +�M mb2 b2H7@+QMbBbi2Mi }2H/ iQ /2b+`B#2 i?2 +?�M;2 Q7 2H2+i`QM

/2MbBiv +�mb2/ #v i?2 MQM@2[mBHB#`BmK +QM/BiBQMX *QMb2[m2MiHv- r2 �`2 BMi2`2bi2/ BM

i?2 2H2+i`QM /2MbBiv K�i`Bt- r?B+? Bb /2}M2/ �b

ρ =
∑

n

f(En, µ) |ψn⟩ ⟨ψn| , UkXjdV

r?2`2 f(En, µ1) Bb i?2 62`KB@.B`�+ 7mM+iBQM rBi? i?2 2H2+i`Q+?2KB+�H TQi2MiB�H µ1X

h?2 r�p27mM+iBQM Q7 i?2 /2pB+2 Bb ;Bp2M #v �M BM+QKBM; r�p2 BM +QMi�+i R- �b

|ψd,n⟩ = Gdτ
†
1 |ψ1,n⟩ . UkXj3V

�//BM; mT �HH bi�i2b 7`QK +QMi�+i R �M/ +QMbB/2`BM; 1[X kXjR- r2 +�M Q#i�BM ρd,1-

r?B+? Bb i?2 +?�M;2 Q7 /2pB+2 2H2+i`QM /2MbBiv K�i`Bt +�mb2/ #v |ψ1,n⟩

ρd,1 =

∫ ∞

−∞
dE

∑

n

f(E, µ1)δ(E − En) |ψd,n⟩ ⟨ψd,n|

=

∫ ∞

−∞
dEf(E, µ1)Gdτ

†
1

a1
2π
τ1G

†
d

=
1

2π

∫ ∞

−∞
dEf(E, µ1)GdΓ1G

†
d.

UkXjNV



kXkX LQM@2[mBHB#`BmK :`22MǶb 7mM+iBQM jk

r?2`2 Γ1 = τ †1a1τ1 = i(Σ1 − Σ†
1)X h?2M r2 ?�p2

ρ =
1

2π

∫ ∞

−∞
dE

∑

i=1,2

f(E, µi)GdΓiG
†
d. UkX9yV

kXkX9 1H2+i`B+ +m``2Mi

6Q` � bi2�/v bi�i2- i?2 T`Q#�#BHBiv iQ }M/ �M 2H2+i`QM BM i?2 /2pB+2 Bb +QMb2`p2/X .m2

iQ i?2 +QMb2`p�iBQM Q7 i?2 r�p2 7mM+iBQM- r2 +�M ?�p2

0 =
∂
∑

i |ψi|2

∂t

= i
([

⟨ψ1|τ1|ψd⟩ − ⟨ψd|τ †1 |ψ1⟩
]
+
[
⟨ψ2|τ2|ψd⟩ − ⟨ψd|τ †2 |ψ2⟩

])
.

UkX9RV

>2`2-
∑

i |ψi|2 Bb i?2 r�p2 7mM+iBQM bmKK2/ Qp2` i?2 /2pB+2- i Bb i?2 #�bBb Q7 r�p27mM+@

iBQMb- �M/ |i⟩ ⟨i| +�M #2 mb2/ �b i?2 T`QD2+iBQM QT2`�iQ`X q2 BMi2`T`2i i?2 i2`K BM i?2

}`bi b[m�`2 #`�+F2i �b i?2 BM+QKBM; T`Q#�#BHBiv +m``2Mi BMiQ i?2 /2pB+2 7`QK +QMi�+i

R �M/ i?2 b2+QM/ #`�+F2i 7`QK +QMi�+i kX :2M2`�HBxBM; iQ �M �`#Bi`�`v +QMi�+i j- �M/

mbBM; 2H2+i`QM −e iQ KmHiBTHv i?2 T`Q#�#BHBiv +m``2Mi- r2 ;2i i?2 2H2+i`B+ +m``2Mi �b

UT?vbB+�H +QMbi�Mib ?�p2 #22M QKBii2/ 7Q` bBKTHB}+�iBQMV

ij = −i(⟨ψj |τj|ψd⟩ − ⟨ψd|τ †j |ψj⟩), j = 1, 2. UkX9kV

h�F2 i?2 2H2+i`B+�H +m``2Mi 7`QK +QMi�+i R iQ +QMi�+i k �b �M 2t�KTH2- r2 ?�p2

i7`QK 1 iQ 2 = −i(⟨ψ2 |τ2|ψd⟩ − ⟨ψd|τ †2 |ψ2⟩). UkX9jV

*QMbB/2`BM; 1[X kXk8- 1[X kX9j im`Mb iQ #2

i7`QK 1 iQ 2 = ⟨ψ1,n|τ1G†
dΓ2Gdτ

†
1 |ψ1,n⟩, UkX99V



kXjX amKK�`v jj

r?2`2 Γ2 = τ †2 (g
†
2−g2)τ2 mM/2` i?2 MQM@2[mBHB#`BmK bi�i2X �//BM; �HH i?2 2M2`;v H2p2Hb

n }HH2/ BM i?2 /2pB+2- Bi ;Bp2b Uk 7Q` bTBMV

I7`QK 1 iQ 2 =

∫ ∞

E=−∞
dEf(E, µ1)

∑

n

δ (E − En) ⟨ψ1,n|τ1G†
dΓ2Gdτ

†
1 |ψ1,n⟩

=
1

2π

∫ ∞

E=−∞
dEf(E, µ1) Tr(G

†
dΓ2GdΓ1)

UkX98V

hQ ;2i i?2 iQi�H +m``2Mi i?`Qm;? i?2 /2pB+2- i?2 +m``2Mi 7`QK +QMi�+i k iQ +QMi�+i

R ?�p2 iQ #2 bm#i`�+i2/ �r�vX h?2M r2 +�M ;2i i?2 G�M/�m2` 7Q`KmH� 7Q` +m``2Mi- �b

I = I7`QK 1 iQ 2 − I7`QK 2 iQ 1 =
1

π

∫ ∞

−∞
dE[f(E, µ1)− f(E, µ2)] Tr(G

†
dΓ2GdΓ1). UkX9eV

�i i?2 2M/ Q7 i?Bb b2+iBQM- r2 rQmH/ #`B2~v bmKK�`Bx2 ?Qr iQ +�H+mH�i2 i?2 2H2+i`B@

+�H +m``2Mi rBi? L1:6@.6h K2i?Q/ BM 6B;X kXjX 6B`biHv- r2 ;Bp2 �M BMBiB�H ;m2bb 7Q`

i?2 2H2+i`QM /2MbBiv Q7 /2pB+2 ρ(r)- �7i2` i?�i- VKS[ρ(r)] +�M #2 +�H+mH�i2/X h?mb- i?2

>�KBHiQMB�M K�i`Bt H[ρ(r)] Q7 i?2 /2pB+2 Bb FMQrM- �M/ i?2M- i?2 :`22MǶb 7mM+iBQM Q7

i?2 /2pB+2 +�M #2 +�H+mH�i2/ rBi? b2H7 2M2`;B2b Σ1 �M/ Σ2X � M2r 2H2+i`QM /2MbBiv +�M

#2 Q#i�BM2/ mbBM; :`22MǶb 7mM+iBQM- /2MQi2/ �b ρ′(r)X *QKT�`2 ρ′(r) rBi? i?2 BMBiB�H

ρ(r)- B7 i?2v �`2 2[m�H Q` i?2 /Bz2`2M+2 Bb bK�HH 2MQm;? iQ #2 M2;H2+i2/- r2 +�M `2;�`/

i?�i i?2 2t�+i ρ(r) ?�b #22M Q#i�BM2/X A7 MQi- r2 rQmH/ KBt i?2 BMBiB�H ;m2bb ρ(r)

rBi? i?2 M2r 2H2+i`QM /2MbBiv ρ′(r)- �M/ i?2M � M2r HQQT rQmH/ #2 bi�`i2/ �;�BM mMiBH

i?2 /Bz2`2M+2 Bb bK�HH 2MQm;? iQ ;2i b2H7@+QMbBbi2MiX lbBM; i?2 2t�+i ρ(r)- r2 QmiTmi

:`22MǶb 7mM+iBQM- r?B+? +�M #2 mb2/ 7Q` +�H+mH�iBQMb Q7 i`�MbTQ`i T`QT2`iB2bX

kXj amKK�`v

AM i?Bb +?�Ti2`- r2 BMi`Q/m+2 i?2 #�bB+ +QM+2Tib Q7 /2MbBiv 7mM+iBQM�H i?2Q`v �M/

[m�MimK i`�MbTQ`i i?2Q`vX AM >Q?2M#2`;@EQ?M@a?�K 7`�K2rQ`F- i?2 2H2+i`QM /2MbBiv



kXjX amKK�`v j9

6B;m`2 kXj, 6HQr +?�`i Q7 2H2+i`B+�H +m``2Mi +�H+mH�iBQM i?`Qm;? L1:6@.6h K2i?Q/XƘ

Bb i?2 7mM/�K2Mi�H [m�MiBiv iQ /2i2`KBM2 i?2 T?vbB+�H T`QT2`iB2bX h?2 :`22MǶb 7mM+iBQM

+�M #2 mb2/ 7Q` i`�MbTQ`i +�H+mH�iBQMbX AM i?2 L1:6@.6h rQ`F~Qr- >�KBHiQMB�M



kXjX amKK�`v j8

/2i2`KBM2/ #v i?2 2H2+i`QM /2MbBiv +�M #2 mb2/ iQ +QMbi`m+i i?2 :`22MǶb 7mM+iBQM-

r?B+? +�M QmiTmi � M2r 2H2+i`QM /2MbBivX h?2 a*6 K2i?Q/ +�M #2 2KTHQv2/ iQ ;2i

�M 2t�+i bQHmiBQM Q7 i?2 2H2+i`QM /2MbBiv- iQ 7m`i?2` +�H+mH�i2 i`�MbTQ`i T`QT2`iB2bX



*?�Ti2` j

hJ_ �M/ a>1 KQ/mH�iBQMb #v

?2�pv K2i�Hb

jXR AMi`Q/m+iBQM

"�bB+ 7mM+iBQM�HBiB2b Q7 JhC /2pB+2 BMpQHp2 `2�/BM; �M/ r`BiBM; QT2`�iBQMb- r?B+?

2KTHQv hJ_ �M/ ahhfaPh 2z2+ib- `2bT2+iBp2HvX :`2�i 2zQ`ib ?�p2 #22M /2pQi2/ iQ

i?2 2M?�M+2K2Mi Q7 hJ_ iQ BKT`Qp2 i?2 `2�/BM; `2HB�#BHBiv-(RR) �M/ aPh brBi+?BM; Bb

BM+`2�bBM;Hv �ii`�+iBM; �ii2MiBQM /m2 iQ Bib bmT2`BQ`Biv bm+? �b HQr@TQr2` +QMbmKTiBQM

�M/ ?B;? bT22/X(38- RRy)

_2+2MiHv- K�Mv 2tT2`BK2Mi�H rQ`Fb ?�p2 `2TQ`i2/ i?�i >J H�v2`b BM JhCb +�M

MQiB+2�#Hv KQ/mH�i2 hJ_X(RR- 8R- RRR- RRk) h?Bb KQ/mH�iBQM 2z2+i Bb mbm�HHv �i@

i`B#mi2/ iQ i?2 >J �iQKb /BzmbBQM r?B+? �z2+ib i?2 +`vbi�HHBx�iBQM Q7 J;P- r?BH2

i?2 BMi`BMbB+ BM~m2M+2 +�mb2/ #v >Jb Bb Q7i2M M2;H2+i2/X h?2`2 Bb MQ /Qm#i i?�i i?2

2tBbi2M+2 Q7 >Jb rQmH/ +?�M;2 i?2 2H2+i`QMB+ bi`m+im`2b Q7 JhCb- ?2M+2 BKT�+iBM; i?2

i`�MbTQ`i T`QT2`iB2b- BX2X bTBM@TQH�`Bx2/ `2�/BM; +m``2Mi �M/ bm#b2[m2Mi hJ_ `�iBQX

>Qr2p2`- /2bTBi2 �#mM/�Mi �+?B2p2K2Mib BM 2tT2`BK2Mib- i?2Q`2iB+�H BMp2biB;�iBQMb QM

2bb2MiB�H BM~m2M+2 +�mb2/ #v >Jb `2K�BM [mBi2 BM�/2[m�i2X hQ BKT`Qp2 hJ_ `�iBQ

je



jXkX �iQKB+ KQ/2H �M/ K2i?Q/ jd

7m`i?2`KQ`2- Bi Bb m`;2MiHv `2[mB`2/ iQ 7mM/�K2Mi�HHv mM/2`bi�M/ i?2 K2+?�MBbK Q7

hJ_ KQ/mH�iBQM +�mb2/ #v >Jb- �M/ };m`2 Qmi /2bB`�#H2 >Jb iQ �+?B2p2 i?2 hJ_

QTiBKBx�iBQMX

PM i?2 Qi?2` ?�M/- K�Mv rQ`Fb ?�p2 `2TQ`i2/ p�`BQmb aPh i?`2b?QH/ +m``2Mi

/2MbBiB2b BM /2pB+2b rBi? /Bz2`2Mi >Jb-(dR- 3e- RRj- RR9) /2KQMbi`�iBM; i?�i >Jb

BM aPh /2pB+2b TH�v �M BKTQ`i�Mi `QH2 BM i?2 KQ/mH�iBQM Q7 TQr2` /BbbBT�iBQMX hQ

7m`i?2` `2/m+2 i?2 2M2`;v +QMbmKTiBQM- >Jb rBi? bi`QM; a>1 �M/ H�`;2 a>� �`2

?B;?Hv /2bB`2/- bBM+2 aPh +�M #2 BM/m+2/ #v a>1 (Ry- dR) �M/ i?2 i?`2b?QH/ aPh

+m``2Mi /2MbBiv Bb BMp2`b2Hv T`QTQ`iBQM�H iQ a>�X(RR8) *QMb2[m2MiHv- };m`BM; Qmi >Jb

rBi? `2K�`F�#H2 a>1 �M/ a>� �b r2HH �b i?2 K2i?Q/ iQ BKT`Qp2 bTBM >�HH T`QT2`iB2b

?�p2 ;`2�i bB;MB}+�M+2 7Q` i?2 T2`7Q`K�M+2 Q7 aPh /2pB+2bX

hQ QTiBKBx2 i?2 `2�/BM; �M/ r`BiBM; T`Q+2bb2b Q7 JhCb- BM i?Bb +?�Ti2`- r2 rBHH

BMp2biB;�i2 i?2 K2+?�MBbKb Q7 hJ_ �M/ a>1 KQ/mH�iBQM BM/m+2/ #v ?2�pv K2i�Hb-

�M/ /Bb+mbb i?2 QTiBKBx�iBQM Q7 hJ_ �M/ a>1 2M?�M+2K2MiX

jXk �iQKB+ KQ/2H �M/ K2i?Q/

h?2 JhC KQ/2H Bb b?QrM BM 6B;X jXR- +QKTQb2/ Q7 >Jf*Q62fJ;Pf*Q62f>J bi`m+@

im`2- r?2`2 *Q62 ?�b i?2 R,R +QKTQbBiBQMX q2 mb2 bvKK2i`B+ bi`m+im`2b- BX2X #Qi? 7`22

H�v2` �M/ `272`2M+2 H�v2` +QMbBbi Q7 8 KQMQH�v2`b Q7 *Q62- �M/ B/2MiB+�H ?2�pv K2i�Hb

�`2 mb2/ �b +�TTBM; �M/ b22/ H�v2`bX J;P Q7 8 KQMQH�v2`b- �`QmM/ R MK BM i?B+F@

M2bb- Bb 2KTHQv2/ �b i?2 imMM2H H�v2`X G�v2`b �`2 bi�+F2/ �HQM; z /B`2+iBQM- r?BH2 i?2

T2`BQ/B+ #QmM/�`v +QM/BiBQM Bb b�iBb}2/ �HQM; x �M/ y /B`2+iBQMbX �7i2` BMp2biB;�iBM;

2tT2`BK2Mi�H rQ`Fb-(9e- 9N- dR- RRj) r2 +?QQb2 2ti2MbBp2Hv mb2/ >Jb BM+Hm/BM; h�-

q- JQ- �M/ A` BM i?2 7�+2@+2Mi2`2/@+m#B+ U7++V bi`m+im`2b �M/ rBi? H�iiB+2 +QMbi�Mib

Q7 9Xkk ³- 9Xye ³- 9Xyj ³- �M/ jXNy ³- `2bT2+iBp2HvX(RRe) h?2 *Q62f>J BMi2`7�+2b �`2

K�i+?2/ #v `Qi�iBM; >J #v 45◦ BM xy@TH�M2-(RRd) �M/ i?2 BM@TH�M2 H�iiB+2 +QMbi�Mi



jXkX �iQKB+ KQ/2H �M/ K2i?Q/ j3

6B;m`2 jXR, a+?2K�iB+ bi`m+im`2 Q7 i?2 i?`22@i2`KBM�H JhCX *�TTBM; H�v2` �M/ b22/
H�v2`b �`2 +QKTQb2/ #v i?2 b�K2 ?2�pv K2i�HX

Q7 �HH JhCb Bb }t2/ iQ kX3j ³ �++Q`/BM; iQ i?2 H�iiB+2 +QMbi�Mi Q7 *Q62X(RR3) �iQKB+

bi`m+im`2b Q7 i?2 JhCb ?�p2 #22M QTiBKBx2/ #v oB2MM� �# BMBiBQ aBKmH�iBQM S�+F�;2

Uo�aSV (RRNĜRkR) mbBM; � +miQz 2M2`;v Q7 8ky 2o- � k@K2b? Q7 31×31×1- �M/ � 7Q`+2

+QMp2`;2M+2 +`Bi2`BQM Q7 yXyR 2of³X AM i?2 7QHHQrBM;- r2 mb2 >J@JhC iQ /2MQi2 i?2

JhC rBi? >J �b +�TTBM; �M/ b22/ H�v2`bX

Zm�MimK i`�MbTQ`i T`QT2`iB2b r2`2 +�H+mH�i2/ #v L�MQ.*�G T�+F�;2-(Rkk- Rkj)

r?B+? Bb BM i?2 7`�K2rQ`F Q7 MQM@2[mBHB#`BmK :`22MǶb 7mM+iBQM +QK#BM2/ rBi? /2M@

bBiv 7mM+iBQM�H i?2Q`v UL1:6@.6hVX aTBM@/2T2M/2Mi +QM/m+i�M+2 +�M #2 /2`Bp2/ #v

G�M/�m2`@"ɃiiBF2` 7Q`KmH�

Gσ =
e2

h

∑

k||

Tσ(k||, EF ), UjXRV



jXjX AM~m2M+2 QM hJ_ +�mb2/ #v ?2�pv K2i�Hb jN

r?2`2 σ `2T`2b2Mib i?2 bTBM BM/2t- �M/ Tσ(k||, EF ) /2MQi2b i?2 σ@bTBM i`�MbKBbbBQM

+Q2{+B2Mi �i k|| = (kx, ky)X 16 Bb i?2 62`KB 2M2`;v- e /2MQi2b i?2 2H2K2Mi�`v +?�`;2

�M/ h Bb SH�M+F +QMbi�MiX � 20 × 20 × 1 k@K2b? r�b �/QTi2/ BM i?2 b2H7@+QMbBbi2Mi

+�H+mH�iBQM- �M/ � /2Mb2 k@K2b? Q7 300× 300× 1 r�b 2KTHQv2/ BM i`�MbKBbbBQM +�H+m@

H�iBQMX

q2 +�H+mH�i2/ i?2 BMi`BMbB+ bTBM >�HH +QM/m+iBpBiv Q7 p�`BQmb >JbX Zm�MimK

1aS_1aaP T�+F�;2 r�b 2KTHQv2/ 7Q` i?2 �# BMBiBQ +�H+mH�iBQMb (Rk9) rBi? � k@K2b?

Q7 10 × 10 × 10 BM b2H7@+QMbBbi2Mi +�H+mH�iBQMbX h?2M- .6h r�p27mM+iBQMb r2`2 i`�Mb@

7Q`K2/ iQ K�tBK�HHv HQ+�HBx2/ q�MMB2` 7mM+iBQMb mbBM; q�LLA1_Ny T�+F�;2X(Rk8-

Rke) a>* +�H+mH�iBQMb 2KTHQv2/ Em#Q 7Q`KmH� 1[X RXk- r?B+? BM/B+�i2b i?�i a>* Bb

i?2 BMi2;`�H Qp2` �HH Q++mTB2/ #�M/b �b

σx
yz = −e2

!
1

V N3
k

∑

k

Ωx
yz(k), UjXkV

r?2`2 i?2 k@`2bQHp2/ i2`K Bb i?2 bTBM "2``v +m`p�im`2X JQ`2 /2i�BHb �#Qmi i?2 +�H+m@

H�iBQM K2i?Q/ +�M #2 7QmM/ BM Qm` T`2pBQmb rQ`FX(3R) � /2Mb2 kyy×kyy×kyy k@K2b?

�M/ i?2 �/�TiBp2 K2b? `2}M2K2Mi r2`2 �/QTi2/ iQ /2�H rBi? i?2 `�TB/ p�`B�iBQM Q7 i?2

bTBM "2``v +m`p�im`2 BM "wX h?2 S2`/2r@"m`F2@1`Mx2`?Q7 ;2M2`�HBx2/ ;`�/B2Mi �TT`Qt@

BK�iBQM US"1@::�V 2t+?�M;2@+Q``2H�iBQM TQi2MiB�H (RyN) r�b mb2/ BM �HH +�H+mH�iBQMbX

jXj AM~m2M+2 QM hJ_ +�mb2/ #v ?2�pv K2i�Hb

AM i?Bb b2+iBQM- r2 rBHH /Bb+mbb hJ_ 2z2+ib BM JhCb rBi? /Bz2`2Mi ?2�pv K2i�Hb

BM+Hm/BM; h�- q- JQ- �M/ A`X .Bz2`2Mi 7`QK 2tT2`BK2Mi�H rQ`Fb r?B+? �ii`B#mi2 i?2

BKT�+i QM hJ_ iQ i?2 /BzmbBQM Q7 >J �iQKb-(8k- RkdĜRkN) BM i?Bb b2+iBQM- r2 rQmH/

bim/v i?2 BMi`BMbB+ BM~m2M+2 QM hJ_ BM i2`Kb Q7 i`�MbKBbbBQM +?�MM2Hb �M/ #�M/

bi`m+im`2b Q7 >Jb X



jXjX AM~m2M+2 QM hJ_ +�mb2/ #v ?2�pv K2i�Hb 9y

jXjXR h`�MbKBbbBQM +?�MM2Hb

6B;m`2 jXk, k. i`�MbKBbbBQM +?�MM2H bT2+i`� �HQM; z /B`2+iBQM Q7 U�V K�DQ`Biv@bTBM
*Q62- U#V KBMQ`Biv@bTBM *Q62- U+V J;P- U/V h�- U2V q- U7V JQ- �M/ U;V A`X *QHQ`#�`
BM/B+�i2b i?2 MmK#2` Q7 i`�MbKBbbBQM +?�MM2HX

6B`biHv- r2 b?Qr i?2 i`�MbKBbbBQM +?�MM2H bT2+i`� BM k. "w Q7 /Bz2`2Mi K�i2`B�Hb

BM 6B;X jXkX h?2 i`�MbKBbbBQM +?�MM2H r�b +�H+mH�i2/ #v +QmMiBM; i?2 MmK#2` Q7 "HQ+?

r�p2b 2tBbiBM; BM i?2 K�i2`B�H �M/ T`QT�;�iBM; �HQM; z /B`2+iBQMX Ai +�M #2 Q#b2`p2/ BM

6B;bX jXkU�V@U#V i?�i i?2 K�DQ`Biv@bTBM *Q62 2t?B#Bib 2ti2MbBp2 QT2M `2;BQMb- r?BH2 i?2

KBMQ`Biv@bTBM +QKTQM2Mi bmTT`2bb2b i`�MbKBbbBQM BM KQbi T�`ibX w2`Q@+?�MM2H J;P BM

6B;X jXkU+V BM/B+�i2b i?2 imMM2HBM; i`�MbTQ`i BM JhCbX .Bz2`2Mi >Jb 2t?B#Bi /Bp2`b2

i`�MbKBbbBQM +?�MM2H bT2+i`� BM 6B;bX jXkU/V@U;V- �M/ QT2M i`�MbKBbbBQM 7`�+iBQMb rQmH/

BM~m2M+2 i?2 QmiHBM2b Q7 i`�MbKBbbBQM bT2+i`�X

jXjXk aTBM@/2T2M/2Mi +QM/m+i�M+2 �M/ hJ_

q2 +�H+mH�i2/ i?2 bTBM@`2bQHp2/ +QM/m+i�M+2 Q7 h�@JhC- q@JhC- JQ@JhC- �M/ A`@

JhC- �M/ T`2b2Mi i?2 `2bmHi BM 6B;X jXjX h?2`2 �`2 7Qm` +?�MM2Hb BM 2�+? JhC- BX2X-

:↑
S*- :

↓
S*- �M/ :↑

�S* r?B+? Bb i?2 b�K2 �b :↓
�S* /m2 iQ i?2 bi`m+im`�H bvKK2i`vX q2



jXjX AM~m2M+2 QM hJ_ +�mb2/ #v ?2�pv K2i�Hb 9R

6B;m`2 jXj, U�V aTBM@`2bQHp2/ +QM/m+i�M+2X U#V hJ_ Q7 JhCb rBi? /Bz2`2Mi ?2�pv
K2i�Hb �b b?QrM BM i?2 ?Q`BxQMi�H �tBbX h?2 #Hm2 bi�`b /2MQi2 Qm` +�H+mH�i2/ `2bmHib
+Q``2bTQM/BM; iQ i?2 H27i p2`iB+�H �tBb- �M/ i?2 ;`22M bi�`b BM/B+�i2 i?2 2tT2`BK2Mi�H
`2TQ`ib +Q``2bTQM/BM; iQ i?2 `B;?i p2`iB+�H �tBbX

/2}M2 hJ_ = :S*−:�S*
:�S*

- r?2`2 :S* = :↑
S* + :↓

S* �M/ :�S* = :↑
�S* + :↓

�S*X Ai

Bb Q#pBQmb i?�i JhCb rBi? /Bz2`2Mi >Jb p�`v � HQi BM i?2 �bT2+i Q7 +QM/m+i�M+2 �M/

i?2 bm#b2[m2Mi hJ_X *QKT�`2/ iQ h�@JhC- q@JhC ?�b ?B;?2` hJ_ /m2 iQ Bib HQr

:�S*- �M/ JQ@JhC �HbQ 2t?B#Bib � `2K�`F�#H2 hJ_ i?�MFb iQ Bib ?B;? :S*X JQ`2

BMi`B;mBM;Hv- A`@JhC T`2b2Mib � hJ_ 7Qm` iBK2b �b H�`;2 �b i?�i Q7 JQ@JhC- �M/

i?2 `2�bQM +�M #2 �ii`B#mi2/ iQ i?2 ?B;? :S* �M/ mHi`�HQr :�S* BM A`@JhCX 1t+2Ti

i?2 �#b2M+2 Q7 2tT2`BK2Mi QM A`@JhC- Qm` `2bmHib �`2 [m�HBi�iBp2Hv +Q``2bTQM/BM; iQ
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T`2pBQmb 2tT2`BK2Mi�H `2TQ`ib- BX2X- q@JhC �M/ JQ@JhC ?�b ?B;?2` hJ_ i?�M h�@

JhC-(99- 9e- 9N) �b b?QrM #v ;`22M bi�`b BM 6B;X jXjU#VX Pm` rQ`F BM/B+�i2b i?�i q-

JQ- �M/ A` +�M #2 T`QKBbBM; +�M/B/�i2b �b >Jb Q7 JhC 7Q` ?B;? hJ_X

jXjXj �M�Hvb2b Q7 i`�MbKBbbBQM bT2+i`�

�++Q`/BM; iQ 1[X jXR- +QM/m+i�M+2 Bb i?2 BMi2;`�H Q7 �HH i`�MbKBbbBQM +Q2{+B2Mib BM k.

"wX hQ �M�Hvx2 i?2 +QM/m+i�M+2- r2 bim/B2/ i?2 bTBM@`2bQHp2/ i`�MbKBbbBQM bT2+i`�-

�b b?QrM BM 6B;X jX9X h?2 }`bi �M/ i?2 b2+QM/ +QHmKMb �`2 i?2 K�DQ`Biv@bTBM �M/

KBMQ`Biv@bTBM i`�MbKBbbBQMb BM S*- `2bT2+iBp2Hv- �M/ i?2 H�bi +QHmKM Bb i?2 K�DQ`Biv@

UKBMQ`Biv@V bTBM i`�MbKBbbBQM BM �S*X 6Qm` `Qrb +Q``2bTQM/ iQ 7Qm` JhCb rBi? h�-

q- JQ- �M/ A` H�v2`bX q2 mb2 i?2 `2/ �M/ #Hm2 +QHQ`b iQ /2MQi2 i?2 ?B;? �M/ HQr

i`�MbKBbbBQM T`Q#�#BHBiB2b- `2bT2+iBp2HvX �b `2TQ`i2/ BM T`2pBQmb rQ`F-(jR) BM i?2 JhC

+QMbBbiBM; Q7 62fJ;Pf62 bi�+F- i?2`2 Bb � #`Q�/ T2�F �i i?2 +2Mi2` Q7 k. "w BM

i?2 K�DQ`Biv@bTBM +?�MM2HX h?Bb T?2MQK2MQM Bb �ii`B#mi2/ iQ i?2 HQr /2+�v `�i2 Q7 ∆1

bi�i2b- �b BMi`Q/m+2/ BM a2+X RXkXRX 6Q` JhCb rBi? >Jb- h�@- q@- �M/ A`@JhCb T`2b2Mi

+2Mi2`2/ #`Q�/ T2�Fb- r?B+? +QMi`B#mi2 /QKBM�MiHv iQ :↑
S*X JQ`2Qp2`- +QKT�`2/ iQ

i?Qb2 Q7 h�@ �M/ q@JhCb- i?2 T2�F Q7 A`@JhC Bb KQ`2 T`QKBM2Mi �b b?QrM BM 6B;X

jX9UDV #v i?2 `2/ +QHQ`- H2�/BM; iQ i?2 ?B;? :↑
S* Q7 A`@JhCX *QK#BMBM; i?2 mHi`�HQr

:�S*- A`@JhC `2�HBx2b i?2 ?B;?2bi hJ_ �KQM; �HH JhCbX PM i?2 Qi?2` ?�M/- �b

b?QrM BM 6B;X jX9U;V- Bi Bb /BbiBM+iBp2 i?�i i?2 +2Mi2`2/ T2�F /Bb�TT2�`b BM h↑
S* Q7

JQ@JhCX J2�Mr?BH2- i`�MbKBbbBQMb �m;K2Mi BM � +2Mi2`2/ `BM;- H2�/BM; iQ � ?B;? :↑
S*

Q7 JQ@JhCX

hQ mM/2`bi�M/ i?2 mMmbm�H i`�MbKBbbBQM bT2+i`mK Q7 JQ@JhC b?QrM BM 6B;X jX9U;V-

r2 bim/v i?2 #�M/ bi`m+im`2b Q7 7Qm` K2i�Hb- �b b?QrM BM 6B;X jX8X "�M/b �`2 THQii2/

�HQM; Γ@w /B`2+iBQM- �M/ ∆1 bi�i2b +QMi�BMBM; s- pz- dz2 Q`#Bi�Hb �`2 T`QD2+i2/X Ai +�M

#2 Q#b2`p2/ i?�i ∆1 #�M/b +`Qbb i?2 62`KB 2M2`;v BM h�- q- �M/ A`X >Qr2p2`- i?2 ∆1
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6B;m`2 jX9, aTBM@ �M/ k. k||@`2bQHp2/ i`�MbKBbbBQM bT2+i`� Q7 JhCb +�TT2/ #v /Bp2`b2
?2�pv K2i�HbX *QHQ`#�` BM/B+�i2b i?2 i`�MbKBbbBQM +Q2{+B2MibX

#�M/ Q7 JQ ?�b MQ BMi2`b2+iBQM rBi? 16X aBM+2 i?2 ∆1 bi�i2b TH�v � /2i2`KBM2/ `QH2 BM

i?2 i`�MbKBbbBQM T2�F �i k|| = (0, 0)- r2 +QM+Hm/2 i?�i i?2 /Bb�TT2�`�M+2 Q7 +2Mi2`2/

T2�F BM 6B;X jX9U;V +�M #2 �ii`B#mi2/ iQ i?2 �#b2M+2 Q7 ∆1 bi�i2b +`QbbBM; i?2 62`KB

2M2`;v Q7 JQ K2i�HX
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6B;m`2 jX8, "�M/ bi`m+im`2b Q7 /Bz2`2Mi ?2�pv K2i�Hb �HQM; Γ@w /B`2+iBQMX U�V h�X
U#V qX U+V JQX U/V A`X ∆1 #�M/b ?�p2 #22M T`QD2+i2/ #v "Hm2 bi�`bX

PM i?2 Qi?2` ?�M/- 6B;X jXjU�V b?Qrb i?�i JQ@JhC T`2b2Mib i?2 ?B;?2bi :↓
S*

�KQM; �HH JhCbX h?`Qm;? Q#b2`pBM; i?2 i`�MbKBbbBQM bT2+i`mK h↓
S* +�`27mHHv- r2

}M/ i?�i 6B;X jX9U?V b?Qrb bQK2 p2`v b?�`T i`�MbKBbbBQMb �i +Q`M2`b Q7 k. "w-

BM/B+�i2/ #v bQK2 `2/ TQBMiX q2 K2�bm`2/ i?2 p�Hm2 Q7 mHi`�?B;? i`�MbKBbbBQM +Q@

2{+B2Mib BM i?Bb iBMv 7`�+iBQM- �M/ r2 }M/ i?�i i?2 ?B;?2bi QM2 Bb h↓
S* = 0.8991 �i

k|| = (0.526, 0.900)X aBM+2 i?2 i`�MbKBbbBQM +Q2{+B2Mi Bb +HQb2 iQ mMBiv- r2 BM72` i?�i Bi

Bb +�mb2/ #v i?2 BMi2`7�+B�H `2bQM�Mi bi�i2b- �M/ i?2 mHi`�?B;? i`�MbKBbbBQM T2�Fb �`2

+�HH2/ ǳ?Qi bTQibǴX(jR) >Qi bTQib +�M #2 mM/2`biQQ/ #v i?2 7Q`K�iBQM Q7 #QM/BM; �M/

�MiB#QM/BM; ?v#`B/b #2ir22M i?2 BMi2`7�+B�H bi�i2b QM #Qi? bB/2b Q7 i?2 #�``B2`- �M/

2H2+i`QMb +QmH/ imMM2H i?`Qm;? i?2 #�``B2` rBi? MQ Q` HBiiH2 �ii2Mm�iBQMX(Rjy) q?2M

i?2 #�``B2` i?B+FM2bb Bb #`Q�/2M2/- i?2 +QmTHBM; #2ir22M i?2 BMi2`7�+B�H `2bQM�M+2b �i@

i2Mm�i2 �M/ /Bb�TT2�`- i?2M MQ`K�H imMM2HBM; i`�MbTQ`i rBi? ?B;? /2+�v `�i2 �M/ HQr

i`�MbKBbbBQM +Q2{+B2Mi ?�TT2MX(RjR) AM Qm` rQ`F- i?2 KBMQ`Biv@bTBM +?�MM2H Bb /QK@

BM�i2/ #v i?2 BMi2`7�+B�H `2bQM�Mi bi�i2b /m2 iQ i?2 i?BM imMM2H H�v2`X �+im�HHv- 6B;X

jX9 b?Qrb i?�i 7Q` �HH JhCb- ?Qi bTQib Q++m` BM KBMQ`Biv@bTBM +?�MM2Hb rBi? /Bp2`b2
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6B;m`2 jXe, aTBM@ �M/ H�v2`@`2bQHp2/ U�V /2MbBiv Q7 bi�i2b �M/ U#V /2MbBiv Q7 b+�ii2`BM;
bi�i2b Q7 T�`�HH2H JQ@JhC QM i?2 i`�MbKBbbBQM T2�F Q7 k|| = (0.526, 0.900)X

�KTHBim/2bX LQi2 i?�i ?Qi bTQib �`2 p2`v b2MbBiBp2 iQ i?2 BMi2`7�+2 `Qm;?M2bb �M/

i?2 bvKK2i`v Q7 DmM+iBQMX(jk) 6`QK i?Bb T2`bT2+iBp2- �M B/2�H bvKK2i`B+ JhC rQmH/

bi`2M;i?2M hJ_ 2z2+iX

6B;m`2 jXe p�HB/�i2b Qm` /Bb+mbbBQMb QM BMi2`7�+B�H `2bQM�Mi bi�i2bX .2MbBiv Q7

bi�i2b U.PaV �M/ /2MbBiv Q7 b+�ii2`BM; bi�i2b U.PaaV Q7 JQ@JhC T`QD2+i2/ QM k|| =

(0.526, 0.900) �`2 b?QrM BM 6B;bX jXeU�V �M/ U#V- `2bT2+iBp2HvX 6B;X jXeU�V b?Qrb i?�i

BM JQ H�v2`b- i?2 K�DQ`Biv@bTBM �M/ KBMQ`Biv@bTBM .Pa Qp2`H�T bBM+2 JQ Bb MQMK�;@
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M2iB+X h?2 KBMQ`Biv@bTBM .Pa �`2 bi`QM;Hv HQ+�HBx2/ �i #Qi? *Q62fJ;P BMi2`7�+2b-

BM/B+�iBM; i?2 2tBbi2M+2 Q7 BMi2`7�+B�H `2bQM�Mi bi�i2b r?B+? vB2H/ ?m;2 r�p27mM+iBQM

�KTHBim/2bX 6B;m`2 jXeU#V T`2b2Mib .Paa �i k|| = (0.526, 0.900)- r?2`2 i`�MbKBbbBQM

+Q2{+B2Mib �`2 h↑
S* = 1.28 × 10−8 �M/ h↓

S* = 0.8991- `2bT2+iBp2HvX Ai b?Qrb i?�i

i?2 K�DQ`Biv@bTBM .Paa /2+�v `�TB/Hv- r?BH2 i?2 KBMQ`Biv@bTBM .Paa T`2b2Mi M2;HB;B@

#H2 �ii2Mm�iBQM- p2`B7vBM; i?2 Q++m``2M+2b Q7 BMi2`7�+B�H `2bQM�Mi bi�i2b �M/ `2bQM�Mi

imMM2HBM; i`�MbTQ`iX

6B;m`2 jXd, LQM@2[mBHB#`BmK i`�MbTQ`i T`QT2`iB2bX h?2 H27i +QHmKM Bb 7Q` JQ@JhC-
�M/ i?2 `B;?i +QHmKM Bb 7Q` A`@JhCX U�V �M/ U/V �`2 i?2 +m``2Mib BM S*X U#V �M/ U2V
�`2 i?2 +m``2Mib BM �S*X U+V �M/ U7V �`2 i?2 hJ_bX
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jXjX9 hJ_ mM/2` #B�b

6B;m`2 jXd T`2b2Mib hJ_ BM MQM@2[mBHB#`BmK bi�i2b- r?2`2 hJ_ 4 AS*−A�S*
A�S*

- AS* =

A↑S* + A↓S*- �M/ A�S* = A↑�S* + A↓�S*X h?2 H27i +QHmKM Bb 7Q` JQ@JhC- r?BH2 i?2 `B;?i

+QHmKM Bb 7Q` A`@JhCX Ai +�M #2 Q#b2`p2/ i?�i A↑S*- A↑�S* �M/ A↓�S* �`2 `BbBM; rBi?

