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A �K 2M/H2bbHv ;`�i27mH iQ i?2 K�Mv �/pBbQ`b- +QHH2�;m2b �M/ 7`B2M/b r?Q ?�p2 bmT@

TQ`i2/ K2 i?`Qm;?Qmi Kv T`Q;`�KX S`BM+BTH2 �KQM; i?2b2 Bb Kv �/pBbQ`- S`Q7X JBF?�BH

UJBb?�V GmFBMX JBb?� ?�b #22M BMp�Hm�#H2 �b � i2�+?2`- K2MiQ` �M/ �/pBbQ` i?`Qm;?@

Qmi Kv S?.X >Bb BM+`2/B#H2 BMimBiBQM �#Qmi �JP bvbi2Kb �M/ �#BHBiv iQ �Hr�vb }M/

M2r �M;H2b iQ �TT`Q�+? T`Q#H2Kb �M/ Tmb? 2tT2`BK2Mib 7m`i?2` Bb � +QMbi�Mi BMbTB@

`�iBQMX A i`mHv �TT`2+B�i2 i?2 i`mbi JBb?� ?�b 7Q` ?Bb bim/2Mib- ;BpBM; mb i?2 7`22@

/QK iQ BMp2biB;�i2 �M/ 2tTHQ`2 2p2`v i�M;2Mi BM Qm` T`QD2+i- MQ K�ii2` ?Qr +`�xv

i?2v K�v bQmM/X A rQmH/ �HbQ HBF2 iQ i?�MF Kv �/pBbBM; +QKKBii22- S`Q7X _QM�H/

q�HbrQ`i? �M/ S`Q7X 17i?BKBQb UhBKV E�tB`�bX _QMǶb 2Mi?mbB�bK 7Q` /B�KQM/ +QHQ`

+2Mi2`b Bb QM2 Q7 i?2 i?BM;b i?�i BMbTB`2/ K2 iQ i?Bb }2H/ Q7 `2b2�`+?- �M/ ?Bb 2tT2@

`B2M+2 �M/ �/pB+2 rBi? i?2b2 bvbi2Kb ?�p2 #22M BKK2Mb2Hv ?2HT7mHX hBKǶb K�bi2`v

Q7 bQHB/b �M/ +`vbi�Hb ?2HT2/ Kv mM/2`bi�M/BM; Q7 /B�KQM/ ;`QmT i?2Q`v- �M/ /2p2H@

QT2/ Kv BMimBiBQM 7Q` /272+i +2Mi2`bX 6BM�HHv- A ?�p2 ?�/ i?2 TH2�bm`2 iQ +QHH�#Q`�i2

rBi? � MmK#2` Q7 Qi?2` ;`QmTb �b T�`i Q7 i?Bb T`QD2+i- r?Q ?�p2 #22M BMbi`mK2Mi�H

BM Tmb?BM; i?Bb T`QD2+i iQ Bib HBKBibX 6B`bi- i?Bb T`QD2+i rQmH/ MQi ?�p2 #22M TQbbB#H2

rBi?Qmi i?2 M�MQ7�#`B+�iBQM 2tT2`iBb2 Q7 S`Q7X J�`FQ GQMÍ�`X >Bb rBHHBM;M2bb iQ +QH@

H�#Q`�i2 �M/ b?�`2 2tT2`B2M+2 rBi? /B�KQM/ M�MQT?QiQMB+b Bb /22THv �TT`2+B�i2/- �M/
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Bi ?�b #22M � TH2�bm`2 rQ`FBM; rBi? ?BK �M/ ?Bb bim/2Mib Qp2` i?2 v2�`bX aBKBH�`Hv- A

� /22T ;`�iBim/2 iQ S`Q7X 62/Q` C2H2xFQ- r?QǶb 2t+Bi2K2Mi �M/ FMQrH2/;2 Q7 /B�KQM/

+QHQ` +2Mi2`b bT�`F2/ i?2 bi�`i Q7 i?Bb T`QD2+iX 62/Q` �M/ ?Bb bim/2Mib BMi`Q/m+2/ Qm`

i2�K iQ i?2 bBHB+QM@p�+�M+v +2Mi2` U�b r2HH �b Bib +QmbBMb i?2 ;2`K�MBmK@p�+�M+v �M/

iBM@p�+�M+vV- �M/ i?2B` 7`B2M/Hv +QHH�#Q`�iBQMb BM /Bb+Qp2`BM; �M/ mM/2`bi�M/BM; i?2

mM/2`HvBM; T?vbB+b Q7 i?2b2 +QHQ` +2Mi2`b ?�b H2/ iQ K�Mv 7`mBi7mH /Bb+mbbBQMb �M/

Tm#HB+�iBQMbX 6BM�HHv- A rQmH/ HBF2 iQ i?�MF S`Q7X >QM;FmM S�`F �M/ S`Q7X .B`F 1M@

;Hm/- r?Q ?�p2 T`QpB/2/ ?2HT7mH /Bb+mbbBQMb �M/ B/2�b r?B+? �`2 ?2HTBM; iQ Tmb? i?Bb

T`QD2+i 7Q`r�`/X h?2B` 2tT2`iBb2 rBi? M�MQT?QiQMB+ bvbi2Kb �M/ M2irQ`Fb rBHH bm`2Hv

T`Qp2 pBi�H 7Q` im`MBM; Qm` /`2�Kb Q7 � *�K#`B/;2@�`2� [m�MimK M2irQ`F BMiQ `2�HBivX

A ?�p2 ?�/ i?2 ;`2�i TH2�bm`2 Q7 rQ`FBM; rBi? K�Mv #`BHHB�Mi �M/ 2Mi?mbB�biB+ b+B2M@

iBbib ?2`2 �i >�`p�`/ �M/ b?�`2/ K�Mv H�i2 MB;?i /Bb+mbbBQMb �M/ 2�`Hv KQ`MBM; #�;2Hb

r?B+? ?�p2 ?2HT2/ iQ F22T K2 KQiBp�i2/ �M/ 2t+Bi2/ �#Qmi T?vbB+bX 6B`bi- A rQmH/

HBF2 iQ i?�MF i?2 2MiB`2 aBo bm#@i2�KX A ?�/ i?2 TH2�bm`2 Q7 rQ`FBM; QM i?Bb T`QD2+i

M2�`Hv 7`QK BM+2TiBQM- �M/ +�MMQi #2 KQ`2 ;`�i27mH iQ �HT aBT�?B;BH- _m{M 1p�Mb-

�M/ .2MBb amF�+?2p 7Q` �++2TiBM; K2 QMiQ i?2 i2�KX �HT ?�b #22M �M BM+`2/B#H2 K2M@

iQ`- �M/ ?Bb K�bi2`v �M/ T�iB2M+2 BM i2�+?BM; K2 ?Qr iQ rQ`F BM � [m�MimK QTiB+b

H�# +�MMQi #2 Qp2`bi�i2/X A ?�p2 #22M +QMbi�MiHv BM �r2 Q7 �HTǶb �#BHBiv iQ Qp2`+QK2

�Mv 2tT2`BK2Mi�H +?�HH2M;2- �M/ ?Bb 2Mi?mbB�bK �M/ /2/B+�iBQM ?�b b?�T2/ Kv mM/2`@

bi�M/BM; Q7 r?�i Bi K2�Mb iQ #2 � b+B2MiBbiX _m{M ?�b �HbQ #22M rQM/2`7mH- �/pBbBM;

K2 BM M2�`Hv �HH �bT2+ib Q7 b+B2M+2- 7`QK T?QiQMB+b- iQ H�# Q`;�MBx�iBQM- iQ +�`22` T?B@

Bt



HQbQT?v �M/ HB72 QTiBKBx�iBQMX _m{MǶb mMB[m2 +QK#BM�iBQM Q7 T`�;K�iBbK �M/ ?mKQ`-

2bT2+B�HHv BM i?2 7�+2 Q7 2tT2`BK2Mi�H +?�HH2M;2 +QMiBMm2 iQ BMbTB`2 K2X .2MBb ?�b #22M

2p2`vi?BM; QM2 +QmH/ �bF 7Q` BM � TQbi/Q+X >Bb /22T BMbB;?i �M/ +QMbi�Mi [m2biBQMBM;

Q7 Qm` 2tT2`BK2Mi Tmb?2/ �M/ 2tT�M/2/ i?2 HBKBib Q7 Kv mM/2`bi�M/BM;X A i`2�bm`2

?Bb �/pB+2 �M/ K2MiQ`b?BT BM T?vbB+b �HKQbi �b Km+? �b A /Q ?Bb /Bb+mbbBQMb Q7 T?B@

HQbQT?v �M/ BM+QMbBbi2M+B2b BM i?2 1M;HBb? H�M;m�;2X aBM+2 Bib ?mK#H2 #2;BMMBM;b- A

?�p2 ?�/ i?2 T`BpBH2;2 Q7 r�i+?BM; i?2 aBo i2�K ;`Qr BM bBx2 �M/ +QKTH2tBiv �b i?2

i2+?MQHQ;v /2p2HQT2/X JB?B` "?�bF�` DQBM2/ i?2 i2�K b?Q`iHv �7i2`- �M/ Bi ?�b #22M

�M �#bQHmi2 DQv iQ H2�`M �M/ /2p2HQT i?2 aBo TH�i7Q`K rBi? ?BKX JB?B`Ƕb T2`b2p2`�M+2

�M/ BMimBiBQM rBi? i?2 aBo M�MQT?QiQMB+b r�b BMbi`mK2Mi�H BM /2p2HQTBM; i?2 KmHiB@

[m#Bi TH�i7Q`KX G2�/BM; i?2 M2ti ;2M2`�iBQM Q7 i?Bb T`QD2+i �`2 "�`i J�+?B2Hb2- .�pB/

G2pQMB�M- _�H7 _B2/BM;2`- *�M EM�mi- S�b?� ai`Q;�MQp- 1`BF EM�HH- _BpF� "2F2Mbi2BM

�M/ *QMM2` qBHHB�KbX A �K +QMiBMm�HHv BKT`2bb2/ #v i?2B` BMBiB�iBp2 �M/ /2/B+�iBQM-

�M/ HQQF 7Q`r�`/ iQ ?2�`BM; �#Qmi i?2B` K�Mv 7mim`2 /2p2HQTK2Mib �M/ T`QD2+ibX

L2ti- A rQmH/ HBF2 iQ i?�MF i?2 Kv`B�/ Q7 Qi?2` b+B2MiBbib r?Q ?�p2 ;2M2`QmbHv T`Q@

pB/2/ bmTTQ`i- #Qi? �+�/2KB+�HHv �M/ 2ti`�+m``B+mH�`HvX JBF2 "m`2F- >�B; �iBFB�M-

a`mD�M J22b�H�- "�`i J�+?B2Hb2- ai27�M "Q;/�MQpB+- 1`B+ SmK�- �M/ :`�?�K CQ2

?�p2 +�``B2/ i?2 bTB`Bi Q7 +QHH�#Q`�iBQM #2ir22M i?2 GmFBM �M/ GQMÍ�` ;`QmTbX h?2

QT2M /Bb+mbbBQM Q7 M2r /2p2HQTK2Mib �M/ i2+?MB+�H +?�HH2M;2b #2ir22M Qm` T`QD2+ib

?�b #22M � bB;MB}+�Mi `2�bQM 7Q` Qm` K�Mv �+?B2p2K2MibX CQQM?22 *?QB- >�``v w?Qm-

S2i2` J�m`2`- _2M�i2 G�M/B;- �`i?m` a�}`�- ��`QM E�#+2M2HH- 1KK� _Qb2M72H/- C�M

t



:B2b2H2`- 1H�M� l`#�+?- h�K�`� ȑmK�`�+- �H2t2B "vHBMbFBB- E`BbiBM2 _2x�B- L�#22H

�bH�K- E`BbiB��M .2 :`2p2- �M/ "Q .rv2` `2T`2b2Mi i?2 +QMbB/2`�#H2 MBi`Q;2M@p�+�M+v

2zQ`i BM Qm` ;`QmTX A i?�MF i?2K 7Q` i?2B` BMbB;?ib �M/ /Bb+mbbBQM BM mM/2`bi�M/BM;

i?2 /Bz2`2M+2b �M/ bBKBH�`BiB2b #2ir22M Lo �M/ aBo bvbi2Kb- �b r2HH �b 7Q` i?2B` �/@

pB+2 QM M�MQ/B�KQM/ �M/ #BQHQ;B+�H �TTHB+�iBQMbX A rQmH/ HBF2 iQ i?�MF Kv Q{+2

K�i2b hBK JBH#Qm`M2- SQ a�KmiT`�T?QQi- �M/ 1H�M� l`#�+? 7Q` +QKKBb2`�iBM; �M/

+2H2#`�iBM; BM i?2 K�Mv +?�HH2M;2b �M/ pB+iQ`B2b A 2tT2`B2M+2/ Qp2` i?2 v2�`bX A rQmH/

�HbQ HBF2 iQ i?�MF i?2 kyRN SaRk# i2�+?BM; i2�K "Q .rv2`- *�KBHH2 :QK2x@G�#2`;2-

�M/ �MM� EH�H2b- r?Q K�/2 i2�+?BM; mM/2`;`�/m�i2 H�#b � 7mM �M/ 7mH}HHBM; 2tT2@

`B2M+2X G�biHv- A rQmH/ HBF2 iQ i?�MF i?2 7QHHQrBM; bi�z, GBb� *�++B�#�m/Q- C�+Q#

"�`�M/2b- aBHF2 1tM2`- �/�K �+F2`K�M- E�`H *QH2K�M- *H�`2 SHQm+?�- a�K .�F@

QmH�b- CBK J�+�`i?m`- �/�K :`�?�K- �M/ a�b?� wB#`Qp r?Q ?�p2 ?2HT2/ bmTTQ`i

#Qi? K2 �M/ i?Bb T`QD2+iX

6BM�HHv- A rQmH/ HBF2 iQ i?�MF i?2 K�Mv 7`B2M/b?BTb 7Q`;2/ �M/ bi`2M;i?2M2/ Qp2`

Kv iBK2 BM *�K#`B/;2X A rQmH/ HBF2 iQ i?�MF i?2 GmFBM ;`QmT pQHH2v#�HH i2�K, �H2t2B-

"�`i- *�M- .�GB- .�pB/- .2MBb- .QK- 1`BF- :BQ- >�``v GX- >�``v wX A`Bb- JB?B`- ai27�M-

h`QM/- 7Q` T`QpBM; � 7mM �M/ r2H+QKBM; r�v iQ bT2M/ "QbiQM bmKK2`bX A rQmH/ �HbQ

HBF2 iQ i?�MF Kv i�#H2iQT ;`QmT, ��`QM- �H2t- *�K2`QM- *?`Bb- .�M- 1H�M�- 1p2HvM-

J2HBbb�- EBK22- �M/ hBK 7Q` 2Mi2`i�BMBM; Kv bi`�M;2 ?Q##B2b �M/ T`QpB/BM; +QmMiH2bb

?Qm`b Q7 +`2�iBpBiv �M/ 2Mi2`i�BMK2MiX �//BiBQM�HHv- A rQmH/ HBF2 iQ i?�MF i?2 2MiB`2iv

Q7 "B; _2/ "QbiQMX h?2B` bmTTQ`i �M/ 7`B2M/b?BT- #Qi? M2r �M/ QH/- Qp2` i?2 H�bi

tB



bBt v2�`b `2�HHv im`M2/ "QbiQM BMiQ � ?QK2 �r�v 7`QK ?QK2X h?2 +QKKmMBiv i?2v

7Qbi2`2/ i`mHv Bb QM2@Q7@�@FBM/- �M/ A +�MMQi �/2[m�i2Hv 2tT`2bb ?Qr Hm+Fv A r�b iQ #2

� T�`i Q7 BiX

A rQmH/ MQi #2 r?Q A �K iQ/�v rBi?Qmi �HH i?2 HQp2 �M/ bmTTQ`i A ?�p2 `2+2Bp2/

7`QK Kv 7�KBHvX h?2B` T�iB2M+2 �M/ �/pB+2 BM r�i+?BM; K2 ;`Qr Bb i?2 7QmM/�iBQM

i?Bb i?2bBb r�b #mBHi QMX G�biHv- � bT2+B�H i?�MFb iQ EBK22 JQQ`2X >2` mMvB2H/BM; 2M@

i?mbB�bK �M/ QTiBKBbK Bb BM72+iBQmb �M/ ?�b }HH2/ i?2 T�bi 72r v2�`b rBi? DQvX

h?Bb i?2bBb r�b ivT2b2i mbBM; i?2 .Bbb2`i�i2 G�h1s i2KTH�i2- `2H2�b2/ mM/2` i?2 T2`@

KBbbBp2 �:SG HB+2Mb2X

tBB



*Bi�iBQMb iQ T`2pBQmbHv Tm#HBb?2/ rQ`F

*?�Ti2` R BM Bib 2MiB`2iv ?�b #22M Tm#HBb?2/ �b

ǳ�HH@QTiB+�H M�MQb+�H2 i?2`KQK2i`v rBi? bBHB+QM@p�+�M+v +2Mi2`b BM /B�KQM/Ǵ

*X hX L;mv2M- _X 1X 1p�Mb- �X aBT�?B;BH- JX EX "?�bF�`- .X .X amF�+?2p-

oX LX �;�7QMQp- oX �X .�pv/Qp- GX JX EmHBFQp�- 6X C2H2xFQ- �M/ JX .X GmFBM

�TTHX S?vbX G2iiX RRk- kyjRyk UkyR3V

_2T`Q/m+2/ rBi? i?2 T2`KBbbBQM Q7 �AS Sm#HBb?BM;

*?�Ti2` k BM Bib 2MiB`2iv ?�b #22M Tm#HBb?2/ �b

ǳaBHB+QM@p�+�M+v bTBM [m#Bi BM /B�KQM/, � [m�MimK K2KQ`v 2t+22/BM; 10ms

rBi? bBM;H2@b?Qi bi�i2 `2�/QmiǴ

.X .X amF�+?2p- �X aBT�?B;BH- *X hX L;mv2M- JX EX "?�bF�`- _X 1X 1p�Mb- 6X

C2H2xFQ- �M/ JX .X GmFBM S?vbX _2pX G2iiX RRN- kkjeyk UkyRdV

*QTv`B;?i Ü kyRd #v �K2`B+�M S?vbB+�H aQ+B2ivX �HH `B;?ib `2b2`p2/X

*?�Ti2` j BM Bib 2MiB`2iv ?�b #22M Tm#HBb?2/ �b

ǳ�M BMi2;`�i2/ M�MQT?QiQMB+ [m�MimK `2;Bbi2` #�b2/ QM bBHB+QM@p�+�M+v bTBMb BM

/B�KQM/Ǵ

*X hX L;mv2M- .X .X amF�+?2p- JX EX "?�bF�`- "X J�+?B2Hb2- .X aX G2pQ@

MB�M- 1X LX EM�HH- SX ai`Q;�MQp- *X *?B�- JX CX "m`2F- _X _B2/BM;2`- >X S�`F-

tBBB



JX GQMÍ�` �M/ JX .X GmFBM S?vbX _2pX " Ryy- Re89k3 UkyRNV

*QTv`B;?i Ü kyRN #v �K2`B+�M S?vbB+�H aQ+B2ivX �HH `B;?ib `2b2`p2/X

*?�Ti2` 9 BM Bib 2MiB`2iv ?�b #22M Tm#HBb?2/ �b

ǳZm�MimK M2irQ`F MQ/2b #�b2/ QM /B�KQM/ [m#Bib rBi? �M 2{+B2Mi M�MQT?Q@

iQMB+ BMi2`7�+2Ǵ

*X hX L;mv2M- .X .X amF�+?2p- JX EX "?�bF�`- "X J�+?B2Hb2- .X aX G2pQMB�M-

1X LX EM�HH- SX ai`Q;�MQp- _X _B2/BM;2`- >X S�`F- JX GQMÍ�` �M/ JX .X GmFBM

S?vbX _2pX G2iiX Rkj- R3jeyk UkyRNV

*QTv`B;?i Ü kyRN #v �K2`B+�M S?vbB+�H aQ+B2ivX �HH `B;?ib `2b2`p2/X

tBp



0
AMi`Q/m+iBQM

yXR AMi`Q/m+iBQM iQ [m�MimK M2irQ`Fb

aBM+2 Bib /2p2HQTK2Mi Qp2` � +2Mim`v �;Q- [m�MimK K2+?�MB+b ?�b T`Qp2/ iQ #2 �M

BMp�Hm�#H2 iQQH 7Q` /2b+`B#BM; T`2pBQmbHv mM2tTH�BM�#H2 T�`�/Qt2b �#Qmi i?2 mMBp2`b2-

�M/ 2M�#HBM; M2r i2+?MQHQ;B2bX � [m�MimK K2+?�MB+�H /2b+`BTiBQM Q7 i?2 �iQK 7Q`

R



2t�KTH2- `2bQHp2/ i?2 bi�#BHBiv T�`�/Qt Q7 2�`HB2` KQ/2HbR- �M/ H�B/ i?2 ;`QmM/rQ`F

7Q` � #�M/ i?2Q`v Q7 bQHB/b- mHiBK�i2Hv 2M�#HBM; i?2 /2p2HQTK2Mi Q7 KQ/2`M b2KB+QM@

/m+iQ` 2H2+i`QMB+bkX aBKBH�`Hv- �/p�M+2b BM T?�`K�+QHQ;v �`2 #mBHi QM i?2 #�+F#QM2

Q7 .6h- i?2 [m�MimK K2+?�MB+�H /2b+`BTiBQM Q7 ?Qr 2H2+i`QMb Q`;�MBx2 BM KQH2+mH�`

#QM/bjX .2bTBi2 i?2b2 2t�KTH2b- K�Mv Q7 i?2 BMi2`2biBM; �M/ mMB[m2 72�im`2b Q7 [m�M@

imK K2+?�MB+b- bm+? �b bmT2`TQbBiBQM �M/ 2Mi�M;H2K2Mi `2K�BM � H�`;2Hv mMi�TT2/

`2bQm`+2 7Q` M2r i2+?MQHQ;B2b /m2 iQ i?2 /B{+mHiB2b Q7 +`2�iBM; �M/ +QMi`QHHBM; bm+?

2tQiB+ bi�i2bX J�Mv ;`QmTb �`QmM/ i?2 rQ`H/ �`2 +m``2MiHv BMp2biB;�iBM; � rB/2 `�M;2

Q7 T`2+Bb2Hv +QMi`QHH2/ [m�MimK bvbi2Kb BM Q`/2` iQ ?�`M2bb i?2b2 T`QT2`iB2b �M/ `2pQ@

HmiBQMBx2 KQ/2`M i2+?MQHQ;vX

S2`?�Tb i?2 KQbi r2HH 2bi�#HBb?2/ Q7 i?2b2 TH�i7Q`Kb Bb i?�i Q7 i`�TT2/ �iQKb �M/

BQMbX h?2b2 bvbi2Kb �`2 r2HH mM/2`biQQ/ #Qi? 7`QK � i?2Q`2iB+�H �M/ 2tT2`BK2Mi�H

TQBMi Q7 pB2r- `2bmHiBM; BM mMT`2+2/2Mi2/ H2p2Hb Q7 +QMi`QH Qp2` i?2 K�Mv �p�BH�#H2

/2;`22b Q7 7`22/QK9-8-eX G�`;2 �``�vb Q7 M2mi`�H �iQKb i`�TT2/ BM QTiB+�H H�iiB+2b �M/

ir22x2` �``�vb ?�p2 2M�#H2/ TQr2`7mH [m�MimK bBKmH�iQ`b- +�T�#H2 Q7 T`Q#BM; K�Mv@

#Q/v /vM�KB+b �M/ bBKmH�iBM; +QKTH2t T?vbB+�H T`Q#H2Kbd-3-NX lM7Q`imM�i2Hv- +m``2Mi

BKTH2K2Mi�iBQMb Q7 i?2b2 bvbi2Kb �`2 HBKBi2/ iQ i2Mb Q7 [m#Bib8-Ry- ivTB+�HHv /m2 iQ

i?2 i2+?MB+�H +QKTH2tBiB2b BMpQHp2/ BM i`�TTBM; �M/ +QMi`QHHBM; i?�i K�Mv BM/BpB/m�H

�iQKbX

AM HB;?i Q7 i?Bb- BMp2biB;�iBQMb BMiQ bQHB/@bi�i2 [m#Bib- r?B+? /QMǶi M22/ iQ #2 BM/B@

pB/m�HHv i`�TT2/ �M/ +QQH2/- �`2 � T�`iB+mH�`Hv T`QKBbBM; /B`2+iBQM 7Q` #mBH/BM; [m�M@

k



imK i2+?MQHQ;B2bRRX h?2b2 bvbi2Kb ?�p2 i?2 �/p�Mi�;2 Q7 #2BM; ?B;?Hv 2M;BM22`2/,

i?2B` +QmTHBM;b �M/ +QMM2+iBpBiv +�M #2 /2}M2/ #v i?2 M�MQ7�#`B+�iBQM T`Q+2bb- �M/

i?2v +�M #2 T`Q/m+2/ 2M@K�bb2 mbBM; 2bi�#HBb?2/ b2KB+QM/m+iQ` 7�#`B+�iBQM i2+?@

MB[m2bX .m2 iQ i?Bb `�TB/ /2p2HQTK2Mi- bmT2`+QM/m+iBM; [m#Bi /2pB+2b ?�p2 /2KQM@

bi`�i2/ i?�i i?2v +�M T2`7Q`K bQK2 +�H+mH�iBQMb 7�bi2` i?�M i?2 #2bi �p�BH�#H2 +H�bbB@

+�H +QKTmi2`bc � #2M+?K�`F FMQrM �b Ƕ[m�MimK bmT`2K�+vǶRkX PM+2 �;�BM ?Qr2p2`-

i?2b2 +?BTb �`2 +m``2MiHv HBKBi2/ iQ i2Mb Q7 [m#BibRk- /m2 iQ mM/2bB`�#H2 +`Qbb@i�HF #2@

ir22M [m#BibX

AM Q`/2` iQ b+�H2 mT i?2b2 [m�MimK bvbi2Kb iQ i?2 i?Qmb�M/b UQ` KBHHBQMbV Q7 [m#Bib

M2+2bb�`v 7Q` mMBp2`b�H- 7�mHi@iQH2`�Mi [m�MimK +QKTmiBM;- M2r K2i?Q/b 7Q` +QMM2+i@

BM; �M/ `QmiBM; [m�MimK BM7Q`K�iBQM �`2 T�`�KQmMiRjX AM �M�HQ;v iQ +H�bbB+�H M2i@

rQ`FBM;- [m�MimK M2irQ`Fb +QmH/ b2`p2 �b � #mb iQ `Qmi2 BM7Q`K�iBQM #2ir22M BM/2@

T2M/2Mi Ƕ+Q`2bǶ Q7 bK�HH [m�MimK T`Q+2bbQ`bX 6m`i?2`KQ`2- #v +QMM2+iBM; MQ/2b b2T�@

`�i2/ #v HQM; /Bbi�M+2b- [m�MimK M2irQ`Fb +QmH/ b2`p2 �b i?2 #�+F#QM2 Q7 � [m�MimK

BMi2`M2iR9-R8- r?B+? rQmH/ 2M�#H2 K�Mv M2r i2+?MQHQ;B2b �M/ �TTHB+�iBQMb BM+Hm/BM;

mM+QM/BiBQM�HHv b2+m`2 +QKKmMB+�iBQMRe- 2M?�M+2/ K2i`QHQ;vRd-R3- �M/ ǵ#HBM/Ƕ [m�M@

imK +QKTmiBM;RNX aBKBH�` iQ +H�bbB+�H i2H2+QKKmMB+�iBQMb- r?2`2 BM7Q`K�iBQM Bb i`�Mb@

KBii2/ ;HQ#�HHv �i ?B;? #�M/rB/i? i?`Qm;? QTiB+�H }#2`b- bBM;H2 QTiB+�H T?QiQMb �`2

� M�im`�H +?QB+2 7Q` i`�MbKBiiBM; [m�MimK BM7Q`K�iBQM �M/ +QMM2+iBM; `2KQi2 MQ/2b

iQ;2i?2`X h?mb- � 7mM+iBQM�H [m�MimK M2irQ`F `2[mB`2b MQ/2b r?B+? +QMbBbi Q7,

RX bK�HH@iQ@BMi2`K2/B�i2 b+�H2 [m�MimK T`Q+2bbQ`b

j



kX r?B+? +�M biQ`2 �M/ T`Q+2bb [m�MimK BM7Q`K�iBQM rBi? ?B;? }/2HBiv

jX �M/ �`2 2{+B2MiHv BMi2`7�+2/ rBi? bBM;H2 T?QiQM i`�MbKBii2`bX

.2bTBi2 i?Bb `2H�iBp2Hv KBMBK�H b2i Q7 `2[mB`2K2Mib- p2`v 72r TH�i7Q`Kb �`2 +�T�#H2

Q7 b�iBb7vBM; �HH Q7 i?2b2 `2[mB`2K2Mib bBKmHi�M2QmbHvX h`�TT2/ �iQKb BM QTiB+�H +�pB@

iB2b- 7Q` 2t�KTH2- ?�p2 /2KQMbi`�i2/ �iQK@T?QiQM ;�i2bky-kR �b r2HH �b ;�i2b #2ir22M

irQ �iQKb K2/B�i2/ #v +�pBiv BMi2`�+iBQMbkk- #mi +QK#BMBM; i?2b2 irQ 2tT2`BK2Mib

iQ +`2�i2 � [m�MimK M2irQ`F MQ/2 `2K�BMb �M Qmibi�M/BM; +?�H2HM;2X AM +QKT�`BbQM-

b2H7@�bb2K#H2/ [m�MimK /Qib BM :��b- �M 2bi�#HBb?2/ bQHB/@bi�i2 bvbi2K- ?�p2 #22M

BM+Q`TQ`�i2/ BMiQ M�MQT?QiQMB+ bi`m+im`2b- 2M�#HBM; �M 2{+B2Mi QM@+?BT bTBM@T?QiQM

BMi2`7�+2kj-k9- #mi ?�p2 v2i iQ /2KQMbi`�i2 HQM; [m�MimK biQ`�;2 iBK2b- HBKBi2/ T`B@

K�`BHv #v i?2 /2Mb2 #�i? Q7 Mm+H2�` bTBMb BMi`BMbB+ iQ i?2 ?Qbi +`vbi�Hk8X

6BM�HHv- +QHQ` +2Mi2`b BM /B�KQM/ ?�p2 2K2`;2/ BM `2+2Mi /2+�/2b �b 2bT2+B�HHv

T`QKBbBM; +�M/B/�i2b 7Q` #mBH/BM; [m�MimK M2irQ`F MQ/2bX h?2 KQbi 7�KQmb Q7 r?B+?-

i?2 MBi`Q;2M@p�+�M+v +2Mi2` ULoV- ?�b #22M b?QrM iQ #2 �M 2t+2TiBQM�H [m�MimK bvb@

i2K +�T�#H2 Q7 BMi2`7�+BM; rBi? `2;Bbi2`b Q7 i2M [m#Bib rBi? 2ti`2K2Hv HQM; +Q?2`2M+2

iBK2bkeX SBQM22`BM; 2tT2`BK2Mib rBi? Lob ?�p2 2p2M /2KQMbi`�i2/ HQM;@`�M;2 2Mi�M@

;H2K2Mi #2ir22M Lob- rBi? `�i2b T`BK�`BHv HBKBi2/ #v i?2B` TQQ` BMi2`7�+2 iQ QTiB+�H

T?QiQMbkdX

JQiBp�i2/ #v i?2 bm++2bb2b Q7 bvbi2Kb HBF2 i?2 Lo- i?2`2 Bb bB;MB}+�Mi b+B2MiB}+ �M/

i2+?MQHQ;B+�H KQiBp�iBQM 7Q` }M/BM; M2r +QHQ` +2Mi2`b rBi? BKT`Qp2/ QTiB+�H �M/ +Q@

?2`2M+2 T`QT2`iB2b 7Q` i?2 Tm`TQb2b Q7 [m�MimK M2irQ`FBM; �M/ +QKTmiBM;X �H`2�/v-

9



K�Mv M2r T`QKBbBM; +�M/B/�i2b �`2 2K2`;BM;- BM+Hm/BM; MQp2H +QHQ` +2Mi2`b BM /B�@

KQM/k3-kN-jy-jR �M/ Qi?2`bjk-jj-j9X

yXk h?2 bBHB+QM@p�+�M+v +QHQ` +2Mi2` BM /B�KQM/

�KQM; i?2b2 M2r TH�i7Q`Kb- i?2 bBHB+QM@p�+�M+v +QHQ` +2Mi2` BM /B�KQM/ UaBoV bi�M/b

Qmi �b T�`iB+mH�`Hv T`QKBbBM; 7Q` [m�MimK M2irQ`FBM; �TTHB+�iBQMbX AMBiB�HHv BMbTB`2/

#v i?2 Q#b2`p�iBQM Q7 #`B;?i- M�``Qr@#�M/ bBM;H2@T?QiQM 2KBbbBQM �i `QQK i2KT2`�@

im`2k3-j8- BMp2biB;�iBQMb Q7 i?2 aBo /2p2HQT2/ `�TB/Hv �M/ 2bi�#HBb?2/ i?Bb �b � `2bmHi

Q7 Bib `2H�iBp2Hv mMB[m2 D3d bvKK2i`vje-jd- r?B+? `2M/2`b i?2 QTiB+�H i`�MbBiBQMb BM@

b2MbBiBp2 iQ 2H2+i`B+ }2H/b iQ }`bi Q`/2`j3X h?Bb BMb2MbBiBpBiv T`Qi2+ib aBob 7`QK Km+?

Q7 i?2 /BbQ`/2` �M/ MQBb2 ivTB+�HHv T`2b2Mi BM M�MQbi`m+im`2b- �M/ 2M�#H2b �M 2{+B2Mi

�iQK@T?QiQM BMi2`7�+2 pB� M�MQT?QiQMB+ +�pBiv [m�MimK 2H2+i`Q/vM�KB+bjN-9y-9RX 6m`@

i?2`KQ`2- i?2 aBo ?�b � `B+? 2M2`;v bT2+i`mK- /2b+`B#2/ #v � bBM;H2 bTBM@Rfk ?QH2

rBi? #Qi? bTBM �M/ Q`#Bi�H /2;`22b Q7 7`22/QKX

lM7Q`imM�i2Hv- /2bTBi2 aBo BMb2MbBiBpBiv iQ 2H2+i`B+ }2H/ MQBb2- +Q?2`2M+2 iBK2b 7Q`

aBob ?�p2 #22M HBKBi2/ iQ ?mM/`2/b Q7 M�MQb2+QM/b9k-9j-99-98-9eX �ii2KTib iQ 2tTH�BM

i?Bb T?2MQK2MQM T`QTQb2 T?QMQM +QmTHBM; #2ir22M Q`#Bi�H bi�i2b r?B+? BMi`Q/m+2

�//BiBQM�H /2TQH�`Bx�iBQM �M/ /2T?�bBM; K2+?�MBbKb99X �M mM/2`bi�M/BM; Q7 i?Bb T`Q@

+2bb Bb M2+2bb�`v iQ mMHQ+F i?2 7mHH TQi2MiB�H Q7 i?2 aBo 7Q` i2+?MQHQ;B+�H �TTHB+�iBQMb

bm+? �b [m�MimK M2irQ`FbX

8



yXj Pp2`pB2r Q7 i?Bb i?2bBb

h?Bb i?2bBb #mBH/b QM ∼ 8 v2�`b Q7 T`2pBQmb 2tT2`BK2Mib 2bi�#HBb?BM; i?2 aBo �b � bm@

T2`BQ` QTiB+�H 2KBii2`- �M/ rQ`F iQ mM/2`bi�M/ �M/ +QMi`QH i?2 T?QMQM K2+?�MBbKb

T`2p2MiBM; i?2 mb2 Q7 aBo �b � [m�MimK K2KQ`vX *?�Ti2` R /2KQMbi`�i2b QM2 +QMb2@

[m2M+2 Q7 T?QMQM +QmTHBM; iQ i?2 aBo- r?2`2 2H2+i`QM@T?QMQM T`Q+2bb2b K�MB72bi �b

i2KT2`�im`2@b2MbBiBp2 QTiB+�H i`�MbBiBQMbX h?Bb Q#b2`p�iBQM +QM}`Kb T`2pBQmb `2bmHib99

�M/ KQiBp�i2b i?2 T`2+2/BM; +?�Ti2`bX Ai b?QmH/ #2 MQi2/ ?Qr2p2` i?�i i?2b2 QTiB@

+�H i`�MbBiBQMb �`2 `2K�`F�#Hv b2MbBiBp2 UrBi? ∆λ/∆T = 6.8(1)GHzK−1- �M/ bi�#H2

UT`QT2`iB2b BM 200 nm M�MQ/B�KQM/b /2pB�i2 #v H2bb i?�M 1% #2ir22M b�KTH2bVX "v

+�`27mHHv K2�bm`BM; i?2 aBo bT2+i`mK �b � 7mM+iBQM Q7 i2KT2`�im`2- r2 /2KQMbi`�i2

�M �HH@QTiB+�H- +�HB#`�iBQM@7`22 i?2`KQK2i2` r?B+? +�M TQi2MiB�HHv #2 mb2/ �b �M BMi2@

;`�i2/ i2KT2`�im`2 b2MbQ` �M/ �+im�iQ` QM i?2 M�MQb+�H2X

h?2 `2K�BMBM; +?�Ti2`b 7Q+mb QM BKT`QpBM; i?2 T`QbT2+ib Q7 [m�MimK BM7Q`K�@

iBQM T`Q+2bbBM; rBi? i?2 aBo #v KBiB;�iBM; i?2 2z2+i Q7 T?QMQM@BM/m+2/ /2+Q?2`2M+2X

L�K2Hv- #v +QQHBM; aBob #2HQr 500mK BM � /BHmiBQM `27`B;2`�iQ`- Bi r�b i?2Q`Bx2/ i?�i

`2H2p�Mi T?QMQM KQ/2b +QmH/ #2 7`Qx2M Qmi- �HHQrBM; i?2 aBo iQ #2 � [m�MimK K2K@

Q`v +QKT�`�#H2 iQ i?�i Q7 i?2 Lo99X AM +?�Ti2` k- r2 QmiHBM2 i?2 2tT2`BK2Mi�H `2bmHib

Q7 i?Bb T`QTQb�H- r?B+? 2ti2M/ i?2 +Q?2`2M+2 iBK2 Q7 aBob #v }p2 Q`/2`b Q7 K�;MBim/2

+QKT�`2/ iQ T`2pBQmb bim/B2b mbBM; aBobX q2 7m`i?2` b?Qr i?�i i?2 aBo +Q?2`2M+2

e



T`QT2`iB2b /Q MQi b+�H2 B/2MiB+�HHv iQ i?2 Lo- bm;;2biBM; i?�i aBob BM #mHF �`2 MQi HBK@

Bi2/ #v i?2 b�K2 MQBb2 #�i?bX 1p2M bQ- i?Bb rQ`F 2bi�#HBb?2b i?2 aBo �b � TQi2MiB�H

[m#Bi TH�i7Q`K- �M/ b2`p2b �b � i2bi#2/ 7Q` � b2i Q7 +QMi`QH iQQHb M2+2bb�`v 7Q` [m�M@

imK +QMi`QH, aBM;H2@b?Qi BMBiB�HBx�iBQM �M/ `2�/Qmi Q7 i?2 [m#Bi- �M/ +Q?2`2Mi bBM;H2@

[m#Bi ;�i2bX

AM +?�Ti2` j- r2 TH�+2 i?2b2 aBo [m#Bib BMiQ M�MQT?QiQMB+ +�pBiB2b iQ 2M�#H2 2{@

+B2Mi �iQK@T?QiQM BMi2`�+iBQMbX q2 QmiHBM2 7�#`B+�iBQM �M/ 2tT2`BK2Mi�H mT;`�/2b iQ

T`2pBQmb `2TQ`ibjN-9y-9R- �M/ QmiHBM2 i?2 i2+?MB+�H +QMbB/2`�iBQMb 7Q` QT2`�iBM; aBo +�p@

Biv Z1. 2tT2`BK2Mib BM � /BHmiBQM 7`B/;2X h?2 [m�MimK +QMi`QH iQQH#Qt Bb mT/�i2/ iQ

BM+Hm/2 M2r +QMbB/2`�iBQMb �`BbBM; 7`QK i?2 M�MQT?QiQMB+b TH�i7Q`K- BM+Hm/BM; ;2M2`�@

iBQM Q7 #BT�`iBi2 2Mi�M;K2Mi BM i?2 7Q`K Q7 bTBM@T?QiQM "2HH bi�i2bX

*?�Ti2`b j �M/ 9 i?2M BMi`Q/m+2 � b2+QM/ [m#Bi iQ i?Bb TH�i7Q`K #�b2/ QM M2�`#v

13* Mm+H2�` bTBMb �M/ /2KQMbi`�i2 2H2+i`QM@Mm+H2�` "2HH bi�i2bX h?2b2 K2�bm`2K2Mib

}MBb? +?�`�+i2`BxBM; � 7mHHv 7mM+iBQMBM; aBo [m�MimK M2irQ`F MQ/2- +QMbiBimiBM; Q7 �M

BMi2`�+iBM; KmHiB@[m#Bi [m�MimK `2;Bbi2` rBi? HQM; +Q?2`2M+2 iBK2b �M/ � /2i2`KBM@

BbiB+ bTBM@T?QiQM BMi2`7�+2X q2 ?B;?HB;?i i?2 +�T�#BHBiB2b Q7 i?Bb MQ/2 BM +?�Ti2` 9 #v

;2M2`�iBM; bTBM@bTBM �M/ bTBM@T?QiQM "2HH bi�i2b BM � bBM;H2 /2pB+2- �b r2HH T2`7Q`K@

BM; QM2 Q7 i?2 +`m+B�H 7mM+iBQMb Q7 � MQ/2, K�TTBM; � T?QiQMB+ [m#Bi QMiQ �M �iQKB+

K2KQ`vX h?Bb /2KQMbi`�iBQM Bb i?2 }`bi bi2T iQr�`/b � [m�MimK BMi2`M2i +�T�#H2 Q7

/Bbi`B#miBM; �M/ Tm`B7vBM; 2Mi�M;H2K2Mi Qp2` HQM; /Bbi�M+2bX

6BM�HHv- +?�Ti2` 8 +QM+Hm/2b #v QmiHBMBM; b2p2`�H BKK2/B�i2 i2+?MQHQ;B2b 2M�#H2/ #v

d



i?Bb /2pB+2- BM+Hm/BM; K2KQ`v@2M?�M+2/ /Bbi`B#miBQM `�i2b 7Q` b2+m`2 [m�MimK F2vbX

q2 �HbQ QmiHBM2 b2p2`�H TQi2MiB�H BKT`Qp2K2Mib iQ i?Bb i2+?MQHQ;v- BM+Hm/BM; /2i2`KBM@

BbiB+ KmHiB@[m#Bi `2;Bbi2`b- `Q#mbi T�+F�;BM;- �M/ bBM;H2@bB/2/ +�pBiv /2bB;M- r?B+? rBHH

QT2M i?2 /QQ` iQ K�Mv M2r �TTHB+�iBQMbX

3



1
�HH@QTiB+�H M�MQb+�H2 i?2`KQK2i`v rBi?

bBHB+QM@p�+�M+v +2Mi2`b BM /B�KQM/

h?Bb +?�Ti2` ?�b #22M Tm#HBb?2/ �b

ǳ�HH@QTiB+�H M�MQb+�H2 i?2`KQK2i`v rBi? bBHB+QM@p�+�M+v +2Mi2`b BM /B�KQM/Ǵ

*X hX L;mv2M- _X 1X 1p�Mb- �X aBT�?B;BH- JX EX "?�bF�`- .X .X amF�+?2p- oX LX

N



�;�7QMQp- oX �X .�pv/Qp- GX JX EmHBFQp�- 6X C2H2xFQ- �M/ JX .X GmFBM �TTHX S?vbX

G2iiX RRk- kyjRyk UkyR3V

_2T`Q/m+2/ rBi? i?2 T2`KBbbBQM Q7 �AS Sm#HBb?BM;

RXR AMi`Q/m+iBQM

GmKBM2b+2Mi i?2`KQK2i2`b9d miBHBx2 i?2 b2MbBiBpBiv Q7 QTiB+�H i`�MbBiBQMb iQ i2KT2`@

�im`2 BM Q`/2` iQ T`Q#2 i?2`K�H p�`B�iBQMb QM i?2 M�MQK2i2` b+�H2X �Hi?Qm;? i?2b2

bvbi2Kb ?�p2 HQr2` b2MbBiBpBiv i?�M- 7Q` 2t�KTH2- b+�MMBM; T`Q#2b93-9N- i?2v �`2 MQM@

BMp�bBp2- 2M�#HBM; � #`Q�/ +H�bb Q7 2tT2`BK2Mib BM+Hm/BM; BM pBpQ #BQHQ;B+�H K2�bm`2@

K2Mib9d-8yX *m``2Mi TH�i7Q`Kb 7Q` HmKBM2b+2Mi i?2`KQK2i`v �`2 Q7i2M HBKBi2/ #v BM@

i`BMbB+ 2KBii2` T`QT2`iB2b, #`Q�/ BM?QKQ;2M2Qmb /Bbi`B#miBQMb-8R-8k- r2�F i`�MbBiBQM

/BTQH2b-9N-8j-89-88- T?QiQ#H2�+?BM;8e-8d �M/ bK�HH .2#v2@q�HH2` 7�+iQ`b83X h?2b2 T`QT2`@

iB2b `2bmHi BM i?2`KQK2i2`b r?B+? `2[mB`2 HQM; �+[mBbBiBQM iBK2b8R-89-88-83 �M/ ivTB+�HHv

`2[mB`2 BM/BpB/m�H +�HB#`�iBQM8e-8d-83-8N-ey BM Q`/2` iQ K2�bm`2 i2KT2`�im`2 p�`B�iBQMX

.B�KQM/ #�b2/ TH�i7Q`Kb ?�p2 T`Qp2M iQ #2 p2`b�iBH2 7Q` � rB/2 `�M;2 Q7 b2MbBM;

�TTHB+�iBQMbX h?2 /B�KQM/ +`vbi�H Bb +?2KB+�HHv BM2`i- K�FBM; Bi M�im`�HHv `Q#mbi iQ

2ti`2K2 2MpB`QMK2Mib- �M/ #BQHQ;B+�HHv +QKT�iB#H2- +�T�#H2 Q7 #2BM; HQ+�i2/ rBi?BM

M�MQK2i2`b Q7 i?2 b2MbBM; pQHmK2X LBi`Q;2M p�+�M+v +QHQ` +2Mi2`b ULobV BM /B�KQM/-

7Q` 2t�KTH2- miBHBx2 KB+`Qr�p2 �M/ QTiB+�H +QMi`QH iQ K2�bm`2 i2KT2`�im`283-ey U�b

r2HH �b K�;M2iB+eR-ek- 2H2+i`B+ej- �M/ bi`�BMe9 }2H/bV rBi? M�MQb+�H2 `2bQHmiBQM �M/

Ry



HQr mM+2`i�BMivX q?BH2 i?2`KQK2i`v rBi? Lob 72�im`2b ?B;? b2MbBiBpBiv- Bi `2[mB`2b

bBKmHi�M2Qmb QTiB+�H �M/ KB+`Qr�p2 +QMi`QH- �M/ /m2 iQ BM?QKQ;2M2Qmb #`Q�/2MBM;-

2�+? 2KBii2` Kmbi #2 BM/BpB/m�HHv +�HB#`�i2/ #27Q`2 mb2 �b � i?2`KQK2i2`X h?2 bBHB+QM@

p�+�M+v +QHQ` +2Mi2` UaBoV BM /B�KQM/ ?�b `2+2MiHv 2K2`;2/ �b � bmT2`BQ` QTiB+�H

2KBii2`- #2HQM;BM; iQ � 7�KBHv Q7 BMi2`biBiB�H /272+ib r?Qb2 7�pQ`�#H2 QTiB+�H T`QT2`iB2b

�`Bb2 7`QK BMp2`bBQM bvKK2i`vkN-jy-e8X aBob ?�p2 bi�#H2 QTiB+�H T`QT2`iB2b 72�im`BM;

#`B;?i- M�``Qr#�M/ 2KBbbBQM- �HHQrBM; 7Q` 7�bi- �++m`�i2 K2�bm`2K2Mib r?B+? �`2 +QM@

bBbi2Mi #2ir22M 2KBii2`bX h?Bb K2�Mb i?�i aBob +�M #2 mb2/ �b ?B;?@`2bQHmiBQM- MQM@

T?QiQ#H2�+?BM; i?2`KQK2i2`b rBi?Qmi i?2 M22/ 7Q` +�HB#`�iBQMX AM i?Bb +?�Ti2`- r2

i�F2 �/p�Mi�;2 Q7 i?2 aBoǶb x2`Q@T?QMQM HBM2 UwSGV 7`2[m2M+v- HBM2rB/i?- �M/ [m�M@

imK 2{+B2M+v i2KT2`�im`2 b2MbBiBpBiv iQ `2�HBx2 �HH@QTiB+�H i?2`KQK2i`v rBi? aBo

2Mb2K#H2b #Qi? BM #mHF �M/ BM M�MQ/B�KQM/bX

RXk S?QiQHmKBM2b+2M+2 i?2`KQK2i`v

6QHHQrBM; T`2pBQmb bim/B2b99-ee-ed-e3- r2 }`bi 7Q+mb QM i?2 T?QiQHmKBM2b+2M+2 USGV

bT2+i`mK Q7 �M 2Mb2K#H2 Q7 aBob BM #mHF /B�KQM/ �i `QQK i2KT2`�im`2 (6B;X RXRU�-#V)X

q2 }i i?2 wSG bT2+i`mKeN-dy �M/ mb2 i?2 wSG T2�F TQbBiBQM �b i?2 i?2`KQK2i`v

bB;M�H USG i?2`KQK2i`v �TT2M/Bt �VX �Hi?Qm;? i?2 aBo wSG 7`2[m2M+v b?B7ib MQM@

HBM2�`Hv 7`QK 8E iQ `QQK i2KT2`�im`299-ee-ed-e3- 7Q` � bK�HH `�M;2 U295 ± 5KV- Bi

/2pB�i2b #v H2bb i?�M RW 7`QK i?2 HBM2�` �TT`QtBK�iBQM (6B;X RXRU+V)X q2 K2�bm`2

RR



(b)

(c)

λ 
(7

38
.x

 n
m

)

295 300

.80

.90

Temperature (K)
290

(d)

1 10

0.1

0.3

0.5

Total counts (Nph)
P

re
ci

si
on

 σ
T 
(K

)

Integration Time (s)

106

50

(a)
S

pe
ct

.

52
0n

m

70
0n

m

.85

.75

ph
107

 P
L 

C
ou

nt
s 

(k
H

z)

Wavelength λ (nm)

20

30

735 740

15o C
29o C

Δλ

745

6B;m`2 RXR, aBo SG i?2`KQK2i`v BM #mHF /B�KQM/X �X .B�KQM/ rBi? � ?B;? aBo /2MbBiv Bb 2t+Bi2/
Qz `2bQM�M+2 �M/ aBo ~mQ`2b+2M+2 bT2+i`� �`2 K2�bm`2/ �X #X hvTB+�H bT2+i`� �i 15 ◦C U#Hm2V
�M/ 29 ◦C U`2/VX h?2 wSG T2�F b?B7ib iQ i?2 `2/ �i ?B;?2` i2KT2`�im`2bX +X S2�F TQbBiBQM �b �
7mM+iBQM Q7 i2KT2`�im`2X h?2 T2�F b2MbBiBpBiv iQ i2KT2�`�im`2 Bb ∆λ/∆T = 0.0124(2)nmK−1

U6.8(1)GHzK−1VX 1``Q` #�`b U±1σV 7Q` i?Bb K2�bm`2K2Mi �`2 i?2 bBx2 Q7 i?2 /�i� TQBMibX /X h2K@
T2`�im`2 mM+2`i�BMiv UσT V Q7 i?2 i?2`KQK2i2` �b � 7mM+iBQM Q7 BMi2;`�iBQM iBK2X aQHB/ HBM2 Bb � }i
iQ b?Qi MQBb2 1/

√
NphX h?2 mM+2`i�BMiv Bb 360mK/

√
HzX

Rk



i?2 b2MbBiBpBiv Q7 i?2 T2�F r�p2H2M;i? iQ i2KT2`�im`2- ∆λ/∆T = 0.0124(2)nmK−1

U6.8(1)GHzK−1V- +QMbBbi2Mi rBi? T`2pBQmb HQr@`2bQHmiBQM K2�bm`2K2Mib99-ee-ed-e3X h?2

Q`B;BM Q7 i?Bb b?B7i Bb i?2`K�H H�iiB+2 2tT�MbBQM r?B+? `2/m+2b i?2 Q`#Bi�H Qp2`H�T #2@

ir22M /�M;HBM; +�`#QM #QM/b99X

hQ 2biBK�i2 i?2 T`2+BbBQM Q7 aBo i?2`KQK2i`v- r2 K2�bm`2 mM+2`i�BMiv BM i?2 T2�F

TQbBiBQM �b � 7mM+iBQM Q7 BMi2;`�iBQM iBK2 �i � }t2/ i2KT2`�im`2 U6B;X R/V- �M/ 2t@

i`�+i � i2KT2`�im`2 mM+2`i�BMiv σT = 360mK/
√
Hz- ;BpBM; 70mK i2KT2`�im`2 T`2+B@

bBQM �7i2` 50 s BMi2;`�iBQM iBK2X h?Bb K2�bm`2K2Mi mM+2`i�BMiv 7QHHQrb i?2 b?Qi@MQBb2

HBKBi 1/
√
Nph (6B;X RXRU/V)- bm;;2biBM; i?�i i?2 T`2+BbBQM +�M #2 BKT`Qp2/ #v BM+`2�b@

BM; T?QiQM +QHH2+iBQM `�i2b 7`QK i?2 b�KTH2- 2Bi?2` #v BM+`2�bBM; aBo /2MbBivdR-dk Q`

#v BKT`QpBM; +QHH2+iBQM 2{+B2M+vX h?2 bi�#BHBiv Q7 i?Bb i?2`KQK2i2` Bb �HbQ K2�bm`2/

#v F22TBM; i?2 b�KTH2 bi�;2 �i � }t2/ i2KT2`�im`2 U�b K2�bm`2/ #v �M 2ti2`M�H i2K@

T2`�im`2 b2MbQ`V �M/ `2+Q`/BM; i?2 T2�F TQbBiBQM 2p2`v KBMmi2 7Q` k ?Qm`bX AM i?Bb

r�v- r2 2ti`�+i � `2T2�i�#BHBiv mM+2`i�BMiv Q7 152mK 7Q` � 10 s BMi2;`�iBQM iBK2-

r?B+? Bb +QKT�`�#H2 iQ i?2 K2�bm`2/ i2KT2`�im`2 mM+2`i�BMiv 7Q` i?2 b�K2 BMi2;`�@

iBQM iBK2X

Rj
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6B;m`2 RXk, aBo SG1 i?2`KQK2i`v rBi? M�MQ/B�KQM/b �X a+?2K2 7Q` SG1 i?2`KQK2i`v, 1t+Bi2
aBob M2�` `2bQM�M+2 �i λp �M/ K2�bm`2 SG1 ~mQ`2b+2M+2 �b � 7mM+iBQM Q7 i2KT2`�im`2 U∆IVX #X
∼200 nm M�MQ/B�KQM/b �`2 /`QT +�bi QMiQ � ;QH/ i�`;2iBM; ;`B/X >2�i Bb �TTHB2/ pB� � ;`22M H�b2`
�i TQbBiBQM rh- r?B+? Bb T`Q#2/ pB� i?2 M�MQ/B�KQM/ �i TQbBiBQM rpX +X GQ+F@BM ~mQ`2b+2M+2 +QM@
i`�bi pbX i2KT2`�im`2 7Q` SG1 i?2`KQK2i`vX h?2 ?2�iBM; H�b2` TQr2` Ph Bb KQ/mH�i2/- �M/ SG1
~mQ`2b+2M+2 Bb K2�bm`2/X h?2 bB;M�H b2MbBiBpBiv iQ i2KT2`�im`2 Bb ∆I

I0
/∆T = 1.3(1)%/K rBi? �M

mM+2`i�BMiv Q7 521mK/
√
HzX ∆T = TPh ̸=0 − TPh=0.