BM+`2�bBM; #B�b- r?BH2 A↓S* �M/ hJ_b /2+HBM2 rBi? BM+`2�bBM; #B�bX *QKT�`2/ rBi?

i?2 p�Hm2 �i 2[mBHB#`BmK bi�i2- hJ_ Q7 JQ@JhC Bb `2/m+2/ #v jyW �i #B�b Q7 8y Ko-

�M/ i?�i Q7 A`@JhC Bb `2/m+2/ #v R3W �i #B�b Q7 8y KoX h?2 7�HHBM; hJ_ +�M #2

T�`iHv �ii`B#mi2/ iQ i?2 /2+HBM2 Q7 KBMQ`Biv@bTBM +m``2Mi BM S*X aBM+2 A↓S* Bb K�BMHv

+QMi`B#mi2/ #v i?2 BMi2`7�+B�H `2bQM�Mi bi�i2b r?B+? rQmH/ #2 ;`2�iHv BKT�+i2/ �M/

/2bi`m+i2/ #v i?2 #B�b +QM/BiBQM- A↓S* /2+`2�b2b BM #Qi? JQ@JhC �M/ A`@JhC rBi?

`BbBM; #B�b- H2�/BM; iQ i?2 `2/m+iBQM Q7 AS* �M/ hJ_X

jX9 a>1 Q7 >Jb �M/ �HHQvb

AM i?Bb b2+iBQM- r2 rBHH /Bb+mbb a>1 Q7 >Jb r?B+? +�M BM/m+2 aPh �M/ �+?B2p2 brBi+?@

BM; Q7 JhCX aBM+2 i?2 bTBM >�HH +QM/m+iBpBiv Q7 h� �M/ q ?�b #22M `2TQ`i2/-(3R- Rjk)

r2 BMp2biB;�i2 i?2 a>* Q7 >Jb BM+Hm/BM; JQ �M/ A`- �b r2HH �b i?2 `2�HBx�iBQM Q7 a>*

2M?�M+2K2Mi i?`Qm;? bm#biBimiBQM�H /QTBM;X

jX9XR a>* Q7 JQ

6B;m`2 jX3 b?Qrb i?2 2M2`;v@`2bQHp2/ a>* Q7 JQ K2i�H- BMb2i Bb i?2 T`BKBiBp2 +2HH r2

mb2/ BM +�H+mH�iBQMbX "v imMBM; i?2 TQbBiBQM Q7 62`KB 2M2`;v- a>* +?�M;2b � HQi BM

#Qi? K�;MBim/2 �M/ bB;MX 6B;m`2 jX3 b?Qrb i?�i a>* Q7 JQ Bb M2;�iBp2- iQ #2 2t�+i-

a>* 4 −412 (!/e)S/cm �i 16X h?2`2 Bb � bK�HH T2�F M2�` i?2 62`KB 2M2`;v- BX2X a>*

4 −841 (!/e)S/cm �i E = EF −0.3 2oX JQ`2Qp2`- � H�`;2` a>* mT iQ Rkjy (!/e)S/cm

+�M #2 7QmM/ �i E = EF + 3.82 2oX
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6B;m`2 jX3, 1M2`;v@`2bQHp2/ a>* Q7 JQ K2i�H- BMb2i Bb i?2 bi`m+im`2 Q7 T`BKBiBp2 +2HHX

hQ 2Hm+B/�i2 i?2 mM/2`HvBM; K2+?�MBbK Q7 i?2 Q7 a>*- r2 b?Qr i?2 #�M/ bi`m+im`2

T`QD2+i2/ #v bTBM "2``v +m`p�im`2X q2 }`biHv BMi`Q/m+2 i?2 +QM+2Ti Q7 bTBM "2``v

+m`p�im`2X h?2 Em#Q 7Q`KmH� 7Q` a>* +�H+mH�iBQM Bb ;Bp2M #v (Rjj- Rj9)

σx
yz = −e2

!
1

V N3
k

∑

k

Ωx
yz(k), UjXjV

r?2`2 i?2 k@`2bQHp2/ i2`K Bb i?2 bTBM "2``v +m`p�im`2X Ai Bb /2}M2/ �b

Ωx
yz(k) =

∑

n

fnkΩ
x
n,yz(k), UjX9V

�M/ i?2 #�M/@T`QD2+i2/ bTBM "2``v +m`p�im`2 i2`K Bb

Ωx
n,yz(k) = !2

∑

m ̸=n

−2 Im[⟨nk|12{σ̂x, v̂y}|mk⟩⟨mk|v̂z|nk⟩]
(ϵnk − ϵmk)2

. UjX8V

q2 /Bb+mbb a>* BM i?2 �bT2+i Q7 i?2 bTBM "2``v +m`p�im`2- Ωx
yz(k)X 6B;m`2 jXN

T`2b2Mib �M�Hvb2b Q7 bTBM "2``v +m`p�im`2 Q7 JQX 6B;m`2 jXNU�V b?Qrb i?2 #�M/@
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6B;m`2 jXN, �M�Hvb2b Q7 bTBM "2``v +m`p�im`2 Q7 JQX U�V "�M/@T`QD2+i2/ bTBM "2``v
+m`p�im`2X *QHQ`#�` BM/B+�i2b i?2 �KTHBim/2 Q7 bTBM "2``v +m`p�im`2 BM i?2 HQ; b+�H2
/2}M2/ �b 1[X jXeX hrQ #H�+F /�b?2/ ?Q`BxQMi�H HBM2b /2MQi2 2M2`;v TQBMib E = EF

�M/ E = EF − 0.3 2oX U#V �M/ U+V T`2b2Mi i?2 �KTHBim/2b Q7 bTBM "2``v +m`p�im`2b
�i E = EF �M/ E = EF − 0.3 2o- `2bT2+iBp2HvX U�V- U#V- �M/ U+V �`2 �HQM; i?2 b�K2
k@T�i?X

T`QD2+i2/ bTBM "2``v +m`p�im`2 Ωx
n,yz(k)- BM i?2 HQ; b+�H2 �b /2}M2/ �b

`2bmHi =

⎧
⎪⎨

⎪⎩

sgn(x) lg |x|, |x| > 10,

x
10 , |x| ! 10.

UjXeV



jX9X a>1 Q7 >Jb �M/ �HHQvb 8y

a2p2`�H ?B;?@bvKK2i`v TQBMib �`2 b2H2+i2/ iQ T`2b2Mi i?2 F@`2bQHp2/ +QMi`B#miBQM iQ

a>*X 6B;m`2 jXNU�V T`2b2Mib i?�i i?2 bTBM "2``v +m`p�im`2b �`2 `2H�iBp2Hv bK�HH �i 16

b?QrM #v i?2 ;`22M +QHQ`X �i i?2 2M2`;v E = EF − 0.3 2o- i?2 TQbBiBp2 +QMi`B#miBQMb

�HQM; q@G T�i? �`2 `2/m+2/- bBM+2 a>* Bb i?2 BMi2;`�H Qp2` Q++mTB2/ #�M/bX h?mb-

i?2 M2;�iBp2 a>* BM+`2�b2b iQ −841 (!/e)S/cmX 6B;m`2b jXNU#V �M/ U+V T`2b2Mi KQ`2

BMi2HHB;B#H2 `2bmHib- BX2X i?2 �KTHBim/2b Q7 bTBM "2``v +m`p�im`2 �i /Bz2`2Mi 2M2`;v

TQBMibX Ai +�M #2 Q#b2`p2/ i?�i bTBM "2``v +m`p�im`2b �HQM; i?2 k@T�i? �`2 rB/2Hv

M2;HB;B#H2 2t+2Ti bQK2 T2�FbX 6B;m`2 jXNU#V BHHmbi`�i2b i?�i �i E = EF - i?2 bTBM "2``v

+m`p�im`2 �HQM; q@G Bb TQbBiBp2Hv H�`;2- �M/ TQbBiBp2 +QMi`B#miBQMb Q++m` �HQM; Γ@s

�M/ q@Γ- Q`B;BM�iBM; 7`QK i?2 p�H2M+2 #�M/b +HQb2 iQ 16X 6B;m`2 jXNU+V b?Qrb i?2

bTBM "2``v +m`p�im`2 �i E = EF − 0.3 2oX Ai ?�b � M2;�iBp2 T2�F �HQM; G@ΓX JQ`2

BMi`B;mBM;Hv- +QMi`B#miBQMb �HQM; Γ@s �M/ q@Γ im`M iQ #2 M2;�iBp2- `2BM7Q`+BM; i?2

M2;�iBp2 a>* Q7 JQX

6B;m`2 jXRy, h?2 bTBM "2``v +m`p�im`2 BM k. bHB+2b Q7 kz 4 y BM "w 7Q` σx
yz a>* Q7 JQX

U�V aHB+2 �i E = EF X U#V aHB+2 �i E = EF − 0.3 2oX h?2 +QHQ` #�` BM/B+�i2b i?2 i2`K
Bb BM i?2 HQ; b+�H2 /2}M2/ �b 1[X jXeX Γ Uy- y- yV- G U12 - y- yV- �M/ s U13 -

√
2
3 - yV �`2

2KTHQv2/ �b ?B;? bvKK2i`v TQBMibX

hQ T`2b2Mi � KQ`2 pBbm�H TB+im`2 QM i?2 bTBM "2``v +m`p�im`2 Q7 JQ- r2 /BbTH�v i?2

bTBM "2``v +m`p�im`2 QM i?2 k. bHB+2 Q7 kz 4 y BM "wX h?2 bHB+2 +`Qbb2b ?B;?@bvKK2i`v



jX9X a>1 Q7 >Jb �M/ �HHQvb 8R

TQBMib Q7 Γ- G �M/ sX 6B;m`2 jXRyU�V b?Qrb i?2 `2bmHi �i E = EF �M/ 6B;X jXRyU#V

Bb 7Q` E = EF − 0.3 2oX h?2 `2/ �M/ #Hm2 +QHQ`b QM bHB+2b BHHmbi`�i2 i?2 TQbBiBp2 �M/

M2;�iBp2 bTBM "2``v +m`p�im`2b- `2bT2+iBp2Hv- �M/ #H�+F HBM2b /2MQi2 i?2 BMi2`b2+iBQMb

Q7 k. bHB+2 �M/ 62`KB bm`7�+2X 6B;m`2 jXRyU�V T`2b2Mib i?�i KQbi `2;BQMb Q7 i?2 bHB+2 �i

16 �`2 b?QrM #v i?2 r?Bi2 +QHQ`- K�MB72biBM; i?2 M2;HB;B#H2 K�;MBim/2 Q7 bTBM "2``v

+m`p�im`2X aQK2 T�`ib +QMi`B#miBM; M2;�iBp2Hv �`2 b?QrM BM #Hm2X 6B;m`2 jXRyU#V b?Qrb

i?�i �i E = EF −0.3 2o- �Hi?Qm;? bQK2 TQbBiBp2 `2;BQMb �TT2�`- i?2 M2;�iBp2 7`�+iBQMb

�m;K2Mi- H2�/BM; iQ � M2;�iBp2Hv H�`;2 a>* Q7 JQX

jX9Xk a>* Q7 A`

6B;m`2 jXRR b?Qrb i?2 2M2`;v@`2bQHp2/ a>* Q7 A` K2i�H- BMb2i /2MQi2b T`BKBiBp2 +2HHX

a>* �i 62`KB 2M2`;v Bb 9yj (!/e)S/cmX �M a>* T2�F Q++m`b �i E = EF + 0.84 2o-

r?2`2 a>* `2�+?2b mT iQ ky8e (!/e)S/cmX "v HQr2`BM; i?2 TQbBiBQM Q7 16- a>* +�M

#2+QK2 M2;�iBp2 iQ #2 −1713(!/e)S/cm �i E = EF − 4.42 2o �M/ −1577 (!/e)S/cm

�i E = EF − 3.74 2oX

6B;m`2 jXRR, 1M2`;v@`2bQHp2/ a>* Q7 A` K2i�H- BMb2i Bb i?2 bi`m+im`2 Q7 T`BKBiBp2 +2HHX



jX9X a>1 Q7 >Jb �M/ �HHQvb 8k

6B;m`2 jXRk, �M�Hvb2b Q7 bTBM "2``v +m`p�im`2 Q7 A`X U�V "�M/@T`QD2+i2/ bTBM "2``v
+m`p�im`2X *QHQ`#�` BM/B+�i2b i?2 �KTHBim/2 Q7 bTBM "2``v +m`p�im`2 BM i?2 HQ; b+�H2
/2}M2/ �b 1[X jXeX hrQ #H�+F /�b?2/ ?Q`BxQMi�H HBM2b /2MQi2 2M2`;v TQBMib E = EF

�M/ E = EF + 0.84 2oX U#V �M/ U+V T`2b2Mi i?2 �KTHBim/2b Q7 bTBM "2``v +m`p�im`2b
�i E = EF �M/ E = EF + 0.84 2o- `2bT2+iBp2HvX U�V- U#V- �M/ U+V �`2 �HQM; i?2 b�K2
k@T�i?X

6B;m`2 jXRk T`2b2Mib �M�Hvb2b Q7 bTBM "2``v +m`p�im`2 Q7 A`X 6B;m`2 jXRkU�V b?Qrb

i?�i i?2 bTBM "2``v +m`p�im`2 Bb `2H�iBp2Hv bK�HH �i 16- ?Qr2p2`- �i i?2 2M2`;v E =

EF + 0.84 2o- TQbBiBp2 bTBM "2``v +m`p�im`2 Q++m`b �i s TQBMi �b b?QrM #v i?2 `2/

+QHQ`X h?Bb +�M #2 �ii`B#mi2/ iQ i?2 bi`QM; bTBM@Q`#Bi bTHBiiBM; �i s TQBMiX q?2M i?2



jX9X a>1 Q7 >Jb �M/ �HHQvb 8j

2M2`;v Bb b?B7i2/ iQ E = EF + 0.84 2o- /Qm#H2 /2;2M2`�+B2b HB7i2/ #v i?2 aP* +�M #2

Q#b2`p2/ �i i?2 s TQBMi BM 6B;X jXRkU�V- 7m`i?2` BM/m+BM; iQ i?2 H�`;2 a>* Q7 ky8e

(!/e)S/cmX 6B;m`2b jXRkU#V �M/ U+V pBbm�HHv BHHmbi`�i2 i?�i KQbi bTBM "2``v +m`p�im`2b

�`2 M2;HB;B#H2 �HQM; i?2 k@T�i?- 2t+2Ti i?2 `2;BQMb �`QmM/ G �M/ s TQBMibX 6B;m`2

jXRkU#V b?Qrb i?�i �i E = EF - i?2 bTBM "2``v +m`p�im`2 �i G TQBMi Bb M2;�iBp2X h?2

`2�bQM +�M #2 �ii`B#mi2/ iQ i?2 p�H2M+2 #�M/ +HQb2 iQ 16 �i G TQBMi- �b b?QrM BM #Hm2

+QHQ` BM 6B;X jXRkU�VX h?2 bTBM "2``v +m`p�im`2 �`QmM/ s TQBMi p�`B2b- 2bT2+B�HHv �i

TQBMib r?2`2 #�M/b +`Qbb 16X 6B;m`2 jXRkU+V b?Qrb i?2 bTBM "2``v +m`p�im`2 i2`K �i

E = EF +0.84 2oX �i G TQBMi- bTBM "2``v +m`p�im`2 im`Mb iQ #2 TQbBiBp2- �M/ /`�K�iB+

+?�M;2b Q++m` �`QmM/ s TQBMi QrBM; iQ i?2 #�M/b rBi? bi`QM; bTBM@Q`#Bi bTHBiiBM;X

6B;m`2 jXRj, h?2 bTBM "2``v +m`p�im`2 BM k. bHB+2b Q7 kz 4 y BM "w 7Q` σx
yz a>* Q7

A`X U�V aHB+2 �i E = EF X U#V aHB+2 �i E = EF + 0.84 2oX h?2 +QHQ` #�` BM/B+�i2b i?2
i2`K Bb BM i?2 HQ; b+�H2 /2}M2/ �b 1[X jXeX Γ Uy- y- yV- G U12 - y- yV- �M/ s U13 -

√
2
3 - yV

�`2 2KTHQv2/ �b ?B;? bvKK2i`v TQBMibX

6B;m`2b jXRjU�V �M/ U#V b?Qr i?2 k. bHB+2b Q7 bTBM "2``v +m`p�im`2 Q7 A` �i E = EF

�M/ E = EF + 0.84 2o- `2bT2+iBp2HvX 6B;m`2 jXRjU�V b?Qrb i?�i �`QmM/ s TQBMi-

i?2 bTBM "2``v +m`p�im`2 2t?B#Bib /`�K�iB+ +?�M;2b- �M/ i?2 i`�/2@Qz Q7 TQbBiBp2 �M/

M2;�iBp2 +QMi`B#miBQM H2�/b iQ i?2 p�MBb?BM; a>*X JQ`2Qp2`- �i G TQBMi- i?2 bTBM

"2``v +m`p�im`2 Bb M2;�iBp2- b?QrM #v i?2 bHB;?iHv #Hm2 +QHQ`X q?2M i?2 62`KB 2M2`;v



jX9X a>1 Q7 >Jb �M/ �HHQvb 89

Bb 2H2p�i2/ #v yX39 2o �b b?QrM BM 6B;X jXRjU#V- i?2 bTBM "2``v +m`p�im`2 �`QmM/ G

TQBMi im`Mb iQ #2 TQbBiBp2 �b b?QrM #v i?2 `2/ +QHQ`X h?Bb p�`B�iBQM Bb +Q``2bTQM/BM;

iQ i?2 T`QD2+i2/ #�M/ bi`m+im`2b BM 6B;bX jXRkU#V �M/ U+V- r?2`2 i?2 bB;M Q7 bTBM "2``v

+m`p�im`2 �i G TQBMi Bb `2p2`b2/ #v i?2 b?B7i Q7 16 TQbBiBQMX "2bB/2b- i?2 TQbBiBp2

+QMi`B#miBQM 2tT�M/b �M/ bi`2M;i?2Mb- r?2`2�b i?2 M2;�iBp2 `2;BQMb /Bb�TT2�` �`QmM/

G TQBMi- `2bmHiBM; BM i?2 2M?�M+2K2Mi Q7 TQbBiBp2 a>*- BX2X 7`QK 9yj (!/e)S/cm �i

E = EF iQ ky8e (!/e)S/cm �i E = EF + 0.84 2oX

�i i?2 2M/ Q7 i?Bb b2+iBQM- r2 bmKK�`Bx2 �M/ +QKT�`2 bTBM >�HH T`QT2`iB2b Q7

b2p2`�H >JbX h�#H2 jXR T`2b2Mib i?2 +�H+mH�i2/ a>* �M/ Q#b2`p2/ a>� Q7 /Bz2`2Mi

>JbX Ai Bb MQiB+2�#H2 i?�i Si ?�b i?2 ?B;?2bi a>* �KQM; �HH >JbX AM 7�+i- i?2 T2�F Q7

Si a>* Bb 2t�+iHv HQ+�i2/ �i 16-(Rj8) `2bmHiBM; BM �M a>* �b ?B;? �b kkyy (!/e)S/cmX

�ii`�+i2/ #v i?2 BMbTB`BM; i?2Q`2iB+�H `2bmHi- T2QTH2 /2pQi2 iQ i?2 a>1 2tT2`BK2Mib Q7

Si- �M/ `2TQ`i � yXyde a>� Q7 SiX(dd) h?2 `2H�iBp2Hv bK�HH a>� Bb QrBM; iQ i?2 bmT2`BQ`

2H2+i`B+�H +QM/m+iBpBiv Q7 SiX "2bB/2b- β@q ?�b �M a>* Q7 −Rk88 (!/e)S/cm-(Rjk) �b

r2HH �b �M a>� `2�+?BM; mT iQ yXjy±yXyk /m2 iQ Bib HQr 2H2+i`B+�H +QM/m+iBpBivX(3e) Ai

?�b #22M `2TQ`i2/ i?�i i?2 a>� Q7 β@h� Bb BM i?2 `�M;2 Q7 yXRkĜyXR8-(dR) �M/ i?2 a>�

Q7 A` Bb yXyk±yXyy8X(3d) G�i2` QM- �ii`B#mi2/ iQ i?2 a>1 �M/ 2t+?�M;2 #B�b- i?2 }2H/@

7`22 aPh brBi+?BM; ?�b #22M �+?B2p2/ #�b2/ QM A` H�v2`-(RRj) BHHmbi`�iBM; i?2 TQi2MiB�H

iQ `2�HBx2 aPh JhC rBi? A` K2i�HX

h�#H2 jXR, aTBM >�HH T`QT2`iB2b Q7 /Bz2`2Mi >JbX a>* Bb i?2 +�H+mH�i2/ p�Hm2 �i 16-
a>*J�s Bb i?2 T2�F p�Hm2 Q7 a>*- #Qi? �`2 BM i?2 mMBi Q7 (!/e)S/cmX 1M2`;v Bb i?2
TQbBiBQM r?2`2 a>*J�s Q++m`b- BM i?2 mMBi Q7 2oX a>� Bb i?2 `2bmHi Q7 2tT2`BK2MibX

>Jb Si(dd- Rj8) β@q(3e- Rjk) β@h�(dR- 3R) JQ A`(3d)

a>* kkyy −Rk88 −j3N −9kR 9yj
a>*J�s kkyy −R8e8 −ky88 Rkjy ky8e
1M2`;v EF EF − 0.4 EF + 1.24 EF + 3.82 EF + 0.84

a>� yXyde yXjy±yXyk yXRkĜyXR8 @ yXyk±yXyy8
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jX9Xj a>* QTiBKBx�iBQM i?`Qm;? /QTBM;

6B;m`2 jXR9, �iQKB+ bi`m+im`2b Q7 A`1−xSix Q` A`1−x�mx �HHQvbX U�V x 4 yXRk8X U#V x
4 yXk8X U+V x 4 yXjd8X U/V x 4 yX8X

1{+B2Mi aPh brBi+?BM; `2[mB`2b i?2 >Jb rBi? bmT2`BQ` bTBM >�HH T`QT2`iB2b- i?mb-

i?2 K2i?Q/ iQ QTiBKBx2 a>* �M/ a>� ?�b ;`2�i bB;MB}+�M+2X S`2pBQmb rQ`F ?�b

p2`B}2/ i?�i bm#biBimiBQM�H /QTBM; Bb �M 2z2+iBp2 K2i?Q/ iQ �+?B2p2 a>* QTiBKBx�@

iBQMX(Rjk) h?`Qm;? �M�HvxBM; i?2 a>* QmiHBM2b Q7 JQ �M/ A`- r2 +QM+Hm/2 i?�i Bi Bb

KQ`2 T`QKBbBM; iQ BKT`Qp2 i?2 a>* Q7 A`- bBM+2 i?2 a>* T2�F Q7 A` Bb ?B;?2` �M/

+HQb2` iQ 16- BX2X- ky8e (!/e)S/cm �i E = EF + 0.84 2oX Ai Bb [mBi2 T`Q#�#H2 iQ imM2

i?2 a>* Q7 A` rBi? bm#biBimiBQM�H Si Q` �m �iQKb- bBM+2 i?2 2H2K2Mi Si ?�b QM2 KQ`2

2H2+i`QM i?�M A`- �M/ �m ?�b irQ KQ`2 2H2+i`QMb i?�M A`X am#biBimiBQM�H �iQKb rBi?

KQ`2 2H2+i`QMb rQmH/ 2H2p�i2 EF �M/ i?2M 2M?�M+2 i?2 a>* Q7 A` �HHQvbX

"�b2/ QM i?Bb B/2�- r2 #mBHi � 2×2×2 bmT2`+2HH Q7 A`- �M/ `2TH�+2/ T�`i Q7 A` �iQKb

#v Si Q` �m �iQKbX �iQKB+ bi`m+im`2b �`2 b?QrM BM 6B;X jXR9 r?2`2 T2`BQ/B+ #QmM/�`v

+QM/BiBQMb �`2 b�iBb}2/X q2 +�H+mH�i2/ a>* Q7 A` �HHQvb rBi? p�`vBM; +QKTQM2Mib �M/

T`2b2Mi `2bmHib BM 6B;X jXR8- r?2`2 i?2 a>* Q7 A` K2i�H Bb b2i �b `272`2M+2b BM i?2 iQT

bm#};m`2bX _2bmHib BM i?2 H27i +QHmKM BHHmbi`�i2 i?�i 7Q` i?2 Si /QTBM;- i?2 a>* Bb



jX9X a>1 Q7 >Jb �M/ �HHQvb 8e

6B;m`2 jXR8, a>* Q7 A` �HHQvbX G27i +QHmKM Bb 7Q` A`1−xSix �HHQvb �M/ `B;?i +QHmKM Bb
7Q` A`1−x�mx �HHQvbX x 4 yXRk8- yXk8- yXjd8- yX8- `2bT2+iBp2HvX a>* Q7 Tm`2 A` K2i�H Bb
;Bp2M 7Q` `272`2M+2bX o�Hm2b BM bm#};m`2b BM/B+�i2 i?2 a>* �i 16X

`BbBM; rBi? BM+`2�bBM; Si +QKTQM2Mi- bBM+2 i?2 a>* T2�F Bb �TT`Q�+?BM; iQ 16X � KQ`2

BMbTB`BM; `2bmHi +�M #2 7QmM/ BM �m@/QT2/ �HHQvb- r?2`2 A`yXd8�myXk8 �HHQv T`2b2Mib �M

a>* `2�+?BM; mT iQ R9d8 (!/e)S/cm- KQ`2 i?�M i?`22 iBK2b �b H�`;2 �b i?2 a>* Q7 Tm`2

A`X *QMbB/2`BM; i?�i /QTBM; rQmH/ T`Q#�#Hv BM+`2�b2 i?2 `2bBbiBpBiB2b Q7 K2i�Hb-(Rje)

H�`;2 a>�b +�M #2 2tT2+i2/ BM Si@/QT2/ �M/ �m@/QT2/ A` �HHQvbX



jX9X a>1 Q7 >Jb �M/ �HHQvb 8d

q2 /Bb+mbb i?2 a>* Q7 A`yXd8�myXk8 �HHQv #`B2~vX 6B;m`2 jXRe T`2b2Mib i?2 �M�Hvb2b

Q7 bTBM "2``v +m`p�im`2X � +QKTHB+�i2/ #�M/ bi`m+im`2 Q7 A`yXd8�myXk8 ?�b #22M T`2@

b2Mi2/ BM 6B;X jXReU�V- r?2`2 K�Mv #�M/b +`Qbb 16- H2�/BM; iQ `�TB/ +?�M;2b Q7 bTBM

6B;m`2 jXRe, �M�Hvb2b QM a>* Q7 A`yXd8�myXk8X U�V aTBM "2``v +m`p�im`2 T`QD2+i2/ QM
i?2 #�M/ bi`m+im`2X U#V �KTHBim/2b Q7 bTBM "2``v +m`p�im`2b �i E = EF X U+V h?2
bTBM "2``v +m`p�im`2 i2`K BM bHB+2b Q7 i?2 "w �i kz 4 y 7Q` σx

yz a>* Q7 A`yXd8�myXk8 �i
E = EF X



jX8X amKK�`v 83

"2``v +m`p�im`2b �b b?QrM BM 6B;X jXReU#VX 6B;m`2 jXReU+V b?Qrb i?�i KQbi 7`�+iBQMb

+QMi`B#mi2 TQbBiBp2Hv iQ a>*X _2;BQMb �`QmM/ Γ TQBMi K�F2 /QKBM�Mi +QMi`B#miBQMb

iQ a>*- r?BH2 Qi?2` `2;BQMb 2t?B#Bi p�`B�iBQMb BM #Qi? �KTHBim/2b �M/ bB;MbX h?`Qm;?

+QKT�`BM; 6B;X jXReU+V rBi? 6B;X jXRjU�V- r2 +�M }M/ i?�i k8W �m +QM+2Mi`�iBQM

K�F2b ;`2�i /Bz2`2M+2- bBM+2 Bi MQi QMHv �Hi2` i?2 2H2+i`QMB+ #�M/ bi`m+im`2- #mi �HbQ

imM2 i?2 TQbBiBQM Q7 62`KB 2M2`;vX

jX8 amKK�`v

SH2Miv Q7 2tT2`BK2Mib ?�p2 `2TQ`i2/ i?�i ?2�pv K2i�Hb +QmH/ KQ/mH�i2 T2`7Q`K�M+2b

Q7 JhCbX >Qr2p2`- i?2Q`2iB+�H rQ`Fb QM BMi`BMbB+ BM~m2M+2 +�mb2/ #v >Jb `2K�BM

BM�/2[m�i2X hQ `2p2�H i?2 BMi`BMbB+ K2+?�MBbK �M/ T`QpB/2b ;mB/2HBM2b iQ 2tT2`BK2Mib-

r2 i?2Q`2iB+�HHv bim/B2/ i?2 hJ_ �M/ a>1 BM J;P@#�b2/ JhCb rBi? /Bz2`2Mi ?2�pv

K2i�HbX

q2 }`biHv /2bB;M2/ bvKK2i`B+�H JhCb rBi? /Bz2`2Mi >Jb BM+Hm/BM; h�- q- JQ-

�M/ A`- r?B+? �`2 mb2/ �b +�TTBM; �M/ #QiiQK H�v2`bX �# BMBiBQ +�H+mH�iBQMb K�MB72bi

i?�i >Jb +�M ;`2�iHv BKT�+i i?2 bTBM@/2T2M/2Mi +QM/m+i�M+2 �b r2HH �b i?2 bm#b2@

[m2Mi hJ_X *QKT�`2/ iQ h�- #Qi? q �M/ JQ �`2 /2bB`�#H2 +�M/B/�i2 7Q` ?B;? hJ_X

JQ`2 BMi`B;mBM;Hv- A`@JhC 2t?B#Bib `2K�`F�#H2 hJ_ 2z2+ib i?�MFb iQ Bib ?B;? :S*

�M/ mHi`�HQr :�S*X .Bp2`b2 i`�MbKBbbBQM +?�MM2H bT2+i`� Q7 /Bz2`2Mi K�i2`B�Hb �`2

T`2b2Mi2/X aTBM@`2bQHp2/ i`�MbKBbbBQM bT2+i`� b?Qr i?�i BM S*- i?2 K�DQ`Biv@bTBM

i`�MbKBbbBQM T2�Fb Q++m` BM �HH JhCb 2t+2Ti JQ@+�TT2/ JhCX �M�HvbBb Q7 T`QD2+i2/

#�M/ `2p2�Hb i?2 �#b2M+2 Q7 ∆1 #�M/ +`QbbBM; 16 BM JQ K2i�H- 2tTH�BMBM; i?2 /Bb�T@

T2�`�M+2 Q7 i?2 +2Mi2`2/ i`�MbKBbbBQM T2�FX J2�Mr?BH2- i?2 KBMQ`Biv@bTBM +?�MM2H BM

S* Bb /QKBM�i2/ #v i?2 BMi2`7�+B�H `2bQM�Mi bi�i2b- r?B+? �ii2Mm�i2 bHB;?iHv BM i?2

imMM2HBM; i`�MbTQ`iX h?2 pQHi�;2b �TTHB2/ QM JhCb `2/m+2 hJ_ `�iBQb- T�`iHv /m2 iQ

i?2 /2bi`m+iBQM Q7 `2bQM�Mi imMM2HBM; BM i?2 KBMQ`Biv@bTBM +?�MM2H Q7 S*X



jX8X amKK�`v 8N

�7i2` i?�i- r2 BMp2biB;�i2/ a>* Q7 ?2�pv K2i�Hb bBM+2 aPh +�M #2 BM/m+2/ #v

bTBM >�HH 2z2+iX a>* Q7 JQ �M/ A` K2i�Hb ?�p2 #22M T`2b2Mi2/X JQ ?�b �M a>* Q7

−9Rk (!/e)S/cm �i 16X a>* Q7 A` Bb 9yj (!/e)S/cm �i 16- �M/ ky8e (!/e)S/cm �i

E = EF + 0.84 2oX q2 �M�Hvx2/ a>* BM i?2 �bT2+i Q7 bTBM "2``v +m`p�im`2X �7i2`

i?2 2t�KBM�iBQM- r2 }M/ Bi Bb T`QKBbBM; iQ QTiBKBx2 i?2 a>* Q7 A` #v /QTBM; mbBM;

bm#biBimiBQM�H Si Q` �m �iQKbX am#biBimiBQM�H �iQKb rBi? KQ`2 2H2+i`QMb +�M 2H2p�i2

i?2 TQbBiBQM Q7 16 �M/ i?2M 2M?�M+2 a>* BM A` �HHQvbX q2 bim/B2/ i?2 a>* Q7 A`1−xSix

�M/ A`1−x�mx �HHQvb- r?2`2 x 4 yXRk8- yXk8- yXjd8- yX8- `2bT2+iBp2HvX Ai im`Mb Qmi i?�i

A`0.75�m0.25 +�M `2�HBx2 �M a>* Q7 R9d8 (!/e)S/cm- Qp2` i?`22 iBK2b �b H�`;2 �b i?2

a>* Q7 A` K2i�HX h?2 `2bmHi /2KQMbi`�i2b i?�i bm#biBimiBQM�H /QTBM; Bb �M 2z2+iBp2

r�v iQ BKT`Qp2 a>*- ?2M+2 `�BbBM; i?2 2{+B2M+v Q7 aPh brBi+?BM;X qQ`Fb �#Qp2

+H�`B7v i?2 hJ_ �M/ a>1 KQ/mH�iBQMb BM/m+2/ #v ?2�p2 K2i�Hb- T`QpB/BM; ;mB/2HBM2b

QM i?2 +?QB+2 Q7 ?2�pv K2i�Hb iQ QTiBKBx2 JhC T2`7Q`K�M+2bX



*?�Ti2` 9

JhC #�b2/ QM p/q ?2i2`QDmM+iBQM

9XR AMi`Q/m+iBQM

.2bTBi2 ;`2�i �+?B2p2K2Mib- J;P@#�b2/ JhCb �`2 7�+BM; i?2 +?�HH2M;2 BM/m+2/ #v kW

H�iiB+2 KBbK�i+? �i i?2 72``QK�;M2ifBMbmH�iQ` BMi2`7�+2X(jd) h?Bb Q#bi�+H2- r?B+? Bb

?�`K7mH iQ i?2 K�i2`B�H +`vbi�HHBx�iBQM �M/ i?2 /2pB+2 T2`7Q`K�M+2- ?�b #2+QK2 i?2

#QiiH2M2+F BM JhC /2p2HQTK2MiX PM i?2 Qi?2` ?�M/- i?2 2K2`;2M+2 Q7 p/q K�i2`B�Hb

`2KQp2b i?2 +QM+2Ti Q7 H�iiB+2 KBbK�i+? BM p/q ?2i2`QDmM+iBQMb- r?2`2 p/q K�i2`B�Hb

�`2 p2`iB+�HHv bi�+F2/ rBi?Qmi BM@TH�M2 H�iiB+2 HBKBi�iBQMX(8jĜ88) AM i?Bb r�v- /Bp2`b2

7mM+iBQM�HBiB2b +�M #2 BMi2;`�i2/ BMiQ QM2 ?2i2`Qbi`m+im`2 i?`Qm;? bi�+FBM; p/q K�i2@

`B�Hb- 2M�#HBM; p�`BQmb TQbbB#BHBiB2b Q7 /2pB+2bX J�Mv 2tT2`BK2Mi�H rQ`Fb ?�p2 `2TQ`i2/

p/q JhCb BM i?2 i?B+FM2bb Q7 �iQKB+ b+�H2X(eyĜe8) >Qr2p2`- �Hi?Qm;? ;B�Mi hJ_ 27@

72+ib ?�p2 #22M Q#b2`p2/ �i mHi`�HQr i2KT2`�im`2- i?2 �#b2M+2 Q7 `QQK@i2KT2`�im`2

hJ_ ?BM/2`b i?2 T`�+iB+�H �TTHB+�iBQMb Q7 p/q JhCbX "2bB/2b- i?2 +QMp2MiBQM�H K�;@

M2iB+ }2H/ brBi+?BM; Q7 p/q JhCb (e9- e8) BKT2/2b i?2 KBMB�im`Bx�iBQM Q7 /2pB+2bX hQ

}HH i?2 p�+mmK Q7 �TTHB+�#H2 p/q JhC- BM i?Bb +?�Ti2`- r2 rBHH /Bb+mbb i?2 p/q JhC

rQ`FBM; �i `QQK i2KT2`�im`2 �b r2HH �b i?2 TQbbB#BHBiv iQ brBi+? p/q JhC mbBM;

aPhX

ey



9XkX hJ_ BM JhC Q7 oa2kfJQak ?2i2`QDmM+iBQM eR

9Xk hJ_ BM JhC Q7 oa2kfJQak ?2i2`QDmM+iBQM

h?2 BMi`BMbB+ `QQK@i2KT2`�im`2 72``QK�;M2iBbK ?�b #22M Q#b2`p2/ BM oa2k KQMQH�v2`

;`QrM QM JQak bm#bi`�i2 #v KQH2+mH�` #2�K 2TBi�tvX(8N- Rjd) AMbTB`2/ #v i?2 T`Q;`2bb

BM 2tT2`BK2Mi�H rQ`Fb- r2 /2bB;M i?2 p/q JhC QM #�bBb Q7 oa2kfJQak ?2i2`QDmM+iBQM

�M/ bim/v Bib i`�MbTQ`i T`QT2`iB2bX

9XkXR �iQKB+ KQ/2H �M/ K2i?Q/

hrQ p/q JhCb #�b2/ QM 72``QK�;M2iB+ oa2k KQMQH�v2`b �`2 T`QTQb2/X 6B;m`2 9XRU�V

b?Qrb i?2 Rh oa2kfR> JQakfRh oa2k JhC- r?B+? Bb �##`2pB�i2/ �b Jh JhC BM

i?2 7QHHQrBM;X JQak BM R> T?�b2 Bb mb2/ �b i?2 imMM2H H�v2` rBi? i?2 #�M/;�T Q7

RXN 2oX(Rj3) h?2 oa2k BM Rh T?�b2 Bb 2KTHQv2/ �b i?2 72``QK�;M2iB+ H�v2`X aBM+2

i?2 K�;M2iBx�iBQM Q7 oa2k /2+�vb rBi? i?2 BM+`2�bBM; H�v2` MmK#2`-(8N- RjN) r2 QMHv

bim/v i?2 oa2k KQMQH�v2` BM i?Bb rQ`FX JQak Bb � ;QQ/ bm#bi`�i2 7Q` mMB7Q`K ;`Qri?

Q7 oa2k-(8N) i?mb i?2 oa2kfJQak ?2i2`QDmM+iBQM Bb ?B;?Hv 72�bB#H2 BM 2tT2`BK2MibX 6Q`

Jh JhC- r2 /2}M2 i?2 S* U�S*V �b i?2 #QiiQK oa2k KQMQH�v2` ?�pBM; i?2 T�`�HH2H

U�MiB@T�`�HH2HV K�;M2iBx2/ Q`B2Mi�iBQM `2H�iBp2 iQ i?2 iQT oa2k KQMQH�v2`- BX2X i?2

#QiiQK oa2k KQMQH�v2` Bb i?2 7`22 H�v2`X

"2bB/2b- r2 /2bB;M �MQi?2` p/q JhC mbBM; R> oa2k iQ #2 i?2 imMM2H H�v2` �b

b?QrM BM 6B;X 9XRU#V- rBi? i?2 �##`2pB�iBQM Q7 oh JhCX 6Q` oh JhC- r2 /2}M2 i?2

S* U�S*V �b i?2 R> oa2k imMM2H H�v2` ?QH/BM; i?2 T�`�HH2H U�MiB@T�`�HH2HV K�;M2iBx2/

Q`B2Mi�iBQM `2H�iBp2 iQ i?2 Qi?2` irQ Rh oa2k KQMQH�v2`b- M�K2Hv- R> oa2k Bb i?2 7`22

H�v2`X aBM+2 R> oa2k Bb i?2 K�;M2iB+ b2KB+QM/m+iQ`-(R9y) r2 2tT2+i i?�i #Qi? imMM2H

i`�MbTQ`i �M/ bTBM }Hi2`BM; rQmH/ ?�TT2M BM oh JhC- �b r2HH �b i?2 bm#b2[m2MiHv

?B;? hJ_X �T�`i 7`QK i?2 #�bB+ JhC bi`m+im`2- i?2 K2i�HHB+ p/q K�i2`B�H- Rh T?�b2

JQak H�v2`b �`2 �/QTi2/ �b i?2 2H2+i`Q/2b �#Qp2 �M/ #2HQr JhCbX 6Q` #Qi? JhCb-

i?2 imMM2HBM; i`�MbTQ`i Bb �HQM; x /B`2+iBQMX



9XkX hJ_ BM JhC Q7 oa2kfJQak ?2i2`QDmM+iBQM ek

6B;m`2 9XR, �iQKB+ KQ/2Hb Q7 U�V Rh oa2kfR> JQakfRh oa2k JhC U�##`2pB�i2/ �b
Jh JhCV �M/ U#V Rh oa2kfR> oa2kfRh oa2k JhC U�##`2pB�i2/ �b oh JhCVX :`22M
�``Qrb BHHmbi`�i2 i?2 K�;M2iBx2/ Q`B2Mi�iBQMX _QH2 Q7 2p2`v H�v2` Bb b?QrM BM i?2 `B;?i
bB/2X

h?2 bi`m+im`2 QTiBKBx�iBQMb r2`2 T2`7Q`K2/ mbBM; o�aS- rBi? i?2 QTi"33@p/q

7mM+iBQM�H �M/ i?2 >m##�`/ l2z 4 RXy 2o QM / Q`#Bi�H Q7 o 2H2K2MiX(R9R) 1M2`;v

+miQz Q7 8ky 2o- k@K2b? Q7 1× 21× 21- �M/ K�tBKmK 7Q`+2 +QMp2`;2M+2 +`Bi2`BQM Q7

yXyR 2of³ r2`2 �/QTi2/X h?2 BM@TH�M2 H�iiB+2 +QMbi�Mi Bb }t2/ iQ jXj8 ³X(R9k) AM Jh

JhC- i?2 /Bbi�M+2 #2ir22M Rh oa2k H�v2` �M/ R> JQak H�v2` Bb jXyed ³X AM oh JhC-

i?2 /Bbi�M+2 #2ir22M Rh oa2k H�v2` �M/ R> oa2k H�v2` Bb jXkj9 ³X "Qi? JhCb �`2

bvKK2i`B+�H iQ F22T i?2 KQbi bi�#H2 BMi2`7�+B�H +QM};m`�iBQMbX



9XkX hJ_ BM JhC Q7 oa2kfJQak ?2i2`QDmM+iBQM ej

h?2 2H2+i`B+�H i`�MbTQ`i T`QT2`iB2b r2`2 +�H+mH�i2/ mbBM; PT2MJs T�+F�;2X(R9jĜ

R98) h?2 Tb2m/Q�iQKB+ Q`#Bi�Hb �`2 bT2+B}2/ #v o3Xy@bkTk/R- JQNXy@bkTk/R- a23Xy@

bkTk- �M/ a3Xy@bkTkX � >m##�`/ i2`K QM i?2 / Q`#Bi�H Q7 o r�b +QMbB/2`2/ rBi? l 4

RXy 2oX h?2 2M2`;v +miQz r�b b2i iQ #2 jyyy 2oX h?2 b2H7@+QMbBbi2Mi +�H+mH�iBQMb r2`2

T2`7Q`K2/ mbBM; k@K2b? Q7 1× 21× 21- �M/ i?2 i`�MbTQ`i T`QT2`iB2b r2`2 +�H+mH�i2/

rBi? k@K2b? Q7 1× 150× 150X

q2 +�H+mH�i2/ i?2 BMi`BMbB+ bTBM >�HH +QM/m+iBpBiv Q7 JQak mbBM; i?2 b�K2 K2i?Q/

�b BMi`Q/m+2/ BM a2+X jXkX h?2 TH�M2@r�p2 +miQz 2M2`;v r�b eyy 2oX � k@K2b? Q7

6×16×16 r�b mb2/ BM b2H7@+QMbBbi2Mi +�H+mH�iBQMb- �M/ � /2Mb2 k@K2b? Q7 kyy×kyy×kyy

rBi? �/�TiBp2 K2b? `2}M2K2Mi r�b 2KTHQv2/ 7Q` a>* +QKTmi�iBQMbX ::�@S"1 r�b

mb2/ BM �HH +�H+mH�iBQMbX

9XkXk aTBM@`2bQHp2/ i`�MbKBbbBQM

h�#H2 9XR, aTBM@`2bQHp2/ +QM/m+i�M+2 �M/ hJ_ `�iBQb �i i?2 2[mBHB#`BmK bi�i2 BM Jh
JhC �M/ oh JhCX h?2 i2KT2`�im`2 +QM/BiBQM Bb b2i iQ #2 jyy E- �M/ i?2 +QM/m+i�M+2
Bb BM i?2 mMBi Q7 10−5e2/hX

JhCb :↑
S* :↓

S* :↑
�S* :↓

�S* hJ_ UWV

Jh JhC kk8 98 RRR RRR kk
oh JhC eN R3k j9 N 939

q2 +�H+mH�i2/ i?2 bTBM@`2bQHp2/ +QM/m+i�M+2 �M/ hJ_ Q7 #Qi? Jh �M/ oh JhCb

�i i?2 2[mBHB#`BmK bi�i2 �M/ jyy E i2KT2`�im`2- `2bmHib �`2 T`2b2Mi2/ BM h�#H2 9XRX h?2

hJ_ BM Jh JhC Bb QMHv kkW- ?Qr2p2`- i?2 oh JhC T`2b2Mib � Km+? `2K�`F�#H2

hJ_ mT iQ 939WX AM #Qi? JhCb- i?2 +QM/m+i�M+2 ?�b � +QKT�`�#H2 b+�H2 BM S*-

r?BH2 i?2 +QM/m+i�M+2 p�`B2b � HQi BM �S*X .BbiBM+iHv- :↓
�S* = 1.11×10−3 e2/h BM Jh

JhC Bb Qp2` QM2 K�;MBim/2 H�`;2` i?�M :↓
�S* = 9 × 10−5 e2/h BM oh JhCX �b i?2

hJ_ `�iBQ Bb BMp2`b2Hv T`QTQ`iBQM�H iQ :�S*- HQr :�S* `2bmHib BM ?B;? hJ_ BM oh



9XkX hJ_ BM JhC Q7 oa2kfJQak ?2i2`QDmM+iBQM e9

JhCX q2 �ii`B#mi2 i?2 HQr :�S* iQ i?2 2z2+iBp2 bTBM }Hi2`BM; BM �S* Q7 oh JhC-

r?2`2 oa2k i`BH�v2` Bb bi�+F2/ BM �MiB@72``QK�;M2iB+ Q`/2`BM;- #HQ+FBM; bTBM i`�MbTQ`i

2bT2+B�HHv 7Q` i?2 KBMQ`Biv@bTBM bi�i2bX

6B;m`2 9Xk, aTBM@ �M/ k||@`2bQHp2/ i`�MbKBbbBQM bT2+i`�X U�V@U+V �`2 7Q` Jh JhC �M/
U2V@U?V �`2 7Q` oh JhCX U/V Bb i?2 62`KB bm`7�+2 Q7 Rh JQak 2H2+i`Q/2- T`QD2+i2/ QM
kz = 0 BM "wX h?2 +QHQ` #�` /2MQi2b i?2 i`�MbKBbbBQM b+�H2X

�Hi?Qm;? ohJhC +�M `2�HBx2 ?B;? hJ_ `�iBQ �i 2[mBHB#`BmK bi�i2- Bi Bb MQi 72�bB#H2

7Q` i?2 aPh brBi+?BM;- bBM+2 i?2 7`22 H�v2` Q7 oh JhC Bb BM i?2 KB//H2 Q7 DmM+iBQM

BMbi2�/ Q7 �/DQBMBM; i?2 #QiiQK H�v2`- BM+QKT�iB#H2 iQ i?2 +QMp2MiBQM�H aPh /2pB+2X

q2 K�v K�F2 i?2 #QiiQK Rh oa2k 72``QK�;M2iB+ H�v2` �b i?2 7`22 H�v2` Q7 oh JhC-

#mi i?2 /Qm#H2 bTBM }Hi2`BM; 2z2+i rQmH/ p�MBb?- 7m`i?2` BKT�B`BM; hJ_X *QMb2[m2MiHv-

r2 +QMbB/2` iQ �M�Hvx2 �M/ BKT`Qp2 i?2 HQr hJ_ `�iBQ BM Jh JhCX hQ T`2b2Mi KQ`2

/2i�BHb Q7 +QM/m+i�M+2- r2 THQi i?2 k||@`2bQHp2/ i`�MbKBbbBQM bT2+i`�X 6B;m`2b 9XkU�V@

U?V b?Qr i?2 i`�MbKBbbBQM bT2+i`� BM /Bz2`2Mi bTBM +?�MM2Hb BM #Qi? Jh �M/ oh JhCb

2t+2Ti 7Q` 6B;X 9XkU/V- r?B+? Bb i?2 62`KB bm`7�+2 Q7 Rh JQak 2H2+i`Q/2- /2i2`KBMBM;



9XkX hJ_ BM JhC Q7 oa2kfJQak ?2i2`QDmM+iBQM e8

i?2 QmiHBM2b Q7 i?2 i`�MbKBbbBQM bT2+i`�X 6B;m`2 9XkU�V b?Qrb i?�i BM i?2 K�DQ`Biv@bTBM

+?�MM2H BM S* Q7 Jh JhC- � T2�F- rBi? i?2 K�tBKmK i`�MbKBbbBQM +Q2{+B2Mi Q7

h↑
S* = 0.16 �i Γ TQBMi- `2bmHib BM i?2 ?B;? +QM/m+i�M+2 :↑

S*X .m2 iQ i?2 bvKK2i`B+�H

bi`m+im`2 Q7 Jh JhC- i?2 i`�MbKBbbBQM bT2+i`� Q7 h↑
�S* �M/ h↓

�S* Bb B/2MiB+�H �i

2[mBHB#`BmK bi�i2- bQ r2 QMHv b?Qr i?2 h↑
�S* BM 6B;X 9XkU+VX AM �S* Q7 Jh JhC- �

b?�`T T2�F- rBi? h↑
�S* = h↓

�S* = 0.57 �i Γ TQBMi- Q++m`b �b b?QrM #v i?2 /22T `2/

+QHQ` �M/ H2�/b iQ i?2 ?B;? +QM/m+i�M+2 :↑
�S* = :↓

�S* = 1.11×10−3 e2/h BM Jh JhCX

PM i?2 Qi?2` ?�M/- 7Q` oh JhC- � `2K�`F�#H2 #`Q�/ T2�F Q7 h↓
S* +�M #2 Q#b2`p2/ BM

6B;X 9XkU7V- `2bmHiBM; BM i?2 ?B;? +QM/m+i�M+2 :↓
S* = 1.82 × 10−3 e2/h BM oh JhCX

.m2 iQ i?2 /Qm#H2 bTBM }Hi2`BM; 2z2+i BM oh JhC- i?2 i`�MbKBbbBQM BM KBMQ`Biv@bTBM

+?�MM2H Q7 �S* Bb M2;HB;B#H2- �b b?QrM BM 6B;X 9XkU?VX 6Q` 2t�KTH2- h↓
�S* = 1.19×10−4

�i Γ TQBMiX "�b2/ QM /Bb+mbbBQMb �#Qp2- r2 +QM+Hm/2 i?�i i?2 HQr hJ_ `�iBQ BM Jh

JhC +�M #2 �ii`B#mi2/ iQ i?2 mHi`�?B;? h�S*- bm+? �b h↑
�S* = h↓

�S* = 0.57 �i Γ

TQBMiX

9XkXj Zm�MimK@r2HH bi�i2b

hQ mM/2`bi�M/ i?2 mMmbm�H i`�MbKBbbBQM +Q2{+B2Mi �M/ +H�`B7v i?2 �S* i`�MbKBbbBQM-

r2 T`2b2Mi i?2 KBMQ`Biv@bTBM i`�MbKBbbBQM �M�HvbBb �i Γ TQBMi 7Q` �S* Q7 #Qi? Jh

�M/ oh JhCb- r?2`2 h↓
�S* = 0.57 �M/ 1.19 × 10−4- `2bT2+iBp2HvX h?2 �M�HvbBb Q7

r�p27mM+iBQM +QKTQM2Mib BM/B+�i2b i?�i i?2 b �M/ Tt Q`#Bi�Hb BM a �M/ a2 �iQKb-

�b r2HH �b i?2 b- Tt- /tk@vk �M/ /xk Q`#Bi�Hb BM JQ �M/ o �iQKb- K�F2 i?2 /QKBM�Mi

+QMi`B#miBQM iQ i?2 i`�MbKBbbBQM- 2bT2+B�HHv / Q`#Bi�HbX h?2 b?�T2b Q7 Tt Q`#Bi�Hb BM

a �M/ a2 �iQKb +�M #2 Q#b2`p2/ #v i?2 r�p27mM+iBQMb BM 6B;bX 9XjU#V@U/V- �b r2HH

�b i?2 /xk Q`#Bi�Hb BM JQ �M/ o �iQKbX 6B;m`2 9XjU�V b?Qrb i?2 i`�MbKBbbBQM p2`bmb

2M2`;v +m`p2 Q7 Jh JhCX h?2 i`�MbKBbbBQM T2�Fb Q7 #Qi? bTBM +QKTQM2Mib HQ+�i2

�TT`QtBK�i2Hv �i 16- �i E = EF − 0.02 2o iQ #2 2t�+iX h?2 i`�MbKBbbBQM +Q2{+B2Mi



9XkX hJ_ BM JhC Q7 oa2kfJQak ?2i2`QDmM+iBQM ee

6B;m`2 9Xj, aTBM@`2bQHp2/ i`�MbKBbbBQMb �M/ `2bQM�M+2b Q7 h�S* �i Γ TQBMi 7Q` Jh
JhCX U�V h`�MbKBbbBQM +Q2{+B2Mib p2`bmb 2M2`;vX U#V h`�MbKBbbBQM 2B;2M+?�MM2H r�p2@
7mM+iBQMb Q7 KBMQ`Biv@bTBM bi�i2b �i 16X U+V �M/ U/V �`2 i`�MbKBbbBQM 2B;2M+?�MM2H r�p2@
7mM+iBQMb Q7 i?2 K�DQ`Biv@ �M/ KBMQ`Biv@bTBM bi�i2b- `2bT2+iBp2Hv- �i E = EF − 0.02
2oX :`22M /�b?2/ HBM2b T`2b2Mi i?2 TQbBiBQM Q7 16X _2/ �M/ #Hm2 /Qi HBM2b BM/B+�i2 i?2
2M2`;v H2p2Hb Q7 [m�MimK@r2HH bi�i2bX

�i 16 Bb h↓
�S* = 0.57- r?B+? Bb 2ti`�Q`/BM�`BHv ?B;? 7Q` imMM2HBM; i`�MbTQ`iX 6B;m`2

9XjU#V b?Qrb i?�i 2B;2M+?�MM2H r�p27mM+iBQMb HQ+�HBx2 �i i?2 H27i oa2k �M/ i?2 KB//H2

JQak H�v2`bX *QMbB/2`BM; i?2 ?B;? i`�MbKBbbBQM �M/ r�p27mM+iBQM HQ+�HBx�iBQM- r2 BM72`

i?�i i?2 [m�MimK@r2HH `2bQM�M+2b �`Bb2 BM Jh JhCX "2+�mb2 Q7 i?2 r2�F BMi2`H�v2`

BMi2`�+iBQM �M/ i?2 bi`QM; BMi`�H�v2` +Qp�H2Mi #QM/- [m�MimK@r2HH `2bQM�M+2b �`2 p2`v

HBF2Hv iQ Q++m` BM p/q ?2i2`QDmM+iBQMbX(e8- R9e) Zm�MimK@r2HH bi�i2b �`2 `2~2+i2/

#�+F �M/ 7Q`i?- 7Q`KBM; � bi�M/BM; r�p2 T�ii2`M �M/ `2bmHiBM; BM i?2 HQ+�HBx�iBQM

Q7 r�p27mM+iBQMb �b r2HH �b i?2 i`�MbKBbbBQM T`Q#�#BHBiv +HQb2 iQ mMBivX h?2 #QiiQK

T�M2H Q7 6B;X 9XjU#V ;Bp2b � KQ`2 BMi2HHB;B#H2 TB+im`2 QM `2bQM�M+2b #v i?2 b+?2K�iB+

THQi Q7 i?2 TQi2MiB�H T`Q}H2X *HQb2 iQ 16- i?2 2M2`;v H2p2Hb Q7 [m�MimK@r2HH bi�i2b

BM i?2 H27i oa2k �M/ i?2 KB//H2 JQak H�v2`b K�i+? rBi? 2�+? Qi?2`- `2bmHiBM; BM i?2



9XkX hJ_ BM JhC Q7 oa2kfJQak ?2i2`QDmM+iBQM ed

`2bQM�M+2b- �b r2HH �b i?2 BMi2Mb2 HQ+�HBx�iBQM �M/ mHi`�?B;? i`�MbKBbbBQMX JQ`2Qp2`-

r2 bim/B2/ i?2 i`�MbKBbbBQM �i E = EF − 0.02 2o �M/ T`2b2Mi i?2 K�DQ`Biv@bTBM �M/

KBMQ`Biv@bTBM `2bmHib BM 6B;bX 9XjU+V �M/ U/V- `2bT2+iBp2HvX ai`QM;2` `2bQM�M+2b Q7

#Qi? bTBM +QKTQM2Mib +�M #2 Q#b2`p2/ �i i?2 2M2`;v TQBMi E = EF − 0.02 2o r?2`2

i`�MbKBbbBQM h↑
�S* = h↓

�S* = 0.91X

6B;m`2 9X9, aTBM@`2bQHp2/ i`�MbKBbbBQMb �M/ `2bQM�M+2b Q7 h�S* �i Γ TQBMi 7Q` oh
JhCX U�V h`�MbKBbbBQM +Q2{+B2Mib p2`bmb 2M2`;vX U#V h`�MbKBbbBQM 2B;2M+?�MM2H r�p2@
7mM+iBQMb Q7 KBMQ`Biv@bTBM bi�i2b �i 16X U+V h`�MbKBbbBQM 2B;2M+?�MM2H r�p27mM+iBQMb
Q7 K�DQ`Biv@bTBM bi�i2b �i E = EF − 0.15 2oX U/V h`�MbKBbbBQM 2B;2M+?�MM2H r�p2@
7mM+iBQMb Q7 KBMQ`Biv@bTBM bi�i2b �i E = EF − 0.36 2oX :`22M /�b?2/ HBM2b T`2b2Mi
i?2 TQbBiBQM Q7 16X _2/ �M/ #Hm2 /Qi HBM2b BM/B+�i2 i?2 2M2`;v H2p2Hb Q7 [m�MimK@r2HH
bi�i2bX

6B;m`2 9X9U�V b?Qrb i?2 2M2`;v@`2bQHp2/ i`�MbKBbbBQM 7Q` oh JhCX hrQ T2�Fb

/2pB�i2 7`QK i?2 16- �b h↑
�S* = 0.95 �i E = EF − 0.15 2o- �M/ h↓

�S* = 0.94 �i

E = EF −0.36 2oX .m2 iQ i?2 `�TB/ �ii2Mm�iBQM- i?2 i`�MbKBbbBQMb �i 16 7Q` #Qi? bTBMb

�`2 M2;HB;B#H2- �M/ Bi im`Mb Qmi i?�i h↓
�S* = 1.19 × 10−4 �i 16X 6B;m`2 9X9U#V b?Qrb

i?2 KBMQ`Biv@bTBM 2B;2M+?�MM2H r�p27mM+iBQMb 7Q` oh JhC �i 16X Ai +�M #2 Q#b2`p2/



9XkX hJ_ BM JhC Q7 oa2kfJQak ?2i2`QDmM+iBQM e3

i?�i i?2 BM+QKBM; r�p27mM+iBQMb /2+�v �HQM; i?2 i`�MbTQ`i x /B`2+iBQMX LQi2 i?�i 7Q`

KBMQ`Biv@bTBM bi�i2b- #Qi? i?2 H27i Rh oa2k �M/ i?2 `B;?i Rh oa2k ?�p2 i?2 T`Q?B#BiBp2

K�;M2iBx�iBQM- i?Bb bTBM }Hi2`BM; 2z2+i `2bmHib BM i?2 M2;HB;B#H2 i`�MbKBbbBQMX q2

THQi i?2 /B�;`�K Q7 TQi2MiB�H T`Q}H2 BM i?2 #QiiQK T�M2H Q7 6B;X 9X9U#VX .m2 iQ

i?2 KBbK�i+? BM 2M2`;v H2p2Hb Q7 [m�MimK@r2HH bi�i2b- MQ `2bQM�M+2 ?�TT2Mb �M/ i?2

r�p27mM+iBQMb �ii2Mm�i2 `�TB/Hv �HQM; i?2 i`�MbTQ`i /B`2+iBQMX >Qr2p2`- i?2 K�DQ`Biv@

bTBM i`�MbKBbbBQM T2�F �i E = EF − 0.15 2o �M/ i?2 KBMQ`Biv@bTBM QM2 �i E =

EF −0.36 2o +�M #2 2tTH�BM2/ #v i?2 `2bQM�M+2X 6B;m`2 9X9U+V b?Qrb i?2 2B;2M+?�MM2H

r�p27mM+iBQMb 7Q` K�DQ`Biv@bTBM bi�i2b �i E = EF − 0.15 2o rBi? i?2 i`�MbKBbbBQM

+Q2{+B2Mi h↑
�S* = 0.95 �i Γ TQBMiX AM i?2 oa2k i`BH�v2`- [m�MimK@r2HH bi�i2b K�i+? BM

2M2`;v- H2�/BM; iQ i?2 `2bQM�M+2b �M/ ?B;? i`�MbKBbbBQM �i i?Bb 2M2`;v TQBMiX 6B;m`2

9X9U/V b?Qrb i?2 2B;2M+?�MM2H r�p27mM+iBQMb 7Q` KBMQ`Biv@bTBM bi�i2b �i E = EF −0.36

2o- /Bb+mbbBQMb �`2 QKBii2/ ?2`2X

6B;m`2 9X8, a[m�`2 �KTHBim/2b Q7 r�p27mM+iBQMb Q7 i`�MbKBbbBQM bi�i2b �i E′ TQBMi BM
S* Q7 Jh JhCX

hQ 2KT?�bBx2 i?2 BKTQ`i�M+2 Q7 `2bQM�M+2b- r2 i�F2 Jh JhC �b �M 2t�KTH2 iQ

T`2b2Mi i?2 MQM@`2bQM�Mi i`�MbKBbbBQM �i k|| = (0.283, 0.283)- r?B+? Bb M�K2/ �b E′X



9XkX hJ_ BM JhC Q7 oa2kfJQak ?2i2`QDmM+iBQM eN

Ai +�M #2 `2�/ Qmi BM 6B;X 9XkU�V i?�i h↑
S* = 9.5 × 10−3 �i E′- `2H�iBp2Hv ?B;? 7Q`

imMM2HBM; i`�MbTQ`iX h?2 b[m�`2 �KTHBim/2b Q7 r�p27mM+iBQMb �i E′ �`2 b?QrM BM 6B;X

9X8X .Bz2`2Mi 7`QK i?2 [m�MimK@r2HH bi�i2b- r�p27mM+iBQMb �i E′ TQBMi /2+�v �HQM; i?2

i`�MbTQ`i /B`2+iBQM rBi?Qmi 2H2+i`QM HQ+�HBx�iBQM 2z2+i- �M/ i?2 KBMQ`Biv@bTBM bi�i2b

/2+�v Km+? 7�bi2` i?�M i?2 K�DQ`Biv@bTBM bi�i2b- `2bmHiBM; BM � M2;HB;B#H2 i`�MbKBbbBQM

Q7 h↓
S* = 3.8× 10−8X

9XkX9 LQM@2[mBHB#`BmK i`�MbTQ`i

.Bb+mbbBQMb �#Qp2 BHHmKBM�i2 i?�i i?2 [m�MimK@r2HH `2bQM�M+2b TH�v �M BKTQ`i�Mi `QH2

BM i?2 2[mBHB#`BmK i`�MbTQ`iX >Qr2p2`- MQM@2[mBHB#`BmK i`�MbTQ`i i2HHb �MQi?2` biQ`vX

�i i?2 MQM@2[mBHB#`BmK bi�i2- i?2 +m``2Mi Bb +�H+mH�i2/ �b i?2 BMi2;`�H

Iσ =
e

h

∫
Tσ(E)[f(E − µ1)− f(E − µ2)]dE, U9XRV

r?2`2 f Bb i?2 62`KB@.B`�+ bi�iBbiB+b- µ1 �M/ µ2 �`2 i?2 2H2+i`Q+?2KB+�H TQi2MiB�Hb Q7

i?2 H27i �M/ `B;?i +QMi�+ib- `2bT2+iBp2HvX aBM+2 i?2 [m�MimK@r2HH `2bQM�M+2b ;2M2`�HHv

Q++m` �i +2`i�BM H2p2Hb- i?2v ?�p2 HBKBi2/ BM~m2M+2 QM i?2 +m``2Mi r?B+? Bb �M BMi2;`�H

Q7 i`�MbKBbbBQMb BM i?2 #B�b rBM/QrX h?2 �S* i`�MbKBbbBQM bT2+i`mK Q7 Jh JhC BM

6B;X 9XjU�V b?Qrb i?�i i?2`2 Bb �HKQbi MQ i`�MbKBbbBQM �#Qp2 16X hQ `2/m+2 i?2 +m``2Mi

BM �S* �M/ BKT`Qp2 hJ_- r2 �TTHB2/ i?2 TQbBiBp2 #B�b iQ Jh JhC �M/ +�H+mH�i2/

i?2 MQM@2[mBHB#`BmK i`�MbTQ`i T`QT2`iB2bX �b � `272`2M+2- MQM@2[mBHB#`BmK i`�MbTQ`i

BM oh JhC r�b �HbQ bim/B2/X

6B;m`2 9Xe b?Qrb i?2 bTBM@`2bQHp2/ +m``2Mi �M/ hJ_ `�iBQ mM/2` 2H2+i`B+ }2H/X >2`2

r2 /2}M2 i?�i hJ_ `�iBQ = AS*−A�S*
A�S*

×100%X q2 Q#b2`p2 i?�i BM #Qi? JhCb- S* +m`@

`2Mib `Bb2 rBi? BM+`2�bBM; #B�b- �M/ K�DQ`Biv@bTBM +m``2Mi Bb H�`;2` i?�M KBMQ`Biv@bTBM

+m``2Mi- �b b?QrM BM 6B;bX 9XeU�V �M/ U/VX >Qr2p2`- �S* +m``2Mib #2?�p2 /BbiBM+iHv

BM Jh �M/ oh JhCbX 6B;m`2 9XeU#V b?Qrb i?�i BM Jh JhC- #Qi? K�DQ`Biv@bTBM



9XkX hJ_ BM JhC Q7 oa2kfJQak ?2i2`QDmM+iBQM dy

6B;m`2 9Xe, LQM@2[mBHB#`BmK i`�MbTQ`i T`QT2`iB2b �i jyy EX h?2 H27i +QHmKM Bb 7Q` Jh
JhC r?BH2 i?2 `B;?i +QHmKM Bb 7Q` oh JhCX U�V �M/ U/V �`2 i?2 +m``2Mib BM S*X U#V
�M/ U2V �`2 i?2 +m``2Mib BM �S*X U+V �M/ U7V �`2 i?2 hJ_ `�iBQbX

�M/ KBMQ`Biv@bTBM +m``2Mib BM �S* `2K�BM �HKQbi mM+?�M;2/ rBi? BM+`2�bBM; #B�b-

r?BH2 �S* +m``2Mib BM oh JhC `Bb2 rBi? BM+`2�bBM; #B�b- �b b?QrM BM 6B;X 9XeU2VX

*QMb2[m2MiHv- BM Jh JhC- hJ_ �m;K2Mib rBi? i?2 BM+`2�bBM; #B�b #2+�mb2 Q7 i?2

+?�M;2H2bb �S* +m``2Mi- �b b?QrM BM 6B;X 9XeU+VX J2�Mr?BH2- hJ_ BM oh JhC /2@

+HBM2b /m2 iQ i?2 2M?�M+2K2Mi Q7 �S* +m``2Mi rBi? BM+`2�bBM; #B�b- �b b?QrM BM 6B;X

9XeU7VX �i i?2 #B�b Q7 yX8 o- Jh JhC T`2b2Mib � hJ_ Q7 39eW- r?B+? Bb � +QMbB/2`�#H2