R9



RXj S?QiQHmKBM2b+2Mi 2t+Bi�iBQM i?2`KQK2i`v BM

M�MQ/B�KQM/b

q?BH2 K2�bm`2K2Mib BM #mHF +QM}`K i?�i aBob +�M #2 mb2/ 7Q` i?2`KQK2i`v- K�Mv

�TTHB+�iBQMb `2[mB`2 HQ+�HBx2/ T`Q#2b 7Q` BM bBim K2�bm`2K2MibX hQ �//`2bb i?Bb- r2

M2ti /2KQMbi`�i2 M�MQK2i2`@b+�H2 i?2`KQK2i`v mbBM; aBo@+QMi�BMBM; M�MQ/B�KQM/bX

6Q` i?2b2 2tT2`BK2Mib- r2 mb2 200(70) nm ?B;?@T`2bbm`2 ?B;?@i2KT2`�im`2 M�MQ/B�@

KQM/b ;`QrM rBi? bBHB+QM BM+Hm/2/ BM i?2 ;`Qri? +?�K#2` �X h?2 +QmMi `�i2b BM i?2b2

M�MQ/B�KQM/b �`2 200 − 400 kHz- bm;;2biBM; i?�i i?2v +QMi�BM 72r2` aBob U< 10V BM

i?2 T`Q#2 pQHmK2 i?�M 7Q` i?2 #mHF /B�KQM/ U∼ 100VX qBi? � bK�HH2` T?QiQM ~mt-

HQM;2` BMi2;`�iBQM iBK2b �`2 M22/2/ BM Q`/2` iQ �+?B2p2 i?2 b�K2 T`2+BbBQMX 6Q` Qm`

bT2+i`QK2i2` **. UavM�Tb2 "AloV- r2 ?�p2 � `2�/Qmi MQBb2 Q7 ∼ 10 +QmMib T2` #BM

�M/ � iQi�H Q7 R8yy #BMb- r?B+? HBKBib i?2 /2i2+iBQM #�M/rB/i? iQ 0.6Hz 7Q` Ry,R bB;@

M�H iQ MQBb2 mbBM; i?2 K2�bm`2/ +QmMi `�i2b- K�FBM; i?2 K2�bm`2K2Mi b2MbBiBp2 iQ

bHQr /`B7ibX hQ Qp2`+QK2 i?Bb HBKBi�iBQM- r2 BMi`Q/m+2 � /Bz2`2Mi i?2`KQK2i`v i2+?@

MB[m2 #�b2/ QM T?QiQHmKBM2b+2M+2 2t+Bi�iBQM USG1V bT2+i`Qb+QTv- i?2 M2�`@`2bQM�Mi

2t+Bi�iBQM Q7 i?2 aBo wSG i`�MbBiBQMX

6Q` SG1 i?2`KQK2i`v- BMbi2�/ Q7 2t+BiBM; aBob Qz `2bQM�M+2 �M/ K2�bm`BM; i?2

wSG bT2+i`mK- r2 2t+Bi2 QM `2bQM�M+2 U738 nm �i `QQK i2KT2`�im`2V- �M/ +QHH2+i

2KBbbBQM BMiQ i?2 T?QMQM bB/2#�M/- 2z2+iBp2Hv T`Q#BM; i?2 �#bQ`TiBQM +`Qbb@b2+iBQM

R8



Q7 i?2 wSG �b � 7mM+iBQM Q7 i2KT2`�im`2X S?vbB+�HHv- BM+`2�bBM; i?2 i2KT2`�im`2 `2/@

b?B7ib i?2 wSG T2�F �M/ `2/m+2b i?2 T2�F BMi2MbBiv r?2M i?2 aBob �`2 2t+Bi2/ #2HQr

b�im`�iBQM- +�mb2/ #v MQM@`�/B�iBp2 /2+�vb 7`QK i?2 2t+Bi2/ bi�i2 #2+QKBM; KQ`2

7�pQ`�#H2 �i ?B;?2` i2KT2`�im`2b99X "Qi? Q7 i?2b2 2z2+ib +QMi`B#mi2 iQ � `2/m+2/

�#bQ`TiBQM +`Qbb@b2+iBQM #Hm2 Q7 i?2 `2bQM�M+2 T2�FX q2 i?2`27Q`2 2t+Bi2 i?2 M�M@

Q/B�KQM/b �i �M 2tT2`BK2Mi�HHv /2i2`KBM2/ r�p2H2M;i? UλpV Q7 K�tBKmK +QMi`�bi

(6B;X RXkU�V)X 6Q` i?Bb i2+?MB[m2- r2 mb2 �M �p�H�M+?2 T?QiQ/BQ/2 U�S.V rBi? ∼ 50

/�`F +QmMib T2` b2+QM/- ;BpBM; � /2i2+iBQM #�M/rB/i? Q7 200Hz- Km+? H�`;2` i?�M SG

i?2`KQK2i`v 7Q` i?2 b�K2 bB;M�H iQ MQBb2X h?Bb ?B;?@#�M/rB/i? K2�bm`2K2Mi �HbQ 2M@

�#H2b HQ+F@BM i2+?MB[m2b U/2b+`B#2/ #2HQrV- r?B+? 7m`i?2` KBiB;�i2 bHQr 2tT2`BK2Mi�H

/`B7ibX

q2 /2KQMbi`�i2 SG1 i?2`KQK2i`v #v T�ii2`MBM; �M �``�v Q7 2m rB/2- 50 nm i?B+F

;QH/ T�/b QMiQ � ;H�bb bHB/2 mbBM; T?QiQHBi?Q;`�T?v �M/ /`QT +�biBM; �M BbQT`QTvH �H@

+Q?QH bQHmiBQM Q7 M�MQ/B�KQM/b +QMi�BMBM; aBob (6B;X RXkU#V)X h?2 ;QH/ T�/b �#bQ`#

HB;?i �i 520 nmdj �M/ �+i �b � HQ+�H ?2�i bQm`+2 r?2M BHHmKBM�i2/X � M�MQ/B�KQM/ �i

TQbBiBQM rp (6B;X RXkU#V) Bb +QMiBMm�HHv KQMBiQ`2/ r?BH2 i?2 TQr2` Ph Q7 � ?2�iBM; H�b2`

�TTHB2/ �i rh Bb KQ/mH�i2/X h?Bb ;Bp2b `Bb2 iQ � SG1 i?2`KQK2i`v bB;M�H U∆I
I0

V /2}M2/

#v i?2 MQ`K�HBx2/ /Bz2`2M+2 BM +QmMib #2ir22M Ph = 0 �M/ Ph ̸= 0X

lMHBF2 BM SG i?2`KQK2i`v- ?2`2 r2 KQ/mH�i2 i?2 ?2�i bQm`+2 `�TB/Hv BM Q`/2` iQ

miBHBx2 HQ+F@BM /2i2+iBQMX "2+�mb2 Q7 i?Bb- i?2 b�KTH2 M2p2` `2�+?2b � ;HQ#�H i?2`K�H

2[mBHB#`BmK- M2+2bbBi�iBM; � /Bz2`2Mi +�HB#`�iBQM i2+?MB[m2 �X h?2 i2KT2`�im`2 b2MbB@

Re



iBpBiv Q7 i?2 BMi2MbBiv bB;M�H- ∆I
I0
/∆T = 1.3(1)%/K(6B;X RXkU+V)- p�`B2b #v H2bb i?�M 1%

#2ir22M /Bz2`2Mi M�MQ/B�KQM/bX h?2`27Q`2- aBo BM+Q`TQ`�i2/ M�MQ/B�KQM/b /Q MQi

M22/ iQ #2 BM/BpB/m�HHv +�HB#`�i2/ BM Q`/2` iQ #2 � T`2+Bb2 `2H�iBp2 i?2`KQK2i2`X h?2

i2KT2`�im`2 mM+2`i�BMiv Bb �HbQ K2�bm`2/ iQ #2 521mK/
√
Hz r?B+?- BM +QMi`�bi iQ

#mHF K2�bm`2K2Mib- Bb MQi b?Qi MQBb2 HBKBi2/- #mi b�im`�i2b �i 700mKX h?Bb Bb KQbi

HBF2Hv HBKBi2/ #v `2bB/m�H ~mQ`2b+2M+2 MQBb2 MQi `2D2+i2/ #v i?2 HQ+F@BM i2+?MB[m2X �H@

i?Qm;? r2 b?QmH/ #2 �#H2 iQ QT2`�i2 �i � 200Hz HQ+F@BM KQ/mH�iBQM 7`2[m2M+v #�b2/

QM +QmMi `�i2b- i?2 QTiBK�H b2MbBiBpBiv Q++m`b �`QmM/ 80Hz- bm;;2biBM; i?2 #�M/@

rB/i? 7Q` i?Bb K2�bm`2K2Mi Bb HBKBi2/ #v i?2 bT22/ �i r?B+? r2 +�M KQ/mH�i2 i?2

?2�i bQm`+2X q?BH2 i?2 mM+2`i�BMiv Q7 i?Bb i2+?MB[m2 Bb ?B;?2` i?�M i?�i K2�bm`2/ 7Q`

#mHF /B�KQM/- Bi BMpQHp2b T`Q#BM; � Km+? bK�HH2` pQHmK2 U∼0.004m3 +QKT�`2/ iQ

∼4m3 BM #mHFVX q?2M MQ`K�HBx2/ #v b2MbQ` pQHmK2- i?Bb i2+?MB[m2 T2`7Q`Kb ir2Miv

iBK2b #2ii2` i?�M SG i?2`KQK2i`vX

6BM�HHv- r2 b+�M i?2 TQbBiBQM Q7 i?2 ?2�iBM; H�b2`- rh- �+`Qbb Qm` b�KTH2 �M/ K2�@

bm`2 i?2 i2KT2`�im`2 `2bTQMb2 �i i?2 T`Q#2 TQbBiBQM- rpX q?2M2p2` i?2 ?2�iBM; H�b2`

T�bb2b Qp2` � ;QH/ T�/- i?2 i2KT2`�im`2 �i i?2 M�MQ/B�KQM/ BM+`2�b2b- H2�/BM; iQ i?2

Q#b2`p2/ T�ii2`M BM (6B;X RXjU�V)X h?Bb K�T Bb � K2�bm`2K2Mi Q7 i?2 i2KT2`�im`2 /B7@

72`2M+2 ∆T �i rp BM/m+2/ #v i?2 ?2�iBM; H�b2` �i rhX �++Q`/BM; iQ i?2 bi2�/v@bi�i2

?2�i 2[m�iBQM 7Q` � TQBMi@bQm`+2 HQ�/ BM ?�H7@bT�+2d9- r2 2tT2+i ∆T (r) = ϵPta
4πk|r−r0| -

r?2`2 P Bb i?2 �TTHB2/ H�b2` TQr2`- t Bb i?2 i`�MbKBbbBQM 2{+B2M+v Q7 i?2 Q#D2+iBp2-

a Bb i?2 �#bQ`TiBQM Q7 � 50 nm ;QH/ T�/ BHHmKBM�i2/ �i 520 nm- �M/ k Bb i?2 i?2`K�H

Rd
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6B;m`2 RXj, J2�bm`BM; HQ+�H ?2�iBM; pB� SG1 i?2`KQK2i`v �X �r�v 7`QK i?2 M�MQ/B�KQM/- ?2�i@
BM; +Q``2bTQM/b iQ i?2 ;QH/ �``�v UQp2`H�B/ #Qt2bVX L2�` i?2 M�MQ/B�KQM/ UBMb2iV- Qz@`2bQM�Mi
~mQ`2b+2M+2 7`QK i?2 ?2�iBM; H�b2` /QKBM�i2b i?2 bB;M�HX #X h2KT2`�im`2 +?�M;2 QM ;QH/ T�/b
pbX i?2B` /Bbi�M+2 7`QK i?2 M�MQ/B�KQM/X h?2b2 TQBMib 7QHHQr � 1/|rp − rh| /2T2M/2M+2 �b 2t@
T2+i2/ 7`QK bQHpBM; i?2 bi2�/v@bi�i2 k. ?2�i 2[m�iBQMd9- �M/ �`2 +QMbBbi2Mi rBi? i?2 �#bQ`TiBQM Q7
� 50 nm ;QH/ }HK �i 520 nmdjX
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+QM/m+iBpBiv Q7 i?2 ;H�bb bHB/2X h?Bb +�M #2 b22M BM (6B;X RXjU#V)X .m2 iQ 7�#`B+�iBQM

BKT2`72+iBQMb- BiǶb TQbbB#H2 7Q` a iQ /2pB�i2 7`QK i?2 i?2Q`2iB+�H p�Hm2X q2 �++QmMi 7Q`

i?Bb rBi? � 7`22 T�`�K2i2` ϵ = 0.7X 6Q` i?2b2 K2�bm`2K2Mib- i?2 bT�iB�H `2bQHmiBQM

Bb HBKBi2/ #v i?2 M�MQ/B�KQM/ bBx2 �M/ i?2 T`2+BbBQM rBi? r?B+? QM2 +�M 7Q+mb i?2

?2�i bQm`+2X �Hi?Qm;? MQi 7mM/�K2Mi�H- i?2b2 2tT2`BK2Mib r2`2 HBKBi2/ #v i?2 H�ii2`-

r?B+? Bb i?2 +QM7Q+�H KB+`Qb+QT2Ƕb QTiB+�H `2bQHmiBQM U∼300 nmVX "v mbBM; TH�bKQM

`2bQM�M+2b Q7 ;QH/ M�MQT�`iB+H2bey �b � ?2�i bQm`+2 �M/ bK�HH2` M�MQ/B�KQM/b- i?Bb

`2bQHmiBQM +�M #2 BKT`Qp2/ #v �M Q`/2` Q7 K�;MBim/2X

RX9 *QM+HmbBQM �M/ QmiHQQF

h?Bb +?�Ti2` /2KQMbi`�i2b M�MQb+�H2 i?2`KQK2i`v #�b2/ QM aBo +2Mi2`b BM /B�KQM/

�M/ �+?B2p2b � i2KT2`�im`2 mM+2`i�BMiv Q7 360mK/
√
Hz BM #mHF /B�KQM/ �M/ 521mK/

√
Hz

BM 200 nm@bBx2/ M�MQ/B�KQM/bX h?2 mM+2`i�BMiv Q7 SG i?2`KQK2i`v 7QHHQrb b?Qi@MQBb2

HBKBi2/ b+�HBM;- r?B+? Bb MQi i?2 +�b2 7Q` SG1 i?2`KQK2i`vX q2 i?2`27Q`2 BM72` i?�i

bvbi2K�iB+ 2z2+ib /QKBM�i2 i?2 mM+2`i�BMiv Q7 SG1 i?2`KQK2i`v �i HQM;2` BMi2;`�@

iBQM iBK2bX h?Bb Bb KQbi HBF2Hv /m2 iQ �M BM�#BHBiv iQ 7mHHv `2D2+i ~mQ`2b+2M+2 BMi2MbBiv

MQBb2 BM i?2 HQ+F@BM K2�bm`2K2MiX hQ �//`2bb i?Bb- QM2 +�M KQ/B7v i?2 HQ+F@BM i2+?@

MB[m2 #v KQ/mH�iBM; irQ `2bQM�Mi H�b2`b TH�+2/ QM i?2 `2/ �M/ #Hm2 bB/2b Q7 i?2 wSG

i`�MbBiBQMX aBM+2 i?Bb K2i?Q/ /Q2b MQi `2Hv QM KQ/mH�iBM; i?2 b�KTH2 i2KT2`�im`2-

i?Bb KQ/mH�iBQM +�M #2 /QM2 �i ?B;?2` 7`2[m2M+B2b- r?B+? b?QmH/ 7m`i?2` `2/m+2 MQBb2

RN



BM i?2 K2�bm`2K2Mi �M/ BKT`Qp2 i?2 T`2+BbBQM Q7 i?Bb i?2`KQK2i`v i2+?MB[m2X *m`@

`2MiHv- 2�+? M�MQ/B�KQM/ ?�b < 10 aBob- bQ � bi`�B;?i7Q`r�`/ K2i?Q/ 7Q` `2/m+BM;

i?2 K2�bm`2K2Mi iBK2 rQmH/ #2 iQ mb2 M�MQ/B�KQM/b rBi? ?B;?2` aBo /2MbBivX lMHBF2

+QKK2`+B�H M�MQ/B�KQM/b- r?B+? M�im`�HHv +QMi�BM K�Mv Ryyyb Q7 Lo +2Mi2`bey- aBo

M�MQ/B�KQM/b Kmbi #2 bT2+B}+�HHv 7�#`B+�i2/- �M/ i?mb �`2 MQi rB/2Hv �p�BH�#H2X

aBo i?2`KQK2i`v 72�im`2b b2p2`�H mMB[m2 #2M2}ib +QKT�`2/ iQ Qi?2` HmKBM2b+2Mi

i?2`KQK2i2`b- 2bT2+B�HHv 7Q` #BQHQ;B+�H �TTHB+�iBQMbX h?2 �HH@QTiB+�H b+?2K2 2HBKBM�i2b

i?2 M2+2bbBiv Q7 KB+`Qr�p2b- �M/ QT2`�i2b �i HQr H�b2` TQr2`b U∼ 100W `2bQM�Mi H�b2`

TQr2`V- `2/m+BM; K2�bm`2K2Mi BM/m+2/ ?2�iBM; �M/ TQi2MiB�H /�K�;2 iQ i?2 i�`;2i

mM/2` BMp2biB;�iBQMX AM �//BiBQM- aBob ?�p2 � M�``Qr BM?QKQ;2M2Qmb /Bbi`B#miBQM-

r?B+? K�F2b SG �M/ SG1 i?2`KQK2i`v rBi? aBob 2z2+iBp2 �b � i?2`KQK2i2` 2p2M

rBi?Qmi BM/BpB/m�H +�HB#`�iBQMX

Pi?2` bvbi2Kb 7Q` HmKBM2b+2Mi i?2`KQK2i`v8k-89-88-d8 �HbQ `2TQ`i �#bQHmi2 i2KT2`�@

im`2 mM+2`i�BMiB2b QM i?2 Q`/2` Q7 R E2HpBMc ?Qr2p2`- /m2 iQ i?2B` HQr bT2+i`�H /2MbBiv

�M/ r2�F i`�MbBiBQM /BTQH2b- i?2b2 K2�bm`2K2Mib ivTB+�HHv `2[mB`2 BMi2;`�iBQM 7Q` b2p@

2`�H KBMmi2b iQ �+?B2p2 bm#@E2HpBM mM+2`i�BMivX Pm` �TT`Q�+? Bb +QKT�`�#H2 BM T`Q#2

bBx2 iQ i?2b2 i2+?MB[m2b �M/ �+?B2p2b � bBKBH�` �#bQHmi2 mM+2`i�BMiv- #mi /Q2b bQ BM

bB;MB}+�MiHv H2bb iBK2X h?Bb BM+`2�b2/ bT22/ Bb +`m+B�H 7Q` K�Mv T`�+iB+�H �TTHB+�iBQMbX

6Q` 2t�KTH2- ivTB+�H BMi`�+2HHmH�` T`Q+2bb2b Q++m` QM i?2 Rb iBK2b+�H2- r?B+? +�M #2

`2bQHp2/ rBi? Qm` i2+?MB[m2deX JQ`2Qp2`- i?2 aBo 2KBbbBQM HB2b BM i?2 QTiB+�H rBM/Qr

7Q` +2HHmH�` BK�;BM;- � 7`2[m2M+v@#�M/ Q7 ?B;? i`�MbKBbbBQM 7Q` � p�`B2iv Q7 #BQHQ;B+�H

ky



K�i2`B�H ivTB+�HHv #2ir22M 650 nm iQ 1350 nmdd- `2M/2`BM; aBo i?2`KQK2i`v � T`QKBb@

BM; +�M/B/�i2 7Q` #BQHQ;B+�H BM pBpQ �TTHB+�iBQMb9d-8yX 6BM�HHv- `2+2Mi bim/B2b b?Qr i?�i

+QHQ` +2Mi2`b BM M�MQ/B�KQM/b +�M �HbQ #2 mb2/ iQ p�`v i?2 i2KT2`�im`2 Q7 � HQ+�H

2MpB`QMK2Mi pB� QTiB+�H `27`B;2`�iBQMd3X *QK#BMBM; aBo i?2`KQK2i`v rBi? i?Bb i2+?@

MB[m2 rQmH/ �HHQr i?2b2 M�MQ/B�KQM/b iQ #2 �M BMi2;`�i2/ i2KT2`�im`2 b2MbQ` �M/

�+im�iQ` �i i?2 +2HHmH�` H2p2HX
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h?2 bBHB+QM@p�+�M+v bTBM [m#Bi BM

/B�KQM/, [m�MimK K2KQ`v 2t+22/BM;

i2M KBHHBb2+QM/b �M/ bBM;H2@b?Qi bi�i2

`2�/Qmi

h?Bb +?�Ti2` ?�b #22M Tm#HBb?2/ �b

ǳaBHB+QM@p�+�M+v bTBM [m#Bi BM /B�KQM/, � [m�MimK K2KQ`v 2t+22/BM; 10ms rBi?

bBM;H2@b?Qi bi�i2 `2�/QmiǴ

.X .X amF�+?2p- �X aBT�?B;BH- *X hX L;mv2M- JX EX "?�bF�`- _X 1X 1p�Mb- 6X C2H2xFQ-

�M/ JX .X GmFBM S?vbX _2pX G2iiX RRN- kkjeyk UkyRdV

*QTv`B;?i Ü kyRd #v �K2`B+�M S?vbB+�H aQ+B2ivX �HH `B;?ib `2b2`p2/X

kj



kXR AMi`Q/m+iBQM

Zm�MimK M2irQ`Fb `2[mB`2 i?2 �#BHBiv iQ biQ`2 [m�MimK BM7Q`K�iBQM BM HQM;@HBp2/

K2KQ`B2b- iQ 2{+B2MiHv BMi2`7�+2 i?2b2 K2KQ`B2b rBi? QTiB+�H T?QiQMb �M/ iQ T`Q@

pB/2 [m�MimK MQMHBM2�`BiB2b `2[mB`2/ 7Q` /2i2`KBMBbiB+ [m�MimK ;�i2 QT2`�iBQMb dN-3yX

1p2M i?Qm;? F2v #mBH/BM; #HQ+Fb Q7 [m�MimK M2irQ`Fb ?�p2 #22M /2KQMbi`�i2/ BM p�`@

BQmb bvbi2Kb3R-3k- MQ bQHB/@bi�i2 TH�i7Q`K ?�b b�iBb}2/ i?2b2 `2[mB`2K2MibX Pp2` i?2

T�bi /2+�/2- bQHB/@bi�i2 [m�MimK 2KBii2`b rBi? bi�#H2 bTBM /2;`22b Q7 7`22/QK bm+?

�b +?�`;2/ [m�MimK /Qib �M/ MBi`Q;2M@p�+�M+v ULoV +2Mi2`b BM /B�KQM/ ?�p2 #22M

BMp2biB;�i2/ 7Q` i?2 `2�HBx�iBQM Q7 [m�MimK M2irQ`F MQ/2b3jX q?BH2 [m�MimK /Qib +�M

#2 /2i2`KBMBbiB+�HHv BMi2`7�+2/ rBi? QTiB+�H T?QiQMbkj- i?2B` [m�MimK K2KQ`v iBK2 Bb

HBKBi2/ iQ i?2 s b+�H2 39 /m2 iQ BMi2`�+iBQMb rBi? i?2B` bm``QmM/BM; Mm+H2�` bTBM #�i?X

AM +QMi`�bi- Lo +2Mi2`b ?�p2 �M 2t+2TiBQM�HHv HQM;@HBp2/ [m�MimK K2KQ`v38 #mi bm7@

72` 7`QK r2�F- bT2+i`�HHv mMbi�#H2 QTiB+�H i`�MbBiBQMb3eX .2bTBi2 BKT`2bbBp2 T`QQ7@Q7@

+QM+2Ti 2tT2`BK2Mi�H /2KQMbi`�iBQMb rBi? i?2b2 bvbi2Kb3d-33- b+�HBM; iQ � H�`;2 MmK@

#2` Q7 MQ/2b Bb HBKBi2/ #v i?2 +?�HH2M;2 Q7 B/2MiB7vBM; bmBi�#H2 [m�MimK 2KBii2`b rBi?

i?2 +QK#BM�iBQM Q7 bi`QM;- ?QKQ;2M2Qmb �M/ +Q?2`2Mi QTiB+�H i`�MbBiBQMb �M/ HQM;@

HBp2/ [m�MimK K2KQ`B2bX

h?2 M2;�iBp2Hv@+?�`;2/ bBHB+QM@p�+�M+v UaBoV ?�b `2+2MiHv #22M b?QrM iQ ?�p2

#`B;?i- M�``Qr#�M/ QTiB+�H i`�MbBiBQMb rBi? � bK�HH BM?QKQ;2M2Qmb #`Q�/2MBM;j8-j3X
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h?2 QTiB+�H +Q?2`2M+2 Q7 i?2 aBo Bb T`Qi2+i2/ #v Bib BMp2`bBQM bvKK2i`v3N- 2p2M BM

M�MQbi`m+im`2bjNX h?2b2 QTiB+�H T`QT2`iB2b r2`2 `2+2MiHv mb2/ iQ b?Qr bi`QM; BMi2`�+@

iBQMb #2ir22M bBM;H2 T?QiQMb �M/ bBM;H2 aBo +2Mi2`b �M/ iQ T`Q#�#BHBbiB+�HHv 2Mi�M;H2

irQ aBo +2Mi2`b BM � bBM;H2 M�MQT?QiQMB+ /2pB+29yX �i 4K- ?Qr2p2`- i?2 aBo bTBM +Q@

?2`2M+2 Bb HBKBi2/ iQ ∼100 ns /m2 iQ +QmTHBM; iQ i?2 T?QMQM #�i?- K2/B�i2/ #v i?2

bTBM@Q`#Bi BMi2`�+iBQM9k-9j-99-98-9eX

AM i?Bb +?�Ti2`- r2 /2KQMbi`�i2 ?B;?@}/2HBiv +Q?2`2Mi K�MBTmH�iBQM �M/ bBM;H2@b?Qi

`2�/Qmi Q7 BM/BpB/m�H aBo bTBM [m#Bib BM � /BHmiBQM `27`B;2`�iQ`X AM T�`iB+mH�`- r2 2t@

i2M/ i?2 +Q?2`2M+2 iBK2 Q7 i?2 aBo 2H2+i`QMB+ bTBM #v }p2 Q`/2`b Q7 K�;MBim/2 iQ

13ms #v QT2`�iBM; �i 100mK »X

kXk aBo T?vbB+b #2HQr 500mK

h?2 F2v B/2� Q7 i?2 T`2b2Mi rQ`F +�M #2 mM/2`biQQ/ #v +QMbB/2`BM; i?2 2M2`;v H2p2H

/B�;`�K Q7 i?2 aBo (6B;X kXRU�V)X h?2 ;`QmM/ bi�i2 Q7 i?2 aBo Bb bTHBi #v bTBM@Q`#Bi

BMi2`�+iBQM �M/ +`vbi�H bi`�BM BMiQ � HQr2` #`�M+? UG"V �M/ �M mTT2` #`�M+? Ul"V

b2T�`�i2/ #v ∆:aX 1�+? #`�M+? +QKT`Bb2b irQ /2;2M2`�i2 bTBM bm#H2p2HbjdX �TTHB+�@

iBQM Q7 � K�;M2iB+ }2H/ HB7ib i?2 bTBM /2;2M2`�+v �M/ �HHQrb i?2 mb2 Q7 i?2 bTBM bm#@
» h?2 M2mi`�H aBo +2Mi2` UaBo0V 72�im`2b bmTT`2bb2/ T?QMQM@BM/m+2/ /2T?�bBM; Q7 Bib bTBM

bi�i2Ny-NR vB2H/BM; +Q?2`2M+2 iBK2b Q7 T2 ∼ 200ms BM #mHF K2�bm`2K2Mib �i T = 15KNkX >Qr@
2p2`- i?2B` QTiB+�H T`QT2`iB2b- BM+Hm/BM; `�/B�iBp2 [m�MimK 2{+B2M+v- �`2 +m``2MiHv #2HB2p2/ iQ
#2 BM72`BQ` iQ i?Qb2 Q7 i?2 aBo− UaBoVdk- K�FBM; Bi +?�HH2M;BM; iQ `2�HBx2 �M 2{+B2Mi T?QiQMB+
BMi2`7�+2X
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6B;m`2 kXR, U�V aBo 2H2+i`QMB+ bi`m+im`2X PTiB+�H i`�MbBiBQMb * �M/ . +QMM2+i i?2 HQr2` UG"V �M/
mTT2` Ul"V bTBM@Q`#Bi #`�M+?2b iQ i?2 HQr2bi@2M2`;v QTiB+�H 2t+Bi2/ bi�i2

(
G"′)X 1�+? #`�M+? Bb

bTHBi BMiQ irQ bTBM bm#H2p2Hb BM � K�;M2iB+ }2H/ B⃗X _2/ �M/ #Hm2 �``Qrb /2MQi2 QTiB+�H �M/ KB@
+`Qr�p2 i`�MbBiBQMb- `2bT2+iBp2HvX γ+ �M/ γ− �`2 T?QMQM@BM/m+2/ /2+�v `�i2bX U#V a+?2K�iB+ Q7
i?2 b2imTX �M Q#D2+iBp2 Bb KQmMi2/ QM TB2xQ TQbBiBQM2`b iQ BK�;2 i?2 /B�KQM/ b�KTH2 mbBM; 7`22@
bT�+2 QTiB+bX h?2 +QK#BM2/ bvbi2K Bb �ii�+?2/ iQ i?2 KBtBM; TH�i2 Q7 � /BHmiBQM `27`B;2`�iQ` �M/
TH�+2/ BMbB/2 � bmT2`+QM/m+iBM; p2+iQ` K�;M2iX U+V SG1 bT2+i`� Q7 �M aBo 2Mb2K#H2 �i B = 0 7Q`
T = 4K �M/ 0.1KX h?2 T2�F BMi2MbBiv IC UIDV Bb T`QTQ`iBQM�H iQ i?2 TQTmH�iBQM BM i?2 G" Ul"VX
U/V ID/IC U�M/ γ+/γ−V Bb `2/m+2/ �i HQr i2KT2`�im`2b- 7QHHQrBM; e−h∆/kBT rBi? ∆}i = 42 ± 2
GHz BM �;`22K2Mi rBi? i?2 K2�bm`2/ ∆:a = 48 GHzX

ke



H2p2Hb |↓⟩ �M/ |↑⟩ Q7 i?2 G" �b [m#Bi bi�i2bX �i 4K- i?2 aBo bTBM +Q?2`2M+2 Bb HBKBi2/

iQ ∼ 100 ns9k-9j-99-98-9e /m2 iQ BMi2`�+iBQMb rBi? i?2 i?2`K�H �+QmbiB+ T?QMQM #�i? �i

7`2[m2M+v ∆:a ∼ 50GHzX h?2b2 BMi2`�+iBQMb `2bmHi BM � `2H�t�iBQM �i `�i2b γ+ �M/

γ− #2ir22M i?2 H2p2Hb BM i?2 G" �M/ i?2 l" rBi? /Bz2`2Mi Q`#Bi�Hb �M/ i?2 b�K2

bTBM T`QD2+iBQMb �b b?QrM BM (6B;X kXRU�V) �M/ /2bi`Qv bTBM +Q?2`2M+2X "v `2/m+BM;

i?2 Q++mT�iBQM Q7 T?QMQM KQ/2b �i ∆:a �i HQr2` i2KT2`�im`2b- QM2 +�M bmTT`2bb i?2

`�i2 γ+- H2�pBM; i?2 bTBM [m#Bi BM � K�MB7QH/ 7`22 7`QK T?QMQM@BM/m+2/ /2+Q?2`2M+2-

i?2`2#v BM+`2�bBM; bTBM +Q?2`2M+2 99X

q2 BMp2biB;�i2 aBo T`QT2`iB2b #2HQr 500mK mbBM; � /BHmiBQM `27`B;2`�iQ` rBi? �

7`22@bT�+2 +QM7Q+�H KB+`Qb+QT2 �M/ � p2+iQ` K�;M2i �b b?QrM BM (6B;X kXRU#V)X .2@

i�BHb Q7 i?2 2tT2`BK2Mi�H b2imT 7Q` i?Bb 2tT2`BK2Mi �`2 QmiHBM2/ BM �TT2M/Bt "X q2

}`bi bim/v i?2 i?2`K�H TQTmH�iBQM Q7 i?2 G" �M/ i?2 l" #2ir22M 0.1 �M/ 10 K mb@

BM; �M 2Mb2K#H2 Q7 �b@;`QrM aBob Ua�KTH2@� BM _27XNyVX q2 T`Q#2 i?2 `2H�iBp2 TQT@

mH�iBQMb BM i?2 G" �M/ i?2 l" #v K2�bm`BM; i?2 2Mb2K#H2 T?QiQHmKBM2b+2M+2 2t+B@

i�iBQM USG1V bT2+i`� Q7 i`�MbBiBQMb * �M/ .X h`�MbBiBQMb * �M/ . �`2 #Qi? pBbB#H2

BM SG1 �i 4K- r?B+? bm;;2bib +QKT�`�#H2 i?2`K�H TQTmH�iBQM BM i?2 G" �M/ l"

(6B;X kXRU+V)X �b i?2 i2KT2`�im`2 Bb HQr2`2/ (6B;X kXRU/V)- i?2 `�iBQ Q7 i?2 i`�MbBiBQM

. �M/ * T2�F �KTHBim/2b UID/ICV `2/m+2b #v KQ`2 i?�M irQ Q`/2`b Q7 K�;MBim/2 �M/

7QHHQrb e−h∆:a/kBT 99X h?2b2 K2�bm`2K2Mib /2KQMbi`�i2 �M Q`#Bi�H TQH�`Bx�iBQM BM i?2

G" Q7 > 99% #2HQr 500mKX �i i?2b2 HQr i2KT2`�im`2b- γ+ << γ− �M/ i?2 [m#Bi

bi�i2b �`2 2z2+iBp2Hv /2+QmTH2/ 7`QK i?2 T?QMQM #�i?X

kd



kXj 1ti2M/BM; aBo +Q?2`2M+2

hQ BMp2biB;�i2 i?2 +Q?2`2M+2 T`QT2`iB2b Q7 bBM;H2 2KBii2`b- r2 +`2�i2 bBM;H2 aBob �i �

/2Ti? Q7 ∼ 250 nm pB� 28aB BQM BKTH�Mi�iBQM �i � /Qb2 Q7 109 /cm2 �M/ �M 2M2`;v Q7

380 keV BMiQ irQ ivT2@AA� U(L)< 5TT#- (")< 1TT#V /B�KQM/ b�KTH2b U1H2K2Mi aBtVX

h?2 }`bi b�KTH2 Ua�KTH2@RjV ?�b � M�im`�H �#mM/�M+2 Q7 RXRW Q7 13* BbQiQT2b rBi?

� Mm+H2�` bTBM I = 1/2X h?2 b2+QM/ b�KTH2 Ua�KTH2@RkV Bb 2M;BM22`2/ iQ ?�p2 QMHv

10−3% 13* iQ bmTT`2bb ?vT2`}M2 BMi2`�+iBQMb #2ir22M i?2 bTBM [m#Bi �M/ i?2 Mm+H2�`

bTBM #�i?38X �7i2` BQM BKTH�Mi�iBQM �M/ ?B;?@i2KT2`�im`2 �MM2�HBM;jN- r2 7�#`B+�i2

� b?Q`i2/ +QTH�M�` r�p2;mB/2 QM i?2 /B�KQM/ iQ /`Bp2 KB+`Qr�p2 UJqV i`�MbBiBQMb

#2ir22M i?2 [m#Bi bi�i2b (�TT2M/Bt ")X

q2 mb2 bTBM@b2H2+iBp2 QTiB+�H i`�MbBiBQMb #2ir22M bi�i2b |i⟩ �M/ |i′⟩ �i 7`2[m2M+B2b

7ii′ (i = {↑, ↓}) (6B;X kXkU�V) iQ QTiB+�HHv BMBiB�HBx2 �M/ `2�/Qmi i?2 [m#Bi bi�i2bX �TTHv@

BM; � K�;M2iB+ }2H/ B ∼ 0.5 − 3 kG �HHQrb mb iQ QTiB+�HHv `2bQHp2 i?2b2 i`�MbBiBQMbX

6B;m`2 kXkU#V b?Qrb i?2 SG1 bT2+i`mK Q7 i?2 bTBM@b2H2+iBp2 QTiB+�H i`�MbBiBQMb �i 4K

U`2/ +B`+H2bVX h?2b2 `2bQM�M+2b /Bb�TT2�` BM +QMiBMmQmb r�p2 K2�bm`2K2Mib �i 100mK

U#Hm2 b[m�`2bVX h?Bb 2z2+i `2bmHib 7`QK QTiB+�H TmKTBM; Q7 i?2 [m#Bi iQ i?2 HQM;@HBp2/

/�`F bTBM bi�i2X h?2 +2Mi`�H T2�F Q`B;BM�i2b 7`QK Qz@`2bQM�Mi b+�ii2`BM; 7`QK i?2 irQ

bTBM i`�MbBiBQMbX

hQ �+?B2p2 ?B;?@}/2HBiv `2�/Qmi Q7 i?2 bTBM bi�i2b- Bi Bb /2bB`�#H2 iQ b+�ii2` T?QiQMb
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6B;m`2 kXk, U�V aTBM@b2H2+iBp2 QTiB+�H i`�MbBiBQMb �M/ #`�M+?BM; `�iBQbX 7ij Bb i?2 i`�MbBiBQM 7`2@
[m2M+v #2ir22M bi�i2b i �M/ jX γ|| �M/ γ⊥ �`2 bTBM@+QMb2`pBM; �M/ bTBM@~BTTBM; /2+�v `�i2b-
`2bT2+iBp2Hvc f↑↓ Bb i?2 [m#Bi 7`2[m2M+vX U#V SG1 bT2+i`� K2�bm`2/ �i 4K �M/ 100mKX U+V
a+?2K�iB+ Q7 i?2 aBo KQH2+mH�` bi`m+im`2jdX α Bb i?2 �M;H2 #2ir22M i?2 K�;M2iB+ }2H/ B⃗ �M/ i?2
aBo bvKK2i`v �tBb b2i #v i?2 irQ H�iiB+2 p�+�M+B2b U2KTiv +B`+H2bV �M/ �HB;M2/ �HQM; i?2 ⟨111⟩ /B�@
KQM/ �tBbX U/V PTiB+�H bTBM TmKTBM; iBK2b+�H2 τ K2�bm`2/ �i /Bz2`2Mi B⃗X >2`2- {α, B, τ} = &88-
2.9 kG- 140 ns' 7Q` i?2 #Hm2 b[m�`2bc &57- 3 kG- 10 s' 7Q` i?2 `2/ +B`+H2bc &45- 1.7 kG- 3ms' 7Q`
i?2 ;`22M /B�KQM/b �M/ &<0.5- 2.7 kG- 30ms' 7Q` i?2 #H�+F i`B�M;H2bX U2V aBM;H2@b?Qi bTBM `2�/@
Qmi BM B = 2.7 kGX � 20ms H�b2` TmHb2 �i 7`2[m2M+v 7↓↓′ Bb mb2/ 7Q` bi�i2 `2�/QmiX � b2+QM/ H�b2`
BMBiB�HBx2b i?2 bTBM bi�i2b pB� QTiB+�H TmKTBM;X aTBM `2�/Qmi T?QiQM bi�iBbiB+b �7i2` BMBiB�HBx�iBQM BM
bi�i2 |↑⟩ U`2/V �M/ |↓⟩ U#Hm2VX �p2`�;2 }/2HBiv F = 89%X

kN



K�Mv iBK2b rBi?Qmi +�mbBM; � bTBM@~BTNj-N9X hQ Q#i�BM bm+? bTBM@+QMb2`pBM; QTiB+�H

i`�MbBiBQMb- i?2 +v+HB+Biv Q7 i?2 i`�MbBiBQM γ∥/(γ⊥ + γ∥) +�M #2 imM2/ #v p�`vBM; i?2

�M;H2 α Q7 i?2 �TTHB2/ K�;M2iB+ }2H/ rBi? i?2 aBo bvKK2i`v �tBb �b b?QrM BM 6B;@

m`2 kXkU+V9kX 6B;m`2 kXkU/V b?Qrb i?2 QTiB+�H bTBM TmKTBM; iBK2b+�H2 7Q` /Bz2`2Mi α

r?2M i?2 i`�MbBiBQM 7↓↓′ Bb /`Bp2M M2�` b�im`�iBQMX q2 2ti2M/ i?2 QTiB+�H TmKTBM;

iBK2b+�H2 #v KQ`2 i?�M }p2 Q`/2`b Q7 K�;MBim/2 7`QK 100 ns 7Q` α ∼ 90 iQ 30ms BM �M

�HB;M2/ }2H/X

h?2 �#BHBiv iQ QTiB+�HHv 2t+Bi2 i?2 aBo ∼ 105 iBK2b rBi?Qmi +�mbBM; � bTBM@~BT (�T@

T2M/Bt ") 2M�#H2b ?B;?@}/2HBiv bBM;H2@b?Qi `2�/Qmi Q7 i?2 bTBM bi�i2 /2bTBi2 i?2 HQr

T?QiQM +QHH2+iBQM 2{+B2M+v
(
∼ 10−4

)
BM i?2 T?QMQM@bB/2#�M/ USa"VX q2 K2�bm`2 i?2

bTBM bi�i2 #v /`BpBM; i?2 7↓↓′ i`�MbBiBQM M2�` b�im`�iBQM �M/ KQMBiQ`BM; ~mQ`2b+2M+2

QM i?2 Sa"X 6B;m`2 kXkU2V b?Qrb i?2 `2�/Qmi +QmMib /Bbi`B#miBQMb 7Q` i?2 bTBM BMBiB�H@

Bx2/ BM bi�i2 |↓⟩ U#Hm2 ?BbiQ;`�KV �M/ |↑⟩ U`2/ ?BbiQ;`�KV mbBM; � 150ms TmHb2 7`QK �

b2+QM/ H�b2` �i 7`2[m2M+v 7↑↑′ Q` 7↓↓′ - `2bT2+iBp2HvX q2 /2i2+i ⟨n↓⟩ = 6.2 T?QiQMb 7`QK

bi�i2 |↓⟩ �M/ ⟨n↑⟩ = 0.52 7`QK bi�i2 |↑⟩ BM � 20ms `2�/Qmi rBM/QrX "v +?QQbBM; �

bi�i2@/2i2+iBQM i?`2b?QH/ Q7 n > 1 7Q` bi�i2 |↓⟩ �M/ n ≤ 1 7Q` bi�i2 |↑⟩- r2 Q#i�BM �M

�p2`�;2 `2�/Qmi }/2HBiv Q7 F = (F↑ + F↓)/2 = 0.89 r?2`2 Fi Bb i?2 `2�/Qmi }/2HBiv

7Q` bi�i2 iX 6Q` i?2 K2�bm`2K2Mib BM 6B;bX j �M/ 9- r2 `Qm;?Hv �HB;M i?2 K�;M2iB+ }2H/

rBi? α < 5 iQ QT2`�i2 BM �M 2{+B2Mi bTBM `2�/Qmi `2;BK2 #mi /Q MQi QTiBKBx2 7Q` i?2

?B;?2bi }/2HBiv �i 2�+? TQBMiX lM/2` i?2b2 +QM/BiBQMb- r2 K2�bm`2 HB72iBK2b UT1V Q7 i?2

[m#Bi bi�i2b 2t+22/BM; 1 s �i 100mK (�TT2M/Bt ")X

jy



h?2 bTBM `2�/Qmi iBK2 U∼ 10msV Bb +m``2MiHv HBKBi2/ #v i?2 HQr +QHH2+iBQM 2{@

+B2M+v Q7 i?2 b2imT (�TT2M/Bt ") �M/ #v QTiB+�H TmKTBM; iQ i?2 K2i�bi�#H2 l" Q7

i?2 ;`QmM/ bi�i2 (�TT2M/Bt ") rBi? � HB72iBK2 Q7 ∼ 200 ns99X h?Bb `2�/Qmi iBK2 +�M #2

`2/m+2/ #v b2p2`�H Q`/2`b Q7 K�;MBim/2 #v �//BM; � `2TmKTBM; H�b2` QM i`�MbBiBQM .

(6B;X kXRU�V) �M/ #v mbBM; M�MQT?QiQMB+ bi`m+im`2b iQ BKT`Qp2 i?2 +QHH2+iBQM 2{+B2M+v

iQ �#Qp2 RyW9yX

hQ +Q?2`2MiHv +QMi`QH i?2 aBo 2H2+i`QM bTBM [m#Bi r2 mb2 � Jq }2H/ �i 7`2[m2M+v

7↑↓ 9eX AM i?2 7QHHQrBM; 2tT2`BK2Mib- bBM;H2 bi`�BM2/ aBob rBi? ∆:a ∼ 80GHz �`2 mb2/X

q?2M +`vbi�H bi`�BM Bb +QKT�`�#H2 iQ bTBM@Q`#Bi +QmTHBM; U∼ 48GHzV- i?2 Q`#Bi�H +QK@

TQM2Mib Q7 i?2 [m#Bi bi�i2b �`2 MQ HQM;2` Q`i?Q;QM�Hjd- H2�/BM; iQ �M �HHQr2/ K�;M2iB+

/BTQH2 i`�MbBiBQM9eX h?Bb Jq i`�MbBiBQM Bb �HHQr2/ 7Q` #Qi? �HB;M2/ �M/ KBb�HB;M2/

K�;M2iB+ }2H/b- �HHQrBM; bBKmHi�M2Qmb Jq +QMi`QH �M/ bBM;H2@b?Qi `2�/Qmi Q7 i?2 aBo

bTBMX

q2 7Q+mb QM bBM;H2 aBob TH�+2/ H2bb i?�M 2m 7`QK i?2 +QTH�M�` r�p2;mB/2 iQ 2{@

+B2MiHv /`Bp2 i?2 [m#Bi i`�MbBiBQM rBi? HQr Jq TQr2`b �M/ K�BMi�BM � bi2�/v@bi�i2

b�KTH2 i2KT2`�im`2 #2HQr 100mKX h?2 bTBM [m#Bi 7`2[m2M+v f↓↑ Bb /2i2`KBM2/ mb@

BM; � TmHb2/ QTiB+�HHv@/2i2+i2/ K�;M2iB+ `2bQM�M+2 UP.J_V K2�bm`2K2Mi �b b?QrM

BM 6B;m`2b kXjU�-#VX � HQM; H�b2` TmHb2 �i 7`2[m2M+v 7↓↓′ BMBiB�HBx2b i?2 bTBM BM bi�i2

|↑⟩ pB� QTiB+�H TmKTBM;X �7i2` � KB+`Qr�p2 TmHb2 Q7 /m`�iBQM τ - � b2+QM/ H�b2` TmHb2

�i 7↓↓′ `2�/b Qmi i?2 TQTmH�iBQM BM bi�i2 |↓⟩X PM+2 i?2 P.J_ `2bQM�M+2 Bb 7QmM/ #v

b+�MMBM; i?2 KB+`Qr�p2 7`2[m2M+v (6B;X kXjU#V)- r2 /`Bp2 i?2 [m#Bi i`�MbBiBQM QM `2bQ@

jR
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init read

MW f τ
Laser f↓↓’

6B;m`2 kXj, U�V SmHb2 b2[m2M+2 7Q` P.J_ �M/ _�#B K2�bm`2K2MibX U#V SmHb2/ P.J_ K2�bm`2@
K2Mi 7Q` τ = 500 sX .m`�iBQMb Q7 i?2 BMBiB�HBx�iBQM �M/ `2�/Qmi H�b2` TmHb2b �`2 15ms �M/ 2ms-
`2bT2+iBp2Hv (�TT2M/Bt ")X U+V _2bQM�Mi /`BpBM; �i 7`2[m2M+v 7↑↓ `2bmHib BM _�#B Qb+BHH�iBQMb #2ir22M
bi�i2b |↑⟩ �M/ |↓⟩X .�i� BM U#V �M/ U+V �`2 7`QK a�KTH2@RkX U/V _�Kb2v BMi2`72`2M+2 K2�bm`2@
K2Mi Q7 T ∗

2 7Q` i?2 irQ b�KTH2bX Jq TmHb2b �`2 /2imM2/ #v ∼ 550 kHz 7`QK i?2 f↑↓ 7Q` i?2 #Hm2
/�i�X .m`�iBQM Q7 i?2 BMBiB�HBx�iBQM U`2�/QmiV H�b2` TmHb2 Bb 15ms U2msV 7Q` a�KTH2@Rk �M/ 1.5ms
Uy0.2msV 7Q` a�KTH2@RjX U2V T ∗

2 �b � 7mM+iBQM Q7 [m#Bi `2bQM�Mi 7`2[m2M+vX .�b?2/ #Hm2 HBM2 Bb �
}i iQ 1/f↓↑ b+�HBM; (�TT2M/Bt ")X

jk



M�M+2 �M/ Q#b2`p2 _�#B Qb+BHH�iBQMb (6B;X kXjU+V)X 6BM�HHv- r2 mb2 _�Kb2v BMi2`72`2M+2

iQ K2�bm`2 i?2 bTBM /2T?�bBM; iBK2 T ∗
2 7Q` #Qi? b�KTH2b (6B;X kXjU/V)X 6Q` a�KTH2@Rk-

r?B+? +QMi�BMb � HQr /2MbBiv Q7 Mm+H2�` bTBMb U#Hm2 +B`+H2bV- r2 K2�bm`2 � /2T?�bBM;

iBK2 BM i?2 `�M;2 Q7 T ∗
2 = 1.5 s iQ 13 sX 6Q` i?Bb b�KTH2- r2 }M/ i?�i T ∗

2 b+�H2b BM@

p2`b2Hv rBi? i?2 [m#Bi 7`2[m2M+v 7↑↓ �b b?QrM BM 6B;m`2 kXjU2VX h?2 Q#b2`p2/ b+�HBM;

T ∗
2 ∝ 1/7↑↓ BM/B+�i2b i?�i ~m+im�iBQMb Q7 i?2 2H2+i`QMB+ ;@7�+iQ` ∆g HBF2Hv HBKBi i?2 T ∗

2

pB� i?2 `2H�iBQM 1/(T ∗
2 ) ∝ ∆gµ"B r?2`2 µ" Bb i?2 "Q?` K�;M2iQMX SQbbB#H2 Q`B;BMb 7Q`

∆g �`2 /Bb+mbb2/ BM �TT2M/Bt "X 6Q` a�KTH2@Rj- r?B+? +QMi�BMb � M�im`�H �#mM/�M+2

Q7 Mm+H2�` bTBMb U`2/ b[m�`2bV- r2 K2�bm`2 T ∗
2 ≈ 300 ns BM/2T2M/2Mi 7`QK i?2 K�;@

M2iB+ }2H/ K�;MBim/2 r?B+? Bb bBKBH�` iQ ivTB+�H p�Hm2b Q#b2`p2/ BM LobX h?2b2 `2bmHib

/2KQMbi`�i2 i?�i i?2 /2T?�bBM; iBK2 T ∗
2 Q7 aBob BM a�KTH2@Rj Bb T`BK�`BHv HBKBi2/ #v

i?2 Mm+H2�` bTBM #�i? BM i?2 /B�KQM/ ?Qbi rBi? � M�im`�H �#mM/�M+2 Q7 13*N8X

.2T?�bBM; /m2 iQ bHQrHv 2pQHpBM; ~m+im�iBQMb BM i?2 2MpB`QMK2Mi U2X;X Mm+H2�`

bTBMbV +�M #2 bmTT`2bb2/ #v mbBM; /vM�KB+�H /2+QmTHBM; i2+?MB[m2bNe-NdX q2 2ti2M/

i?2 bTBM +Q?2`2M+2 iBK2 T2 #v BKTH2K2MiBM; *�``ĜSm`+2HH U*SV b2[m2M+2b rBi? N =

1, 2, 4, 8, 16- �M/ jk `2T?�bBM; TmHb2bN3 BM a�KTH2@Rk (6B;X kX9U�-#V)X 6B;m`2 kX9U+V

b?Qrb i?�i i?2 +Q?2`2M+2 iBK2 BM+`2�b2b �TT`QtBK�i2Hv HBM2�`Hv rBi? i?2 MmK#2` Q7

`2T?�bBM; TmHb2b N X h?2 HQM;2bi Q#b2`p2/ +Q?2`2M+2 iBK2 Bb T2 = 13 ± 1.7 ms 7Q`

N = 32X q2 �HbQ BKTH2K2Mi *S b2[m2M+2b 7Q` N = 1, 2- �M/ 9 BM a�KTH2@Rj �M/ }M/

bBKBH�` +Q?2`2M+2 iBK2b T2 �b 7Q` a�KTH2@Rk (6B;X kX9U+V)X q2 `2T2�i i?2 *S K2�bm`2@

K2Mib �i ?B;?2` i2KT2`�im`2b, �i 400mK- i?2 T2 iBK2 K2�bm`2/ #v *Sk Bb B/2MiB+�H

jj



iQ T2 �i 100mK U`2/ �M/ Q`�M;2 /�i�VX �i � i2KT2`�im`2 Q7 600mK- i?2 bTBM@2+?Q

U*SRV T2 Bb /`�K�iB+�HHv `2/m+2/ iQ 60 sX aTBM@2+?Q K2�bm`2K2Mib rBi? a�KTH2@Rj

�i � r2�F K�;M2iB+ }2H/ Q7 0.2 kG b?Qr ?B;?@pBbB#BHBiv Qb+BHH�iBQMb Q7 i?2 2H2+i`QMB+

bTBM +Q?2`2M+2 (�TT2M/Bt ")X h?2b2 /vM�KB+b �`2 bmTT`2bb2/ �i bi`QM;2` }2H/b (�T@

T2M/Bt ") �M/ �`2 +?�`�+i2`BbiB+ Q7 +Q?2`2Mi +QmTHBM; iQ M2�`#v 13* Mm+H2�` bTBMbN8X

am`T`BbBM;Hv- i?2 Q#b2`p�iBQM BM 6B;m`2 kX9 i?�i i?2 +Q?2`2M+2 iBK2 T2 BM #Qi? b�K@

TH2b Bb B/2MiB+�H 7Q` � ;Bp2M N BM/B+�i2b i?�i i?2 +Q?2`2M+2 iBK2 T2 Bb MQi HBKBi2/ #v

i?2 Mm+H2�` bTBM #�i?- #mi #v �MQi?2` MQBb2 bQm`+2X h?Bb Q#b2`p�iBQM Bb �HbQ bmTTQ`i2/

#v i?2 �TT`QtBK�i2Hv HBM2�` b+�HBM; UT2 ∼ NV Q7 +Q?2`2M+2 rBi? i?2 MmK#2` Q7 π@

TmHb2b r?B+? /2pB�i2b bm#bi�MiB�HHv 7`QK i?2 2tT2+i2/ ∼ N2/3 b+�HBM; 7Q` /BTQH�` +Qm@

THBM; iQ Mm+H2�` bTBMbNN-RyyX q2 �HbQ /Q MQi }M/ � bB;MB}+�Mi /Bz2`2M+2 #2ir22M T2

K2�bm`2/ �i /Bz2`2Mi K�;M2iB+ }2H/b (�TT2M/Bt ")- bm;;2biBM; i?�i ;@7�+iQ` ~m+im�@

iBQMb �`2 �HbQ MQi i?2 HBKBiBM; 7�+iQ` 7Q` i?2b2 K2�bm`2K2MibX

q?BH2 i?2 Q`B;BM Q7 i?2 MQBb2 bQm`+2 Bb �i T`2b2Mi MQi mM/2`biQQ/- i?2 HBM2�` /2@

T2M/2M+2 Q7 T2 QM N bm;;2bib i?�i T2 +�M TQi2MiB�HHv #2 7m`i?2` BKT`Qp2/ #v mbBM;

�//BiBQM�H `2T?�bBM; TmHb2bX AM i?2 +m``2Mi K2�bm`2K2Mib- 2``Q`b /m2 iQ BKT2`72+i π@

TmHb2b (�TT2M/Bt ") `2bmHi BM `2/m+2/ bi�i2 }/2HBiB2b 7Q` TmHb2 b2[m2M+2b rBi? N ≥ 32X

SmHb2 2``Q`b +�M #2 `2/m+2/ #v mbBM; /2+QmTHBM; b2[m2M+2b rBi? irQ@�tBb UXY V +QM@

i`QHNdX h?2 ;�i2 }/2HBiB2b +�M �HbQ #2 BKT`Qp2/ mbBM; ?B;?2` Jq _�#B 7`2[m2M+B2b

(�TT2M/Bt ") i?�i +�M #2 Q#i�BM2/ rBi? HQr@HQbb bmT2`+QM/m+iBM; +QTH�M�` r�p2;@

mB/2bRyRX

j9



initialization read
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6B;m`2 kX9, Rj Kb bTBM +Q?2`2M+2 rBi? /vM�KB+�H /2+QmTHBM;X U�V *SJ: b2[m2M+2 rBi? N
`2T?�bBM; Jq π@TmHb2bX U#V aTBM +Q?2`2M+2 7Q` *S b2[m2M+2b rBi? N 4 R- k- 9- 3- Re- �M/ jk
TmHb2b BM a�KTH2@Rk BM �M �HB;M2/ K�;M2iB+ }2H/ B ≈ 1.6 kG �i 100mKX h?2 HQM;2bi K2�bm`2/
T2 iBK2 Bb 13ms 7Q` N = 32X ai�i2 }/2HBiv `2/m+2b rBi? ?B;?2` L /m2 iQ π@TmHb2 2``Q`bX .m`�iBQMb
Q7 i?2 BMBiB�HBx�iBQM �M/ `2�/Qmi H�b2` TmHb2b �`2 ∼ 100ms �M/ ∼ 15ms- +Q``2bTQM/BM;HvX .�b?2/
HBM2b �`2 }ib iQ 2tT[−(T/T2)4] (�TT2M/Bt ")X U+V T2 +Q?2`2M+2 pbX MmK#2` Q7 `2T?�bBM; TmHb2b N 7Q`
a�KTH2@RkX 6BiiBM; iQ T2 ∝ Nβ ;Bp2b β = 1.02 ± 0.05 U#Hm2 /�b?2/ HBM2V- i?2 b?�/2/ `2;BQM `2T@
`2b2Mib � bi�M/�`/ /2pB�iBQM Q7 yXy8X 6Q` +QKT�`BbQM- i?2 `2/ /�b?2/ HBM2 b?Qrb N2/3 b+�HBM;X U/V
T2 +Q?2`2M+2 pbX MmK#2` Q7 `2T?�bBM; TmHb2b N 7Q` a�KTH2@Rk �M/ a�KTH2@RjX :`22M �M/ Q`�M;2
TQBMib �`2 K2�bm`2/ rBi? a�KTH2@Rj �i 2H2p�i2/ i2KT2`�im`2bX
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kX9 *QM+HmbBQM

h?2b2 Q#b2`p�iBQMb 2bi�#HBb? i?2 aBo �b � T`QKBbBM; bQHB/@bi�i2 [m�MimK 2KBii2` 7Q`

i?2 `2�HBx�iBQM Q7 [m�MimK M2irQ`F MQ/2b mbBM; BMi2;`�i2/ /B�KQM/ M�MQT?QiQMB+b9yX

�Hi?Qm;? mM/2`bi�M/BM; i?2 MQBb2 #�i? �M/ Bib 2z2+ib QM i?2 aBo bTBM /vM�KB+b Bb �M

BKTQ`i�Mi �`2� Q7 7mim`2 bim/v- i?2 /2KQMbi`�i2/ +Q?2`2M+2 iBK2 Q7 13ms Bb �H`2�/v

bm{+B2Mi iQ K�BMi�BM [m�MimK bi�i2b #2ir22M [m�MimK `2T2�i2` MQ/2b b2T�`�i2/ #v

103 km3yX h?2 [m�MimK K2KQ`v HB72iBK2 +QmH/ #2 7m`i?2` 2ti2M/2/ #v BKTH2K2Mi@

BM; `Q#mbi /vM�KB+�H /2+QmTHBM; b+?2K2bNd Q` mbBM; +Q?2`2MiHv +QmTH2/ Mm+H2�` bTBMb

�b HQM;2`@HBp2/ K2KQ`B2bRykX h?2 aBo bTBM +QmH/ �HbQ #2 bi`QM;Hv +QmTH2/ iQ HQ+�H@

Bx2/ �+QmbiB+Ryj-Ry9 KQ/2b #v 2tTHQBiBM; i?2 H�`;2 bi`�BM bmb+2TiB#BHBiv Q7 aBob UPHz f

bi`�BMVRyjX h?Bb Qz2`b M2r QTTQ`imMBiB2b 7Q` `2�HBxBM; irQ@[m#Bi ;�i2bRy8-Rye-Ryd �M/ BM@

i2`7�+BM; bmT2`+QM/m+iBM; [m�MimK +B`+mBib rBi? HQM;@HBp2/ bTBM K2KQ`B2b �M/ QTiB+�H

T?QiQMbRy3X

je



3
�M BMi2;`�i2/ M�MQT?QiQMB+ [m�MimK

`2;Bbi2` #�b2/ QM bBHB+QM@p�+�M+v bTBMb BM

/B�KQM/

h?Bb +?�Ti2` ?�b #22M Tm#HBb?2/ �b

jd



ǳ�M BMi2;`�i2/ M�MQT?QiQMB+ [m�MimK `2;Bbi2` #�b2/ QM bBHB+QM@p�+�M+v bTBMb BM

/B�KQM/Ǵ

*X hX L;mv2M- .X .X amF�+?2p- JX EX "?�bF�`- "X J�+?B2Hb2- .X aX G2pQMB�M- 1X LX

EM�HH- SX ai`Q;�MQp- *X *?B�- JX CX "m`2F- _X _B2/BM;2`- >X S�`F- JX GQMÍ�` �M/ JX

.X GmFBM S?vbX _2pX " Ryy- Re89k3 UkyRNV

*QTv`B;?i Ü kyRN #v �K2`B+�M S?vbB+�H aQ+B2ivX �HH `B;?ib `2b2`p2/X

jXR AMi`Q/m+iBQM

Zm�MimK M2irQ`Fb ?�p2 i?2 TQi2MiB�H iQ 2M�#H2 � TH2i?Q`� Q7 M2r i2+?MQHQ;B2b BM+Hm/@

BM; b2+m`2 +QKKmMB+�iBQM- 2M?�M+2/ K2i`QHQ;v- �M/ /Bbi`B#mi2/ [m�MimK +QKTmi@

BM;Rj-R9-Rd-R3-RyNX am+? M2irQ`Fb `2[mB`2 MQ/2b r?B+? T2`7Q`K [m�MimK T`Q+2bbBM; QM

� bK�HH `2;Bbi2` Q7 BMi2`+QMM2+i2/ [m#Bib rBi? HQM; +Q?2`2M+2 iBK2bX .Bbi�Mi MQ/2b �`2

+QMM2+i2/ #v 2{+B2MiHv BMi2`7�+BM; [m#Bib rBi? QTiB+�H T?QiQMb i?�i +�M #2 +QmTH2/

BMiQ �M QTiB+�H }#2` (6B;X jXRU�V)X

h?2 T`2p�BHBM; bi`�i2;v 7Q` 2M;BM22`BM; �M 2{+B2Mi- +Q?2`2Mi QTiB+�H BMi2`7�+2 Bb

i?�i Q7 +�pBiv [m�MimK 2H2+i`Q/vM�KB+b UZ1.V- r?B+? 2M?�M+2b i?2 BMi2`�+iBQMb #2@

ir22M �iQKB+ [m�MimK K2KQ`B2b �M/ T?QiQMbkj-RRy-RRR-RRk-RRjX L�MQT?QiQMB+ +�pBiv

Z1. bvbi2Kb �`2 T�`iB+mH�`Hv �TT2�HBM;- �b i?2 iB;?i +QM}M2K2Mi Q7 HB;?i BMbB/2 QTiB@

+�H M�MQbi`m+im`2b 2M�#H2b bi`QM;- ?B;?@#�M/rB/i? [m#Bi@T?QiQM BMi2`�+iBQMb9y-RR9-RR8X

AM T`�+iB+2- M�MQT?QiQMB+ /2pB+2b �HbQ ?�p2 � MmK#2` Q7 i2+?MQHQ;B+�H �/p�Mi�;2b Qp2`

j3



Si
C13

C12

(a)

(b)

Node

 ↑〉

 ↓〉
 ↑〉

 ↓〉
 ↑〉

 ↑〉Quantum

Network

MW

6B;m`2 jXR, U�V a+?2K�iB+ Q7 � [m�MimK M2irQ`FX LQ/2b +QMbBbiBM; Q7 b2p2`�H [m#Bib �`2 +QmTH2/
iQ;2i?2` pB� �M QTiB+�H BMi2`7�+2X U#V � [m�MimK M2irQ`F MQ/2 #�b2/ QM i?2 aBoX aBo +2Mi2`b �M/
�M+BHH� 13* �`2 BM+Q`TQ`�i2/ BMiQ � M�MQT?QiQMB+ /2pB+2 �M/ �//`2bb2/ rBi? � +QmTH2/ }#2` �M/
KB+`Qr�p2 +QTH�M�` r�p2;mB/2X

jN



K�+`Qb+QTB+ QTiB+�H +�pBiB2b- �b i?2v +�M #2 7�#`B+�i2/ 2M@K�bb2 �M/ BMi2`7�+2/ rBi?