`2bmHi 7Q` i?2 `QQK@i2KT2`�im`2 �TTHB+�iBQMX



9XkX hJ_ BM JhC Q7 oa2kfJQak ?2i2`QDmM+iBQM dR

6B;m`2 9Xd, aTBM@`2bQHp2/ h�S* mM/2` p�`vBM; #B�bX h?2 H27i +QHmKM Bb 7Q` Jh JhC
�M/ i?2 `B;?i +QHmKM Bb 7Q` oh JhCX U�V �M/ U/V T`2b2Mi i?2 `2bmHi Q7 yXR o #B�bX U#V
�M/ U2V T`2b2Mi i?2 yXj o #B�bX U+V �M/ U7V T`2b2Mi i?2 yX8 o #B�bX "B�b rBM/Qrb �`2
b?QrM #v p2`iB+�H ;`22M /�b?2/ HBM2bX

aBM+2 i?2 +m``2Mi Bb Q#i�BM2/ #v BMi2;`�iBM; i`�MbKBbbBQM rBi? `2bT2+i iQ 2M2`;B2b BM

i?2 #B�b rBM/Qr- r2 im`M iQ i?2 �M�HvbBb Q7 i?2 2M2`;v@`2bQHp2/ i`�MbKBbbBQM bT2+i`�

Q7 �S* mM/2` p�`vBM; #B�bX �S* i`�MbKBbbBQM bT2+i`� Q7 Jh �M/ oh JhCb �`2

b?QrM BM 6B;X 9Xd- r?2`2 i`�MbKBbbBQM Bb i?2 BMi2;`�iBQM Qp2` �HH k|| TQBMib BM "wX

q2 }M/ i?�i i?2 i`�MbKBbbBQM bT2+i`� Q7 Jh JhC �`2 �HKQbi +?�M;2H2bb BM �HH #B�b

rBM/Qrb r?2`2 i?2 i`�MbKBbbBQM +Q2{+B2Mib �TT`QtBK�i2 iQ x2`QX AM i?2 2[mBHB#`BmK

bi�i2- i?2 `2bQM�M+2b �i Γ TQBMi K�F2 i?2 r�p27mM+iBQMb BMi2Mb2Hv HQ+�HBx2/X �z2+i2/

#v i?2 #B�b BM MQM@2[mBHB#`BmK bi�i2b- i?2 `2bQM�M+2b KQp2 Qmi Q7 i?2 #B�b rBM/Qrb

�M/ `2bmHi BM bmTT`2bb2/ +m``2MibX PM i?2 Qi?2` ?�M/- K�DQ`Biv@bTBM bi�i2b /QKBM�i2

BM i?2 i`�MbKBbbBQM Q7 oh JhCX qBi? i?2 `BbBM; #B�b- KQ`2 K�DQ`Biv@bTBM i`�MbKBbbBQM



9XkX hJ_ BM JhC Q7 oa2kfJQak ?2i2`QDmM+iBQM dk

6B;m`2 9X3, LQM@2[mBHB#`BmK i`�MbTQ`i T`QT2`iB2b �i Ryy EX h?2 H27i +QHmKM Bb 7Q` Jh
JhC r?BH2 i?2 `B;?i +QHmKM Bb 7Q` oh JhCX U�V �M/ U/V �`2 i?2 +m``2Mib BM S*X U#V
�M/ U2V �`2 i?2 +m``2Mib BM �S*X U+V �M/ U7V �`2 i?2 hJ_ `�iBQbX

T2�Fb 2Mi2` BMiQ i?2 #B�b rBM/Qr �M/ +QMi`B#mi2 iQ i?2 +m``2MiX .m2 iQ i?2 2z2+iBp2

bTBM }Hi2`BM;- i?2 KBMQ`Biv@bTBM i`�MbKBbbBQM Bb bmTT`2bb2/ BM �HH Q7 i?2 #B�b rBM/QrbX

*QK#BMBM; i?2 K�DQ`Biv@bTBM �M/ KBMQ`Biv@bTBM +m``2Mib iQ;2i?2`- r2 ;2i i?2 iQi�H

+m``2Mi Q7 �S*- r?B+? BM+`2�b2b rBi? #B�b BM oh JhCX �M�Hvb2b �#Qp2 2tTH�BM i?2

/Bz2`2Mi #2?�pBQ`b Q7 �S* +m``2Mib BM Jh �M/ oh JhCb- 2tTH�BMBM; i?2 bm#b2[m2Mi

hJ_ `�iBQbX



9XkX hJ_ BM JhC Q7 oa2kfJQak ?2i2`QDmM+iBQM dj

�T�`i 7`QK i?2 +�H+mH�iBQM �i jyy E i2KT2`�im`2- r2 T`2b2Mi i?2 +�H+mH�iBQM �i

Ryy E i2KT2`�im`2 BM 6B;X 9X3X Ai rQ`i? bi`2bbBM; i?�i � hJ_ `�iBQ mT iQ RkddW +�M

#2 Q#b2`p2/ BM Jh JhC- �M/ i?2 hJ_ 2M?�M+2K2Mi Bb �ii`B#mi2/ iQ i?2 /2+HBM2 Q7

�S* +m``2Mi �i Ryy EX *QMb2[m2MiHv- bBKBH�` iQ i?�i BM i?2 i`�/BiBQM�H J;P@#�b2/

JhC-(jd- j3) i?2 hJ_ `�iBQ BM p/q JhC +�M �HbQ #2 2M?�M+2 #v i?2 i2KT2`�im`2

/2+HBM2X

9XkX8 *QM+2Ti Q7 aPh p/q JhC

h?2 K�;M2iB+ }2H/ brBi+?BM; Q7 p/qJhCb (e9- e8) BKT2/2b i?2 /2pB+2 KBMB�im`Bx�iBQM-

r?BH2 i?2 ahh brBi+?BM; Bb MQi `2+QKK2M/2/ /m2 iQ i?2 HQr bTBM TQH�`Bx�iBQM Q7 Rh

oa2kX(R9d) h?mb- r2 +QMbB/2` i?2 TQbbB#BHBiv iQ `2�HBx2 aPh brBi+?BM; BM i?2 p/q

JhCX _2+2MiHv- aPh brBi+?BM; Q7 62j:2h2k K�;M2iBx�iBQM ?�b #22M Q#b2`p2/ BM i?2

62j:2h2kfSi #BH�v2` i?�MFb iQ i?2 a>1 BM SiX(R93- R9N) *QKT�`2/ iQ i?2 +QMp2MiBQM�H

aPh /2pB+2b- ?B;? aPh 2{+B2M+v ?�b #22M 7QmM/ BM i?2 62j:2h2kfSi #BH�v2`- �M/

i?2 2{+B2M+v 2M?�M+2K2Mi Bb �ii`B#mi2/ iQ i?2 �iQKB+�HHv ~�i bm`7�+2 r?B+? T`QpB/2b

2t+2HH2Mi BMi2`7�+2 �M/ "�b2/ QM rQ`Fb �#Qp2- r2 Tmi 7Q`r�`/ i?2 +QM+2Ti Q7 aPh

p/q JhC- �b b?QrM BM 6B;X 9XNU�VX q?2M i?2 r`BiBM; +m``2Mi Bb BMD2+i2/ BMiQ i?2

#QiiQK Rh JQak 2H2+i`Q/2- i?2 bTBM +m``2Mi Q++m`b �HQM; i?2 p2`iB+�H /B`2+iBQM rBi?

i?2 BM@TH�M2 bTBM KQK2MimK- r?B+? +�M #2 mb2/ iQ brBi+? i?2 K�;M2iBx�iBQM Q7 i?2

oa2k H�v2` �/DQBMBM; iQ i?2 #QiiQK JQak H�v2`X hQ 2tTHQ`2 i?2 bi`2M;i? Q7 a>1-

r2 bim/v i?2 BMi`BMbB+ bTBM >�HH +QM/m+iBpBiv Q7 Rh JQakX _2bmHib �`2 b?QrM BM 6B;X

9XNU#VX �Hi?Qm;? i?2 a>* �i 16 Bb HBKBi2/ iQ −j9 U!f2Vaf+K- a>* �i E = EF − 2.0

2o `2�+?2b mT iQ 9yy U!f2Vaf+K- BHHmbi`�iBM; i?�i ;�i2 pQHi�;2 +QMi`QH +�M ?2HT iQ

BKT`Qp2 a>* �M/ `2�HBx2 i?2 aPh brBi+?BM; Q7 p/q JhCX



9XjX a>1 Q7 b2KBK2i�Hb JQh2k �M/ qh2k d9

6B;m`2 9XN, *QM+2Ti Q7 aPh p/q JhCX U�V h?2 �iQKB+ b+?2K�iB+ /B�;`�K Q7 aPh
JhC BM+Hm/BM; i?2 #QiiQK H�v2`- r?B+? Bb +QKTQb2/ Q7 Rh JQak BM Jh JhC �M/ mb2/
7Q` aPh brBi+?BM;X h?2 #Hm2 �``Qr BM/B+�i2b i?2 r`BiBM; +m``2Mi- ;`22M �M/ Tm`TH2
�``Qrb BM oa2k H�v2`b /2MQi2 i?2 K�;M2iBx2/ Q`B2Mi�iBQMb- �M/ i?2 bK�HH �``Qrb BM #H�+F
�M/ r?Bi2 `2T`2b2Mi i?2 bTBMb Q7 2H2+i`QMb Q`B;BM�iBM; 7`QK a>1X U#V 1M2`;v@`2bQHp2/
a>* Q7 i?2 Rh JQak BM #mHFX

9Xj a>1 Q7 b2KBK2i�Hb JQh2k �M/ qh2k

aBM+2 i?2 a>* Q7 JQak `2[mB`2b i?2 2M?�M+2K2Mi pB� i?2 ;�i2 pQHi�;2- r2 +QMbB/2` B7

r2 +�M }M/ � K�i2`B�H r?B+? ?�b i?2 BMi`BMbB+ ?B;? a>* �i 16X qh2k �ii`�+i2/ Qm` �i@

i2MiBQM /m2 iQ Bib 2ti`�Q`/BM�`v aPh T2`7Q`K�M+2X 1tT2`BK2Mi�H rQ`Fb ?�p2 `2TQ`i2/



9XjX a>1 Q7 b2KBK2i�Hb JQh2k �M/ qh2k d8

i?�i qh2kfT2`K�HHQv USvV /2pB+2 +�M T`Q/m+2 �M Qmi@Q7@TH�M2 �MiB@/�KTBM; iQ`[m2

r?2M i?2 +m``2Mi Bb �TTHB2/ �HQM; � HQr@bvKK2i`v �tBbX h?Bb Bb /m2 iQ i?2 �#b2M+2 Q7

irQ7QH/ `Qi�iBQM�H bvKK2i`v BM qh2kfSv #BH�v2`X(R8y- R8R) JQ`2Qp2`- i?2 �MBbQi`QTB+

2M?�M+2K2Mi Q7 aPh BM qh2kfSv /2pB+2 ?�b �HbQ #22M Q#b2`p2/ BM 2tT2`BK2MibX(R8k)

qQ`Fb �#Qp2 i`B;;2` � KQiBp�iBQM iQ 2tTHQ`2 i?2 a>1 Q7 qh2kX JQ`2 BMi`B;mBM;Hv- Bi

Bb 2tT2+i2/ iQ /Bb+Qp2` H�`;2 a>� BM qh2k r?B+? Bb i?2 b2KBK2i�H rBi? HQr 2H2+i`B+�H

+QM/m+iBpBivX

9XjXR �iQKB+ KQ/2H �M/ K2i?Q/

q2 bim/B2/ i?2 i`�MbBiBQM@K2i�H /B+?�H+Q;2MB/2 UhJ.*V K�i2`B�Hb BM+Hm/BM; JQh2k

�M/ qh2k- #Qi? Q7 i?2K �`2 ivT2@AA q2vH b2KBK2i�Hb rBi? bi`QM; aP* �M/ `2/m+2/

+`vbi�HHBM2 bvKK2i`vX(R8jĜR8e) 6B;m`2 9XRyU�V b?Qrb i?2 �iQKB+ bi`m+im`2 Q7 JQh2k

�M/ qh2kX h?2 bT�+2 ;`QmT Bb SKMkR ULQX jRV- BM/B+�iBM; i?2 +`vbi�H bi`m+im`2

TQbb2bb2b QM2 KB``Q` TH�M2 x 4 y �M/ QM2 ;HB/2 KB``Q` TH�M2 T�`�HH2H iQ y 4 y- r?B+?

`2bT2+iBp2Hv i`�Mb7Q`K iQ kx 4 y �M/ ky 4 y TH�M2b BM "w �b b?QrM BM 6B;X 9XRyU#VX

h?Bb +`vbi�HHBM2 bi`m+im`2 +�M #2 +H�bbB}2/ BMiQ i?2 KKK K�;M2iB+ G�m2 ;`QmT- r?B+?

/2i2`KBM2b i?2`2 �`2 bBt MQMx2`Q a>* 2H2K2Mib rBi? /Bz2`2Mi K�;MBim/2bX(R8d) Pm`

+�H+mH�iBQMb 2KTHQv i?2 �iQKB+ bi`m+im`2b BM T`2pBQmb `2TQ`ib-(R8j- R83) rBi? i?2 H�iiB+2

+QMbi�Mib a 4 jX983 ³- b 4 eXjy9 ³- c 4 RjX38N ³ BM JQh2k- �M/ a 4 jX9dd ³- b 4

eXk9N ³- c 4 R9XyR3 ³ BM qh2kX

a>* Q7 JQh2k �M/ qh2k r�b +�H+mH�i2/ mbBM; i?2 b�K2 K2i?Q/ �b i?2 a>*

+�H+mH�iBQM Q7 JQak BM a2+X 9XkX8X h?2 TH�M2@r�p2 +miQz 2M2`;v r�b eyy 2oX � k@TQBMi

;`B/ Q7 12× 10× 6 r�b mb2/ BM .6h b2H7@+QMbBbi2Mi +�H+mH�iBQMb- �M/ � /2Mb2 k@K2b?

Q7 8yy×8yy×8yy rBi? �/�TiBp2 K2b? `2}M2K2Mi r�b 2KTHQv2/ 7Q` a>* +�H+mH�iBQMX



9XjX a>1 Q7 b2KBK2i�Hb JQh2k �M/ qh2k de

6B;m`2 9XRy, U�V �iQKB+ bi`m+im`2 Q7 h/@Jh2k UJ4JQ Q` qVX U#V a+?2K�iB+ /B�;`�K
Q7 i?2 i?`22@/BK2MbBQM�H "w Q7 Jh2k- i?2 ?B;? bvKK2i`v TQBMib �`2 BM/B+�i2/ #v #H�+F
/Qi HBM2bX

9XjXk a>* �MBbQi`QTB2b

h�#H2 9Xk b?Qrb i?2 +�H+mH�i2/ a>* Q7 JQh2k �M/ qh2k �i 16X a>* σγαβ Bb � i?B`/@

Q`/2` i2MbQ` �M/ `2T`2b2Mib i?2 bTBM +m``2Mi �HQM; α /B`2+iBQM ;2M2`�i2/ #v �M 2H2+i`B+

}2H/ �HQM; β /B`2+iBQM- r?2`2 i?2 bTBM +m``2Mi Bb TQH�`Bx2/ �HQM; γ /B`2+iBQMX(R8N)

JQh2k �M/ qh2k 2t?B#Bi KQ`2 a>* �MBbQi`QTB2b i?�M ?2�pv K2i�HbX :2M2`�HHv bT2�F@

BM;- ?2�pv K2i�Hb- bm+? �b Si- S/- �m- α@h�- β@h�- α@q- β@q- ?�p2 C4v bvKK2i`v-

r?B+? `2bi`B+ib i?2B` MQM@x2`Q a>* �b σz
xy 4 −σz

yx 4 σx
yz 4 −σx

zy 4 σy
zx 4 −σy

xzX(Rjk-

Rj8- R8NĜReR) >Qr2p2`- QrBM; iQ i?2 bT2+B�H bvKK2i`v- #Qi? JQh2k �M/ qh2k ?�p2

bBt MQM@x2`Q a>* i2MbQ` 2H2K2Mib Q7 /Bz2`2Mi K�;MBim/2bX 6Q` JQh2k- i?2 K�tBKmK

Q7 a>* Bb σz
yx 4 −361 (!/e)S/cm- �M/ σy

zx 4 k3e (!/e)S/cm Bb �HbQ MQiB+2�#H2X 6Q`

h�#H2 9Xk, LQM@x2`Q a>* i2MbQ` 2H2K2Mib BM JQh2k �M/ qh2k �i 16- BM i?2 mMBi Q7
(!/e)S/cmX a>�J�s Bb /2}M2/ �b 1[X 9XkX

a2KBK2i�Hb σx
yz σx

zy σy
xz σy

zx σz
xy σz

yx a>�J�s

JQh2k −18 45 −88 286 −176 −361 −0.72

qh2k −44 −44 −61 103 −204 −15 −0.54



9XjX a>1 Q7 b2KBK2i�Hb JQh2k �M/ qh2k dd

qh2k- i?2 K�tBKmK Q7 a>* Bb σz
xy 4 −204 (!/e)S/cmX *QKT�`2/ rBi? a>* BM ?2�pv

K2i�Hb- i?2 a>* BM JQh2k �M/ qh2k �`2 +QMbB/2`�#H2X(3R- 3k- Rek) h?2b2 `2bmHib rBHH

T`QpB/2 ?2HT7mH BM7Q`K�iBQM 7Q` i?2 2tT2`BK2Mi�H /2i2+iBQM Q7 i?2 a>1X(Rej) q2 �HbQ

+�H+mH�i2/ bTBM >�HH �M;H2X AM h�#H2 9Xk- i?2 a>�J�s Bb /2}M2/ �b

a>�J�s = max
α,β,γ

(σγαβ(EF ))/σxx U9XkV

r?2`2 K�tα,β,γ(σγαβ(EF )) Bb i?2 K�tBKmK a>* �KQM; �HH bBt i2MbQ` 2H2K2Mib �i 16

�M/ σxx Bb i?2 2tT2`BK2Mi�H `2bmHi Q7 +?�`;2 +QM/m+iBpBivX h?2 +QM/m+iBpBiv Q7 JQh2k

Bb R×Ryj af+K-(Re9) �M/ i?2 +QM/m+iBpBiv Q7 qh2k Bb dX9×Ryk af+KX(Re8) *�H+mH�i2/

a>�J�s Bb −0.72 7Q` JQh2k �M/ −0.54 7Q` qh2kX Ai +�M #2 b22M i?�i a>�b Q7 JQh2k

�M/ qh2k �`2 H�`;2` i?�M i?2 a>� Q7 ?2�pv K2i�H Si- r?B+? Bb QMHv yXyde �++Q`/BM;

iQ 2tT2`BK2MibX(Ree- Red) h?2 bmT2`BQ` bTBM >�HH T`QT2`iB2b BM JQh2k �M/ qh2k K�F2

Bi T`QKBbBM; iQ `2�HBx2 i?2 aPh p/q JhCX

9XjXj a>* i2MbQ` 2H2K2Mib

6B;m`2 9XRR T`2b2Mib i?2 2M2`;v@`2bQHp2/ a>*X AM i?2 H27i T�M2Hb Q7 6B;X 9XRR- JQh2k

b?Qrb T2�Fb �`QmM/ 16 7Q` σz
yx- σy

zx �M/ σz
xy i2MbQ`b- �b ?B;? �b −390- jye �M/ −178

(!/e)S/cm- `2bT2+iBp2HvX h?2 `2H�iBp2Hv ?B;? a>*- rBi? �M �#bQHmi2 p�Hm2 Qp2` kyy

(!/e)S/cm- `2K�BMb 7`QK −0.5 2o iQ y 2o 7Q` σz
yxX AM i?2 `B;?i T�M2Hb Q7 6B;X 9XRR-

qh2k 2t?B#Bib �M a>* Q7 σz
yx 4 −528 (!/e)S/cm �i i?2 2M2`;v TQBMi Q7 E = EF−0.094

2oX >B;? a>* �`QmM/ −400 (!/e)S/cm Q++m`b �i E = EF +0.47 2o 7Q` σz
xy- �M/ i?2 σy

zx

p�Hm2 `2�+?2b mT iQ jdy (!/e)S/cm �i E = EF − 0.048 2oX .Bb+mbbBQMb �#Qp2 BM/B+�i2

i?�i imMBM; i?2 TQbBiBQM Q7 16 Bb �M 2z2+iBp2 r�v iQ 2M?�M+2 a>*X J2�Mr?BH2- Bi

?�b #22M /2KQMbi`�i2/ i?�i i`�MbBiBQM K2i�H /QTBM; �iQKb BM i?2 +QMi2ti Q7 H�v2`2/

hJ.* K�i2`B�Hb +�M KQ/mH�i2 i?2 TQbBiBQM Q7 16- ?2M+2 BKT`QpBM; i?2B` T2`7Q`K�M+2

�M/ 2ti2M/BM; i?2B` TQi2MiB�H 7Q` �TTHB+�iBQMbX(Re3)



9XjX a>1 Q7 b2KBK2i�Hb JQh2k �M/ qh2k d3

6B;m`2 9XRR, a>* i2MbQ` 2H2K2Mib `2H�iBp2 iQ i?2 2M2`;v 7Q` U�V@U+V JQh2k �M/ U/V@U7V
qh2kX .Bz2`2Mi +QHQ`b `2T`2b2Mi /Bz2`2Mi �MBbQi`QTB2bX

9XjX9 �M�HvbBb Q7 bTBM "2``v +m`p�im`2

hQ 2Hm+B/�i2 i?2 mM/2`HvBM; K2+?�MBbK Q7 i?2 2M?�M+2K2Mi Q7 a>* BM/m+2/ #v 16

b?B7i- r2 b?Qr i?2 #�M/ bi`m+im`2 T`QD2+i2/ #v bTBM "2``v +m`p�im`2 BM 6B;X 9XRkX q2

i�F2 σz
xy BM qh2k �b �M 2t�KTH2- bBM+2 Bi p�`B2b � HQi �M/ `2p2`b2b Bib bB;M BM � bK�HH

2M2`;v `�M;2- 7`QK −204 (!/e)S/cm �i E = EF iQ Rkd (!/e)S/cm �i E = EF − 0.09

2o- K�`F2/ #v ?Q`BxQMi�H ;`22M /�b?2/ HBM2b BM 6B;X 9XRkU#VX 6B;m`2 9XRkU�V b?Qrb

i?2 #�M/ bi`m+im`2 T`QD2+i2/ #v bTBM "2``v +m`p�im`2 Ωz
n,xy(k) rBi? i?2 HQ; b+�H2- �M/



9XjX a>1 Q7 b2KBK2i�Hb JQh2k �M/ qh2k dN

6B;m`2 9XRk, U�V "�M/ bi`m+im`2 T`QD2+i2/ #v bTBM "2``v +m`p�im`2 rBi? HQ; b+�H2X U#V
a>* σz

xy Q7 qh2k p2`bmb 2M2`;vX U+V �M/ U/V �`2 k@`2bQHp2/ bTBM "2``v +m`p�im`2b �i
E = EF �M/ E = EF − 0.09 2o- `2bT2+iBp2HvX A/2MiB+�H ?B;? bvKK2i`v TQBMib �`2 mb2/
BM U�V- U+V- �M/ U/VX

`2/ U#Hm2V +QHQ` /2MQi2b i?2 TQbBiBp2 UM2;�iBp2V +QMi`B#miBQM Q7 bTBM "2``v +m`p�im`2X

Ai BHHmbi`�i2b i?�i i?2 M2;�iBp2 a>* �i E = EF Bb /m2 iQ i?2 M2;�iBp2 +QMi`B#miBQM

�HQM; w@l �M/ s@Γ T�i?X q?2M i?2 2M2`;v Bb b?B7i2/ #v −yXyN 2o- TQbBiBp2 bTBM

"2``v +m`p�im`2 �`Bb2b �M/ Qp2`r?2HKb i?2 M2;�iBp2 QM2- `2bmHiBM; BM �M a>* Q7 Rkd

(!/e)S/cmX hQ K�F2 Bi KQ`2 BMi2HHB;B#H2- 6B;bX 9XRkU+V �M/ U/V b?Qr i?2 k@`2bQHp2/

bTBM "2``v +m`p�im`2 rBi? i?2 HQ; b+�H2X �i 16- i?2 M2;�iBp2 bTBM "2``v +m`p�im`2



9XjX a>1 Q7 b2KBK2i�Hb JQh2k �M/ qh2k 3y

6B;m`2 9XRj, h?2 k@`2bQHp2/ bTBM "2``v +m`p�im`2 rBi? HQ; b+�H2 BM � bHB+2 Q7 i?2
k. "w �i kz 4 y 7Q` a>* σz

xy Q7 qh2k �i U�V E = EF �M/ U#V E = EF − 0.09 2o-
`2bT2+iBp2HvX >B;? bvKK2i`v TQBMib �`2 Γ Uy- y- yV- s UyX8- y- yV- u Uy- yX8- yV �M/ a
UyX8- yX8- yVX "H�+F +m`p2b �`2 i?2 BMi2`b2+iBQMb Q7 62`KB bm`7�+2 rBi? i?2 bHB+2 Q7 "wX

/QKBM�i2b �HQM; w@l �M/ s@Γ T�i?bX aQK2 b?�`T T2�Fb �`2 +�mb2/ #v i?2 #�M/b

+`QbbBM; rBi? 16X q?2M 16 Bb b?B7i2/ #v −0.09 2o- i?2 M2;�iBp2 bTBM "2``v +m`p�im`2

�HQM; s@Γ T�i? r2�F2Mb r?BH2 i?2 TQbBiBp2 QM2 bi`2M;i?2Mb- 2bT2+B�HHv �i i?2 Γ TQBMiX

�b � `2bmHi- a>* im`Mb Qmi iQ #2 TQbBiBp2X _2K�`F�#Hv- i?2 bTBM "2``v +m`p�im`2 p�`B2b

/`�K�iB+�HHv �HQM; Γ@w T�i?X AM bm+? � +�b2- i?2 K2i?Q/ Q7 �/�TiBp2 K2b? `2}M2K2Mi

+�M #2 2z2+iBp2 7Q` 2{+B2Mi +QMp2`;2M+2 Q7 a>* +�H+mH�iBQMX(3R)

6B;m`2 9XRj b?Qrb i?2 k@`2bQHp2/ bTBM "2``v +m`p�im`2 T`QD2+i2/ QM i?2 k. bHB+2 Q7

kz 4 y BM "wX 6B;m`2b 9XRjU�V �M/ U#V �`2 i?2 `2bmHib �i E = EF �M/ E = EF − 0.09

2o- `2bT2+iBp2HvX h?2 bTBM "2``v +m`p�im`2 Bb �HbQ BM i?2 HQ; b+�H2 �M/ `2/ U#Hm2V +QHQ`

/2MQi2b � TQbBiBp2 UM2;�iBp2V +QMi`B#miBQMX Ai +�M #2 b22M i?�i i?2 bTBM "2``v +m`p�im`2

/2T2M/b b2MbBiBp2Hv QM 62`KB 2M2`;v b?B7iX h?2 bB;M `2p2`b2b i?`Qm;?Qmi � H�`;2 7`�+iBQM

Q7 i?2 k. "w- 2bT2+B�HHv �`QmM/ Γ TQBMiX 6B;m`2 9XRjU�V b?Qrb i?�i �i E = EF - i?2



9X9X amKK�`v 3R

bTBM "2``v +m`p�im`2 �i Γ TQBMi Bb +HQb2 iQ x2`Q �b b?QrM #v r?Bi2 +QHQ`- �M/ i?2

M2;�iBp2 `2;BQM bm``QmM/2/ #v #H�+F +m`p2b ?�b H�`;2 K�;MBim/2 +QMbB/2`BM; i?2 HQ;

b+�H2X �i E = EF − 0.09 2o BM 6B;X 9XRjU#V- i?2 bTBM "2``v +m`p�im`2 �`QmM/ Γ TQBMi

#2+QK2b TQbBiBp2 �b b?QrM #v `2/ +QHQ`X "2bB/2b- i?2 TQbBiBp2 `2;BQM 2tT�M/b rB/2Hv

�M/ bi`2M;i?2Mb- r?BH2 i?2 M2;�iBp2 `2;BQM b?`BMFb �M/ r2�F2MbX h?2 BMi2;`�iBQM Q7

bTBM "2``v +m`p�im`2 BM k. "w `2bmHib BM i?2 `2p2`b�H Q7 a>* bB;M- 7`QK i?2 M2;�iBp2

QM2 �i E = EF iQ i?2 TQbBiBp2 QM2 �i E = EF −0.09 2oX h?2 �#Qp2 �M�Hvb2b +H�`B7v i?2

K2+?�MBbK Q7 a>* p�`B�iBQM rBi? i?2 TQbBiBQM Q7 16- �M/ b?2/ HB;?i QM i?2 K2i?Q/ iQ

QTiBKBx2 a>*X

9X9 amKK�`v

h`�/BiBQM�H J;P@#�b2/ JhC 7�+2b i?2 +?�HH2M;2 Q7 H�iiB+2 KBbK�i+?- BKT2/BM; i?2

BKT`Qp2K2Mi Q7 Bib T2`7Q`K�M+2bX AM i?Bb +?�Ti2`- r2 T`QTQb2 i?2 JhC QM i?2 #�bBb Q7

p/q ?2i2`QDmM+iBQMb- r?B+? +�M #2 p2`iB+�HHv bi�+F2/ rBi?Qmi i?2 HBKBi�iBQM Q7 H�iiB+2

K�i+?X S`2pBQmb 2tT2`BK2Mib ?�p2 p2`B}2/ i?2 `QQK@i2KT2`�im`2 72``QK�;M2iBbK Q7

oa2k KQMQH�v2` ;`QrM QM i?2 JQak bm#bi`�i2X 6mHHv +QMbB/2`BM; i?2 T`�+iB+�H BKTH2@

K2Mi�iBQM- r2 T`QTQb2/ i?2 p/q JhC mbBM; oa2kfJQakfoa2k bi�+F �M/ bim/B2/ Bib

T`QT2`iB2bX

L1:6@.6h +�H+mH�iBQMb BHHmbi`�i2 i?�i �i 2[mBHB#`BmK bi�i2- i?2 �S* +QM/m+i�M+2

Q7 p/q JhC Bb +QMbB/2`�#H2- H2�/BM; iQ i?2 /2+HBM2 Q7 hJ_ `�iBQX �M�Hvb2b QM r�p2@

7mM+iBQMb BHHmbi`�i2 i?�i i`�MbKBbbBQM bi�i2b HQ+�HBx2 �i +2`i�BM H�v2`b- `2bmHiBM; BM i?2

[m�MimK@r2HH `2bQM�M+2b �M/ mHi`�?B;? i`�MbKBbbBQM +Q2{+B2Mib +HQb2 iQ mMBivX h?2

#B�b pQHi�;2- r?B+? rQmH/ bmTT`2bb i?2 `2bQM�M+2b- +�M #2 �M 2z2+iBp2 K2i?Q/ iQ `2@

/m+2 i?2 �S* +m``2Mi �M/ 2M?�M+2 i?2 hJ_ `�iBQ Q7 p/q JhCX lM/2` i?2 pQHi�;2

+QMi`QH- � `QQK@i2KT2`�im`2 hJ_ `�iBQ mT iQ 39eW +�M #2 �+?B2p2/- �b r2HH �b �

hJ_ `�iBQ Q7 RkddW �i Ryy EX
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q2 Tmi 7Q`r�`/ i?2 +QM+2Ti Q7 aPh p/q JhC- r?2`2 JQak Bb mb2/ �b i?2 #QiiQK

H�v2` 7Q` r`BiBM; +m``2Mi �M/ aPh brBi+?BM;X q2 +�H+mH�i2/ i?2 a>* Q7 JQakX Ai

im`Mb Qmi i?�i �i 16- a>* Q7 JQak Bb QMHv −34 (!/e)S/cm- �M/ Bi +�M `2�+? mT iQ 9yy

(!/e)S/cm �i E = EF− kXy 2oX h?2 imM�#H2 a>* Q7 JQak #`BM;b i?2 TQbbB#BHBiv iQ

`2�HBx2 aPh brBi+?BM; BM i?2 p/q JhCX

hQ }M/ Qmi i?2 K�i2`B�H rBi? BMi`BMbB+ ?B;? a>* �i 16- r2 BMp2biB;�i2 b2KBK2i�Hb

JQh2k �M/ qh2kX amT2`BQ` iQ JQak- JQh2k 2t?B#Bib � MQiB+2�#H2 a>* Q7 σz
yx 4

−361 (!/e)S/cm �i 16- �M/ qh2k b?Qrb �M a>* Q7 σz
xy 4 −204 (!/e)S/cm �i 16X

"Qi? b2KBK2i�Hb 2t?B#Bi H�`;2 a>�- r?B+? +�M #2 �ii`B#mi2/ iQ ?B;? a>* �M/ HQr

2H2+i`B+�H +QM/m+iBpBiv Q7 i?2 b2KBK2i�HX h?2 bmT2`BQ` bTBM >�HH T`QT2`iB2b BM JQh2k

�M/ qh2k K�F2 Bi T`QKBbBM; iQ `2�HBx2 i?2 aPh p/q JhCX AMi`B;mBM;Hv- #2+�mb2 Q7

i?2 `2/m+2/ bi`m+im`�H bvKK2i`v- JQh2k �M/ qh2k 2t?B#Bi mMmbm�HHv /Bp2`b2 a>*

2H2K2Mib Q7 /Bz2`2Mi K�;MBim/2bX �M�Hvb2b Q7 bTBM "2``v +m`p�im`2 ?�p2 �HbQ #22M

T`2b2Mi2/ iQ +H�`B7v i?2 K2+?�MBbK Q7 a>*X AMp2biB;�iBQMb �#Qp2 rQmH/ T`QKQi2 i?2

T`�+iB+�H �TTHB+�iBQMb Q7 k. bTBMi`QMB+b /2pB+2b- �M/ T`QpB/2 M2r +QM+2Tib 7Q` i?2B`

7mim`2 /2p2HQTK2MibX



*?�Ti2` 8

k. bTBM BMD2+iBQM bvbi2K

8XR AMi`Q/m+iBQM

k. K�i2`B�Hb b?Qr ;`2�i TQi2MiB�H 7Q` i?2 `2�HBx�iBQM Q7 bTBM HQ;B+ /2pB+2bX(NN- ReNĜ

RdR) qBi? i?2 +?�`�+i2`b Q7 K�bbH2bb .B`�+ 72`KBQM �M/ r2�F aP*- ;`�T?2M2 Bb �M

2ti`�Q`/BM�`v K�i2`B�H 7Q` bTBM i`�MbTQ`i BM HQ;B+ /2pB+2bX(NjĜN8- N3) PM2 Q7 i?2 KQbi

T`QKBbBM; �TTHB+�iBQMb Q7 ;`�T?2M2 Bb i?2 }2H/ 2z2+i i`�MbBbiQ` U61hV- r?B+? `2[mB`2b

i?2 QT2MBM; �M/ +QMi`QHHBM; Q7 i?2 2M2`;v ;�TX >Qr2p2`- KQMQH�v2` ;`�T?2M2 `2K�BMb

x2`Q@;�T b2KBK2i�HHB+ mM/2` �M 2ti2`M�H p2`iB+�H 2H2+i`B+ }2H/ bBM+2 Bi ?�b irQ 2[mBp�H2Mi

TH�M�` bm#H�iiB+2b- K�FBM; Bi /B{+mHi iQ QT2`�i2 i?2 ;`�T?2M2 61hX :`2�i 2zQ`ib ?�p2

#22M /2pQi2/ iQ i?2 `2b2�`+? QM k. K�i2`B�Hb rBi? � +QMi`QHH�#H2 2M2`;v ;�TX h?�MFb

iQ i?2 bm++2bb7mH 2tT2`BK2Mi�H bvMi?2bBb-(Rdk- Rdj) bBHB+2M2- i?2 KQMQH�v2` +QMbBbiBM;

Q7 aB �iQKb- Bb �ii`�+iBM; BM+`2�bBM; �ii2MiBQMX(Rd9- Rd8) aBKBH�` iQ ;`�T?2M2- bBHB+2M2

?�b i?2 ?2t�;QM�H bi`m+im`2 �M/ i?2 .B`�+ +QM2 �i E TQBMi +QKTQb2/ #v p Q`#Bi�Hb Q7

aB �iQKbX(Rd9) amT2`BQ` iQ ;`�T?2M2- bBHB+2M2 Qp2`+QK2b i?2 T`Q#H2K Q7 +QKT�iB#BHBiv

rBi? i?2 T`2b2Mi bBHB+QM@#�b2/ b2KB+QM/m+iQ` i2+?MQHQ;vX(Rde) JQ`2 BMi`B;mBM;Hv- Bi ?�b

#22M T`2/B+i2/ i?�i imM�#H2 ;�T +�M #2 QT2M2/ BM bBHB+2M2 #v �TTHvBM; p2`iB+�H 2H2+i`B+�H

}2H/ /m2 iQ Bib #m+FHBM; bi`m+im`2X(Rdd- Rd3) h?�MFb iQ i?2 BMMQp�iBQM Q7 2M+�TbmH�i2/

3j
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/2H�KBM�iBQM i`�Mb72` K2i?Q/- 2tT2`BK2Mi�HBbib bm++2bb7mHHv T`2T�`2/ � bBHB+2M2 61h-

r?2`2 � bK�HH ;�T r�b QT2M2/X(RdN) qQ`Fb �#Qp2 /2KQMbi`�i2 i?�i Bi Bb T`�+iB+�H iQ

2tTHQBi bBHB+2M2 �b i?2 i`�MbTQ`i +?�MM2H �M/ `2�HBx2 i?2 brBi+?BM; 7mM+iBQM�HBiv Q7 bTBM@

61hX PM i?2 Qi?2` ?�M/- /2bTBi2 i?2 �#mM/�Mi �+?B2p2K2Mib BM ;`�T?2M2 bTBMi`QMB+b-

i?2 bTBM /2pB+2 mbBM; bBHB+2M2 �b i?2 i`�MbTQ`i +?�MM2H `2K�BMb �#b2MiX AM i?Bb +?�Ti2`-

r2 rBHH /Bb+mbb i?2 bTBM BMD2+iBQM bvbi2K #�b2/ QM bBHB+2M2 �b r2HH �b Bib bTBM@`2bQHp2/

T2`7Q`K�M+2X

8Xk aTBM BMD2+iBQM BM 62fbBHB+2M2 bvbi2K

q2 T`QTQb2 � bTBM BMD2+iBQM bvbi2K- r?2`2 62URRRVfbBHB+2M2 bi�+F �+ib �b i?2 bTBM

BMD2+iQ`- �M/ bBHB+2M2 Bb mb2/ iQ #2 i?2 bTBM i`�MbTQ`i +?�MM2HX h?`Qm;? L1:6@.6h

+�H+mH�iBQMb- r2 `2p2�H2/ i?2 `2K�`F�#H2 bTBM BMD2+iBQM 2{+B2M+v mM/2` #B�bX h?2

/2MbBiv Q7 bi�i2b Q7 62URRRVfbBHB+2M2 bi�+F �b r2HH �b i?2 2M2`;v@`2bQHp2/ i`�MbKBbbBQM

bT2+i`� ?�p2 #22M �M�Hvx2/ iQ mM/2`bi�M/ i?2 T?vbB+�H K2+?�MBbKX

8XkXR �iQKB+ KQ/2H �M/ K2i?Q/

h?2 bTBM i`�MbTQ`i bvbi2K Bb +QKTQb2/ Q7 62URRRVfbBHB+2M2 bi�+F �M/ Tm`2 bBHB+2M2

+?�MM2HX 6B;m`2 8XR b?Qrb Bib �iQKB+ KQ/2H- 6B;X 8XRU�V Bb i?2 bB/2 pB2r- 6B;X 8XRU#V Bb

i?2 iQT pB2rX 62URRRVfbBHB+2M2 bi�+F Bb i?2 bTBM BMD2+iQ` �M/ ;2M2`�i2b bTBM@TQH�`Bx2/

+m``2MiX h?2 Tm`2 bBHB+2M2 Bb i?2 bTBM i`�MbTQ`i +?�MM2H r?2`2 bTBM@TQH�`Bx2/ +m``2Mi

T`QT�;�i2bX h?2 bTBM i`�MbTQ`i Bb �HQM; x /B`2+iBQM- �M/ i?2 b+�ii2`BM; H2M;i? �HQM;

i?2 i`�MbTQ`i /B`2+iBQM- 2t+Hm/BM; H27i �M/ `B;?i 2H2+i`Q/2b- Bb keXd9 ³X h?2 bvbi2K

2ti2M/b T2`BQ/B+�HHv BM y /B`2+iBQM- �M/ i?2 MQ`K�H /B`2+iBQM Q7 bBHB+2M2 TH�M2 Bb z

/B`2+iBQM r?2`2 p�+mmK H�v2` 2tBbibX h?2 mMBi +2HH Q7 62URRRVfbBHB+2M2 bi�+F Bb b?QrM

BM i?2 `2/ #Qt- �M/ i?2 H�iiB+2 +QMbi�Mi Bb F2Ti iQ jX3e ³ �++Q`/BM; iQ i?2 H�iiB+2

+QMbi�Mi Q7 bBHB+2M2X(R3y) LQi2 i?�i i?2 H�iiB+2 +QMbi�Mi Q7 #++ 62 Bb kX3ee ³-(RjR) i?mb
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6B;m`2 8XR, .B�;`�K Q7 i?2 bTBM BMD2+iBQM bvbi2KX h?2 #H�+F �``Qrb BM/B+�i2 i?2 H27i
�M/ `B;?i 2H2+i`Q/2b- 2ti2M/BM; iQ ±∞ �M/ +QMbBbiBM; Q7 62URRRVfbBHB+2M2 bi�+F UH27i
2H2+i`Q/2V �M/ Tm`2 bBHB+2M2 U`B;?i 2H2+i`Q/2VX h?2 +2Mi2` T�`i Bb i?2 b+�ii2`BM; `2;BQMX
h?2 `2/ #Qt BM/B+�i2b i?2 mMBi +2HH Q7 62URRRVfbBHB+2M2 bi�+FX U�V h?2 bB/2 pB2rX U#V
h?2 iQT pB2rX

i?2 H�iiB+2 +QMbi�Mi Q7 ?2t�;QM�H 62URRRV b2+iBQM Bb 2.866 ×
√
2 = 4.053 ³X 6Q` i?2

K�i+? #2ir22M 62URRRV �M/ bBHB+2M2- i?2 62 Bb ?QKQ;2M2QmbHv bi`�BM2/ #v H2bb i?�M 8W

BM i?Bb KQ/2HX "m+FHBM; /Bbi�M+2 BM bBHB+2M2 yX9e ³X(R3y)

h?2 +QM};m`�iBQM Q7 62URRRVfbBHB+2M2 mMBi +2HH r�b p�HB/�i2/ #v i?2 BMi2`H�v2` bT�+@

BM; i2bi mbBM; o�aS rBi? � 33× 33× 1 k@K2b?X

6B;m`2 8Xk b?Qrb i?2 /2i�BHb �#Qmi BMi2`H�v2` bT�+BM; i2biX h?2 #BM/BM; 2M2`;B2b Q7

bBt /Bz2`2Mi +QM};m`�iBQMb ?�p2 #22M +?2+F2/ 7Q` p�`vBM; 62URRRVfbBHB+2M2 BMi2`H�v2`

bT�+BM;X Pm` `2bmHi BHHmbi`�i2b i?�i i?2 KQbi bi�#H2 +QM};m`�iBQM Bb ǳ"mT*/QrMǴ +QM@

};m`�iBQM rBi? RXR ³ BMi2`H�v2` bT�+BM;- r?B+? ?�b i?2 H�`;2bi #BM/BM; 2M2`;vX q2

#`B2~v /Bb+mbb i?2 2tT2`BK2Mi�H 72�bB#BHBiv Q7 i?Bb /2pB+2X .6h +�H+mH�iBQMb Q7 T?QMQM

/BbT2`bBQM ?�p2 T`Qp2/ i?�i i?2 bi`m+im`2 Q7 bBHB+2M2 Bb /vM�KB+�HHv bi�#H2-(Rd9- Rd3)

+QMb2[m2MiHv Bi Bb TQbbB#H2 iQ KQp2 bBHB+2M2 QMiQ �MQi?2` bm#bi`�i2X G�i2` QM- 2tT2`B@
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6B;m`2 8Xk, "BM/BM; 2M2`;v Q7 � bBHB+2M2 KQMQH�v2` QM 62URRRV bm`7�+2 �b � 7mM+iBQM Q7
i?2 bi�+F +QM};m`�iBQM �M/ i?2 BMi2`H�v2` bT�+BM;X .Bz2`2Mi FBM/b Q7 bi�+F +QM};m`�@
iBQM �`2 b?QrM BM i?2 BMb2iX

K2Mi�H rQ`Fb Tmi 7Q`r�`/ � K2i?Q/ iQ i`�Mb72` bBHB+2M2 #v i?2 2M+�TbmH�iBQM i?`Qm;?

�HkPj +�TTBM; H�v2`X(RdN- R3R) "�b2/ QM rQ`Fb �#Qp2- r2 �bbmK2 i?�i bBHB+2M2 +�M #2

i`�Mb72``2/ QMiQ i?2 62URRRV H�v2`- K2�Mr?BH2 i?2 bBHB+2M2 #m+FHBM; bi`m+im`2 Bb r2HH

T`2b2`p2/X

L�MQ.*�G T�+F�;2 r�b 2KTHQv2/ 7Q` i?2 +�H+mH�iBQMb Q7 i`�MbTQ`i T`QT2`iB2bX �

1 × 21 × 1 k@K2b? r�b mb2/ 7Q` i?2 b2H7@+QMbBbi2Mi +�H+mH�iBQM Q7 i?2 r?QH2 bvbi2K-

�M/ � /2Mb2 b�KTHBM; Q7 1 × 500 × 1 r�b 2KTHQv2/ 7Q` i?2 i`�MbKBbbBQM +�H+mH�iBQMX

::�@S"1 2t+?�M;2@+Q``2H�iBQM TQi2MiB�H (RyN) r�b mb2/ BM �HH +�H+mH�iBQMbX

8XkXk "B�b@/2T2M/2Mi aA1

lbBM; i?2 �iQKB+ KQ/2H BMi`Q/m+2/ �#Qp2- r2 +�H+mH�i2 i?2 bTBM@`2bQHp2/ i`�MbTQ`i

T`QT2`iB2bX aTBM@`2bQHp2/ +m``2Mib �M/ iQi�H +m``2Mib �`2 b?QrM BM 6B;X 8XjU�VX Ai +�M
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#2 Q#b2`p2/ i?�i �i }MBi2 TQbBiBp2 #B�b pQHi�;2- i?2 KBMQ`Biv@bTBM +m``2Mi Bb `2K�`F�#Hv

?B;?2` i?�M i?2 K�DQ`Biv@bTBM +m``2MiX JBMQ`Biv@bTBM +m``2Mi BM+`2�b2b `�TB/Hv rBi?

#B�b- r?BH2 K�DQ`Biv@bTBM +m``2Mi `2K�BMb +HQb2 iQ x2`Q mMiBH i?2 #B�b `2�+?2b mT iQ 8y

6B;m`2 8Xj, h`�MbTQ`i T`QT2`iB2b Q7 i?2 bTBM BMD2+iBQM bvbi2K BM MQM@2[mBHB#`BmK
bi�i2bX U�V aTBM@`2bQHp2/ �M/ iQi�H +m``2MibX h?2 `2/ HBM2 rBi? mT@TQBMiBM; i`B�M;H2b
�M/ #Hm2 HBM2 rBi? /QrM@TQBMiBM; i`B�M;H2b BM/B+�i2 i?2 K�DQ`Biv@bTBM +m``2Mi �M/
KBMQ`Biv@bTBM +m``2Mi- `2bT2+iBp2HvX h?2 #H�+F HBM2 rBi? /Qib /2MQi2b i?2 iQi�H +m``2MiX
U#V aTBM BMD2+iBQM 2{+B2M+B2b /2}M2/ �b 8XRX
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KoX 6Q` i?2 M2;�iBp2 #B�b- i?2 +QM/BiBQM Bb /Bz2`2MiX "Qi? K�DQ`Biv@bTBM �M/ KBMQ`Biv@

bTBM +m``2Mib �`2 �`BbBM; rBi? BM+`2�bBM; #B�b- �M/ K�DQ`Biv@bTBM +m``2Mi Bb ?B;?2` i?�M

i?2 KBMQ`Biv@bTBM +m``2MiX

PM i?2 #�bBb Q7 bTBM@/2T2M/2Mi +m``2Mib- i?2 MQM@2[mBHB#`BmK bTBM BMD2+iBQM 2{@

+B2M+v aA1 Bb /2}M2/ �b

aA1 =

∣∣∣∣
A↑ − A↓

A↑ + A↓
∣∣∣∣× 100%, U8XRV

r?2`2 A↑ Bb i?2 K�DQ`Biv@bTBM +m``2Mi �M/ A↓ Bb i?2 KBMQ`Biv@bTBM +m``2MiX 6B;X 8XjU#V

T`2b2Mib aA1b �i p�`BQmb #B�b 2t+Hm/BM; i?2 x2`Q #B�b TQBMi /m2 iQ i?2 MQM2tBbi2M+2 Q7

+m``2MiX Ai b?Qrb i?�i 7Q` i?2 TQbBiBp2 #B�b- aA1 Bb +HQb2 iQ RyyW BM i?2 #B�b `�M;2 7`QK

Ry Ko iQ 8y KoX h?Bb T2`72+i bTBM }Hi2`BM; 2z2+i +�M #2 �ii`B#mi2/ iQ i?2 Qp2`r?2HKBM;

KBMQ`Biv@bTBM +m``2MiX h?2 /2+HBM2 Q7 aA1 bi�`ib 7`QK ey Ko- #2+�mb2 �i i?Bb #B�b TQBMi-

i?2 K�DQ`Biv@bTBM +m``2Mi #2;BMb iQ `Bb2 �M/ +QKT2i2 rBi? i?2 KBMQ`Biv@bTBM +m``2MiX

6Q` i?2 M2;�iBp2 #B�b- aA1 /2+`2�b2b rBi? i?2 BM+`2�bBM; #B�b QrBM; iQ i?2 +QKT�`�#H2

K�DQ`Biv@ �M/ KBMQ`Biv@bTBM +m``2MibX

8XkXj �M�HvbBb Q7 #�M/ bi`m+im`2b

hQ mM/2`bi�M/ i?2 `2K�`F�#H2 aA1b- r2 BMp2biB;�i2 i?2 T`QD2+i2/ #�M/ bi`m+im`2 �M/

i?2 T�`iB�H /2MbBiv Q7 bi�i2b US.PaV Q7 i?2 62URRRVfbBHB+2M2 mMBi +2HHX 6B;m`2b 8X9U�V

�M/ U#V b?Qr i?2 K�DQ`Biv@bTBM �M/ KBMQ`Biv@bTBM #�M/b- `2bT2+iBp2HvX h?2 #H�+F mT@

i`B�M;H2b U#Hm2 /QrM@i`B�M;H2bV /2MQi2 p Q`#Bi�Hb Q7 i?2 ?B;?@TQbBiBQM UHQr@TQbBiBQMV aB

�iQK- �M/ i?2 `2/ /Qib `2T`2b2Mi i?2 d Q`#Bi�Hb Q7 62 �iQKbX AM Tm`2 bBHB+2M2 KQMQH�v2`-

i?2 .B`�+ +QM2 �i E TQBMi Bb +QKTQb2/ #v i?2 p Q`#Bi�Hb Q7 aB �iQKbX(Rd9) >Qr2p2`- /m2

iQ i?2 2tBbi2M+2 Q7 62 H�v2`b- i?2 .B`�+ +QM2 Q7 bBHB+2M2 /Bb�TT2�`b BM i?2 #�M/ bi`m+im`2

Q7 62URRRVfbBHB+2M2 bi�+FX 6Q` i?2 K�DQ`Biv bTBM- p #�M/b Q7 aB �iQKb +`Qbb i?2 16X 6Q`

i?2 KBMQ`Biv bTBM- d #�M/b Q7 62 �iQKb +`Qbb i?2 16X 6B;m`2 8X9U+V T`2b2Mib i?2 S.Pa

Q7 �HH 62 �iQKb BM i?2 62URRRVfbBHB+2M2 bi�+FX Ai +�M #2 b22M i?�i K�DQ`Biv@bTBM bi�i2b



8XkX aTBM BMD2+iBQM BM 62fbBHB+2M2 bvbi2K 3N

6B;m`2 8X9, "�M/ bi`m+im`2 Q7 62URRRVfbBHB+2M2 mMBi +2HH bi�+F 7Q` U�V K�DQ`Biv@bTBM
bi�i2b �M/ U#V KBMQ`Biv@bTBM bi�i2bX "H�+F mT@i`B�M;H2b U#Hm2 /QrM@i`B�M;H2bV b?Qr i?2
p Q`#Bi�Hb Q7 i?2 ?B;?@TQbBiBQM UHQr@TQbBiBQMV aB �iQK- �M/ i?2 `2/ /Qib `2T`2b2Mi i?2 d
Q`#Bi�Hb Q7 62 �iQKbX U+V S`QD2+i2/ /2MbBiv Q7 bi�i2b Q7 62 �iQKb BM i?2 62URRRVfbBHB+2M2
bi�+FX

�`2 Q#pBQmbHv bmTT`2bb2/ �#Qp2 16X *QMb2[m2MiHv- i?2 KBMQ`Biv@bTBM bi�i2b +QMi`B#mi2

T`BK�`BHv iQ i?2 iQi�H +m``2MiX AM /2i�BHb- dz2 Q`#Bi�H Bb T`QKBM2Mi- �b b?QrM #v i?2 `2/

HBM2 BM 6B;X 8X9U+VX .QKBM�Mi KBMQ`Biv@bTBM +QKTQM2Mi BM/m+2b i?2 bTBM@}Hi2`BM; 2z2+i-

`2bmHiBM; BM ?B;? KBMQ`Biv@bTBM +m``2Mi �M/ `2K�`F�#H2 aA1 BM i?2 i`�MbTQ`i bvbi2KX

"2HQr 16- i?2`2 �`2 #Qi? K�DQ`Biv@bTBM �M/ KBMQ`Biv@bTBM bi�i2b- K�FBM; irQ FBM/b

Q7 +m``2Mi +QKT�`�#H2X h?mb- aA1 Bb `2H�iBp2Hv i`BpB�H mM/2` i?2 M2;�iBp2 #B�bX h?2

�#Qp2 �M�Hvb2b Q7 S.Pa +H�`B7v i?2 Q#pBQmb /Bz2`2M+2 #2ir22M K�DQ`Biv@bTBM +m``2Mi

�M/ KBMQ`Biv@bTBM +m``2Mi �i MQM@2[mBHB#`BmK bi�i2bX



8XkX aTBM BMD2+iBQM BM 62fbBHB+2M2 bvbi2K Ny

8XkX9 h`�MbKBbbBQM bT2+i`�

1M2`;v@`2bQHp2/ i`�MbKBbbBQM bT2+i`� h(E, V ) �i }MBi2 #B�b �`2 b?QrM BM 6B;X 8X8X *m`@

`2Mi Bb Q#i�BM2/ #v BMi2;`�iBM; i`�MbKBbbBQM +Q2{+B2Mib BM i?2 #B�b rBM/Qr −V/2 ≤

E ≤ +V/2- /2MQi2/ #v p2`iB+�H ;`22M /�b?2/ HBM2bX 6B;m`2 8X8U�V T`2b2Mib i?�i 7Q`

6B;m`2 8X8, 1M2`;v@`2bQHp2/ i`�MbKBbbBQM bT2+i`� Q7 i?2 bvbi2K mM/2` /Bz2`2Mi #B�b
oX U�V o 4 jy KoX U#V o 4 ey KoX U+V o 4 Ny KoX h?2 #B�b rBM/Qr Bb /2MQi2/ #v
i?2 irQ ;`22M /�b?2/ HBM2bX



8XjX amKK�`v NR

jy Ko #B�b- i?2 #B�b rBM/Qr M2�`Hv HQ+�i2b BM i?2 i`�MbKBbbBQM ;�T 7Q` K�DQ`Biv@

bTBM bi�i2b- `2bmHiBM; BM � /QKBM�Mi KBMQ`Biv@bTBM +m``2Mi �M/ � M2�`Hv RyyW aA1- �b

b?QrM BM 6B;X 8XjX 6B;m`2 8X8U#V b?Qrb i?�i 7Q` ey Ko #B�b- KBMQ`Biv@bTBM i`�Mb@

KBbbBQM bi`2M;i?2Mb rBi? i?2 BM+`2�bBM; #B�b- r?BH2 K�DQ`Biv@bTBM i`�MbKBbbBQM Bb biBHH

bmTT`2bb2/ #v � i`�MbKBbbBQM ;�TX 6B;m`2 8X8U+V BHHmbi`�i2b i?�i 7Q` i?2 Ny Ko #B�b-

K�DQ`Biv@bTBM i`�MbKBbbBQM T2�F KQp2b BMiQ i?2 #B�b rBM/Qr- +QMb2[m2MiHv- i?2 /B7@

72`2M+2 #2ir22M K�DQ`Biv@bTBM +m``2Mi �M/ KBMQ`Biv@bTBM +m``2Mi M�``Qrb- K�FBM; aA1

/2+HBM2 �b b?QrM BM 6B;X 8XjU#VX h?2 i`�MbKBbbBQM bT2+i`� �;`22 r2HH iQ i?2 bTBM@

`2bQHp2/ A@o +m`p2b- 7m`i?2` 2tTH�BMb i?2 K2+?�MBbKb Q7 ?B;? aA1bX

8Xj amKK�`v

h?2 bTBMi`QMB+b /2pB+2 #�b2/ QM bBHB+2M2 ?�b /2bB`�#H2 �/p�Mi�;2b- bm+? �b i?2 +QM@

i`QHH�#H2 brBi+?BM; QT2`�iBQM BM/m+2/ #v p2`iB+�H 2H2+i`B+ }2H/- i?2 +QKT�iB#BHBiv rBi?

bBHB+QM b2KB+QM/m+iQ` i2+?MQHQ;v- �b r2HH �b i?2 HQM; bTBM /BzmbBQM H2M;i?X AM i?Bb

+?�Ti2`- r2 /2bB;M2/ � bTBM BMD2+iBQM bvbi2K- r?2`2 i?2 62URRRVfbBHB+2M2 bi�+F �+ib �b

� bTBM BMD2+iQ`- �M/ bBHB+2M2 Bb mb2/ iQ #2 i?2 bTBM i`�MbTQ`i +?�MM2HX h?2 KQbi bi�#H2

+QM};m`�iBQM Q7 62URRRVfbBHB+2M2 bi�+F �M/ i?2 2tT2`BK2Mi�H 72�bB#BHBiv Q7 i?Bb /2pB+2

?�p2 #22M 7mHHv +QMbB/2`2/X

q2 7Q+mb QM i?2 T2`7Q`K�M+2 Q7 aA1- r?B+? Bb T`QTQ`iBQM�H iQ i?2 /Bz2`2M+2 #2ir22M

K�DQ`Biv@ �M/ KBMQ`Biv@bTBM +m``2MibX L1:6@.6h +�H+mH�iBQMb `2p2�H i?�i BM � +2`i�BM

`�M;2 Q7 TQbBiBp2 #B�b- i?2 KBMQ`Biv@bTBM +m``2Mi /QKBM�i2b BM i?2 MQM@2[mBHB#`BmK

i`�MbTQ`i- K�FBM; i?2 bvbi2K 2t?B#Bi ?B;? aA1b +HQb2 iQ RyyWX

hQ mM/2`bi�M/ i?2 2ti`�Q`/BM�`v T?2MQK2MQM- i?2 bTBM@`2bQHp2/ #�M/ �M/ /2M@

bBiv Q7 bi�i2b Q7 i?2 62URRRVfbBHB+2M2 bi�+F ?�p2 #22M BMp2biB;�i2/X Ai b?Qrb i?�i i?2

K�DQ`Biv@bTBM bi�i2b �`2 bmTT`2bb2/ �#Qp2 62`KB 2M2`;v- H2�/BM; iQ �M Qp2`r?2HKBM;

KBMQ`Biv@bTBM +m``2Mi mM/2` i?2 TQbBiBp2 #B�bX hQ T`2b2Mi KQ`2 /2i�BHb Q7 i`�MbKBbbBQM



8XjX amKK�`v Nk

+Q2{+B2Mib BM #B�b rBM/Qrb- 2M2`;v@`2bQHp2/ i`�MbKBbbBQM bT2+i`� r2`2 �HbQ bim/B2/X

*QMbB/2`BM; bBHB+2M2 Bb �M B/2�H brBi+?�#H2 i`�MbTQ`i +?�MM2H bmT2`BQ` iQ ;`�T?2M2-

i?Bb T`QTQb�H Q7 bBHB+2M2 /2pB+2 rQmH/ ?2HT iQ /2p2HQT bTBM@61h �M/ Qi?2` bTBM HQ;B+

/2pB+2bX



*?�Ti2` e

amKK�`v �M/ T2`bT2+iBp2b

AM i?Bb i?2bBb- r2 ?�p2 BMp2biB;�i2/ bTBM@/2T2M/2Mi [m�MimK i`�MbTQ`i i?`Qm;? �#

BMBiBQ +�H+mH�iBQMbX hQ /2bB;M ?B;?@T2`7Q`K�M+2 bTBMi`QMB+ /2pB+2b- r2 BMp2biB;�i2/ i?2

imMM2HBM; K�;M2iQ`2bBbi�M+2 2z2+ib BM K�;M2iB+ imMM2H DmM+iBQMb- i?2 bTBM >�HH 2z2+i

BM ?2�pv K2i�Hb �M/ hJ.*b- �b r2HH �b i?2 bTBM BMD2+iBQM 2{+B2M+v BM bBHB+2M2 bvbi2KX

q2 }`biHv /2bB;M2/ i?2 J;P@#�b2/ JhCb rBi? ?2�pv K2i�Hb BM+Hm/BM; h�- q- JQ-

�M/ A`- �M/ i?2Q`2iB+�HHv bim/B2/ i?2 KQ/mH�iBQM QM hJ_ 2z2+ib BM/m+2/ #v >JbX

Ai ?�b #22M 7QmM/ i?�i /Bz2`2Mi >Jb H2�/ iQ /Bp2`b2 i`�MbKBbbBQM +?�MM2H bT2+i`�-

r?B+? �z2+i i?2 bTBM@`2bQHp2/ i`�MbKBbbBQM bT2+i`� �M/ +QM/m+i�M+2 Q7 JhCbX AMi2`@

2biBM;Hv- /m2 iQ i?2 �#b2M+2 Q7 ∆1 #�M/ +`QbbBM; 62`KB 2M2`;v BM JQ K2i�H- i?2 +2M@

i2`2/ K�DQ`Biv@bTBM i`�MbKBbbBQM T2�F /Bb�TT2�`b BM i?2 S* Q7 JQ@JhCX J2�Mr?BH2-

BMi2`7�+B�H `2bQM�Mi bi�i2b T`BK�`BHv +QMi`B#mi2 iQ i?2 KBMQ`Biv@bTBM +QM/m+i�M+2 BM

S*- `2bmHiBM; BM ?B;? hJ_ BM JQ@JhCX JQ`2Qp2`- /m2 iQ i?2 mHi`�HQr +QM/m+i�M+2

BM �S*- q@JhC �M/ A`@JhC �`2 �#H2 iQ T`2b2Mi `2K�`F�#H2 hJ_ 2z2+ibX

hQ `2p2�H >Jb r?B+? �`2 2{+B2Mi 7Q` i?2 aPh brBi+?BM; Q7 JhCb- r2 bim/B2/ a>1

�M/ +�H+mH�i2/ i?2 BMi`BMbB+ bTBM >�HH +QM/m+iBpBiv Q7 JQ �M/ A` K2i�HbX q2 ?�p2 7QmM/

i?�i i?2 a>* Q7 JQ Bb −412 (!/e)S/cm �i 16- �M/ i?2 a>* Q7 A` Bb 9yj (!/e)S/cm �i

16X AMi`B;mBM;Hv- r2 `2�HBx2 i?2 a>* 2M?�M+2K2Mi Q7 A` �HHQvbX 1tTHQBiBM; bm#biBimiBQM

Nj



N9

/QTBM;- �M a>* Q7 R9d8 (!/e)S/cm Bb �+?B2p�#H2 BM A`yXd8�myXk8 �HHQv- Qp2` i?`22 iBK2b

�b H�`;2 �b i?2 a>* Q7 A` K2i�HX qQ`Fb �#Qp2 +H�`B7v i?2 hJ_ �M/ a>1 KQ/mH�iBQMb

BM/m+2/ #v >Jb- �M/ T`QpB/2 ;mB/2HBM2b iQ QTiBKBx2 `2�/BM; �M/ r`BiBM; T2`7Q`K�M+2b

i?`Qm;? b2H2+iBM; >Jb BM JhCbX

.2bTBi2 i?2 ;`2�i T`Q;`2bb BM J;P@#�b2/ JhCb- i?2 KBbK�i+? T`Q#H2K #2ir22M

72``QK�;M2iB+ 2H2+i`Q/2b �M/ imMM2H H�v2` Bb /B{+mHi iQ Qp2`+QK2X �/p�M+2b BM p�M

/2` q��Hb K�i2`B�Hb 2M�#H2 � #QM/@7`22 BMi2;`�iBQM bi`�i2;v rBi?Qmi H�iiB+2 HBKBi�iBQMX

AMbTB`2/ #v i?2 Q#b2`p�iBQM Q7 `QQK@i2KT2`�im`2 72``QK�;M2iBbK BM oa2k ;`QrM QM

JQak- r2 T`QTQb2/ p/q JhCb QM #�bBb Q7 oa2kfJQak ?2i2`QDmM+iBQMX Zm�MimK@r2HH

`2bQM�M+2b BM p/q JhCb �`2 ?B;?HB;?i2/- �M/ pQHi�;2 +QMi`QH ?�b #22M /2KQMbi`�i2/

iQ #2 �M 2z2+iBp2 K2i?Q/ iQ KQ/mH�i2 hJ_ `�iBQ- r?B+? +�M `2�+? mT iQ 39eW �i

`QQK i2KT2`�im`2 �M/ RkddW �i Ryy E i2KT2`�im`2X

q2 Tmi 7Q`r�`/ i?2 +QM+2Ti Q7 aPh p/q JhC- r?B+? Bb 7mHHv +QKTQb2/ Q7 p/q

K�i2`B�Hb �M/ brBi+?2/ #v i?2 aPh BM #QiiQK p/q H�v2`X hQ }M/ Qmi i?2 /2bB`�#H2

p/q K�i2`B�Hb 7Q` aPh brBi+?BM;- r2 bim/B2/ i?2 a>* Q7 ivT2@AA q2vH b2KBK2i�Hb

JQh2k �M/ qh2kX Ai im`Mb Qmi i?�i JQh2k +�M 2t?B#Bi � MQiB+2�#H2 a>* Q7 σz
yx 4

−361 (!/e)S/cm �i 16X h?�MFb iQ i?2 `2/m+2/ bvKK2i`v- 2ti`�Q`/BM�`BHv /Bp2`b2 a>*

�MBbQi`QTB2b ?�p2 #22M 7QmM/ BM JQh2k �M/ qh2kX Ai Bb rQ`i? bi`2bbBM; i?�i /m2 iQ

i?2 ?B;? a>* �M/ HQr 2H2+i`B+�H +QM/m+iBpBiv- H�`;2 bTBM >�HH �M;H2 +�M #2 2tT2+i2/ BM

i?2b2 irQ b2KBK2i�HbX

G�biHv- KQiBp�i2/ #v i?2 /2K�M/ Q7 � k. brBi+?�#H2 /2pB+2 rBi? HQM; bTBM /Bzm@

bBQM H2M;i?- r2 T`QTQb2/ i?2 bTBM BMD2+iBQM bvbi2K rBi? i?2 bBHB+2M2 �b bTBM i`�MbTQ`i

+?�MM2H �M/ i?2 62URRRVfbBHB+2M2 bi�+F �b bTBM BMD2+iQ`X Ai ?�b #22M T`Qp2/ i?�i �i

MQM@2[mBHB#`BmK bi�i2b- i?Bb bTBM BMD2+iBQM bvbi2K +�M 2t?B#Bi ?B;? bTBM BMD2+iBQM 27@

}+B2M+B2b +HQb2 iQ RyyW- Q`B;BM�iBM; 7`QK i?2 mMB[m2 bTBM@`2bQHp2/ /2MbBiv Q7 bi�i2b

Q7 i?2 62URRRVfbBHB+2M2 bi�+FX qQ`Fb �#Qp2 T`2b2Mi i?2 TQi2MiB�H Q7 k. bTBMi`QMB+b



N8

/2pB+2b- �b r2HH �b i?2 M2r +QM+2Tib 7Q` i?2B` 7mim`2 /2p2HQTK2MibX

AM bmKK�`v- BM i?Bb i?2bBb- r2 T`QTQb2 bTBMi`QMB+b /2pB+2b rBi? ?B;? T2`7Q`K�M+2b

i?`Qm;? �# BMBiBQ +�H+mH�iBQMbX Pm` rQ`Fb rQmH/ b?2/ HB;?i QM i?2 K2+?�MBbKb Q7

bTBM@`2bQHp2/ T?2MQK2MQM �b r2HH �b T`QKQi2 i?2 bTBMi`QMB+b �TTHB+�iBQMbX

Pm` 7mim`2 rQ`F rBHH 7Q+mb QM i?2 +QKTmi�iBQM Q7 aPh �M/ i?2 BMp2biB;�iBQM Q7

bTBM /vM�KB+b BM JhCbX q2 BMi2M/ iQ 2ti`�+i i?2 F2v T�`�K2i2`b 7`QK �# BMBiBQ

+�H+mH�iBQMb Q7 i?2 bTBM >�HH 2z2+ib �M/ BMi2`7�+B�H .xv�HQb?BMbFBB@JQ`Bv� BMi2`�+iBQMbX

h?2M r2 rQmH/ #mBH/ i?2 KQ/2H QM 2ti2MbBp2 b+�H2 iQ bBKmH�i2 i?2 `2�H T`Q+2bb Q7 bTBM

/vM�KB+b- �M/ Q#b2`p2 i?2 bTBM T`2+2bbBQM �M/ aPh brBi+?BM;X q2 #2HB2p2 TH2Miv Q7

MQp2H T?2MQK2M� +�M #2 /Bb+Qp2`2/ BM k. bvbi2Kb i?�MFb iQ i?2 mHi`�i?BM H�v2`b �M/

~�i bm`7�+2b Q7 p/q K�i2`B�HbX



_272`2M+2b

(R) aX �X qQH7- .X .X �rb+?�HQK- _X �X "m?`K�M- CX JX .�m;?iQM- aX pQM JQHM�`-

JX GX _QmF2b- �X uX *?i+?2HF�MQp�- �M/ .X JX h`2;2`- ǳaTBMi`QMB+b, � bTBM@

#�b2/ 2H2+i`QMB+b pBbBQM 7Q` i?2 7mim`2Ǵ- a+B2M+2 kN9- R933ĜR9N8 UkyyRVX

(k) AX ʇmiBÉ- CX 6�#B�M- �M/ aX .�b a�`K�- ǳaTBMi`QMB+b, 6mM/�K2Mi�Hb �M/ �TTHB@

+�iBQMbǴ- _2pX JQ/X S?vbX de- jkjĜ9Ry Ukyy9VX

(j) aX h2?`�MB- CX JX aH�m;?i2`- JX .2?2``2`�- "X LX 1M;2H- LX .X _BxxQ- CX a�Hi2`- JX