QM@+?BT 2H2+i`QMB+b �M/ T?QiQMB+b- K�FBM; i?2K bmBi�#H2 7Q` b+�HBM; mT iQ H�`;2@b+�H2

M2irQ`Fbkj-RReX q?BH2 bi`QM; BMi2`�+iBQMb #2ir22M bBM;H2 [m#Bib �M/ QTiB+�H T?QiQMb

?�p2 #22M /2KQMbi`�i2/ BM � MmK#2` Q7 +�pBiv Z1. TH�i7Q`Kbkj-k9-RRj-RRd-RR3-RRN- MQ

bBM;H2 `2�HBx�iBQM +m``2MiHv K22ib �HH Q7 i?2 `2[mB`2K2Mib Q7 � [m�MimK M2irQ`F MQ/2X

aBKmHi�M2QmbHv �+?B2pBM; ?B;?@}/2HBiv- +Q?2`2Mi +QMi`QH Q7 KmHiBTH2 HQM;@HBp2/ [m#Bib

BMbB/2 Q7 � T?QiQMB+ bi`m+im`2 Bb � K�DQ` Qmibi�M/BM; +?�HH2M;2X

_2+2Mi rQ`F ?�b 2bi�#HBb?2/ i?2 bBHB+QM@p�+�M+v +QHQ`@+2Mi2` BM /B�KQM/ UaBoV �b �

T`QKBbBM; +�M/B/�i2 7Q` [m�MimK M2irQ`FBM; �TTHB+�iBQMb9R-98-Rky-RkR-RkkX h?2 aBo Bb

�M QTiB+�HHv �+iBp2 TQBMi /272+i BM i?2 /B�KQM/ H�iiB+2jd-RkjX Aib D3d BMp2`bBQM bvKK2@

i`v `2bmHib BM � p�MBb?BM; T2`K�M2Mi 2H2+i`B+ /BTQH2 KQK2Mi Q7 i?2 ;`QmM/ �M/ 2t+Bi2/

bi�i2b- `2M/2`BM; i?2 i`�MbBiBQM BMb2MbBiBp2 iQ 2H2+i`B+ }2H/ MQBb2 ivTB+�HHv T`2b2Mi BM

M�MQbi`m+im`2bjNX _2+2Mi rQ`F ?�b BM/2T2M/2MiHv b?QrM i?�i aBo +2Mi2`b BM M�MQb@

i`m+im`2b /BbTH�v bi`QM; BMi2`�+iBQMb rBi? bBM;H2 T?QiQMb9R �M/ i?�i aBo +2Mi2`b �i

i2KT2`�im`2b #2HQr 100mK U�+?B2p�#H2 BM /BHmiBQM `27`B;2`�iQ`bV 2t?B#Bi HQM; +Q?2`@

2M+2 iBK2b99- (*?X k)X q?BH2 i?2b2 `2bmHib BM/B+�i2 i?2 T`QKBbBM; TQi2MiB�H Q7 i?2 aBo

+2Mi2` 7Q` 7mim`2 [m�MimK M2irQ`F MQ/2b- bB;MB}+�Mi i2+?MB+�H +?�HH2M;2b Kmbi #2

Qp2`+QK2 BM Q`/2` iQ +QK#BM2 i?2b2 BM;`2/B2MibX

AM i?Bb +?�Ti2`- r2 QmiHBM2 i?2 T`�+iB+�H +QMbB/2`�iBQMb �M/ �TT`Q�+?2b M22/2/ iQ

#mBH/ � [m�MimK M2irQ`F MQ/2 rBi? aBo +2Mi2`b BM M�MQT?QiQMB+ /B�KQM/ +�pBiB2b

+QmTH2/ iQ �M+BHH�`v Mm+H2�` bTBMb (6B;X jXRU#V) (*?X 9)X a2+iBQM jXk /2b+`B#2b `2+2Mi BK@

9y



T`Qp2K2Mib iQ i?2 7�#`B+�iBQM i2+?MB[m2b mb2/ iQ +`2�i2 �M/ BM+Q`TQ`�i2 aBo +2Mi2`b

BMiQ ?B;?@[m�HBiv 7�+iQ`- +`BiB+�HHv@+QmTH2/ M�MQT?QiQMB+ +�pBiB2b rBi? �M 2{+B2Mi }#2`@

QTiB+�H BMi2`7�+2X a2+iBQM jXj /2b+`B#2b i?2 KBHHBF2HpBM 2tT2`BK2Mi�H �TT�`�imb �M/

b2p2`�H +QKKQM 2tT2`BK2Mi�H T`QiQ+QHbX a2+iBQM jX9 /2b+`B#2b i?2 aBo H2p2H bi`m+im`2

�M/ 2H2+i`QMB+ i`�MbBiBQMb- BHHmbi`�iBM; i?2 BMi2`TH�v Q7 bi`�BM �M/ K�;M2iB+ }2H/ BM 2M@

�#HBM; #Qi? +Q?2`2Mi +QMi`QH Q7Ĝ �M/ � T?QiQMB+ BMi2`7�+2 7Q`Ĝ aBo bTBMbX a2+iBQMb jX8-

jXe �M/ jXd QmiHBM2 2tT2`BK2Mi�H BKTH2K2Mi�iBQMb Q7 QTiB+�H �M/ KB+`Qr�p2 +QMi`QH

Q7 aBo +2Mi2`b- �M/ mb2 i?Bb +QMi`QH iQ +`2�i2 2H2+i`QM@T?QiQM "2HH bi�i2b rBi? ?B;?

}/2HBiv BM b2+iBQM jX3X a2+iBQM jXN BMi`Q/m+2b i2+?MB[m2b 7Q` +QmTHBM; iQ �//BiBQM�H

[m#Bib +QMbBbiBM; Q7 M�im`�HHv Q++m`BM; 13* BM /B�KQM/X q2 /2b+`B#2 Qm` K2i?Q/

7Q` BMBiB�HBxBM; �M/ `2�/BM; Qmi i?2b2 Mm+H2�` bTBMb pB� i?2 aBo- +Q?2`2Mi +QMi`QH Q7

13* rBi? KB+`Qr�p2 �M/ `�/BQ@7`2[m2M+v /`BpBM;- T`Q#2 i?2 +Q?2`2M+2 Q7 i?2b2 Mm+H2B-

�M/ }M�HHv 2Mi�M;H2 i?2 aBo rBi? � M2�`#v 13* �M/ /2KQMbi`�i2 2H2+i`QM@Mm+H2�` "2HH

bi�i2bX

jXk L�MQT?QiQMB+ /2pB+2 7�#`B+�iBQM

jXkXR .2pB+2 /2bB;M

h?2 /2pB+2b mb2/ BM i?2b2 2tT2`BK2Mib BMi2;`�i2 M�MQT?QiQMB+ +�pBiB2b- BKTH�Mi2/

aBo +2Mi2`b- �M/ KB+`Qr�p2 +QTH�M�` r�p2;mB/2b QMiQ � bBM;H2 /B�KQM/ +?BTX >2`2

9R



(a)

II III VI

(b)

6B;m`2 jXk, U�V a+?2K�iB+ Q7 i?2 M�MQ7�#`B+�i�BQM T`Q+2bb mb2/ iQ T`Q/m+2 /2pB+2bX A, hBi�MBmK@
>aZ K�bF Bb T�ii2`M2/ mbBM; 1"GX AA, S�ii2`M Bb i`�Mb72``2/ QMiQ /B�KQM/ mbBM; iQT /QrM O2 _A1X
AAA, �M;H2/ A"1 Bb mb2/ iQ b2T�`�i2 bi`m+im`2b 7`QK bm#bi`�i2X Ao, .2pB+2b �`2 +Qp2`2/ BM SJJ�
�M/ BKTH�Mi�iBQM �T2`�im`2b �`2 7Q`K2/ mbBM; 1"GX .2pB+2 �`2 i?2M +H2�M2/- BKTH�Mi2/- �M/ �M@
M2�H2/X o, SJJ� Bb mb2/ BM � HBiQz T`Q+2/m`2 iQ T�ii2`M ;QH/ KB+`Qr�p2 bi`BTHBM2bX oA, 6BM�H /2@
pB+2b �`2 +H2�M2/ �M/ T`2T�`2/ 7Q` 2tT2`BK2MiX U#V a+�MMBM; 2H2+i`QM KB+`Q;`�T?b +Q``2bTQM/BM; iQ
bi2Tb AA- AAA- �M/ oA BM i?2 7�#`B+�iQM T`Q+2/m`2X

9k



r2 T`2b2Mi i?2 7�#`B+�iBQM T`Q+2bb mb2/ iQ `2�HBx2 bm+? /2pB+2bX

hvTB+�HHv- ?B;?@[m�HBiv T?QiQMB+ +`vbi�H `2bQM�iQ`b �`2 7�#`B+�i2/ 7`QK k@. K2K@

#`�M2b- r?B+? iB;?iHv +QM}M2 HB;?i /m2 iQ iQi�H BMi2`M�H `2~2+iBQM Qz Q7 K�i2`B�H #QmM/@

�`B2bX .B{+mHiB2b BM ;`QrBM; ?B;?@Tm`Biv- bBM;H2@+`vbi�H /B�KQM/ }HKb QM MQM@/B�KQM/

bm#bi`�i2b �`2 QM2 Q7 i?2 F2v +?�HH2M;2b iQ 7�#`B+�iBM; bm+? `2bQM�iQ`b BM /B�KQM/Rk9X

�b � `2bmHi- M�MQT?QiQMB+ /B�KQM/ bi`m+im`2b Kmbi #2 2i+?2/ Qmi Q7 #mHF /B�KQM/-

r?B+? `2[mB`2b MQM@i`�/BiBQM�H 2i+?BM; i2+?MB[m2bRk8-RkeX AM T�`iB+mH�`- irQ K2i?Q/b

?�p2 2K2`;2/ 7Q` +`2�iBM; 7`22bi�M/BM; /B�KQM/ M�MQbi`m+im`2b, AbQi`QTB+ mM/2`+mi@

iBM;Rke-Rkd �M/ �M;H2/ BQM@#2�K 2i+?BM; UA"1VRk3X AM i?Bb rQ`F- r2 mb2 i?2 H�ii2` i2+?@

MB[m2- `2bmHiBM; BM 7`22bi�M/BM;- i`B�M;mH�`@+`Qbb@b2+iBQM r�p2;mB/2bX

S`2HBKBM�`v /2bB;M Q7 i?2 M�MQT?QiQMB+ bi`m+im`2b �`2 /2b+`B#2/ BM �TT2M/Bt *XR-

�M/ �`2 QTiBKBx2/ iQ K�tBKBx2 �iQK@T?QiQM BMi2`�+iBQM r?BH2 K�BMi�BMBM; ?B;? r�p2;@

mB/2 +QmTHBM;X hQ i�F2 �/p�Mi�;2 Q7 i?2 b+�H�#H2 M�im`2 Q7 M�MQ7�#`B+�iBQM- i?2b2 QT@

iBKBx2/ /2pB+2b �`2 T�ii2`M2/ BM b2ib Q7 `Qm;?Hv Ryy rBi? bHB;?iHv KQ/B}2/ 7�#`B+�iBQM

T�`�K2i2`bX h?2 Qp2`�HH b+�H2 Q7 �HH T?QiQMB+ +`vbi�H +�pBiv T�`�K2i2`b �`2 p�`B2/ #2@

ir22M /Bz2`2Mi /2pB+2b QM i?2 b�K2 /B�KQM/ +?BT iQ +QKT2Mb�i2 7Q` 7�#`B+�iBQM 2``Q`b

Ur?B+? H2�/ iQ mM2tT2+i2/ p�`B�iBQMb BM i?2 `2bQM�iQ` 7`2[m2M+v �M/ [m�HBiv@7�+iQ`VX

.m2 iQ i?2b2 2``Q`b- `Qm;?Hv QM2 BM bBt +�pBiB2b �`2 bmBi�#H2 7Q` aBo 2tT2`BK2MibX 6Q`@

imM�i2Hv- ?mM/`2/b Q7 /2pB+2b �`2 K�/2 BM � bBM;H2 7�#`B+�iBQM `mM- 2Mbm`BM; i?�i 2p2`v

`mM vB2H/b K�Mv mb�#H2 /2pB+2bX

h?2 /B�KQM/ r�p2;mB/2 `2;BQM U�b QTTQb2/ iQ i?2 T?QiQMB+ +`vbi�H +�pBiv `2;BQM

9j



(�TT2M/BtX *XR)V ?�b irQ /BbiBM;mBb?BM; 72�im`2bX 6B`bi- i?BM bmTTQ`i bi`m+im`2b �`2

TH�+2/ T2`BQ/B+�HHv �HQM; i?2 r�p2;mB/2 �M/ �`2 mb2/ iQ bmbT2M/ i?2 bi`m+im`2b �#Qp2

i?2 bm#bi`�i2X h?2b2 bmTTQ`ib �`2 TQ`iBQMb Q7 i?2 r�p2;mB/2 r?B+? �`2 �/B�#�iB+�HHv

i�T2`2/ iQ #2 ∼ 30% rB/2` i?�M i?2 `2bi Q7 i?2 r�p2;mB/2- �M/ i�F2 HQM;2` iQ 2i+?

�r�v /m`BM; i?2 �M;H2/ 2i+? T`Q+2bbX "v i2`KBM�iBM; i?2 2i+? �7i2` MQ`K�H r�p2;mB/2

`2;BQMb �`2 7mHHv 2i+?2/ i?`Qm;?- i?2b2 rB/2 b2+iBQMb #2+QK2 ∼ 10 nm i?B+F bmTTQ`ib

r?B+? i2i?2` i?2 r�p2;mB/2 bi`m+im`2b iQ i?2 bm#bi`�i2 r?BH2 KBMBKBxBM; b+�ii2`2/

HQbb 7`QK ;mB/2/ KQ/2bX a2+QM/- QM2 2M/ Q7 i?2 r�p2;mB/2 bi`m+im`2 Bb �/B�#�iB+�HHv

i�T2`2/ BMiQ 7`22@bT�+2RkNX h?2b2 i�T2`b �`2 7Q`K2/ #v � HBM2�` i�T2` Q7 i?2 r�p2;mB/2

/QrM iQ H2bb i?�M 50 nm rB/2 Qp2` � 10m H2M;i?X h?Bb i�T2`2/ `2;BQM +�M #2 +QmTH2/

iQ � bBKBH�`Hv i�T2`2/ QTiB+�H }#2`- �HHQrBM; bi`m+im`2b iQ 2{+B2MiHv BMi2`7�+2 rBi? �

}#2` M2irQ`F (a2+X jXj)X h?Bb i�T2`2/ 2M/ Q7 i?2 r�p2;mB/2 Bb i?2 KQbi 7`�;BH2 TQ`iBQM

Q7 i?2 bi`m+im`2- �M/ +�M #`2�F �7i2` `2T2�i2/ }#2` +QmTHBM; �ii2KTibX h?Bb Bb Q7i2M

r?�i HBKBib i?2 iQi�H K2�bm`2K2Mi HB72iBK2 Q7 � /2pB+2X

h?2 MmK#2` Q7 /2pB+2b U�M/ i?mb i?2 `2H�iBp2 vB2H/ Q7 i?2 7�#`B+�iBQM T`Q+2bbV Bb

HBKBi2/ #v i?2 K�tBKmK T�+FBM; /2MbBiv QM i?2 /B�KQM/ +?BTX h?Bb Bb T`BK�`BHv HBK@

Bi2/ #v i?2 M22/ iQ �++QKKQ/�i2 10m rB/2 KB+`Qr�p2 +QTH�M�` r�p2;mB/2b U*SqbV

#2ir22M /2pB+2b- r?B+? �`2 T�ii2`M2/ /B`2+iHv QMiQ i?2 /B�KQM/ bm`7�+2 iQ 2{+B2MiHv

+QMi`QH aBo bTBMb mbBM; KB+`Qr�p2bX aBKmH�iBQMb UaQMM2i AM+V Q7 T`QbT2+iBp2 /2bB;M

;2QK2i`B2b 2Mbm`2 i?�i i?2 *Sq Bb BKT2/�M+2 K�i+?2/ rBi? Qm` 50 722/ HBM2b- r?B+?

KBMBKBx2b b+�ii2`2/ TQr2` 7`QK i?2 r�p2;mB/2bX h�T2`b BM i?2 *Sq M2�` i?2 +2Mi2`
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Q7 i?2 +�pBiv `2;BQMb +QM+2Mi`�i2 +m``2Mi �M/ BM+`2�b2 i?2 �KTHBim/2 Q7 i?2 KB+`Qr�p2

}2H/ M2�` i?2 aBob- �M/ *Sqb �`2 i2`KBM�i2/ rBi? � b?Q`i BM Q`/2` iQ 2Mbm`2 � K�;@

M2iB+ }2H/ K�tBKmK �HQM; i?2 /2pB+2X

jXkXk .2pB+2 7�#`B+�iBQM

6�#`B+�iBQM Q7 i?2 /B�KQM/ bi`m+im`2b T`Q+22/b �b /2b+`B#2/ BM `27XRkN rBi? i?2 MQ@

i�#H2 KQ/B}+�iBQM i?�i i?2 �M;H2/ 2i+? Bb +QM/m+i2/ MQi rBi? � 6�`�/�v +�;2 HQ�/2/

BMbB/2 � `2�+iBp2 BQM 2i+?BM; +?�K#2`- #mi BMbi2�/ rBi? �M A"1X h?2 6�`�/�v +�;2

i2+?MB[m2Rk8-Rjy Qz2`2/ i?2 #2M2}i Q7 bBKTHB+Biv �M/ �++2bbB#BHBivě`2[mB`BM; QMHv i?�i

i?2 `2�+iBp2 BQM 2i+?BM; +?�K#2` BM [m2biBQM r�b H�`;2 2MQm;? iQ �++QKKQ/�i2 i?2

+�;2 bi`m+im`2ě#mi bmz2`2/ 7`QK H�`;2 ~m+im�iBQMb BM 2i+? `�i2 �+`Qbb i?2 bm`7�+2

Q7 i?2 b�KTH2- �b r2HH �b #2ir22M /Bz2`2Mi 7�#`B+�iBQM `mMb- /m2 iQ BKT2`72+iBQMb BM

i?2 6�`�/�v +�;2 K2b?X h?2b2 B``2;mH�`BiB2b +QmH/ #2 T�`iB�HHv +QKT2Mb�i2/ 7Q` #v `2@

T2�i2/Hv `2TQbBiBQMBM; �M/ `Qi�iBM; i?2 +�;2 rBi? `2bT2+i iQ b�KTH2 /m`BM; i?2 2i+?-

#mi i?Bb T`Q+2bb T`Qp2/ iQ #2 H�#Q`BQmb �M/ BKT`2+Bb2X AMbi2�/- A"1 Qz2`b +QHHBK�i2/

#2�Kb Q7 BQMb b2p2`�H cm BM /B�K2i2`- H2�/BM; iQ �HKQbi mMB7Q`K 2i+? `�i2b �+`Qbb i?2

b2p2`�H mm /B�KQM/ +?BTX h?Bb i2+?MB[m2 �HHQr2/ 7Q` +QMbBbi2Mi 7�#`B+�iBQM Q7 +�pBiB2b

rBi? Q > 104- V < 0.6[λ/(n = 2.4)]3- �M/ `2bQM�M+2b rBi?BM ∼ 10 nm Q7 aBo QTiB+�H

7`2[m2M+B2bX

PM+2 i?2 /B�KQM/ +�pBiB2b �`2 7�#`B+�i2/ (6B;X jXkU� A@AAAV)- aBo +2Mi2`b Kmbi #2 BM@
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+Q`TQ`�i2/X hQ 2Mbm`2 i?2 #2bi TQbbB#H2 �iQK@T?QiQM BMi2`�+iBQM `�i2 (a2+X jX8)- aBob

b?QmH/ #2 TQbBiBQM2/ �i i?2 +�pBiv KQ/2 K�tBKmKX A/2�HHv- i?Bb `2[mB`2b BKTH�Mi�@

iBQM �++m`�+v Q7 #2ii2` i?�M 50 nm BM �HH j /BK2MbBQMb /m2 iQ i?2 bK�HH KQ/2 pQHmK2

U∼ 0.5[λ/(n = 2.4)]3V Q7 i?2 +�pBiB2b mb2/X AM i?2 T�bi- BKTH�Mi�iBQM Q7 bBHB+QM BQMb

Ur?B+? 7Q`K aBo +2Mi2`b 7QHHQrBM; � ?B;?@i2KT2`�im`2 �MM2�HV r�b /QM2 mbBM; 7Q+mb2/

BQM@#2�K BKTH�Mi�iBQM- #mi i?Bb i2+?MB[m2 `2[mB`2/ bT2+B�HBx2/ iQQHb �M/ H�+F2/ i?2

�++m`�+v M2+2bb�`v 7Q` K�tBK�HHv 2{+B2Mi KQ/2 +QmTHBM;9yX AMbi2�/- r2 �/�Ti i?2

bi�M/�`/ K�bF2/ BKTH�Mi�iBQM i2+?MB[m2 �M/ mb2 +QKK2`+B�H 7QmM/�`B2b 7Q` BQM BK@

TH�Mi�iBQMX

6Q` i?2 BKTH�Mi�iBQM T`Q+2bb- r2 `2T2�i2/Hv bTBM �M/ #�F2 JJ� 1GRR �M/ SJJ�

*9 UJB+`Q+?2KV iQ +Qp2` i?2 M�MQT?QiQMB+ +�pBiB2b +QKTH2i2Hv rBi? TQHvK2` `2bBbiX

q2 i?2M bTBM@+Q�i � +QM/m+iBp2 bm`7�+2 H�v2` Q7 1bT�+2` Ua?Qr� .2MFQVX �M 1@#2�K

HBi?Q;`�T?v U1"GV iQQH i?2M �HB;Mb rBi? H�`;2 K�`F2`b mM/2`M2�i? i?2 TQHvK2` H�v2`-

�HHQrBM; Bi iQ 2tTQb2 �M �`2� bm``QmM/BM; bK�HH2`- ?B;?@`2bQHmiBQM �HB;MK2Mi K�`F2`b

QM i?2 /B�KQM/X h?2 2tTQb2/ `2;BQMb �`2 /2p2HQT2/ BM � R,j KBtim`2 Q7 JA"E,AS�X

1bT�+2` Bb �;�BM bTBM@+Q�i2/- �M/ � b2+QM/ 1"G r`Bi2 +�M #2 /QM2- �HB;M2/ iQ i?2

?B;?@`2bQHmiBQM K�`F2`bX "�b2/ QM i?2b2 �HB;MK2Mi K�`F2`b- ?QH2b Q7 H2bb i?�M 65 nm

/B�K2i2` UHBKBi2/ #v i?2 `2bQHmiBQM Q7 SJJ� `2bBbiV �`2 T�ii2`M2/ QMiQ i?2 +2Mi2` Q7

i?2 T?QiQMB+ +`vbi�H +�pBiv r?B+?- �7i2` bm#b2[m2Mi /2p2HQTK2Mi- �+i �b M�``Qr �T2`@

im`2b iQ i?2 /B�KQM/ bm`7�+2 (6B;X jXkU� AoV)X h?2 `2bi Q7 i?2 /B�KQM/ bm`7�+2 Bb biBHH

+Qp2`2/ BM bm{+B2MiHv i?B+F SJJ� iQ T`2p2Mi BQMb 7`QK `2�+?BM; K�bF2/ TQ`iBQMb Q7
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i?2 /2pB+2X .B�KQM/b �`2 i?2M b2Mi iQ � +QKK2`+B�H 7QmM/`v UAMMQpBQMV r?2`2 i?2v

�`2 BKTH�Mi2/ rBi? bBHB+QM BQMb �i i?2 �TT`QT`B�i2 2M2`;v �M/ /Qb2 (6B;X jXk U#V)X �M@

M2�HBM; BM � l>o p�+mmK 7m`M�+2 UEm`i@G2bF2`V �i ∼1400K +QMp2`ib i?2b2 BKTH�Mi2/

BQMb BMiQ aBo +2Mi2`bjN-RjRX

*Sqb �`2 7�#`B+�i2/ mbBM; � HB7iQz T`Q+2bb bBKBH�` iQ i?�i mb2/ iQ +`2�i2 K�bF2/

BKTH�Mi�iBQM rBM/QrbX h?2 KQbi MQi�#H2 /Bz2`2M+2 Bb �M �//BiBQM�H Qtv;2M TH�bK�

/2b+mK �7i2` /2p2HQTK2Mi iQ `2KQp2 SJJ� `2bB/m2 7`QK i?2 bm`7�+2X 6QHHQrBM;

/2p2HQTK2Mi- � 10 nm iBi�MBmK }HK b2`p2b �b �M �/?2bBQM H�v2` 7Q` � 250 nm i?B+F

;QH/ *Sq (6B;X jXk U� oV)X GB7iQz Bb T2`7Q`K2/ BM ?2�i2/ _2KQp2` S: UJB+`Q+?2KV

(6B;X jXk U� oAV)X h?2 K2i�H i?B+FM2bb2b mb2/ ?2`2 �`2 +?Qb2M iQ BKT`Qp2 �/?2bBQM

Q7 i?2 ;QH/- �b r2HH �b T`2p2Mi �#bQ`TiBQM Q7 +�pBiv T?QiQMb #v i?2 K2i�HHB+ *SqX

q2 Q#b2`p2 i?�i i?2 +�pBiv [m�HBiv 7�+iQ` bB;MB}+�MiHv /2;`�/2b rBi? ;QH/ }HKb >

300 nmX .m2 iQ Q?KB+ ?2�iBM;- r?B+? +�M /2;`�/2 i?2 +Q?2`2M+2 T`QT2`iB2b Q7 aBo

bTBMb (a2+X jXe)- i?2 H2M;i? Q7 i?2 *Sq Bb +QMbi`�BM2/ iQ �//`2bb � K�tBKmK Q7 `Qm;?Hv

e /2pB+2bX

6mim`2 BKT`Qp2K2Mib BM /B�KQM/ /2pB+2 T2`7Q`K�M+2 rBHH #2 T`2/B+�i2/ QM BKT`Qp2@

K2Mib Q7 i?2 7�#`B+�iBQM i2+?MQHQ;vX .2pB+2 [m�HBiv 7�+iQ`b �`2 +m``2MiHv HBKBi2/ #v

/2pB�iBQMb BM /2pB+2 +`Qbb b2+iBQM +�mb2/ #v BKT2`72+i b2H2+iBpBiv Q7 i?2 >aZ ?�`/

K�bF iQ Qtv;2M 2i+?BM;X _2TH�+BM; i?Bb K�bF rBi? � bm{+B2MiHv bKQQi? K2i�H K�bF

+QmH/ `2bmHi BM BKT`Qp2/ 2i+? b2H2+iBpBiv �M/ /2pB+2 T2`7Q`K�M+2X AbQi`QTB+ mM/2`+mi

2i+?BM; +QmH/ �HbQ H2�/ iQ BKT`Qp2/ +QMi`QH Qp2` /2pB+2 +`Qbb b2+iBQMb �M/ 7�+BHBi�i2
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KQ`2 bQT?BbiB+�i2/ /2pB+2 ;2QK2i`B2bRkd-Rjk �i i?2 +Qbi Q7 `2/m+2/ +QMi`QH Qp2` BbQi`QT@

B+�HHv 2i+?2/ bm`7�+2 `Qm;?M2bbX o�`BQmb i2+?MB[m2b 2tBbi 7Q` i?2 7Q`K�iBQM Q7 bK�HH2`

BKTH�Mi�iBQM �T2`im`2bRjj-Rj9- #mi i?2b2 i2+?MB[m2b �`2 /B{+mHi iQ mb2 BM +QMDmM+iBQM

rBi? BKTH�Mi�iBQM BMiQ +QKTH2i2/ M�MQT?QiQMB+ /2pB+2bX 6BM�HHv- i?2 mb2 Q7 bmT2`+QM@

/m+iBM; bi`BTHBM2b +QmH/ `2/m+2 ?2�iBM;- r?B+? rQmH/ 2M�#H2 i?2 *Sq iQ TQi2MiB�HHv

�//`2bb �HH /2pB+2b QM i?2 /B�KQM/ +?BT �M/ �HHQr 7Q` 7�bi2` /`BpBM; Q7 aBo bTBM �M/

Mm+H2�` i`�MbBiBQMb (a2+X jXe- jXN)X

jXj 1tT2`BK2Mi�H a2imT

1tT2`BK2Mib �`2 T2`7Q`K2/ BM � ?QK2@#mBHi T?QiQMB+@T`Q#2 b2imT BMbB/2 Q7 � /BHm@

iBQM `27`B;2`�iQ` U._- "Hm26Q`b "6@G.k8yV (6B;X jXjU�V)X h?2 /B�KQM/ bm#bi`�i2 Bb

KQmMi2/ iQ � ;QH/@TH�i2/ +QTT2` b�KTH2 ?QH/2` pB� BM/BmK bQH/2`BM; #2HQr i?2 KBtBM;

+?�K#2` BM i?2 #Q`2 Q7 � Ue-R-RV T bmT2`+QM/m+iBM; p2+iQ` K�;M2i U�K2`B+�M J�;M2i@

B+b AM+XV �M+?Q`2/ iQ i?2 4K bi�;2X � i?2`K�H HBMF #2ir22M i?2 /2pB+2 �M/ i?2 KBtBM;

+?�K#2` TH�i2 Bb T`QpB/2/ #v ;QH/@TH�i2/ +QTT2` #�`b- �b r2HH �b Qtv;2M@7`22 +QTT2`

#`�B/b U*QTT2` "`�B/ S`Q/m+ibV- 2Mbm`BM; K�tBK�H i?2`K�H +QM/m+iBpBiv #2ir22M i?2

KBtBM; +?�K#2` TH�i2 �M/ i?2 b�KTH2- r?B+? `2�+?2b � #�b2 i2KT2`�im`2 Q7 `Qm;?Hv

60mKX q2 �//`2bb bBM;H2 M�MQT?QiQMB+ /2pB+2b pB� � i�T2`2/ QTiB+�H }#2`- r?B+? +�M

#2 +QmTH2/ BM@bBim rBi? +QHH2+iBQM 2{+B2M+B2b 2t+22/BM; 90%RkNX h?2 i�T2`2/ }#2` Bb

KQmMi2/ iQ � j@�tBb TB2xQ bi2TT2` U�LStRyR- �LSxRyRV- �M/ BK�;2/ BM 7`22@bT�+2 #v
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N.C.

50:50 fiber
beam splitter
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beam splitter
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6B;m`2 jXj, U�V 1tT2`BK2Mi b+?2K�iB+X .2pB+2b R �`2 KQmMi2/ BM i?2 #Q`2 Q7 � a* K�;M2i k
BMbB/2 Q7 � /BHmiBQM `27`B;2`�iQ`- �M/ BK�;2/ rBi? rB/2@}2H/ BK�;BM; j �M/ TB2xQ bi2TT2`b 9 X .2@
pB+2b �`2 �//`2bb2/ rBi? � i�T2`2/ QTiB+�H }#2` 8 TQbBiBQM2/ mbBM; � b2+QM/ b2i Q7 TB2xQ bi2TT2`b
e X *�pBiB2b �`2 imM2/ mbBM; � MBi`Q;2M d X U#V 6B#2` M2irQ`F mb2/ iQ T`Q#2 /2pB+2bX 1t+Bi�iBQM

HB;?i Bb KQMBiQ`2/ 3 �M/ b2Mi iQ i?2 /2pB+2X *QHH2+i2/ HB;?i Bb KQMBiQ`2/ N �M/ }Hi2`2/ Ry i?2M
b2Mi iQ QM2 Q` b2p2`�H aS*Jb RR X LX*X BM/B+�i2b MQ +QMM2+iBQMX
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�M 8f rB/2@}2H/ b+�MMBM; +QM7Q+�H KB+`Qb+QT2 r?B+? 7Q+mb2b QMiQ � +`vQ@+QKT�iB#H2

Q#D2+iBp2 U�iiQ+m#2 Gh@�SP@oAaA_VX h?Bb b2imT �HHQrb 7Q` +QmTHBM; iQ b2p2`�H +�pB@

iB2b /m`BM; � bBM;H2 +QQH/QrMX

PM+2 +QmTH2/- i?2 +�pBiv `2bQM�M+2 Bb `2/@b?B7i2/ pB� MBi`Q;2M ;�b +QM/2Mb�iBQM9RX

� +QTT2` im#2 Bb r2�FHv i?2`K�HBx2/ rBi? i?2 4K TH�i2 Q7 i?2 ._ �M/ +�M #2 ?2�i2/

�#Qp2 80K BM Q`/2` iQ ~Qr N2 ;�b QMiQ i?2 /2pB+2bX h?Bb ;�b +QM/2Mb2b QMiQ i?2 T?Q@

iQMB+ +`vbi�H- KQ/B7vBM; Bib `27`�+iBp2 BM/2t �M/ `2/@b?B7iBM; i?2 +�pBiv `2bQM�M+2X

q?2M i?2 +QTT2` im#2 Bb MQi ?2�i2/- Bi i?2`K�HBx2b iQ 4K- `2/m+BM; i?2 #H�+F#Q/v

HQ�/ QM i?2 b�KTH2 �M/ T`2p2MiBM; mM/2bB`2/ ;�b 7`QK H2�FBM; BMiQ i?2 p�+mmK +?�K@

#2`X

�7i2` `2/@imMBM; �HH /2pB+2b BM i?Bb r�v- 2�+? +�pBiv +�M #2 BM/BpB/m�HHv #Hm2@imM2/

#v BHHmKBM�iBM; i?2 /2pB+2 rBi? � ∼100W #`Q�/#�M/ H�b2` pB� i?2 i�T2`2/ }#2`- HQ@

+�HHv ?2�iBM; i?2 /2pB+2 �M/ 2p�TQ`�iBM; MBi`Q;2MX h?Bb H�b2`@imMBM; +�M #2 T2`7Q`K2/

p2`v bHQrHv iQ b2i i?2 +�pBiv `2bQM�M+2 rBi? � 72r GHzX h?2 +�pBiv imMBM; `�M;2 2t@

+22/b 10 nm rBi?Qmi bB;MB}+�MiHv /2;`�/BM; i?2 +�pBiv [m�HBiv 7�+iQ`- �M/ Bb `2K�`F@

�#Hv bi�#H2 BMbB/2 i?2 ._- rBi? MQ Q#b2`p�#H2 /`B7i Qp2` b2p2`�H KQMi?b Q7 K2�bm`2@

K2MibX

AM T`2pBQmb rQ`F9R- aBob r2`2 T`Q#2/ BM i`�MbKBbbBQM pB� i?2 7`22@bT�+2 +QM7Q+�H

KB+`Qb+QT2 7Q+mb2/ QMiQ � MQi+? QTTQbBM; i?2 i�T2`2/ }#2`X J2+?�MB+�H pB#`�iBQMb

�`BbBM; 7`QK i?2 ._ TmHb2 im#2 U∼1m TQBMiBM; 2``Q` �i i?2 b�KTH2 TQbBiBQMV `2bmHi

BM bB;MB}+�Mi ~m+im�iBQMb BM TQr2` �M/ TQH�`Bx�iBQM Q7 BM+QmTH2/ HB;?iX AM i?Bb rQ`F-
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r2 /2KQMbi`�i2 � 7mHHv BMi2;`�i2/ bQHmiBQM #v miBHBxBM; i?2 b�K2 i�T2`2/ }#2` iQ #Qi?

T`Q#2 i?2 /2pB+2 �M/ +QHH2+i `2~2+i2/ T?QiQMbX h?Bb �TT`Q�+? bi�#BHBx2b i?2 2t+Bi�@

iBQM T�i? �M/ BKT`Qp2b i?2 2{+B2M+v Q7 i?2 �iQK@T?QiQM BMi2`7�+2- �HHQrBM; 7Q` /2@

i2`KBMBbiB+ BMi2`�+iBQMb rBi? bBM;H2 BiBM2`�Mi T?QiQMbX >B;?@+QMi`�bi `2~2+iBQM K2�@

bm`2K2Mib �`2 2M�#H2/ #v i?2 ?B;?@+QQT2`�iBpBiv- +`BiB+�HHv@+QmTH2/ �iQK@+�pBiv bvb@

i2KX _2bQM�Mi HB;?i Bb b2Mi pB� i?2 }#2` M2irQ`F (6B;X jXjU#V) �M/ `2~2+i2/ Qz Q7 i?2

i�`;2i /2pB+2X q2 TB+F Qz � bK�HH 7`�+iBQM U∼ 10%V Q7 i?Bb bB;M�H �M/ mb2 Bi iQ KQMB@

iQ` i?2 rB/2@#�M/ `2~2+iBQM bT2+i`mK QM � bT2+i`QK2i2` U>Q`B#� B>_@88yV �b r2HH �b

+�HB#`�i2 i?2 +QmTHBM; 2{+B2M+v iQ i?2 M�MQ+�pBivX h?2 `2K�BMBM; `2~2+iBQM Bb i?2M

`Qmi2/ 2Bi?2` /B`2+iHv iQ � bBM;H2@T?QiQM +QmMiBM; KQ/mH2 UaS*J- 1t+2HBi�b aS*J@

LA_V- Q` BMiQ � iBK2@/2H�v BMi2`72`QK2i2` 7Q` mb2 BM bTBM@T?QiQM 2tT2`BK2Mib (a2+X jX3)X

.m2 iQ i?Bb ?B;?@2{+B2M+v }#2`@+QmTH2/ M2irQ`F- r2 Q#b2`p2 Qp2`�HH +QHH2+iBQM 2{+B2M@

+B2b Q7 ∼ 40%- HBKBi2/ #v i?2 [m�MimK 2{+B2M+v Q7 Qm` �S.bX

jX9 PTiBK�H bi`�BM `2;BK2b 7Q` aBo bTBM@T?QiQM 2t@

T2`BK2Mib

aBKBH�` iQ Qi?2` bQHB/ bi�i2 2KBii2`bRj8-Rje- i?2 aBo Bb b2MbBiBp2 iQ HQ+�H BM?QKQ;2M2Biv

BM i?2 ?Qbi +`vbi�HX AM i?2 +�b2 Q7 i?2 aBo- r?B+? ?�b D3d bvKK2i`v- i?2 /QKBM�Mi

T2`im`#�iBQM Bb +`vbi�H bi`�BMX AM i?Bb b2+iBQM- r2 /2b+`B#2 i?2 2z2+ib Q7 bi`�BM QM i?2
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6B;m`2 jX9, U�V aBo H2p2H /B�;`�KX PTiB+�H i`�MbBiBQMb f↑↑′ , f↓↓′ ∼737 nm �`2 +QmTH2/ iQ �
M�MQT?QiQMB+ +�pBiv rBi? K2�M /2imMBM; ∆X JB+`Qr�p2b �i 7`2[m2M+v f↑↓ /`Bp2 `Qi�iBQMb BM i?2
HQr2` #`�M+? UG"VX U#V Zm#Bi 7`2[m2M+v f↑↓ 7Q` /Bz2`2MiHv bi`�BM2/ 2KBii2`bX JQ/2H2/ bTHBiiBM; 7Q`
;`QmM/ bi�i2 ;@7�+iQ`b ggs1 = 1.99, ggs2 = 1.89, ggs3 = 1.65 UbQHB/ HBM2bV #�b2/ QM BM/2T2M/2Mi
K2�bm`2K2Mib Q7 ∆gsX UBMb2iV �M;H2 /2T2M/2M+2 Q7 f↑↓ �i }t2/ }2H/ Bext = 0.19TX aQHB/ HBM2b �`2
T`2/B+iBQMb mbBM; i?2 b�K2 KQ/2H T�`�K2i2`bX U+V PTiB+�H bTHBiiBM; f↑↑′ − f↓↓′ X 6Bib 2ti`�+i 2t+Bi2/
bi�i2 ;@7�+iQ`b ges1 = 1.97, ges2 = 1.83, ges3 = 1.62 UbQHB/ HBM2bVX UBMb2iV �M;H2 /2T2M/2M+2 Q7
f↑↑′ − f↓↓′ �i }t2/ }2H/ Bext = 0.1TX U/V >BbiQ;`�K Q7 Jq i`�MbBiBQM 7`2[m2M+v 7Q` irQ /Bz2`2Mi
2KBii2`bX U2V >BbiQ;`�K Q7 PTiB+�H i`�MbBiBQM 7`2[m2M+v 7Q` irQ /Bz2`2Mi 2KBii2`bX U7V aBKmHi�M2Qmb
K2�bm`2K2Mi Q7 f↑↓ �M/ f↑↑′ `2p2�Hb +Q``2H�iBQMb #2ir22M QTiB+�H �M/ KB+`Qr�p2 bT2+i`�H /BzmbBQM
7Q` 2KBii2` kX
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aBo bTBM �M/ QTiB+�H T`QT2`iB2b- �M/ ?Qr i?2v +�M 2M�#H2 2{+B2Mi KB+`Qr�p2 �M/ QTiB@

+�H +QMi`QH Q7 aBo +2Mi2`b BMbB/2 M�MQbi`m+im`2bX

jX9XR aBo >�KBHiQMB�M BM i?2 T`2b2M+2 Q7 bi`�BM �M/ bTBM@Q`#Bi

+QmTHBM;

h?2 aBo 2H2+i`QMB+ bi`m+im`2 Bb +QKT`Bb2/ Q7 bTBM@Q`#Bi 2B;2Mbi�i2b bTHBi #v bTBM@Q`#Bi

BMi2`�+iBQMbX PTiB+�H i`�MbBiBQMb +QMM2+i i?2 ;`QmM/ bi�i2 K�MB7QH/ ULB- UBV �M/

2t+Bi2/ bi�i2 K�MB7QH/ ULB′- UB′V (6B;X jX9U�V)X AM � ._- T?QMQM �#bQ`TiBQM LB →

UB U�M/ LB′ → UB′V Bb bmT`2bb2/- `2bmHiBM; BM i?2`K�H TQH�`Bx�iBQM BMiQ LBX

q2 +QMbB/2` i?2 ;`QmM/ bi�i2 aBo >�KBHiQMB�M rBi? bTBM@Q`#Bi �M/ bi`�BM BMi2`�+@

iBQMb- BM i?2 +QK#BM2/ Q`#Bi�H �M/ bTBM #�bBb {|ey ↑⟩, |ey ↓⟩, |ex ↑⟩, |ex ↓⟩}jd-RkR

HSiV = HSO +Hbi`�BM UjXRV

=

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

α− β 0 γ − iλ 0

0 α− β 0 γ + iλ

γ + iλ 0 α+ β 0

0 γ − iλ 0 α+ β

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

UjXkV

r?2`2 α +Q``2bTQM/b iQ �tB�H bi`�BM- β �M/ γ +Q``2bTQM/ iQ i`�Mbp2`b2 bi`�BM- �M/ λ Bb

i?2 bi`2M;i? Q7 bTBM@Q`#Bi BMi2`�+iBQMX .B�;QM�HBxBM; i?Bb `2p2�Hb i?2 Q`#Bi�H +?�`�+i2`
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Q7 i?2 HQr2` #`�M+?,

LB ∝

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

|ex ↑⟩ − 1+
√

1+(γ/β)2+(λ/β)2

γ/β−iλ/β |ey ↑⟩

|ex ↓⟩ − 1−
√

1+(γ/β)2+(λ/β)2

γ/β−iλ/β |ey ↓⟩

UjXjV

q2 BMp2biB;�i2 i?2b2 2H2+i`QMB+ H2p2Hb BM i?2 +QMi2ti Q7 i?2 aBo �b � bTBM@T?QiQM BMi2`@

7�+2X

jX9Xk 1z2+ib Q7 bi`�BM QM i?2 aBo [m#Bi bi�i2b

AM i?2 HBKBi Q7 x2`Q +`vbi�H bi`�BM- i?2 Q`#Bi�H 7�+iQ`b bBKTHB7v iQ i?2 +�MQMB+�H 7Q`Kjd

LB =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

|e+ ↓⟩

|e− ↑⟩

UjX9V

AM i?Bb `2;BK2- i?2 bTBM@[m#Bi ?�b Q`i?Q;QM�H 2H2+i`QMB+ Q`#Bi�H �M/ bTBM +QKTQM2MibX

�b `2bmHi- QM2 rQmH/ M22/ iQ bBKmHi�M2QmbHv /`Bp2 �M Q`#Bi�H �M/ bTBM ~BT iQ K�MBTm@

H�i2 i?2 [m#Bi- r?B+? Bb 7Q`#B//2M 7Q` /B`2+i KB+`Qr�p2 /`BpBM; �HQM2X h?mb- BM i?2 HQr

bi`�BM `2;BK2- irQ@T?QiQM QTiB+�H i`�MbBiBQMb #2ir22M i?2 [m#Bi bi�i2b BM � KBb�HB;M2/

2ti2`M�H }2H/- �H`2�/v /2KQMbi`�i2/ �i KBHHBF2HpBM i2KT2`�im`2b BMRky- �`2 HBF2Hv M2+2b@

b�`v iQ `2�HBx2 � aBo bTBM [m#BiX
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AM i?2 ?B;? bi`�BM HBKBi U
√
β2 + γ2 ≫ λV- i?2b2 Q`#Bi�Hb #2+QK2

LB =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(cos(θ/2)|ex⟩ − sin(θ/2)|ey⟩)⊗ | ↓⟩

(cos(θ/2)|ex⟩ − sin(θ/2)|ey⟩)⊗ | ↑⟩

UjX8V

r?2`2 tan(θ) = β
γ X AM i?Bb `2;BK2- i?2 ;`QmM/ bi�i2 Q`#Bi�H +QKTQM2Mib �`2 B/2MiB+�H-

�M/ i?2 [m#Bi bi�i2b +�M #2 /2b+`B#2/ #v i?2 2H2+i`QMB+ bTBM /2;`22 Q7 7`22/QK QMHvX

�b bm+?- i?2 K�;M2iB+ /BTQH2 i`�MbBiBQM #2ir22M i?2 [m#Bi bi�i2b Bb MQr �HHQr2/ �M/

+�M #2 2{+B2MiHv /`Bp2M rBi? KB+`Qr�p2bX

AM �//BiBQM iQ /2i2`KBMBM; i?2 2{+B2M+v Q7 [m#Bi i`�MbBiBQMb- i?2 bTBM@Q`#Bi M�im`2

Q7 i?2 aBo [m#Bi bi�i2b �HbQ /2i2`KBM2b Bib bmb+2TiB#BHBiv iQ 2ti2`M�H }2H/bX AM �M 2t@

i2`M�HHv �TTHB2/ K�;M2iB+ }2H/- LB bTHBib /m2 iQ K�;M2iB+ KQK2Mib �bbQ+B�i2/ rBi?

#Qi? bTBMĜ �M/ Q`#Bi�HĜ �M;mH�` KQK2Mi�X h?Bb bTHBiiBM; Bb T�`�K2i2`Bx2/ #v �M 2z2+@

iBp2 ;@i2MbQ` r?B+?- 7Q` � }t2/ �M;H2 #2ir22M i?2 2ti2`M�H }2H/ �M/ i?2 aBo bvKK2i`v

�tBb- +�M #2 bBKTHB}2/ iQ �M 2z2+iBp2 ;@7�+iQ`, µ gBext/h = f↑↓X AM i?2 HBKBi Q7 H�`;2

bi`�BM- i?2 Q`#Bi�H +QKTQM2Mi Q7 i?2 irQ LB r�p27mM+iBQMb +QMp2`;2- �M/ g i`2M/b

iQr�`/b i?�i Q7 � 7`22 2H2+i`QM Ug = 2VX �b � `2bmHi- i?2 [m#Bi bi�i2b #2?�p2 �FBM iQ

� 7`22@2H2+i`QM BM i?2 ?B;? bi`�BM `2;BK2- �M/ i?2`2 Bb MQ /2T2M/2M+2 Q7 g QM 2ti2`M�H

}2H/ �M;H2 Q` bK�HH T2`im`#�iBQMb BM +`vbi�H bi`�BMX

q?BH2 Bi Bb /B{+mHi iQ T`Q#2 β Q` γ /B`2+iHv- i?2v `2H�i2 iQ i?2 2M2`;v /Bz2`2M+2 #2@

ir22M UB �M/ LB pB� ∆gs = 2
√

β2
gs + γ2gs + λ2

gs (6B;X jX9U�V)X 6`QK i?Bb- r2 2ti`�+i
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√
β2 + γ2- ;Bp2M i?2 FMQrM p�Hm2 Q7 λgs =46GHzjd-9k-RkjX LmK2`B+�HHv /B�;QM�HBxBM;

i?2 aBo >�KBHiQMB�M mbBM; i?2 2ti`�+i2/ p�Hm2b 7Q` β �M/ γ +HQb2Hv K�i+?2b i?2 K2�@

bm`2/ ;`QmM/ bi�i2 bTHBiiBM;- #Qi? �b � 7mM+iBQM Q7 �TTHB2/ }2H/ K�;MBim/2 �M/ �M;H2

(6B;X jX9U#V)X

jX9Xj 1z2+ib Q7 bi`�BM QM i?2 aBo bTBM@T?QiQM BMi2`7�+2

ai`�BM �HbQ TH�vb � +`m+B�H `QH2 BM /2i2`KBMBM; i?2 QTiB+�H BMi2`7�+2 iQ i?2 aBo bTBM

[m#BiX h?2 i`2�iK2Mi b?QrM �#Qp2 +�M #2 `2T2�i2/ 7Q` i?2 2t+Bi2/ bi�i2b- rBi? i?2

+�p2�i i?�i i?2 T�`�K2i2`b β, γ, �M/ λ �`2 /Bz2`2Mi BM i?2 2t+Bi2/ bi�i2 K�MB7QH/ �b

+QKT�`2/ iQ i?2 ;`QmM/ bi�i2 K�MB7QH/RkRX h?2b2 /Bz2`2M+2b ;Bp2 `Bb2 iQ � /Bz2`2Mi

;@7�+iQ` BM i?2 2t+Bi2/ bi�i2 UgesVX A7 i?2 bi`�BM Bb Km+? H�`;2` i?�M #Qi? λgs =46GHz

�M/ λes =255GHz- i?2M ggs ≈ ges ≈ 2X AM i?Bb +�b2- i?2 irQ bTBM@+v+HBM; i`�MbBiBQM

7`2[m2M+B2b f↑↑′ �M/ f↓↓′ �`2 B/2MiB+�H- �M/ i?2 QMHv bTBM@b2H2+iBp2 QTiB+�H i`�MbBiBQMb

�`2 i?2 /BTQH2@7Q`#B//2M bTBM@~BTTBM; i`�MbBiBQMb f↑↓′ �M/ f↓↑′ X

lM/2` KQ`2 KQ/2`�i2 bi`�BM- i?2 /Bz2`2M+2 δg = |ges − ggs| bTHBib i?2 /2;2M2`�i2

QTiB+�H i`�MbBiBQMb f↑↑′ �M/ f↓↓′ - K�FBM; i?2K bTBM@b2H2+iBp2 �b r2HHX .m2 iQ /Bz2`2M+2b

BM i?2 �MBbQi`QTB+ ;@i2MbQ` BM i?2 ;`QmM/ �M/ 2t+Bi2/ bi�i2b- δg /2T2M/b QM i?2 Q`B2M@

i�iBQM Q7 i?2 K�;M2iB+ }2H/ �b r2HH- �M/ Bb KBMBKBx2/ BM i?2 +�b2 Q7 � ⟨111⟩@�HB;M2/

}2H/ (6B; jX9U+V- BMb2i)X AM bm+? �M 2ti2`M�H }2H/ �HB;M2/ rBi? i?2 aBo bvKK2i`v �tBb-

QTiB+�H i`�MbBiBQMb #2+QK2 ?B;?Hv bTBM@+QMb2`pBM; (*?X k)- �HHQrBM; K�Mv T?QiQMb iQ
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b+�ii2` rBi?Qmi �Hi2`BM; i?2 aBo bTBM bi�i2X h?Bb ?B;? +v+HB+Biv 2M�#H2b ?B;?@}/2HBiv

bBM;H2@b?Qi `2�/Qmi Q7 i?2 bTBM bi�i2 (*?X 9)- 2p2M rBi?Qmi ?B;? +QHH2+iBQM 2{+B2M+B2b

(*?X k)X h?Bb K�F2b rQ`FBM; rBi? i?2 bTBM@+v+HBM; i`�MbBiBQMb ?B;?Hv /2bB`�#H2- �i i?2

2tT2Mb2 Q7 � `2/m+2/ �#BHBiv iQ `2bQHp2 bTBM@b2H2+iBp2 i`�MbBiBQMb 7Q` � ;Bp2M }2H/ K�;@

MBim/2X h?2 M22/ iQ `2bQHp2 BM/BpB/m�H i`�MbBiBQMb bm;;2bib �M QTiBK�H bi`�BM `2;BK2

r?2`2
√

β2
gs + γ2gs ≫ λgs- r?2`2 Jq /`BpBM; Bb 2{+B2Mi- r?BH2

√
β2
es + γ2es ! λes- r?2`2

QM2 +�M BM/2T2M/2MiHv �//`2bb f↑↑′ �M/ f↓↓′ (6B;X jX9U+V)X

jX9X9 1z2+ib Q7 bi`�BM QM aBo bi�#BHBiv

.2bTBi2 i?2 aBoǶb bvKK2i`v@T`Qi2+i2/ QTiB+�H i`�MbBiBQMb- bT2+i`�H /BzmbBQM Q7 i?2

aBo ?�b #22M Q#b2`p2/ BM K�Mv 2tT2`BK2Mibj3-jN U#mi biBHH Km+? bK�HH2` +QKT�`2/

iQ 2KBii2`b rBi?Qmi BMp2`bBQM bvKK2i`v- 7Q` 2t�KTH2- MBi`Q;2M@p�+�M+v +2Mi2`b3e-RjdVX

q?BH2 i?2 2t�+i M�im`2 Q7 i?Bb /BzmbBQM ?�b MQi #22M bim/B2/ BM /2Ti?- Bi Bb Q7i2M �i@

i`B#mi2/ iQ i?2 b2+QM/@Q`/2` ai�`F 2z2+i Q` bi`�BM ~m+im�iBQMb- #Qi? Q7 r?B+? �z2+i

i?2 2M2`;B2b Q7 aBo Q`#Bi�H r�p27mM+iBQMbX AM i?Bb +?�Ti2`- r2 �HbQ Q#b2`p2 bB;MB}+�Mi

~m+im�iBQMb Q7 i?2 bTBM [m#Bi 7`2[m2M+vX

�b +�M #2 b22M BM `272`2M+2RkR- 7Q` �M �TT`QT`B�i2Hv HQr bi�iB+ bi`�BM p�Hm2- ~m+im@

�iBM; bi`�BM +�M ;Bp2 `Bb2 iQ ~m+im�iBQMb BM i?2 ;@i2MbQ` Q7 i?2 ;`QmM/ bi�i2- +�mbBM;

bT2+i`�H /BzmbBQM Q7 i?2 [m#Bi 7`2[m2M+v f↑↓ (6B;X jX9U/V)X aBM+2 ggs �bvKTiQiB+�HHv �T@

T`Q�+?2b k �b i?2 bi�iB+ bi`�BM BM+`2�b2bRkR- i?2 [m#Bi bmb+2TiB#BHBiv iQ i?Bb ~m+im�iBM;
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bi`�BM Bb `2/m+2/ BM i?2 +�b2 Q7 ?B;?Hv bi`�BM2/ aBo +2Mi2`b- `2bmHiBM; BM � KQ`2 bi�#H2

[m#BiX

q?BH2 bT2+i`�H /BzmbBQM Q7 i?2 QTiB+�H i`�MbBiBQM b?QmH/ MQi b�im`�i2 BM i?2 b�K2

r�v �b /BzmbBQM Q7 i?2 KB+`Qr�p2 i`�MbBiBQM- r2 Q#b2`p2 [m�HBi�iBp2Hv /Bz2`2Mi bT2+@

i`�H /BzmbBQM T`QT2`iB2b 7Q` /Bz2`2Mi 2KBii2`b (6B;X jX9U2V �M/ 6B;X *Xk)X aBo R U∆gs =

500GHzV /BbTH�vb bHQr /`B7i Q7 i?2 QTiB+�H HBM2 r?B+? Bb bi�#H2 iQ <100MHz Qp2`

K�Mv KBMmi2b (�TT2M/BtX *Xj)X q2 /Q MQi Q#b2`p2 bB;MB}+�Mi ~m+im�iBQMb U> 500 kHzV

Q7 i?2 KB+`Qr�p2 i`�MbBiBQM 7Q` i?Bb aBoX PM i?2 Qi?2` ?�M/- aBo k U∆gs = 140GHzV

/`B7ib Qp2` � rB/2` `�M;2- �M/ �HbQ 2t?B#Bib �#`mTi DmKTb #2ir22M b2p2`�H /Bb+`2i2 7`2@

[m2M+B2b (�TT2M/BtX *Xj)X

q2 bBKmHi�M2QmbHv `2+Q`/ i?2 QTiB+�H i`�MbBiBQM �M/ [m#Bi 7`2[m2M+v 7Q` aBo k �M/

Q#b2`p2 +Q``2H�iBQMb #2ir22M i?2 irQ 7`2[m2M+B2b (6B;X jX9U7V)- BM/B+�iBM; i?�i i?2v

+QmH/ �`Bb2 7`QK i?2 b�K2 2MpB`QMK2Mi�H T2`im`#�iBQMX AM �TT2M/Bt *Xk- r2 +�H+m@

H�i2 i?2 [m#Bi �M/ QTiB+�H i`�MbBiBQM 7`2[m2M+B2b mbBM; i?2 bi`�BM >�KBHiQMB�M U2[X jXkV

�M/ }M/ i?�i #Qi? +Q``2H�iBQMb �M/ �#bQHmi2 �KTHBim/2b Q7 bT2+i`�H /BzmbBQM +�M bB@

KmHi�M2QmbHv #2 2tTH�BM2/ #v bi`�BM ~m+im�iBQMb QM i?2 Q`/2` Q7 1% U∼ 10−7 bi`�BMV

(�TT2M/Bt *Xk)X

AM i?Bb rQ`F r2 `2Hv QM bi�iB+ bi`�BM- HBF2Hv `2bmHiBM; 7`QK /�K�;2 BM/m+2/ #v BQM

BKTH�Mi�iBQM �M/ M�MQ7�#`B+�iBQM- �M/ b2H2+i 7Q` bT2+i`�HHv bi�#H2 aBob rBi? �TT`QT`B@

�i2 bi`�BM T`Q}H2bX h?Bb Bb +?�`�+i2`Bx2/ #v }`bi K2�bm`BM; ∆gs BM x2`Q K�;M2iB+ }2H/

�i 4K #v 2t+BiBM; i?2 QTiB+�H i`�MbBiBQM LB → LB′ �M/ K2�bm`BM; 2KBbbBQM 7`QK i?2
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LB′ → UB QM � bT2+i`QK2i2`X q2 mb2 i?Bb iQ b+`22M 7Q` aBob rBi? ∆gs >100GHz iQ

2Mbm`2 2{+B2Mi Jq /`BpBM; Q7 i?2 bTBM [m#BiX q2 7m`i?2` �TTHv � bi�iB+ 2ti2`M�H K�;@

M2iB+ }2H/ �M/ K2�bm`2 bT2+i`�H bi�#BHBiv T`QT2`iB2b �b r2HH �b f↑↑′−f↓↓′ iQ ;m�`�Mi22 �

;QQ/ bTBM@T?QiQM BMi2`7�+2X q2 K2�bm`2/ ∼ 10 +�M/B/�i2 2KBii2`b- �M/ 7QmM/ 4 r?B+?

b�iBb7v �HH Q7 i?2 M2+2bb�`v +`Bi2`B� 7Q` bTBM@T?QiQM 2tT2`BK2MibX

jX8 _2;BK2b Q7 +�pBiv@Z1. 7Q` aBo bTBM@T?QiQM

BMi2`7�+2b

1{+B2Mi bTBM@T?QiQM BMi2`�+iBQMb �`2 2M�#H2/ #v BM+Q`TQ`�iBM; aBo +2Mi2`b BMiQ M�MQT?Q@

iQMB+ +�pBiB2bX AM i?Bb b2+iBQM- r2 /2b+`B#2 aBo@+�pBiv K2�bm`2K2Mib BM b2p2`�H `2;BK2b