.m`H�K- _X qX .�p2- CX C�M2bFv- "X "mi+?2`- EX aKBi?- �M/ :X :`vMF2rB+?-

ǳJ�;M2iQ`2bBbiBp2 `�M/QK �++2bb K2KQ`v mbBM; K�;M2iB+ imMM2H DmM+iBQMbǴ-

S`Q+X A111 NR- dyjĜdR9 UkyyjVX

(9) 1X *?2M- .X �T�HFQp- wX .B�Q- �X .`BbFBHH@aKBi?- .X .`mBbi- .X GQiiBb- oX LBFBiBM-

sX h�M;- aX q�iib- aX q�M;- aX �X qQH7- �X qX :?Qb?- CX qX Gm- aX CX SQQM- JX

ai�M- qX >X "miH2`- aX :mTi�- *X EX �X J2r2b- hX J2r2b- �M/ SX "X oBbb+?2`-

ǳ�/p�M+2b �M/ 7mim`2 T`QbT2+ib Q7 bTBM@i`�Mb72` iQ`[m2 `�M/QK �++2bb K2KQ`vǴ-

A111 h`�MbX J�;MX 9e- R3djĜR3d3 UkyRyVX

(8) aX JɃ?H#�m2`- "X "BMx- 6X CQMB2ix- *X S~2B/2`2`- �X _Qb+?- �X L2m#�m2`- _X

:2Q`;BB- �M/ SX "ƺMB- ǳaFv`KBQM H�iiB+2 BM � +?B`�H K�;M2iǴ- a+B2M+2 jkj- NR8Ĝ

NRN UkyyNVX

(e) oX "�Hix- �X J�M+?QM- JX hbQB- hX JQ`Bv�K�- hX PMQ- �M/ uX hb2`FQpMv�F-

ǳ�MiB72``QK�;M2iB+ bTBMi`QMB+bǴ- _2pX JQ/X S?vbX Ny- yR8yy8 UkyR3VX

Ne

https://doi.org/10.1126/science.1065389
https://doi.org/10.1103/RevModPhys.76.323
https://doi.org/10.1109/JPROC.2003.811804
https://doi.org/10.1109/TMAG.2010.2042041
https://doi.org/10.1126/science.1166767
https://doi.org/10.1126/science.1166767
https://doi.org/10.1103/RevModPhys.90.015005
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(d) AX �X a2`;B2MFQ �M/ 1X .�;QiiQ- ǳ_QH2 Q7 i?2 .xv�HQb?BMbFBB@JQ`Bv� BMi2`�+iBQM

BM KmHiB72``QB+ T2`QpbFBi2bǴ- S?vbX _2pX " dj- yN99j9 UkyyeVX

(3) uX GX *?2M- CX :X �M�HviBb- CX@>X *?m- wX EX GBm- aX@EX JQ- sX GX ZB- >X CX w?�M;-

.X >X Gm- sX .�B- wX 6�M;- aX *X w?�M;- AX _X 6Bb?2`- wX >mbb�BM- �M/ wX@sX a?2M-

ǳ1tT2`BK2Mi�H `2�HBx�iBQM Q7 � i?`22@/BK2MbBQM�H iQTQHQ;B+�H BMbmH�iQ`- "Bkh2jǴ-

a+B2M+2 jk8- Rd3ĜR3R UkyyNVX

(N) CX ZB�Q- aX S2M;- uX w?�M;- >X u�M;- �M/ qX w?�Q- ǳ6B`bi@T`BM+BTH2b BMp2biB;�@

iBQM Q7 K�;M2iQ+`vbi�HHBM2 �MBbQi`QTv Qb+BHH�iBQMb BM Co2FeAlfTa ?2i2`Qbi`m+@

im`2bǴ- S?vbX _2pX " Nd- y899ky UkyR3VX

(Ry) CX aBMQp�- aX PX o�H2Mxm2H�- CX qmM/2`HB+?- *X >X "�+F- �M/ hX CmM;rB`i?- ǳaTBM

>�HH 2z2+ibǴ- _2pX JQ/X S?vbX 3d- RkRjĜRkey UkyR8VX

(RR) aX S2M;- .X w?m- CX w?Qm- "X w?�M;- �X *�Q- JX q�M;- qX *�B- EX *�Q- �M/

qX w?�Q- ǳJQ/mH�iBQM Q7 ?2�pv K2i�Hf72``QK�;M2iB+ K2i�H BMi2`7�+2 7Q` ?B;?@

T2`7Q`K�M+2 bTBMi`QMB+ /2pB+2bǴ- �/pX 1H2+i`QMX J�i2`X 8- RNyyRj9 UkyRNVX

(Rk) qX aX w?�Q- hX .2pQH/2`- uX G�Fvb- CX PX EH2BM- *X *?�TT2`i- �M/ SX J�xQv2`-

ǳ.2bB;M +QMbB/2`�iBQMb �M/ bi`�i2;B2b 7Q` ?B;?@`2HB�#H2 ahh@J_�JǴ- JB+`Q@

2H2+i`QMX _2HB�#X 8R- R989ĜR983 UkyRRVX

(Rj) aX "?�iiB- _X a#B��- �X >B`Q?�i�- >X P?MQ- aX 6mF�KB- �M/ aX LX SB`�K�M�v�;�K-

ǳaTBMi`QMB+b #�b2/ `�M/QK �++2bb K2KQ`v, � `2pB2rǴ- J�i2`X hQ/�v ky- 8jyĜ

893 UkyRdVX

(R9) aX *?mM;- hX EBb?B- CX qX S�`F- JX uQb?BF�r�- EX aX S�`F- hX L�;�b2- EX

amMQm+?B- >X E�M�v�- :X *X EBK- EX LQK�- JX aX G22- �X u�K�KQiQ- EX JX

_?Q- EX hbm+?B/�- aX CX *?mM;- CX uX uB- >X aX EBK- uX aX *?mM- >X Pv�K�ibm-

�M/ aX CX >QM;- ǳ9:#Bi /2MbBiv ahh@J_�J mbBM; T2`T2M/B+mH�` JhC `2�HBx2/

https://doi.org/10.1103/PhysRevB.73.094434
https://doi.org/10.1126/science.1173034
https://doi.org/10.1103/PhysRevB.97.054420
https://doi.org/10.1103/RevModPhys.87.1213
https://doi.org/10.1002/aelm.201900134
https://doi.org/10.1016/j.microrel.2011.07.001
https://doi.org/10.1016/j.microrel.2011.07.001
https://doi.org/10.1016/j.mattod.2017.07.007
https://doi.org/10.1016/j.mattod.2017.07.007
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rBi? +QKT�+i +2HH bi`m+im`2Ǵ- BM kyRe A111 AMiX 1H2+i`QM .2pB+2b J22iX UA1.JV

U.2+X kyReV- TTX kdXRXRĜkdXRX9X

(R8) CX w?m- ǳJ�;M2iQ`2bBbiBp2 `�M/QK �++2bb K2KQ`v, h?2 T�i? iQ +QKT2iBiBp2M2bb

�M/ b+�H�#BHBivǴ- S`Q+X A111 Ne- Rd3eĜRdN3 Ukyy3VX

(Re) .X �T�HFQp- "X .B2Mv- �M/ CX JX aH�m;?i2`- ǳJ�;M2iQ`2bBbiBp2 `�M/QK �++2bb

K2KQ`vǴ- S`Q+X A111 Ry9- RdNeĜR3jy UkyReVX

(Rd) wX q�M;- JX a�BiQ- EX SX J+E2MM�- aX 6mF�KB- >X a�iQ- aX AF2/�- >X P?MQ-

�M/ uX AFm?�`�- ǳ�iQKB+@b+�H2 bi`m+im`2 �M/ HQ+�H +?2KBbi`v Q7 *Q62"ĜJ;P

K�;M2iB+ imMM2H DmM+iBQMbǴ- L�MQ G2iiX Re- R8jyĜR8je UkyReVX

(R3) "X :X S�`F- CX qmM/2`HB+?- sX J�`iø�- oX >QHɷ- uX Em`Qb�FB- JX u�K�/�- >X

u�K�KQiQ- �X LBb?B/2- CX >�v�F�r�- >X h�F�?�b?B- �X "X a?B+F- �M/ hX CmM;@

rB`i?- ǳ� bTBM@p�Hp2@HBF2 K�;M2iQ`2bBbi�M+2 Q7 �M �MiB72``QK�;M2i@#�b2/ imMM2H

DmM+iBQMǴ- L�iX J�i2`X Ry- j9dĜj8R UkyRRVX

(RN) >X a�iQ- JX u�K�MQm+?B- aX AF2/�- aX 6mF�KB- 6X J�ibmFm`�- �M/ >X P?MQ-

ǳJ;Pf*Q62"fh�f*Q62"fJ;P `2+Q`/BM; bi`m+im`2 BM K�;M2iB+ imMM2H DmM+@

iBQMb rBi? T2`T2M/B+mH�` 2�bv �tBbǴ- A111 h`�MbX J�;MX 9N- 99jdĜ999y UkyRjVX

(ky) hX LQx�FB- LX h2xmF�- �M/ EX AMQK�i�- ǳZm�MimK Qb+BHH�iBQM Q7 i?2 imMM2HBM;

+QM/m+i�M+2 BM 7mHHv 2TBi�tB�H /Qm#H2 #�``B2` K�;M2iB+ imMM2H DmM+iBQMbǴ- S?vbX

_2pX G2iiX Ne- ykdky3 UkyyeVX

(kR) wX q�M;- qX w?�Q- 1X .2M;- CX@PX EH2BM- �M/ *X *?�TT2`i- ǳS2`T2M/B+mH�`@

�MBbQi`QTv K�;M2iB+ imMM2H DmM+iBQM brBi+?2/ #v bTBM@>�HH@�bbBbi2/ bTBM@i`�Mb72`

iQ`[m2Ǵ- CX S?vbX ., �TTHX S?vbX 93- ye8yyR UkyR8VX

(kk) "X .B2Mv- _X *X aQmb�- CX >2`�mHi- *X S�TmbQB- :X S`2M�i- lX 1#2Hb- .X >Qmb@

b�K2//BM2- "X _Q/K�+[- aX �mz`2i- �M/ GX .X "X S`2D#2�Mm- ǳaTBM@i`�Mb72`

2z2+i �M/ Bib mb2 BM bTBMi`QMB+ +QKTQM2MibǴ- AMiX CX L�MQi2+?MQHX d- 8NR UkyRyVX

https://doi.org/10.1109/IEDM.2016.7838490
https://doi.org/10.1109/JPROC.2008.2004313
https://doi.org/10.1109/JPROC.2016.2590142
https://doi.org/10.1021/acs.nanolett.5b03627
https://doi.org/10.1038/nmat2983
https://doi.org/10.1109/TMAG.2013.2251326
https://doi.org/10.1103/PhysRevLett.96.027208
https://doi.org/10.1103/PhysRevLett.96.027208
https://doi.org/10.1088/0022-3727/48/6/065001
https://doi.org/10.1504/IJNT.2010.031735
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(kj) EX C�#2m`- :X .X S2M/BM�- :X S`2M�i- GX .X "m/�@S`2D#2�Mm- �M/ "X .B2Mv-

ǳ*QKT�+i KQ/2HBM; Q7 � K�;M2iB+ imMM2H DmM+iBQM #�b2/ QM bTBM Q`#Bi iQ`[m2Ǵ-

A111 h`�MbX J�;MX 8y- RĜ3 UkyR9VX

(k9) JX CmHHB2`2- ǳhmMM2HBM; #2ir22M 72``QK�;M2iB+ }HKbǴ- S?vbX G2iiX � 89- kk8Ĝ

kke URNd8VX

(k8) hX JBv�x�FB �M/ LX h2xmF�- ǳ:B�Mi K�;M2iB+ imMM2HBM; 2z2+i BM 62f�HkPjf62

DmM+iBQMǴ- CX J�;MX J�;MX J�i2`X RjN- GkjRĜGkj9 URNN8VX

(ke) CX aX JQQ/2`�- GX _X EBM/2`- hX JX qQM;- �M/ _X J2b2`p2v- ǳG�`;2 K�;M2@

iQ`2bBbi�M+2 �i `QQK i2KT2`�im`2 BM 72``QK�;M2iB+ i?BM }HK imMM2H DmM+iBQMbǴ-

S?vbX _2pX G2iiX d9- jkdjĜjkde URNN8VX

(kd) .X q�M;- *X LQ`/K�M- CX JX .�m;?iQM- wX ZB�M- �M/ CX 6BMF- ǳdyW hJ_ �i

`QQK i2KT2`�im`2 7Q` a.h b�M/rB+? DmM+iBQMb rBi? *Q62" �b 7`22 �M/ `272`2M+2

G�v2`bǴ- A111 h`�MbX J�;MX 9y- kkeNĜkkdR Ukyy9VX

(k3) JX h�M�F� �M/ uX >B;Q- ǳG�`;2 imMM2HBM; K�;M2iQ`2bBbi�M+2 BM :�JM�b /�H�b

/:�JM�b 72``QK�;M2iB+ b2KB+QM/m+iQ` imMM2H DmM+iBQMbǴ- S?vbX _2pX G2iiX 3d-

ykeeyk UkyyRVX

(kN) JX :mi?- �X .BMB�- :X a+?K2`#2`- �M/ >X �X JX p�M /2M "2`;- ǳhmMM2H K�;@

M2iQ`2bBbi�M+2 BM K�;M2iB+ imMM2H DmM+iBQMb rBi? � wMa #�``B2`Ǵ- �TTHX S?vbX

G2iiX d3- j93dĜj93N UkyyRVX

(jy) qX >X "miH2`- sX@:X w?�M;- aX omimFm`B- JX *?b?B2p- �M/ hX *X a+?mHi?2bb-

ǳh?2Q`v Q7 imMM2HBM; K�;M2iQ`2bBbi�M+2 7Q` 2TBi�tB�H bvbi2KbǴ- A111 h`�MbX

J�;MX 9R- ke98Ĝke93 Ukyy8VX

(jR) qX >X "miH2`- sX@:X w?�M;- hX *X a+?mHi?2bb- �M/ CX JX J�+G�`2M- ǳaTBM@

/2T2M/2Mi imMM2HBM; +QM/m+i�M+2 Q7 Fe|MgO|Fe b�M/rB+?2bǴ- S?vbX _2pX " ej-

y899Re UkyyRVX

https://doi.org/10.1109/TMAG.2014.2305695
https://doi.org/10.1016/0375-9601(75)90174-7
https://doi.org/10.1016/0375-9601(75)90174-7
https://doi.org/10.1016/0304-8853(95)90001-2
https://doi.org/10.1103/PhysRevLett.74.3273
https://doi.org/10.1109/TMAG.2004.830219
https://doi.org/10.1103/PhysRevLett.87.026602
https://doi.org/10.1103/PhysRevLett.87.026602
https://doi.org/10.1063/1.1372206
https://doi.org/10.1063/1.1372206
https://doi.org/10.1109/TMAG.2005.854763
https://doi.org/10.1109/TMAG.2005.854763
https://doi.org/10.1103/PhysRevB.63.054416
https://doi.org/10.1103/PhysRevB.63.054416


_272`2M+2b Ryy

(jk) CX J�i?QM �M/ �X lK2`bFB- ǳh?2Q`v Q7 imMM2HBM; K�;M2iQ`2bBbi�M+2 Q7 �M 2TB@

i�tB�H 62fJ;Pf62UyyRV DmM+iBQMǴ- S?vbX _2pX " ej- kky9yj UkyyRVX

(jj) aX um�b�- ǳ:B�Mi imMM2HBM; K�;M2iQ`2bBbi�M+2 BM J;P@#�b2/ K�;M2iB+ imMM2H

DmM+iBQMbǴ- CX S?vbX aQ+X CTMX dd- yjRyyR Ukyy3VX

(j9) .X q�H/`QM- oX hBKQb?2pbFBB- uX >m- EX sB�- �M/ >X :mQ- ǳ6B`bi T`BM+BTH2b

KQ/2HBM; Q7 imMM2H K�;M2iQ`2bBbi�M+2 Q7 62fJ;Pf62 i`BH�v2`bǴ- S?vbX _2pX G2iiX

Nd- kke3yk UkyyeVX

(j8) uX E2- EX sB�- �M/ >X :mQ- ǳPtv;2M@p�+�M+v@BM/m+2/ /BzmbBp2 b+�ii2`BM; BM

62fJ;Pf62 K�;M2iB+ imMM2H DmM+iBQMbǴ- S?vbX _2pX G2iiX Ry8- kje3yR UkyRyVX

(je) aX@wX q�M;- EX sB�- �M/ :X 1X qX "�m2`- ǳh?2`KQ2H2+i`B+Biv �M/ /BbQ`/2` Q7

62*QfJ;Pf62*Q K�;M2iB+ imMM2H DmM+iBQMbǴ- S?vbX _2pX " Ny- kk99ye UkyR9VX

(jd) aX um�b�- hX L�;�?�K�- �X 6mFmb?BK�- uX amxmFB- �M/ EX �M/Q- ǳ:B�Mi `QQK@

i2KT2`�im`2 K�;M2iQ`2bBbi�M+2 BM bBM;H2@+`vbi�H 62fJ;Pf62 K�;M2iB+ imMM2H

DmM+iBQMbǴ- L�iX J�i2`X j- 3e3 Ukyy9VX

(j3) aX aX SX S�`FBM- *X E�Bb2`- �X S�M+?mH�- SX JX _B+2- "X >m;?2b- JX a�K�Mi-

�M/ aX@>X u�M;- ǳ:B�Mi imMM2HHBM; K�;M2iQ`2bBbi�M+2 �i `QQK i2KT2`�im`2 rBi?

J;P URyyV imMM2H #�``B2`bǴ- L�iX J�i2`X j- 3ekĜ3ed Ukyy9VX

(jN) uX JX G22- CX >�v�F�r�- aX AF2/�- 6X J�ibmFm`�- �M/ >X P?MQ- ǳ1z2+i Q7 2H2+@

i`Q/2 +QKTQbBiBQM QM i?2 imMM2H K�;M2iQ`2bBbi�M+2 Q7 Tb2m/Q@bTBM@p�Hp2 K�;@

M2iB+ imMM2H DmM+iBQM rBi? � J;P imMM2H #�``B2`Ǵ- �TTHX S?vbX G2iiX Ny- kRk8yd

UkyydVX

(9y) aX AF2/�- CX >�v�F�r�- uX �b?Bx�r�- uX JX G22- EX JBm`�- >X >�b2;�r�- JX

hbmMQ/�- 6X J�ibmFm`�- �M/ >X P?MQ- ǳhmMM2H K�;M2iQ`2bBbi�M+2 Q7 ey9W �i

jyyE #v bmTT`2bbBQM Q7 h� /BzmbBQM BM *Q62"fJ;Pf*Q62" Tb2m/Q@bTBM@p�Hp2b

�MM2�H2/ �i ?B;? i2KT2`�im`2Ǵ- �TTHX S?vbX G2iiX Nj- y3k8y3 Ukyy3VX

https://doi.org/10.1103/PhysRevB.63.220403
https://doi.org/10.1143/JPSJ.77.031001
https://doi.org/10.1103/PhysRevLett.97.226802
https://doi.org/10.1103/PhysRevLett.97.226802
https://doi.org/10.1103/PhysRevLett.105.236801
https://doi.org/10.1103/PhysRevB.90.224406
https://doi.org/10.1038/nmat1257
https://doi.org/10.1038/nmat1256
https://doi.org/10.1063/1.2742576
https://doi.org/10.1063/1.2742576
https://doi.org/10.1063/1.2976435


_272`2M+2b RyR

(9R) *X "m``Qr2b- LX o2`MB2`- CX@SX �/�K- GX >2``2`� .B2x- EX :�`+B�- AX "�`BbB+- :X

�;Mmb- aX 1BK2`- CX@oX EBK- hX .2pQH/2`- �X G�KT2`iB- _X J�MiQp�M- "X P+F2`i-

1X 1X 6mHH2`iQM- �M/ .X _�p2HQbQM�- ǳGQr /2TBMMBM; }2H/b BM h�@*Q62"@J;P

mHi`�i?BM }HKb rBi? T2`T2M/B+mH�` K�;M2iB+ �MBbQi`QTvǴ- �TTHX S?vbX G2iiX Ryj-

R3k9yR UkyRjVX

(9k) "X .B2Mv �M/ JX *?b?B2p- ǳS2`T2M/B+mH�` K�;M2iB+ �MBbQi`QTv �i i`�MbBiBQM

K2i�HfQtB/2 BMi2`7�+2b �M/ �TTHB+�iBQMbǴ- _2pX JQ/X S?vbX 3N- yk8yy3 UkyRdVX

(9j) aX AF2/�- EX JBm`�- >X u�K�KQiQ- EX JBxmMmK�- >X .X :�M- JX 1M/Q- aX

E�M�B- CX >�v�F�r�- 6X J�ibmFm`�- �M/ >X P?MQ- ǳ� T2`T2M/B+mH�`@�MBbQi`QTv

*Q62"ĜJ;P K�;M2iB+ imMM2H DmM+iBQMǴ- L�iX J�i2`X N- dkR UkyRyVX

(99) JX@aX C2QM- EX@aX *?�2- .X@uX G22- uX h�F2Km`�- aX@1X G22- hX@>X a?BK- �M/

CX@:X S�`F- ǳh?2 /2T2M/2M+v Q7 imMM2H K�;M2iQ`2bBbi�M+2 `�iBQ QM M�MQb+�H2

i?B+FM2bb2b Q7 *Qk62e"k 7`22 �M/ TBMM2/ H�v2`b 7Q` *Qk62e"kfJ;P@#�b2/

T2`T2M/B+mH�`@K�;M2iB+@imMM2H@DmM+iBQMbǴ- L�MQb+�H2 d- 3R9kĜ3R93 UkyR8VX

(98) >X .X :�M- >X a�iQ- JX u�K�MQm+?B- aX AF2/�- EX JBm`�- _X EQBxmKB- 6X J�i@

bmFm`�- �M/ >X P?MQ- ǳP`B;BM Q7 i?2 +QHH�Tb2 Q7 imMM2H K�;M2iQ`2bBbi�M+2 �i ?B;?

�MM2�HBM; i2KT2`�im`2 BM *Q62"fJ;P T2`T2M/B+mH�` K�;M2iB+ imMM2H DmM+@

iBQMbǴ- �TTHX S?vbX G2iiX NN- k8k8yd UkyRRVX

(9e) >X �HK�bB- *X GX amM- sX GB- hX L2r?Qmb2@AHHB;2- *X "B- EX *X S`B+2- aX L�?�`-

*X :`2x2b- ZX >m- SX E?�HBHB �KB`B- EX GX q�M;- SX JX oQvH2b- �M/ qX :X q�M;-

ǳS2`T2M/B+mH�` K�;M2iB+ imMM2H DmM+iBQM rBi? q b22/ �M/ +�TTBM; H�v2`bǴ- CX

�TTHX S?vbX RkR- R8jNyk UkyRdVX

(9d) EX q�i�M�#2- aX 6mF�KB- >X a�iQ- aX AF2/�- 6X J�ibmFm`�- �M/ >X P?MQ- ǳ�M@

M2�HBM; i2KT2`�im`2 /2T2M/2M+2 Q7 K�;M2iB+ T`QT2`iB2b Q7 *Q62"fJ;P bi�+Fb

QM /Bz2`2Mi #mz2` H�v2`bǴ- CTMX CX �TTHX S?vbX 8e- y3yk"k UkyRdVX

https://doi.org/10.1063/1.4826439
https://doi.org/10.1063/1.4826439
https://doi.org/10.1103/RevModPhys.89.025008
https://doi.org/10.1038/nmat2804
https://doi.org/10.1039/C5NR01140J
https://doi.org/10.1063/1.3671669
https://doi.org/10.1063/1.4981878
https://doi.org/10.1063/1.4981878
https://doi.org/10.7567/JJAP.56.0802B2
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(93) hX GBm- uX w?�M;- CX qX *�B- �M/ >X uX S�M- ǳh?2`K�HHv `Q#mbi JQf*Q62"fJ;P

i`BH�v2`b rBi? bi`QM; T2`T2M/B+mH�` K�;M2iB+ �MBbQi`QTvǴ- a+BX _2TX 9- 83N8

UkyR9VX

(9N) >X �HK�bB- .X _X >B+F2v- hX L2r?Qmb2@AHHB;2- JX sm- JX _X _Qb�H2b- aX L�?�`-

CX hX >2H/- EX �X JF?Qv�M- �M/ qX :X q�M;- ǳ1M?�M+2/ imMM2HBM; K�;M2iQ`2@

bBbi�M+2 �M/ T2`T2M/B+mH�` K�;M2iB+ �MBbQi`QTv BM JQf*Q62"fJ;P K�;M2iB+

imMM2H DmM+iBQMbǴ- �TTHX S?vbX G2iiX Rye- R3k9ye UkyR8VX

(8y) >X �HK�bB- JX sm- uX sm- hX L2r?Qmb2@AHHB;2- �M/qX :X q�M;- ǳ1z2+i Q7 JQ BM@

b2`iBQM H�v2`b QM i?2 K�;M2iQ`2bBbi�M+2 �M/ T2`T2M/B+mH�` K�;M2iB+ �MBbQi`QTv

BM h�f*Q62"fJ;P DmM+iBQMbǴ- �TTHX S?vbX G2iiX RyN- yjk9yR UkyReVX

(8R) aX@1X G22- uX h�F2Km`�- �M/ CX@:X S�`F- ǳ1z2+i Q7 /Qm#H2 J;P imMM2HBM; #�``B2`

QM i?2`K�H bi�#BHBiv �M/ hJ_ `�iBQ 7Q` T2`T2M/B+mH�` JhC bTBM@p�Hp2 rBi?

imM;bi2M H�v2`bǴ- �TTHX S?vbX G2iiX RyN- R3k9y8 UkyReVX

(8k) JX q�M;- qX *�B- EX *�Q- CX w?Qm- CX q`QM�- aX S2M;- >X u�M;- CX q2B- qX

E�M;- uX w?�M;- CX G�M;2`- "X P+F2`- �X 62`i- �M/ qX w?�Q- ǳ*m``2Mi@BM/m+2/

K�;M2iBx�iBQM brBi+?BM; BM �iQK@i?B+F imM;bi2M 2M;BM22`2/ T2`T2M/B+mH�` K�;@

M2iB+ imMM2H DmM+iBQMb rBi? H�`;2 imMM2H K�;M2iQ`2bBbi�M+2Ǵ- L�iX *QKKmMX N-

edR UkyR3VX

(8j) JX@uX GB- aX@EX am- >X@aX SX qQM;- �M/ GX@CX GB- ǳ>Qr k. b2KB+QM/m+iQ`b +QmH/

2ti2M/ JQQ`2Ƕb H�rǴ- L�im`2 8ed- ReN UkyRNVX

(89) uX GBm- uX >m�M;- �M/ sX .m�M- ǳo�M /2` q��Hb BMi2;`�iBQM #27Q`2 �M/ #2vQM/

irQ@/BK2MbBQM�H K�i2`B�HbǴ- L�im`2 8ed- jkj UkyRNVX

(88) sX GBM- qX u�M;- EX GX q�M;- �M/ qX w?�Q- ǳhrQ@/BK2MbBQM�H bTBMi`QMB+b 7Q`

HQr@TQr2` 2H2+i`QMB+bǴ- L�iX 1H2+i`QMX k- kd9Ĝk3j UkyRNVX

https://doi.org/10.1038/srep05895
https://doi.org/10.1038/srep05895
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https://doi.org/10.1038/d41586-019-00793-8
https://doi.org/10.1038/s41586-019-1013-x
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(8e) *X :QM;- GX GB- wX GB- >X CB- �X ai2`M- uX sB�- hX *�Q- qX "�Q- *X q�M;- uX

q�M;- wX ZX ZBm- _X CX *�p�- aX :X GQmB2- CX sB�- �M/ sX w?�M;- ǳ.Bb+Qp2`v

Q7 BMi`BMbB+ 72``QK�;M2iBbK BM irQ@/BK2MbBQM�H p�M /2` q��Hb +`vbi�HbǴ- L�im`2

89e- ke8 UkyRdVX

(8d) "X >m�M;- :X *H�`F- 1X L�p�``Q@JQ`�i�HH�- .X _X EH2BM- _X *?2M;- EX GX a2vH2`-

.X w?QM;- 1X a+?KB/;�HH- JX �X J+:mB`2- .X >X *Q#/2M- qX u�Q- .X sB�Q-

SX C�`BHHQ@>2``2`Q- �M/ sX sm- ǳG�v2`@/2T2M/2Mi 72``QK�;M2iBbK BM � p�M /2`

q��Hb +`vbi�H /QrM iQ i?2 KQMQH�v2` HBKBiǴ- L�im`2 89e- kdy UkyRdVX

(83) uX .2M;- uX um- uX aQM;- CX w?�M;- LX wX q�M;- wX amM- uX uB- uX wX qm- aX qm-

CX w?m- CX q�M;- sX >X *?2M- �M/ uX w?�M;- ǳ:�i2@imM�#H2 `QQK@i2KT2`�im`2

72``QK�;M2iBbK BM irQ@/BK2MbBQM�H 62j:2h2kǴ- L�im`2 8ej- N9 UkyR3VX

(8N) JX "QMBHH�- aX EQH2F�`- uX J�- >X *X .B�x- oX E�H�TT�iiBH- _X .�b- hX 1;;2`b-

>X _X :miB2``2x- JX@>X S?�M- �M/ JX "�ixBHH- ǳai`QM; `QQK@i2KT2`�im`2 72``Q@

K�;M2iBbK BM oa2k KQMQH�v2`b QM p�M /2` q��Hb bm#bi`�i2bǴ- L�iX L�MQi2+?MQHX

Rj- k3N UkyR3VX

(ey) *X *�`/QbQ- .X aQ`B�MQ- LX �X :�`+ø��@J�`iø�M2x- �M/ CX 62`M�M/2x@_QbbB2`- ǳo�M

/2` q��Hb bTBM p�Hp2bǴ- S?vbX _2pX G2iiX RkR- yeddyR UkyR3VX

(eR) >X >X EBK- "X u�M;- hX S�i2H- 6X a};�FBb- *X GB- aX hB�M- >X G2B- �M/ �X qX

hb2M- ǳPM2 KBHHBQM T2`+2Mi imMM2H K�;M2iQ`2bBbi�M+2 BM � K�;M2iB+ p�M /2`

q��Hb ?2i2`Qbi`m+im`2Ǵ- L�MQ G2iiX R3- 9338Ĝ93Ny UkyR3VX

(ek) hX aQM;- JX qX@uX hm- *X *�`M�?�M- sX *�B- hX h�MB;m+?B- EX q�i�M�#2- JX �X

J+:mB`2- .X >X *Q#/2M- .X sB�Q- qX u�Q- �M/ sX sm- ǳoQHi�;2 +QMi`QH Q7 �

p�M /2` q��Hb bTBM@}Hi2` K�;M2iB+ imMM2H DmM+iBQMǴ- L�MQ G2iiX RN- NR8ĜNky

UkyRNVX

https://doi.org/10.1038/nature22060
https://doi.org/10.1038/nature22060
https://doi.org/10.1038/nature22391
https://doi.org/10.1038/s41586-018-0626-9
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https://doi.org/10.1038/s41565-018-0063-9
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https://doi.org/10.1021/acs.nanolett.8b01552
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(ej) .X _X EH2BM- .X J�+L2BHH- CX GX G�/Q- .X aQ`B�MQ- 1X L�p�``Q@JQ`�i�HH�- EX

q�i�M�#2- hX h�MB;m+?B- aX J�MMB- SX *�M}2H/- CX 62`M�M/2x@_QbbB2`- �M/ SX

C�`BHHQ@>2``2`Q- ǳS`Q#BM; K�;M2iBbK BM k. p�M /2` q��Hb +`vbi�HHBM2 BMbmH�iQ`b

pB� 2H2+i`QM imMM2HBM;Ǵ- a+B2M+2 jey- RkR3ĜRkkk UkyR3VX

(e9) wX q�M;- .X a�TFQi�- hX h�MB;m+?B- EX q�i�M�#2- .X J�M/`mb- �M/ �X 6X

JQ`Tm`;Q- ǳhmMM2HBM; bTBM p�Hp2b #�b2/ QM Fe3:2Te2f?"LfFe3:2Te2 p�M /2`

q��Hb ?2i2`Qbi`m+im`2bǴ- L�MQ G2iiX R3- 9jyjĜ9jy3 UkyR3VX

(e8) hX aQM;- sX *�B- JX qX@uX hm- sX w?�M;- "X >m�M;- LX SX qBHbQM- EX GX a2vH2`-

GX w?m- hX h�MB;m+?B- EX q�i�M�#2- JX �X J+:mB`2- .X >X *Q#/2M- .X sB�Q-

qX u�Q- �M/ sX sm- ǳ:B�Mi imMM2HBM; K�;M2iQ`2bBbi�M+2 BM bTBM@}Hi2` p�M /2`

q��Hb ?2i2`Qbi`m+im`2bǴ- a+B2M+2 jey- RkR9ĜRkR3 UkyR3VX

(ee) qX aX w?�Q- uX w?�M;- hX .2pQH/2`- CX PX EH2BM- .X _�p2HQbQM�- *X *?�TT2`i-

�M/ SX J�xQv2`- ǳ6�BHm`2 �M/ `2HB�#BHBiv �M�HvbBb Q7 ahh@J_�JǴ- JB+`Q2H2+@

i`QMX _2HB�#X 8k- R393ĜR38k UkyRkVX

(ed) qX w?�Q- sX w?�Q- "X w?�M;- EX *�Q- GX q�M;- qX E�M;- ZX a?B- JX q�M;- uX

w?�M;- uX q�M;- aX S2M;- CX@PX EH2BM- GX �X .2 "�``Qb L�pBM2`- �M/ .X _�p@

2HQbQM�- ǳ6�BHm`2 �M�HvbBb BM K�;M2iB+ imMM2H DmM+iBQM M�MQTBHH�` rBi? BMi2`7�+B�H

T2`T2M/B+mH�` K�;M2iB+ �MBbQi`QTvǴ- J�i2`B�Hb N- 9R UkyReVX

(e3) JX E`QmM#B- oX LBFBiBM- .X �T�HFQp- CX G22- sX h�M;- _X "2�+?- .X 1`B+FbQM- �M/

1X *?2M- ǳai�imb �M/ +?�HH2M;2b BM bTBM@i`�Mb72` iQ`[m2 J_�J i2+?MQHQ;vǴ-

1*a h`�MbX eN- RRNĜRke UkyR8VX

(eN) :X S`2M�i- EX C�#2m`- :X .B S2M/BM�- PX "QmHH2- �M/ :X :�m/BM- ǳ"2vQM/ ahh@

J_�J- bTBM Q`#Bi iQ`[m2 _�J aPh@J_�J 7Q` ?B;? bT22/ �M/ ?B;? `2HB�#BHBiv

�TTHB+�iBQMbǴ- aT`BM;2`GBMF- R98ĜR8d UkyR8VX

https://doi.org/10.1126/science.aar3617
https://doi.org/10.1021/acs.nanolett.8b01278
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https://doi.org/10.1016/j.microrel.2012.06.035
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(dy) AX JX JB`QM- EX :�`2HHQ- :X :�m/BM- SX@CX w2`K�ii2M- JX oX *Qbi�+?2- aX �m7@

7`2i- aX "�M/B2`�- "X _Q/K�+[- �X a+?m?H- �M/ SX :�K#�`/2HH�- ǳS2`T2M/B+mH�`

brBi+?BM; Q7 � bBM;H2 72``QK�;M2iB+ H�v2` BM/m+2/ #v BM@TH�M2 +m``2Mi BMD2+iBQMǴ-

L�im`2 9de- R3NĜRNj UkyRRVX

(dR) GX GBm- *X@6X S�B- uX GB- >X qX hb2M;- .X *X _�HT?- �M/ _X �X "m?`K�M- ǳaTBM@

iQ`[m2 brBi+?BM; rBi? i?2 ;B�Mi bTBM >�HH 2z2+i Q7 i�Mi�HmKǴ- a+B2M+2 jje- 888Ĝ

883 UkyRkVX

(dk) JX *m#mF+m- PX "QmHH2- JX .`Qm�`/- EX :�`2HHQ- *X PMm` �p+B- AX JB?�B JB`QM-

CX G�M;2`- "X P+F2`- SX :�K#�`/2HH�- �M/ :X :�m/BM- ǳaTBM@Q`#Bi iQ`[m2 K�;M2@

iBx�iBQM brBi+?BM; Q7 � i?`22@i2`KBM�H T2`T2M/B+mH�` K�;M2iB+ imMM2H DmM+iBQMǴ-

�TTHX S?vbX G2iiX Ry9- y9k9ye UkyR9VX

(dj) CX EBK- "X hmQ?v- *X J�- qX >X *?QB- AX �?K2/- .X GBHD�- �M/ *X >X EBK-

ǳaTBM@>�HH 2z2+i J_�J #�b2/ +�+?2 K2KQ`v, � 72�bB#BHBiv bim/vǴ- BM kyR8

dj`/ �MMm�H .2pB+2 _2b2�`+? *QM72`2M+2 U._*V UCmM2 kyR8V- TTX RRdĜRR3X

(d9) �X p�M /2M "`BMF- aX *Qb2K�Mb- aX *Q`M2HBbb2M- JX J�M7`BMB- �X o�vbb2i- qX

o�M _Qv- hX JBM- >X CX JX ar�;i2M- �M/ "X EQQTK�Mb- ǳaTBM@>�HH@�bbBbi2/

K�;M2iB+ `�M/QK �++2bb K2KQ`vǴ- �TTHX S?vbX G2iiX Ry9- yRk9yj UkyR9VX

(d8) *X EX a�722`- 1X Cmû- �X GQT2x- GX "m/�@S`2D#2�Mm- aX �mz`2i- aX SBxxBMB- PX

"QmHH2- AX JX JB`QM- �M/ :X :�m/BM- ǳaTBMĜQ`#Bi iQ`[m2 K�;M2iBx�iBQM brBi+?BM;

+QMi`QHH2/ #v ;2QK2i`vǴ- L�iX L�MQi2+?MQHX RR- R9jĜR9e UkyR8VX

(de) JX *m#mF+m- PX "QmHH2- LX JBFmbx2Bi- *X >�K2HBM- hX "` +?2`- LX G�K�`/- JX

*v`BHH2- GX "m/�@S`2D#2�Mm- EX :�`2HHQ- AX JX JB`QM- PX EH2BM- :X /2 GQm#2Mb-

oX oX L�H2iQp- CX G�M;2`- "X P+F2`- SX :�K#�`/2HH�- �M/ :X :�m/BM- ǳlHi`�@7�bi

T2`T2M/B+mH�` bTBM@Q`#Bi iQ`[m2 J_�JǴ- A111 h`�MbX J�;MX 89- RĜ9 UkyR3VX

https://doi.org/10.1038/nature10309
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(dd) GX GBm- hX JQ`Bv�K�- .X *X _�HT?- �M/ _X �X "m?`K�M- ǳaTBM@iQ`[m2 72``QK�;@

M2iB+ `2bQM�M+2 BM/m+2/ #v i?2 bTBM >�HH 2z2+iǴ- S?vbX _2pX G2iiX Rye- yjeeyR

UkyRRVX

(d3) *X@6X S�B- JX@>X L;mv2M- *X "2HpBM- GX >X oBH2H�@G2½Q- .X *X _�HT?- �M/ _X �X

"m?`K�M- ǳ1M?�M+2K2Mi Q7 T2`T2M/B+mH�` K�;M2iB+ �MBbQi`QTv �M/ i`�MbKBb@

bBQM Q7 bTBM@>�HH@2z2+i@BM/m+2/ bTBM +m``2Mib #v � >7 bT�+2` H�v2` BMqf>7f*Q62"

fJ;P H�v2` bi`m+im`2bǴ- �TTHX S?vbX G2iiX Ry9- y3k9yd UkyR9VX

(dN) CX aBMQp� �M/ hX CmM;rB`i?- ǳam`T`Bb2b 7`QK i?2 bTBM >�HH 2z2+iǴ- S?vbX hQ/�v

dy- j3 UkyRdVX

(3y) LX L�;�Qb�- CX aBMQp�- aX PMQ/�- �X >X J�+.QM�H/- �M/ LX SX PM;- ǳ�MQK�HQmb

>�HH 2z2+iǴ- _2pX JQ/X S?vbX 3k- R8jNĜR8Nk UkyRyVX

(3R) CX ZB�Q- CX w?Qm- wX um�M- �M/ qX w?�Q- ǳ*�H+mH�iBQM Q7 BMi`BMbB+ bTBM >�HH

+QM/m+iBpBiv #v q�MMB2` BMi2`TQH�iBQMǴ- S?vbX _2pX " N3- kR99yk UkyR3VX

(3k) 6X 6`2BKmi?- aX "HɃ;2H- �M/ uX JQF`QmbQp- ǳ�MBbQi`QTB+ bTBM >�HH 2z2+i 7`QK

}`bi T`BM+BTH2bǴ- S?vbX _2pX G2iiX Ry8- k9eeyk UkyRyVX

(3j) �X J�M+?QM- CX ʇ2H2xMɷ- AX JB`QM- hX CmM;rB`i?- CX aBMQp�- �X h?B�pBHH2- EX

:�`2HHQ- �M/ SX :�K#�`/2HH�- ǳ*m``2Mi@BM/m+2/ bTBM@Q`#Bi iQ`[m2b BM 72``QK�;@

M2iB+ �M/ �MiB72``QK�;M2iB+ bvbi2KbǴ- _2pX JQ/X S?vbX NR- yj8yy9 UkyRNVX

(39) �X J�M+?QM �M/ aX w?�M;- ǳh?2Q`v Q7 bTBM iQ`[m2 /m2 iQ bTBM@Q`#Bi +QmTHBM;Ǵ-

S?vbX _2pX " dN- yN99kk UkyyNVX

(38) :X um- SX lT�/?v�v�- uX 6�M- CX :X �Hx�i2- qX CB�M;- EX GX qQM;- aX h�F2B- aX �X

"2M/2`- GX@hX *?�M;- uX CB�M;- JX G�M;- CX h�M;- uX q�M;- uX hb2`FQpMv�F-

SX EX �KB`B- �M/ EX GX q�M;- ǳarBi+?BM; Q7 T2`T2M/B+mH�` K�;M2iBx�iBQM #v

bTBM@Q`#Bi iQ`[m2b BM i?2 �#b2M+2 Q7 2ti2`M�H K�;M2iB+ }2H/bǴ- L�iX L�MQi2+?MQHX

N- 893 UkyR9VX
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https://doi.org/10.1063/PT.3.3625
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(3e) *X@6X S�B- GX GBm- uX GB- >X qX hb2M;- .X *X _�HT?- �M/ _X �X "m?`K�M- ǳaTBM

i`�Mb72` iQ`[m2 /2pB+2b miBHBxBM; i?2 ;B�Mi bTBM >�HH 2z2+i Q7 imM;bi2MǴ- �TTHX

S?vbX G2iiX RyR- Rkk9y9 UkyRkVX

(3d) qX w?�M;- JX "X CmM;~2Bb+?- qX CB�M;- CX aFH2M�`- 6X uX 6`�/BM- CX 1X S2�`bQM-

CX "X E2ii2`bQM- �M/ �X >QzK�MM- ǳaTBM TmKTBM; �M/ BMp2`b2 bTBM >�HH 2z2+ibě

AMbB;?ib 7Q` 7mim`2 bTBM@Q`#Bi`QMB+b UBMpBi2/VǴ- CX �TTHX S?vbX RRd- RdkeRy UkyR8VX

(33) JX *BM+?2iiB- EX >2BK2`- CX@SX qɃbi2M#2`;- PX �M/`2v2p- JX "�m2`- aX G�+?-

*X wB2;H2`- uX :�Q- �M/ JX �2b+?HBK�MM- ǳ.2i2`KBM�iBQM Q7 bTBM BMD2+iBQM

�M/ i`�MbTQ`i BM � 72``QK�;M2ifQ`;�MB+ b2KB+QM/m+iQ` ?2i2`QDmM+iBQM #v irQ@

T?QiQM T?QiQ2KBbbBQMǴ- L�iX J�i2`X 3- RR8ĜRRN Ukyy3VX

(3N) "X hX CQMF2`- :X EBQb2Q;HQm- �X hX >�M#B+FB- *X >X GB- �M/ SX 1X h?QKTbQM-

ǳ1H2+i`B+�H bTBM@BMD2+iBQM BMiQ bBHB+QM 7`QK � 72``QK�;M2iB+ K2i�HfimMM2H #�``B2`

+QMi�+iǴ- L�iX S?vbX j- 89kĜ89e UkyydVX

(Ny) ZX qm- GX a?2M- wX "�B- JX w2M;- JX u�M;- wX >m�M;- �M/ uX SX 62M;- ǳ1{+B2Mi

bTBM BMD2+iBQM BMiQ ;`�T?2M2 i?`Qm;? � imMM2H #�``B2`, Pp2`+QKBM; i?2 bTBM@

+QM/m+i�M+2 KBbK�i+?Ǵ- S?vbX _2pX �TTHX k- y99yy3 UkyR9VX

(NR) hX u�K�;m+?B- _X JQ`Bv�- aX PFB- aX u�K�/�- aX J�bm#m+?B- EX >�K�v�- �M/

hX J�+?B/�- ǳaTBM BMD2+iBQM BMiQ KmHiBH�v2` ;`�T?2M2 7`QK ?B;?Hv bTBM@TQH�`Bx2/

*Qk62aB >2mbH2` �HHQvǴ- �TTHX S?vb 1tT`2bb N- yejyye UkyReVX

(Nk) aX PK�` �M/ "X CX p�M q22b- ǳ:`�T?2M2@qak ?2i2`Qbi`m+im`2b 7Q` imM�#H2 bTBM

BMD2+iBQM �M/ bTBM i`�MbTQ`iǴ- S?vbX _2pX " N8- y3R9y9 UkyRdVX

(Nj) oX JX E�`T�M- :X :BQp�MM2iiB- SX �X E?QKv�FQp- JX h�H�M�M�- �X �X ai�`BFQp-

JX wrB2`xv+FB- CX p�M /2M "`BMF- :X "`Q+Fb- �M/ SX CX E2HHv- ǳ:`�T?Bi2 �M/

;`�T?2M2 �b T2`72+i bTBM }Hi2`bǴ- S?vbX _2pX G2iiX NN- Rdeeyk UkyydVX
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https://doi.org/10.1103/PhysRevLett.99.176602
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(N9) CX J��bb2M- qX CB- �M/ >X :mQ- ǳ:`�T?2M2 bTBMi`QMB+b, h?2 `QH2 Q7 72``QK�;M2iB+

2H2+i`Q/2bǴ- L�MQ G2iiX RR- R8RĜR88 UkyRRVX

(N8) SX G�xBÉ- :X JX aBT�?B- _X EX E�r�F�KB- �M/ AX ʇmiBÉ- ǳ:`�T?2M2 bTBMi`QMB+b,

aTBM BMD2+iBQM �M/ T`QtBKBiv 2z2+ib 7`QK }`bi T`BM+BTH2bǴ- S?vbX _2pX " Ny-

y389kN UkyR9VX

(Ne) "X .Hm#�F- SX a2M2Q`- �X �M�M2- *X "�``�m/- *X .2`�MHQi- .X .2M2mp2- "X

a2`p2i- _X J�ii�M�- 6X S2i`Qz- �M/ �X 62`i- ǳ�`2 �HkPj �M/ J;P imMM2H #�`@

`B2`b bmBi�#H2 7Q` bTBM BMD2+iBQM BM ;`�T?2M2\Ǵ- �TTHX S?vbX G2iiX Nd- yNk8yk

UkyRyVX

(Nd) JX oX E�K�H�F�`- �X .�MF2`i- CX "2`;bi2M- hX Ap2- �M/ aX SX .�b?- ǳ1M?�M+2/

imMM2H bTBM BMD2+iBQM BMiQ ;`�T?2M2 mbBM; +?2KB+�H p�TQ` /2TQbBi2/ ?2t�;QM�H

#Q`QM MBi`B/2Ǵ- a+BX _2TX 9- eR9e UkyR9VX

(N3) "X .Hm#�F- JX@"X J�`iBM- *X .2`�MHQi- "X a2`p2i- aX s�pB2`- _X J�ii�M�- JX

aT`BMFH2- *X "2`;2`- qX �X .2 >22`- 6X S2i`Qz- �X �M�M2- SX a2M2Q`- �M/ �X

62`i- ǳ>B;?Hv 2{+B2Mi bTBM i`�MbTQ`i BM 2TBi�tB�H ;`�T?2M2 QM aB*Ǵ- L�iX S?vbX

3- 88d UkyRkVX

(NN) sX GBM- GX am- wX aB- uX w?�M;- �X "Qm`M2H- uX w?�M;- CX@PX EH2BM- �X 62`i-

�M/ qX w?�Q- ǳ:�i2@/`Bp2M Tm`2 bTBM +m``2Mi BM ;`�T?2M2Ǵ- S?vbX _2pX �TTHX

3- yj9yye UkyRdVX

(Ryy) 6X a+?rB2`x- ǳ:`�T?2M2 i`�MbBbiQ`bǴ- L�iX L�MQi2+?MQHX 8- 93dĜ9Ne UkyRyVX

(RyR) JX "Q`M �M/ _X PTT2M?2BK2`- ǳwm` Zm�Mi2Mi?2Q`B2 /2` JQH2F2HMǴ- �MMX S?vbX

j3N- 98dĜ939 URNkdVX

(Ryk) .X _X >�`i`22- ǳh?2 r�p2 K2+?�MB+b Q7 �M �iQK rBi? � MQM@+QmHQK# +2Mi`�H

}2H/X T�`i AX i?2Q`v �M/ K2i?Q/bǴ- J�i?X S`Q+X *�K#`B/;2 S?BHQbX aQ+X k9-

3NĜRRy URNk3VX
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(Ryj) CX *X aH�i2`- ǳLQi2 QM >�`i`22Ƕb K2i?Q/Ǵ- S?vbX _2pX j8- kRyĜkRR URNjyVX

(Ry9) GX >X h?QK�b- ǳh?2 +�H+mH�iBQM Q7 �iQKB+ }2H/bǴ- S`Q+X *�K#X S?BHX aQ+X kj

URNkdVX

(Ry8) 1X 62`KB- ǳlM K2iQ/Q bi�iBbiB+Q T2` H� /2i2`KBM�xBQM2 /B �H+mM2 T`BQ`B2i� /2HHǶ�iQK2Ǵ-

_2M/X �++�/X L�xX GBM+2B e URNkdVX

(Rye) SX >Q?2M#2`; �M/ qX EQ?M- ǳAM?QKQ;2M2Qmb 2H2+i`QM ;�bǴ- S?vbX _2pX Rje-

"3e9Ĝ"3dR URNe9VX

(Ryd) qX EQ?M �M/ GX CX a?�K- ǳa2H7@+QMbBbi2Mi 2[m�iBQMb BM+Hm/BM; 2t+?�M;2 �M/

+Q``2H�iBQM 2z2+ibǴ- S?vbX _2pX R9y- �RRjjĜ�RRj3 URNe8VX

(Ry3) .X JX *2T2`H2v �M/ "X CX �H/2`- ǳ:`QmM/ bi�i2 Q7 i?2 2H2+i`QM ;�b #v � biQ+?�biB+

K2i?Q/Ǵ- S?vbX _2pX G2iiX 98- 8eeĜ8eN URN3yVX

(RyN) CX SX S2`/2r- EX "m`F2- �M/ JX 1`Mx2`?Q7- ǳ:2M2`�HBx2/ ;`�/B2Mi �TT`QtBK�iBQM

K�/2 bBKTH2Ǵ- S?vbX _2pX G2iiX dd- j3e8Ĝj3e3 URNNeVX

(RRy) JX q�M;- qX *�B- .X w?m- wX q�M;- CX E�M- wX w?�Q- EX *�Q- wX q�M;- uX

w?�M;- hX w?�M;- *X S�`F- CX@SX q�M;- �X 62`i- �M/ qX w?�Q- ǳ6B2H/@7`22 brBi+?@

BM; Q7 � T2`T2M/B+mH�` K�;M2iB+ imMM2H DmM+iBQM i?`Qm;? i?2 BMi2`TH�v Q7 bTBMĜ

Q`#Bi �M/ bTBM@i`�Mb72` iQ`[m2bǴ- L�iX 1H2+i`QMX R- 83k UkyR3VX

(RRR) hX �X S2i2`bQM- �X SX J+6�//2M- *X CX S�HKbi`ǠK- �M/ SX �X *`Qr2HH- ǳAM~m2M+2

Q7 i?2 K�;M2iB+ T`QtBKBiv 2z2+i QM bTBM@Q`#Bi iQ`[m2 2{+B2M+B2b BM 72``QK�;@

M2ifTH�iBMmK #BH�v2`bǴ- S?vbX _2pX " Nd- yky9yj UkyR3VX

(RRk) EX a�MF�`�M- CX ar2`ib- aX *Qm2i- EX aiQF#`Q- �M/ :X SQm`iQBb- ǳPb+BHH�iQ`v

#2?�pBQ` Q7 i?2 imMM2H K�;M2iQ`2bBbi�M+2 /m2 iQ i?B+FM2bb p�`B�iBQMb BM h�|*Q62|

J;P K�;M2iB+ imMM2H DmM+iBQMb, � }`bi@T`BM+BTH2b bim/vǴ- S?vbX _2pX " N9-

yN99k9 UkyReVX

https://doi.org/10.1103/PhysRev.35.210.2
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(RRj) uX GBm- "X w?Qm- �M/ CX@:X w?m- ǳ6B2H/@7`22 K�;M2iBx�iBQM brBi+?BM; #v miBHBxBM;

i?2 bTBM >�HH 2z2+i �M/ BMi2`H�v2` 2t+?�M;2 +QmTHBM; Q7 B`B/BmKǴ- a+BX _2TX N-

jk8 UkyRNVX

(RR9) GX GBm- *X@6X S�B- .X *X _�HT?- �M/ _X �X "m?`K�M- ǳJ�;M2iB+ Qb+BHH�iBQMb

/`Bp2M #v i?2 bTBM >�HH 2z2+i BM j@i2`KBM�H K�;M2iB+ imMM2H DmM+iBQM /2pB+2bǴ-

S?vbX _2pX G2iiX RyN- R3eeyk UkyRkVX

(RR8) EX@aX G22- aX@qX G22- "X@*X JBM- �M/ EX@CX G22- ǳh?`2b?QH/ +m``2Mi 7Q` brBi+?BM;

Q7 � T2`T2M/B+mH�` K�;M2iB+ H�v2` BM/m+2/ #v bTBM >�HH 2z2+iǴ- �TTHX S?vbX G2iiX

Ryk- RRk9Ry UkyRjVX

(RRe) CX > ;HmM/- �X 62`M�M/2x :mBHH2`K2i- :X :`BKp�HH- �M/ JX Eƺ`HBM;- ǳh?2Q`v

Q7 #QM/BM; BM i`�MbBiBQM@K2i�H +�`#B/2b �M/ MBi`B/2bǴ- S?vbX _2pX " 93- RRe38Ĝ

RReNR URNNjVX

(RRd) aX S2M;- qX w?�Q- CX ZB�Q- GX am- CX w?Qm- >X u�M;- ZX w?�M;- uX w?�M;- *X

:`2x2b- SX EX �KB`B- �M/ EX GX q�M;- ǳ:B�Mi BMi2`7�+B�H T2`T2M/B+mH�` K�;@

M2iB+ �MBbQi`QTv BM J;Pf*Q62f+�TTBM; H�v2` bi`m+im`2bǴ- �TTHX S?vbX G2iiX

RRy- ydk9yj UkyRdVX

(RR3) aX S2M;- JX q�M;- >X u�M;- GX w2M;- CX L�M- CX w?Qm- uX w?�M;- �X >�HH�H- JX

*?b?B2p- EX GX q�M;- ZX w?�M;- �M/ qX w?�Q- ǳP`B;BM Q7 BMi2`7�+B�H T2`T2M@

/B+mH�` K�;M2iB+ �MBbQi`QTv BM J;Pf*Q62fK2i�HHB+ +�TTBM; H�v2` bi`m+im`2bǴ-

a+BX _2TX 8- R3Rdj UkyR8VX

(RRN) :X E`2bb2 �M/ CX >�7M2`- ǳ�# BMBiBQ KQH2+mH�` /vM�KB+b 7Q` QT2M@b?2HH i`�MbBiBQM

K2i�HbǴ- S?vbX _2pX " 93- RjRR8ĜRjRR3 URNNjVX

(Rky) :X E`2bb2 �M/ CX 6m`i?KɃHH2`- ǳ1{+B2Mi Bi2`�iBp2 b+?2K2b 7Q` �# BMBiBQ iQi�H@

2M2`;v +�H+mH�iBQMb mbBM; � TH�M2@r�p2 #�bBb b2iǴ- S?vbX _2pX " 89- RRReNĜRRR3e

URNNeVX
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https://doi.org/10.1038/s41598-018-37586-4
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https://doi.org/10.1063/1.4798288
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https://doi.org/10.1063/1.4976517
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(RkR) :X E`2bb2 �M/ .X CQm#2`i- ǳ6`QK mHi`�bQ7i Tb2m/QTQi2MiB�Hb iQ i?2 T`QD2+iQ`

�m;K2Mi2/@r�p2 K2i?Q/Ǵ- S?vbX _2pX " 8N- Rd83ĜRdd8 URNNNVX

(Rkk) CX h�vHQ`- >X :mQ- �M/ CX q�M;- ǳ�# BMBiBQ KQ/2HBM; Q7 [m�MimK i`�MbTQ`i

T`QT2`iB2b Q7 KQH2+mH�` 2H2+i`QMB+ /2pB+2bǴ- S?vbX _2pX " ej- k989yd UkyyRVX

(Rkj) CX h�vHQ`- >X :mQ- �M/ CX q�M;- ǳ�# BMBiBQ KQ/2HBM; Q7 QT2M bvbi2Kb, *?�`;2

i`�Mb72`- 2H2+i`QM +QM/m+iBQM- �M/ KQH2+mH�` brBi+?BM; Q7 � *ey /2pB+2Ǵ- S?vbX

_2pX " ej- RkRRy9 UkyyRVX

(Rk9) SX :B�MMQxxB- PX �M/`2mbbB- hX "`mKK2- PX "mM�m- JX "X L�`/2HHB- JX *�H�M@

/`�- _X *�`- *X *�p�xxQMB- .X *2`2bQHB- JX *Q+Q++BQMB- LX *QHQMM�- AX *�`MBK2Q-

�X .�H *Q`bQ- aX /2 :B`QM+QHB- SX .2Hm;�b- _X �X .Bai�bBQ C`X- �X 62``2iiB- �X

6HQ`Bb- :X 6`�i2bB- :X 6m;�HHQ- _X :2#�m2`- lX :2`biK�MM- 6X :BmbiBMQ- hX :Q`MB-

CX CB�- JX E�r�Km`�- >X@uX EQ- �X EQF�HD- 1X EɃÏɃF#2MHB- JX G�xx2`B- JX J�`@

bBHB- LX J�`x�`B- 6X J�m`B- LX GX L;mv2M- >X@oX L;mv2M- �X Pi2`Q@/2@H�@_Qx�-

GX S�mH�iiQ- aX SQM+û- .X _Q++�- _X a�#�iBMB- "X a�Mi`�- JX a+?HBT7- �X SX a2Bi@

bQM2M- �X aKQ;mMQp- AX hBK`Qp- hX h?QM?�mb2`- SX lK�`B- LX o�bi- sX qm-

�M/ aX "�`QMB- ǳ�/p�M+2/ +�T�#BHBiB2b 7Q` K�i2`B�Hb KQ/2HHBM; rBi? Zm�MimK

1aS_1aaPǴ- CX S?vbX, *QM/2MbX J�ii2` kN- 9e8NyR UkyRdVX

(Rk8) :X SBxxB- oX oBi�H2- _X �`Bi�- aX "HɃ;2H- 6X 6`2BKmi?- :X :û`�MiQM- JX :B#@

2`iBMB- .X :`2b+?- *X CQ?MbQM- hX EQ`2ibmM2- CX A#�Ƣ2x@�xTB`Qx- >X G22- CX@JX

GB?K- .X J�`+?�M/- �X J�``�xxQ- uX JQF`QmbQp- CX AX Jmbi�7�- uX LQ?�`�- uX

LQKm`�- GX S�mH�iiQ- aX SQM+û- hX SQMr2Bb2`- CX ZB�Q- 6X h?ƺH2- aX aX hbB`FBM-

JX qB2`x#QrbF�- LX J�`x�`B- .X o�M/2`#BHi- AX aQmx�- �X �X JQbiQ}- �M/ CX _X

u�i2b- ǳq�MMB2`Ny �b � +QKKmMBiv +Q/2, M2r 72�im`2b �M/ �TTHB+�iBQMbǴ- �`sBp

UkyRNVX
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https://doi.org/10.1103/PhysRevB.63.121104
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https://arxiv.org/abs/1907.09788
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(Rke) LX J�`x�`B- �X �X JQbiQ}- CX _X u�i2b- AX aQmx�- �M/ .X o�M/2`#BHi- ǳJ�tBK�HHv

HQ+�HBx2/ r�MMB2` 7mM+iBQMb, h?2Q`v �M/ �TTHB+�iBQMbǴ- _2pX JQ/X S?vbX 39-

R9RNĜR9d8 UkyRkVX

(Rkd) LX JBv�F�r�- .X *X qQ`H2/;2- �M/ EX EBi�- ǳAKT�+i Q7 h� /BzmbBQM QM i?2

T2`T2M/B+mH�` K�;M2iB+ �MBbQi`QTv Q7 h�f*Q62"fJ;PǴ- A111 J�;MX G2iiX 9-

RyyyRy9 UkyRjVX

(Rk3) CX *?�ii2`D22- _X *X aQmb�- LX S2``BbbBM- aX �mz`2i- *X .m+`m2i- �M/ "X .B2Mv-

ǳ1M?�M+2/ �MM2�HBM; bi�#BHBiv �M/ T2`T2M/B+mH�` K�;M2iB+ �MBbQi`QTv BM T2`@

T2M/B+mH�` K�;M2iB+ imMM2H DmM+iBQMb mbBM; q H�v2`Ǵ- �TTHX S?vbX G2iiX RRy-

kyk9yR UkyRdVX

(RkN) EX q�i�M�#2- aX 6mF�KB- >X a�iQ- 6X J�ibmFm`�- �M/ >X P?MQ- ǳJ�;M2iB+

T`QT2`iB2b Q7 *Q62"ĜJ;P bi�+Fb rBi? /Bz2`2Mi #mz2`@H�v2` K�i2`B�Hb Uh� Q`

JQVǴ- A111 h`�MbX J�;MX 8k- RĜ9 UkyReVX

(Rjy) PX qmMMB+F2- LX S�T�MBFQH�Qm- _X w2HH2`- SX >X .2/2`B+?b- oX .`+?�H- �M/ CX Em@

/`MQpbFɷ- ǳ1z2+ib Q7 `2bQM�Mi BMi2`7�+2 bi�i2b QM imMM2HBM; K�;M2iQ`2bBbi�M+2Ǵ-

S?vbX _2pX " e8- ye99k8 UkyykVX

(RjR) SX sX sm- oX JX E�`T�M- EX sB�- JX wrB2`xv+FB- AX J�`mb?+?2MFQ- �M/ SX CX

E2HHv- ǳAM~m2M+2 Q7 `Qm;?M2bb �M/ /BbQ`/2` QM imMM2HBM; K�;M2iQ`2bBbi�M+2Ǵ-

S?vbX _2pX " dj- R3y9yk UkyyeVX

(Rjk) sX amB- *X q�M;- CX EBK- CX q�M;- aX >X _?BK- qX .m�M- �M/ LX EBQmbbBb-

ǳ:B�Mi 2M?�M+2K2Mi Q7 i?2 BMi`BMbB+ bTBM >�HH +QM/m+iBpBiv BM β@imM;bi2M pB�

bm#biBimiBQM�H /QTBM;Ǵ- S?vbX _2pX " Ne- k9RRy8 UkyRdVX

(Rjj) uX u�Q- GX EH2BMK�M- �X >X J�+.QM�H/- CX aBMQp�- hX CmM;rB`i?- .X@aX q�M;- 1X

q�M;- �M/ ZX LBm- ǳ6B`bi T`BM+BTH2b +�H+mH�iBQM Q7 �MQK�HQmb >�HH +QM/m+iBpBiv

BM 72``QK�;M2iB+ #++ 62Ǵ- S?vbX _2pX G2iiX Nk- yjdky9 Ukyy9VX

https://doi.org/10.1103/RevModPhys.84.1419
https://doi.org/10.1103/RevModPhys.84.1419
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https://doi.org/10.1103/PhysRevB.65.064425
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(Rj9) :X uX :mQ- uX u�Q- �M/ ZX LBm- ǳ�# BMBiBQ +�H+mH�iBQM Q7 i?2 BMi`BMbB+ bTBM >�HH

2z2+i BM b2KB+QM/m+iQ`bǴ- S?vbX _2pX G2iiX N9- kkeeyR Ukyy8VX

(Rj8) :X uX :mQ- aX Jm`�F�KB- hX qX *?2M- �M/ LX L�;�Qb�- ǳAMi`BMbB+ bTBM >�HH

2z2+i BM TH�iBMmK, 6B`bi@T`BM+BTH2b +�H+mH�iBQMbǴ- S?vbX _2pX G2iiX Ryy- yNe9yR

Ukyy3VX

(Rje) JX P#bi#�mK- JX .2+F2`- �X EX :`2BiM2`- JX >�2`iBM;2`- hX LX :X J2B2`- JX

E`QMb2/2`- EX *?�/Qp�- aX qBKK2`- .X Eƺ//2`Bixb+?- >X 1#2`i- �M/ *X >X "�+F-

ǳhmMBM; bTBM >�HH �M;H2b #v �HHQvBM;Ǵ- S?vbX _2pX G2iiX RRd- Redky9 UkyReVX

(Rjd) aX G22- CX EBK- uX *X S�`F- �M/ aX@>X *?mM- ǳ�iQKBbiB+ `2�H@bT�+2 Q#b2`p�@

iBQM Q7 i?2 p�M /2` q��Hb H�v2`2/ bi`m+im`2 �M/ i�BHQ`2/ KQ`T?QHQ;v BM VSe2Ǵ-

L�MQb+�H2 RR- 9jRĜ9je UkyRNVX

(Rj3) >X w2M;- CX .�B- qX u�Q- .X sB�Q- �M/ sX *mB- ǳo�HH2v TQH�`Bx�iBQM BM JQa2

KQMQH�v2`b #v QTiB+�H TmKTBM;Ǵ- L�iX L�MQi2+?MQHX d- 9Ny UkyRkVX

(RjN) "X a?�##B`- JX L�/22K- wX .�B- JX aX 6m?`2`- ZX@EX sm2- sX q�M;- �M/ ZX

"�Q- ǳGQM; `�M;2 BMi`BMbB+ 72``QK�;M2iBbK BM irQ /BK2MbBQM�H K�i2`B�Hb �M/

/BbbBT�iBQMH2bb 7mim`2 i2+?MQHQ;B2bǴ- �TTHX S?vbX _2pX 8- y9RRy8 UkyR3VX

(R9y) qX@uX hQM;- aX@CX :QM;- sX q�M- �M/ *X@:X .m�M- ǳ*QM+2Tib Q7 72``Qp�HH2v

K�i2`B�H �M/ �MQK�HQmb p�HH2v >�HH 2z2+iǴ- L�iX *QKKmMX d- RjeRk UkyReVX

(R9R) aX GX .m/�`2p- :X �X "QiiQM- aX uX a�p`�bQp- *X CX >mKT?`2vb- �M/ �X SX amiiQM-

ǳ1H2+i`QM@2M2`;v@HQbb bT2+i`� �M/ i?2 bi`m+im`�H bi�#BHBiv Q7 MB+F2H QtB/2, �M

Ga.�Yl bim/vǴ- S?vbX _2pX " 8d- R8y8ĜR8yN URNN3VX

(R9k) JX 1bi2`b- _X :X >2MMB;- �M/ .X *X CQ?MbQM- ǳ.vM�KB+ BMbi�#BHBiB2b BM bi`QM;Hv

+Q``2H�i2/ oa22 KQMQH�v2`b �M/ #BH�v2`bǴ- S?vbX _2pX " Ne- kj8R9d UkyRdVX

(R9j) hX Px�FB- ǳo�`B�iBQM�HHv QTiBKBx2/ �iQKB+ Q`#Bi�Hb 7Q` H�`;2@b+�H2 2H2+i`QMB+

bi`m+im`2bǴ- S?vbX _2pX " ed- R88Ry3 UkyyjVX

https://doi.org/10.1103/PhysRevLett.94.226601
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https://doi.org/10.1038/ncomms13612
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(R99) hX Px�FB �M/ >X EBMQ- ǳLmK2`B+�H �iQKB+ #�bBb Q`#Bi�Hb 7`QK > iQ E`Ǵ- S?vbX

_2pX " eN- RN8RRj Ukyy9VX

(R98) hX Px�FB �M/ >X EBMQ- ǳ1{+B2Mi T`QD2+iQ` 2tT�MbBQM 7Q` i?2 �# BMBiBQ G*�P

K2i?Q/Ǵ- S?vbX _2pX " dk- y98RkR Ukyy8VX

(R9e) JX EQH2BMB- JX S�mHbbQM- �M/ JX "`�M/#v;2- ǳ1{+B2Mi Q`;�MQK2i�HHB+ bTBM }Hi2`

#2ir22M bBM;H2@r�HH +�`#QM M�MQim#2 Q` ;`�T?2M2 2H2+i`Q/2bǴ- S?vbX _2pX G2iiX

N3- RNdkyk UkyydVX

(R9d) uX J�- uX .�B- JX :mQ- *X LBm- uX w?m- �M/ "X >m�M;- ǳ1pB/2M+2 Q7 i?2

2tBbi2M+2 Q7 K�;M2iBbK BM T`BbiBM2 osk KQMQH�v2`b Us 4 a- a2V �M/ i?2B` bi`�BM@

BM/m+2/ imM�#H2 K�;M2iB+ T`QT2`iB2bǴ- �*a L�MQ e- ReN8ĜRdyR UkyRkVX

(R93) JX �H;?�K/B- JX GQ?K�MM- CX GB- SX _X CQi?B- ZX a?�Q- JX �H/Qb�`v- hX am-

"X SX hX 6QFr�- �M/ CX a?B- ǳ>B;?Hv 2{+B2Mi bTBMĜQ`#Bi iQ`[m2 �M/ brBi+?BM; Q7

H�v2`2/ 72``QK�;M2i 62j:2h2kǴ- L�MQ G2iiX RN- 99yyĜ99y8 UkyRNVX

(R9N) sX q�M;- CX h�M;- sX sB�- *X >2- CX w?�M;- uX GBm- *X q�M- *X 6�M;- *X :mQ-

qX u�M;- uX :m�M;- sX w?�M;- >X sm- CX q2B- JX GB�Q- sX Gm- CX 62M;- sX GB-

uX S2M;- >X q2B- _X u�M;- .X a?B- sX w?�M;- wX >�M- wX w?�M;- :X w?�M;- :X

um- �M/ sX >�M- ǳ*m``2Mi@/`Bp2M K�;M2iBx�iBQM brBi+?BM; BM � p�M /2` q��Hb

72``QK�;M2i 62j:2h2k Ǵ- a+BX �/pX 8- 2��r3Ny9 UkyRNVX

(R8y) .X J�+L2BHH- :X JX aiB2?H- JX >X .X :mBK�`�2b- _X �X "m?`K�M- CX S�`F-

�M/ .X *X _�HT?- ǳ*QMi`QH Q7 bTBMĜQ`#Bi iQ`[m2b i?`Qm;? +`vbi�H bvKK2i`v BM

qh2kf72``QK�;M2i #BH�v2`bǴ- L�iX S?vbX Rj- jyy UkyReVX

(R8R) .X J�+L2BHH- :X JX aiB2?H- JX >X .X :mBK�`½2b- LX .X _2vMQH/b- _X �X "m?`K�M-

�M/ .X *X _�HT?- ǳh?B+FM2bb /2T2M/2M+2 Q7 bTBM@Q`#Bi iQ`[m2b ;2M2`�i2/ #v

qh22Ǵ- S?vbX _2pX " Ne- y8998y UkyRdVX
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(R8k) SX GB- qX qm- uX q2M- *X w?�M;- CX w?�M;- aX w?�M;- wX um- aX �X u�M;- �X