Q7 +�pBiv Z1.- �M/ +QKK2Mi QM i?2B` pB�#BHBiv 7Q` bTBM@T?QiQM 2tT2`BK2MibX

jX8XR aT2+i`Qb+QTv Q7 +�pBiv@+QmTH2/ aBob

q2 K2�bm`2 i?2 bT2+i`mK Q7 i?2 �iQK@+�pBiv bvbi2K �i /Bz2`2Mi �iQK@+�pBiv /2@

imMBM;b BM Q`/2` iQ +?�`�+i2`Bx2 i?2 /2pB+2 �M/ 2ti`�+i F2v +�pBiv Z1. T�`�K2i2`b

(6B;X jX8U�V)X h?2 `2~2+iBQM bT2+i`mK Q7 � irQ@H2p2H bvbi2K +QmTH2/ iQ � +�pBiv Bb KQ/@

2H2/ #v bQHpBM; i?2 7`2[m2M+v `2bTQMb2 Q7 i?2 bi�M/�`/ C�vM2b@*mKKBM;b >�KBHiQMB�M
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↓↓’f

↑↑’

f
↑↑’

6B;m`2 jX8, U�V aBo@+�pBiv `2~2+iBQM bT2+i`mK �i b2p2`�H /2imMBM;bX h?2 #�`2 +�pBiv bT2+i`mK
U#H�+FV Bb KQ/mH�i2/ #v i?2 T`2b2M+2 Q7 i?2 aBoX q?2M i?2 �iQK +�pBiv /2imBM; Bb bK�HH U"Hm2-
Q`�M;2V- ?B;?@+QMi`�bi- #`Q�/ 72�im`2b �`2 i?2 `2bmHi Q7 Sm`+2HH 2M?�M+2/ aBo i`�MbBiBQMbX 6�` 7`QK
i?2 +�pBiv `2bQM�M+2 U;`22MV- BMi2`�+iBQM `2bmHib BM M�``Qr aBo@�bbBbi2/ i`�MbKBbbBQM +?�MM2HbX U#V
aTBM@/2T2M/2Mi `2~2+iBQM 7Q` H�`;2 aBo@+�pBiv /2imMBM; ∆ ≈ −3κ- Bext = 0.35TX AM i?Bb `2;BK2-
aBo bTBM bi�i2b +�M #2 BM/BpB/m�HHv �//`2bb2/X U+V S`Q#BM; 2Bi?2` i`�MbKBbbBQM /BT `2bmHib BM ?B;?@
}/2HBiv bBM;H2@b?Qi `2�/Qmi BM �M �HB;M2/ }2H/ UF = 0.97- i?`2b?QH/ QM /2i2+iBM; Rj T?QiQMbVX U/V
aTBM@/2T2M/2Mi `2~2+iBQM M2�` `2bQM�M+2 ∆ ≈ 0.5κ- Bext = 0.19TX .BbT2`bBp2 HBM2b?�T2b �HHQr
7Q` /BbiBM;mBb?�#H2 `2~2+iBQM bT2+i`� 7`QK #Qi? aBo bTBM bi�i2bX U2V � T`Q#2 �i i?2 7`2[m2M+v Q7
K�tBKmK +QMi`�bi UfQV +�M /2i2`KBM2 i?2 bTBM bi�i2 BM � bBM;H2 b?Qi BM � KBb�HB;M2/ }2H/UF =
0.92- i?`2b?QH/ QM /2i2+iBM; > 1 T?QiQMVX

ey



mbBM; BMTmi@QmiTmi 7Q`K�HBbK 7Q` � +�pBiv M2�` +`BiB+�H +QmTHBM;RRR,

R(ω) =

∣∣∣∣1−
2κl

i(ω − ωc) + κtot + g2/(i(ω − ωa) + γ)

∣∣∣∣
2

, UjXeV

r?2`2 κl Bb i?2 /2+�v `�i2 7`QK i?2 BM+QmTHBM; KB``Q`- κtot Bb i?2 +�pBiv HBM2rB/i?-

ωc(ωa) Bb i?2 +�pBiv U�iQKV `2bQM�M+2 7`2[m2M+v- g Bb i?2 bBM;H2@T?QiQM _�#B 7`2[m2M+v-

�M/ γ Bb i?2 #�`2 �iQKB+ HBM2rB/i?X AMi2`�+iBQMb #2ir22M i?2 aBo QTiB+�H i`�MbBiBQM

�M/ i?2 M�MQT?QiQMB+ +�pBiv `2bmHi BM irQ K�BM 2z2+ibX 6B`bi- i?2 aBo +2Mi2` +�M KQ/@

mH�i2 i?2 `2~2+iBQM bT2+i`mK Q7 i?2 #�`2 +�pBiv- �b b22M BM i?2 +QHQ`2/ +m`p2b Q7 };m`2

jX8U�VX a2+QM/- i?2 +QmTHBM; iQ i?2 +�pBiv +�M #`Q�/2M i?2 HBM2rB/i? Q7 i?2 aBo #�b2/

QM i?2 Sm`+2HH 2z2+i,

Γ ≈ γ + 4g2/κ
1

1 + 4(ωc − ωa)2/κ2

q?2M i?2 +�pBiv Bb 7�` /2imM2/ 7`QK i?2 �iQKB+ i`�MbBiBQM |ωc − ωa| ≡ ∆ > κ

(6B;X jX8U�V- ;`22M)- Sm`+2HH 2M?�M+2K2Mi Bb M2;HB;B#H2 �M/ i?2 +�pBiv �M/ �iQKB+ HBM2rB/i?b

κ, γ = 2π × {33, 0.1} GHz �`2 2biBK�i2/X q?2M i?2 +�pBiv Bb QM `2bQM�M+2 rBi? i?2

�iQK U∆ = 0V- r2 }i UjXeV mbBM; T`2pBQmbHv 2biBK�i2/ p�Hm2b Q7 κ �M/ γ iQ 2ti`�+i

g = 2π × 5.6 GHzX hQ;2i?2`- i?2b2 K2�bm`2K2Mib �HHQr mb iQ /2i2`KBM2 i?2 �iQK@

+�pBiv +QQT2`�iBpBiv C = 4g2/κγ = 38X AKTQ`i�MiHv- BMi2`�+iBQMb #2ir22M i?2 aBo �M/

bBM;H2 T?QiQMb #2+QK2b /2i2`KBMBbiB+ r?2M C > 1X

�b K2MiBQM2/ BM b2+iBQM (a2+X jX9)- r2 rQmH/ HBF2 iQ K�F2 mb2 Q7 bT2+i`�HHv `2bQHp2/

eR



bTBM +QMb2`pBM; QTiB+�H i`�MbBiBQMb Uf↑↑′ , f↓↓′V iQ #mBH/ � bTBM@T?QiQM BMi2`7�+2 mbBM;

i?2 aBoX >2`2- r2 K�F2 i?Bb +`Bi2`B� KQ`2 2tTHB+Bi, f↑↑′ �M/ f↓↓′ +�M #2 `2bQHp2/ r?2M

|f↑↑′ − f↓↓′ | " ΓX

jX8Xk *�pBiv Z1. BM i?2 /2imM2/ `2;BK2

AM i?2 /2imM2/ `2;BK2 U∆ > κV- Γ ≈ γ- �M/ M�``Qr �iQK@HBF2 i`�MbBiBQMb �`2 2�bBHv

`2bQHp2/ mM/2` KQbi K�;M2iB+ }2H/ +QM};m`�iBQMb- BM+Hm/BM; r?2M i?2 }2H/ Bb �HB;M2/

rBi? i?2 aBo bvKK2i`v �tBb (6B;X jX8U#V)X AM i?Bb +�b2 (b2+X jX9- *?Xk)- QTiB+�H i`�M@

bBiBQMb �`2 ?B;?Hv bTBM@+QMb2`pBM;- �M/ K�Mv T?QiQMb +�M #2 +QHH2+i2/ �HHQrBM; 7Q`

?B;?@}/2HBiv bBM;H2@b?Qi `2�/Qmi Q7 i?2 aBo bTBM bi�i2 UF = 0.97V (6B;X jX8U+V)X _�TB/-

?B;?@}/2HBiv- MQM@/2bi`m+iBp2 bBM;H2@b?Qi `2�/Qmi +�M 2M�#H2 T`QD2+iBp2@`2�/Qmi #�b2/

BMBiB�HBx�iBQM, �7i2` � bBM;H2 K2�bm`2K2Mi Q7 i?2 aBo bTBM bi�i2- i?2 T`Q#�#BHBiv Q7 �

K2�bm`2K2Mi@BM/m+2/ bTBM ~BT Bb HQr- 2z2+iBp2Hv BMBiB�HBxBM; i?2 bTBM BMiQ � FMQrM

bi�i2X

q?BH2 i?Bb `2;BK2 Bb mb27mH 7Q` +?�`�+i2`BxBM; i?2 bvbi2K- i?2 K�tBKmK }/2HBiv Q7

bTBM@T?QiQM 2Mi�M;H2K2Mi #�b2/ QM `2~2+iBQM �KTHBim/2 Bb HBKBi2/X �b b22M BM };@

m`2 jX8U#V- i?2 +QMi`�bi BM i?2 `2~2+iBQM bB;M�H #2ir22M �M aBo BM |↑⟩ UQ`�M;2V pbX |↓⟩

UTm`TH2V Bb QMHv ∼ 80%- BKTHvBM; i?�i BM 20% Q7 +�b2b- � T?QiQM Bb `2~2+i2/ 7`QK i?2

+�pBiv BM/2T2M/2Mi Q7 i?2 bTBM bi�i2 Q7 i?2 aBo- `2bmHiBM; BM 2``Q`bX q2 MQi2 i?�i i?2

`2bB/m�H 20% Q7 `2~2+iBQM +�M #2 +QKT2Mb�i2/ #v 2K#2//BM; i?2 +�pBiv BMbB/2 �M BM@

ek



i2`72`QK2i2` �i i?2 2tT2Mb2 Q7 �//BiBQM�H i2+?MB+�H bi�#BHBx�iBQM +?�HH2M;2b- /Bb+mbb2/

#2HQrX

jX8Xj *�pBiv Z1. M2�` `2bQM�M+2

hmMBM; i?2 +�pBiv QMiQ i?2 �iQKB+ `2bQM�M+2 U∆ ≈ 0V /`�K�iB+�HHv BKT`Qp2b i?2 `2@

~2+iBQM +QMi`�bi (6B;X jX8U�V U#Hm2 +m`p2V)X >2`2- r2 Q#b2`p2 M2�`Hv 7mHH +QMi`�bi Q7 i?2

`2~2+iBQM bT2+i`mK /m2 iQ i?2 T`2b2M+2 Q7 i?2 aBoX lM7Q`imM�i2Hv- i?Bb Bb �bbQ+B�i2/

rBi? � #`Q�/2M2/ �iQKB+ HBM2rB/i? UΓ = γ(1 + C) ∼4GHzVX q?BH2 Bi Bb- BM T`BM+B@

TH2- biBHH TQbbB#H2 iQ bTHBi i?2 �iQKB+ HBM2b #v ;QBM; iQ ?B;?2` K�;M2iB+ }2H/b- i?2`2 �`2

b2p2`�H i2+?MB+�H +QMbB/2`�iBQMb r?B+? K�F2 i?Bb BKT`�+iB+�HX G�`;2 K�;M2iB+ }2H/b

U|Bext| >0.5TV +Q``2bTQM/ iQ H�`;2 [m#Bi 7`2[m2M+B2b Uf↑↓V- r?B+? +�M BM/m+2 bTQM@

i�M2Qmb [m#Bi /2+�v /m2 iQ T?QMQM 2KBbbBQM U|↑⟩ → |↓⟩V- �b r2HH �b BM+`2�b2/ HQ+�H

?2�iBM; Q7 i?2 /2pB+2 7`QK KB+`Qr�p2 /BbbBT�iBQM- #Qi? Q7 r?B+? `2/m+2 i?2 aBo bTBM

+Q?2`2M+2 iBK2 `2M/2`BM; Bi BM2z2+iBp2 �b � [m�MimK K2KQ`vX

�i BMi2`K2/B�i2 /2imMBM;b U0 < ∆ < κV- i?2 aBo `2bQM�M+2 Bb HQ+�i2/ QM i?2 +�p@

Biv bHQT2 �M/ `2bmHib BM ?B;?@+QMi`�bi- bTBM@/2T2M/2Mi 6�MQ HBM2b?�T2b r?B+? 2t?B#Bi

b?�`T 72�im`2b bK�HH2` i?�M Γ (6B;X jX8U�V- Q`�M;2 +m`p2)X "v rQ`FBM; �i �M QTiBK�H

Bext r?2`2 i?2 T2�F Q7 QM2 bTBM i`�MbBiBQM Bb Qp2`H�TT2/ #v i?2 p�HH2v Q7 i?2 Qi?2`-

i?2 #2bi 72�im`2b Q7 i?2 `2bQM�Mi �M/ 7�`@/2imM2/ `2;BK2b �`2 `2+Qp2`2/ (6B;X jX8U2V)X

S`Q#BM; i?2 bvbi2K �i i?2 TQBMi Q7 K�tBKmK +QMi`�bi UfQ ≈ (|f↑↑′ − f↓↓′ |)/2- +QM@

ej



i`�bi > 90%V 2M�#H2b bBM;H2@b?Qi `2�/Qmi Q7 i?2 aBo bTBM bi�i2 7Q` �M �`#Bi`�`v }2H/

Q`B2Mi�iBQM- 2p2M r?2M i`�MbBiBQMb �`2 MQi +v+HBM; (6B;X jX8U7V)X

h?Bb /2KQMbi`�i2b �M QTiB+�H `2;BK2 Q7 +�pBiv Z1. r?2`2 r2 bBKmHi�M2QmbHv �+?B2p2

?B;?@+QMi`�bi `2�/Qmi r?BH2 K�BMi�BMBM; bTBM@/2T2M/2Mi i`�MbBiBQMbX AM i?Bb `2;BK2-

r2 biBHH 2tT2+i `2bB/m�H `2~2+iBQMb Q7 �#Qmi 10%- r?B+? 2M/ mT HBKBiBM; bTBM@T?QiQM

2Mi�M;H2K2Mi }/2HBivX h?Bb BM}/2HBiv �`Bb2b #2+�mb2 i?2 +�pBiv Bb MQi T2`72+iHv +`BiB@

+�HHv +QmTH2/ Uκl ̸= κtot/2V- �M/ +�M BM T`BM+BTH2 #2 bQHp2/ #v 2M;BM22`BM; /2pB+2b i?�i

�`2 KQ`2 +`BiB+�HHv +QmTH2/X �Hi2`M�iBp2Hv- i?Bb T`Q#H2K +�M #2 �//`2bb2/ 7Q` �Mv +�p@

Biv #v BMi2`72`BM; i?2 bB;M�H rBi? � +Q?2`2Mi `272`2M+2 iQ +�M+2H mMr�Mi2/ `2~2+iBQMbX

AM i?Bb +�b2- QM2 rQmH/ ?�p2 iQ 2K#2/ i?2 +�pBiv BM QM2 �`K Q7 � bi�#BHBx2/ BMi2`72`@

QK2i2`X h?Bb Bb [mBi2 +?�HH2M;BM;- �b Bi BMpQHp2b bi�#BHBxBM; ∼ 10m HQM; BMi2`72`QK2@

i2` �`Kb- T�`i Q7 r?B+? HB2 BMbB/2 i?2 ._ U�M/ 2tT2`B2M+2 bi`QM; pB#`�iBQMb 7`QK i?2

TmHb2@im#2 +`vQ+QQH2`VX

� 7mM/�K2Mi�H Bbbm2 rBi? +`BiB+�HHv +QmTH2/ +�pBiB2b Bb i?�i MQi �HH Q7 i?2 BM+B/2Mi

HB;?i Bb `2~2+i2/ 7`QK i?2 /2pB+2X A7 i?2 bTBM Bb MQi BMBiB�HBx2/ BM i?2 ?B;?Hv@`2~2+iBM;

bi�i2- T?QiQMb �`2 i`�MbKBii2/ �M/ MQi `2+�Tim`2/ BMiQ i?2 }#2` M2irQ`FX arBi+?BM;

iQ Qp2`+QmTH2/ UbBM;H2@bB/2/V +�pBiB2b- r?2`2 �HH T?QiQMb �`2 `2~2+i2/ rBi? � bTBM@

/2T2M/2Mi T?�b2- +QmH/ BKT`Qp2 #Qi? i?2 }/2HBiv �M/ 2{+B2M+v Q7 bTBM@T?QiQM 2Mi�M@

;H2K2MiX PM+2 �;�BM- ?Qr2p2`- K2�bm`2K2Mi Q7 i?Bb T?�b2 rQmH/ `2[mB`2 2K#2//BM;

i?2 +�pBiv BMbB/2 Q7 � bi�#BHBx2/ BMi2`72`QK2i2`X �b bm+?- i?2 mM@+QKT2Mb�i2/ `2~2+@

iBQM �KTHBim/2 #�b2/ b+?2K2 2KTHQv2/ ?2`2 Bb i?2 KQbi i2+?MB+�HHv bBKTH2 �TT`Q�+?

e9



iQ 2M;BM22`BM; bTBM@T?QiQM BMi2`�+iBQMbX

jXe JB+`Qr�p2 bTBM +QMi`QH

q?BH2 i?2 QTiB+�H BMi2`7�+2 /2b+`B#2/ BM T`2pBQmb b2+iBQMb 2M�#H2b ?B;?@}/2HBiv BMB@

iB�HBx�iBQM �M/ `2�/Qmi Q7 i?2 aBo bTBM [m#Bi- /B`2+i KB+`Qr�p2 /`BpBM; Bb i?2 KQbi

bi`�B;?i7Q`r�`/ T�i? iQr�`/b +Q?2`2Mi bBM;H2@[m#Bi `Qi�iBQMbX hvTB+�HHv- KB+`Qr�p2

K�MBTmH�iBQM Q7 2H2+i`QM bTBMb `2[mB`2b �TTHB+�iBQM Q7 bB;MB}+�Mi KB+`Qr�p2 TQr2`X

h?Bb T`2b2Mib � +?�HH2M;2- �b aBo bTBMb Kmbi #2 F2Ti �i HQ+�H i2KT2`�im`2b #2HQr

500mK BM Q`/2` iQ �pQB/ ?2�iBM;@`2H�i2/ /2T?�bBM;X AM i?Bb b2+iBQM- r2 BKTH2K2Mi +Q@

?2`2Mi KB+`Qr�p2 +QMi`QH Q7 aBo +2Mi2`b BMbB/2 M�MQbi`m+im`2b �i i2KT2`�im`2b #2HQr

500mKX

jXeXR :2M2`�iBM; KB+`Qr�p2 bBM;H2@[m#Bi ;�i2b

h?2 aBo bTBM Bb +Q?2`2MiHv +QMi`QHH2/ mbBM; �KTHBim/2 �M/ T?�b2 +QMi`QHH2/ KB+`Qr�p2

TmHb2b ;2M2`�i2/ #v � >BiiBi2 bB;M�H ;2M2`�iQ` U>J*@hkkkyVX � i�`;2i TmHb2 b2[m2M+2

Bb HQ�/2/ QMiQ �M �`#Bi`�`v r�p27Q`K ;2M2`�iQ` Uh2Fi`QMBt �q: dRkk"V- r?B+? mb2b

� /B;Bi�H +?�MM2H iQ +QMi`QH � 7�bi- ?B;?@2tiBM+iBQM Jq@brBi+? U*mbiQK JB+`Qr�p2

*QKTQM2Mib- *J*ayN9d�@*kV- �M/ i?2 �M�HQ; +?�MM2Hb �/Dmbi i?2 �KTHBim/2 �M/

T?�b2 pB� �M AZ@KBt2` UJ�`FB- JJAZ@y9ReGaJVX h?2 `2bmHiBM; TmHb2 i`�BM Bb bm#b2@

[m2MiHv �KTHB}2/ UJBMB+B`+mBib- wo1@jq@R3jYV iQ `Qm;?Hv 3W Q7 TQr2`- �M/ b2Mi pB�

e8
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6B;m`2 jXe, U�V 1tT2`BK2Mi�H b+?2K�iB+ 7Q` KB+`Qr�p2 +QMi`QHX h?2 �KTHBim/2 �M/ T?�b2 Q7 � *q
KB+`Qr�p2 bQm`+2 R �`2 KQ/mH�i2/ pB� � KB+`Qr�p2 brBi+? �M/ AZ KBt2` +QMi`QHH2/ 2ti2`M�HHv #v
�M �q: k X � *q `�/BQ 7`2[m2M+v bQm`+2 j Bb +QMi`QHH2/ mbBM; � /B;Bi�H /2H�v ;2M2`�iQ` 9 X "Qi?
bB;M�Hb �`2 �KTHB}2/ #v 30/" �KTHB}2`b 8 #27Q`2 2Mi2`BM; i?2 ._X 0/" +`vQ@�ii2Mm�iQ`b e i?2`@
K�HBx2 +Q�t +�#H2b �i 2�+? ._ bi�;2- mHiBK�i2Hv KQmMi2/ iQ � S*" d QM i?2 b�KTH2 bi�;2 �M/
/2HBp2`2/ iQ i?2 /2pB+2bX U#V a+?2K�iB+ /2TB+iBM; KB+`Qr�p2@BM/m+2/ ?2�iBM; Q7 /2pB+2bX U+V JQ/@
2H2/ i2KT2`�im`2 �i i?2 aBo 7`QK � /vM�KB+�H /2+QmTHBM; b2[m2M+2X �i HQM; τ - /2pB+2 +QQHb /QrM
#2ir22M 2�+? /2+QmTHBM; TmHb2- `2bmHiBM; BM HQr i2KT2`�im`2bX �i b?Q`i τ - /2pB+2b �`2 BMbm{+B2MiHv
+QQH2/- `2bmHiBM; BM � ?B;2` K�t i2KT2`�im`2 UTmaxVX U/V 1z2+ib Q7 KB+`Qr�p2 ?2�iBM; QM aBo +Q@
?2`2M+2 iBK2X UhQT T�M2HV �i ?B;? _�#B 7`2[m2M+B2b- aBo +Q?2`2M+2 Bb i2KTQ`�`BHv `2/m+2/ 7Q` bK�HH
τ X U"QiiQK T�M2HV h?2 HQ+�H i2KT2`�im`2 UTmaxV �i i?2 aBo +�H+mH�i2/ #v i�FBM; i?2 K�tBKmK
p�Hm2 Q7 i?2 THQib BM };m`2 U+VX U2V >�?M@2+?Q 7Q` 2p2M HQr2` _�#B 7`2[m2M+B2b- b?QrBM; +Q?2`2M+2
iBK2b i?�i b+�H2 rBi? KB+`Qr�p2 TQr2`

ee



� +Q�tB�H +�#H2 BMiQ i?2 /BHmiBQM `27`B;2`�iQ`X �i 2�+? +`vQ;2MB+ ~�M;2- � 0 dB �ii2Mm�@

iQ` Bb mb2/ iQ i?2`K�HBx2 i?2 BMM2` �M/ Qmi2` +QM/m+iQ`b Q7 i?2 +Q�tB�H HBM2 r?BH2 KBM@

BKBxBM; KB+`Qr�p2 /BbbBT�iBQMX h?2 bB;M�H Bb i?2M H�mM+?2/ BMiQ � +QTH�M�` r�p2;mB/2

QM � +mbiQK@#mBHi +B`+mBi #Q�`/ U_Q;2`b9yyj*- "�v �`2� *B`+mBibV bQ Bi +�M #2 rB`2@

#QM/2/ /B`2+iHv iQ i?2 /B�KQM/ +?BT (a2+X jXk- 6B;X jXeU+V)X h?2 [m#Bi 7`2[m2M+v Uf↓↑V

Bb K2�bm`2/ #v Bib QTiB+�HHv /2i2+i2/ K�;M2iB+ `2bQM�M+2 bT2+i`mK UP.J_V B/2MiB@

+�HHv iQ i?2 K2i?Q/ /2b+`B#2/ BM +?�Ti2` kX q2 Q#b2`p2 P.J_ 7`QK 2GHz iQ 20GHz

U+Q``2bTQM/BM; iQ }2H/b 7`QK 0.1T iQ 0.7TV- BKTHvBM; i?�i KB+`Qr�p2 +QMi`QH Q7 aBo

+2Mi2`b BM i?Bb +QM};m`�iBQM Bb TQbbB#H2 �i � rB/2 p�`B2iv Q7 2ti2`M�H }2H/ K�;MBim/2bX

h?Bb �HHQrb i?2 7`22/QK Q7 imMBM; i?2 }2H/ iQ QTiBKBx2 Qi?2` +QMbi`�BMib- bm+? �b 7Q`

`2bQHpBM; bTBM i`�MbBiBQMb (a2+X jX8) �M/ B/2MiB7vBM; �M+BHH�`v Mm+H2�` bTBMb (a2+X jXN)X

PM+2 i?2 [m#Bi 7`2[m2M+v ?�b #22M /2i2`KBM2/ 7Q` � ;Bp2M }2H/- bBM;H2@[m#Bi ;�i2b

�`2 imM2/ mT #v K2�bm`BM; _�#B Qb+BHH�iBQMbX h?2 7`2[m2M+v Q7 i?2b2 Qb+BHH�iBQMb b+�H2b

rBi? i?2 �TTHB2/ KB+`Qr�p2 TQr2` ΩR ∼
√
P �M/ /2i2`KBM2b i?2 bBM;H2@[m#Bi ;�i2

iBK2bX q2 +�M T2`7Q`K π@TmHb2b URπ
φV BM mM/2` 12 ns- +Q``2bTQM/BM; iQ � _�#B 7`2@

[m2M+v 2t+22/BM; 80MHz (*?X 9)X h?Bb +Q?2`2Mi +QMi`QH Bb mb2/ iQ BKTH2K2Mi TmHb2@

2``Q` +Q``2+iBM; /vM�KB+�H /2+QmTHBM; b2[m2M+2b- 2Bi?2` *SJ:@L b2[m2M+2b Q7 i?2

7Q`K Rπ/2
x −

(
τ −Rπ

y − τ
)N − Rπ/2

x = x − (Y )N − xN3 Q` su3@L b2[m2M+2b Q7 i?2

7Q`K x − (XYXY Y XY X)N − xRj3X ar22TBM; i?2 BMi2`@TmHb2 /2H�v τ K2�bm`2b i?2

+Q?2`2M+2 iBK2 T2 Q7 i?2 aBoX

ed



jXeXk 1z2+ib Q7 KB+`Qr�p2 ?2�iBM; QM +Q?2`2M+2

�b K2MiBQM2/ BM b2+iBQMb jXj �M/ jX9- i?2`K�HHv BM/m+2/ T1 `2H�t�iBQM +�M /`�K�iB@

+�HHv `2/m+2 aBo +Q?2`2M+2 iBK2bX hQ 2tTH�BM i?Bb T?2MQK2MQM- r2 KQ/2H i?2 M�MQ#2�K

�b � 1D #2�K r2�FHv +QmTH2/ �i irQ �M+?Q` TQBMib iQ � mMB7Q`K i?2`K�H #�i? (6B;X jXeU#V)X

AMBiB�HHv- i?2 #2�K Bb �i i?2 bi2�/v@bi�i2 #�b2 i2KT2`�im`2 Q7 i?2 ._X � Jq TmHb2 BM@

bi�Mi�M2QmbHv ?2�ib i?2 #�i?- �M/ i?2 #2�K `2i?2`K�HBx2b QM � iBK2b+�H2 τth b2i #v

i?2 i?2`K�H +QM/m+iBQM Q7 /B�KQM/ �M/ i?2 #2�K ;2QK2i`vX PM+2 i?2 TmHb2 2M/b-

i?Bb ?2�i Bb 2ti`�+i2/ 7`QK i?2 #2�K QM � bBKBH�` iBK2b+�H2X "v bQHpBM; i?2 iBK2@

/2T2M/2Mi R@. ?2�i 2[m�iBQM- r2 }M/ i?�i i?2 +?�M;2 BM i2KT2`�im`2 �i i?2 aBo

+�mb2/ #v � bBM;H2 TmHb2 Ubi�`iBM; �i iBK2 t0V b+�H2b �b TSiV ∝ (e−(t−t0)/τth−e−9(t−t0)/τth)X

q2 i�F2 i?2 bmK Qp2` N bm+? TmHb2b iQ KQ/2H i?2 2z2+ib Q7 ?2�iBM; 7`QK � /vM�KB+�H@

/2+QmTHBM; b2[m2M+2 Q7 bBx2 N X

�i 2�`Hv iBK2b Uτ < τthV- i?2 aBo /Q2b MQi b22 i?2 2z2+ib Q7 ?2�iBM; #v i?2 Jq

HBM2- �M/ +Q?2`2M+2 Bb ?B;?X aBKBH�`Hv- �i HQM; iBK2b Uτ ≫ τthV � bK�HH �KQmMi Q7

?2�i Bb �#H2 iQ 2Mi2` i?2 M�MQbi`m+im`2 �M/ bHB;?iHv `�Bb2 i?2 HQ+�H i2KT2`�im`2- #mi

i?Bb ?2�i Bb /BbbBT�i2/ #27Q`2 i?2 M2ti TmHb2 �``Bp2b (6B;X jXeU+V- #Hm2 +m`p2)X �i BMi2`@

K2/B�i2 iBK2b+�H2b ?Qr2p2`- � bBim�iBQM +�M �`Bb2 r?2`2 i?2 M�MQ#2�K ?�b MQi 7mHHv

/BbbBT�i2/ i?2 ?2�i 7`QK QM2 Jq TmHb2 #27Q`2 i?2 b2+QM/ QM2 �``Bp2b (6B;X jXeU+V-

Q`�M;2 +m`p2)X q2 THQi i?2 K�tBKmK i2KT2`�im`2 �b b22M #v i?2 aBo �b � 7mM+iBQM

Q7 TmHb2 bT�+BM; (6B;X jXeU/V- HQr2` T�M2H)- �M/ Q#b2`p2 � bTBF2 BM HQ+�H i2KT2`�im`2

e3



7Q` � bT2+B}+ BMi2`@TmHb2 bT�+BM; τ - r?B+? /2T2M/b QM τthX .vM�KB+�H@/2+QmTHBM; b2@

[m2M+2b mbBM; ?B;? _�#B 7`2[m2M+v TmHb2b `2p2�H � +QHH�Tb2 BM +Q?2`2M+2 �i � bBKBH�`

iBK2 (6B;X jXeU/V- mTT2` T�M2H)X h?Bb +QHH�Tb2 /Bb�TT2�`b �i HQr2` _�#B 7`2[m2M+B2b-

bm;;2biBM; i?�i Bi Bb �bbQ+B�i2/ rBi? ?2�iBM;@`2H�i2/ /2T?�bBM;X q2 }i i?Bb +QHH�Tb2 iQ

� KQ/2H r?2`2 i?2 +Q?2`2M+2 iBK2 T2 /2T2M/b QM i2KT2`�im`299- �M/ 2ti`�+i i?2 `�i2

Q7 ?2�iBM; τth = 70 sX

hvTB+�HHv- 7�bi2` π@TmHb2b BKT`Qp2 K2�bm`2/ bTBM +Q?2`2M+2 #v KBMBKBxBM; }MBi2@

TmHb2 2z2+ib �M/ /2imMBM; 2``Q`bX lM7Q`imM�i2Hv- �b b22M �#Qp2- 7�bi2` TmHb2b `2[mB`2

?B;?2` Jq TQr2`b r?B+? +�mb2 ?2�iBM;@`2H�i2/ /2+Q?2`2M+2 BM Qm` bvbi2KX q2 K2�@

bm`2 >�?M@2+?Q �i HQr2` Jq TQr2`b (};X jXeU2V)- �M/ }M/ Jq ?2�iBM; HBKBib T2 2p2M

�i ΩR ∼10MHzX 6Q` �TTHB+�iBQMb r?2`2 HQM; +Q?2`2M+2 Bb BKTQ`i�Mi- bm+? �b 2H2+i`QM@

Mm+H2�` ;�i2b (a2+X jXN)- r2 QT2`�i2 �i �M QTiBK�H _�#B 7`2[m2M+v ΩR = 2π×10MHz

r?2`2 Mm+H2�` ;�i2b �`2 �b 7�bi �b TQbbB#H2 r?BH2 K�BMi�BMBM; +Q?2`2M+2 7Q` i?2 2MiB`2

;�i2 /m`�iBQMX 6Q` �TTHB+�iBQMb bm+? �b bTBM@T?QiQM 2Mi�M;HBM; ;�i2b r?2`2 7�bi ;�i2b

�`2 M2+2bb�`v (a2+X jX3)- r2 QT2`�i2 �i ?B;?2` _�#B 7`2[m2M+B2b ΩR = 2π×80MHz �i

i?2 +Qbi Q7 `2/m+2/ +Q?2`2M+2 iBK2bX

>2�iBM; `2H�i2/ 2z2+ib +QmH/ #2 KBiB;�i2/ #v mbBM; bmT2`+QM/m+iBM; KB+`Qr�p2

r�p2;mB/2bX h?Bb �TT`Q�+? rQmH/ �HbQ 2M�#H2 i?2 7�#`B+�iBQM Q7 � bBM;H2- HQM; bm@

T2`+QM/m+iBM; r�p2;mB/2 i?�i +QmH/ bBKmHi�M2QmbHv �//`2bb �HH /2pB+2b QM � bBM;H2

+?BTX >Qr2p2`- Bi Bb biBHH �M QT2M [m2biBQM r?2i?2` Q` MQi bmT2`+QM/m+iBM; r�p2;mB/2b

rBi? �TT`QT`B�i2 +`BiB+�H i2KT2`�im`2- +m``2Mi- �M/ }2H/ T`QT2`iB2b +�M #2 7�#`B+�i2/

eN
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fDEER
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SiV:

bath:

Init π
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π
2π Read

π
-τ- -τ-

SiV 1
SiV 2

6B;m`2 jXd, U�V hk b+�HBM; 7Q` irQ /Bz2`2Mi aBobX aBo k 2t?B#Bib MQ b+�HBM; rBi? MmK#2` Q7 TmHb2b
UT2,SiV2 =30 sVX U#V .11_ 1a_ QM aBo kX o2`iB+�H `2/ HBM2 Bb i?2 2tT2+i2/ 7`2[m2M+v Q7 � g = 2
bTBM #�b2/ QM Qm` �#BHBiv iQ /2i2`KBM2 i?2 �TTHB2/ 2ti2`M�H }2H/ UhvTB+�HHv iQ rBi?BM 10%VX U+V
.11_ 1+?Q QM aBo kX T2,DEER =10 sX U/V .vM�KB+�H@/2+QmTHBM; QM aBo RX .�i� TQBMib �`2 T2

K2�bm`2K2Mib mb2/ BM T�`i U�- #Hm2 +m`p2V- �M/ bQHB/ HBM2b �`2 � MQBb2 KQ/2H +QMbBbiBM; Q7 irQ
GQ`2MixB�M MQBb2 #�i?bX

�`QmM/ /B�KQM/ M�MQbi`m+im`2bX

dy



jXd AMp2biB;�iBM; i?2 MQBb2 #�i? Q7 aBob BM M�MQb@

i`m+im`2b

�i HQr i2KT2`�im`2b- i?2 +Q?2`2M+2 iBK2 Q7 aBo +2Mi2`b /`�biB+�HHv /2T2M/b QM i?2 bm`@

`QmM/BM; bTBM #�i?- r?B+? +�M /Bz2` 7`QK 2KBii2` iQ 2KBii2`X �b �M 2t�KTH2- r2 MQi2

i?�i i?2 T2 Q7 irQ /Bz2`2Mi aBo +2Mi2`b BM /Bz2`2Mi M�MQbi`m+im`2b b+�H2b /Bz2`2MiHv

rBi? i?2 MmK#2` Q7 �TTHB2/ /2+QmTHBM; TmHb2b (6B;X jXdU�V)X am`T`BbBM;Hv- i?2 +Q?2`2M+2

iBK2 Q7 aBo k /Q2b MQi b+�H2 rBi? i?2 MmK#2` Q7 �TTHB2/ TmHb2b- r?BH2 i?2 +Q?2`2M+2

iBK2 Q7 aBo R /Q2b b+�H2 �b T2(N) ∝ N2/3X LQi�#Hv- #Qi? b+�HBM;b �`2 /Bz2`2Mi �b

+QKT�`2/ iQ r?�i r�b T`2pBQmbHv K2�bm`2/ BM #mHF /B�KQM/, T2(N) ∝ N1 (*?X k)X AM

i?Bb b2+iBQM- r2 T`Q#2 i?2 bTBM #�i? Q7 i?2b2 irQ aBob BM M�MQbi`m+im`2b iQ BMp2biB;�i2

TQi2MiB�H 2tTH�M�iBQMb 7Q` i?2 �#Qp2 Q#b2`p�iBQMbX

jXdXR .Qm#H2 2H2+i`QM@2H2+i`QM `2bQM�M+2 bT2+i`Qb+QTv Q7 aBob

BM M�MQbi`m+im`2b

AM Q`/2` iQ BMp2biB;�i2 i?2 TQQ` +Q?2`2M+2 Q7 aBo k- r2 T2`7Q`K /Qm#H2 2H2+i`QM@2H2+i`QM

`2bQM�M+2 U.11_V bT2+i`Qb+QTvRjN iQ T`Q#2 i?2 bTBM #�i? bm``QmM/BM; i?Bb aBoX q2

T2`7Q`K � >�?M@2+?Q b2[m2M+2 QM i?2 aBo- �M/ br22T i?2 7`2[m2M+v Q7 � b2+QM/ KB@

+`Qr�p2 TmHb2 Ui�FBM; i?2 _6 T�i? BM };m`2 jXeU�VV- +QMi2KTQ`�M2Qmb rBi? i?2 2+?Q@

dR



BM; aBo π@TmHb2 (6B;X jXdU#V- mTT2` T�M2H)X A7 i?Bb b2+QM/ TmHb2 Bb `2bQM�Mi rBi? � bTBM

#�i? +QmTH2/ iQ i?2 aBo- i?2 #�i? +�M ~BT bBKmHi�M2QmbHv rBi? i?2 aBo- H2�/BM; iQ

BM+`2�b2/ b2MbBiBpBiv iQ MQBb2 7`QK i?2 #�i? (6B;X jXdU#V- HQr2` T�M2H)X q2 Q#b2`p2 �

bB;MB}+�Mi `2/m+iBQM Q7 +Q?2`2M+2 �i � 7`2[m2M+v +QMbBbi2Mi rBi? i?�i Q7 � 7`22@2H2+i`QM

bTBM #�i? Ugbath = 2V U`2bQM�M+2 2tT2+i2/ �i 12(1) GHzVX

L2ti- r2 `2T2�i � bi�M/�`/ >�?M@2+?Q b2[m2M+2 r?2`2 � π@TmHb2 `2bQM�Mi rBi? i?Bb

#�i? Bb �TTHB2/ bBKmHi�M2QmbHv rBi? i?2 aBo 2+?Q TmHb2 U.11_ 2+?QVX h?2 +Q?2`2M+2

iBK2 K2�bm`2/ BM .11_ 2+?Q Bb bB;MB}+�MiHv b?Q`i2` i?�M 7Q` bi�M/�`/ bTBM@2+?Q- BM@

/B+�iBM; i?�i +QmTHBM; iQ i?Bb bTBM #�i? Bb � bB;MB}+�Mi bQm`+2 Q7 /2+Q?2`2M+2 7Q` i?Bb

aBoX PM2 TQbbB#H2 2tTH�M�iBQM 7Q` i?2 T�`iB+mH�`Hv b2p2`2 #�i? bm``QmM/BM; i?Bb aBo Bb

� i?BM H�v2` Q7 �HmKBM� UAl2O3V /2TQbBi2/ pB� �iQKB+ H�v2` /2TQbBiBQM QM i?Bb /2pB+2

BM Q`/2` iQ imM2 +�pBiB2b +HQb2` iQ i?2 aBo i`�MbBiBQM 7`2[m2M+vX h?2 �KQ`T?Qmb Qt@

B/2 H�v2`ĜQ` Bib BMi2`7�+2 rBi? i?2 /B�KQM/ +`vbi�HĜ+�M #2 ?Qbi iQ � H�`;2 MmK#2` Q7

+?�`;2 i`�Tb- �HH HQ+�i2/ rBi?BM ∼50 nm Q7 i?Bb aBoX lM7Q`imM�i2Hv- r2 +QmH/ MQi K2�@

bm`2 i?Bb /2pB+2 rBi?Qmi �HmKBM� H�v2` /m2 iQ Qm` BM�#BHBiv iQ ;�b@imM2 i?2 M�MQT?Q@

iQMB+ +�pBiv +HQb2 2MQm;? iQ i?2 aBo `2bQM�M+2 (a2+X jXj)X

h?2b2 Q#b2`p�iBQMb �`2 7m`i?2` +Q``Q#Q`�i2/ #v .11_ K2�bm`2K2Mib BM aBo R-

r?2`2 i?2 �HmKBM� H�v2` r�b MQi mb2/ UQMHv N2 r�b mb2/ iQ imM2 i?Bb +�pBivVX AM i?Bb

/2pB+2- r2 Q#b2`p2 HQM;2` +Q?2`2M+2 iBK2b r?B+? b+�H2 T2(N) ∝ N2/3- �b r2HH �b MQ bB;@

MB}+�Mi bB;M�im`2b 7`QK gbath = 2 bTBMb mbBM; .11_ bT2+i`Qb+QTvX q2 }i i?Bb b+�HBM;

iQ � KQ/2H +QMbBbiBM; Q7 irQ r2�FHv@+QmTH2/ bTBM #�i?b (6B;X jXdU/V- �TT2M/BtX *X9)-

dk



�M/ 2ti`�+i #�i? T�`�K2i2`b b1 =5kHz- τ1 =1 s- b2 =180 kHz- τ2 =1ms- r?2`2 b +Q``2@

bTQM/b iQ i?2 bi`2M;i? Q7 i?2 MQBb2 #�i?- �M/ τ +Q``2bTQM/b iQ i?2 +Q``2H�iBQM iBK2 Q7

i?2 MQBb2Nd-R9yX

q?BH2 i?2 bQm`+2 Q7 i?Bb MQBb2 Bb �M �`2� Q7 7mim`2 bim/v- r2 }M/ i?�i i?2 b2 i2`K

UHBF2Hv /m2 iQ #mHF BKTm`BiB2bV Bb i?2 /QKBM�Mi +QMi`B#miBQM iQr�`/b /2+Q?2`2M+2 BM

i?2 bvbi2K (�TT2M/BtX *X9)X _2KQpBM; i?Bb i2`K 7`QK i?2 KQ/2H `2bmHib BM +Q?2`2M+2

iBK2b mT iQ � 7�+iQ` Q7 Ryyy iBK2b H�`;2` i?�M K2�bm`2/ p�Hm2bX >B;?2`@i2KT2`�im`2jN

Q` BM bBimR9R �MM2�HBM; +QmH/ TQi2MiB�HHv KBiB;�i2 i?Bb bQm`+2 Q7 /2+Q?2`2M+2 #v 2HBKB@

M�iBM; T�`�K�;M2iB+ /272+ib bm+? �b p�+�M+v +Hmbi2`bX �//BiBQM�HHv- #v �++QKT�MvBM;

aB BKTH�Mi�iBQM rBi? 2H2+i`QM B``�/B�iBQMdR- aBo +2Mi2`b +QmH/ #2 +`2�i2/ KQ`2 2{@

+B2MiHv- �M/ rBi? `2/m+2/ H�iiB+2 /�K�;2X 6BM�HHv- rQ`FBM; rBi? BbQiQTB+�HHv Tm`B}2/

/B�KQM/ b�KTH2b rBi? p2`v 72r 13*- � bTBM@Rfk BbQiQT2 Q7 +�`#QM- +QmH/ �HbQ `2bmHi BM

� `2/m+2/ bTBM #�i? (*?X k- �TT2M/BtX *X9)X

jX3 aTBM@T?QiQM 2Mi�M;H2K2Mi

h?2 T`2pBQmb b2+iBQMb Q7 i?Bb +?�Ti2` +?�`�+i2`Bx2 i?2 aBo �b �M 2{+B2Mi bTBM@T?QiQM

BMi2`7�+2 �M/ � [m�MimK K2KQ`v rBi? HQM;@HBp2/ +Q?2`2M+2X >2`2- r2 +QK#BM2 i?2b2

irQ T`QT2`iB2b iQ /2KQMbi`�i2 2Mi�M;H2K2Mi #2ir22M � bTBM [m#Bi �M/ � T?QiQMB+

[m#BiX h?2 K2+?�MBbK 7Q` ;2M2`�iBM; 2Mi�M;H2K2Mi #2ir22M T?QiQMb �M/ i?2 aBo +�M

#2 b22M BM };m`2 jX8U#-/V, .2T2M/BM; QM i?2 bTBM bi�i2 Q7 i?2 aBo- T?QiQMb �i i?2

dj
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2 πSpin:

Photon:
Zp,Xp
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δt

Init

6B;m`2 jX3, U�V 1tT2`BK2Mi�H b2[m2M+2 7Q` ;2M2`�iBM; �M/ p2`B7vBM; bTBM@T?QiQM 2Mi�M;H2K2MiX �
iBK2@#BM 2M+Q/2/ [m#Bi Bb `2~2+i2/ #v i?2 +�pBiv- �M/ #Qi? i?2 aBo �M/ i?2 T?QiQMB+ [m#Bib �`2
K2�bm`2/ BM i?2 w �M/ s #�b2bX U#V aTBM@T?QiQM +Q``2H�iBQMb K2�bm`2/ BM i?2 w@w #�bBbX GB;?i
U/�`FV #�`b �`2 #27Q`2 U�7i2`V +Q``2+iBM; 7Q` FMQrM `2�/Qmi 2``Q` �bbQ+B�i2/ rBi? bBM;H2@b?Qi `2�/@
Qmi Q7 i?2 aBoX U+V aTBM@T?QiQM +Q``2H�iBQMb K2�bm`2/ BM i?2 s@s #�bBbX "2HH@bi�i2 T`2T�`�iBQM
}/2HBiv Q7 F ≥ 0.89(3) �M/ � +QM+m``2M+2 C ≥ 0.72(7)X U/V S`2T�`�iBQM Q7 b2+QM/ bTBM@T?QiQM
"2HH bi�i2X *?�M;BM; i?2 T?�b2 Q7 i?2 BM+QKBM; T?QiQMB+ [m#Bi T`2T�`2b � "2HH@bi�i2 rBi? BMp2`i2/
bi�iBbiB+b BM i?2 s #�bBbX

d9



T`Q#2 7`2[m2M+v �`2 2Bi?2` `2~2+i2/ 7`QK i?2 +�pBiv �M/ /2i2+i2/- Q` �`2 i`�MbKBii2/

�M/ HQbiX

jX3XR :2M2`�iBM; iBK2@#BM [m#Bib

q2 #2;BM #v 2tTH�BMBM; Qm` +?QB+2 Q7 iBK2@#BM 2M+Q/BM; 7Q` T?QiQMB+ [m#BibX PM2

bi`�B;?i7Q`r�`/ TQbbB#BHBiv Bb iQ mb2 i?2 6Q+F bi�i2 Q7 i?2 T?QiQMX >Qr2p2`- Bi Bb 2t@

i`2K2Hv +?�HH2M;BM; iQ T2`7Q`K `Qi�iBQMb QM � 6Q+F bi�i2- �M/ T?QiQM HQbb `2bmHib

BM �M 2``Q` BM i?2 +QKTmi�iBQM�H #�bBbX �MQi?2`- T2`?�Tb KQ`2 Q#pBQmb TQbbB#BHBiv

Bb iQ mb2 i?2 TQH�`Bx�iBQM /2;`22 Q7 7`22/QKX q?BH2 i?2 aBo bTBM@T?QiQM BMi2`7�+2 Bb

MQi TQH�`Bx�iBQM b2H2+iBp2 U#Qi? bTBM bi�i2b +QmTH2 iQ T?QiQMb Q7 i?2 b�K2 TQH�`Bx�@

iBQMV- QM2 +QmH/ +QMbB/2` TQH�`Bx�iBQM #�b2/ bTBM@T?QiQM 2Mi�M;HBM; b+?2K2b �H`2�/v

/2KQMbi�i2/ BM M�MQT?QiQMB+ bvbi2KbR9k-R9jX >Qr2p2`- i?Bb `2[mB`2b 2K#2//BM; i?2

M�MQbi`m+im`2 BMbB/2 Q7 � bi�#BHBx2/ BMi2`72`QK2i2`- r?B+? ?�b � MmK#2` Q7 +?�HH2M;2b

(a2+X jX8)X AM �//BiBQM- Bi `2[mB`2b +�`27mH 7�#`B+�iBQM Q7 Qp2`+QmTH2/- bBM;H2@bB/2/ +�pB@

iB2b UmMHBF2 i?2 +`BiB+�HHv +QmTH2/ /B�KQM/ M�MQ+�pBiB2b mb2/ ?2`2 (a2+X jXk)VX �b bm+?-

r2 #2HB2p2 iBK2@#BM 2M+Q/BM; Bb � M�im`�H +?QB+2 ;Bp2M i?2 +`BiB+�HHv@+QmTH2/ aBo@+�pBiv

BMi2`7�+2 /2b+`B#2/ ?2`2 (a2+X jX8)X

h?2b2 [m#Bib �`2 ;2M2`�i2/ #v T�bbBM; � r2�F +Q?2`2Mi H�b2` i?Qm;? � +�b+�/2/

�PJ- �KTHBim/2@1PJ- �M/ T?�b2@1PJX h?2 iBK2@#BMb �`2 b?�T2/ #v �M �q:@

;2M2`�i2/ TmHb2 QM i?2 �KTHBim/2@1PJ- �M/ �`2 +?Qb2M iQ #2 Km+? M�``Qr2` i?�M

d8



i?2 /2H�v δt #2ir22M iBK2 #BMbX q2 +�M +?QQb2 iQ T`2T�`2 �`#Bi`�`v BMBiB�H T?QiQMB+

bi�i2b #v mbBM; i?2 T?�b2@1PJ iQ BKT`BMi �M QTiBQM�H T?�b2 b?B7i iQ i?2 b2+QM/ #BM

Q7 i?2 T?QiQMB+ [m#BiX aBM+2 r2 mb2 � H�b2` rBi? SQBbbQMB�M T?QiQM MmK#2` bi�iBbiB+b-

r2 b2i i?2 �p2`�;2 T?QiQM MmK#2` ⟨nph⟩ = 0.008 ≪ 1 mbBM; i?2 �PJ iQ �pQB/ 2p2Mib

r?2`2 irQ T?QiQMb �`2 BM+B/2Mi QM i?2 +�pBivX

lbBM; i?Bb 2M+Q/BM;- K2�bm`2K2Mib BM � `Qi�i2/ #�bBb Us@#�bBbV #2+QK2 bi`�B;?i7Q`@

r�`/X q2 b2M/ i?2 iBK2@#BM [m#Bi BMiQ �M �+iBp2Hv bi�#BHBx2/- mM#�H�M+2/- }#2`@#�b2/-

J�+?@w2M/2` BMi2`72`QK2i2`- r?2`2 QM2 �`K T�bb2b i?`Qm;? � /2H�v HBM2 Q7 iBK2 δtX

qBi? 25% T`Q#�#BHBiv- |e⟩ 2Mi2`b i?2 HQM; �`K Q7 i?2 BMi2`72`QK2i2` �M/ |l⟩ 2Mi2`b i?2

b?Q`i �`K- �M/ i?2 irQ iBK2 #BMb BMi2`72`2 �i i?2 QmiTmiX .2T2M/BM; QM i?2 `2H�iBp2

T?�b2 #2ir22M i?2 irQ #BMb- i?Bb rBHH #2 /2i2+i2/ QM QMHv QM2 Q7 i?2 irQ �`Kb Q7 i?2

BMi2`72`QK2i2` QmiTmi (6B;X jXjU#V)- +Q``2bTQM/BM; iQ � K2�bm`2K2Mi BM i?2 s #�bBb Q7

|±⟩X

jX3Xk aTBM@T?QiQM "2HH bi�i2b

q2 T`2T�`2 �M/ p2`B7v i?2 ;2M2`�iBQM Q7 K�tBK�HHv 2Mi�M;H2/ "2HH bi�i2b #2ir22M i?2

aBo �M/ � T?QiQMB+ [m#Bi mbBM; i?2 2tT2`BK2Mi�H b2[m2M+2 /2TB+i2/ BM };m`2 jX3U�VX

6B`bi- i?2 aBo Bb BMBiB�HBx2/ BMiQ � bmT2`TQbBiBQM bi�i2 |→⟩ = 1/
√
2(|↑⟩ + |↓⟩)X h?2M

T?QiQMb �i 7`2[m2M+v fQ (a2+X jX8) �`2 b2Mi iQ i?2 +�pBiv- +Q``2bTQM/BM; iQ �M BM+QK@

BM; T?QiQM bi�i2 |+⟩ = 1/
√
2(|e⟩ + |l⟩)- +QM/BiBQM2/ QM i?2 2p2Mim�H /2i2+iBQM Q7 QMHv

de



QM2 T?QiQM /m`BM; i?2 2tT2`BK2Mi `mMX "27Q`2 �Mv BMi2`�+iBQMb- i?Bb bi�i2 +�M #2 r`Bi@

i2M �b �M 2[m�H bmT2`TQbBiBQM, Ψ0 = | →⟩ ⊗ |+⟩ = 1/2(|e ↑⟩+ |e ↓⟩+ |l ↑⟩+ |l ↓⟩)X h?2

}`bi iBK2 #BM Bb QMHv `2~2+i2/ 7`QK i?2 +�pBiv B7 i?2 i?2 aBo Bb BM bi�i2 |↑⟩- 2z2+iBp2Hv

+�`pBM; Qmi |e ↓⟩ BM `2~2+iBQMkkX � π@TmHb2 QM i?2 aBo i`�Mb7Q`Kb i?2 `2bmHiBM; bi�i2

iQ Ψ1 = 1/
√
3(|e ↓⟩+ |l ↓⟩+ |l ↑⟩)X 6BM�HHv- `2~2+iBQM Q7 i?2 H�i2 iBK2@#BM Qz Q7 i?2 +�p@

Biv +�`p2b Qmi i?2 bi�i2 |l ↓⟩- H2�pBM; � }M�H 2Mi�M;H2/ bi�i2 Ψ2 = 1/
√
2(|e ↓⟩ + |l ↑⟩)X

hQ +?�`�+i2`Bx2 i?2 `2bmHiBM; bi�i2- r2 T2`7Q`K iQKQ;`�T?v QM #Qi? [m#Bib BM i?2 w

�M/ s #�b2b (6B;X jX3U�V)X

AM Q`/2` iQ 2M�#H2 ?B;?@#�M/rB/i? QT2`�iBQM �M/ `2/m+2 i?2 `2[mB`2K2Mib 7Q` H�b2`

�M/ BMi2`72`QK2i`B+ bi�#BHBx�iBQM BM ;2M2`�iBM; �M/ K2�bm`BM; iBK2@#BM [m#Bib- Bi Bb

;2M2`�HHv #2M2}+B�H iQ b2i δt �b bK�HH �b TQbbB#H2X h?2 KBMBKmK δt Bb /2i2`KBM2/

#v irQ 7�+iQ`b, 6B`bi- 2�+? TmHb2 Kmbi #2 #`Q�/ 2MQm;? BM i?2 iBK2@/QK�BM UM�``Qr

2MQm;? BM i?2 7`2[m2M+v /QK�BMV bQ i?�i Bi /Q2b MQi /BbiQ`i mTQM `2~2+iBQM Qz Q7

i?2 /2pB+2X 6`QK };m`2 jX8U/V- i?2 `2~2+iBQM bT2+im`K Bb `Qm;?Hv +QMbi�Mi Qp2` � ∼

100MHz `�M;2- BKTHvBM; i?�i ∼ M�MQb2+QM/ TmHb2b �`2 bm{+B2MiX h?2 b2+QM/ +QMbB/@

2`�iBQM Bb i?�i � KB+`Qr�p2 π@TmHb2 Kmbi #2 TH�+2/ #2ir22M i?2 irQ TmHb2bX AM i?Bb

2tT2`BK2Mi- r2 /`Bp2 7�bi U12 nsV π@TmHb2bX �b bm+?- r2 b2i δt = 30ns �M/ mb2 5 ns

QTiB+�H TmHb2b iQ b�iBb7v i?2b2 +`Bi2`B�X

dd



jX3Xj aTBM@T?QiQM 2Mi�M;H2K2Mi K2�bm`2K2Mib

6Q` w@#�bBb K2�bm`2K2Mib- T?QiQMb `2~2+i2/ 7`QK i?2 +�pBiv �`2 b2Mi /B`2+iHv iQ �

aS*J �M/ i?2 iBK2@Q7@�``Bp�H Q7 i?2 iBK2@#BM [m#Bi Bb `2+Q`/2/X �7i2`r�`/b- i?2

aBo Bb `2�/ Qmi BM i?2 w@#�bBb (a2+X jX8)X aBM;H2@b?Qi `2�/Qmi Bb +�HB#`�i2/ pB� � b2T@

�`�i2 K2�bm`2K2Mi r?2`2 i?2 irQ bTBM@bi�i2b �`2 T`2T�`2/ pB� QTiB+�H TmKTBM; �M/

`2�/ Qmi- �M/ i?2 }/2HBiv Q7 +Q``2+iHv /2i2`KBMBM; i?2 | ↑⟩ U|↓⟩V bi�i2 Bb F↑ = 0.85

UF↓ = 0.84V- HBKBi2/ #v i?2 H�`;2 y +QKTQM2Mi Q7 i?2 ;2QK2i`B+ /Bbi`B#miBQM r?B+? ;Qp@

2`Mb T?QiQM bi�iBbiB+b 7Q` bTBM@~BT bvbi2Kb (a2+X jX8)X AM Qi?2` rQ`/b- bBM+2 r2 rQ`F BM

� KBb�HB;M2/ }2H/ BM i?Bb 2tT2`BK2Mi- i?2 T`Q#�#BHBiv Q7 � bTBM ~BT Bb ?B;?- K�FBM; Bi

bQK2r?�i HBF2Hv iQ K2�bm`2 y T?QiQMb `2;�`/H2bb Q7 BMBiB�H bTBM bi�i2X 1p2M #27Q`2 �+@

+QmMiBM; 7Q` i?Bb FMQrM 2``Q` (�TT2M/BtX *X8)- r2 Q#b2`p2 +H2�` +Q``2H�iBQMb #2ir22M

i?2 T?QiQMB+ �M/ bTBM [m#Bib (6B;X jX3U#V- HB;?i@b?�/BM;)X 1``Q` #�`b 7Q` i?2b2 +Q``2@

H�iBQM ?BbiQ;`�Kb U�M/ i?2 7QHHQrBM; }/2HBiv +�H+mH�iBQMbV �`2 2biBK�i2/ #v bi�iBbiB+�H

#QQibi`�TTBM;- r?2`2 i?2 b+�ii2`2/ T?QiQM ?BbiQ;`�Kb UTQbi@b2H2+i2/ QM i?2 /2i2+iBQM

Q7 |e⟩ Q` |l⟩V �`2 `�M/QKHv b�KTH2/ BM K�Mv i`B�Hb- �M/ i?2 p�`B�M+2 Q7 i?�i 2Mb2K#H2

Bb 2ti`�+i2/X

J2�bm`2K2Mib BM i?2 s@#�bBb �`2 T2`7Q`K2/ bBKBH�`HvX h?2 T?QiQM Bb K2�bm`2/

i?`Qm;? �M BMi2`72`QK2i2` �b /2b+`B#2/ �#Qp2- r?2`2 MQr i?2 /2i2+iQ` T�i? BM7Q`K�@

iBQM Bb `2+Q`/2/ 7Q` i?2 Qp2`H�TTBM; iBK2@#BMX �7i2` � Rπ/2
y TmHb2 QM i?2 aBo- i?2 b+�i@

i2`2/ T?QiQM ?BbiQ;`�Kb �;�BM `2p2�H bB;MB}+�Mi +Q``2H�iBQMb #2ir22M i?2 ǵYǶ �M/ ǵ@Ƕ

d3



/2i2+iQ`b �M/ i?2 aBo bTBM bi�i2 (};X jX3U+V)X "v �//BM; � π@T?�b2 #2ir22M i?2 2�`Hv

�M/ H�i2 iBK2 #BMb- r2 +�M T`2T�`2 �M Q`i?Q;QM�H "2HH bi�i2X J2�bm`2/ +Q``2H�iBQMb Q7

i?Bb bi�i2 �`2 ~BTT2/ BM i?2 s@#�bBb (6B;X jX3U/V)X

J2�bm`2K2Mib Q7 i?Bb "2HH bi�i2 BM i?2 w@ �M/ s@#�b2b �`2 mb2/ iQ 2biBK�i2 � HQr2`

#QmM/ QM i?2 }/2HBiv, F = ⟨Ψ+|ρ|Ψ+⟩ ≥ 0.70(3) UF ≥ 0.89(3) �7i2` +Q``2+iBM; 7Q`

`2�/Qmi 2``Q`bV (�TT2M/BtX *X8)X h?2 `2bmHiBM; 2Mi�M;H2/ bi�i2 Bb [m�MiB}2/ #v Bib +QM@