J�M+?QM- �M/ sX@sX w?�M;- ǳaTBM@KQK2MimK HQ+FBM; �M/ bTBM@Q`#Bi iQ`[m2b

BM K�;M2iB+ M�MQ@?2i2`QDmM+iBQMb +QKTQb2/ Q7 q2vH b2KBK2i�H qh2kǴ- L�iX

*QKKmMX N- jNNy UkyR3VX

(R8j) �X �X aQHmv�MQp- .X :`2b+?- wX q�M;- ZX qm- JX h`Qv2`- sX .�B- �M/ "X �X

"2`M2pB;- ǳhvT2@AA q2vH b2KBK2i�HbǴ- L�im`2 8kd- 9N8 UkyR8VX

(R89) uX qm- .X JQm- LX >X CQ- EX amM- GX >m�M;- aX GX "m/ǶFQ- SX *X *�M}2H/-

�M/ �X E�KBMbFB- ǳP#b2`p�iBQM Q7 62`KB �`+b BM i?2 ivT2@AA q2vH b2KBK2i�H

+�M/B/�i2 WTe2Ǵ- S?vbX _2pX " N9- RkRRRj UkyReVX

(R88) *X q�M;- uX w?�M;- CX >m�M;- aX LB2- :X GBm- �X GB�M;- uX w?�M;- "X a?2M-

CX GBm- *X >m- uX .BM;- .X GBm- uX >m- aX >2- GX w?�Q- GX um- CX >m- CX q2B- wX

J�Q- uX a?B- sX CB�- 6X w?�M;- aX w?�M;- 6X u�M;- wX q�M;- ZX S2M;- >X q2M;-

sX .�B- wX 6�M;- wX sm- *X *?2M- �M/ sX CX w?Qm- ǳP#b2`p�iBQM Q7 62`KB �`+

�M/ Bib +QMM2+iBQM rBi? #mHF bi�i2b BM i?2 +�M/B/�i2 ivT2@AA q2vH b2KBK2i�H

WTe2Ǵ- S?vbX _2pX " N9- k9RRRN UkyReVX

(R8e) "X 62M;- uX@>X *?�M- uX 62M;- _X@uX GBm- JX@uX *?Qm- EX Em`Q/�- EX u�DB- �X

>�`�b�r�- SX JQ`�b- �X "�`BMQp- qX J�H�2#- *X "�`2BHH2- hX EQM/Q- aX a?BM-

6X EQKQ`B- hX@*X *?B�M;- uX a?B- �M/ AX J�ibm/�- ǳaTBM i2tim`2 BM ivT2@AA q2vH

b2KBK2i�H WTe2Ǵ- S?vbX _2pX " N9- RN8Rj9 UkyReVX

(R8d) JX a22K�MM- .X Eƺ//2`Bixb+?- aX qBKK2`- �M/ >X 1#2`i- ǳavKK2i`v@BKTQb2/

b?�T2 Q7 HBM2�` `2bTQMb2 i2MbQ`bǴ- S?vbX _2pX " Nk- R88Rj3 UkyR8VX

(R83) wX q�M;- .X :`2b+?- �X �X aQHmv�MQp- qX sB2- aX Emb?r�?�- sX .�B- JX h`Qv2`-

_X CX *�p�- �M/ "X �X "2`M2pB;- ǳJQh2k, � ivT2@AA q2vH iQTQHQ;B+�H K2i�HǴ-

S?vbX _2pX G2iiX RRd- y8e3y8 UkyReVX
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https://doi.org/10.1038/nature15768
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(R8N) uX amM- uX w?�M;- *X 62Hb2`- �M/ "X u�M- ǳai`QM; BMi`BMbB+ bTBM >�HH 2z2+i BM

i?2 h��b 7�KBHv Q7 q2vH b2KBK2i�HbǴ- S?vbX _2pX G2iiX RRd- R9e9yj UkyReVX

(Rey) :X uX :mQ- ǳ�# BMBiBQ +�H+mH�iBQM Q7 BMi`BMbB+ bTBM >�HH +QM/m+iBpBiv Q7 S/ �M/

�mǴ- CX �TTHX S?vbX Ry8- yd*dyR UkyyNVX

(ReR) uX w?�M;- uX amM- >X u�M;- CX ʇ2H2xMɷ- aX SX SX S�`FBM- *X 62Hb2`- �M/ "X u�M-

ǳai`QM; �MBbQi`QTB+ �MQK�HQmb >�HH 2z2+i �M/ bTBM >�HH 2z2+i BM i?2 +?B`�H

�MiB72``QK�;M2iB+ +QKTQmM/b Mn3X UX = Ge- aM- :�- A`- _?- �M/ SiVǴ- S?vbX

_2pX " N8- yd8Rk3 UkyRdVX

(Rek) hX h�M�F�- >X EQMi�MB- JX L�BiQ- hX L�BiQ- .X aX >B`�b?BK�- EX u�K�/�- �M/

CX AMQm2- ǳAMi`BMbB+ bTBM >�HH 2z2+i �M/ Q`#Bi�H >�HH 2z2+i BM 4d �M/ 5d i`�MbBiBQM

K2i�HbǴ- S?vbX _2pX " dd- Re8RRd Ukyy3VX

(Rej) "X w?�Q- .X E?QF?`B�FQp- uX w?�M;- >X 6m- "X E�`TB�F- �X >Q[m2- sX sm- uX

CB�M;- "X u�M- �M/ aX SX .�b?- ǳP#b2`p�iBQM Q7 bTBM >�HH 2z2+i BM b2KBK2i�H

qh2kǴ- �`sBp UkyR3VX

(Re9) uX ZB- SX :X L�mKQp- JX LX �HB- *X _X _�D�K�i?B- qX a+?M2HH2- PX "�`F�HQp- JX

>�M~�M/- aX@*X qm- *X a?2F?�`- uX amM- oX aɃĽ- JX a+?KB/i- lX a+?r�`x- 1X

SBTT2H- SX q2`M2`- _X >BHH2#`�M/- hX 6ƺ`bi2`- 1X E�KT2`i- aX S�`FBM- _X CX *�p�-

*X 62Hb2`- "X u�M- �M/ aX �X J2/p2/2p- ǳamT2`+QM/m+iBpBiv BM q2vH b2KBK2i�H

+�M/B/�i2 JQh2kǴ- L�iX *QKKmMX d- RRyj3 UkyReVX

(Re8) JX EX C�M�- �X aBM;?- .X CX G�i2- *X _X _�D�K�i?B- EX "Bbr�b- *X 62Hb2`- lX oX

q�;?K�`2- �M/ *X LX _X _�Q- ǳ� +QK#BM2/ 2tT2`BK2Mi�H �M/ i?2Q`2iB+�H bim/v

Q7 i?2 bi`m+im`�H- 2H2+i`QMB+ �M/ pB#`�iBQM�HǴ- CX S?vbX, *QM/2MbX J�ii2` kd-

k389yR UkyR8VX

(Ree) uX q�M;- SX .2Q`�MB- sX ZBm- CX >X ErQM- �M/ >X u�M;- ǳ.2i2`KBM�iBQM Q7

BMi`BMbB+ bTBM >�HH �M;H2 BM SiǴ- �TTHX S?vbX G2iiX Ry8- R8k9Rk UkyR9VX
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(Red) qX w?�M;- qX >�M- sX CB�M;- aX@>X u�M;- �M/ aX aX SX S�`FBM- ǳ_QH2 Q7 i`�Mb@

T�`2M+v Q7 TH�iBMmKĜ72``QK�;M2i BMi2`7�+2b BM /2i2`KBMBM; i?2 BMi`BMbB+ K�;MB@

im/2 Q7 i?2 bTBM >�HH 2z2+iǴ- L�iX S?vbX RR- 9Ne UkyR8VX

(Re3) �X �X h2/biQM2- .X CX G2rBb- �M/ SX PǶ"`B2M- ǳavMi?2bBb- T`QT2`iB2b- �M/ �T@

THB+�iBQMb Q7 i`�MbBiBQM K2i�H@/QT2/ H�v2`2/ i`�MbBiBQM K2i�H /B+?�H+Q;2MB/2bǴ-

*?2KX J�i2`X k3- RNe8ĜRNd9 UkyReVX

(ReN) qX >�M- _X EX E�r�F�KB- JX :KBi`�- �M/ CX 6�#B�M- ǳ:`�T?2M2 bTBMi`QMB+bǴ-

L�iX L�MQi2+?MQHX N- dN9 UkyR9VX

(Rdy) GX am- qX w?�Q- uX w?�M;- .X Zm2`HBQx- uX w?�M;- CX@PX EH2BM- SX .QHH7mb- �M/

�X "Qm`M2H- ǳS`QTQb�H 7Q` � ;`�T?2M2@#�b2/ �HH@bTBM HQ;B+ ;�i2Ǵ- �TTHX S?vbX

G2iiX Rye- ydk9yd UkyR8VX

(RdR) JX w2M;- GX a?2M- >X am- *X w?�M;- �M/ uX 62M;- ǳ:`�T?2M2@#�b2/ bTBM HQ;B+

;�i2bǴ- �TTHX S?vbX G2iiX N3- yNkRRy UkyRRVX

(Rdk) SX oQ;i- SX .2 S�/Qp�- *X Zm�`2bBK�- CX �pBH�- 1X 6`�Mix2bF�FBb- JX *X �b2MbBQ-

�X _2bi�- "X 1�H2i- �M/ :X G2 G�v- ǳaBHB+2M2, *QKT2HHBM; 2tT2`BK2Mi�H 2pB/2M+2

7Q` ;`�T?2M2@HBF2 irQ@/BK2MbBQM�H bBHB+QMǴ- S?vbX _2pX G2iiX Ry3- R888yR UkyRkVX

(Rdj) GX J2M;- uX q�M;- GX w?�M;- aX .m- _X qm- GX GB- uX w?�M;- :X GB- >X w?Qm-

qX �X >Q72`- �M/ >X@CX :�Q- ǳ"m+FH2/ bBHB+2M2 7Q`K�iBQM QM A`URRRVǴ- L�MQ G2iiX

Rj- e38ĜeNy UkyRjVX

(Rd9) aX *�?�M;B`Qp- JX hQTb�F�H- 1X �FiɃ`F- >X ȓ�?BM- �M/ aX *B`�+B- ǳhrQ@ �M/

QM2@/BK2MbBQM�H ?QM2v+QK# bi`m+im`2b Q7 bBHB+QM �M/ ;2`K�MBmKǴ- S?vbX _2pX

G2iiX Ryk- kje3y9 UkyyNVX

(Rd8) �X JQHH2- *X :`�xB�M2iiB- GX h�Q- .X h�M2D�- JX >X �H�K- �M/ .X �FBMr�M/2-

ǳaBHB+2M2- bBHB+2M2 /2`Bp�iBp2b- �M/ i?2B` /2pB+2 �TTHB+�iBQMbǴ- *?2KX aQ+X _2pX

9d- ejdyĜej3d UkyR3VX

https://doi.org/10.1038/nphys3304
https://doi.org/10.1021/acs.chemmater.6b00430
https://doi.org/10.1038/nnano.2014.214
https://doi.org/10.1063/1.4913303
https://doi.org/10.1063/1.4913303
https://doi.org/10.1063/1.3562320
https://doi.org/10.1103/PhysRevLett.108.155501
https://doi.org/10.1021/nl304347w
https://doi.org/10.1021/nl304347w
https://doi.org/10.1103/PhysRevLett.102.236804
https://doi.org/10.1103/PhysRevLett.102.236804
https://doi.org/10.1039/C8CS00338F
https://doi.org/10.1039/C8CS00338F


_272`2M+2b RR3

(Rde) CX w?�Q- >X GBm- wX um- _X Zm?2- aX w?Qm- uX q�M;- *X *X GBm- >X w?QM;- LX

>�M- CX Gm- uX u�Q- �M/ EX qm- ǳ_Bb2 Q7 bBHB+2M2, � +QKT2iBiBp2 k. K�i2`B�HǴ-

S`Q;X J�i2` a+BX 3j- k9ĜR8R UkyReVX

(Rdd) wX LB- ZX GBm- EX h�M;- CX w?2M;- CX w?Qm- _X ZBM- wX :�Q- .X um- �M/ CX Gm-

ǳhmM�#H2 #�M/;�T BM bBHB+2M2 �M/ ;2`K�M2M2Ǵ- L�MQ G2iiX Rk- RRjĜRR3 UkyRkVX

(Rd3) LX .X .`mKKQM/- oX wƦHvQKB- �M/ oX AX 6�HǶFQ- ǳ1H2+i`B+�HHv imM�#H2 #�M/ ;�T

BM bBHB+2M2Ǵ- S?vbX _2pX " 38- yd89kj UkyRkVX

(RdN) GX h�Q- 1X *BM[m�Mi�- .X *?B�TT2- *X :`�xB�M2iiB- JX 6�M+BmHHB- JX .m#2v- �X

JQHH2- �M/ .X �FBMr�M/2- ǳaBHB+2M2 }2H/@2z2+i i`�MbBbiQ`b QT2`�iBM; �i `QQK

i2KT2`�im`2Ǵ- L�iX L�MQi2+?MQHX Ry- kkd UkyR8VX

(R3y) *X@*X GBm- qX 62M;- �M/ uX u�Q- ǳZm�MimK bTBM >�HH 2z2+i BM bBHB+2M2 �M/

irQ@/BK2MbBQM�H ;2`K�MBmKǴ- S?vbX _2pX G2iiX Ryd- yde3yk UkyRRVX

(R3R) �X JQHH2- *X :`�xB�M2iiB- .X *?B�TT2- 1X *BM[m�Mi�- 1X *B�M+B- :X h�HH�`B/�-

�M/ JX 6�M+BmHHB- ǳ>BM/2`BM; i?2 QtB/�iBQM Q7 bBHB+2M2 rBi? MQM@`2�+iBp2 2M+�T@

bmH�iBQMǴ- �/pX 6mM+iX J�i2`X kj- 9j9yĜ9j99 UkyRjVX

https://doi.org/10.1016/j.pmatsci.2016.04.001
https://doi.org/10.1021/nl203065e
https://doi.org/10.1103/PhysRevB.85.075423
https://doi.org/10.1038/nnano.2014.325
https://doi.org/10.1103/PhysRevLett.107.076802
https://doi.org/10.1002/adfm.201300354


Sm#HB+�iBQMb `2H�i2/ iQ i?Bb rQ`F

(R) CX w?Qm- qX w?�Q- uX q�M;- aX S2M;- CX ZB�Q- GX am- GX w2M;- LX G2B- GX

GBm- uX w?�M;- �M/ �X "Qm`M2H- ǳG�`;2 BM~m2M+2 Q7 +�TTBM; H�v2`b QM imMM2H

K�;M2iQ`2bBbi�M+2 BM K�;M2iB+ imMM2H DmM+iBQMbǴ- �TTHX S?vbX G2iiX RyN- k9k9yj

UkyReVX

(k) CX w?Qm- >X w?Qm- �X "Qm`M2H- �M/ qX w?�Q- ǳG�`;2 bTBM >�HH 2z2+i �M/ imMM2H@

BM; K�;M2iQ`2bBbi�M+2 BM B`B/BmK@#�b2/ K�;M2iB+ imMM2H DmM+iBQMbǴ- a+BX *?BM�

S?vbX J2+?X �bi`QMX ej- kRd8RR UkykyVX

(j) CX w?Qm- qX w?�Q- aX S2M;- CX ZB�Q- CX@PX EH2BM- sX GBM- uX w?�M;- �M/ �X

"Qm`M2H- ǳ>B;? imMM2H K�;M2iQ`2bBbi�M+2 BM JQf*Q62fJ;P K�;M2iB+ imMM2H

DmM+iBQM, � }`bi@T`BM+BTH2b bim/vǴ- A111 h`�MbX J�;MX 8j- RĜ9 UkyRdVX

(9) CX w?Qm- CX ZB�Q- *X@:X .m�M- �X "Qm`M2H- EX GX q�M;- �M/ qX w?�Q- ǳG�`;2

imMM2HBM; K�;M2iQ`2bBbi�M+2 BM oa2kfJQak K�;M2iB+ imMM2H DmM+iBQMǴ- �*a

�TTHX J�i2`X AMi2`7�+2b RR- Rde9dĜRde8j UkyRNVX

(8) CX w?Qm- CX ZB�Q- �X "Qm`M2H- �M/ qX w?�Q- ǳAMi`BMbB+ bTBM >�HH +QM/m+iBpBiv

Q7 i?2 b2KBK2i�Hb JQh2k �M/ qh2kǴ- S?vbX _2pX " NN- yey9y3 UkyRNVX

(e) CX w?Qm- �X "Qm`M2H- uX q�M;- sX GBM- uX w?�M;- �M/ qX w?�Q- ǳaBHB+2M2

bTBMi`QMB+b, 62URRRVfbBHB+2M2 bvbi2K 7Q` 2{+B2Mi bTBM BMD2+iBQMǴ- �TTHX S?vbX

G2iiX RRR- R3k9y3 UkyRdVX

RRN
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AMi2`M�iBQM�H +QM72`2M+2b

(R) CX w?Qm- CX ZB�Q- *X@:X .m�M- �X "Qm`M2H- EX GX q�M;- �M/ qX w?�Q- ǳ_QQK@

i2KT2`�im`2 imMM2HBM; K�;M2iQ`2bBbi�M+2 �M/ bTBM >�HH 2z2+i BM p�M /2` q��Hb

K�;M2iB+ imMM2H DmM+iBQMǴ- BM i?2 Ryi? AMi2`M�iBQM�H avKTQbBmK QM J2i�HHB+

JmHiBH�v2`b UJJG kyRNV- P`�H UCmM2 kyRNVX

(k) CX w?Qm- �X "Qm`M2H- uX q�M;- sX GBM- uX w?�M;- �M/ qX w?�Q- ǳaBHB+2M2

bTBMi`QMB+b, 62URRRVfbBHB+2M2 bvbi2K 7Q` 2{+B2Mi bTBM BMD2+iBQMǴ- BM AMi2`K�;

kyR3 *QM72`2M+2- SQbi2` U�T`X kyR3VX

(j) CX w?Qm- qX w?�Q- aX S2M;- CX ZB�Q- CX@PX EH2BM- sX GBM- uX w?�M;- �M/ �X "Qm`@

M2H- ǳ>2�pv K2i�H KQ/mH�iBQMb 7Q` K�;M2iB+ imMM2H DmM+iBQM T2`7Q`K�M+2bǴ- BM

CQm`Mû2b L�iBQM�H2b /m _ûb2�m .Q+iQ`�H 2M JB+`Q@M�MQûH2+i`QMB[m2 UCL_.JV-

P`�HYTQbi2` ULQpX kyRdVX

(9) CX w?Qm- hX a�`F�`- �X *?�M/�- �X SX *?2M- �M/ .X EmK�`- ǳAMp2biB;�iBQM Q7

i?2 K�;M2iB+ T`QT2`iB2b Q7 k. K�i2`B�Hb 7Q` bTBMi`QMB+b �TTHB+�iBQMbǴ- BM A111

K�;M2iB+ bQ+B2iv bmKK2` b+?QQH kyRd- :`QmT T`2b2Mi�iBQM UCmM2 kyRdVX

(8) CX w?Qm- qX w?�Q- uX q�M;- aX S2M;- CX ZB�Q- GX am- GX w2M;- LX G2B- GX

GBm- uX w?�M;- �M/ �X "Qm`M2H- ǳG�`;2 BM~m2M+2 Q7 +�TTBM; H�v2`b QM imMM2H

K�;M2iQ`2bBbi�M+2 BM K�;M2iB+ imMM2H DmM+iBQMbǴ- BM AMi2`K�; kyRd *QM72`2M+2-

SQbi2` U�T`X kyRdVX

Rky



Pi?2` Tm#HB+�iBQMb

(R) aX S2M; - .X w?m - CX w?Qm - "X w?�M;- �X *�Q- JX q�M;- qX *�B- EX *�Q-

�M/ qX w?�Q- ǳJQ/mH�iBQM Q7 ?2�pv K2i�Hf72``QK�;M2iB+ K2i�H BMi2`7�+2 7Q`

?B;?@T2`7Q`K�M+2 bTBMi`QMB+ /2pB+2bǴ- �/pX 1H2+i`QMX J�i2`X 8- RNyyRj9 UkyRNVX

(k) CX ZB�Q- CX w?Qm- wX um�M- �M/ qX w?�Q- ǳ*�H+mH�iBQM Q7 BMi`BMbB+ bTBM >�HH

+QM/m+iBpBiv #v q�MMB2` BMi2`TQH�iBQMǴ- S?vbX _2pX " N3- kR99yk UkyR3VX

(j) JX q�M;- qX *�B- EX *�Q- CX w?Qm- CX q`QM�- aX S2M;- >X u�M;- CX q2B- qX

E�M;- uX w?�M;- CX G�M;2`- "X P+F2`- �X 62`i- �M/ qX w?�Q- ǳ*m``2Mi@BM/m+2/

K�;M2iBx�iBQM brBi+?BM; BM �iQK@i?B+F imM;bi2M 2M;BM22`2/ T2`T2M/B+mH�` K�;@

M2iB+ imMM2H DmM+iBQMb rBi? H�`;2 imMM2H K�;M2iQ`2bBbi�M+2Ǵ- L�iX *QKKmMX N-

edR UkyR3VX

(9) aX S2M;- GX q�M;- sX GB- wX q�M;- CX w?Qm- CX ZB�Q- _X *?2M- uX w?�M;-

EX GX q�M;- �M/ qX w?�Q- ǳ1M?�M+2K2Mi Q7 T2`T2M/B+mH�` K�;M2iB+ �MBbQi`QTv

i?`Qm;? 62 BMb2`iBQM �i i?2 *Q62fq BMi2`7�+2Ǵ- A111 h`�MbX J�;MX 89- RĜ8

UkyR3VX

(8) aX S2M;- aX GB- qX E�M;- CX w?Qm- LX G2B- uX w?�M;- >X u�M;- sX GB- SX EX �KB`B-

EX GX q�M;- �M/ qX w?�Q- ǳG�`;2 pQHi�;2@+QMi`QHH2/ K�;M2iB+ �MBbQi`QTv BM i?2

a`hBP3f62f*m bi`m+im`2Ǵ- �TTHX S?vbX G2iiX RRR- R8k9yj UkyRdVX

(e) aX S2M;- qX w?�Q- CX ZB�Q- GX am- CX w?Qm- >X u�M;- ZX w?�M;- uX w?�M;- *X

:`2x2b- SX EX �KB`B- �M/ EX GX q�M;- ǳ:B�Mi BMi2`7�+B�H T2`T2M/B+mH�` K�;@

RkR
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M2iB+ �MBbQi`QTv BM J;Pf*Q62f+�TTBM; H�v2` bi`m+im`2bǴ- �TTHX S?vbX G2iiX

RRy- ydk9yj UkyRdVX

(d) aX S2M;- JX q�M;- >X u�M;- GX w2M;- CX L�M- CX w?Qm- uX w?�M;- �X >�HH�H-

JX *?b?B2p- EX GX q�M;- ZX w?�M;- �M/ qX w?�Q- ǳP`B;BM Q7 BMi2`7�+B�H T2`T2M@

/B+mH�` K�;M2iB+ �MBbQi`QTv BM J;Pf*Q62fK2i�HHB+ +�TTBM; H�v2` bi`m+im`2bǴ-

a+BX _2TX 8- R3Rdj UkyR8VX

Rkk

https://doi.org/10.1063/1.4976517
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�+FMQrH2/;2K2Mib

�i i?2 2M/ Q7 Kv S?X.X T2`BQ/- A rQmH/ HBF2 iQ 2tT`2bb i?2 KQbi bBM+2`2 ;`�iBim/2 iQ Kv

bmT2`pBbQ`- S`Q7X "Pl_L1G �`M�m/- r?Q ;Bp2b K2 i?2 +?�M+2 iQ Q#i�BM i?2 /Qm#H2

/Q+iQ`�H /2;`22 #2ir22M lMBp2`bBiû S�`Bb@a�+H�v �M/ "2B?�M; lMBp2`bBivX h?�MF ?BK

7Q` i?2 +QMiBMmQmb bmTTQ`i Q7 Kv S?X. bim/v �M/ `2b2�`+?- 7Q` ?Bb T`Q72bbBQM- T�iB2M+2-

�M/ BKK2Mb2 FMQrH2/;2X >Bb ;mB/�M+2 ?2HT2/ K2 BM �HH i?2 iBK2 Q7 `2b2�`+? �M/ r`BiBM;

Q7 i?Bb i?2bBbX A �K �Hr�vb BKT`2bb2/ #v ?Bb `B;Q`Qmb �iiBim/2 �M/ /2pQi2/ bTB`Bi iQ i?2

�+�/2KB+ rQ`FX A rQmH/ �HbQ HBF2 iQ i?�MF �HH Kv +QHH2;2b �i *2Mi`2 /2 L�MQb+B2M+2b

2i /2 L�MQi2+?MQHQ;B2b, S`Q7X a�ALh@J�_hAL Cû`ƬK2- S`Q7X .PGG6la S?BHBTT2-

S`Q7X S�G� J�`+Q- S`Q7X *�aa�L 1`B+- .`X L:lu1L J�B *?mM;- .`X .�oA1_

"`B+2- .`X *>PlE_PlL C2�M- JK2X ah1S>1L G�m`2M+2 �M/ JK2X �L.�GPL

Gv/B�X A �TT`2+B�i2 *?BM� a+?QH�`b?BT *QmM+BH 7Q` i?2 7mM/BM; r?B+? bmTTQ`ib K2 iQ

bim/v BM 6`�M+2 7Q` R3 KQMi?bX

A �TT`2+B�i2 S`Q7X 61_h �H#2`i �M/ S`Q7X w>�P q2Bb?2M; BM "2B?�M; lMBp2`bBivX

h?2v biBKmH�i2/ Kv BMi2`2bib BM �+�/2KB+b �M/ H2�/ K2 iQ i?2 rQ`H/ Q7 bTBMi`QMB+bX

h?2B` bmT2`pBbBQM �M/ 2M+Qm`�;2K2Mi �`2 BM/BbT2Mb�#H2 7Q` K2X A �HbQ r�Mi iQ i?�MF

i?2 bTBMi`QMB+b +QKKmMBiv- A +�M �Hr�vb ;2i ?2HT �M/ BMbTB`�iBQMb 7`QK +QM72`2M+2b

�M/ /Bb+mbbBQMb- A 2MDQv rQ`FBM; BM bm+? � 7`B2M/Hv �M/ 2M2`;2iB+ +QKKmMBivX

G�biHv- A ;Bp2 bT2+B�H i?�MFb iQ Kv 7�KBHB2bX h?2v /Q MQi FMQr r?�i bTBM �M;mH�`

KQK2MimK Bb- #mi i?2v bmTTQ`i K2 iQ /Q r?�i A HBF2X h?2v �`2 �Hr�vb Kv bQm`+2 Q7

bi`2M;i? �M/ bQHB/ #�+FBM;- i?�MFb i?2K � HQiX

Rkj



hBi`2 , 1im/2 �# BMBiBQ /m i`�MbTQ`i [m�MiB[m2 /ûT2M/�Mi /m bTBM
JQib +Hûb , H� K�;MûiQ`ûbBbi�M+2 ¨ 2z2i imMM2H- HǶ2z2i /2 >�HH /2 bTBM- HǶ2{+�+Biû /ǶBMD2+iBQM /2 bTBM- H� DQM+iBQM
imMM2H K�;MûiB[m2- H2 bvbiĕK2 #B/BK2MbBQMM2H- H2 +�H+mH �# BMBiBQ
_ûbmKû ,
G2b /BbTQbBiB7b bTBMi`QMB[m2b 2tTHQBi2Mi H2 /2;`û /2 HB@
#2`iû /m bTBM ûH2+i`QMB[m2 TQm` i`�Bi2` HǶBM7Q`K�iBQMX
.�Mb +2ii2 i?ĕb2- MQmb ûim/BQMb H2b T`QT`Bûiûb /2 i`�Mb@
TQ`i [m�MiB[m2 /ûT2M/�Mi /m bTBM TQm` QTiBKBb2` H2b
T2`7Q`K�M+2b /2b +QKTQb�Mib �bbQ+BûbX S�` HǶ�TT`Q+?2
�# BMBiBQ- MQmb +�H+mHQMb H� K�;MûiQ`ûbBbi�M+2 ¨ 27@
72i imMM2H UimMM2HBM; K�;M2iQ`2bBbi�M+2- hJ_V- HǶ2z2i
>�HH /2 bTBM UbTBM >�HH 2z2+i- a>1V 2i HǶ2{+�+Biû /ǶBM@
D2+iBQM /2 bTBM UbTBM BMD2+iBQM 2{+B2M+v- aA1VX LQmb
KQMi`QMb �BMbB [m2 H2b Kûi�mt HQm`/b U?2�pv K2i�Hb-
>JbV BM~m2M+2Mi H� hJ_ /�Mb /2b DQM+iBQMb imMM2H
K�;MûiB[m2b UK�;M2iB+ imMM2H DmM+iBQMb- JhCbV ¨ #�b2
/2 J;PX GǶmiBHBb�iBQM /2 q- JQ- Qm A` T2mi �KûHBQ`2`
H� hJ_X .2 THmb- H2 /QT�;2 T�` bm#biBimiBQM �B/2 ¨ QT@
iBKBb2` H2 a>1 /�Mb H2b >J- +2 [mB `2M7Q`+2 H2b �M;H2b
/2 >�HH /2 bTBM UbTBM >�HH �M;H2- a>�V TQm` `2M/`2
THmb 2{+�+2 H2 `2Mp2`b2K2Mi /Ƕ�BK�Mi�iBQM T�` +QmTH2
bTBM@Q`#Bi2 UbTBM@Q`#Bi iQ`[m2- aPhV /�Mb H2b JhCX
�}M /2 +QMiQm`M2` H2b T`Q#HĕK2b BM/mBib T�` H2 /ûb�+@

+Q`/ /2 K�BHH2 2Mi`2 +Qm+?2b 72``QK�;MûiB[m2b 2i J;P-
MQmb �pQMb +QMÏm mM2 JhC #�bû2 bm` HǶ?ûiû`QDQM+iBQM
oa2kfJQak /2 p�M /2` q��Hb Up/qV 2i +�H+mHQMb H�
hJ_ ¨ i2KTû`�im`2 �K#B�Mi2X GǶ�TT�`BiBQM /Ƕ2z2ib
/2 `ûbQM�M+2 imMM2H T2`K2i /ǶmiBHBb2` H� i2MbBQM �TTHB@
[mû2 TQm` KQ/mH2` H� hJ_ /�Mb +2ii2 bi`m+im`2X LQmb
T`QTQbQMb û;�H2K2Mi /Ƕv 7�pQ`Bb2` H2 aPh 2M miBHBb�Mi
/2b K�iû`B�mt #B/BK2MbBQMM2Hb UirQ@/BK2MbBQM�H- k.V
�p2+ mM 7Q`i a>1X JQh2k 2i qh2k �TT�`�Bbb2Mi +QKK2
/2 #QMb +�M/B/�ibX *2b /B+?�H+Q;ûMm`2b /2 Kûi�mt /2
i`�MbBiBQM Ui`�MbBiBQM K2i�H /B+?�H+Q;2MB/2b- hJ.*V
T`ûb2Mi2Mi mM 7Q`i a>1 �BMbB [m2 /2 ;`�M/b a>� ;`�+2
¨ H2m` 7�B#H2 +QM/m+iBpBiû ûH2+i`B[m2X 1M}M- KQiBpûb T�`
H� /2K�M/2 /ǶmM /BbTQbBiB7 +QKKmi�#H2 k. ¨ ;`�M/2
HQM;m2m` /2 /BzmbBQM bTBM- MQmb ûim/BQMb mM bvbiĕK2
/ǶBMD2+iBQM /2 bTBM /�Mb H2 bBHB+ĕM2 2i Q#i2MQMb /2b aA1
ûH2pûb bQmb i2MbBQM �TTHB[mû2X GǶ2Mb2K#H2 /2 +2b i`�@
p�mt �TTQ`i2Mi mM û+H�B`�;2 TQm` H� `2+?2`+?2 /2 MQm@
p2�mt /BbTQbBiB7b bTBMi`QMB[m2bX

hBiH2 , �# BMBiBQ BMp2biB;�iBQMb Q7 bTBM@/2T2M/2Mi [m�MimK i`�MbTQ`i
E2vrQ`/b , imMM2HBM; K�;M2iQ`2bBbi�M+2- bTBM >�HH 2z2+i- bTBM BMD2+iBQM 2{+B2M+v- K�;M2iB+ imMM2H DmM+iBQM-
irQ@/BK2MbBQM�H bvbi2K- �# BMBiBQ +�H+mH�iBQM
�#bi`�+i ,
aTBMi`QMB+b /2pB+2b K�MBTmH�i2 i?2 2H2+i`QM bTBM /2@
;`22 Q7 7`22/QK iQ T`Q+2bb BM7Q`K�iBQMX AM i?Bb i?2@
bBb- r2 BMp2biB;�i2 bTBM@/2T2M/2Mi [m�MimK i`�MbTQ`i
T`QT2`iB2b iQ QTiBKBx2 i?2 T2`7Q`K�M+2b Q7 bTBMi`QMB+b
/2pB+2bX h?`Qm;? �# BMBiBQ �TT`Q�+?- r2 `2b2�`+? i?2
imMM2HBM; K�;M2iQ`2bBbi�M+2 UhJ_V- bTBM >�HH 2z2+i
Ua>1V- �b r2HH �b bTBM BMD2+iBQM 2{+B2M+v UaA1VX Ai
?�b #22M /2KQMbi`�i2/ i?�i ?2�pv K2i�Hb U>JbV �`2
�#H2 iQ KQ/mH�i2 hJ_ 2z2+ib BM J;P@#�b2/ K�;M2iB+
imMM2H DmM+iBQMb UJhCbV- �M/ imM;bi2M- KQHv#/2MmK-
�M/ B`B/BmK �`2 T`QKBbBM; iQ 2M?�M+2 hJ_X JQ`2Q@
p2`- bm#biBimiBQM�H �iQK /QTBM; +�M 2z2+iBp2Hv QTiB@
KBx2 a>1 Q7 >Jb- r?B+? rQmH/ bi`2M;i?2M bTBM >�HH
�M;H2b Ua>�bV iQ �+?B2p2 2{+B2Mi bTBM@Q`#Bi iQ`[m2
UaPhV brBi+?BM; Q7 JhCbX hQ 2HBKBM�i2 i?2 KBbK�i+?
#2ir22M 72``QK�;M2iB+ �M/ #�``B2` H�v2`b BM J;P@
#�b2/ JhCb- r2 /2bB;M i?2 JhC rBi? #QM/@7`22 p�M

/2` q��Hb Up/qV ?2i2`QDmM+iBQM oa2kfJQak �M/ `2@
TQ`i i?2 `QQK@i2KT2`�im`2 hJ_X h?2 Q++m``2M+2 Q7
[m�MimK@r2HH `2bQM�M+2b 2M�#H2b pQHi�;2 +QMi`QH iQ #2
�M 2z2+iBp2 K2i?Q/ iQ KQ/mH�i2 hJ_ `�iBQb BM p/q
JhCX q2 Tmi 7Q`r�`/ i?2 B/2� Q7 aPh p/q JhC-
r?B+? 2KTHQvb aPh iQ brBi+? p/q JhC �M/ `2[mB`2b
p/q K�i2`B�Hb rBi? bi`QM; a>1X _2b2�`+? QM JQh2k
�M/ qh2k p2`B}2b i?2 TQbbB#BHBiv Q7 `2�HBxBM; i?Bb B/2�X
"Qi? Q7 i?2K �`2 H�v2`2/ i`�MbBiBQM K2i�H /B+?�H+Q@
;2MB/2b UhJ.*V �M/ 2t?B#Bi bi`QM; a>1b- �b r2HH �b
H�`;2 a>�b i?�MFb iQ i?2B` HQr 2H2+i`B+�H +QM/m+iBpBivX
G�biHv- KQiBp�i2/ #v i?2 /2K�M/ Q7 � irQ@/BK2MbBQM�H
Uk.V brBi+?�#H2 /2pB+2 rBi? HQM; bTBM /BzmbBQM H2M;i?-
r2 +QMbi`m+i i?2 bTBM BMD2+iBQM bvbi2K rBi? bBHB+2M2
KQMQH�v2`- �M/ `2p2�H ?B;? aA1b mM/2` 2H2+i`B+ }2H/bX
qQ`Fb BM i?Bb i?2bBb rQmH/ �/p�M+2 i?2 `2b2�`+? Q7
bTBMi`QMB+b /2pB+2bX

lMBp2`bBiû S�`Bb@a�+H�v
1bT�+2 h2+?MQHQ;B[m2 f AKK2m#H2 .Bb+Qp2`v
_Qmi2 /2 HǶP`K2 �mt J2`BbB2`b _. Rk3 f NRRNy a�BMi@�m#BM- 6`�M+2