+``2M+2 C ≥ 0.42(6) UC ≥ 0.79(7) �7i2` +Q``2+iBM; 7Q` `2�/Qmi 2``Q`bV (�TT2M/BtX *X8)X

h?Bb ?B;?@}/2HBiv 2Mi�M;H2/ bi�i2 #2ir22M � T?QiQMB+ [m#Bi �M/ � [m�MimK K2KQ`v

Bb � 7mM/�K2Mi�H `2bQm`+2 7Q` [m�MimK +QKKmMB+�iBQMRyN �M/ [m�MimK +QKTmiBM;

b+?2K2bRj- �M/ +�M #2 mb2/- 7Q` 2t�KTH2- iQ /2KQMbi`�i2 ?2`�H/2/ biQ`�;2 Q7 � T?Q@

iQMB+ [m#Bi BMiQ K2KQ`v (*?X 9)X

jXN *QMi`QH Q7 aBo@13* `2;Bbi2`

q?BH2 /2KQMbi`�iBQMb Q7 � [m�MimK MQ/2 rBi? � bBM;H2 [m#Bi Bb mb27mH 7Q` bQK2 T`QiQ@

+QH- MQ/2b rBi? b2p2`�H BMi2`�+iBM; [m#Bib 2M�#H2 � rB/2` `�M;2 Q7 �TTHB+�iBQMb- BM+Hm/@

BM; [m�MimK `2T2�i2`bdNX AM i?Bb b2+iBQM- r2 BMi`Q/m+2 �//BiBQM�H [m#Bib #�b2/ QM 13*

M�im`�HHv Q++m``BM; BM /B�KQM/ (b2+X jXd)X

dN



(a)

SiV:

13C:
Init=

Rπ/2
xInit

Rφ
n↑,n↓

Rπ/2
y Init

SiV:

13C:
Read=

Rφ
n↑,n↓

Rφ
n↑,n↓

Rπ/2
y Rπ/2

x

(c)(b)

-1

〈S
z
〉

1

1 80 7τ (μs)

~R3π/4
±x

~Rπ/2
±x

~R0
±x

(d)

-1

0.5

2.83

X

Y

2.87τ (μs)

〈I
x
〉

- 10μs -
SiV:

13C:
Init Read Init

SiV:

13C:
Read-τ-Init Read

Rπ/2
x Rπ/2

x

Init
SiV:

13C:
Init Read

Rπ/2
x Rπ/2

xRπ/2
±x

Init
SiV:

13C:
Init Read

Rπ/2
xRπ/2

±x

(f ) (g)

 ↓e↓n〉  ↓e↑n〉  ↑e↓n〉  ↑e↑n〉

Z basis

0

0.5

 ↓e↓n〉  ↓e↑n〉  ↑e↓n〉  ↑e↑n〉

X basis

0

0.5

-0.6

0.6
〈I
x
〉

0 5τ (ms)

(e)

〈I
x
〉

50 τ (μs) 54

Rπ/2
x

Initialize  ↑〉
Initialize  ↓〉

 ↑〉SiV in
SiV in  ↓〉

Rφ
n↑,n↓

6B;m`2 jXN, U�V su3@k bTBM 2+?Q b2[m2M+2 `2p2�Hb +QmTHBM; iQ Mm+H2�` bTBMbX UG27i T�M2HV *QH@
H�Tb2b ⟨Sx⟩ = 0 �i b?Q`i iBK2b BM/B+�i2 +QmTHBM; iQ K�Mv Mm+H2BX U_B;?i T�M2HV *QHH�Tb2b ⟨Sx⟩ ̸= 0
�i HQM; iBK2b BM/B+�i2 +QM/BiBQM�H ;�i2b QM � bBM;H2 Mm+H2�` bTBMX U#V h`�D2+iQ`v Q7 13* QM i?2
"HQ+? bT?2`2 /m`BM; � K�tBK�HHv 2Mi�M;HBM; ;�i2X P`�M;2 UTm`TH2V HBM2b +Q``2bTQM/ iQ i?2 aBo
BMBiB�HHv T`2T�`2/ BM bi�i2 | ↑⟩ (| ↑⟩)c i`�MbBiBQMb 7`QK bQHB/ iQ /�b?2/ HBM2b `2T`2b2Mi ~BTb Q7 i?2
aBo 2H2+i`QMB+ bTBM /m`BM; i?2 ;�i2X U+V J�tBK�HHv 2Mi�M;HBM; ;�i2b Q7 i?2 7Q`K Rφ

n⃗↑,n⃗↓
�`2 mb2/ iQ

BMBiB�HBx2 �M/ `2�/Qmi i?2 irQ@[m#Bi `2;Bbi2`X U/V hmMBM; mT �M BMBiB�HBx�iBQM ;�i2X AMi2`@TmHb2 bT�+@
BM; τ 7Q` AMBi �M/ _2�/ ;�i2b �`2 br2Ti iQ K�tBKBx2 TQH�`Bx�iBQMX aQHB/ HBM2 Bb i?2 KQ/2H2/ TmHb2
b2[m2M+2 mbBM; i?2 ?vT2`}M2 T�`�K2i2`b 2ti`�+i2/ 7`QK U�VX U2V Lm+H2�` _�Kb2v K2�bm`2K2MiX
.`BpBM; i?2 13* mbBM; +QKTQbBi2 ;�i2b QM i?2 aBo `2p2�Hb T ∗

2 =2.2msX UAMb2iV P`�M;2 TQBMib
�`2 +Q?2`2Mi Qb+BHH�iBQMb Q7 i?2 _�Kb2v bB;M�H /m2 iQ ?vT2`}M2 +QmTHBM; iQ i?2 aBoX U7V 1H2+i`QM@
Mm+H2�` +Q``2H�iBQMb K2�bm`2/ BM i?2 ww@#�bBbX GB;?i U/�`FV #�`b �`2 #27Q`2 U�7i2`V +Q``2+iBM; 7Q`
FMQrM 2``Q`b �bbQ+B�i2/ rBi? `2�/BM; Qmi i?2 aBo �M/ 13*X U;V 1H2+i`QM@Mm+H2�` +Q``2H�iBQMb K2�@
bm`2/ BM i?2 ss@#�bBbX q2 2biBK�i2 � "2HH bi�i2 T`2T�`�iBQM }/2HBiv Q7 F ≥ 0.59(4) �M/ � +QM+m`@
`2M+2 C ≥ 0.22(9)X

3y



jXNXR *QmTHBM; #2ir22M i?2 aBo �M/ b2p2`�H 13*

6Q` �HH Q7 i?2 2KBii2`b BMp2biB;�i2/ BM b2+iBQM jXe- r2 Q#b2`p2 +QHH�Tb2b BM i?2 2+?Q

bB;M�H +Q``2bTQM/BM; iQ 2Mi�M;H2K2Mi rBi? M2�`#v Mm+H2�` bTBMb (6B;X jXNU�V)X �b i?2

/B�KQM/ mb2/ BM i?Bb rQ`F ?�b 1% 13* (a2+X jXd)- r2 ivTB+�HHv Q#b2`p2 b2p2`�H bm+? Mm@

+H2B- rBi? �HH Q7 i?2B` `2bQM�M+2b Qp2`H�TTBM; /m2 iQ i?2B` b2+QM/@Q`/2` b2MbBiBpBiv iQ

?vT2`}M2 +QmTHBM; T�`�K2i2`b (*?X 9)X *QMb2[m2MiHv- /m`BM; � bTBM 2+?Q b2[m2M+2 i?2

aBo 2Mi�M;H2b rBi? K�Mv Mm+H2B- [mB+FHv HQbBM; +Q?2`2M+2 �M/ `2bmHiBM; BM � +QHH�Tb2

iQ ⟨Sz⟩ = 0 (6B;X jXNU�V- H27i bB/2)X A7 bBM;H2 13* +�M #2 �//`2bb2/ ?Qr2p2`- i?Bb 2Mi�M@

;H2K2Mi `2bmHib BM +Q?2`2Mi TQTmH�iBQM i`�Mb72` �M/ 2+?Q +QHH�Tb2b r?B+? +�M- BM bQK2

+�b2b- +QKTH2i2Hv ~BT i?2 aBo bTBM bi�i2 U⟨Sz⟩ = ±1VX h?Bb 2Mi�M;H2K2Mi 7Q`Kb i?2 #�@

bBb 7Q` [m�MimK ;�i2b (6B;X jXNU�V- `B;?i bB/2)X h?2b2 ;�i2b +�M #2 imM2/ #v +?�M;BM;

i?2 �HB;MK2Mi Q7 Bext rBi? `2bT2+i iQ i?2 ?vT2`}M2 +QmTHBM; i2MbQ`- Q` #v mbBM; /Bz2`@

2Mi iBKBM;bX lM7Q`imM�i2Hv- �b � `2bmHi Q7 i?2 +QKTHB+�i2/ Mm+H2�` #�i? 7Q` i?Bb /2pB+2-

� K�DQ`Biv Q7 }2H/ Q`B2Mi�iBQMb �M/ �KTHBim/2b QMHv b?Qr +QHH�Tb2b iQ ⟨Sz⟩ = 0X h?2

?B;?2bi }/2HBiv Mm+H2�` ;�i2b /2KQMbi`�i2/ ?2`2 �`2 #�b2/ QM 2+?Q `2bQM�M+2b rBi?

i?2 H�`;2bi +QMi`�bi r?B+?- +`m+B�HHv- r2`2 MQi +QKK2Mbm`�i2 rBi? �M �HB;M2/ }2H/X

h?mb- BM i?Bb /2pB+2- bBM;H2 13* +QmH/ QMHv #2 BbQH�i2/ �i i?2 +Qbi Q7 HQr2` aa_ }/2HBiv

(a2+X jX8)X
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jXNXk AMBiB�HBxBM; i?2 Mm+H2�` bTBM

PM+2 � bBM;H2 Mm+H2�` bTBM Bb B/2MiB}2/- `2bQM�M+2b BM bTBM@2+?Q 7Q`K i?2 #mBH/BM;

#HQ+F 7Q` [m�MimK ;�i2bX 6Q` 2t�KTH2- � +QKTH2i2 ~BT Q7 i?2 aBo Bb i?2 `2bmHi Q7 i?2

Mm+H2�` bTBM `Qi�iBM; #v π +QM/BiBQM�HHv �`QmM/ i?2 �t2b ±s URπ
±x,SiV−CV- /2T2M/@

BM; QM i?2 bi�i2 Q7 i?2 aBoX q2 +�M p�`v i?2 `Qi�iBQM �M;H2 Q7 i?Bb TmHb2 #v +?QQbBM;

/Bz2`2Mi bT�+BM;b τ #2ir22M TmHb2b (6B;X jXNU�V)- Q` #v mbBM; /Bz2`2Mi MmK#2`b Q7 π@

TmHb2bX q2 }M/ � K�tBK�HHv 2Mi�M;HBM; ;�i2 URπ/2
±x,SiV−CV #v �TTHvBM; N = 8 π@TmHb2b

b2T�`�i2/ #v 2τ = 2 × 2.859µbX h?Bb +�M #2 pBbm�HBx2/ QM i?2 "HQ+? bT?2`2 BM };m`2

jXNU#V- r?2`2 i?2 bi�i2 Q7 i?2 aBo UQ`�M;2 Q` Tm`TH2V BM/m+2b /Bz2`2Mi `Qi�iBQMb Q7 i?2

13*X

� bBKBH�`Hv +QMbi`m+i2/ 2Mi�M;HBM; ;�i2 URφ
n⃗↑,n⃗↓

- /Bb+mbb2/ BM �TT2M/Bt *XeV Bb mb2/

iQ +Q?2`2MiHv K�T TQTmH�iBQM 7`QK i?2 aBo QMiQ i?2 Mm+H2�` bTBM Q` K�T TQTmH�iBQM

7`QK i?2 Mm+H2�` bTBM QMiQ i?2 aBo (6B;X jXNU+V)X h?2 }/2HBiv Q7 i?2b2 ;�i2b Bb 2biB@

K�i2/ #v TQH�`BxBM; i?2 aBo- K�TTBM; i?2 TQTmH�iBQM QMiQ i?2 13*- �M/ r�BiBM; 7Q`

T ≫ T ∗
2 U�HHQrBM; +Q?2`2M+2 iQ /2+�vV #27Q`2 K�TTBM; i?2 TQTmH�iBQM #�+F �M/ `2�/@

BM; Qmi (6B;X jXNU/V)X q2 }M/ i?�i r2 +�M `2+Qp2` 80% Q7 i?2 TQTmH�iBQM BM i?Bb r�v-

;BpBM; mb �M 2biBK�i2/ BMBiB�HBx�iBQM �M/ `2�/Qmi }/2HBiv Q7 F = 0.9X

"�b2/ QM i?2 +QMi`�bi Q7 `2bQM�M+2b BM bTBM@2+?Q U�HbQ 0.9V- i?Bb Bb HBF2Hv HBKBi2/ #v

2Mi�M;H2K2Mi rBi? Qi?2` M2�`#v 13* 7Q` i?Bb 2KBii2`- �b r2HH �b bHB;?iHv bm#@QTiBK�H

+?QB+2b 7Q` τ �M/ N X *QmTHBM; iQ Qi?2` 13* `2bmHib BM TQTmH�iBQM H2�FBM; Qmi Q7 Qm`
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irQ@[m#Bi `2;Bbi2`- �M/ +�M #2 BKT`Qp2/ #v BM+`2�bBM; b2MbBiBpBiv iQ bBM;H2 13*- Q` #v

HQQFBM; 7Q` � /Bz2`2Mi 2KBii2` rBi? � /Bz2`2Mi 13* /Bbi`B#miBQMX h?2 KBb�HB;M2/ 2ti2`@

M�H }2H/ 7m`i?2` `2bmHib BM bHB;?i KBb�HB;MK2Mi Q7 i?2 Mm+H2�` `Qi�iBQM �tBb �M/ �M;H2

Q7 `Qi�iBQM- �M/ +�M #2 BKT`Qp2/ #v 2KTHQvBM; �/�Ti2/ +QMi`QH b2[m2M+2b iQ +Q``2+i

7Q` i?2b2 2``Q`bR99-R98X

jXNXj JB+`Qr�p2 +QMi`QH Q7 Mm+H2�` bTBMb

�b /2KQMbi`�i2/ �#Qp2- +QMi`QH Q7 i?2 13* pB� +QKTQbBi2 TmHb2 b2[m2M+2b QM i?2 aBo

Bb �HbQ TQbbB#H2X � K�tBK�HHv 2Mi�M;HBM; ;�i2 ?�b �H`2�/v #22M /2KQMbi`�i2/ �M/

mb2/ iQ BMBiB�HBx2 i?2 13*- bQ BM Q`/2` iQ #mBH/ � mMBp2`b�H b2i Q7 ;�i2b- �HH r2 `2[mB`2

�`2 mM+QM/BiBQM�H bBM;H2@[m#Bi `Qi�iBQMbX h?Bb Bb /QM2 7QHHQrBM; `272`2M+2R9e- r?2`2

mM+QM/BiBQM�H Mm+H2�` `Qi�iBQMb Q++m` BM bTBM@2+?Q b2[m2M+2b r?2M i?2 BMi2`@TmHb2

bT�+BM; τ Bb ?�H7r�v #2ir22M irQ +QHH�Tb2bX 6Q` i?2 7QHHQrBM; ;�i2b- r2 mb2 �M mM+QM@

/BiBQM�H π/2@TmHb2 +QKTQb2/ Q7 3 π@TmHb2b b2T�`�i2/ #v τ = 0.731 sX

q2 mb2 i?Bb ;�i2 iQ T`Q#2 i?2 +Q?2`2M+2 iBK2 T ∗
2 Q7 i?2 13*X �7i2` K�TTBM; TQTmH�@

iBQM QMiQ i?2 Mm+H2�` bTBM- i?2 aBo Bb `2@BMBiB�HBx2/- �M/ i?2M mb2/ iQ T2`7Q`K mM+QM@

/BiBQM�H π/2@`Qi�iBQMb QM i?2 13* (6B;X jXNU/V)X Pb+BHH�iBQMb BM i?2 bB;M�H /2KQMbi`�i2

G�`KQ` T`2+2bbBQM Q7 i?2 Mm+H2mb �i � 7`2[m2M+v /2i2`KBM2/ #v � +QK#BM�iBQM Q7 i?2

2ti2`M�H }2H/ �b r2HH �b 13*@bT2+B}+ ?vT2`}M2 BMi2`�+iBQMb (*?X 9- r?B+? �`2 b22M �b

i?2 Q`�M;2 /�i� TQBMib BM };m`2 jXNU/VX h?2 ;`22M 2Mp2HQT2 Bb +�H+mH�i2/ #v }iiBM; i?2
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Qb+BHH�iBQMb �M/ 2ti`�+iBM; i?2B` �KTHBim/2X h?2 /2+�v Q7 i?Bb 2Mp2HQT2 T ∗
2 =2.2ms

b?Qrb i?�i i?2 13* ?�b �M 2t+2TiBQM�H [m�MimK K2KQ`v- 2p2M BM i?2 �#b2M+2 Q7 �Mv

/vM�KB+�H /2+QmTHBM;X

q2 +?�`�+i2`Bx2 i?2 }/2HBiv Q7 Qm` +QM/BiBQM�H �M/ mM+QM/BiBQM�H Mm+H2�` ;�i2b

#v ;2M2`�iBM; �M/ `2�/BM; Qmi "2HH bi�i2b #2ir22M i?2 aBo �M/ 13* (�TT2M/BtX *X8)X

6B`bi- r2 BMBiB�HBx2 i?2 k@[m#Bi `2;Bbi2` BMiQ QM2 Q7 i?2 9 2B;2Mbi�i2b, {| ↑e↑N ⟩, | ↑e↓N

⟩, | ↓e↑N ⟩, | ↓e↓N ⟩}- i?2M T2`7Q`K � π/2@TmHb2 QM i?2 2H2+i`QM iQ T`2T�`2 � bmT2`@

TQbBiBQM bi�i2X �7i2`r�`/- � *LPh ;�i2- +QKT`Bb2/ Q7 �M mM+QM/BiBQM�H π/2 TmHb2

7QHHQr2/ #v � K�tBK�HHv 2Mi�M;HBM; ;�i2- T`2T�`2b QM2 Q7 i?2 "2HH bi�i2b |Ψ±⟩, |Φ±⟩

/2T2M/BM; QM i?2 BMBiB�H bi�i2 (6B;X jXN U2-7V)X 6QHHQrBM; i?2 �M�HvbBb QmiHBM2/ BM �T@

T2M/Bt *X8- r2 `2TQ`i �M 2``Q` +Q``2+i2/ }/2HBiv Q7 F ≥ 0.59(4) �M/ C ≥ 0.22(9)-

T`BK�`BHv HBKBi2/ #v Qm` BM�#BHBiv iQ BMBiB�HBx2 i?2 13* (*?X 9)X

jXNX9 _�/BQ@7`2[m2M+v /`BpBM; Q7 Mm+H2�` bTBMb

h?2 T`2pBQmb b2+iBQM /2KQMbi`�i2/ � *LPh ;�i2 #2ir22M aBo �M/ 13* mbBM; +QKTQb@

Bi2 Jq TmHb2bX h?Bb �TT`Q�+? ?�b b2p2`�H /`�r#�+FbX 6B`bi- i?2 ;�i2 }/2HBiv Bb HBK@

Bi2/ #v Qm` �#BHBiv iQ }M2Hv imM2 i?2 `Qi�iBQM �M;H2 Q7 i?2 K�tBK�HHv 2Mi�M;H2/ ;�i2

r?B+? +�M MQi #2 /QM2 BM � +QMiBMmQmb 7�b?BQM (6B;X jXNU�V)X a2+QM/- i?Bb ;�i2 `2[mB`2b

� bT2+B}+ MmK#2` Q7 Jq TmHb2b �M/ /2H�vb #2ir22M i?2K- K�FBM; i?2 ;�i2 /m`�iBQM

U∼50 s BM i?Bb rQ`FV +QKT�`�#H2 iQ i?2 aBo +Q?2`2M+2 iBK2X 6BM�HHv- i?Bb b+?2K2 `2@
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6B;m`2 jXRy, U�V _6 _�#B Qb+BHH�iBQMbX �TTHvBM; �M _6 iQM2 /B`2+iHv /`Bp2b Mm+H2�` `Qi�iBQMb Q7 �
+QmTH2/ 13*X U#V aBo +Q?2`2M+2 BM i?2 T`2b2M+2 Q7 �M _6 /`Bp2X �b i?2 bi`2M;i? Q7 i?2 _6 /`Bp2 Bb
BM+`2�b2/- HQ+�H ?2�iBM; 7`QK i?2 *Sq `2/m+2b i?2 aBo T2X

HB2b QM � b2+QM/ Q`/2` bTHBiiBM; Q7 BM/BpB/m�H 13* `2bQM�M+2b iQ `2bQHp2 BM/BpB/m�H QM2bc

`2bB/m�H +QmTHBM; iQ �//BiBQM�H 13* HBKBib i?2 }/2HBiv 7Q` � TmHb2 b2[m2M+2 Q7 ;Bp2M iQ@

i�H H2M;i?X

.B`2+i _6 +QMi`QHRkk rQmH/ #2 � bBKTH2 r�v iQ K�F2 � 7�bi �M/ ?B;?@}/2HBiv *LPh

;�i2 bBM+2 Bi rQmH/ `2[mB`2 � bBM;H2 _6 π@TmHb2 QM � Mm+H2�` bTBM i`�MbBiBQMR9dX 6m`@

i?2`KQ`2- bBM+2 i?2 Mm+H2�` bTBM i`�MbBiBQM 7`2[m2M+B2b /2T2M/ QM i?2 ?vT2`}M2 +Qm@

THBM; iQ H2�/BM; Q`/2`- i?2b2 TmHb2b +QmH/ ?�p2 ?B;?2` 13* b2H2+iBpBiv �M/ TQi2MiB�HHv

b?Q`i2` ;�i2 /m`�iBQMX

q2 mb2 i?2 _6 TQ`i BMbB/2 i?2 ._ (a2+X jXe) iQ �TTHv _6 TmHb2b `2bQM�Mi rBi? Mm@

+H2�` bTBM i`�MbBiBQMbX 6B;m`2 jXRyU�V b?Qrb _6 _�#B Qb+BHH�iBQMb Q7 i?2 Mm+H2�` bTBMX

aBM+2 i?2 13* ;v`QK�;M2iB+ `�iBQ Bb �#Qmi j Q`/2`b Q7 K�;MBim/2 bK�HH2` +QKT�`2/ iQ

i?2 aBo bTBM- _6 /`BpBM; Bb Km+? H2bb 2{+B2Mi i?�M Jq QM2 �M/ `2[mB`2b Km+? KQ`2

TQr2`X hQ BMp2biB;�i2 HQ+�H ?2�iBM; Q7 i?2 aBo (a2+X jXe) r2 K2�bm`2/ i?2 aBo bTBM
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+Q?2`2M+2 +QMi`�bi BM bTBM@2+?Q b2[m2M+2 `B;?i �7i2` �TTHvBM; Qz@`2bQM�Mi _6 TmHb2

Q7 100 s �i /Bz2`2Mi TQr2` U+�HB#`�i2/ pB� _6 `�#B Qb+BHH�iBQMbV (6B;m`2 jXRyU#V)X lM@

7Q`imM�i2Hv- 1p2M KQ/2bi _�#B 7`2[m2M+B2b UΩRF ∼1 kHzV `2bmHi BM 20% HQbb BM aBo

+Q?2`2M+2X _2TH�+BM; i?2 ;QH/ *q: mb2/ BM i?Bb rQ`F #v bmT2`+QM/m+iBM; QM2b K�v

bQHp2 ?2�iBM; Bbbm2 �M/ K�F2 _6 /`BpBM; T`�+iB+�HHv mb27mHX

jXRy *QM+HmbBQM

h?2 aBo +2Mi2` BM /B�KQM/ ?�b `�TB/Hv #2+QK2 � H2�/BM; +�M/B/�i2 iQ b2`p2 �b i?2

#mBH/BM; #HQ+F Q7 � 7mim`2 [m�MimK M2irQ`FX AM i?Bb rQ`F- r2 /2b+`B#2 i?2 mM/2`HvBM;

i2+?MB+�H T`Q+2/m`2b �M/ QTiBK�H T�`�K2i2` `2;BK2b M2+2bb�`v 7Q` miBHBxBM; i?2 aBo@

M�MQ+�pBiv bvbi2K �b � [m�MimK M2irQ`F MQ/2X AM T�`iB+mH�`- r2 /Bb+mbb i?2 2z2+i

Q7 bi�iB+ �M/ /vM�KB+ bi`�BM QM i?2 T`QT2`iB2b Q7 i?2 aBo bTBM [m#Bi �M/ Bib QTiB+�H

BMi2`7�+2- rBi? /B`2+i �TTHB+�iBQM iQ [m�MimK M2irQ`FBM; 2tT2`BK2MibX q2 /2KQM@

bi`�i2 i2+?MB[m2b 7Q` +Q?2`2MiHv +QMi`QHHBM; �M/ BMi2`7�+BM; aBo bTBM [m#Bib BMbB/2 Q7

M�MQT?QiQMB+ bi`m+im`2b �i KBHHBF2HpBM i2KT2`�im`2b iQ QTiB+�H T?QiQMbX 6BM�HHv- r2

B/2MiB7v �M/ +Q?2`2MiHv +QMi`QH �mtBHB�`v Mm+H2�` bTBMb- 7Q`KBM; � M�MQT?QiQMB+ irQ@

[m#Bi `2;Bbi2`X

h?2 rQ`F T`2b2Mi2/ ?2`2 �M/ BM i?2 7QHHQrBM; +?�Ti2` BHHmbi`�i2b i?2 T�i? iQr�`/b

i?2 `2�HBx�iBQM Q7 � }`bi@;2M2`�iBQM [m�MimK `2T2�i2` #�b2/ QM aBo +2Mi2`b BMbB/2 /B@

�KQM/ M�MQ/2pB+2bX q2 MQi2 i?�i � F2v BM;`2/B2Mi 2M�#HBM; 7mim`2- H�`;2@b+�H2 2tT2`@
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BK2Mib BMpQHpBM; b2p2`�H bQHB/@bi�i2 aBo@M�MQ+�pBiv MQ/2b rBHH #2 i?2 BM+Q`TQ`�iBQM

Q7 bi`�BM imMBM; QMiQ 2�+? /2pB+2R93X S`2+Bb2 imMBM; Q7 #Qi? i?2 bi�iB+ �M/ /vM�KB+

bi`�BM +�M Qp2`+QK2 i?2 HBKBi�iBQMb Q7 BM?QKQ;2M2Qmb #`Q�/2MBM; �M/ bT2+i`�H /Bzm@

bBQM- �M/ 2M�#H2 b+�H�#H2 7�#`B+�iBQM Q7 [m�MimK `2T2�i2` MQ/2b (a2+X jX9)X
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4
Zm�MimK M2irQ`F MQ/2b #�b2/ QM

/B�KQM/ [m#Bib rBi? �M 2{+B2Mi

M�MQT?QiQMB+ BMi2`7�+2

h?Bb +?�Ti2` ?�b #22M Tm#HBb?2/ �b
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ǳZm�MimK M2irQ`F MQ/2b #�b2/ QM /B�KQM/ [m#Bib rBi? �M 2{+B2Mi M�MQT?QiQMB+

BMi2`7�+2Ǵ

*X hX L;mv2M- .X .X amF�+?2p- JX EX "?�bF�`- "X J�+?B2Hb2- .X aX G2pQMB�M- 1X LX

EM�HH- SX ai`Q;�MQp- _X _B2/BM;2`- >X S�`F- JX GQMÍ�` �M/ JX .X GmFBM S?vbX _2pX

G2iiX Rkj- R3jeyk UkyRNV

*QTv`B;?i Ü kyRN #v �K2`B+�M S?vbB+�H aQ+B2ivX �HH `B;?ib `2b2`p2/X

9XR AMi`Q/m+iBQM

h?2 `2�HBx�iBQM Q7 [m�MimK M2irQ`Fb Bb QM2 Q7 i?2 +2Mi`�H +?�HH2M;2b BM [m�MimK b+B@

2M+2 �M/ 2M;BM22`BM; rBi? TQi2MiB�H �TTHB+�iBQMb iQ HQM;@/Bbi�M+2 +QKKmMB+�iBQM- MQM@

HQ+�H b2MbBM; �M/ K2i`QHQ;v- �M/ /Bbi`B#mi2/ [m�MimK +QKTmiBM;Rj-R9-Rd-R3-RyNX S`�+@

iB+�H `2�HBx�iBQMb Q7 bm+? M2irQ`Fb `2[mB`2 BM/BpB/m�H MQ/2b rBi? i?2 �#BHBiv iQ T`Q+2bb

�M/ biQ`2 [m�MimK BM7Q`K�iBQM BM KmHiB@[m#Bi `2;Bbi2`b rBi? HQM; +Q?2`2M+2 iBK2b-

�M/ iQ 2{+B2MiHv BMi2`7�+2 i?2b2 `2;Bbi2`b rBi? QTiB+�H T?QiQMbX *�pBiv [m�MimK 2H2+@

i`Q/vM�KB+b UZ1.V Bb � T`QKBbBM; �TT`Q�+? iQ 2M?�M+2 BMi2`�+iBQMb #2ir22M �iQKB+

[m�MimK K2KQ`B2b �M/ T?QiQMbkj-RRR-RRk-RRj-R9NX h`�TT2/ �iQKb BM QTiB+�H +�pBiB2b �`2

QM2 Q7 i?2 KQbi /2p2HQT2/ +�pBiv Z1. TH�i7Q`Kb 7Q` [m�MimK T`Q+2bbBM;- �M/ ?�p2

/2KQMbi`�i2/ ;�i2b #2ir22M �iQKb �M/ T?QiQMbky �b r2HH �b BMi2`�+iBQMb #2ir22M KmH@

iBTH2 [m#Bib K2/B�i2/ #v i?2 QTiB+�H +�pBivkkX q?BH2 i?2b2 2tT2`BK2Mib ?�p2 /2KQM@

bi`�i2/ �HH Q7 i?2 BM/BpB/m�H +QKTQM2Mib M22/2/ 7Q` � [m�MimK M2irQ`F- +QK#BMBM;

3N



i?2K iQ `2�HBx2 � 7mHH@72�im`2/ MQ/2 `2K�BMb �M Qmibi�M/BM; +?�HH2M;2X

L�MQT?QiQMB+ +�pBiv Z1. bvbi2Kb rBi? bQHB/@bi�i2 2KBii2`b �`2 �TT2�HBM; +�M/B@

/�i2b 7Q` `2�HBxBM; [m�MimK MQ/2b �b i?2v +�M #2 BMi2`7�+2/ rBi? QM@+?BT 2H2+i`QMB+

+QMi`QH �M/ T?QiQMB+ `QmiBM;- K�FBM; i?2K bmBi�#H2 7Q` BMi2;`�iBQM BMiQ H�`;2@b+�H2

M2irQ`Fbkj-RReX LmK2`Qmb �/p�M+2b iQr�`/b i?2 /2p2HQTK2Mi Q7 bm+? MQ/2b ?�p2 #22M

K�/2 `2+2MiHvX a2H7@�bb2K#H2/ [m�MimK /Qib BM :��b ?�p2 #22M 2{+B2MiHv BMi2`7�+2/

rBi? M�MQT?QiQMB+ bi`m+im`2b- 2M�#HBM; � 7�bi- QM@+?BT bTBM@T?QiQM BMi2`7�+2kj-k9X

LBi`Q;2M@p�+�M+v +QHQ` +2Mi2`b BM /B�KQM/ ULobV ?�p2 /2KQMbi`�i2/ KmHiB@[m#Bi

[m�MimK T`Q+2bbQ`b rBi? +Q?2`2M+2 iBK2b �TT`Q�+?BM; QM2 KBMmi2ke- �M/ ?�p2 #22M

mb2/ iQ BKTH2K2Mi [m�MimK 2``Q` +Q``2+iBQMRR3 �M/ i2H2TQ`i�iBQMRRNX .2bTBi2 i?Bb

`�TB/ T`Q;`2bb- 7mM+iBQM�H MQ/2b +QK#BMBM; �HH i?2 M2+2bb�`v BM;`2/B2Mib BM � bBM;H2

/2pB+2 ?�p2 MQi v2i #22M `2�HBx2/X 6Q` 2t�KTH2- [m�MimK K2KQ`v iBK2b BM [m�MimK

/Qib �`2 HBKBi2/ iQ � 72r s #v i?2 /2Mb2 #�i? Q7 bm``QmM/BM; Mm+H2�` bTBMbk8X *QM@

p2`b2Hv- �M 2{+B2Mi M�MQT?QiQMB+ BMi2`7�+2 iQ Lob `2K�BMb 2HmbBp2- BM T�`i /m2 iQ i?2

/2;`�/�iBQM Q7 i?2B` QTiB+�H T`QT2`iB2b BMbB/2 M�MQbi`m+im`2b �`BbBM; 7`QK 2H2+i`B+�H

MQBb2 BM/m+2/ #v i?2 7�#`B+�iBQM3e-R8yX

AM i?Bb +?�Ti2`- r2 /2KQMbi`�i2 �M BMi2;`�i2/ M2irQ`F MQ/2 +QK#BMBM; �HH F2v BM@

;`2/B2Mib `2[mB`2/ 7Q` � b+�H�#H2 [m�MimK M2irQ`FX h?Bb Bb �+?B2p2/ #v +QmTHBM; �

M2;�iBp2Hv +?�`;2/ bBHB+QM@p�+�M+v +QHQ`@+2Mi2` UaBoV iQ � /B�KQM/ M�MQT?QiQMB+ +�p@

Biv �M/ � M2�`#v Mm+H2�` bTBM- BHHmbi`�i2/ b+?2K�iB+�HHv BM 6B;X 9XRU�VX h?2 aBo Bb �M

QTiB+�HHv �+iBp2 TQBMi /272+i BM i?2 /B�KQM/ H�iiB+2jd-RkjX Aib D3d BMp2`bBQM bvKK2i`v

Ny



Si
C13

T=100 mK
(a)

(b)

6B;m`2 9XR, U�V a+?2K�iB+ Q7 � aBo@M�MQT?QiQMB+ [m�MimK `2;Bbi2`X � /B�KQM/ M�MQbi`m+im`2
rBi? 2K#2//2/ aBo +2Mi2`b �M/ �M+BHH�`v 13* Mm+H2B �`2 +QmTH2/ pB� � r�p2;mB/2 iQ � }#2` M2irQ`FX
aTBMb �`2 +QMi`QHH2/ #v �M QM@+?BT KB+`Qr�p2 *Sq �i 0.1KX U#V a+�MMBM; 2H2+i`QM KB+`Q;`�T? Q7
b2p2`�H /2pB+2bX h?2 ;QH/ *Sq Bb /2bB;M2/ iQ HQ+�HBx2 KB+`Qr�p2 }2H/b �`QmM/ i?2 +�pBiv +2Mi2`
U;`22M BMb2iVX

NR



`2bmHib BM � p�MBb?BM; 2H2+i`B+ /BTQH2 KQK2Mi Q7 i?2 ;`QmM/ �M/ 2t+Bi2/ bi�i2b- `2M/2`@

BM; QTiB+�H i`�MbBiBQMb BMb2MbBiBp2 iQ 2H2+i`B+ }2H/ MQBb2 ivTB+�HHv T`2b2Mi BM M�MQ7�#`B@

+�i2/ bi`m+im`2b9y-3NX q2 2M?�M+2 BMi2`�+iBQMb #2ir22M aBob �M/ QTiB+�H T?QiQMb #v

BM+Q`TQ`�iBM; i?2K BMiQ M�MQ+�pBiB2b (*?X j)- r?B+? �`2 +`BiB+�HHv +QmTH2/ iQ QM@+?BT

r�p2;mB/2bX AiBM2`�Mi T?QiQMb BM � }#2` M2irQ`F �`2 �/B�#�iB+�HHv i`�Mb72``2/ iQ i?Bb

r�p2;mB/2- �HHQrBM; 7Q` i?2 +QHH2+iBQM Q7 `2~2+i2/ T?QiQMb rBi? 2{+B2M+B2b 2t+22/BM;

90%RkNX �7i2` �M BMBiB�H QTiB+�H +?�`�+i2`Bx�iBQM Q7 i?2 /2pB+2b- � b?Q`i2/- ;QH/ +QTH�@

M�` r�p2;mB/2 U*SqV Bb /2TQbBi2/ BM +HQb2 T`QtBKBiv iQ � bK�HH bm#b2i Q7 +�pBiB2b

(6B;X 9XR U#V- BMb2i- *?X j)X h?Bb 2M�#H2b +Q?2`2Mi KB+`Qr�p2 K�MBTmH�iBQM Q7 i?2 aBo

;`QmM/ bi�i2 bTBM BM � +`vQ;2MB+ 2MpB`QMK2Mi UT < 0.1KV- r?2`2 T?QMQM@K2/B�i2/

/2T?�bBM; �M/ `2H�t�iBQM T`Q+2bb2b �`2 KBiB;�i2/99-9eX

AM r?�i 7QHHQrb- r2 +?�`�+i2`Bx2 i?2b2 /2pB+2b BM i?2 +QMi2ti Q7 i?2 i?`22 F2v BM;`2@

/B2Mib Q7 � [m�MimK M2irQ`F MQ/2, UBV �M 2{+B2Mi bTBM@T?QiQM BMi2`7�+2- UBBV � HQM;@

HBp2/ [m�MimK K2KQ`v- �M/ UBBBV �++2bb iQ KmHiBTH2 BMi2`�+iBM; [m#BibX

9Xk h?2 aBo bTBM@T?QiQM BMi2`7�+2

h?2 2{+B2Mi bTBM@T?QiQM BMi2`7�+2 Bb 2M�#H2/ #v +QmTHBM; iQ � /B�KQM/ M�MQT?QiQMB+

+�pBivX 6Q` +`BiB+�HHv@+QmTH2/ +�pBiB2b- i?2 T`2b2M+2 Q7 �M aBo KQ/mH�i2b i?2 #�`2

M�MQ+�pBiv `2~2+iBQM bT2+i`mK rBi? i?2 bi`2M;i? Q7 i?Bb KQ/mH�iBQM T�`�K2i`Bx2/

#v i?2 +�pBiv +QQT2`�iBpBiv C = 4g2/(κγ) ∼ 38 UrBi? i?2 bBM;H2 T?QiQM _�#B 7`2@

Nk



∆
(a)

Bext

α

(b)

Laser Detuning (GHz)

P(n)
Photons in 13μs

0 3

F=0.92
1

Re
fle

ct
io

n

0

fQ

4-4

 ↑’〉

 ↓〉
 ↑〉

 ↓’〉

f
↓↓’

f
↑↑’

73
7n

m

 G〉

 E〉

f
↑↓

 ↑〉

 ↓〉

 ↑〉

 ↓〉

(c)

0

1.5

T 2 (m
s)

Number of pulses8 64
0 30τ (ns)

〈Sz〉

0

1

6B;m`2 9Xk, U�V G2p2H bi`m+im`2 Q7 aBo bTBM@+�pBiv bvbi2KX h?2 aBo QTiB+�H i`�MbBiBQM �i 737 nm
Bb +QmTH2/ iQ i?2 M�MQ+�pBiv rBi? /2imMBM; ∆X aTBM +QMb2`pBM; i`�MbBiBQMb UTm`TH2- Q`�M;2V �`2
bTHBi #v �M 2ti2`M�H K�;M2iB+ }2H/ U"extV- �i �M �M;H2 α rBi? `2bT2+i iQ i?2 aBo bvKK2i`v �tBbX
S?QiQMb �i 7`2[m2M+v fQ �`2 T`272`2MiB�HHv `2~2+i2/ #v i?2 +�pBiv r?2M i?2 aBo Bb BM bi�i2 |↑⟩X
JB+`Qr�p2 }2H/b �i 7`2[m2M+v f↑↓ +Q?2`2MiHv /`Bp2 i?2 [m#Bi bi�i2bX U#V aTBM@/2T2M/2Mi `2~2+iBQM
bT2+i`mK 7Q` Bext = 0.19T- α ≈ π/2 �i ∆ = 0.25κX S`Q#BM; �i i?2 TQBMi Q7 K�tBKmK +QMi`�bi
UfQV `2bmHib BM ?B;?@}/2HBiv bTBM@T?QiQM +Q``2H�iBQMb �M/ bBM;H2@b?Qi `2�/Qmi UBMb2i- F = 0.92VX U+V
aBo bTBM +Q?2`2M+2 iBK2 T2(N =64) > 1.5ms rBi? /vM�KB+�H /2+QmTHBM;X UBMb2iV 6�bi KB+`Qr�p2
_�#B /`BpBM; Q7 i?2 aBo bTBMX

Nj



[m2M+v- +�pBiv- �M/ �iQKB+ 2M2`;v /2+�v `�i2 {g,κ, γ} = 2π × {5.6, 33, 0.1} GHzVX 6Q`

C > 1- r2 2tT2+i ?B;?@+QMi`�bi KQ/mH�iBQM 7Q` � bK�HH /2imMBM; U∆V #2ir22M i?2 +�p@

Biv �M/ i?2 aBo `2bQM�M+2 M2�` 737nmX �M 2ti2`M�H }2H/ Bext HB7ib i?2 /2;2M2`�+v Q7

i?2 aBo bTBM@12 bm#@H2p2Hb- +`2�iBM; bTBM@/2T2M/2Mi `2~2+iBQM, T?QiQMb �i i?2 7`2[m2M+v

Q7 K�tBKmK +QMi`�bi UfQV �`2 `2~2+i2/ 7`QK i?2 +�pBiv QMHv r?2M i?2 aBo Bb BM � bT2@

+B}+ bTBM bi�i2 U(6B;X 9XkU�V)- |↑⟩VX AM T`2pBQmb rQ`Fb- bTBM `2�/Qmi Q7 i?2 aBo r�b T2`@

7Q`K2/ rBi? Bext T�`�HH2H iQ i?2 aBo bvKK2i`v �tBb- r?2`2 i?2 bTBM@+QMb2`pBM; i`�M@

bBiBQMb �`2 ?B;?Hv +v+HBM; (*?X k)X h?2 ?B;? +QHH2+iBQM 2{+B2M+v BMiQ � i�T2`2/ }#2`

�HHQrb 7Q` 7�bi bBM;H2@b?Qi `2�/Qmi Q7 i?2 aBo 2p2M BM � KBb�HB;M2/ }2H/ (6B;X 9XkU#V)-

r?B+? Bb M2+2bb�`v 7Q` i?2 Mm+H2�` bTBM +QMi`QH /2b+`B#2/ #2HQrX q2 Q#b2`p2 � `2�/Qmi

}/2HBiv Q7 F = 0.92 BM 13 s 2p2M r?2M QMHv � 72r U∼ 10V T?QiQMb �`2 b+�ii2`2/X

q2 M2ti /2KQMbi`�i2 i?�i i?2 aBo bTBM BM � M�MQ+�pBiv Bb � bmBi�#H2 [m�MimK K2K@

Q`vX JB+`Qr�p2 TmHb2b �i f↑↓ = 6.7GHz +Q?2`2MiHv K�MBTmH�i2 i?2 aBo bTBM [m#BiX

h?2 `2bmHiBM; _�#B Qb+BHH�iBQMb- r?B+? +�M #2 /`Bp2M BM 2t+2bb Q7 80MHz r?BH2 K�BM@

i�BMBM; �++2Ti�#H2 b�KTH2 i2KT2`�im`2b (*?X j)- �`2 b?QrM BM i?2 BMb2i Q7 6B;X 9XkU+VX

h?2b2 `Qi�iBQMb �`2 mb2/ iQ T`Q#2 i?2 +Q?2`2M+2 T`QT2`iB2b Q7 i?2 bTBM pB� /vM�KB+�H

/2+QmTHBM; b2[m2M+2b (6B;X 9XkU+V)Ne-R8RX q2 K2�bm`2 i?2 +Q?2`2M+2 iBK2 Q7 i?2 aBo

BMbB/2 i?2 M�MQ+�pBiv iQ #2 T2 > 1.5ms 7Q` su3 /vM�KB+�H /2+QmTHBM; b2[m2M+2b

(*?X j)- �M/ b+�H2 rBi? i?2 MmK#2` Q7 /2+QmTHBM; TmHb2b �b T2 ∝ N2/3X h?2 +Q?2`@

2M+2 b+�HBM; Q#b2`p2/ ?2`2 /Bz2`b 7`QK i?�i Q#b2`p2/ BM #mHF /B�KQM/ (*?X k)- �M/ Bb

bBKBH�` iQ Lob M2�` bm`7�+2bR9yX h?Bb bm;;2bib i?�i aBo K2KQ`v BM M�MQbi`m+im`2b Bb

N9



HBKBi2/ #v �M 2H2+i`QM bTBM #�i?- 7Q` 2t�KTH2 `2bB/BM; M2�` i?2 bm`7�+2 Q7 i?2 M�MQb@

i`m+im`2 Q` `2bmHiBM; 7`QK BKTH�Mi�iBQM@BM/m+2/ /�K�;2 (*?X j)X

9Xj aiQ`BM; T?QiQMB+ [m#Bib BM aBo K2KQ`v

q2 MQr +QK#BM2 i?2 2{+B2Mi bTBM@T?QiQM BMi2`7�+2 �M/ +QMi`QH Qp2` i?2 aBo bTBM

bi�i2 iQ /2KQMbi`�i2 ?2`�H/2/ biQ`�;2 Q7 T?QiQMB+ [m#Bi bi�i2b BM i?2 bTBM@K2KQ`v- �

F2v 72�im`2 Q7 � M2irQ`F MQ/2RRkX 6B;X 9XjU�V QmiHBM2b i?2 2tT2`BK2Mi�H b+?2K2- r?2`2

T?QiQMB+ [m#Bib �`2 T`2T�`2/ mbBM; iBK2@#BM 2M+Q/BM; �M/ K�TT2/ QMiQ i?2 aBo bTBMX

AM Qm` 2tT2`BK2Mib- i?2 aBo Bb }`bi BMBiB�HBx2/ BMiQ � bmT2`TQbBiBQM bi�i2 |→⟩ ∝ |↑⟩+|↓⟩

#v QTiB+�H TmKTBM; 7QHHQr2/ #v � KB+`Qr�p2 π
2 @TmHb2X � T�B` Q7 r2�F +Q?2`2Mi TmHb2b

b2T�`�i2/ #v δt = 30ns �i 7`2[m2M+v fQ �`2 i?2M b2Mi iQ i?2 +�pBivX h?2 bBM;H2 T?Q@

iQM bm#@bT�+2 +Q``2bTQM/b iQ �M BM+QKBM; [m#Bi bi�i2 |Ψi⟩ ∝ βe |e⟩ + βl |l⟩- r?2`2

|e⟩ U|l⟩V /2MQi2b i?2 T`2b2M+2 Q7 � T?QiQM BM i?2 2�`Hv UH�i2V iBK2@#BMX �b � T?QiQM

+�M QMHv #2 `2~2+i2/ 7`QK i?2 /2pB+2 B7 i?2 aBo Bb BM bi�i2 |↑⟩ (6B;X 9XkU�V)- T�`iB+@

mH�` +QKTQM2Mib Q7 i?2 BMBiB�H T`Q/m+i bi�i2 +�M #2 2z2+iBp2Hv Ǵ+�`p2/ QmiǴkkX q2

BMp2`i i?2 aBo bTBM rBi? � π@TmHb2 #2ir22M i?2 �``Bp�H Q7 i?2 irQ iBK2 #BMb �i i?2

+�pBiv- bm+? i?�i � T?QiQM /2i2+iBQM 2p2Mi BM/B+�i2b i?�i i?2 }M�H bi�i2 ?�b MQ |e ↑⟩

Q` |l ↓⟩ +QKTQM2MiX h?Bb H2�p2b i?2 bvbi2K BM i?2 }M�H bTBM@T?QiQM 2Mi�M;H2/ bi�i2

|Ψf⟩ ∝ βe |e ↓⟩ + βl |l ↑⟩X h?2 `2~2+i2/ T?QiQM 2Mi2`b � iBK2@/2H�v BMi2`72`QK2i2`-

r?2`2 QM2 �`K T�bb2b i?`Qm;? � /2H�v HBM2 Q7 H2M;i? δt- �HHQrBM; i?2 irQ iBK2@#BMb iQ

N8



InitSpin:

Photon:
Xs

T T
Heralded Mapping Storage

∆t

+

-
|ψin |e + eiφ|l

π
2 π π

+ Detector

Result
→〉 ←〉

- Detector

83(4)

87(3)13(3)

17(4)

6(3)94(3)

85(3)15(3)

|ψ
in

In
pu

t

→〉 ←〉 0%

100%

(a)

(b)

+〉

−〉

Xp

6B;m`2 9Xj, U�V a+?2K�iB+ 7Q` ?2`�H/2/ T?QiQM biQ`�;2X 6B`bi- i?2 aBo Bb T`2T�`2/ BM � bmT2`TQb@
iBQM Q7 irQ bTBM bi�i2b- i?2M � T?QiQMB+ [m#Bi Bb `2~2+i2/ Qz i?2 /2pB+2- ~BTTBM; i?2 bTBM bi�i2
#2ir22M i?2 iBK2 #BMbX .2i2+iBQM Q7 i?2 T?QiQM BM i?2 s #�bBb UXpV ?2`�H/b K�TTBM; Q7 i?2 [m#Bi
QMiQ i?2 bTBM U;`22M #QtVX h?2 [m#Bi Bb biQ`2/ BM K2KQ`v 7Q` 2T = 20 s rBi? /vM�KB+�H /2+QmTHBM;
QM i?2 aBo UTBMF #QtVX U#V aTBM@T?QiQM biQ`�;2 }/2HBivX h?2 bi�i2 |±⟩ = |↓⟩ ± |↑⟩ Bb K�TT2/ QMiQ
i?2 aBo- rBi? �p2`�;2 }/2HBiv F = 87(6)%X

Ne



BMi2`72`2 �M/ 2`�b2 r?B+?@iBK2@#BM BM7Q`K�iBQMX �b +�M #2 b22M #v 2tT`2bbBM; i?2 }M�H

bi�i2 BM i?2 +Q``2bTQM/BM; T?QiQM #�bBb,

|ψ⟩f ∝ |+⟩ (βe |↓⟩+ βl |↑⟩) + |−⟩ (βe |↓⟩ − βl |↑⟩), U9XRV

� /2i2+iBQM 2p2Mi QM 2Bi?2` i?2 ǵ+Ƕ Q` ǵ−Ƕ �`K Q7 i?2 BMi2`72`QK2i2` `2T`2b2Mib � K2�@

bm`2K2Mi BM i?2 s@#�bBb U|±⟩ ∝ |e⟩ ± |l⟩V- 2z2+iBp2Hv i2H2TQ`iBM; i?2 BMBiB�H T?QiQMB+

bi�i2 QMiQ i?2 2H2+i`QM UmT iQ � FMQrM HQ+�H `Qi�iBQMVX q2 2tT2`BK2Mi�HHv p2`B7v ;2M@

2`�iBQM Q7 i?2 2Mi�M;H2/ bi�i2 |ψ⟩f 7Q` BMTmi bi�i2b |ψ⟩i = |±⟩ #v K2�bm`BM; bTBM@

T?QiQM +Q``2H�iBQMb (�TT2M/Bt *)- �M/ mb2 Bi iQ 2ti`�+i � i2H2TQ`i�iBQM }/2HBiv Q7

0.92(6)X

�7i2` /2i2+iBQM Q7 i?2 ?2`�H/BM; T?QiQM- r2 biQ`2 i?2 i2H2TQ`i2/ T?QiQMB+ bi�i2b

UBMBiB�HHv T`2T�`2/ BM |+⟩ Q` |−⟩V BM bTBM K2KQ`v 7Q` 20 s #v �TTHvBM; �M �//BiBQM�H

/2+QmTHBM; π@TmHb2 QM i?2 aBo bTBMX 6BM�HHv- r2 K2�bm`2 i?2 aBo bTBM bi�i2 pB� HQ+�H

`Qi�iBQMb 7QHHQr2/ #v T`QD2+iBp2 `2�/Qmi- �M/ }M/ i?�i i?2 Qp2`�HH }/2HBiv Q7 i2H2TQ`@

i�iBQM �M/ biQ`�;2 Bb F = 0.87(6) �7i2` +Q``2+i2/ 7Q` `2�/Qmi 2``Q`b (6B;X 9XjU#V)X h?2

[m�MimK biQ`�;2 iBK2 +�M #2 2ti2M/2/ #v �//BiBQM�H /2+QmTHBM; b2[m2M+2b (6B;X 9XkU+V)-

2M�#HBM; 2Mi�M;H2K2Mi /Bbi`B#miBQM mT iQ � T2@HBKBi2/ `�M;2 Q7 500 kmX

Nd



9X9 JmHiB@[m#Bi `2;Bbi2`b BM /B�KQM/ +�pBiB2b

AM Q`/2` iQ 2ti2M/ i?Bb `�M;2 �M/ iQ 2M�#H2 KQ`2 ;2M2`B+ [m�MimK +QKKmMB+�iBQM

T`QiQ+QHb- r2 M2ti /2KQMbi`�i2 � irQ@[m#Bi `2;Bbi2` #�b2/ QM i?2 +�pBiv +QmTH2/ aBo

2H2+i`QMB+ bTBM �M/ � M2�`#v 13* Mm+H2�` K2KQ`vX h?2 13* BbQiQT2 Q7 +�`#QM Bb � bTBM@

1
2 Mm+H2mb r?B+? ?�b ∼ 1% M�im`�H �#mM/�M+2 BM /B�KQM/- �M/ Bb FMQrM iQ 2t?B#Bi

2t+2TiBQM�H +Q?2`2M+2 iBK2bkeX q?BH2 /B`2+i `�/BQ@7`2[m2M+v K�MBTmH�iBQM Q7 Mm+H2�`

bTBMb Bb BKT`�+iB+�H /m2 iQ ?2�iBM; +QM+2`Mb (*?X j)- +QMi`QH Qp2` 13* bTBMb +�M #2

�+?B2p2/ #v �/�TiBM; 2H2+i`QM K2/B�i2/ i2+?MB[m2b /2p2HQT2/ 7Q` LBi`Q;2M p�+�M+v

ULoV +2Mi2`bRRd-R9e-R8k-R8jX h?2 T?vbB+�H T`BM+BTH2 Q7 i?2 aBo@13* BMi2`�+iBQM Bb /2@

TB+i2/ BM 6B;X 9X9U�VX h?2 aBo ;2M2`�i2b � bTBM@/2T2M/2Mi K�;M2iB+ }2H/ BSiV �i i?2

TQbBiBQM Q7 i?2 13*- r?B+? Bb HQ+�i2/ � 72r H�iiB+2 bBi2b �r�vX h?Bb Bb /2b+`B#2/ #v �

?vT2`}M2 BMi2`�+iBQM >�KBHiQMB�M,

ĤHF = !A∥
Ŝz

2

Îz
2

+ !A⊥
Ŝz

2

Îx
2

U9XkV

r?2`2 Ŝz,x UÎz,xV �`2 i?2 S�mHB QT2`�iQ`b 7Q` i?2 2H2+i`QM UMm+H2�`V bTBM- �M/ A∥,⊥ �`2

i?2 +QmTHBM; T�`�K2i2`b `2H�i2/ iQ i?2 T�`�HH2H �M/ T2`T2M/B+mH�` +QKTQM2Mib Q7 BSiV

rBi? `2bT2+i iQ i?2 #B�b }2H/ Bext
R9e-R8j-R89X >vT2`}M2 BMi2`�+iBQMb K�MB72bi i?2K@

b2Hp2b BM bTBM@2+?Q K2�bm`2K2Mib �b T2`BQ/B+ `2bQM�M+2bR9e- b?QrM BM 6B;X 9X9U#V 7Q`

�M su3@k /2+QmTHBM; b2[m2M+2 π/2− (τ − π − τ)16 − π/2- r?2`2 τ Bb i?2 7`22 2pQHmiBQM

N3



iBK2X h?2 +Q?2`2M+2 2Mp2HQT2 7Q` i?Bb b2[m2M+2 Bb T2(N = 16) = 603 s (6B;X 9X9U#V-

mTT2` T�M2H)X

6Q` r2�FHv +QmTH2/ 13* UA⊥ ≪ ωl- �M/ A∥ ≪ ωl- �b mb2/ BM i?Bb H2ii2`V- i?2 TQbB@

iBQMb Q7 i?2 `2bQM�M+2bR9e

τk ≈ 2k + 1

2ωl

(
1− 1

2

(
A⊥
2ωl

)2
)
, U9XjV

r?2`2 ωl Bb i?2 H�`KQ` 7`2[m�M+v Q7 � #�`2 13*- �`2 BMb2MbBiBp2 iQ bT2+B}+ 13* ?vT2`@

}M2 T�`�K2i2`b �i }`bi Q`/2`- `2M/2`BM; i?2K BM/BbiBM;mBb?�#H2 �i 2�`Hv iBK2b Uτk ≪

4 s- (6B;X 9X9U#V- `2/ BMb2i)VX AM/BpB/m�H 13* +�M #2 BbQH�i2/ �i HQM;2` iBK2bR9e- �M/

�`2 mb2/ iQ 2M;BM22` ;�i2b #2ir22M � bBM;H2 13* �M/ i?2 aBo (6B;X 9X9U#V- ;`22M BMb2i)

»X h?2 7mM/�K2Mi�H irQ@[m#Bi ;�i2 �bbQ+B�i2/ rBi? bm+? BMi2`�+iBQM Bb � +QM/BiBQM�H

±π/2 `Qi�iBQM Q7 i?2 13*@bTBM �`QmM/ i?2 X �tBb UR±π/2
x V- r?B+? Bb � K�tBK�HHv 2M@

i�M;HBM; ;�i2X hQ;2i?2` rBi? mM+QM/BiBQM�H `Qi�iBQMb Q7 i?2 Mm+H2�` bTBM Ur?B+? �`2

�HbQ ;2M2`�i2/ pB� /vM�KB+�H /2+QmTHBM; b2[m2M+2bV- �M/ Jq `Qi�iBQMb QM i?2 aBo-

i?2b2 b2[m2M+2b 7Q`K � mMBp2`b�H b2i Q7 ;�i2b 7Q` i?2 `2;Bbi2`R9eX

q2 +?�`�+i2`Bx2 i?2 13* pB� _�Kb2v bT2+i`Qb+QTv (6B;X 9X9U+V)X h?2 Mm+H2�` bTBM Bb

BMBiB�HBx2/ �M/ `2�/ Qmi pB� i?2 QTiB+�HHv �//`2bb�#H2 aBo bTBM #v i`�Mb72``BM; TQT@

mH�iBQM #2ir22M i?2 aBo �M/ 13* (*?X j)X .2T2M/BM; QM i?2 aBo bi�i2 #27Q`2 i?2

_�Kb2v b2[m2M+2- r2 Q#b2`p2 Qb+BHH�iBQMb Q7 i?2 Mm+H2�` bTBM �i Bib 2B;2M7`2[m2M+B2b
»h?Bb Bb BM +QMi`�bi rBi? i?2 Lo +2Mi2`- r?B+? Bb � bTBM@R bvbi2K �M/ i?2`27Q`2 72�im`2b �

HBM2�` b?B7i Q7 i?2 `2bQM�M+2b rBi? +QmTHBM; bi`2M;i? A∥ BM i?2 S = {0,−1} bm#@bvbi2KX

NN



ω2
↑,↓ =

(
ωl ±A∥/2

)2
+ (A⊥/2)

2V- �HHQrBM; mb iQ /2i2`KBM2 i?2 ?vT2`}M2 T�`�K2@

i2`b {ωl, A∥, A⊥} = 2π{2.0, 0.70,−0.35}MHzX h?Bb +Q?2`2M+2 T2`bBbib 7Q` T ∗
2 > 2ms

(*?X j)- �M/ +�M #2 7m`i?2` 2ti2M/2/ iQ T2 > 0.2 s #v �TTHvBM; � bBM;H2 /vM�KB+�H /2@

+QmTHBM; π@TmHb2 QM i?2 Mm+H2mb- /2KQMbi`�iBM; i?2 2t+2TiBQM�H K2KQ`v Q7 i?2 13*

Mm+H2�` bTBM (6B;X 9X9U/V)X

q2 #2M+?K�`F i?2 irQ@[m#Bi `2;Bbi2` #v /2KQMbi`�iBM; �M aBo@+QMi`QHH2/ s@;�i2

U*LPhV QM i?2 13*@bTBM #v +QK#BMBM; � R±π/2
x rBi? �M mM+QM/BiBQM�H Mm+H2�` π/2 `Q@

i�iBQM (*?X j)X h?Bb ;�i2 `2bmHib BM � bTBM ~BT Q7 i?2 13* QMHv B7 i?2 aBo bTBM Bb BM i?2

bi�i2 |↓⟩ (6B;X 9X9U2V)X q2 mb2 i?Bb ;�i2 iQ T`2T�`2 � "2HH bi�i2 #v BMBiB�HBxBM; i?2 `2;@

Bbi2` BM |↓↓⟩- �M/ �TTHvBM; � π/2@`Qi�iBQM ;�i2 QM i?2 aBo bTBM 7QHHQr2/ #v � *LPh

;�i2X *Q``2H�iBQM K2�bm`2K2Mib vB2H/ � +QM+m``2M+2 Q7 C = 0.22(9) +Q``2bTQM/BM; iQ �

"2HH bi�i2 }/2HBiv Q7 F = 0.59(4) �7i2` +Q``2+iBM; 7Q` `2�/Qmi 2``Q`b (�TT2M/Bt *)X

9X8 *QM+HmbBQM

Pm` 2tT2`BK2Mib /2KQMbi`�i2 i?2 }`bi T`QiQivT2 Q7 � M�MQT?QiQMB+ [m�MimK M2irQ`F

MQ/2 +QK#BMBM; �HH M2+2bb�`v BM;`2/B2Mib BM � bBM;H2 T?vbB+�H bvbi2KX q2 2KT?�bBx2

i?�i #Qi? bTBM@T?QiQM �M/ bTBM@bTBM 2tT2`BK2Mib �`2 T2`7Q`K2/ BM i?2 b�K2 /2pB+2

mM/2` B/2MiB+�H +QM/BiBQMb U+�pBiv /2imMBM; �M/ #B�b }2H/V- i?2`2#v T`QpB/BM; bBKmHi�@

M2Qmb /2KQMbi`�iBQM Q7 �HH F2v `2[mB`2K2Mib 7Q` � M2irQ`F MQ/2X

h?2 K�BM HBKBi�iBQM QM i?2 /2KQMbi`�i2/ }/2HBiB2b �`2 `2H�i2/ iQ i?2 bT2+B}+ 13* BM

Ryy



(b)

8
-1

〈S
z
〉

1

0 τ (μs)

Bext

BSiV

13C

13C

13C

(a)

 ↓e〉

 ↑e〉

ω↓

 ↓n〉

 ↑n〉

 ↓n〉

 ↑n〉

ω↑

-1

〈S
z
〉

1

5.75.5 τ (μs) 7.27 τ (μs)

Single 13C

Bath 13C

0

XY8-2 delay τ (μs)0 25
-1〈S

z
〉

Sequence length T (μs) 800

(d)

(e)
 ↓e↓n〉

 ↓e↑n〉

 ↑e↓n〉

 ↑e↑n〉

 ↓e↓n〉  ↓e↑n〉  ↑e↓n〉  ↑e↑n〉

16(2) 79(2) 3(2) 2(2)

79(2) 14(2) 5(2) 3(2)

3(2) 5(2) 76(2) 16(2)

2(2) 3(2) 16(2) 79(2) 0%

100%*
(c)

τ (s) 0.40
-0.6

〈I
x
〉

T2 = 0.2s

ω↓

ω↑

T2 = 2.6ms

-0.6

〈I
x
〉

0.6

0
50 τ (ms) 54

6B;m`2 9X9, U�V a+?2K�iB+ Q7 �M aBo +QmTH2/ iQ M2�`#v 13* Mm+H2�` bTBMbX P`�M;2 UTm`TH2V p2+iQ`b
�`2 +QM/BiBQM�H }2H/b r?2M i?2 aBo Bb BM bi�i2 |↑⟩ U|↓⟩VX U#V su3@k bTBM@2+?QX UhQTV 2Mp2HQT2 7Q`
bTBM@2+?Q b?Qrb � T2(N = 16) =603 sX su3@k �i 2�`Hv iBK2b U*2Mi2`V 2t?B#Bib +QHH�Tb2b BM bB;M�H
/m2 iQ BMi2`�+iBQM rBi? Mm+H2�` bTBMbX aBM;H2 13* +�MMQi #2 B/2MiB}2/ �i 2�`Hv iBK2b U`2/ BMb2iV-
#mi +�M #2 b2T�`�i2/ 7`QK i?2 #�i? �i HQM; iBK2b U;`22M BMb2iVX U+V _�Kb2v K2�bm`2K2Mi QM i?2
13* Mm+H2�` bTBMX h?2 Mm+H2�` bTBM T`2+2bb2b �i � /Bz2`2Mi G�`KQ` 7`2[m2M+v /2T2M/BM; QM r?2i?2`
i?2 aBo Bb T`2T�`2/ BM |↑⟩ UQ`�M;2V Q` |↓⟩ UTm`TH2VX *Q?2`2Mi Qb+BHH�iBQMb T2`bBbi 7Q` T ∗

2 > 2ms
(*?X j)X U/V aTBM 2+?Q QM 13*- `2p2�HBM; T2 > 0.2 s U2V _2+QMbi`m+i2/ �KTHBim/2b 7Q` � *LPh ;�i2
i`�Mb72` K�i`BtX RyR



i?2 T`QtBKBiv Q7 i?2 aBo- `2[mB`BM; �M mM7�pQ`�#H2 �HB;MK2Mi Q7 i?2 2ti2`M�H K�;M2iB+

}2H/ BM Q`/2` iQ BbQH�i2 � bBM;H2 13*X aT2+B}+�HHv- i?2 }/2HBiv Q7 irQ@[m#Bi ;�i2b Bb HBK@

Bi2/ #v `2bB/m�H +QmTHBM; iQ #�i? Mm+H2B- aBo /2+Q?2`2M+2 /m`BM; i?2 ;�i2 QT2`�iBQMb-

�M/ mM/2`fQp2`@`Qi�iBQMb Q7 i?2 Mm+H2�` bTBM �`BbBM; 7`QK i?2 ;`�MmH�`Biv Q7 bTBM@2+?Q

b2[m2M+2bX hQ `2/m+2 i?2b2 2``Q`b- }M2@imM2/ �/�TiBp2 TmHb2 b2[m2M+2b +�M #2 mb2/ iQ

2M?�M+2 b2MbBiBpBiv iQ bT2+B}+ M2�`#v 13*- �M/ i�BHQ` i?2 `Qi�iBQM �M;H2 �M/ �tBb Q7 `Q@

i�iBQMR99-R98X �Hi2`M�iBp2Hv- `2TH�+BM; ;QH/ rBi? bmT2`+QM/m+iBM; KB+`Qr�p2 +QTH�M�`

r�p2;mB/2b rBHH bB;MB}+�MiHv `2/m+2 Q?KB+ ?2�iBM;- �M/ �HHQr /B`2+i `�/BQ@7`2[m2M+v

+QMi`QH Q7 Mm+H2�` bTBMbX h?2b2 BKT`Qp2K2Mib +QmH/ �HbQ 2M�#H2 i?2 `2�HBx�iBQM Q7 �

/2i2`KBMBbiB+ irQ@[m#Bi `2;Bbi2` #�b2/ QM 29aBo- r?B+? +QMi�BMb #Qi? 2H2+i`QMB+ �M/

Mm+H2�` bTBMb BM � bBM;H2 /272+i9kX

h?2 }/2HBiv Q7 i?2 ?2`�H/2/ T?QiQM K�TTBM; U> 90%V Bb +QKT2iBiBp2 rBi? bTBM@

T?QiQM +Q``2H�iBQMb �+?B2p�#H2 BM Qi?2` bQHB/ bi�i2 TH�i7Q`KbR88-R8e- �M/ Bb HBKBi2/ T`B@

K�`BHv #v BKT2`72+i +`BiB+�H +QmTHBM; Q7 i?2 +�pBivX h?2 BKT`Qp2K2Mib Q7 i?2 Mm+H2�`

bTBM +QMi`QH K2MiBQM2/ �#Qp2 rQmH/ �HHQr 7Q` rQ`FBM; BM �M 2ti2`M�H K�;M2iB+ }2H/

�HB;M2/ iQ i?2 aBo �tBb- r?B+? rQmH/ BKT`Qp2 `2�/Qmi }/2HBiv 7`QK F ∼ 0.90 U`2TQ`i2/

?2`2V iQ 0.999RX h?2 BKT2/�M+2 KBbK�i+? Q7 i?2 +�pBiv mb2/ BM i?Bb 2tT2`BK2Mi �HbQ

;Bp2b `Bb2 iQ `2bB/m�H `2~2+iBQMb r?B+? �`2 MQi 2Mi�M;H2/ rBi? i?2 aBoX "v mbBM; � +`Bi@

B+�HHv +QmTH2/ +�pBiv- r2 ?�p2 `2+2MiHv `2�HBx2/ K2KQ`v@2M?�M+2/ [m�MimK +QKKm@

MB+�iBQM #�b2/ QM i?2 i2+?MB[m2b /2KQMbi`�i2/ BM i?2 T`2b2Mi rQ`FR8dX arBi+?BM; iQ

Qp2`@+QmTH2/ +�pBiB2b rQmH/ �HbQ 2M�#H2 i?2 mb2 Q7 � aBo bTBM@/2T2M/2Mi T?�b2 ~BT 7Q`

Ryk



`2~2+i2/ T?QiQMb- BKT`QpBM; #Qi? i?2 }/2HBiv �M/ bm++2bb T`Q#�#BHBiv Q7 bTBM@T?QiQM

BMi2`�+iBQMbX

AM +QMDmM+iBQM rBi? `2+2Mi �/p�M+2b BM +QMi`QHHBM; 2KBii2` BM?QKQ;2M2Biv pB� BK@

T`Qp2/ 7�#`B+�iBQM T`Q+2/m`2b �M/ 2H2+i`QK2+?�MB+�H imMBM;R83- i?2b2 i2+?MB[m2b b?QmH/

�HHQr 7Q` +?BT@b+�H2 7�#`B+�iBQM Q7 [m�MimK M2irQ`F MQ/2b- H�vBM; i?2 ;`QmM/rQ`F 7Q`

i?2 `2�HBx�iBQM Q7 b+�H�#H2 [m�MimK `2T2�i2`dN-RyN �`+?Bi2+im`2bX h?2 �#BHBiv iQ biQ`2

[m�MimK BM7Q`K�iBQM BM ?B;?Hv +Q?2`2Mi 13* Mm+H2B- �b r2HH �b i?2 QTTQ`imMBiv iQ

2ti2M/ i?2b2 `2bmHib iQ Qi?2` ;`QmT@Ao +QHQ`@+2Mi2`b- K�v QT2M mT i?2 TQbbB#BHBiv Q7

QT2`�iBM; bm+? MQ/2b �i �i i2KT2`�im`2b > 1KjR-Rkk-R8N-ReyX 6BM�HHv- #v miBHBxBM; QM@

/2K�M/ bBM;H2 T?QiQM bQm`+2b- i?2 2{+B2Mi [m�MimK M2irQ`F MQ/2 /2KQMbi`�i2/ BM

i?Bb G2ii2` +QmH/ 2M�#H2 ;2M2`�iBQM Q7 KmHiB@/BK2MbBQM�H +Hmbi2` bi�i2b Q7 K�Mv T?Q@

iQMb- r?B+? +QmH/ 7�+BHBi�i2 `2�HBx�iBQM Q7 MQp2H- mHi`�@7�bi QM2@r�v [m�MimK +QKKmMB@

+�iBQM �`+?Bi2+im`2bReRX

Ryj



5
*QM+HmbBQM

h?Bb i?2bBb #mBH/b QM i?2 p�bi #Q/v Q7 rQ`F QM /B�KQM/ +QHQ` +2Mi2`b- �M/ 7Q+mb2b

QM mM/2`bi�M/BM; i?2 aBo BM i?2 +QMi2ti Q7 � bTBM@T?QiQM BMi2`7�+2X �Hi?Qm;? i?2

bT2+B}+b Q7 i?2 aBo �`2 7mM/�K2Mi�HHv /Bz2`2Mi i?�M Bib +QmbBM i?2 Lo- bim/B2b rBi?

i?Bb /272+i ?�p2 T`Q;`2bb2/ �HQM; bBKBH�` HBM2b- �M/ QT2M2/ i?2 /QQ` 7Q` � `B+? mM/2`@

bi�M/BM; Q7 /B�KQM/ +QHQ` +2Mi2`b 7Q` [m�MimK i2+?MQHQ;B2bX

Ry9



8XR PmiHQQF 7Q` aBo M�MQb+�H2 b2MbBM;

*?�Ti2` R B/2MiB}2b QM2 �TTHB+�iBQM 7Q` aBob BM M�MQ/B�KQM/b- r?2`2 i?2v +�M #2

mb2/ �b QTiB+�HHv +QMi`QHH2/ i?2`KQK2i2`bX lMHBF2 Qi?2` bvbi2Kb 7Q` HmKBM2b+2Mi i?2`@

KQK2i2`v UBM+Hm/BM; i?2 LoV- i?2 aBo 2t+2Hb /m2 iQ Bib #`B;?i- ?QKQ;2M2Qmb QTiB+�H

i`�MbBiBQMb r?B+? `2M/2` Bi M2�`Hv +�HB#`�iBQM 7`22- rBi? 7�bi `2�/Qmi iBK2b- bmBi�#H2 7Q`

iBK2@b2MbBiBp2 �TTHB+�iBQMb- BM+Hm/BM; BMi`�+2HHmH�` #BQHQ;B+�H T`Q+2bb2bX .2bTBi2 i?2b2

�/p�Mi�;2b- i?Bb �TTHB+�iBQM Bb HBKBi2/ BM T�`i /m2 iQ i?2 aBoǶb HQr [m�MimK 2{+B2M+v

UQMHv �#Qmi 10% Q7 2t+Bi2/ bi�i2 /2+�v Bb `�/B�iBp2VX q?BH2 i?Bb +�M TQi2MiB�HHv #2

Qp2`+QK2 #v T?QMQM 2M;BM22`BM; U7Q` 2t�KTH2 #v mbBM; bK�HH M�MQ/B�KQM/b r?2`2 `2H@

2p�Mi T?QMQM KQ/2b �`2 bmTT`2bb2/V- Bi +QmH/ �HbQ #2 bQHp2/ i?`Qm;? i?2 /Bb+Qp2`v Q7

MQp2H +QHQ` +2Mi2`b KQ`2 bmBi�#H2 7Q` i?Bb �TTHB+�iBQMX .B�KQM/ Bb FMQrM iQ #2 ?Qbi iQ

� rB/2 �``�v Q7 +QHQ` +2Mi2`b- K�Mv Q7 r?B+? ?�p2 v2i iQ #2 +�`27mHHv BMp2biB;�i2/RekX

�b i?Bb rQ`F rBi? i?2 aBo b?Qrb- �M BM+`2�b2/ mM/2`bi�M/BM; �M/ 7�KBHB�`Biv rBi?

i?2b2 +QHQ` +2Mi2`b ?�b i?2 TQi2MiB�H iQ mM+Qp2` M2r TH�i7Q`Kb �M/ �TTHB+�iBQMb 7Q`

�+�/2KB+ �M/ BM/mbi`B�H `2b2�`+?X AM 7�+i- +m``2Mi mM/2`bi�M/BM; Q7 i?2 aBoǶb 7�pQ`@

�#H2 bvKK2i`v T`QT2`iB2b ?�b KQiBp�i2/ i?2 b2�`+? 7Q` � 7�KBHv Q7 +QHQ` +2Mi2`b #�b2/

QM ;`QmT@Ao TQBMi /272+ib BM /B�KQM/- �HH Q7 r?B+? �TT2�` iQ ?�p2 bBKBH�` bvKK2@

i`v �M/ 2H2+i`QMB+ bi`m+im`2kN-jy-jR- r?BH2 �HbQ ?�pBM; ?B;?2` BMi`BMbB+ [m�MimK 2{@

+B2M+vRejX L�im`�HHv- i?2b2 +2Mi2`b �HbQ K�F2 7Q` mb27mH M�MQb+�H2 i?2`KQK2i2`bRe9-Re8X

Ry8



GQQFBM; 7Q`r�`/- r2 MQi2 i?�i aBo i?2`KQK2i`v Bb 2M�#H2/ T`BK�`BHv #v i?2 Q`#Bi�H

+QKTQM2Mi Q7 i?2 2H2+i`QMB+ r�p27mM+iBQMb- r?B+? �`2 b2MbBiBp2 iQ #Qi? i?2`K�H H�iiB+2

2tT�MbBQM �M/ T?QMQM@BM/m+2/ 2M2`;v b?B7ibX h?Bb M�im`�HHv bm;;2bib Qi?2` TQi2MiB�H

b2MbBM; b+?2K2b rBi? aBob- BM+Hm/BM; bi`�BMX _2+2MiHv- Bi ?�b #22M K2�bm`2/ i?�i aBo

2H2+i`QMB+ H2p2Hb �`2 ?B;?Hv b2MbBiBp2 iQ bi`�BM ~m+im�iBQMbRkR-R93 (*?X j)X h?Bb b2MbBiBp@

Biv KB;?i T`Qp2 mb27mH BM Bib QrM `B;?i �b � bi`2bb b2MbQ`Ree- Q` iQ KQiBp�i2 `2b2�`+? BM

2M;BM22`BM; aBo@aBo T?QMQMB+ +QmTHBM;Red-Re3X

8Xk PmiHQQF 7Q` aBo [m�MimK M2irQ`Fb

*?�Ti2`b k@9 `2T`2b2Mi i?2 K�BM `2bmHib Q7 i?Bb i?2bBb- r?2`2 r2 QmiHBM2 Qm` 2zQ`ib iQ

2bi�#HBb? i?2 aBo M�MQ+�pBiv TH�i7Q`K �b � [m�MimK M2irQ`F MQ/2X q2 /2KQMbi`�i2

i?�i i?Bb bvbi2K 7mH}HHb �HH Q7 i?2 M2+2bb�`v +`Bi2`B� 7Q` #mBH/BM; � [m�MimK M2irQ`F, �

bK�HH `2;Bbi2` Q7 BMi2`�+iBM; [m#Bib rBi? ?B;? }/2HBiv ;�i2b �M/ HQM; [m�MimK K2KQ`v

iBK2b- r?B+? 72�im`2 � /2i2`KBMBbiB+ T?QiQMB+ BMi2`7�+2X �Hi?Qm;? i?2`2 `2K�BMb Km+?

`QQK 7Q` BKT`Qp2K2Mi rBi? i?Bb TH�i7Q`K- i?2 +m``2Mi ;2M2`�iBQM Q7 i?2b2 MQ/2b U�b

/2p2HQT2/ BM i?Bb i?2bBbV �`2 �H`2�/v bm{+B2Mi 7Q` #�bB+ �TTHB+�iBQMb- bm+? �b [m�MimK

F2v /Bbi`B#miBQMRe-ReN-RdyX

AM 2bb2M+2- [m�MimK F2v /Bbi`B#miBQM T`QiQ+QHb �`2 #�b2/ QM K2�bm`BM; [m�MimK

+Q``2H�iBQMb #2ir22M /Bbi`B#mi2/ [m�MimK bi�i2b- �M/ �`2 b2+m`2/ #v i?2 MQ@+HQMBM;

i?2Q`2KRdR-RdkX h?Bb `2T`2b2Mib � M2r T�`�/B;K Q7 b2+m`Biv +QKT�`2/ iQ +m``2Mi b2+m@

Rye



`Biv T`QiQ+QHb- r?B+? �`2 ivTB+�HHv #�+F2/ #v +H�bbB+�HHv /B{+mHi +QKTmi�iBQMbX h?2

`�i2 Q7 bm++2bb7mH +QKKmMB+�iBQM BM i?2b2 b+?2K2b b+�H2b rBi? i?2 /Bbi�M+2 #2ir22M

+QKKmMB+�iBM; T�`iB2b /m2 iQ T?QiQM HQbbX AM i?2 +�b2 Q7 K2KQ`v@H2bb BKTH2K2Mi�@

iBQMb U#mBHi #v b?�TBM; r2�F +Q?2`2Mi H�b2` bQm`+2b Q` bBM;H2 T?QiQM r�p2T�+F2ib mb@

BM; HBM2�` QTiB+bV- T?QiQM HQbb2b BM QTiB+�H }#2`b �`2 �`2 7mM/�K2Mi�HHv `�i2 HBKBiBM;-

`2bmHiBM; BM �M 2tTQM2MiB�H b+�HBM; Q7 F2v /Bbi`B#miBQM `�i2 rBi? /Bbi�M+2RdjX

q?BH2 M2r HBM2�` QTiB+b T`QiQ+QHb �`2 #2BM; 2tTHQ`2/ iQ BKT`Qp2 i?2 T`2@7�+iQ`b Q7

i?Bb b+�HBM;Rd9- M2irQ`FBM; b+?2K2b #�b2/ QM [m�MimK K2KQ`B2b T`QKBb2 TQHvMQKB�H

+QKKmMB+�iBQM `�i2b- #�b2/ QM i?2 [m�MimK `2T2�i2` T`QiQ+QHdN-3yX Ai im`Mb Qmi- rBi?

QMHv bHB;?i KQ/B}+�iBQMb iQ i?2 2tT2`BK2Mib T`2b2Mi2/ BM +?�Ti2` 9- i?2 aBo 2H2+i`QM

bTBM +�M #2 mb2/ iQ T2`7Q`K �bvM+?`QMQmb "2HH@bi�i2 K2�bm`2K2Mib #2ir22M T?QiQMB+

[m#BibR8d- QM2 BKTH2K2Mi�iBQM Q7 [m�MimK F2v /Bbi`B#miBQM r?B+? T`QpB/2b � `�i2 2M@

?�M+2K2Mi +QKT�`2/ iQ Qi?2` UK2KQ`v@H2bbV b+?2K2bX "v �//BM; �//BiBQM�H biQ`�;2

[m#Bib Ubm+? �b i?2 13* Mm+H2�` bTBM /2b+`B#2/ BM 9V �M/ b+�HBM; iQ b2p2`�H MQ/2b- i?Bb

bvbi2K Bb r2HH bmBi2/ 7Q` BKTH2K2MiBM; i?2 7mHH [m�MimK `2T2�i2` T`QiQ+QHdN-3yX

q?BH2 [m�MimK F2v /Bbi`B#miBQM Bb #mi QM2 Q7 i?2 K�Mv T`QTQb2/ �TTHB+�iBQMb Q7

[m�MimK M2irQ`Fb- Bi b2`p2b �b � mb27mH i2bi#2/ 7Q` p�`BQmb 2tT2`BK2Mi�H +QMi`QH �M/

/B�;MQbiB+ b2[m2M+2b- �M/ +�M #2 2ti2M/2/ 7Q` � p�`B2iv Q7 �TTHB+�iBQMbX 6Q` 2t�KTH2-

i?2 KmHiB@T?QiQM ;�i2 QT2`�iBQMb �H`2�/v /2KQMbi`�i2/ 7Q` i?2 aBo TH�i7Q`KR8d +�M

#2 �/�Ti2/ iQ ;2M2`�i2 +Q``2H�iBQMb #2ir22M H�`;2 +Hmbi2`b Q7 2Mi�M;H2/ T?QiQMbRd8-

r?B+? �`2 � `2bQm`+2 7Q` 7�mHi@iQH2`�Mi [m�MimK +QKKmMB+�iBQMReR-Rde �M/ QM2@r�v

Ryd



[m�MimK +QKTmiBM;RddX 6m`i?2`KQ`2- #v b+�HBM; mT i?2 MmK#2` Q7 MQ/2b BM i?2 M2i@

rQ`F- i?Bb TH�i7Q`K ?�b i?2 TQi2MiB�H 7Q` ;2M2`�iBM; HQM;@HBp2/ 2Mi�MH;2/ bi�i2b b2T@

�`�i2/ #v H�`;2 /Bbi�M+2bX h?Bb 2Mi�M;H2K2Mi Bb � p�Hm�#H2 `2bQm`+2 7Q` MQM@HQ+�H

K2i`QHQ;vRd-R3-Rd3 �M/ /Bbi`B#mi2/ [m�MimK +QKTmiBM;RjX

8Xj PmiHQQF 7Q` QM;QBM; 2tT2`BK2Mib

AM Q`/2` iQ 7�+BHBi�i2 bQK2 Q7 i?2b2 T`QTQb2/ 2tT2`BK2Mib- Bi Bb rQ`i? /Bb+mbbBM; TQ@

i2MiB�H i2+?MB+�H BKT`Qp2K2Mib iQ i?2 bvbi2K T`2b2Mi2/ BM i?Bb i?2bBbX *m``2MiHv- BM@

+Q`TQ`�iBM; �//BiBQM�H [m#Bib #�b2/ QM 13* Mm+H2�` bTBMb BMiQ Qm` TH�i7Q`K ?�b i?2

;`2�i2bi `QQK 7Q` BKT`Qp2K2MiX q2 `2TQ`i (+?�Ti2` j) irQ@[m#Bi 2Mi�M;H2K2Mi rBi?

}/2HBiv ∼ 60%- HBKBi2/ #v i?2 r2�F ?vT2`}M2 +QmTHBM; iQ i?2 i�`;2i 13*- i?2 mM+QM@

i`QHH2/ +QmTHBM; iQ �//BiBQM�H M2�`#v 13*- �M/ i?2 BM�#BHBiv iQ T2`7Q`K /B`2+i /`BpBM;

Q7 i?2 i�`;2i [m#BiX "2bB/2b i?Bb- � b2+QM/ 2[m�HHv +QM+2`MBM; Bbbm2 Bb i?�i i?Bb �/@

/BiBQM�H [m#Bi `2HB2b QM � bi�iBbiB+�H /Bbi`B#miBQM Q7 13* BM i?2 ?Qbi /B�KQM/ H�iiB+2-

r?B+? `2bmHib BM i?2 T`Q#�#BHBbiB+ U�b QTTQb2/ iQ /2i2`KBMBbiB+V `2�HBx�iBQM Q7 mb27mH /2@

pB+2bX h?Bb- BM �//BiBQM iQ i?2 `2bi Q7 i?2 7�#`B+�iBQM bi�+F UT`Q#�#BHBbiB+ /Bbi`B#miBQM

Q7 +�pBiv 7`2[m2M+B2b- T`Q#�#BHBbiB+ M�im`2 Q7 BQM BKTH�Mi�iBQM- �M/ T`Q#�#BHBbiB+ bi`�BM

/Bbi`B#miBQM Q7 aBob BM M�MQbi`m+im`2bV T`2b2Mib � b2p2`2 #QiiH2M2+F iQ i?2 T`�+iB+�H

b+�H�#BHBiv Q7 i?Bb TH�i7Q`KX

PM2 TQi2MiB�H r�v 7Q`r�`/ Bb #v brBi+?BM; iQ � /2i2`KBMBbiB+ irQ@[m#Bi bvbi2K BM

Ry3



/B�KQM/- #�b2/ QM bBHB+QM Mm+H2�` bTBMbX q?BH2 i?2 rQ`F T`2b2Mi2/ �#Qp2 miBHBx2b i?2

28aB BbQiQT2 Q7 bBHB+QM U� Mm+H2�` bTBM@0 BbQiQT2V 7Q` Bib bBKTHB+Biv- i?2`2 2tBbib � bi�@

#H2 29aB BbQiQT2 r?B+? Bb Mm+H2�` bTBM@1/2X h?2 bi`QM; +QMi�+i BMi2`�+iBQM #2ir22M i?2

aBo 2H2+i`QM bTBM �M/ i?2 29aB Mm+H2�` bTBM BM i?Bb bvbi2K U∼30MHz9kV +QmH/ 2M�#H2

7�bi bBM;H2@ �M/ irQ@[m#Bi ;�i2b 7Q` i?Bb bvbi2K- rBi?Qmi BM}/2HBiB2b �`BbBM; 7`QK +Qm@

THBM; iQ � M2�`Hv@`2bQM�Mi #�i?X q?BH2 i?Bb +�MMQi #2 M�im`�HHv b+�H2/ iQ K�Mv [m#Bib-

Bi +QmH/ #2 mb2/ iQ �m;K2Mi i?2 13* `2;Bbi2` T`2b2Mi2/ BM i?Bb i?2bBb iQ BM+`2�b2 i?2

vB2H/ Q7 K�Mv@[m#Bi /2pB+2b- Q` iQ 7�+BHBi�i2 2Mi�M;HBM; K�Mv aBo@+�pBiv MQ/2b #v +`2@

�iBM; /2i2`KBMBbiB+ biQ`�;2f+QKKmMB+�iBQM [m#Bi T�B`b rBi?BM K�Mv M�MQT?QiQMB+

+�pBiB2bX

AKT`QpBM; i?2 }/2HBiv �M/ 2{+B2M+v Q7 bTBM@T?QiQM ;�i2b `2T`2b2Mib �MQi?2` �`2�

rBi? ;`2�i TQi2MiB�H 7Q` BKT`Qp2K2MiX *m``2Mi HBKBib BM i?Bb bvbi2K �`2 T`BK�`BHv /m2

iQ i?2 BKT2/�M+2 KBbK�i+? #2ir22M i?2 +�pBiv �M/ r�p2;mB/2 `2;BQMb Q7 i�`;2i /2@

pB+2b- r?B+? ;Bp2b `Bb2 iQ � `2bB/m�H `2~2+iBQM bB;M�H MQi +Q``2H�i2/ rBi? aBo bTBM bi�i2X

�Hi?Qm;? imMBM; i?Bb KBbK�i+? iQ #2 KQ`2 +`BiB+�HHv +QmTH2/ rQmH/ BM T`BM+BTH2 bQHp2

i?Bb T`Q#H2K- Bi Bb T2`?�Tb KQ`2 T`QKBbBM; iQ +QMbB/2` rQ`FBM; rBi? bi`QM;Hv Qp2`@

+QmTH2/ +�pBiB2b- r?2`2 �HH HB;?i 2Mi2`BM; i?2 /2pB+2 Bb `2~2+i2/- BM/2T2M/2Mi Q7 bTBM

bi�i2X qBi? bm+? � bvbi2K- BMi2`�+iBQMb rBi? i?2 aBo rQmH/ `2bmHi BM � bTBM@/2T2M/2Mi

T?�b2 ~BT BM `2~2+i2/ T?QiQMb- r?B+? +QmH/ #2 K2�bm`2/ BMi2`72`QK2i`B+�HHv- TQi2M@

iB�HHv BKT`QpBM; #Qi? }/2HBiv �M/ 2{+B2M+v Q7 2Mi�M;H2K2Mi T`QiQ+QHX

6BM�HHv- i?2`2 �`2 � MmK#2` Q7 BMi`BMbB+ +?�HH2M;2b BM �M aBo@#�b2/ bvbi2K- U�b

RyN



#`B2~v /Bb+mbb2/ BM b2+iBQM 8XRV bm+? �b bi`�BM@BM/m+2/ bT2+i`�H BM?QKQ;2M2Biv- [m�M@

imK 2{+B2M+v- T?QMQM@HBKBi2/ bTBM T1- �M/ QTiB+�H i`�MbBiBQM 7`2[m2M+vX h?2 QTiB+�H

i`�MbBiBQM 7`2[m2M+v Q7 aBob- r?BH2 7�B`Hv r2HH bmBi2/ 7Q` #BQHQ;B+�H b2MbBM; �TTHB+�iBQMb-

Bb MQi T�`iB+mH�`Hv +QKT�iB#H2 rBi? HQM;@`�M;2 [m�MimK M2irQ`FbX GQbb2b BM QTiB+�H

}#2`b p�`v /`�K�iB+�HHv rBi? r�p2H2M;i?- �M/ i?2b2 HQbb2b �`2 Q`/2`b Q7 K�;MBim/2

rQ`b2 7Q` T?QiQMb �i 740 nm +QKT�`2/ iQ ivTB+�H i2H2+QK T?QiQMbX h?mb- QM2 M2+2b@

b�`v /2p2HQTK2Mi 7Q` i?Bb TH�i7Q`K rBHH #2 7`2[m2M+v +QMp2`bBQM- �b ?�b #22M /2KQM@

bi`�i2/ �H`2�/v 7Q` LobRdNX

aBKBH�`Hv- bT2+i`�H BM?QKQ;2M2Biv HBKBib i?2 b+�H�#BHBiv Q7 #mBH/BM; [m�MimK M2i@

rQ`Fb- �b Bi Bb mMHBF2Hv 7Q` b2p2`�H aBob iQ �HH #2 QTiB+�HHv `2bQM�Mi rBi? 2�+? Qi?2`X

q?BH2 i?Bb +�M BM T`BM+BTH2 #2 �//`2bb2/ #v i?2 b�K2 7`2[m2M+v +QMp2`bBQM /2b+`B#2/

�#Qp2- i?Bb T`Q+2bb Bb HQbbv- �M/ U2bT2+B�HHv 7Q` HQ+�H M2irQ`FbV Bi rQmH/ #2 mb27mH iQ

?�p2 � K2+?�MBbK #v r?B+? iQ imM2 b2p2`�H aBob QMiQ `2bQM�M+2 rBi? 2�+? Qi?2`X a2p@

2`�H b+?2K2b ?�p2 �H`2�/v #22M T`QTQb2/ �M/ /2KQMbi`�i2/ 7Q` i?Bb- BM+Hm/BM; _�K�M@

imMBM; Q7 aBo 2KBbbBQM9y �M/ bi`�BM imMBM; Q7 aBo `2bQM�M+2b pB� 2H2+i`QK2+?�MB+bR93X

�b /2b+`B#2/ BM +?�Ti2` j- ?2�iBM; #v #Qi? QTiB+�H �M/ KB+`Qr�p2 +QMi`QH }2H/b HQ+�HHv

?2�ib i?2 aBo �M/ �+iBp�i2b i?2`K�H T?QMQMb �i i?2 ;`QmM/ bi�i2 bTHBiiBM; 7`2[m2M+v

�M/ `2/m+2b +Q?2`2M+2 iBK2bX ai`�BM imMBM; QM+2 �;�BM +�M KBiB;�i2 i?Bb T`Q+2bb #v

BM+`2�bBM; i?2 `2H2p�Mi 2M2`;v b+�H2b 7Q` T?QMQM `2H�t�iBQMRkR-R93X

6BM�HHv- i?2 BMi`BMbB+ [m�MimK 2{+B2M+v Q7 i?2 aBo U�b /2b+`B#2/ BM b2+iBQM 8XRV

HBKBib i?2 iQi�H +QQT2`�iBpBiv Q7 i?2 aBo@+�pBiv bvbi2K- �M/ i?mb HBKBib i?2 K�tBKmK
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i?2Q`2iB+�H }/2HBiv Q7 i?2 bTBM@T?QiQM BMi2`7�+2X �Hi?Qm;? Bi Bb +QM+2Bp�#H2 iQ 2M;B@

M22` KQ`2 +QKTHB+�i2/ QTiQ@�+QmbiB+ +�pBiB2b r?B+? bmTT`2bb mMr�Mi2/ T?QiQMB+ �M/

T?QMQMB+ /2+�v +?�MM2Hb99- i?Bb `2T`2b2Mib � +?�HH2M;BM; 7�#`B+�iBQM 2zQ`iX

*QMp2`b2Hv- K�Mv Q7 i?2b2 +?�HH2M;2b +QmH/ #2 �//`2bb2/ #v +?QQbBM; �Hi2`M�iBp2

+QHQ` +2Mi2`b iQ i?2 aBoX �Hi?Qm;? � MmK#2` Q7 /B�KQM/ 2H2+i`QMB+ i`�MbBiBQMb ?�p2

#22M Q#b2`p2/ BM i?2 i2H2+QK #�M/Rek- iQ i?2 #2bi Q7 Qm` FMQrH2/;2- MQ +�`27mH bim/v

?�b #22M /QM2 BMp2biB;�iBM; i?2B` T`QbT2+ib 7Q` [m�MimK �TTHB+�iBQMbX .2bTBi2 i?Bb-

i?2 r2�Hi? Q7 `2b2�`+? QM FMQrM [m�MimK 2KBii2`b bm;;2bib i?�i i?Bb b2�`+? +QmH/

T`Qp2 7`mBi7mHX 6Q` 2t�KTH2- bim/B2b rBi? ?2�pB2` ;`QmT@Ao p�+�M+v +2Mi2`b ?�p2 `2@

p2�H2/ bBKBH�` 2H2+i`QMB+ bi`m+im`2 �M/ bvKK2i`v- 72�im`BM; H�`;2` BMi`BMbB+ ;`QmM/@

bi�i2 Q`#Bi�H bTHBiiBM; �M/ ?B;?2` [m�MimK 2{+B2M+v �b +QKT�`2/ iQ i?2 aBokN-jy-jR-RejX

h?Bb H�`;2` ;`QmM/@bi�i2 bTHBiiBM; ;Bp2b �M 2M?�M+2/ T`Qi2+iBQM iQ i?2`K�H T?QMQM

/2+Q?2`2M+2- bm;;2biBM; i?�i i?2b2 bvbi2Kb KB;?i ?�p2 HQM; +Q?2`2M+2 iBK2b �i KQ`2

�++2bbB#H2 i2KT2`�im`2b UBX2X rBi?Qmi `2[mB`BM; �M 2tT2MbBp2 /BHmiBQM 7`B/;2VR3yX �H@

i2`M�iBp2Hv- }M/BM; �M BMp2`bBQM@bvKK2i`B+ Q`#Bi�H@bBM;H2i /272+i KB;?i �HHQr 7Q` �

bvbi2K rBi? i?2 bmT2`BQ` QTiB+�H T`QT2`iB2b Q7 i?2 aBo- +QK#BM2/ rBi? i?2 bmT2`BQ` +Q@

?2`2M+2 T`QT2`iB2b Q7 i?2 LoX AM 7�+i- T`2HBKBM�`v bim/B2b rBi? i?2 aBo0 +?�`;2 bi�i2

U�b +QKT�`2/ iQ i?2 KQ`2 +QMp2MiBQM�H aBo− bim/B2/ BM i?Bb rQ`FV Bb T`QTQb2/ iQ #2

2t�+iHv bm+? � bvbi2Kdk-NkX

*m``2Mi 2zQ`ib BM i?2 /2p2HQTK2Mi Q7 [m�MimK i2+?MQHQ;B2b ?�p2 #22M 7Q+mb2/ QM

2M;BM22`BM; 2tBbiBM;- r2HH 2bi�#HBb?2/ [m�MimK bvbi2Kb iQ i`v �M/ i�+FH2 FMQrM T`Q#@
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H2KbX AM HB;?i Q7 i?2 `�TB/ /2p2HQTK2Mi BM /B�KQM/ �M/ `2H�i2/ bQHB/ bi�i2 TH�i7Q`Kb

Qp2` `2+2Mi v2�`b- i?2`2 Bb � bi`QM; KQiBp�iBQM i�FBM; �M �Hi2`M�iBp2 �TT`Q�+? #�b2/

QM � bvbi2K�iB+ 2tT2`BK2Mi�H �M/ i?2Q`2iB+�H 2zQ`i BMp2biB;�iBM; M2r +QHQ` +2Mi2`b

BM i?2 +QMi2ti Q7 bT2+B}+ �TTHB+�iBQMb- b2H2+iBM; i?2 T�`iB+mH�` [m�MimK bvbi2K #2bi

bmBi2/ 7Q` i?2 i�bFX
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A
amTTH2K2Mi�`v BM7Q`K�iBQM 7Q` +?�Ti2` R

�XR "mHF *o. /B�KQM/ ;`Qri?

AM Q`/2` iQ �+?B2p2 � ?B;? /2MbBiv Q7 aBob BM � /B�KQM/ +?BT- r2 Qp2`;`Qr � hvT2 AA�

/B�KQM/ mbBM; TH�bK�@2M?�M+2/ +?2KB+�H p�TQ` /2TQbBiBQM US1*o.V BM � a2FB h2+?@

MQi`QM �s8yRy@ALh S1*o. `2�+iQ`X � aB r�72` Bb TH�+2/ BM i?2 TH�bK�- r?2`2 Bi

RRj



Bb 2i+?2/ �M/ BM+Q`TQ`�i2/ BMiQ i?2 Qp2`;`QrM H�v2`X h?2 ;`Qri? +QM/BiBQMb 7Q` i?Bb

H�v2` �`2 KB+`Qr�p2 TQr2`, 950W- +?�K#2` T`2bbm`2, 60Torr- ;�b ~Qr, 300 sccm R,NN

CH4 : H2 7Q` ky KBMmi2bR3RX �7i2` ;`Qri?- 1m i�HH BbH�M/b +�M #2 7QmM/ QM i?2 2/;2b

Q7 i?2 b22/ /B�KQM/- 2�+? Q7 r?B+? ?�b � ?B;? aBo /2MbBivX

�Xk aBo M�MQ/B�KQM/ ;`Qri?

hQ ;`Qr M�MQ/B�KQM/b- r2 mb2 ?B;?@T`2bbm`2 ?B;?@i2KT2`�im`2 bvMi?2bBb rBi? HmKB@

M2b+2Mi aBo �M/ Lo +2Mi2`b #�b2/ QM ?QKQ;2M2Qmb KBtim`2b Q7 M�T?i?�H2M2- ~m@

Q`BM�i2/ ;`�T?Bi2 UCF1.1V- �M/ i2i`�FBbUi`BK2i?vHbBHvHVbBH�M2 rBi?Qmi +�i�Hvbi K2i@

�HbX *QH/@T`2bb2/ T2HH2ib Q7 i?2 BMBiB�H KBtim`2 U5mm /B�K2i2` �M/ 3mm ?2B;?iV �`2

BMb2`i2/ BMiQ � ;`�T?Bi2 +QMi�BM2` �M/ i?2M TH�+2/ BMiQ � ?B;?@T`2bbm`2 +2HHX >B;?@

T`2bbm`2 ?B;?@i2KT2`�im`2 i`2�iK2Mi Q7 i?2 b�KTH2b Bb T2`7Q`K2/ rBi? i?2 mb2 Q7 �

?B;? T`2bbm`2 �TT�`�imb Q7 i?2 ǳhQ`QB/Ǵ ivT2X .2i�BHb Q7 i?2 2tT2`BK2Mi�H T`Q+2/m`2

�`2 /2b+`B#2/ BM i?2 T`2HBKBM�`v `2TQ`iR3kX h?2 Q#i�BM2/ /B�KQM/ T`Q/m+ib �`2 i?2M

BbQH�i2/ #v [m2M+?BM; iQ `QQK i2KT2`�im`2 mM/2` T`2bbm`2X

a2T�`�iBQM Q7 M�MQ@bBx2 U∼R8@9yy MKV /B�KQM/b r�b +�``B2/ Qmi BM b2p2`�H bi�;2b

i?�i +QMbBbi2/ Q7 mHi`�bQMB+ /BbT2`bBM; Q7 i?2 /B�KQM/ T�`iB+H2b mbBM; lSkyy>i /BbT2`@

b�Mi U>B2Hb+?2` lHi`�bQMB+ h2+?MQHQ;vV- +?2KB+�H i`2�iK2Mi Q7 i?2 b�KTH2b BM � 9yW

bQHmiBQM Q7 ?v/`Q;2M T2`QtB/2- �M/ bm#b2[m2Mi +2Mi`B7m;�iBQM Q7 �[m2Qmb Q` �H+Q?QH

/BbT2`bBQM Q7 /B�KQM/ TQr/2`bX h?2 /B�KQM/b mb2/ BM i?Bb rQ`F r2`2 K2�bm`2/ iQ
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?�p2 � bBx2 /Bbi`B#miBQM Q7 200(70) nm mbBM; � .2Hb�L�MQ * T�`iB+H2 �M�Hvx2`X

�Xj SG i?2`KQK2i`v b2imT

AM Q`/2` iQ K2�bm`2 i2KT2`�im`2- i?2 /B�KQM/ Bb KQmMi2/ QMiQ �M 2ti2`M�H ?2�i2`

�M/ 2t+Bi2/ Qz `2bQM�M+2 rBi? 700 nm �M/ 520 nm HB;?i U10mW �M/ 5mW `2bT2+@

iBp2HvV mbBM; � ?QK2@#mBHi +QM7Q+�H KB+`Qb+QT2X aBo ~mQ`2b+2M+2 Bb }Hi2`2/ �`QmM/

i?2 wSG Ua2K`Q+F 66yR@d9yfRjV �M/ /B`2+i2/ iQ 2Bi?2` �M �S. Q` � bT2+i`QK2i2`

U>Q`B#� B>_88y Y avM�Tb2 **.- R3yy;`- 0.025 nm `2bQHmiBQMVX "�b2/ QM ~mQ`2b+2M+2

+QmMib QM �M �S. U10MHzV- r2 2tT2+i iQ #2 �//`2bbBM; ∼Ryy aBobX AMi2`72`2M+2 27@

72+ib QM i?2 +QHH2+iBQM �`K BM/m+2 � ~m+im�iBM; bT2+i`�H bB;M�H KQ/mH�iBM; Qm` bT2+@

i`mKX hQ +Q``2+i 7Q` i?Bb- r2 K2�bm`2 i?2 i`�Mb72` 7mM+iBQM Q7 � #H�+F#Q/v bQm`+2

i`�p2HBM; i?`Qm;? i?2 b�K2 QTiB+�H T�i? �M/ bm#i`�+i Bi 7`QK i?2 K2�bm`2/ bB;M�HX

6BiiBM; � T`2HBKBM�`v bT2+i`mK iQ � HQ`2MixB�M �i bQK2 }t2/ i2KT2`�im`2 �M/ mbBM;

i?2 }i `2bB/m�Hb iQ }M/ i?2 i`�Mb72` 7mM+iBQM �;`22b iQ rBi?BM 10%X h?Bb K2i?Q/ ?�b

i?2 �//2/ #2M2}i Q7 MQi `2[mB`BM; � b2T�`�i2 +�HB#`�iBQM bi2T- �b i?2 }`bi bT2+i`mK BM

� ;Bp2M K2�bm`2K2Mi +�M #2 mb2/ 7Q` +�HB#`�iBQMX
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�X9 SG1 }iiBM; T`Q+2/m`2

�7i2`r�`/- r2 }i 2�+? bT2+i`mK iQ � GQ`2MixB�M mbBM; �M �{M2@BMp�`B�Mi J�`FQp@

*?�BM JQMi2@*�`HQ 2biBK�iQ`eN-dy �M/ 2ti`�+i i?2 wSG T2�F TQbBiBQM- T2�F rB/i?-

�M/ T2�F BMi2MbBiv- �b r2HH �b 2biBK�i2/ +QMi`B#miBQMb iQ i?2 MQBb2 7`QK #Qi? T?Q@

iQM b?Qi MQBb2 �M/ **. `2�/Qmi MQBb2R3jX q?BH2 i?2 }i T�`�K2i2`b �+?B2p2/ rBi?

i?Bb i2+?MB[m2 �`2 �HKQbi B/2MiB+�H iQ i?Qb2 �+[mB`2/ mbBM; � KQ`2 M�Bp2 H2�bi@b[m�`2b

}i- i?Bb i2+?MB[m2 Bb �#H2 iQ ;Bp2 � KQ`2 +QMpBM+BM; 2biBK�i2 7Q` i?2 mM+2`i�BMiB2b BM

i?2 }i T�`�K2i2`b �M/ �;`22b rBi? bvbi2K�iB+ 2``Q`b 2ti`�+i2/ pB� `2T2iBiBp2 K2�bm`2@

K2MiX �b K2MiBQM2/ BM i?2 K�BM i2ti- i?2 wSG T2�F TQbBiBQM b2MbBiBpBiv iQ i2KT2`@

�im`2 Bb 0.0124(2)nmK−1 rBi? �M mM+2`i�BMiv Q7 337mK/
√
HzX AM +QKT�`BbQM- i?2

wSG HBM2rB/i? #`Q�/2Mb #v 0.030(1)nmK−1 rBi? �M mM+2`�iBMiv Q7 636.7mK/
√
Hz-

�M/ i?2 BMi2;`�i2/ wSG BMi2MbBiv /Q2b MQi ?�p2 � bi�iBbiB+�HHv bB;MB}+�Mi b2MbBiBpBiv

iQ i2KT2`�im`2X GQ+�H bi`�BM BM i?2 /B�KQM/ +�mb2b /Bz2`2Mi aBo bm#@2Mb2K#H2b iQ

?�p2 /Bz2`2Mi BMi`BMbB+ wSG T2�F TQbBiBQMb �M/ rB/i?b +Q``2bTQM/BM; iQ �M Qzb2i Q7

±2K �i `QQK i2KT2`�im`2X .2bTBi2 i?Bb- i?2 b2MbBiBpBiv iQ i2KT2`�im`2 p�`B2b #v QMHv

±3%- K2�MBM; i?2`2 Bb MQ M22/ 7Q` +�HB#`�iBQM BM Q`/2` iQ K2�bm`2 `2H�iBp2 i2KT2`�@

im`2 +?�M;2bX
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�X8 SG1 i?2`KQK2i`v +�HB#`�iBQM

hQ +�HB#`�i2 i?2 SG1 i?2`KQK2i2`- r2 }`bi K2�bm`2 ?Qr i?2 wSG T2�F TQbBiBQM p�`B2b

�b � 7mM+iBQM Q7 �TTHB2/ H�b2` TQr2` mbBM; SG i?2`KQK2i`v U∆λ/∆PhVX .BpB/BM; i?2

i2KT2`�im`2 b2MbBiBpBiv Q7 i?2 T2�F TQbBiBQM K2�bm`2/ BM #mHF /B�KQM/ U∆λ/∆T V #v

i?Bb [m�MiBiv ;Bp2b i?2 H�b2` BM/m+2/ i2KT2`�im`2 +?�M;2 �b � 7mM+iBQM Q7 H�b2` TQr2`

U∆Ph/∆T VX 6BM�HHv- r2 K2�bm`2 i?2 BMi2MbBiv +QMi`�bi �b � 7mM+iBQM Q7 H�b2` TQr2`

U∆I
I0
/∆PhV- r?B+? Bb +QMp2`i2/ iQ i?2 i2KT2`�im`2 b2MbBiBpBiv Q7 i?2 BMi2MbBiv bB;M�H

∆I
I0
/∆T = 1.3(1)%/KX

RRd



B
amTTH2K2Mi�`v BM7Q`K�iBQM 7Q` +?�Ti2` k

"XR .BHmiBQM `27`B;2`�iQ` b2imT

q2 mb2 � "Hm26Q`b "6@G.k8y +`vQ;2M@7`22 /BHmiBQM `27`B;2`�iQ` U._V KQ/B}2/ iQ Q#@

i�BM 7`22@bT�+2 QTiB+�H �++2bb (6B;X "XR)X 6Q` QTiB+�H 2t+Bi�iBQM �M/ +QHH2+iBQM- r2 mb2

� ?QK2@#mBHi +QM7Q+�H KB+`Qb+QT2X q2 2t+Bi2 aBob rBi? Qz@`2bQM�Mi 520 nm HB;?i �M/

RR3



`2bQM�Mi ∼ 737 nm HB;?i +QK#BM2/ QM � /B+?`QB+ KB``Q` U.JVX aBo ~mQ`2b+2M+2 BM

i?2 T?QMQM bB/2@#�M/ USa"V Bb +QHH2+i2/ mbBM; � Ny,Ry MQM@TQH�`BxBM; #2�K@bTHBii2`

+m#2 U"a*V- +QmTH2/ iQ � KmHiB@KQ/2 UJJV }#2`- �M/ b2Mi iQ � bBM;H2@T?QiQM /2i2+@

iQ` U�S.VX 6Q` bT2+i`�H }Hi2`BM;- r2 mb2 � b?Q`i@T�bb }Hi2` UaSV BM i?2 2t+Bi�iBQM �`K

�M/ #�M/@T�bb }Hi2`b U"SV BM i?2 +QHH2+iBQM �`KX h?2 QTiB+b mb2/ iQ /2HBp2` HB;?i BMiQ

�M/ iQ +QHH2+i HB;?i 7`QK i?2 ._ �`2 KQmMi2/ QM � #`2�/#Q�`/ Uh?Q`H�#b S":RkRykV

QM iQT Q7 i?2 7`�K2 bmTTQ`iBM; i?2 ._X h?Bb �HHQrb 7Q` ._ p2MiBM; �M/ b�KTH2 2t@

+?�M;2 rBi?Qmi `2�HB;MK2Mi Q7 i?2 QTiB+bX

� +QHHBK�i2/ H�b2` #2�K 2Mi2`b �i i?2 iQT Q7 i?2 ._ i?`Qm;? � p�+mmK pB2rTQ`i

R mbBM; i?2 +2Mi`�H HBM2@Q7@bB;?i TQ`iX h?2 QTiB+�H #2�K Bb 7Q+mb2/ QM i?2 /B�KQM/

b�KTH2 Rk #v � HQr@i2KT2`�im`2 +QKT�iB#H2 Q#D2+iBp2 9 X hQ `2/m+2 i?2 ?2�i HQ�/ /m2

iQ #H�+F@#Q/v `�/B�iBQM �i i?2 KBtBM; +?�K#2` TH�i2 UJs*V- 10mm �T2`im`2b k �`2

BMbi�HH2/ �i 2�+? bi�;2 BMbB/2 i?2 ._X AM i?Bb +QM};m`�iBQM- i?2 #�b2 i2KT2`�im`2 �i

i?2 Js* Bb 20mKX q2 /Q MQi mb2 �Mv +QH/ rBM/Qrb �HQM; i?2 QTiB+�H T�i? BMbB/2 i?2

._X

� e@R@R h +`vQ;2M@7`22 bmT2`+QM/m+iBM; p2+iQ` K�;M2i R9 Bb KQmMi2/ #2HQr i?2

Js* �M/ i?2`K�HHv HBMF2/ iQ i?2 4K TH�i2 Q7 i?2 ._X h?2 /B�KQM/ b�KTH2 Rk Bb bQH@

/2`2/ rBi? BM/BmK iQ � }t2/ +QTT2` b�KTH2 ?QH/2` Rj �M/ TH�+2/ BMbB/2 i?2 K�;M2i

#Q`2 QM � b+B2M+2 TH�i2 RR X q2 QT2`�i2 i?Bb K�;M2i BM � T2`bBbi2Mi KQ/2 iQ `2/m+2

aBo bTBM /2T?�bBM; /m2 iQ ~m+im�iBQMb Q7 �TTHB2/ K�;M2iB+ }2H/bX

� p2Mi2/ +`vQ@+QKT�iB#H2 Q#D2+iBp2 9 Bb KQmMi2/ QM j@�tBb TB2xQ bi2TT2`b 3 - Ry -
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MXC                  T~20mK

Y
XYZ

X

Z

∅70mm

Still
4K

50K
RT VC

MW

737 nm
520 nm DM

BSC (90:10)APD
SP filter

BP filter
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5

6
7

8

10

9

13

11

12

14

1 2

MM fiber

6B;m`2 "XR, a+?2K�iB+ Q7 � /BHmiBQM `27`B;2`�iQ` rBi? 7`22@bT�+2 QTiB+�H �++2bbX Js*, JBtBM;
+?�K#2` TH�i2c aiBHH, aiBHH TH�i2c 9E, 9E TH�i2c 8yE, 8yE TH�i2c _h o*, Pmi2` p�+mmK +�Mc aS,
d83@MK b?Q`i@T�bb }Hi2` Ua2K`Q+F 66yR@d83faS@k8V- iBHi2/ #v � bK�HH �M;H2 iQ imM2 i?2 +mi@Qz 7`2@
[m2M+vc "S, "�M/@T�bb }Hi2`b Ua2K`Q+F 66yR@dd8f9e@k8 �M/ 66yR@d38fek@k8Vc JJ, k8 mK@+Q`2
JJ }#2`c .J, /B+`QB+ KB``Q` Ua2K`Q+F .Byj@_8eR@iR@k8tjeVc �S., aBM;H2@T?QiQM +QmMiBM; KQ/@
mH2c "a*, LQM@TQH�`BxBM; #2�K@bTHBii2` +m#2 rBi? h,_ 4 Ny,Ryc R p�+mmK pB2rTQ`ic k 10mm
�T2`im`2b �i 50K- 4K �M/ aiBHH TH�i2b Q7 i?2 ._c j P#D2+iBp2 G@#`�+F2i 9 GQr@i2KT2`�im`2-
p�+mmK +QKT�iB#H2 Q#D2+iBp2 U�iiQ+m#2 Gh@�SP@oAaA_V rBi? L� 4 yX3kc 8 �iiQ+m#2 bi2TT2`
U�LStjRRV r?B+? KQp2b i?2 Q#D2+iBp2 p2`iB+�HHvc e h?`22@�tBb �iiQ+m#2 b+�MM2` U�LatvxRyyVc
d - N h?2`K�HBx�iBQM TH�i2b- 2�+? #`�B/2/ iQ RR c 3 - Ry k �iiQ+m#2 bi2TT2`b �LStjRR r?B+?

TQbBiBQM i?2 b�KTH2 H�i2`�HHvc RR � b+B2M+2 TH�i2 TQbBiBQM2/ BMbB/2 � p2+iQ` K�;M2i R9 �M/ i?2`@
K�HHv �M+?Q`2/ iQ i?2 Js*c Rk .B�KQM/ b�KTH2c Rj a�KTH2 ?QH/2`c R9 *`vQ;2M@6`22 J�t2b
e@R@R h bmT2`+QM/m+iBM; p2+iQ` K�;M2i rBi? T2`bBbi2Mi brBi+?2b U�K2`B+�M J�;M2iB+b AM+XVX

Rky



8 �M/ j@�tBb TB2xQ b+�MM2`b e pB� G@#`�+F2ib j X s@u bi2TT2`b 3 - Ry �`2 KQmMi2/

QM i?2 b+B2M+2 TH�i2 RR r?B+? Bb +QMM2+i2/ iQ i?2 Js* pB� irQ +QTT2` `Q/b UMQi

b?QrMVX h?2 /B�KQM/ b�KTH2 ?QH/2` Rj �M/ i?2 b+B2M+2 TH�i2 RR �`2 i?2`K�HHv �M@

+?Q`2/ iQ i?2 Js* pB� Qtv;2M@7`22 +QTT2` #`�B/b U*QTT2` "`�B/ S`Q/m+ibVX h?2`@

K�HBx�iBQM TH�i2b d - N �M/ i?2 Q#D2+iBp2 G@#`�+F2i j �`2 i?2`K�HHv �M+?Q`2/ iQ i?2

b+B2M+2 TH�i2 pB� +QTT2` #`�B/b RR X JB+`Qr�p2 UJqV TmHb2b �`2 /2HBp2`2/ iQ i?2 /B�@

KQM/ b�KTH2 pB� +Q�tB�H HBM2b Ub2KB@`B;B/ 2.19mm a*mLB@*mLB HBM2b #2ir22M `QQK

i2KT2`�im`2 �M/ 4K- bmT2`+QM/m+iBM; 0.86mm L#hB@L#hB HBM2b #2ir22M 4K �M/

Js*V r?B+? �`2 i?2`K�HBx2/ �i 2�+? bi�;2X � i2KT2`�im`2 b2MbQ` UG�F2 a?Q`2 *`v@

Qi`QMB+b- _s@Ryk"@*"V Bb TH�+2/ QM i?2 b�KTH2 ?QH/2` Rj �M/ K2�bm`2b � b�KTH2

i2KT2`�im`2 Q7 ≤ 100mK BM i?2 �#b2M+2 Q7 KB+`Qr�p2 /`BpBM;X

q2 7�#`B+�i2 � b?Q`i2/ +QTH�M�` r�p2;mB/2 U*SqV QM i?2 /B�KQM/ bm`7�+2 iQ 27@

}+B2MiHv /2HBp2` Jq TmHb2b (6B;X "XkU�-#V)X hQ 7�#`B+�i2 i?2 *Sq- r2 }`bi /2TQbBi

50 nm Q7 hB �M/ 600 nm Q7 �m QMiQ i?2 /B�KQM/ bm`7�+2 mbBM; i?2`K�H 2p�TQ`�iBQMX

L2ti- � T?QiQHBi?Q;`�T?v K�bF Bb T�ii2`M2/ QM i?2 bm`7�+2- �M/ i?2 mMK�bF2/ �m

�M/ hB �`2 b2H2+iBp2Hv 2i+?2/ �r�v mbBM; h`�Mb2M2 :QH/ 1i+?�Mi hvT2 h6� /BHmi2/

k,R rBi? r�i2` 7Q` 120 s- i?2M 5.6% >6 #v r2B;?i U49% >6 /BHmi2/ N,R rBi? r�i2`V 7Q`

30 sX

q2 �/Dmbi 7Q+mb rBi? bi2TT2` 8 �M/ mb2 bi2TT2`b 3 - Ry 7Q` +Q�`b2 TQbBiBQMBM;X q2

i�F2 +QM7Q+�H BK�;2b Q7 i?2 /B�KQM/ b�KTH2 #v KQpBM; i?2 Q#D2+iBp2 mbBM; TB2xQ b+�M@

M2`b e X PTiB+�H `2bQHmiBQM Q7 i?2 KB+`Qb+QT2 Bb ≈ 3m (6B;X "XkU+V) �M/ Bb HBKBi2/ #v

RkR



5 μm
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(a)
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6B;m`2 "Xk, U�V _QQK i2KT2`�im`2 KB+`Q;`�T? Q7 i?2 b?Q`i2/ ;QH/ +QTH�M�` r�p2;mB/2b 7�#`B@
+�i2/ QM i?2 /B�KQM/ bm`7�+2X U#V GQr i2KT2`�im`2 7�Hb2 +QHQ` `2~2+iBQM BK�;2 Q7 i?2 /B�KQM/
bm`7�+2 U#H�+FV �M/ i?2 +QTH�M�` r�p2;mB/2 U;QH/V- Qp2`H�B/ rBi? i?2 SG1 BK�;2 Q7 �M aBo Ur?Bi2VX
U+V *`Qbb@b2+iBQM Q7 i?2 aBo SG1 BK�;2X h?2 QTiB+�H `2bQHmiBQM Bb 3mX

`2bB/m�H K2+?�MB+�H MQBb2 7`QK � TmHb2 im#2 �M/ i?2 +QHH2+iBQM TBM?QH2 /B�K2i2` U25mV

b2i #v i?2 JJ }#2`X

"Xk j@H2p2H b�im`�iBQM K2�bm`2K2Mib

AM 6B;m`2 kXRU/V- r2 +QKT�`2 i?2 Sa" +QmMib /m`BM; `2bQM�Mi 2t+Bi�iBQM Q7 i`�MbBiBQMb

* �M/ . USG1 bT2+i`Qb+QTvVX G�b2` /`BpBM; +�M �z2+i bi2�/v@bi�i2 TQTmH�iBQM Q7 i?2

l" Q` i?2 G" pB� QTiB+�HHv TmKTBM; iQ i?2 QTTQbBi2 #`�M+? (6B;X "XjU�V)X h?Bb 2z2+i

Bb KBMBKBx2/ r?2M H�b2` TQr2` Bb #2HQr i?2 i?`22@H2p2H b�im`�iBQM BMi2MbBiv b2i #v i?2

Rkk
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6B;m`2 "Xj, h?`22@H2p2H b�im`�iBQM BM SG1 K2�bm`2K2MibX U�V _2H�t�iBQM `�i2b BM i?2 i?`22@H2p2H
bvbi2K 7Q`K2/ #v i?2 G" �M/ i?2 l" Q7 i?2 aBo ;`QmM/ bi�i2 �M/ i?2 }`bi 2t+Bi2/ bi�i2

(
G"′)X γ0

Bb i?2 iQi�H /2+�v `�i2 7`QK i?2 2t+Bi2/ bi�i2c γ+(γ−) Bb i?2 mTr�`/ U/QrMr�`/V T?QMQM `2H�t�iBQM
`�i2X U#V a�im`�iBQM K2�bm`2K2Mi Q7 i?2 SG1 BMi2MbBivX "Hm2 /�i� Bb /BbTH�+2/ p2`iB+�HHv 7Q` +H�`BivX
o2`iB+�H /�b?2/ HBM2 `2T`2b2Mib i?2 H�b2` TQr2` �i j@H2p2H b�im`�iBQMX SQr2` Bb K2�bm`2/ #27Q`2
2Mi2`BM; i?2 ._X

/2+�v `�i2 Q7 i?2 2t+Bi2/ bi�i2 Uγ0V �M/ i?2 T?QMQM `2H�t�iBQM `�i2b Uγ↑ �M/ γ↓VX "v

bQHpBM; K�bi2` 2[m�iBQMb 7Q` i?2 +Q``2bTQM/BM; j@H2p2H bvbi2K- r2 }M/ i?�i �i i2KT2`@

�im`2b T < 1K- 7Q` r?B+? i?2 i?2`K�H TQTmH�iBQM Q7 T?QMQM KQ/2b �i i?2 7`2[m2M+v

∆:a Bb n(T,∆:a) → 0- i?2 b�im`�iBQM BMi2MbBiv Bb ∝ γ↓/γ0X h?2 /QrMr�`/ T?QMQM

`2H�t�iBQM `�i2 Bb γ↓ ∝ (n(T,∆:a) + 1)99 �M/ /Q2b MQi /2T2M/ QM h BM i?Bb `2;BK2X

h?mb- b�im`�iBQM BMi2MbBiv Bb �HbQ +QMbi�Mi 7Q` T < 1KX

AM 6B;m`2 "XjU#V- r2 K2�bm`2 SG1 +QmMib 7Q` i`�MbBiBQMb * �M/ . �i /Bz2`2Mi H�b2`

TQr2`b �i i?2 }t2/ T = 0.75KX 6Q` #Qi? i`�MbBiBQMb- b�im`�iBQM +Q``2bTQM/b iQ �

H�b2` TQr2` Q7 ∼ 60µqX aBM+2 �i T = 0.75K- n < 0.1- b�im`�iBQM BMi2MbBiv /Q2b MQi

+?�M;2 �i HQr2` T �M/ +�M QMHv BM+`2�b2 �i ?B;?2` i2KT2`�im`2b /m2 iQ 7�bi2` T?QMQM

`2H�t�iBQMX

Rkj
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6B;m`2 "X9, U�V aTHBiiBM; Q7 bTBM@b2H2+iBp2 i`�MbBiBQMb BM � K�;M2iB+ }2H/ �M/ U#V P.J_ 7`2@
[m2M+vX _2/ /�i�, P`i?Q;QM�H }2H/ 7Q` aBo rBi? ∆:a = 75GHz BM a�KTH2@Rkc "Hm2, i?2 b�K2
aBo BM �M �HB;M2/ }2H/X "H�+F, aBo rBi? ∆:a = 85GHz BM a�KTH2@Rj BM �M Q`i?Q;QM�H }2H/X aQHB/
HBM2b �`2 HBM2�` }ibX

AM 6B;m`2 kXRU/V- r2 mb2 � H�b2` TQr2` Q7 0.5W �M/ i?mb rQ`F /22T #2HQr j@H2p2H

b�im`�iBQM 7Q` i?2 r?QH2 i2KT2`�im`2 `�M;2X AM i?Bb +�b2- i?2 `�iBQ Q7 SG1 +QmMib Bb

T`QTQ`iBQM�H iQ i?2 `�iBQ Q7 i?2 i?2`K�H TQTmH�iBQMb Q7 i?2 G" �M/ i?2 l" Q7 i?2 aBo

;`QmM/ bi�i2 �b bi�i2/ BM *?�Ti2` kX

"Xj J�;M2iB+ }2H/ �HB;MK2Mi 7Q` bBM;H2@b?Qi bTBM

`2�/Qmi

h?2 +v+HB+Biv Q7 i?2 bTBM@+QMb2`pBM; i`�MbBiBQMb /2T2M/b QM i?2 �M;H2 #2ir22M i?2 aBo

bvKK2i`v �tBb �M/ �TTHB2/ K�;M2iB+ }2H/ B⃗ j3X AM i?Bb b2+iBQM- r2 /2b+`B#2 Qm` T`Q+2@

/m`2 iQ �HB;M i?2 K�;M2iB+ }2H/ iQ i?2 aBo bvKK2i`v �tBb rBi? 0.1 T`2+BbBQMX h?2 aBo

bvKK2i`v �tBb +�M #2 TQBMi2/ �HQM; 7Qm` TQbbB#H2 ⟨111⟩ Q`B2Mi�iBQMb BM i?2 /B�KQM/
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6B;m`2 "X8, J�;M2iB+ }2H/ �HB;MK2Mi U�V PTiB+�H TmKTBM; iBK2b �i /Bz2`2Mi Bx �i &By =
2.2 kG- Bz = 1.5 kG'X U#V PTiB+�H TmKTBM; iBK2b �i /Bz2`2Mi By �i &Bx = 63G- Bz = 1.5 kG'

H�iiB+2X "�b2/ QM i?2 >�KBHiQMB�M BM _27Xjd- i?2 w22K�M bTHBiiBM;b Q7 i?2 ;`QmM/

bi�i2b �M/ 2t+Bi2/ bi�i2b /2T2M/ QM #Qi? i?2 Q`B2Mi�iBQM Q7 i?2 K�;M2iB+ }2H/ �M/ i?2

�KQmMi Q7 bi`�BM BM i?2 +`vbi�HX 6Q` bi`�BM2/ 2KBii2`b rBi? 50GHz < ∆:a < 100GHz-

Qz@�tBb K�;M2iB+ }2H/b H2�/ iQ � H�`;2` w22K�M bTHBiiBM; BM i?2 ;`QmM/ bi�i2b +QK@

T�`2/ rBi? i?2 2t+Bi2/ bi�i2bX J�;M2iB+ }2H/b �HQM; i?2 bvKK2i`v �tBb ?Qr2p2`- `2@

bmHi BM � +QKT�`�#H2 w22K�M bTHBiiBM; BM ;`QmM/ �M/ 2t+Bi2/ bi�i2bX �b b?QrM BM 6B;@

m`2 "X9U�V- i?Bb H2�/b iQ � H�`;2` 7`2[m2M+v bTHBiiBM; #2ir22M bTBM@+QMb2`pBM; i`�MbB@

iBQMb 7Q` KBb�HB;M2/ }2H/bX q2 mb2 i?Bb �TT`Q�+? iQ /2i2`KBM2 i?2 Q`B2Mi�iBQM ;`QmT

Q7 �M aBo +2Mi2`X

6Q` � ;Bp2M aBo- r2 �TTHv � K�;M2iB+ }2H/ �HQM; �HH 9 TQbbB#H2 aBo Q`B2Mi�iBQMb

⟨111⟩X "�b2/ QM i?2 /Bb+mbbBQM �#Qp2- i?2 bK�HH2bi QTiB+�H bTHBiiBM; +Q``2bTQM/b iQ

i?2 K�;M2iB+ }2H/ TQBMi2/ �HQM; i?2 aBo �tBbX 1tT2`BK2Mi�HHv- i?Bb T`Q+2/m`2 ;Bp2b �

TQBMiBM; 2``Q` Q7 72r /2;`22bX

Rk8



6BM�HHv- r2 }M2 imM2 i?2 Q`B2Mi�iBQM Q7 i?2 K�;M2iB+ }2H/ #v T`Q#BM; aBo bTBM /v@

M�KB+bX 6B;m`2 "X8 b?Qrb K2�bm`2/ QTiB+�H bTBM TmKTBM; iBK2b �i /Bz2`2Mi }2H/ Q`B@

2Mi�iBQMbX h?2b2 K2�bm`2K2Mib BM/B+�i2 i?�i i?2 bTBM /vM�KB+b �`2 p2`v b2MbBiBp2 iQ

i?2 K�;M2iB+ }2H/ Q`B2Mi�iBQM �M/ � T`2+BbBQM Q7 ∼ 0.1 Bb `2[mB`2/ iQ b+�ii2` T?QiQMb

7Q` 30ms rBi?Qmi � bTBM ~BTX

"X9 a+�ii2`BM; `�i2b �M/ +QHH2+iBQM 2{+B2M+v

6Q` K2�bm`2K2Mib BM 6B;m`2 kXjU2V BM i?2 J�BM h2ti- TQr2` Q7 i?2 `2�/Qmi H�b2` Bb b2i

�i � j@H2p2H b�im`�iBQM (a2+iBQM "Xk)X h?Bb K�tBKBx2b i?2 MmK#2` Q7 b+�ii2`2/ T?Q@

iQMb �M/ KBMBKBx2b Qz@`2bQM�Mi 2t+Bi�iBQM Q7 i?2 Qi?2` bTBM@+QMb2`pBM; i`�MbBiBQMX

AM i?Bb +�b2- i?2 HB72iBK2 Q7 i?2 K2i�bi�#H2 l" τ = γ−1
↓ HBKBib i?2 T?QiQM �#bQ`T@

iBQM `�i2 iQ R ∼ 1/τ X 6Q` �M mMbi`�BM2/ 2KBii2` U∆:a ≈ 45GHzV- τ ∼ 200 ns �i

100mK +Bi2D�?MF2kyR82H2+i`QMX aBM+2 i?2 T?QMQM 2KBbbBQM T`Q#�#BHBiv Bb T`QTQ`iBQM�H

iQ (∆:a)
3- i?2 �#bQ`TiBQM `�i2 7Q` � bi`�BM2/ aBo Bb R ∼ 1

200 Mb ·
(
∆:a[:>x]
45:>x

)3
X .m`BM;

� 20ms `2�/Qmi rBM/Qr- i?2 aBo BM 6B;X jU2V b?QmH/ �#bQ`# ∼ 2 × 105 T?QiQMbX AM

i?2 b�K2 `2�/Qmi rBM/Qr r2 /2i2+i ∼ 10 T?QiQMbX h?mb- i?2 Qp2`�HH bvbi2K 2{+B2M+v

Bb ∼ 2 × 10−4X h?Bb �bbmK2b � ∼ 10W [m�MimK 2{+B2M+v 7Q` i?2 aBo9y QTiB+�H i`�M@

bBiBQM �M/ � ∼ 30% 7`�+iBQM Q7 i?2 Sa" U.2#v2@q�HH2` 6�+iQ`V BM i?2 iQi�H 2KBbbBQM

bT2+i`mKX

q2 +�M �HbQ 2biBK�i2 i?2 +QHH2+iBQM 2{+B2M+v BM � /Bz2`2Mi r�vX �i j@H2p2H b�im`�@

Rke



iBQM- i?2 bi2�/v@bi�i2 SG1 +QmMi `�i2 Bb �HbQ HBKBi2/ #v 1/τ ≈ 5 × 106 HzX AM Qm`

2tT2`BK2Mi- i?2 ivTB+�H bi2�/v@bi�i2 SG1 +QmMi `�i2 �`2 1 kHzX h?Bb ;Bp2b ∼ 2 × 10−4

7Q` i?2 Qp2`�HH bvbi2K 2{+B2M+v r?B+? �;`22b rBi? i?2 T`2pBQmb 2biBK�i2X

"X8 PTiB+�H bTBM BMBiB�HBx�iBQM �M/ `2�/Qmi

hQ BMBiB�HBx2 i?2 aBo [m#Bi- BM bi�i2 |↑⟩ 7Q` 2t�KTH2- r2 /`Bp2 i?2 bTBM@`2bQHp2/ i`�MbB@

iBQM |↓⟩ → |↓′⟩X PTiB+�H TmKTBM; (6B;X kXkU�V) 2p2Mim�HHv #`BM;b i?2 [m#Bi BMiQ bi�i2

|↑⟩X 6Q` ?B;?2` BMBiB�HBx�iBQM }/2HBiv- i?2 BMBiB�HBx�iBQM H�b2` TmHb2 r�b b2p2`�H iBK2b

HQM;2` i?�M i?2 +?�`�+i2`BbiB+ iBK2 tp 7Q` QTiB+�H TmKTBM; (6B;X kXkU/V)X

q2 QTiB+�HHv `2�/Qmi i?2 [m#Bi bi�i2b #v /`BpBM; i?2 +Q``2bTQM/BM; bTBM@+QMb2`pBM;

i`�MbBiBQMX 6Q` #2ii2` `2�/Qmi bB;M�H@iQ@MQBb2- r2 F22T i?2 /m`�iBQM Q7 i?2 `2�/Qmi

TmHb2 iQ H2bb i?�M i?2 QTiB+�H TmKTBM; iBK2 tpX AMi2MbBiB2b Q7 #Qi? BMBiB�HBx�iBQM �M/

`2�/Qmi TmHb2b r2`2 �i j@H2p2H b�im`�iBQM (a2+X "Xk)X

"Xe aTBM HB72iBK2 K2�bm`2K2Mi

q2 K2�bm`2 � HQr2` #QmM/ 7Q` i?2 bTBM HB72iBK2 UT1V Q7 i?2 aBo bTBM [m#Bi BM � K�;@

M2iB+ }2H/ Q7 1.1 kHz �HB;M2/ �HQM; i?2 aBo bvKK2i`v �tBb rBi?BM � 72r /2;`22bX SmHb2

b2[m2M+2 7Q` i?2 T1 K2�bm`2K2Mi Bb BHHmbi`�i2/ BM };m`2 "XeX 6B`bi- � 3ms HQM; H�b2`

TmHb2 �i 7`2[m2M+v f↓↓′ BMBiB�HBx2b i?2 [m#Bi BM bi�i2 |↑⟩X L2ti- � `2�/Qmi H�b2` �i 7`2@

Rkd
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init

pump probe
t0 τ

6B;m`2 "Xe, aBo bTBM T1 K2�bm`2K2MiX U�V aBKTHB}2/ aBo 2H2+`QMB+ H2p2H bi`m+im`2X f↓↓′ �M/
f↑↑′ �`2 7`2[m2M+B2b Q7 bTBM@+QMb2`pBM; i`�MbBiBQMbX U#V SmHb2 b2[m2M+2 7Q` bTBM T1 K2�bm`2K2Mi
Ub22 i2tiV U+V hBK2@`2bQHp2/ SG1 bB;M�H 7Q` � b2[m2M+2 BM U#VX ": /2MQi2b � H2p2H Q7 #�+F;`QmM/
~mQ`2b+2M+2X

[m2M+v f↑↑′ T`Q#2b i?2 TQTmH�iBQM BM bi�i2 |↑⟩ �i iBK2 t0 �M/ TmKTb i?2 [m#Bi BMiQ

bi�i2 |↓⟩X �7i2` � /2H�v τ - r2 T`Q#2 i?2 TQTmH�iBQM BM bi�i2 |↑⟩ �;�BMX h?2 `2K�BMBM;

bTBM TQH�`Bx�iBQM /2T2M/b QM i?2 T1 iBK2X h?2 +Q``2bTQM/BM; TmHb2 b2[m2M+2 Bb b?QrM

BM };m`2 "XeU#VX

q2 K2�bm`2 i?2 �#b2M+2 Q7 �Mv ~mQ`2b+2M+2 bB;M�H �#Qp2 i?2 #�+F;`QmM/ H2p2H U":V

�7i2` � /2H�v Q7 τ =1 s (6B;X "XeU+V)X h?Bb BM/B+�i2b �M �HKQbi T2`72+i bTBM TQH�`Bx�iBQM

�7i2` 1 s �M/ K2�Mb i?�i i?2 aBo bTBM T1 Bb Km+? ;`2�i2` i?�M 1 sX

Rk3



"Xd JB+`Qr�p2 /`BpBM;

q2 mb2 i?2 aBo bi�i2b |↑⟩ �M/ |↓⟩ �b � bTBM [m#BiX AM � bK�HH �HB;M2/ K�;M2iB+ }2H/ B

(µ"B ≪ hλaP)- i?2b2 bi�i2b �`2 Q7 i?2 7Q`Kjd

|↑⟩ = |↑⟩bTBM ⊗
(
|e−⟩+

1−
√
1 + ξ2

ξ
|e+⟩

)

|↓⟩ = |↓⟩bTBM ⊗
(
|e+⟩+

1−
√
1 + ξ2

ξ
|e−⟩

)

ξ =
α

λaP
,

r?2`2 α Bb �M Qz@/B�;QM�H UEgV bi`�BMRyj- λaP ≈ 46GHz Bb i?2 bTBM@Q`#Bi +QmTHBM; BM

i?2 ;`QmM/ K�MB7QH/ Q7 i?2 aBo
(
∆:a =

√
α2 + λ2

aP

)
c |↑⟩bTBM , |↓⟩bTBM �`2 bTBM bi�i2bc

�M/ |e+⟩ , |e−⟩ �`2 Q`i?Q;QM�H 2H2+i`QMB+ Q`#Bi�H bi�i2bX

hQ +Q?2`2MiHv K�MBTmH�i2 i?2 aBo bTBM [m#Bi- r2 /`Bp2 i?2 i`�MbBiBQM |↑⟩ → |↓⟩ rBi?

`2bQM�Mi Jq TmHb2bX h?2 _�#B 7`2[m2M+v Bb ΩJq ∼
√
PJq · 1−

√
1+ξ2

ξ - r?2`2 PJq

Bb i?2 Jq TQr2`X q2 p2`B7v � b[m�`2@`QQi /2T2M/2M+2 Q7 ΩJq QM i?2 Jq TQr2`

(6B;X "XdX

AM i?2 HQr bi`�BM `2;BK2 (α ≪ λaP)- i?2 [m#Bi K�;M2iB+ /BTQH2 i`�MbBiBQM |↓⟩ →

|↑⟩ Bb QMHv r2�FHv �HHQr2/X h?Bb K�F2b � +Q?2`2Mi +QMi`QH Q7 i?2 bTBM rBi? i?2 Jq

/`BpBM; /B{+mHi /m2 iQ ?2�iBM; Q7 i?2 b�KTH2 pB� Q?KB+ HQbb2b BM i?2 ;QH/ bi`BTHBM2X

RkN
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6B;m`2 "Xd, 6`2[m2M+v Q7 Jq _�#B Qb+BHH�iBQMb (ΩJq) �i /Bz2`2Mi Jq TQr2`b (SJq) /2HBp2`2/
iQ i?2 /BHmiBQM 7`B/;2X h?2 TQr2` �i i?2 b�KTH2 Bb `2/m+2/ #v �M 2biBK�i2/ ∼ 5 /" /m2 iQ HQbb2b BM
i?2 +Q�tB�H HBM2bX h?2 /�b?2/ HBM2 Bb � HBM2�` }iX .�i� �`2 i�F2M �i f↓↑ = 6.6GHz

AM i?Bb rQ`F- r2 mb2 aBo +2Mi2`b rBi? ∆:a ≈ 80GHzX h?Bb +Q``2bTQM/b iQ � KQ/@

2`�i2 +`vbi�H bi`�BM Q7 α ≈ 1.5λaP �HHQrBM; i?2 [m#Bi i`�MbBiBQM �M/ `2/m+BM; i?2

M2+2bb�`v �KQmMi Q7 Jq TQr2`X h?Bb 7�+BHBi�i2b K�BMi�BMBM; � bi2�/v@bi�i2 b�KTH2

i2KT2`�im`2 Q7 ∼ 100mKX

"X3 T ∗
2 HBKBiBM; T`Q+2bb2b �M/ TmHb2 2``Q`b

h?2 K2�bm`2K2Mib BM };m`2 kXj /2KQMbi`�i2 i?�i T ∗
2 b+�H2b �TT`QtBK�i2Hv BMp2`b2Hv

rBi? i?2 bi�iB+ K�;M2iB+ }2H/ BM i?2 BbQiQTB+�HHv Tm`B}2/ b�KTH2 Ua�KTH2@RkVX AM i?Bb

b2+iBQM- r2 /Bb+mbb � KB+`Qb+QTB+ K2+?�MBbK i?�i +�M H2�/ iQ i?2 Q#b2`p2/ (T ∗
2 )

−1 ∝

gµBB /2T2M/2M+2X �b /Bb+mbb2/ BM a2+X "Xd �M/ _27Xjd- i?2 r�p27mM+iBQM Q7 i?2 bTBM

[m#Bi +QMbBbib Q7 #Qi? �M 2H2+i`QMB+ Q`#Bi�H �M/ � bTBM /2;`22 Q7 7`22/QK i?�i 2�+?

Rjy



+QMi`B#mi2 iQ i?2 2H2+i`QMB+ G�M/û ;@7�+iQ`X

h?2 2H2+i`QMB+ Q`#Bi�Hb |e−⟩ �M/ |e+⟩ +�M #2 KBt2/ pB� bi`�BM �M/ H�`;2 2H2+i`B+

}2H/bX h?2 KBtBM; K2+?�MBbK pB� bi`�BM Bb /2b+`B#2/ BM a2+X "XdX q?BH2 2H2+i`B+ }2H/b

+�MMQi KBt i?2 irQ Q`#Bi�Hb |e−⟩ �M/ |e+⟩ i?�i ?�p2 i?2 b�K2 T�`Biv iQ }`bi Q`/2`-

b2+QM/@Q`/2` T`Q+2bb2b UK2/B�i2/ #v i?2 2t+Bi2/ bi�i2b Q7 i?2 QTTQbBi2 T�`BivV +�M `2@

bmHi BM � KBtBM; #2ir22M i?2 irQ Q`#Bi�HbX h?2 T`2b2M+2 Q7 bm+? 2H2+i`B+ Q` bi`�BM }2H/

~m+im�iBQMb +�M i?2`27Q`2 H2�/ iQ ~m+im�iBQM Q7 i?2 Q`#Bi�H r�p27mM+iBQMb �M/ � +Q``2@

bTQM/BM; +?�M;2 BM i?2 ;@7�+iQ` Q7 i?2 [m#Bi bi�i2bX h?Bb +�M +�mb2 bTBM /2T?�bBM; �i

� `�i2 T`QTQ`iBQM�H iQ �M �TTHB2/ K�;M2iB+ }2H/ BX

h?2 `2bmHiBM; T ∗
2 �HbQ HBKBib i?2 bBM;H2 [m#Bi ;�i2 }/2HBiB2bX q2 QT2`�i2 rBi? Jq

_�#B 7`2[m2M+B2b ΩJq BM i?2 `�M;2 7`QK 1 iQ 10MHzX AM i?Bb +�b2- Jq π@iBK2b Q7

∼ 100 ns �`2 +QKT�`�#H2 rBi? T ∗
2 `2bmHiBM; BM BKT2`72+i Jq π@TmHb2b rBi? 2``Q`b �i

i?2 T2`+2Mi H2p2HX 6Q` *S b2[m2M+2b BMpQHpBM; jk `2T?�bBM; π@TmHb2b (6B;X kX9U#V)- i?Bb

`2bmHib BM � `2/m+iBQM Q7 i?2 bi�i2 }/2HBiv iQ ∼ 70%X AM Qm` 2tT2`BK2Mib- bi`QM;2` Jq

/`BpBM; U+Q``2bTQM/BM; iQ H�`;2` ΩJqV +�mb2b ?2�iBM; Q7 i?2 b�KTH2 /m2 iQ P?KB+

HQbb2b BM � ;QH/ +QTH�M�` r�p2;mB/2 r?B+? /2bi`Qvb bTBM +Q?2`2M+2 (6B;X kX9U/V)X "v

mbBM; HQr@HQbb bmT2`+QM/m+iBM; +QTH�M�` r�p2;mB/2RyR 7Q` Jq /2HBp2`BM;- H�`;2` ΩJq

+�M #2 �+?B2p2/ rBi?Qmi �//BiBQM�H ?2�i HQ�/X
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6B;m`2 "X3, aTBM 2+?Q �i /Bz2`2Mi K�;M2iB+ }2H/bX U�V aTBM@2+?Q +m`p2b 7Q` τ < 4 sX "Hm2 /�i�,
aTBM 2+?Q �i B = 0.2 kGc "H�+F /�i�, aTBM 2+?Q �i B = 3kGc _2/ /�i�, aTBM 2+?Q �i B =3kG-
i?2 b2+QM/ π/2 TmHb2 Bb `2TH�+2/ #v 3π/2X U#V aTBM@2+?Q UT2V iBK2b �i /Bz2`2Mi K�;M2iB+ }2H/bX

"XN *QmTHBM; iQ Mm+H2�` bTBMb

h?2 2z2+i Q7 � 13* Mm+H2�` bTBM QM � bTBM@2+?Q bB;M�H /2T2M/b QM i?2 `�iBQ Q7 i?2 2t@

i2`M�H K�;M2iB+ }2H/ �M/ i?2 K�;M2iB+ }2H/ T`Q/m+2/ #v �M aBo �i i?2 Mm+H2�` bBi2

UEMB;?i b?B7iVN8X AM � H�`;2 2ti2`M�H K�;M2iB+ }2H/ Q7 3 kG- i?Bb EMB;?i b?B7i Bb M2;@

HB;B#H2 �M/ r2 /Q MQi Q#b2`p2 �Mv 2z2+i Q7 Mm+H2�` bTBMb BM i?2 bTBM@2+?Q K2�bm`2@

K2Mib (#H�+F /�i� BM 6B;X "X3U�V)X q2 `2T2�i2/ i?Bb K2�bm`2K2Mi rBi? � bTBM@2+?Q

b2[m2M+2 KQ/B}2/ bm+? i?�i i?2 b2+QM/ π/2 TmHb2 r�b `2TH�+2/ #v � 3π/2 TmHb2 U`2/

/�i�VX h?Bb �HHQrb mb iQ MQ`K�HBx2 i?2 `2�/Qmi bB;M�HX h?2 K2�M p�Hm2 Q7 i?2 bTBM@

2+?Q UKQ/B}2/ bTBM@2+?QV bB;M�H �i τ ≪ T2 +Q``2bTQM/b iQ }M/BM; i?2 aBo bTBM BM

bi�i2 |↓⟩ (|↑⟩)X

AM +QMi`�bi- `2T2�iBM; i?2b2 K2�bm`2K2Mib BM � HQr K�;M2iB+ }2H/ Q7 0.2 kG vB2H/b
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?B;?@pBbB#BHBiv Qb+BHH�iBQMb Q7 i?2 aBo bTBM +Q?2`2M+2 (#Hm2 /�i� BM 6B;X "X3U�V) bm;;2bi@

BM; � +Q?2`2Mi +QmTHBM; iQ b2p2`�H 13* Mm+H2�` bTBMb BM a�KTH2@RjX

*Q?2`2Mi +QmTHBM; iQ Mm+H2�` bTBMb /Q2b MQi �z2+i i?2 T2 iBK2 �b K2�bm`2/ #v i?2

bTBM@2+?Q 2Mp2HQT2 (6B;X "X3U#V)X q2 Q#b2`p2 i?2 b�K2 T2 iBK2b 7Q` a�KTH2@Rj BM K�;@

M2iB+ }2H/b 7`QK 0.2 iQ 1 kG �M/ 7Q` a�KTH2@Rk BM � 2 kG K�;M2iB+ }2H/X h?Bb bm;@

;2bib i?�i +QmTHBM; iQ Mm+H2�` bTBMb Bb MQi i?2 K�BM 7�+iQ` r?B+? HBKBib i?2 aBo bTBM

T2 iBK2X

"XRy aTBM +Q?2`2M+2 �M�HvbBb

6Q` 2�+? +m`p2 BM };m`2 kX9U#V- i?2 K2�bm`2/ #�+F;`QmM/ r�b bm#i`�+i2/ 7`QK i?2

bB;M�H �M/ i?2 `2bmHi r�b MQ`K�HBx2/ bm+? i?�i i?2 bi2�/v bi�i2 p�Hm2 Bb 2[m�H iQ 1/2-

+Q``2bTQM/BM; iQ �M 2[m�H KBtim`2 #2ir22M i?2 [m#Bi H2p2Hbc MQ �//BiBQM�H `2b+�HBM;

r�b BKTH2K2Mi2/X

h?2 Q#b2`p2/ b+�HBM; Q7 i?2 +Q?2`2M+2 iBK2 T2 rBi? MmK#2` N Q7 `2T?�bBM; TmHb2b

(6B;X kX9U+V) Bb +HQb2 iQ HBM2�`, T2 ∝ Nβ- r?2`2 β = 1.02 ± 0.05X h?Bb b+�HBM; +QM@

i`�/B+ib /2T?�bBM; /m2 iQ � Tm`2 GQ`2MixB�M MQBb2 TQr2` bT2+i`mK r?B+? ;Bp2b T2 ∼

N2/3 NN-RyyX

.Bz2`2Mi MQBb2 #�i? KQ/2Hb +�M T`Q/m+2 bBKBH�` T2 b+�HBM; #mi H2�/ iQ /Bz2`2Mi

b?�T2b Q7 i?2 *S +m`p2bX 6B;X "XN b?Qrb i?2 *S3 +m`p2 (7`QK 6B;X kX9U#V) }i mbBM; /B7@

72`2Mi bi`2i+?2/ 2tTQM2MiB�Hb 2tT [− (T/T0)
n]X hQ }i i?2 /�i� b?QrM BM };m`2 kX9U#V-

Rjj
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6B;m`2 "XN, 1tT2`BK2Mi�H *S +m`p2 rBi? N = 8 U#Hm2 TQBMibV }ii2/ #v bi`2i+?2/ 2tTQM2MiB�Hb
rBi? n = 3, 4, 5, 6X AMb2i, }i `2bB/m�Hb 7Q` bi`2i+?2/ 2tTQM2MiB�Hb rBi? n = 2, 3, 4, 5, 6, 8, 10X
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(a) (b)

6B;m`2 "XRy, .Qm#H2@:�mbbB�M MQBb2 TQr2` bT2+i`mKX U�V *�H+mH�i2/ T2 iBK2b 7Q` *S b2[m2M+2b
U#Hm2 TQBMibV �M/ K2�bm`2/ T2 iBK2b U`2/ TQBMibVX .�b?2/ HBM2 Bb � HBM2�` }iX U#V *�H+mH�i2/ *S3
+m`p2 U/QibV }ii2/ #v � bi`2+i?2/ 2tTQM2MiB�H rBi? n = 4 UbQHB/ HBM2VX

r2 mb2 � bi`2i+?2/ 2tTQM2MiB�H rBi? n = 4 bBM+2 Bb ;Bp2b i?2 bK�HH2bi }i `2bB/m�Hb

(6B;X "XNUBMb2iV)X lbBM; i?2 T`2b2Mi /�i� Bi Bb MQi TQbbB#H2 iQ /BbiBM;mBb? #2ir22M /B7@

72`2Mi MQBb2 KQ/2Hb �b r2 +�MǶi /B`2+iHv /2+QMpQHp2 i?2 MQBb2 TQr2` bT2+i`mKRyy-R39X

AM };m`2 kXjU7V- r2 b?Qr i?2 /2T2M/�M+2 Q7 i?2 T ∗
2 iBK2 QM i?2 K�;M2iB+ }2H/ �K@

THBim/2 r?B+? BM/B+�i2b �//BiBQM�H MQBb2 BM i?2 bvbi2K Ub22 b2+X "X3VX AM +QMi`�bi- r2

/Q MQi Q#b2`p2 �Mv /2T2M/2M+2 Q7 i?2 T2 iBK2 QM K�;M2iB+ }2H/ (6B;X "X3U#V)X h?Bb

bm;;2bib � #BKQ/�H MQBb2 TQr2` bT2+i`mK, � bHQr@7`2[m2M+v +QKTQM2Mi HBKBib i?2

T ∗
2 iBK2 r?BH2 � ?B;?@7`2[m2M+v +QKTQM2Mi /2i2`KBM2b i?2 T2 iBK2X 6Q` 2t�KTH2- �

/Qm#H2@:�mbbB�M MQBb2 TQr2` bT2+i`mK,

S(ω) = A× 2tT
[
− (ω/ω0)

2
]
+B × 2tT

[
− (ω/ω1)

2
]
, U"XRV

r?2`2 A ≈ 1MHz- ω0 ≈ 1.8 kHz- B ≈ 1GHz- �M/ ω1 ≈ 50Hz- T`QpB/2b � ;QQ/ �;`22@

Rj8



K2Mi rBi? i?2 Q#b2`p2/ T2 b+�HBM; (6B;X "XRyU�V) �M/ i?2 +Q``2+i Q`/2`@Q7@K�;MBim/2

7Q` T ∗
2 ≈ 10 sX AM i?Bb +�b2- i?2 +�H+mH�i2/ *S3 +m`p2 Bb +HQb2 iQ � bi`2i+?2/ 2tTQ@

M2MiB�H rBi? n = 4 (6B;X "XRyU#V)X h?2 b�K2 `2bmHi +�M #2 Q#i�BM2/ mbBM; � /Qm#H2@

GQ`2MixB�M MQBb2 TQr2` bT2+i`mK rBi? ?�`/ 7`2[m2M+v +miQzbR38X

Rje



C

Rjd



(a)

(c)

(d)

(b)

6B;m`2 *XR, U�V lMBi +2HH Q7 � T?QiQMB+ +`vbi�H +�pBiv U#QmM/2/ #v #H�+F HBM2bVX Hx �M/ Hy /2}M2
i?2 bBx2 �M/ �bT2+i `�iBQ Q7 i?2 ?QH2- a /2i2`KBM2b i?2 H�iiB+2 +QMbi�Mi- �M/ w b2ib i?2 r�p2;mB/2
rB/i?X U#V 1H2+i`B+ }2H/ BMi2MbBiv T`Q}H2 Q7 i?2 h1 KQ/2 BMbB/2 i?2 +�pBiv- BM/B+�iBM; bi`QM; +QM@
}M2K2Mi Q7 i?2 QTiB+�H KQ/2 BMbB/2 i?2 r�p2;mB/2X U+V a+?2K�iB+ Q7 T?QiQMB+ +`vbi�H /2bB;MX "Hm2
b?�/2/ `2;BQM Bb i?2 #�M/;�T ;2M2`�iBM; bi`m+im`2- `2/ b?�/2/ `2;BQM `2T`2b2Mib i?2 +�pBiv bi`m+@
im`2X U/V SHQi Q7 a- Hx- �M/ Hy 7Q` i?2 +�pBiv b?QrM BM U+V- b?QrBM; +m#B+ i�T2` r?B+? /2}M2b i?2
+�pBiv `2;BQMX �HH bBx2b �`2 b?QrM BM 7`�+iBQMb Q7 anominal- i?2 mMT2`im`#2/ H�iiB+2 +QMbi�MiX

Rj3



amTTH2K2Mi�`v BM7Q`K�iBQM 7Q` +?�Ti2`b

j �M/ 9

*XR L�MQT?QiQMB+ +�pBiv /2bB;M

q2 bBKmH�i2 �M/ QTiBKBx2 Qm` M�MQT?QiQMB+ bi`m+im`2b iQ K�tBKBx2 �iQK@T?QiQM BM@

i2`�+iBQMb r?BH2 K�BMi�BMBM; ?B;? r�p2;mB/2 +QmTHBM;- r?B+? 2Mbm`2b ;QQ/ +QHH2+iBQM

2{+B2M+v 7Q` i?2 /2pB+2bX AM T�`iB+mH�`- i?Bb `2[mB`2b QTiBKBxBM; i?2 /2pB+2 [m�HBiv@

7�+iQ` iQ KQ/2 pQHmK2 `�iBQ- i?2 `2H�iBp2 `�i2b Q7 b+�ii2`BM; BMiQ r�p2;mB/2 KQ/2b-

�M/ i?2 bBx2 �M/ b?�T2 Q7 i?2 QTiB+�H KQ/2X 1�+? Q7 i?2b2 [m�MiBiB2b �`2 +QMbB/2`2/

BM � i?`22@bi2T bBKmH�iBQM T`Q+2bb U6.h.- GmK2`B+�HVX q2 }`bi T2`7Q`K � +Q�`b2 T�@

`�K2i2` br22T Qp2` �HH TQbbB#H2 mMBi +2HHb r?B+? /2}M2 i?2 T?QiQMB+ +`vbi�H ;2KQK2i`v

�M/ B/2MiB7v 7�KBHB2b Q7 #�M/;�T@;2M2`�iBM; bi`m+im`2bX h?2b2 bi`m+im`2b �`2 i?2 bi�`i@

BM; TQBMi 7Q` � ;`�/B2Mi �b+2Mi QTiBKBx�iBQM T`Q+2/m`2- r?B+? `2bmHib BM ;2M2`�iBM;

?B;? [m�HBiv@7�+iQ`- HQr KQ/2 pQHmK2 `2bQM�iQ`bX 6BM�HHv- i?2 ;2M2`�i2/ /2bB;Mb �`2

KQ/B}2/ iQ 2Mbm`2 2{+B2Mi `2bQM�iQ`@r�p2;mB/2 +QmTHBM;X

PTiBKBx�iBQM #2;BMb #v 2tTHQ`BM; i?2 7mHH T�`�K2i2` bT�+2 Q7 h1@HBF2 #�M/;�T ;2M@

RjN



2`�iBM; bi`m+im`2b rBi?BM Qm` r�p2;mB/2 ;2QK2i`vX 6Q` ?QH2@#�b2/ +�pBiB2b (6B;X *XRU�V)-

i?Bb br22T +Qp2`b � 8@/BK2MbBQM�H T�`�K2i2` bT�+2, h?2 H�iiB+2 +QMbi�Mi Q7 i?2 mMBi

+2HH UaV- i?2 ?QH2 bBx2 �M/ �bT2+i `�iBQ UHx �M/ HyV- i?2 /2pB+2 2i+? �M;H2 UθV �M/ i?2

r�p2;mB/2 rB/i? UwVX .m2 iQ i?2 bBx2 Q7 i?Bb T�`�K2i2` bT�+2- r2 bi�`i #v T2`7Q`KBM;

� HQr@`2bQHmiBQM br22T Qp2` �HH T�`�K2i2`b- rBi? 2�+? TQi2MiB�H /2bB;M bBKmH�i2/ #v

� bBM;H2 mMBi +2HH rBi? i?2 7QHHQrBM; #QmM/�`v +QM/BiBQMb, 9 T2`72+iHv K�i+?2/ H�v2`

USJGV #QmM/�`v +QM/BiBQMb BM i?2 i`�Mbp2`b2 /B`2+iBQMb �M/ k "HQ+? #QmM/�`v +QM@

/BiBQMb BM i?2 r�p2;mB/2 /B`2+iBQMbX h?2 #�M/ bi`m+im`2 Q7 +�M/B/�i2 ;2QK2i`B2b �`2

/2i2`KBM2/ #v br22TBM; i?2 2z2+iBp2 F@p2+iQ` Q7 i?2 "HQ+? #QmM/�`v +QM/BiBQM �M/

B/2MiB7vBM; �HHQr2/ KQ/2bX lbBM; i?Bb i2+?MB[m2- 7�KBHB2b Q7 bBKBH�` bi`m+im`2b rBi?

H�`;2 #�M/;�Tb M2�` i?2 aBo i`�MbBiBQM 7`2[m2M+v �`2 +?Qb2M 7Q` 7m`i?2` bBKmH�iBQMX

1�+? +�M/B/�i2 T?QiQMB+ +`vbi�H Bb �HbQ BMbT2+i2/ 7Q` i?2 TQbBiBQM Q7 Bib QTiB+�H KQ/2

K�tBKmK- 2Mbm`BM; i?�i Bi ?�b }`bi@Q`/2` KQ/2b +QM+2Mi`�i2/ BM i?2 +2Mi2` Q7 i?2

/B�KQM/- r?2`2 aBob rBHH #2 BM+Q`TQ`�i2/ (6B;X *XRU#V)X

h?2 b2+QM/ bi2T Bb iQ bBKmH�i2 i?2 7mHH T?QiQMB+ +`vbi�H +�pBiv /2bB;M- 7Q+mb2/ BM

i?2 `2;BQMb Q7 T�`�K2i2` bT�+2 B/2MiB}2/ BM bi2T QM2X h?Bb Bb /QM2 #v b2H2+iBM; � }t2/

θ- �b r2HH �b � iQi�H MmK#2` Q7 mMBi +2HHb i?�i /2}M2 i?2 bi`m+im`2- i?2M KQ/B7vBM;

i?2 #�M/;�T Q7 i?2 T?QiQMB+ +`vbi�H rBi? � /272+i `2;BQM iQ 7Q`K � +�pBiv KQ/2X q2

/2}M2 i?Bb /272+i mbBM; � +m#B+ i�T2`BM; Q7 QM2 UQ` b2p2`�HV TQbbB#H2 T�`�K2i2`b,

A(x) = 1− dmax|2x3 − 3x2 + 1| U*XRV

R9y



r?2`2 A Bb i?2 `2H�iBp2 b+�H2 Q7 i?2 i�`;2i T�`�K2i2`UbV �i � /Bbi�M+2 x 7`QK i?2 +�p@

Biv +2Mi2`- �M/ dmax Bb i?2 /272+i /2Ti? T�`�K2i2`X S?QiQMB+ *`vbi�H +�pBiB2b rBi?

KmHiB@T�`�K2i2` /272+ib �`2 /B{+mHi iQ `2HB�#Hv 7�#`B+�i2- i?2`27Q`2- /2pB+2b mb2/ BM

i?Bb rQ`F ?�p2 +�pBiv /272+i ;2QK2i`B2b /2}M2/ QMHv #v p�`B�iBQMb BM i?2 H�iiB+2 +QM@

bi�MiX h?2 +�pBiv ;2M2`�i2/ #v i?Bb /272+i Bb b+Q`2/ #v bBKmH�iBM; i?2 QTiB+�H bT2+@

i`mK �M/ KQ/2 T`Q}H2 �M/ +QKTmiBM; i?2 b+Q`BM; 7mM+iBQM F ,

F = min(Q,Qcutoff)/(Qcutoff × Vmode) U*XkV

q?2`2 Q Bb i?2 +�pBiv [m�HBiv@7�+iQ`- Qcutoff = 5×105 Bb �M 2biBK�i2/ K�tBKmK `2�HBx@

�#H2 Q #�b2/ QM 7�#`B+�iBQM +QMbi`�BMib- �M/ Vmode Bb i?2 +�pBiv KQ/2 pQHmK2X "�b2/

QM i?Bb +`Bi2`B�- r2 2KTHQv � ;`�/B2Mi �b+2Mi T`Q+2bb Qp2` �HH +�pBiv /2bB;M T�`�K2i2`b

U2t+2Ti θ �M/ i?2 iQi�H MmK#2` Q7 mMBi +2HHbV mMiBH F Bb K�tBKBx2/- Q` � K�tBKmK

MmK#2` Q7 Bi2`�iBQMb ?�b Q++m``2/X .m2 iQ i?2 +QKTH2tBiv �M/ bBx2 Q7 i?2 T�`�K2i2`

bT�+2- � bBM;H2 Bi2`�iBQM Q7 i?Bb ;`�/B2Mi �b+2Mi Bb mMHBF2Hv iQ }M/ i?2 QTiBK�H bi`m+@

im`2X AMbi2�/- b2p2`�H +�M/B/�i2b 7`QK 2�+? 7�KBHv Q7 /2bB;Mb 7QmM/ BM bi2T QM2 �`2

2tTHQ`2/- rBi? i?2 #2bi KQpBM; QM iQ i?2 }M�H bi2T Q7 i?2 bBKmH�iBQM T`Q+2bbX h?2b2

bm`pBpBM; +�M/B/�i2b �`2 �;�BM +?2+F2/ iQ 2Mbm`2 +QM}M2K2Mi Q7 i?2 QTiB+�H KQ/2 BM

i?2 +2Mi2` Q7 i?2 +�pBiv bi`m+im`2 �M/ iQ 2Mbm`2 i?�i i?2 bi`m+im`2b 7�HH rBi?BM i?2 iQH@

2`�M+2b Q7 i?2 7�#`B+�iBQM T`Q+2bbX

h?2 }M�H bi2T BM i?2 bBKmH�iBQM T`Q+2bb Bb iQ KQ/B7v i?2 QTiBKBx2/ /2bB;Mb iQ K�t@

R9R



BKBx2 `2bQM�iQ`@r�p2;mB/2 +QmTHBM;X h?Bb Bb /QM2 #v `2KQpBM; mMBi +2HHb 7`QK i?2

BMTmi TQ`i Q7 i?2 /2pB+2- r?B+? /2+`2�b2b i?2 Qp2`�HH [m�HBiv@7�+iQ` Q7 i?2 /2pB+2b BM

2t+?�M;2 7Q` #2ii2` r�p2;mB/2 /�KTBM; Q7 i?2 QTiB+�H }2H/X .2pB+2b �`2 QM+2 �;�BM

bBKmH�i2/ �M/ �M�Hvx2/ 7Q` i?2 7`�+iBQM Q7 HB;?i H2�pBM; i?2 `2bQM�iQ` i?`Qm;? i?2

r�p2;mB/2 +QKT�`2/ iQ i?2 7`�+iBQM b+�ii2`BM; BMiQ 7`22@bT�+2X h?2 MmK#2` Q7 mMBi

+2HHb QM i?2 BMTmi TQ`i Bb i?2M QTiBKBx2/ 7Q` i?Bb `�iBQ- rBi? bBKmH�iBQMb BM/B+�iBM;

i?�i KQ`2 i?�M 95% Q7 HB;?i Bb +QHH2+i2/ BMiQ i?2 r�p2;mB/2X AM T`�+iB+2- 7�#`B+�iBQM

/272+ib BM+`2�b2 i?2 7`22@bT�+2 b+�ii2`BM; `�i2- TH�+BM; `2bQM�iQ`b +HQb2 iQ i?2 +`BiB+�HHv@

+QmTH2/ `2;BK2X 6BM�HHv- i?2 r�p2;mB/2 +QmTHBM; 7`�+iBQM Bb BM+`2�b2/ #v �TT2M/BM; �

[m�/`�iB+ i�T2` iQ #Qi? 2M/b Q7 i?2 /2pB+2b bm+? i?�i i?2 QTiB+�H KQ/2 Bb i`�Mb72``2/

�/B�#�iB+�HHv 7`QK i?2 T?QiQMB+ +`vbi�H `2;BQM BMiQ i?2 /B�KQM/ r�p2;mB/2X h?Bb T`Q@

+2bb T`Q/m+2b i?2 }M�H +�pBiv bi`m+im`2 mb2/ 7Q` 7�#`B+�iBQM (6B;X *XRU+V)X

*Xk ai`�BM@BM/m+2/ 7`2[m2M+v ~m+im�iBQMb

AM i?Bb �TT2M/Bt r2 +�H+mH�i2 +?�M;2b i?2 aBo bTBM@[m#Bi 7`2[m2M+v �M/ QTiB+�H i`�MbB@

iBQM 7`2[m2M+v �`BbBM; 7`QK bi`�BM ~m+im�iBQMbX q2 bi�`i rBi? i?2 >�KBHiQMB�M 7Q` aBo
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BM �M 2ti2`M�H K�;M2iB+ }2H/ Bz �HB;M2/ �HQM; i`?2 aBo bvKK2i`v �tBbjd-RkR,

H = −λ

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

0 0 i 0

0 0 0 −i

−i 0 0 0

0 i 0 0

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

︸ ︷︷ ︸
bTBM@Q`#Bi

+

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

α− β 0 γ 0

0 α− β 0 γ

γ 0 β 0

0 γ 0 β

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

︸ ︷︷ ︸
bi`�BM

+

qγLBz

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

0 0 i 0

0 0 0 i

−i 0 0 0

0 −i 0 0

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

︸ ︷︷ ︸
Q`#Bi�H w22K�M

+
γSBz

2

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

1 0 0 0

0 −1 0 0

0 0 1 0

0 0 0 −1

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

︸ ︷︷ ︸
bTBM w22K�M

, U*XjV

r?2`2 λ Bb � bTBM@Q`#Bi +QmTHBM; +QMbi�Mi- γL = µB �M/ γS = 2µB �`2 G�M/û ;@7�+iQ`b

Q7 i?2 Q`#Bi�H �M/ bTBM /2;`22b Q7 7`22/QK UµB i?2 "Q?` K�;M2iQMV- q = 0.1 Bb � >�K

`2/m+iBQM 7�+iQ` Q7 i?2 Q`#Bi�H KQK2MimKjd-R3e- �M/ α,β, γ �`2 HQ+�H bi`�BM T�`�K2@

i2`b r?B+? +�M #2 /Bz2`2Mi 7Q` i?2 ;`QmM/ �M/ 2t+Bi2/ b�i2b (a2+X jX9)X �b K2�bm`BM;

i?2 2t�+i bi`�BM T�`�K2i2`b Bb +?�HH2M;BM; (a2+X jX9) r2 �bbmK2 QMHv QM2 MQM@x2`Q +QK@

TQM2Mi BM i?Bb i2MbQ` UϵzxV BM Q`/2` iQ bBKTHB7v Qm` +�H+mH�iBQMbX AM i?Bb +�b2- bi`�BM
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T�`�K2i2`b �`2,

β = f;U2Vϵzx, U*X9V

α = γ = 0, U*X8V

r?2`2 f;U2V = 1.7×106 (3.4×106):>xfbi`�BMRkR 7Q` i?2 ;`QmM/ U2t+Bi2/V bi�i2 �M/ i?2

:a bTHBiiBM; Bb,

∆GS = 2
√
λ2
g + β2, U*XeV

r?2`2 λg ≈ 25:>x Bb i?2 aP@+QMbi�Mi 7Q` i?2 ;`QmM/ bi�i2X L2ti- r2 bQHp2 i?Bb

>�KBHiQMB�M �M/ BMp2biB;�i2 ?Qr i?2 [m#Bi 7`2[m2M+v +?�M;2b �b � 7mM+iBQM Q7 `2H�iBp2

bi`�BM ~m+im�iBQMb UξV,

∆fJq =
2 (f;ϵzx)

2 λgBzqγL
(
(f;ϵzx)

2 + λ2
g

)3/2
ξ. U*XdV

h?2 +Q``2bTQM/BM; +?�M;2 BM i?2 QTiB+�H 7`2[m2M+v Bb,

∆fQTiB+�H =

⎛

⎝ (f;ϵzx)
2

√
(f;ϵzx)

2 + λ2
g

− (f2ϵzx)
2

√
(f2ϵzx)

2 + λ2
e

⎞

⎠ ξ, U*X3V

r?2`2 λe ≈ 125:>x Bb i?2 aP@+QMbi�Mi 7Q` i?2 2t+Bi2/ bi�i2X

6Q` aBo k (a2+X jX9) r2 K2�bm`2/ ∆GS = 140:>x �M/ }M/ ϵzx = 3.8 × 10−5X qBi?

ξ = 1% bi`�BM ~m+im�iBQMb U+Q``2bTQM/BM; iQ ∼ 10−7 bi`�BMV- 7`2[m2M+B2b +?�M;2 #v

∆fJq ≈ 4J>x �M/ ∆fQTiB+�H ≈ −300J>xX h?Bb [m�MiBi�iBp2Hv �;`22b rBi? i?2 /�i�
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(a) (b) (c)

0

4

Laser Detuning (GHz)

Ti
m

e 
(m

in
)

-1 1

SiV 1

-1 1

SiV 2

-1 1

SiV 2 1

0

6B;m`2 *Xk, U�V aT2+i`�H /BzmbBQM Q7 aBo kX q2 Q#b2`p2 bHQr bT2+i`�H r�M/2`BM; �b r2HH �b bT2+@
i`�H DmKTbX U#V �TTHvBM; � b?Q`i ;`22M `2TmKTBM; TmHb2 #27Q`2 2p2`v K2�bm`2K2Mi bB;MB}+�MHv
bT22/b mT i?2 iBK2b+�H2 7Q` bT2+i`�H /BzmbBQMX U+V aT2+i`�H /BzmbBQM Q7 aBo R BM M�MQbi`m+im`2bX
GBM2 Bb bi�#H2 iQ #2HQr 100MHz Qp2` K�Mv KBMmi2bX a+�H2 #�` BM/B+�i2b MQ`K�HBx2/ aBo `2~2+iBQM
bB;M�HX

T`2b2Mi2/ BM (6B;X jX9U7V)X

*Xj JBiB;�iBM; bT2+i`�H /BzmbBQM

AM Q`/2` iQ +QmTH2 aBo +2Mi2`b iQ � [m�MimK M2irQ`F- 2H2+i`QMB+ i`�MbBiBQMb Kmbi #2

bi�#BHBx2/ rBi? `2bT2+i iQ � T`Q#2 H�b2`X q2 MQi2 i?�i bm+? bT2+i`�H /BzmbBQM Bb � mMB@

p2`b�H +?�HH2M;2 7Q` bQHB/@bi�i2 [m�MimK bvbi2Kb3e-R3d-R33X AM i?2 +�b2 Q7 i?2 aBo +2M@

i2`- bT2+i`�H /BzmbBQM +�M #2 b22M 2tTHB+BiHv BM };m`2 *XkU�V- r?2`2 i?2 QTiB+�H i`�MbB@

iBQM 7`2[m2M+v +�M 2Bi?2` /`B7i bHQrHv U+2Mi`�H `2;BQMV- Q` mM/2`;Q H�`;2 bT2+i`�H DmKTbX

�b i?Bb /BzmbBQM +�M #2 H�`;2` i?�M i?2 aBo HBM2rB/i?- �Mv ;Bp2M BMbi�M+2 Q7 �M 2t@

T2`BK2Mi +QmH/ ?�p2 i?2 T`Q#2 H�b2` +QKTH2i2Hv /2imM2/ 7`QK i?2 �iQKB+ i`�MbBiBQM-
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`2bmHiBM; BM � 7�BH2/ 2tT2`BK2MiX

h?2`2 �`2 b2p2`�H TQbbB#H2 bQHmiBQMb iQ KBiB;�i2 i?Bb bT2+i`�H /BzmbBQMX 6B`bi- 2t@

THQBiBM; � ?B;?@+QQT2`�iBpBiv BMi2`7�+2- QM2 +�M Sm`+2HH@#`Q�/2M i?2 QTiB+�H HBM2rB/i?

(b2+X jX8) iQ 2t+22/ i?2 bT2+i`�H /BzmbBQM9yX a2+QM/- � ?B;? +QHH2+iBQM 2{+B2M+v +�M #2

mb2/ iQ `2�/ Qmi i?2 QTiB+�H TQbBiBQM 7�bi2` i?�M i?2 bT2+i`�H /BzmbBQMX h?2 7`2[m2M+v

+�M i?2M #2 T`Q#�#BHBbiB+�HHv bi�#BHBx2/ #v �TTHvBM; � b?Q`i H�b2` TmHb2 �i 520 nm

r?B+? /`�K�iB+�HHv bT22/b mT i?2 iBK2b+�H2 Q7 bT2+i`�H /BzmbBQM-9R-Rej (6B;X *XkU#V)X

�Hi2`M�iBp2Hv i?Bb bB;M�H +QmH/ #2 mb2/ iQ �+iBp2Hv bi�#BHBx2 i?2 HBM2 mbBM; bi`�BM@imMBM;R93-R3NX

6`QK i?2 Q#b2`p�iBQMb BM };m`2 jX9U7V- i?Bb i2+?MB[m2 b?QmH/ KBiB;�i2 bT2+i`�H /Bzm@

bBQM Q7 #Qi? i?2 QTiB+�H �M/ bTBM i`�MbBiBQMbX ai`�BM imMBM; �HbQ Qz2`b i?2 +�T�#BHBiv

iQ +QMi`QH i?2 .* bi`�BM p�Hm2- r?B+? ?�b BKTQ`i�Mi 2z2+ib QM [m#Bi T`QT2`iB2b �b

/Bb+mbb2/ T`2pBQmbHv- �M/ 2M�#H2b imMBM; KmHiBTH2 aBo +2Mi2`b iQ � +QKKQM M2irQ`F

QT2`�iBQM 7`2[m2M+vX �b bm+?- i?Bb imM�#BHBiv rBHH HBF2Hv #2 �M BKTQ`i�Mi T�`i Q7 7mim`2

[m�MimK M2irQ`FBM; i2+?MQHQ;B2b #�b2/ QM aBo +2Mi2`bX

h?2 b2p2`Biv Q7 bT2+i`�H /BzmbBQM Bb /Bz2`2Mi 7Q` /Bz2`2Mi 2KBii2`b ?Qr2p2`- �M/ i?Bb

+QMi`QH Bb MQi �Hr�vb M2+2bb�`v- 2bT2+B�HHv 7Q` T`QQ7@Q7@T`BM+BTH2 2tT2`BK2Mib rBi? �

bK�HH MmK#2` Q7 2KBii2`bX 6Q` aBo R- i?2 K�BM aBo mb2/ BM i?2 7QHHQrBM; b2+iBQMb- �M/

i?2 aBo mb2/ BM +?�Ti2` 9- r2 }M/ �HKQbi MQ bT2+i`�H /BzmbBQM- rBi? QTiB+�H i`�MbB@

iBQMb bi�#H2 Qp2` K�Mv KBMmi2b (6B;X *XkU+V)X h?Bb Bb �M B/2�H +QM};m`�iBQM- �b 2tT2`B@

K2Mib +�M #2 T2`7Q`K2/ rBi?Qmi �Mv M22/ iQ p2`B7v i?2 QTiB+�H HBM2 TQbBiBQMX
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*X9 JQ/2H 7Q` aBo /2+Q?2`2M+2

h?2 b+�HBM; Q7 T2(N) ∝ N2/3 Bb B/2MiB+�H iQ i?�i 7QmM/ 7Q` MBi`Q;2M@p�+�M+v +2Mi2`b-

r?2`2 Bi Bb �bbmK2/ i?�i T2 Bb HBKBi2/ #v � ~m+im�iBM; 2H2+i`QM bTBM #�i?Nd-R9yX JQ@

iBp�i2/ #v .11_ K2�bm`2K2Mib rBi? aBo k- r2 7QHHQr i?2 �M�HvbBb Q7 `27XR9y iQ 2biB@

K�i2 i?2 MQBb2 #�i? Q#b2`p2/ #v aBo RX

h?2 K2�bm`2/ +Q?2`2M+2 /2+�v Bb KQ/2H2/ #v,

⟨Sz⟩ = Exp

(
−
∫

dω S(ω)FN (t,ω)

)
, U*XNV

r?2`2 S(ω) Bb i?2 MQBb2 TQr2`@bT2+i`mK Q7 i?2 #�i?- �M/ FN (t,ω) = 2 sin(ωt/2)(1 −

sec(ωt/2N))2/ω2 Bb }Hi2` 7mM+iBQM 7Q` � /vM�KB+�H@/2+QmTHBM; b2[m2M+2 rBi? �M 2p2M

MmK#2` Q7 TmHb2bR9yX q2 }i bm+2bbBp2 T2 2+?Q +m`p2b iQ i?2 7mM+iBQM�H 7Q`K A+Be−(t/T2)β -

rBi? A,B #2BM; 7`22 T�`�K2i2`b �bbQ+B�i2/ rBi? T?QiQM +QmMi `�i2b- �M/ β = 3 T`Q@

pB/BM; i?2 #2bi }i iQ i?2 /�i�X h?Bb p�Hm2 Q7 β BKTHB2b � /2+Q?2`2M+2 #�i? rBi? �

GQ`2MixB�M MQBb2 TQr2`@bT2+i`mK- S(ω, b, τ) = b2τ/π × 1/(1 + ω2τ2)- r?2`2 b Bb �

T�`�K2i2` +Q``2bTQM/BM; iQ i?2 bi`2M;i? Q7 i?2 MQBb2 #�i?- �M/ τ Bb � T�`�K2i2` +Q``2@

bTQM/BM; iQ i?2 +Q``2H�iBQM iBK2 Q7 i?2 MQBb2Nd-R9yX

1KTB`B+�HHv- MQ QM2 b2i Q7 MQBb2 T�`�K2i2`b 7�Bi?7mHHv `2T`Q/m+2b i?2 /�i� 7Q` �HH

K2�bm`2/ 2+?Q b2[m2M+2bX �//BM; � b2+QM/ bQm`+2 Q7 /2T?�bBM; S̃ = S(ω, b1, τ1) +

S(ω, b2, τ2)- ;Bp2b `2�bQM�#H2 �;`22K2Mi rBi? i?2 /�i� mbBM; T�`�K2i2`b b1 =5kHz-
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τ1 =1 s- b2 =180 kHz- τ2 =1ms (6B;X jXdU/V)X h?2 irQ /`�biB+�HHv /Bz2`2Mi b2i Q7 MQBb2

T�`�K2i2`b 7Q` 2�+? Q7 i?2 bQm`+2b +�M ?2HT BHHmKBM�i2 i?2 bQm`+2 Q7 MQBb2 BM Qm` /2@

pB+2bX

�b 2tTH�BM2/ BM i?2 T`2pBQmb b2+iBQM- QM2 HBF2Hv +�M/B/�i2 7Q` i?Bb /2+Q?2`2M+2 Bb

� #�i? Q7 7`22 2H2+i`QMb �`BbBM; 7`QK BKT`QT2` bm`7�+2 i2`KBM�iBQM Q` HQ+�H /�K�;2

+�mb2/ /m`BM; M�MQ7�#`B+�iBQM- r?B+? �`2 FMQrM iQ ?�p2 +Q``2H�iBQM iBK2b BM i?2 ∼s

`�M;2X h?2 aBo bim/B2/ BM i?Bb �M�HvbBb Bb �TT`QtBK�i2Hv 2[mB/Bbi�Mi 7`QK i?`22 bm`@

7�+2b, i?2 irQ M2�`2bi ?QH2b r?B+? /2}M2 i?2 M�MQT?QiQMB+ +�pBiv- �M/ i?2 iQT bm`7�+2

Q7 i?2 M�MQ#2�K (b2+, jXk)- �HH Q7 r?B+? �`2 �TT`QtBK�i2Hv 50 nm �r�vX q2 2biBK�i2 �

/2MbBiv Q7 σsurf = 0.067 bTBMbfnm2 mbBM;,

b1 = γSiV⟨Bsurf⟩ =
g2µ2

Bµ0

!
1

4πΣd2i

√
π

4σsurf
U*XRyV

r?2`2 b1 Bb i?2 K2�bm`2/ bi`2M;i? Q7 i?2 MQBb2 #�i?- g Bb i?2 2H2+i`QM ;v`QK�;M2iB+

`�iBQ- �M/ di �`2 i?2 /Bbi�M+2b iQ i?2 M2�`2bi bm`7�+2bX h?Bb Q#b2`p�iBQM Bb +QMbBbi2Mi

rBi? bm`7�+2 bTBM /2MbBiB2b K2�bm`2/ mbBM; LobR9yX

h?2 HQM;2` +Q``2H�iBQM iBK2 7Q` i?2 b2+QM/ MQBb2 i2`K bm;;2bib � /Bz2`2Mi #�i?- TQb@

bB#Hv �`BbBM; 7`QK 7`22 2H2+i`QM bTBMb BMbB/2 i?2 #mHF /B�KQM/X o�+�M+v +Hmbi2`b- r?B+?

+�M T2`bBbi mM/2` �MM2�HBM; 2p2M �i 1200C- �`2 FMQrM iQ TQbb2b g = 2 2H2+i`QM bTBMb-

�M/ �`2 QM2 TQbbB#H2 +�M/B/�i2 7Q` i?Bb MQBb2 #�i?RNyX AMi2;`�iBM; Qp2` d BM 2[X *XRy-

r2 2biBK�i2 i?2 /2MbBiv Q7 bTBMb `2[mB`2/ iQ �+?B2p2 i?2 K2�bm`2/ b2X q2 2biBK�i2

R93



ρbulk ∼ 0.53 bTBMb T2` nm3- r?B+? +Q``2bTQM/b iQ � /QTBM; Q7 3TTKX AMi2`2biBM;Hv- i?Bb

Bb M2�`Hv B/2MiB+�H iQ i?2 HQ+�H +QM+2Mi`�iBQM Q7 bBHB+QM BM+Q`TQ`�i2/ /m`BM; BKTH�Mi�@

iBQM UKQbi Q7 r?B+? Bb MQi bm++2bb7mHHv +QMp2`i2/ BMiQ M2;�iBp2Hv +?�`;2/ aBoV- �M/

+QmH/ BKTHv BKTH�Mi�iBQM@`2H�i2/ /�K�;2 �b � TQbbB#H2 bQm`+2 Q7 i?2b2 BKTm`BiB2bX

�MQi?2` TQbbB#H2 2tTH�M�iBQM 7Q` i?Bb bHQr2` #�i? +QmH/ #2 +QmTHBM; iQ Mm+H2�` bTBMb

BM i?2 2MpB`QMK2MiX h?2 /B�KQM/ mb2/ BM i?Bb 2tT2`BK2Mi ?�b � M�im`�H �#mM/�M+2 Q7

13*- � bTBM@Rfk BbQiQT2- BM +QM+2Mi`�iBQMb Q7 �TT`QtBK�i2Hv 1.1%X _2TH�+BM; µB → µN

BM i?2 i2`K 7Q` ⟨B⟩ ;Bp2b �M 2biBK�i2/ Mm+H2�` bTBM /2MbBiv Q7 ρbulk,N = 0.6%- QMHv �

7�+iQ` Q7 irQ /Bz2`2Mi i?�M i?2 2tT2+i2/ Mm+H2�` bTBM /2MbBivX

*X8 *QM+m``2M+2 �M/ 6B/2HBiv +�H+mH�iBQMb

*X8XR aTBM@T?QiQM +QM+m``2M+2 �M/ }/2HBiv +�H+mH�iBQMb

6`QK +Q``2H�iBQMb BM i?2 w@ �M/ s@#�b2b- r2 2biBK�i2 � HQr2` #QmM/ 7Q` i?2 2Mi�M;H2@

K2Mi BM Qm` bvbi2KX 6QHHQrBM; `272`2M+2RNR- r2 MQi2 i?�i i?2 /2MbBiv K�i`Bt Q7 Qm`

R9N



bvbi2K +QM/BiBQM2/ QM i?2 /2i2+iBQM Q7 QM2 T?QiQM +�M #2 /2b+`B#2/ �b,

ρZZ = 1/2

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

pe↑ 0 0 0

0 pe↓ ce↓,l↑ 0

0 c†e↓,l↑ pl↑ 0

0 0 0 pl↓

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

U*XRRV

r?2`2 pij �`2 i?2 T`Q#�#BHBiB2b Q7 K2�bm`BM; � T?QiQM BM bi�i2 i- �M/ i?2 bTBM BM bi�i2

jX ce↓,l↑ `2T`2b2Mib 2Mi�M;H2K2Mi #2ir22M pe↑ �M/ pl↓X q2 b2i �HH Qi?2` +Q?2`2M+2

i2`Kb iQ x2`Q- �b i?2v `2T`2b2Mi M2;HB;B#Hv bK�HH 2``Q`b BM Qm` bvbi2K U7Q` 2t�KTH2-

ce↑,e↓ > 0 rQmH/ BKTHv i?�i i?2 aBo r�b MQi BMBiB�HBx2/ T`QT2`Hv �i i?2 bi�`i Q7 i?2

K2�bm`2K2MiVX q2 [m�MiB7v i?2 /2;`22 Q7 2Mi�M;H2K2Mi BM i?2 bvbi2K #v Bib +QM+m`@

`2M+2 C- r?B+? Bb 0 7Q` b2T2`�#H2 bi�i2b- �M/ 1 7Q` � K�tBK�HHv 2Mi�M;H2/ bi�i2RNk,

C = Max(0,λ1/2
0 −

N∑

i=1

λ1/2
i ), U*XRkV

r?2`2 λi �`2 i?2 2B;2Mp�Hm2b Q7 i?2 K�i`Bt ρZZ ·
(
σy · ρZZ · σ†

y

)
- �M/ σy Bb i?2 bi�M/�`/

S�mHB K�i`Bt �+iBM; QM 2�+? [m#Bi #�bBb b2T�`�i2Hv Uσy = σy,ph ⊗ σy,elVX q?BH2 i?Bb +�M

#2 bQHp2/ 2t�+iHv- i?2 `2bmHiBM; 2[m�iBQM Bb +QKTHB+�i2/X h�FBM; QMHv i?2 }`bi@Q`/2`

i2`Kb- i?Bb +�M #2 bBKTHB}2/ iQ Tmi � HQr2` #QmM/ QM i?2 +QM+m``2M+2,

C ≥ 2(|ce↓,l↑|−
√
pe↑pl↓) U*XRjV

R8y



q2 K2�bm`2 p /B`2+Hv BM i?2 w #�bBb- �M/ 2biBK�i2 |ce↓,l↑| #v T2`7Q`KBM; K2�bm`2K2Mib

BM i?2 s #�bBbX � π/2@`Qi�iBQM QM #Qi? i?2 T?QiQM �M/ bTBM [m#Bib `Qi�i2b,

|e⟩ → 1/
√
2(|e⟩+ |l⟩), |l⟩ → 1/

√
2(|e⟩ − |l⟩)

| ↓⟩ → 1/
√
2(| ↓⟩+ | ↑⟩), | ↑⟩ → 1/

√
2(| ↓⟩ − | ↑⟩)

�72` i?Bb i`�Mb7Q`K�iBQM- i?2 bB;M�H +QMi`�bi /B`2+iHv K2�bm`2b ce↓,l↑,

2ce↓,l↑ = p−,← + p+,→ − p−→ − p+← U*XR9V

⇒ C ≥ 0.42(6) U*XR8V

aBKBH�`Hv- i?2 }/2HBiv Q7 i?2 2Mi�M;H2/ bi�i2 UTQbi@b2H2+i2/ QM i?2 /2i2+iBQM Q7 �

T?QiQMV +�M #2 +QKTmi2/ #v i?2 Qp2`H�T rBi? i?2 i�`;2i "2HH bi�i2R88,

F = ⟨Ψ+|ρZZ |Ψ+⟩ = (pe↑ + pl↓ + 2ce↓,l↑)/2 ≥ 0.70(3) U*XReV

*X8Xk *Q``2+iBM; 7Q` `2�/Qmi BM}/2HBiv

1``Q`b �`BbBM; 7`QK bBM;H2@b?Qi `2�/Qmi BM+Q``2+iHv �bbB;M i?2 bTBM bi�i2- `2bmHib BM

HQr2`@+QMi`�bi ?BbiQ;`�Kb 7Q` bTBM@T?QiQM +Q``2H�iBQMbX q2 7QHHQr i?2 �M�HvbBb /QM2

R8R



BM `27XR88- �M/ +Q``2+i 7Q` `2�/Qmi 2``Q`b mbBM; � i`�Mb72` K�i`Bt 7Q`K�HBbKX h?2 K2�@

bm`2/ bTBM@T?QiQM +Q``2H�iBQMb pij �`2 `2H�i2/ iQ i?2 ǵi`m2Ƕ TQTmH�iBQMb Pij pB�,

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

pe↓

pe↑

pl↓

pl↑

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

=

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

F↓ 1− F↑ 0 0

1− F↓ F↑ 0 0

0 0 F↓ 1− F↑

0 0 1− F↓ F↑

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

Pe↓

Pe↑

Pl↓

Pl↑

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

U*XRdV

rBi? F↓, F↑ /2}M2/ �#Qp2X �7i2` i?Bb +Q``2+iBQM- �M B/2MiB+�H �M�HvbBb Bb T2`@

7Q`K2/ iQ +�H+mH�i2 i?2 2``Q`@+Q``2+i2/ ?BbiQ;`�Kb (6B;X jX3U#-+-/V /�`F@b?�/BM;)X q2

}M/ �M 2``Q`@+Q``2+i2/ +QM+m``2M+2 C ≥ 0.79(7) �M/ }/2HBiv F ≥ 0.89(3)X

*X8Xj 1H2+i`QM@Mm+H2�` +QM+m``2M+2 �M/ }/2HBiv +�H+mH�iBQMb

6Q` bTBM@bTBM "2HH bi�i2b- BM +QMi`�bi iQ i?2 bTBM@T?QiQM �M�HvbBb- r2 +�M MQ HQM;2` b2i

�Mv Q7 i?2 Qz@/B�;QM�H i2`Kb Q7 i?2 /2MbBiv K�i`Bt (2[X *XRR) iQ x2`Q /m2 iQ i?2 HBK@

Bi2/ U∼ 90%V Mm+H2�` BMBiB�HBx�iBQM }/2HBivX q2 MQi2 i?�i M2;H2+iBM; i?2b2 Qz@/B�;QM�H

i2`Kb +�M QMHv /2+`2�b2 i?2 2biBK�i2/ 2Mi�M;H2K2Mi BM i?2 bvbi2K- i?mb i?2 +QM+m`@

`2M+2 +�M biBHH #2 r`Bii2M �b,

C ≥ 2(|c↓↑|−
√
p↑↑p↓↓) U*XR3V

R8k



r?2`2 i?2 }`bi bm#b+`BTi Bb i?2 2H2+i`QM bTBM bi�i2- �M/ i?2 b2+QM/ Bb i?2 Mm+H2�` bi�i2X

q2 2biBK�i2 c↓↑ �;�BM #v mbBM; i?2 K2�bm`2/ TQTmH�iBQMb BM �M Q`i?Q;QM�H #�bBbX AM

i?Bb +�b2- Qz@/B�;QM�H i2`Kb �// � +Q``2+iBQM,

2c↓↑ + 2c↑↓ = p←← + p→→ − p←→ − p→← U*XRNV

AM Q`/2` 7Q` i?2 /2MbBiv K�i`Bt iQ #2 T`QT2`Hv MQ`K�HBx2/- c↑↓ ≤ √
p↑↑p↓↓- ;BpBM; mb

i?2 }M�H +QM+m``2M+2,

C ≥ p←← + p→→ − p←→ − p→← − 4
√
p↑↑p↓↓ U*XkyV

�//BiBQM�HHv- #Qi? 2H2+i`QM `2�/Qmi 2``Q` �b r2HH �b 13* K�TTBM; BM}/2HBiv +�M KBb@

`2TQ`i i?2 i`m2 bTBM bi�i2X �b bm+?- i?2 M2r i`�Mb72` K�i`Bt iQ +Q``2+i 7Q` i?Bb 2``Q` Bb,

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

F↓,eF↓,N F↓,e(1− F↑,N ) (1− F↑,e)F↓,N (1− F↑,e)(1− F↑,N )

F↓,e(1− F↓,N ) F↓,eF↑,N (1− F↑,e)(1− F↓,N ) (1− F↑,e)F↑,N

(1− F↓,e)F↓,N (1− F↓,e)(1− F↑,N ) F↑,eF↓,N F↑,e(1− F↑,N )

(1− F↓,e)(1− F↓,N ) (1− F↓,e)F↑,N F↑,e(1− F↓,N ) F↑,eF↑,N

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

U*XkRV

q?2`2 F↓,e ≈ F↑,e = 0.85 �M/ F↓,N ≈ F↑,N = 0.72X 6QHHQrBM; i?Bb �M�HvbBb- r2

`2TQ`i �M 2``Q`@+Q``2+i2/ +QM+m``2M+2 Q7 C ≥ 0.22(9)X

R8j



*X8X9 1H2+i`QM@Mm+H2�` *LPh ;�i2

q2 7m`i?2` +?�`�+i2`Bx2 i?2 *LPh ;�i2 Bib2H7 �b � mMBp2`b�H [m�MimK ;�i2X .m2 iQ

i?2 `2H�iBp2Hv TQQ` `2�/Qmi }/2HBiv Ub22 �#Qp2V- r2 /Q MQi /Q i?Bb #v T2`7Q`KBM; [m�M@

imK bi�i2 iQKQ;`�T?vX AMbi2�/- r2 2biBK�i2 2Mi`B2b BM i?2 *LPh K�i`Bt mbBM; K2�@

bm`2K2Mib BM QMHv i?2 w@#�bBbX �b � +QMi`QH K2�bm`2K2Mi- r2 }`bi BMBiB�HBx2 i?2 irQ

[m#Bib BM �HH TQbbB#H2 +QM};m`�iBQMb �M/ `2�/ Qmi- �p2`�;2/ Qp2` K�Mv i`B�HbX L2ti- r2

BMBiB�HBx2 i?2 [m#Bib- T2`7Q`K � *LPh ;�i2- �M/ `2�/ Qmi- �;�BM �p2`�;2/ Qp2` K�Mv

i`B�Hb- MQ`K�HBx2/ #v i?2 +QMi`QH /�i�X �Mv `2/m+iBQM BM +QMi`�bi �7i2` MQ`K�HBx�iBQM

Bb �ii`B#mi2/ iQ i?2 QTTQbBi2 bTBM bi�i2- 2bi�#HBb?BM; � bvbi2K Q7 2[m�iBQMb 7Q` /2i2`@

KBMBM; i?2 *LPh K�i`BtX q2 bQHp2 i?Bb bvbi2K Q7 2[m�iBQMb- K�`;BM�HBxBM; Qp2` 7`22

T�`�K2i2`b iQ /2i2`KBM2 � JG1 2biBK�i2 7Q` i?2 *LPh i`�Mb72` K�i`Bt- �b b22M BM

+?�Ti2` 9X

*Xe Lm+H2�` BMBiB�HBx�iBQM �M/ `2�/Qmi

AMBiB�HBx�iBQM U�M/ `2�/QmiV Q7 i?2 13* bTBM +�M #2 /QM2 #v K�TTBM; TQTmH�iBQM #2@

ir22M i?2 aBo bTBM �M/ i?2 13*X 6QHHQrBM; `272`2M+2R9e- r2 MQi2 i?�i w �M/ s ;�i2b

�`2 TQbbB#H2 rBi? /vM�KB+�H@/2+QmTHBM; #�b2/ Mm+H2�` ;�i2b- i?mb � M�im`�H +?QB+2 7Q`

BMBiB�HBx�iBQM �`2 ;�i2b +QKT`Bb2/ Q7 #Qi? Rπ/2
±x,SiV−C �M/ Rπ/2

z,SiV−C- �b b?QrM BM };m`2

*XjU�V �M/ BM `272`2M+2R9eX q2 MQi2 ?2`2 i?�i Bi b?QmH/ #2 TQbbB#H2 iQ +QK#BM2 i?2

R89



SiV:

13C:
Init=

Rπ/2
xInit

Rπ/2
±x Rπ/2

±x

Rπ/2
y Init

(a) (b)

Rπ/2
z

(c) τ = 2.863 µs

τ (µs)

<I
y>

2.7 3.0
-0.5

0.5

SiV:

13C:
Init=

Rπ/2
xInit

Rφ
n↑,n↓

Rπ/2
y Init

Rφ
n↑,n↓

τ = 2.857 µs

τ (µs)

<I
z>

2.7 3.0
-0.5

0.5
(d)

6B;m`2 *Xj, U�V P`B;BM�H BMBiB�HBx�iBQM b2[m2M+2 7`QKR9e- MQi2 Rπ/2
z,C `Qi�iBQMX U#V aBKTHB}2/ BMBiB�H@

Bx�iBQM b2[m2M+2 mb2/ BM i?Bb rQ`FX U+V aBKmH�i2/ T2`7Q`K�M+2 Q7 i?2 BMBiB�HBx�iBQM ;�i2 7`QK U#V
mbBM; 3 π−TmHb2b T2` 2�+? Mm+H2�` ;�i2- i?2 BMBiB�H bi�i2 Bb |↑↑⟩ U#Hm2V �M/ |↑↓⟩ UQ`�M;2VX h?2 `2bQ@
M�M+2b �`2 M�``Qr +QKT�`2/ iQ U/V /m2 iQ �TTHvBM; 2z2+iBp2Hv irB+2 KQ`2 π−TmHb2b U/V aBKmH�i2/
T2`7Q`K�M+2 Q7 Rπ/2

±x,SiV−C ;�i2 7Q` 3 π−TmHb2b 7Q` aBo@13* `2;Bbi2` BMBiB�HBx2/ BM |↑↑⟩ U#Hm2V �M/
|↓↑⟩ UQ`�M;2V

R88



2z2+ib Q7 Rx �M/ Rz `Qi�iBQMb BM � bBM;H2 ;�i2- r?B+? ?�b i?2 TQi2MiB�H Q7 b?Q`i2MBM;

�M/ bBKTHB7vBM; i?2 iQi�H BMBiB�Hx�iBQM ;�i2X PM2 T`QTQb2/ b2[m2M+2 mb2b i?2 7QHHQrBM;

2Mi�M;HBM; ;�i2,

Rφ
n⃗↑,n⃗↓

=

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

(1 + i)/2 i/
√
2 0 0

i/
√
2 (1− i)/

√
2 0 0

0 0 (1 + i)/2 −i/
√
2

0 0 −i/
√
2 (1− i)/2

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

=

⎛

⎜⎜⎝
Rπ/2

Θ=π/4R
π/2
z 0

0 R−π/2
Θ=π/4R

π/2
z

⎞

⎟⎟⎠ U*XkkV

r?B+? +Q``2bTQM/b iQ � `Qi�iBQM QM i?2 �M;H2 φ = 2π/3 �`QmM/ i?2 �t2b n↑,↓ =

{±
√
2, 0, 1}/

√
3X h?2 K�i`Bt Q7 2MiB`2 BMBiB�HBx�iBQM ;�i2 (6B;X *XjU#V) #mBHi 7`QK i?Bb

;�i2 rQmH/ i?2M #2,

AMBi =

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

0 0 −(1 + i)/2 −1/
√
2

i/
√
2 −(1 + i)/2 0 0

0 0 −(1− i)/2 −i/
√
2

1/
√
2 (1− i)/2 0 0

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

U*XkjV

r?B+? `2bmHib BM �M BMBiB�HBx2/ 13* bTBMX

hQ /2KQMbi`�i2 i?Bb- r2 MmK2`B+�HHv bBKmH�i2 � Jq TmHb2 b2[m2M+2 mbBM; i?2 2t@

R8e



�+i +QmTHBM; T�`�K2i2`b Q7 Qm` 13*(*?X 9) �M/ 3 π−TmHb2b 7Q` 2�+? Rφ
n⃗↑,n⃗↓

;�i2X 6B;@

m`2 *XjU+V b?Qrb i?�i `2;�`/H2bb Q7 i?2 BMBiB�H bi�i2- i?2 13* �Hr�vb 2M/b mT BM bi�i2

|↓⟩ U;Bp2M i?�i i?2 aBo r�b BMBiB�HBx2/ BM |↑⟩VX �b 2tT2+i2/- i?2 iBKBM; Q7 i?Bb ;�i2

UτBMBi = 2.857 sV Bb MQiB+2�#Hv /Bz2`2Mi 7`QK i?2 iBKBM; Q7 i?2 Rπ/2
±x,SiV−C ;�i2 Uτπ/2 =

2.851 sV- r?B+? Q++m`b �i bTBM@2+?Q `2bQM�M+2b (6B;X *XjU/V)X

h?2 `Qi�iBQM K�i`Bt 7Q` i?Bb b2[m2M+2 �i τ = τBMBi UrBi? i?2 aBo BMBiB�HBx2/ BM |↑⟩V Bb,

Rφ
n↑ =

⎛

⎜⎜⎝
0.55 + 0.51i 0 + 0.65i

0.65i 0.55− 0.52i

⎞

⎟⎟⎠ U*Xk9V

+Q``2bTQM/BM; iQ � `Qi�iBQM �M;H2 φ = 0.63π �`QmM/ i?2 �tBb n↑ = {0.78, 0, 0.62}- p2`v

+HQb2 iQ i?2 i?2Q`2iB+�H `2bmHiX

aBM+2 i?2 2tT2`BK2Mi�H }/2HBiB2b 7Q` #Qi? BMBiB�HBx�iBQM ;�i2b (6B;X *Xj U�-#V) �`2

bBKBH�`- r2 mb2 b2[m2M+2 U#V iQ K�F2 i?2 ;�i2 b?Q`i2` �M/ �pQB/ mMM2+2bb�`v TmHb2@

2``Q`bX

R8d



_272`2M+2b

(R) LX "Q?`X PM i?2 +QMbiBimiBQM Q7 �iQKb �M/ KQH2+mH2bX S?BHQbX J�;X- keURV- RNRjX

(k) LXqX �b?+`Q7i �M/ LX.X J2`KBMX aQHB/ ai�i2 S?vbB+bX a�mM/2`b *QHH2;2-
S?BH�/2HT?B�- RNdeX

(j) a?2MM� JX G�SQBMi2 �M/ .QM�H/ 6X q2�p2`X � `2pB2r Q7 /2MbBiv 7mM+iBQM�H i?2@
Q`v [m�MimK K2+?�MB+b �b �TTHB2/ iQ T?�`K�+2miB+�HHv `2H2p�Mi bvbi2KbX *m`@
`2Mi *QKTmi2`@�B/2/ .`m; .2bB;M- jU9V,kNyĜkNe- kyydX

(9) EX EBK- JX *?�M;- aX EQ`2M#HBi- _X AbH�K- 1X 1X 1/r�`/b- CX EX 6`22`B+Fb-
:X GBM- G .m�M- �M/ *X JQM`Q2X Zm�MimK bBKmH�iBQM Q7 7`mbi`�i2/ BbBM; bTBMb
rBi? i`�TT2/ BQMbX L�im`2- 9e8,8NyĜ8Nj- kyRyX

(8) EX �X G�M/bK�M- uX qm- SX >X G2mM;- .X w?m- LX JX GBMF2- EX _X "`QrM-
GX .m�M- �M/ *X JQM`Q2X hrQ@[m#Bi 2Mi�M;HBM; ;�i2b rBi?BM �`#Bi`�`BHv HQM;
+?�BMb Q7 i`�TT2/ BQMbX S?vbX _2pX �- Ryy,ykkjjk- �m; kyRNX

(e) Ap�vHQ aX J�/D�`Qp- C�+Q# SX *Qp2v- �/�K GX a?�r- CQQM?22 *?QB- �M�Mi E�H2-
�H2t�M/`2 *QQT2`- >�MM2b SB+?H2`- oH�/BKB` a+?FQHMBF- C�bQM _X qBHHB�Kb- �M/
J�Mm2H 1M/`2bX >B;?@}/2HBiv +QMi`QH- /2i2+iBQM- �M/ 2Mi�M;H2K2Mi Q7 �HF�HBM2@
2�`i? `v/#2`; �iQKbX �`sBp T`2T`BMi �`sBp,kyyRXy9988- kyRdX

(d) *?`BbiB�M :`Qbb �M/ AKK�Mm2H "HQ+?X Zm�MimK bBKmH�iBQMb rBi? mHi`�+QH/
�iQKb BM QTiB+�H H�iiB+2bX a+B2M+2- j8dUej88V,NN8ĜRyyR- kyRdX

(3) oBM+2Mi GB2M?�`/- avHp�BM /2 GûbûH2m+- .�MB2H "�``2/Q- h?B2``v G�?�v2- �M@
iQBM2 "`Qr�2vb- JB+?�2H a+?mH2`- GQmBb@S�mH >2M`v- �M/ �M/`2�b JX G m+?HBX
P#b2`pBM; i?2 bT�+2@ �M/ iBK2@/2T2M/2Mi ;`Qri? Q7 +Q``2H�iBQMb BM /vM�KB+�HHv
imM2/ bvMi?2iB+ BbBM; KQ/2Hb rBi? �MiB72``QK�;M2iB+ BMi2`�+iBQMbX S?vbX _2pX s-
3,ykRydy- CmM kyR3X
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(N) J�ii?2r _BbTQHB- �H2t�M/2` GmFBM- _Q#2`i a+?BiiFQ- aQQb?BM EBK- JX 1`B+ h�B-
CmHB�M GûQM�`/- �M/ J�`Fmb :`2BM2`X Zm�MimK +`BiB+�H #2?�pBQm` �i i?2 K�Mv@
#Q/v HQ+�HBx�iBQM i`�MbBiBQMX L�im`2- 8djUddd9V,j38Ĝj3N- kyRNX

(Ry) >�MM2b "2`MB2M- avHp�BM a+?r�`ix- �H2t�M/2` E22bHBM;- >�``v G2pBM2- �?K2/
PK`�M- >�MM2b SB+?H2`- aQQMrQM *?QB- �H2t�M/2` aX wB#`Qp- J�Mm2H 1M/`2b-
J�`Fmb :`2BM2`- oH�/�M omH2iB+- �M/ JBF?�BH .X GmFBMX S`Q#BM; K�Mv@#Q/v
/vM�KB+b QM � 8R@�iQK [m�MimK bBKmH�iQ`X L�im`2- 88RUde3kV,8dNĜ839- kyRdX

(RR) JX >X .2pQ`2i �M/ _X CX a+?Q2HFQT7X amT2`+QM/m+iBM; +B`+mBib 7Q` [m�MimK
BM7Q`K�iBQM, �M QmiHQQFX a+B2M+2- jjNUeRk9V,RReNĜRRd9- kyRjX

(Rk) 6`�MF �`mi2- EmM�H �`v�- Qi?2`b- �M/ CQ?M JX J�`iBMBbX Zm�MimK bmT`2K�+v
mbBM; � T`Q;`�KK�#H2 bmT2`+QM/m+iBM; T`Q+2bbQ`X L�im`2- 8d9,8y8Ĝ8Ry- kyRNX

(Rj) *X JQM`Q2- _X _�mbb2M/Q`7- �X _mi?p2M- EX _X "`QrM- SX J�mMx- GX@JX .m�M-
�M/ CX EBKX G�`;2@b+�H2 KQ/mH�` [m�MimK@+QKTmi2` �`+?Bi2+im`2 rBi? �iQKB+
K2KQ`v �M/ T?QiQMB+ BMi2`+QMM2+ibX S?vbX _2pX �- 3N,ykkjRd- 62# kyR9X

(R9) > C2z EBK#H2X h?2 [m�MimK BMi2`M2iX L�im`2- 98jUdRN3V,RykjĜRyjy- kyy3X

(R8) ai2T?�MB2 q2?M2`- .�pB/ 1HFQmbb- �M/ _QM�H/ >�MbQMX Zm�MimK BMi2`M2i, �
pBbBQM 7Q` i?2 `Q�/ �?2�/X a+B2M+2- jekUe9RkV- kyR3X

(Re) *?�`H2b >X "2MM2ii �M/ :BHH2b "`�bb�`/X Zm�MimK +`vTiQ;`�T?v, Sm#HB+ F2v
/Bbi`B#miBQM �M/ +QBM iQbbBM;X h?2Q`2iB+�H *QKTmi2` a+B2M+2- 8ey,d Ĝ RR- kyR9X

(Rd) .�MB2H :Qii2bK�M- h?QK�b C2MM2r2BM- �M/ a�`�? *`QF2X GQM;2`@#�b2HBM2 i2H2@
b+QT2b mbBM; [m�MimK `2T2�i2`bX S?vbX _2pX G2iiX- RyN,ydy8yj- �m; kyRkX

(R3) SX EƦK�`- 1X JX E2bbH2`- JX "Bb?Q7- GX CB�M;- �X aX aǠ`2Mb2M- CX u2- �M/ JX .X
GmFBMX � [m�MimK M2irQ`F Q7 +HQ+FbX L�im`2 S?vbB+b- Ry,83k 1S Ĝ- ye kyR9X

(RN) �X "`Q�/#2Mi- CX 6BixbBKQMb- �M/ 1X E�b?2}X lMBp2`b�H #HBM/ [m�MimK +QK@
Tmi�iBQMX AM kyyN 8yi? �MMm�H A111 avKTQbBmK QM 6QmM/�iBQMb Q7 *QKTmi2`
a+B2M+2- T�;2b 8RdĜ8ke- P+i kyyNX

(ky) �M/`2�b _2Bb2`2`- LQ`#2`i E�H#- :2`?�`/ _2KT2- �M/ ai2T?�M _Bii2`X � [m�M@
imK ;�i2 #2ir22M � ~vBM; QTiB+�H T?QiQM �M/ � bBM;H2 i`�TT2/ �iQKX L�im`2-
8y3Ud9N8V,kjdĜk9y- kyR9X
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(kR) *X *`Q+F2`- JX GB+?iK�M- EX aQbMQp�- �X *�`i2`- aX a+�`�MQ- �M/ *X JQM`Q2X
>B;? Tm`Biv bBM;H2 T?QiQMb 2Mi�M;H2/ rBi? �M �iQKB+ [m#BiX PTiX 1tT`2bb-
kdUkyV,k3R9jĜk3R9N- a2T kyRNX

(kk) ai2T?�M q2Hi2- "�biB�M >�+F2`- a2p2`BM .�Bbb- ai2T?�M _Bii2`- �M/ :2`?�`/
_2KT2X *�pBiv +�`pBM; Q7 �iQKB+ #2HH bi�i2bX S?vbX _2pX G2iiX- RR3,kRy8yj- J�v
kyRdX

(kj) S2i2` GQ/�?H- a�?�M/ J�?KQQ/B�M- �M/ aǠ`2M aiQ##2X AMi2`7�+BM; bBM;H2 T?Q@
iQMb �M/ bBM;H2 [m�MimK /Qib rBi? T?QiQMB+ M�MQbi`m+im`2bX _2pX JQ/X S?vbX-
3dUkV,j9d- kyR8X

(k9) a?mQ amM- >vQ+?mH EBK- :H2MM a aQHQKQM- �M/ 1/Q q�FbX � [m�MimK T?�b2
brBi+? #2ir22M � bBM;H2 bQHB/@bi�i2 bTBM �M/ � T?QiQMX L�iX L�MQi2+?MQHX- kyReX

(k8) GX >mi?K�+?2`- _X aiQ+FBHH- 1X *H�`F2- JX >m;m2b- *X G2 :�HH- �M/ JX �i�iɃ`2X
*Q?2`2M+2 Q7 � /vM�KB+�HHv /2+QmTH2/ [m�MimK@/Qi ?QH2 bTBMX S?vbX _2pX "-
Nd,k9R9RjU_V- CmM kyR3X

(ke) *X 1X "`�/H2v- CX _�M/�HH- JX >X �#Q#2B?- _X *X "2``2pQ2ib- JX CX .2;2M- JX �X
"�FF2`- JX J�`F?�K- .X CX hrBi+?2M- �M/ hX >X h�KBMB�mX � Ry@[m#Bi bQHB/@
bi�i2 bTBM `2;Bbi2` rBi? [m�MimK K2KQ`v mT iQ QM2 KBMmi2X �`sBp T`2T`BMi
�`sBp,RNy8XykyN9- kyRNX

(kd) S2i2` *X >mKT?`2vb- LQ`#2`i E�H#- C�+Q SX CX JQ`Bib- _�vKQM/ LX a+?Qmi2M-
_�vKQM/ 6X GX o2`K2mH2M- .�MB2H CX hrBi+?2M- J�ii?2r J�`F?�K- �M/ _QM�H/
>�MbQMX .2i2`KBMBbiB+ /2HBp2`v Q7 `2KQi2 2Mi�M;H2K2Mi QM � [m�MimK M2irQ`FX
L�im`2- 883UddyNV,ke3Ĝkdj- kyR3X

(k3) *?mMH�M; q�M;- *?`BbiB�M Em`ibB272`- >�`�H/ q2BM7m`i2`- �M/ "2`M/ "m`+?�`/X
aBM;H2 T?QiQM 2KBbbBQM 7`QK aBo +2Mi`2b BM /B�KQM/ T`Q/m+2/ #v BQM BKTH�Mi�@
iBQMX CQm`M�H Q7 S?vbB+b ", �iQKB+- JQH2+mH�` �M/ PTiB+�H S?vbB+b- jNURV,jdĜ9R-
/2+ kyy8X

(kN) h�F�vmFB Ar�b�FB- 6mKBi�F� Ab?B#�b?B- uQb?BvmFB JBv�KQiQ- umFB .QB- a�iQb?B
EQ#�v�b?B- h�F2?B/2 JBv�x�FB- EQbmF2 h�?�`�- E�v .X C�?MF2- G�+?H�M CX
_Q;2`b- "Q`Bb L�v/2MQp- 62/Q` C2H2xFQ- a�iQb?B u�K�b�FB- a?BMDB L�;�K�+?B-

Rey



hQb?B`Q AMm#mb?B- LQ`BF�xm JBxmQ+?B- �M/ JmibmFQ >�i�MQX :2`K�MBmK@
p�+�M+v bBM;H2 +QHQ` +2Mi2`b BM /B�KQM/X a+BX _2TX- 8,Rk33k- y3 kyR8X

(jy) h�F�vmFB Ar�b�FB- uQb?BvmFB JBv�KQiQ- h�F�b?B h�MB;m+?B- S2i` aBvmb?2p-
J�i?B�b >X J2ib+?- 62/Q` C2H2xFQ- �M/ JmibmFQ >�i�MQX hBM@p�+�M+v [m�MimK
2KBii2`b BM /B�KQM/X S?vbX _2pX G2iiX- RRN,k8jeyR- .2+ kyRdX

(jR) J�ii?2r 1 h`mb?2BK- LQ2H > q�M- E2pBM * *?2M- *?`BbiQT?2` C *B++�`BMQ- CQ@
?�MM2b 6HB+F- _�pBb?�MF�` amM/�`�`�K�M- :B`Bb? J�HH�/B- 1`B+ "2`bBM- JB+?�2H
q�Hb?- "2MD�KBM GB2M?�`/- 2i �HX G2�/@`2H�i2/ [m�MimK 2KBii2`b BM /B�KQM/X
S?vbB+�H _2pB2r "- NNUdV,yd89jy- kyRNX

(jk) :X oX �bi�F?Qp- .X aBKBM- oX .v�FQMQp- "X oX u�pFBM- aX "X P`HBMbFBB- AX AX
S`QbFm`v�FQp- �X LX �MBbBKQp- oX �X aQHi�KQp- �M/ SX :X "�`�MQpX aTBM +2M@
i`2b BM bB+ 7Q` [m�MimK i2+?MQHQ;B2bX �TTHB2/ J�;M2iB+ _2bQM�M+2- 9dUdV,dNjĜ
3Rk- kyReX

(jj) �X JX .B#Qb- JX _�?�- *X JX S?2MB+B2- �M/ CX .X h?QKTbQMX �iQKB+ bQm`+2 Q7
bBM;H2 T?QiQMb BM i?2 i2H2+QK #�M/X S?vbX _2pX G2iiX- Rky,k9jeyR- CmM kyR3X

(j9) �X .B2i`B+?- JX qX .Q?2`iv- AX �?�`QMQpB+?- �M/ �X Em#�M2FX aQHB/@bi�i2 bBM;H2
T?QiQM bQm`+2 rBi? 7Qm`B2` i`�Mb7Q`K HBKBi2/ HBM2b �i `QQK i2KT2`�im`2X S?vbX
_2pX "- RyR,y3R9yR- 62# kykyX

(j8) 1X L2m- .X ai2BMK2ix- CX _B2/`B+?@JƺHH2`- aX :b2HH- JX 6Bb+?2`- JX a+?`2+F- �M/
*X "2+?2`X aBM;H2 T?QiQM 2KBbbBQM 7`QK bBHB+QM@p�+�M+v +QHQm` +2Mi`2b BM +?2K@
B+�H p�TQm` /2TQbBiBQM M�MQ@/B�KQM/b QM B`B/BmKX L2r CX S?vbX- RjUkV,yk8yRk-
kyRRX

(je) CX SX :Qbb- SX _X "`B//QM- �M/ JX CX a?�rX .2MbBiv 7mM+iBQM�H bBKmH�iBQMb Q7
bBHB+QM@+QMi�BMBM; TQBMi /272+ib BM /B�KQM/X S?vbX _2pX "- de,yd8ky9- �m; kyydX

(jd) *X >2TT- hX JɃHH2`- oX q�b2HQrbFB- CX LX "2+F2`- "X SBM;�mHi- >X ai2`Mb+?mHi2-
.X ai2BMKɃHH2`@L2i?H- �X :�HB- CX _X J�x2- JX �i�iɃ`2- �M/ *X "2+?2`X 1H2+@
i`QMB+ bi`m+im`2 Q7 i?2 bBHB+QM p�+�M+v +QHQ` +2Mi2` BM /B�KQM/X S?vbX _2pX G2iiX-
RRkUjV,yje9y8- C�Mm�`v kyR9X

(j3) GX CX _Q;2`b- EX .X C�?MF2- hX h2`�DB- GX J�`b2;HB�- *X JɃHH2`- "X L�v/2MQp-
>X a+?�mz2`i- *X E`�Mx- CX AbQv�- GX SX J+:mBMM2bb- �M/ 6X C2H2xFQX JmHiBTH2

ReR



BMi`BMbB+�HHv B/2MiB+�H bBM;H2@T?QiQM 2KBii2`b BM i?2 bQHB/ bi�i2X L�iX *QKKmMX-
8,9djN- �m;mbi kyR9X

(jN) _m{M 1 1p�Mb- �HT aBT�?B;BH- .2MBb . amF�+?2p- �H2t�M/2` a wB#`Qp- �M/
JBF?�BH . GmFBMX L�``Qr@HBM2rB/i? ?QKQ;2M2Qmb QTiB+�H 2KBii2`b BM /B�KQM/
M�MQbi`m+im`2b pB� bBHB+QM BQM BKTH�Mi�iBQMX S?vbX _2pX �TTHX- 8U9V,y99yRy- kyReX

(9y) �HT aBT�?B;BH- _1 1p�Mb- .. amF�+?2p- JC "m`2F- C "Q``2;��`/- JE "?�bF�`-
*h L;mv2M- CG S�+?2+Q- >� �iBFB�M- * J2mrHv- 2i �HX �M BMi2;`�i2/ /B�KQM/
M�MQT?QiQMB+b TH�i7Q`K 7Q` [m�MimK@QTiB+�H M2irQ`FbX a+B2M+2- j89UejR9V,39dĜ
38y- kyReX

(9R) _X 1X 1p�Mb- JX EX "?�bF�`- .X .X amF�+?2p- *X hX L;mv2M- �X aBT�?B;BH-
JX CX "m`2F- "X J�+?B2Hb2- :X >X w?�M;- �X aX wB#`Qp- 1X "B2H2D2+- >X S�`F-
JX GQMÍ�`- �M/ JX .X GmFBMX S?QiQM@K2/B�i2/ BMi2`�+iBQMb #2ir22M [m�MimK
2KBii2`b BM � /B�KQM/ M�MQ+�pBivX a+B2M+2- jekUe9R8V,eekĜee8- kyR3X

(9k) G�+?H�M C _Q;2`b- E�v . C�?MF2- J�i?B�b > J2ib+?- �HT aBT�?B;BH- C�M J
"BM/2`- hQFmvmFB h2`�DB- >BiQb?B amKBv�- CmMB+?B AbQv�- JBF?�BH . GmFBM-
S?BHBT >2KK2`- 2i �HX �HH@QTiB+�H BMBiB�HBx�iBQM- `2�/Qmi- �M/ +Q?2`2Mi T`2T�`�@
iBQM Q7 bBM;H2 bBHB+QM@p�+�M+v bTBMb BM /B�KQM/X S?vbX _2pX G2iiX- RRjUkeV,kejeyk-
kyR9X

(9j) "2MD�KBM SBM;�mHi- CQM�b L "2+F2`- *�`bi2M >> a+?mHi2- *�`bi2M �`2M/- *?`Bb@
iB�M >2TT- hBHHK�MM :Q//2- �H2t�M/2` A h�`i�FQpbFBB- J�ii?2r J�`F?�K-
*?`BbiQT? "2+?2`- �M/ J2i2 �i�iɃ`2X �HH@QTiB+�H 7Q`K�iBQM Q7 +Q?2`2Mi /�`F
bi�i2b Q7 bBHB+QM@p�+�M+v bTBMb BM /B�KQM/X S?vbX _2pX G2iiX- RRjUkeV,kejeyR-
kyR9X

(99) E�v . C�?MF2- �HT aBT�?B;BH- C�M J "BM/2`- J�`+mb q .Q?2`iv- J�i?B�b
J2ib+?- G�+?H�M C _Q;2`b- L2BH " J�MbQM- JBF?�BH . GmFBM- �M/ 62/Q` C2H2xFQX
1H2+i`QMĜT?QMQM T`Q+2bb2b Q7 i?2 bBHB+QM@p�+�M+v +2Mi`2 BM /B�KQM/X L2r CX
S?vb- RdU9V,y9jyRR- kyR8X

(98) CQM�b LBHb "2+F2`- CQ?�MM2b :ƺ`HBix- *�`bi2M �`2M/- J�ii?2r J�`F?�K- �M/
*?`BbiQT? "2+?2`X lHi`�7�bi �HH@QTiB+�H +Q?2`2Mi +QMi`QH Q7 bBM;H2 bBHB+QM p�+�M+v
+QHQm` +2Mi`2b BM /B�KQM/X L�iX *QKKmMX- d,Rj8Rk- kyReX

Rek



(9e) "2MD�KBM SBM;�mHi- .�pB/@.QKBMBF C�`�mb+?- *?`BbiB�M >2TT- GBM� EHBMi#2`;-
CQM�b L "2+F2`- J�ii?2r J�`F?�K- *?`BbiQT? "2+?2`- �M/ J2i2 �i�iɃ`2X *Q@
?2`2Mi +QMi`QH Q7 i?2 bBHB+QM@p�+�M+v bTBM BM /B�KQM/X L�iX *QKKmMX- 3- kyRdX

(9d) GmBb .B�b *�`HQb �M/ 62`M�M/Q S�H�+BQ- 2/BiQ`bX h?2`KQK2i`v �i i?2 L�MQb+�H2X
_a* L�MQb+B2M+2 �M/ L�MQi2+?MQHQ;vX h?2 _Qv�H aQ+B2iv Q7 *?2KBbi`v- kyReX

(93) 6�#B�M J2M;2b- S?BHBTT J2Mb+?- >2BMx a+?KB/- >2BF2 _B2H- �M/`2�b ai2KK2`-
�M/ "2`M/ :QibK�MMX h2KT2`�im`2 K�TTBM; Q7 QT2`�iBM; M�MQb+�H2 /2pB+2b #v
b+�MMBM; T`Q#2 i?2`KQK2i`vX L�iX *QKKmMX- d,Ry3d9 1S Ĝ- yj kyReX

(9N) w?BTBM; *�B- �H�BM *?�`/QM- >mBvBM; sm- S�i`B+2 6û`QM- �M/ :mv
JB+?2H aiûT?�MX G�b2` +?�`�+i2`BbiB+b �i R8j8 MK �M/ i?2`K�H 2z2+ib Q7 �M
2`,v# T?QbT?�i2 ;H�bb KB+`Q+?BT TmKT2/ #v iB,b�TT?B`2 H�b2`X PTiX *QKKmMX-
kyjUjV,jyRĜjRj- kyykX

(8y) .X S�i`B+F PǶL2�H- G2QM _X >B`b+?- L�QKB CX >�H�b- CX .QM�H/ S�vM2- �M/
C2MMB72` GX q2biX S?QiQ@i?2`K�H imKQ` �#H�iBQM BM KB+2 mbBM; M2�` BM7`�`2/@
�#bQ`#BM; M�MQT�`iB+H2bX *�M+2` G2iiX- kyNUkV,RdRĜRde- e kyy9X

(8R) :H2M qX q�HF2`- oBF`�K *X amM/�`- *?`BbiBM� JX _m/xBMbFB- �2iM� qX qmM-
JQmM;B :X "�r2M/B- �M/ .�MB2H :X LQ+2`�X Zm�MimK@/Qi QTiB+�H i2KT2`�im`2
T`Q#2bX �TTHX S?vbX G2iiX- 3jURdV,j888Ĝj88d- kyRdfydfk9 kyyjX

(8k) >2HBM GBm- u�Mv�M 6�M- CB�M?�B q�M;- w?QM;b2M aQM;- >�Q a?B- _QM;+?2M;
>�M- uBMHBM a?�- �M/ um[B�M; CB�M;X AMi`�+2HHmH�` i2KT2`�im`2 b2MbBM;, �M
mHi`�@#`B;?i HmKBM2b+2Mi M�MQi?2`KQK2i2` rBi? MQM@b2MbBiBpBiv iQ T? �M/ BQMB+
bi`2M;i?X a+BX _2TX- 8,R93dN- Ry kyR8X

(8j) AX aBH/Qb- �X GQQi- oX EBBbF- GX Smmbi- oX >Bx?Mv�FQp- �X u2HBbb2v2p- �X Pbp2i-
�M/ AX oH�bQpX aT2+i`Qb+QTB+ bim/v Q7 M23 /272+i BM bvMi?2iB+ /B�KQM/ 7Q` QTiB@
+�H i?2`KQK2i`vX .B�KQM/ _2H�iX J�i2`X- de,kdĜjy- e kyRdX

(89) 6BQ`2MxQ o2i`QM2- _�}F L�++�+?2- �HB+B� w�K�``ƦM- �M;2H2b Cm�``�Mx /2 H�
6m2Mi2- 6`�M+Bb+Q a�Mx@_Q/`ő;m2x- G�m`� J�`iBM2x J�2bi`Q- 1KK� J�`iőM _Q@
/`B;m2x- .�MB2H C�[m2- CQbû :�`+ő� aQHû- �M/ CQ?M �X *�TQ#B�M+QX h2KT2`�im`2
b2MbBM; mbBM; ~mQ`2b+2Mi M�MQi?2`KQK2i2`bX �*a L�MQ- 9UeV,jk89Ĝjk83- ye
kyRyX
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(88) a2`;BB E�Hvi+?mF- E�i2ǼBM� SQH�FQp�- um q�M;- C2Mb SX 6`QMBM;- EH�`� *2T2-
�M/`2v GX _Q;�+?- �M/ _�/2F w#QǼBHX *�`#QM /Qi M�MQi?2`KQK2i`v, AMi`�+2HHm@
H�` T?QiQHmKBM2b+2M+2 HB72iBK2 i?2`K�H b2MbBM;X �*a L�MQ- RRUkV,R9jkĜR99k- yk
kyRdX

(8e) a�iQb?B �`�B- amM;@*?�M G22- .m�MiBM; w?�B- J�/QF� amxmFB- �M/ uQmM; h�2
*?�M;X � KQH2+mH�` ~mQ`2b+2Mi T`Q#2 7Q` i�`;2i2/ pBbm�HBx�iBQM Q7 i2KT2`�im`2
�i i?2 2M/QTH�bKB+ `2iB+mHmKX a+BX _2TX- 9,edyR- Ry kyR9X

(8d) CQM aX .QMM2`- a2#�biB�M �X h?QKTbQM- J�`F SX E`2mx2`- :mBHH�mK2 "�zQm-
�M/ _QK�BM ZmB/�MiX J�TTBM; BMi`�+2HHmH�` i2KT2`�im`2 mbBM; ;`22M ~mQ`2b+2Mi
T`Qi2BMX L�MQ G2ii2`b- RkU9V,kRydĜkRRR- y9 kyRkX

(83) h�`�b SH�F?QiMBF- J�`+mb qX .Q?2`iv- C�`2/ >X *QH2- _Q#2`i *?�TK�M- �M/
L2BH "X J�MbQMX �HH@QTiB+�H i?2`KQK2i`v �M/ i?2`K�H T`QT2`iB2b Q7 i?2 QTiB@
+�HHv /2i2+i2/ bTBM `2bQM�M+2b Q7 i?2 MpĜ+2Mi2` BM M�MQ/B�KQM/X L�MQ G2iiX-
R9UNV,9N3NĜ9NNe- yN kyR9X

(8N) oX JX �+Qbi�- 1X "�m+?- JX SX G2/#2ii2`- �X q�tK�M- GX aX "Qm+?�`/- �M/
.X "m/F2`X h2KT2`�im`2 /2T2M/2M+2 Q7 i?2 MBi`Q;2M@p�+�M+v K�;M2iB+ `2bQ@
M�M+2 BM /B�KQM/X S?vbX _2pX G2iiX- Ry9UdV,ydy3yRĜ- yk kyRyX

(ey) :X Em+bFQ- SX *X J�m`2`- LX uX u�Q- JX Em#Q- >X CX LQ?- SX EX GQ- >X S�`F-
�M/ JX .X GmFBMX L�MQK2i`2@b+�H2 i?2`KQK2i`v BM � HBpBM; +2HHX L�im`2-
8yyUd9eyV,89Ĝ83- y3 kyRjX

(eR) CX JX h�vHQ`- SX *�TT2HH�`Q- GX *?BH/`2bb- GX CB�M;- .X "m/F2`- SX _X >2KK2`-
�X u�+Q#v- _X q�HbrQ`i?- �M/ JX .X GmFBMX >B;?@b2MbBiBpBiv /B�KQM/ K�;M2@
iQK2i2` rBi? M�MQb+�H2 `2bQHmiBQMX L�iX S?vbX- 9URyV,3RyĜ3Re- Ry kyy3X

(ek) :QT�H�F`Bb?M�M "�H�bm#`�K�MB�M- AX uX *?�M- _QK�M EQH2bQp- JQ?�MM�/
�H@>KQm/- CmHB� hBbH2`- *?�M; a?BM- *?�M;/QM; EBK- �H2Fb�M/2` qQD+BF-
S?BHBT _X >2KK2`- �MF2 E`m2;2`- hQ#B�b >�MF2- �H7`2/ G2Bi2MbiQ`72`- _m/QH7
"`�ib+?Bib+?- 62/Q` C2H2xFQ- �M/ CQ`; q`�+?i`mTX L�MQb+�H2 BK�;BM; K�;M2iQK@
2i`v rBi? /B�KQM/ bTBMb mM/2` �K#B2Mi +QM/BiBQMbX L�im`2- 988UdkRjV,e93Ĝe8R-
Ry kyy3X

Re9



(ej) 6X .QH/2- >X 62//2`- JX qX .Q?2`iv- hX LQ#�m2`- 6X _2KTT- :X "�H�bm#`�K�@
MB�M- hX qQH7- 6X _2BM?�`/- GX *X GX >QHH2M#2`;- 6X C2H2xFQ- �M/ CX q`�+?i`mTX
1H2+i`B+@}2H/ b2MbBM; mbBM; bBM;H2 /B�KQM/ bTBMbX L�iX S?vbX- dUeV,98NĜ9ej- ye
kyRRX

(e9) JX qX .Q?2`iv- 6X .QH/2- >X 62//2`- 6X C2H2xFQ- CX q`�+?i`mT- LX "X J�M@
bQM- �M/ GX *X GX >QHH2M#2`;X h?2Q`v Q7 i?2 ;`QmM/@bi�i2 bTBM Q7 i?2
Mp0&'�&\2Mbm`2K�i?&@''0 +2Mi2` BM /B�KQM/X S?vbX _2pX "- 38UkyV,ky8kyjĜ-
y8 kyRkX

(e8) CX SX :Qbb- SX _X "`B//QM- JX CX _�vbQM- aX CX a[m2- �M/ _X CQM2bX o�+�M+v@
BKTm`Biv +QKTH2t2b �M/ HBKBi�iBQMb 7Q` BKTH�Mi�iBQM /QTBM; Q7 /B�KQM/X S?vbX
_2pX "- dkUjV,yj8kR9Ĝ- yd kyy8X

(ee) hQK 62M; �M/ "`�/H2v .X a+?r�`ixX *?�`�+i2`BbiB+b �M/ Q`B;BM Q7 i?2 RXe3R 2p
HmKBM2b+2M+2 +2Mi2` BM +?2KB+�Hɢp�TQ`ɢ/2TQbBi2/ /B�KQM/ }HKbX CX �TTHX S?vbX-
djUjV,R9R8ĜR9k8- kyRdfydfyj RNNjX

(ed) 1HF2 L2m- *?`BbiB�M >2TT- JB+?�2H >�mb+?BH/- ai27�M :b2HH- J�`iBM 6Bb+?2`-
>�/rB; ai2`Mb+?mHi2- .Q`Bb ai2BMKɃHH2`@L2i?H- J�ii?B�b a+?`2+F- �M/ *?`BbiQT?
"2+?2`X GQr@i2KT2`�im`2 BMp2biB;�iBQMb Q7 bBM;H2 bBHB+QM p�+�M+v +QHQm` +2Mi`2b
BM /B�KQM/X L2r CX S?vb- R8U9V,y9jyy8- kyRjX

(e3) ai27�MQ G�;QK�`bBMQ- 62/2`B+Q :Q`2HHB- J�`BQ a�MiQ`Q- LB+QH2 6�##`B- �?K2/
>�D2#- aBHpBQ a+BQ`iBMQ- G�`� S�HH�- *�`QHBM2 *x2HmbMB�F- JB`FQ J�bbB- 6`�M+2b+Q
h�++2iiB- GQ`2MxQ :BmMiBMB- LB+H� :2HHB- .KBi`v um 62/v�MBM- 6`�M+2b+Q a�p2@
`BQ *�i�HBQiiB- *Qbi�Mx� hQMBM2HHB- �M/ J�`BQ �;BQX _Q#mbi HmKBM2b+2M+2 Q7
i?2 bBHB+QM@p�+�M+v +2Mi2` BM /B�KQM/ �i ?B;? i2KT2`�im`2bX �AS �/p�M+2b-
8URkV,RkdRRd- kyRdfRyfy9 kyR8X

(eN) .�MB2H 6Q`2K�M@J�+F2v- .�pB/ qX >Q;;- .mbiBM G�M;- �M/ CQM�i?�M :QQ/K�MX
2K+22, h?2 K+K+ ?�KK2`X Sm#HX �bi`QMX aQ+X S�+- Rk8UNk8V,jye- kyRjX

(dy) CX :QQ/K�M �M/ CX q2�`2X 1Mb2K#H2 b�KTH2`b rBi? �{M2 BMp�`B�M+2X *QKKX
�TTX J�i?X *QKTX a+BX- 8URV,e8Ĝ38- kyRyX

(dR) oX JX �+Qbi�- 1X "�m+?- JX SX G2/#2ii2`- *X a�MiQ`B- EX JX *X 6m- SX 1X "�`@
+H�v- _X :X "2�mbQH2BH- >X GBM;2i- CX 6X _Q+?- 6X h`2mbb�`i- aX *?2K2`BbQp-

Re8



qX :�rHBF- �M/ .X "m/F2`X .B�KQM/b rBi? � ?B;? /2MbBiv Q7 MBi`Q;2M@p�+�M+v
+2Mi2`b 7Q` K�;M2iQK2i`v �TTHB+�iBQMbX S?vbX _2pX "- 3yURRV,RR8kykĜ- yN kyyNX

(dk) lX 6X aX .Ƕ>�2M2Mb@CQ?�MbbQM- �X JX 1/KQM/b- "X GX :`22M- JX 1X L2riQM-
:X .�pB2b- SX JX J�`iBM2�m- _X lX �X E?�M- �M/ .X CX hrBi+?2MX PTiB+�H
T`QT2`iB2b Q7 i?2 M2mi`�H bBHB+QM bTHBi@p�+�M+v +2Mi2` BM /B�KQM/X S?vbX _2pX
"- 39Uk9V,k98ky3Ĝ- Rk kyRRX

(dj) G2QMB/ E?`B�+?i+?2p- G�m`B >2BFFBH - �M/ hQK Emmb2H�X _2/ T?QiQHmKBM2b+2M+2
Q7 ;QH/ BbH�M/ }HKbX �TTHX S?vbX G2iiX- d3UR9V,RNN9ĜRNNe- kyRdfyefke kyyRX

(d9) �MiƦMBQ h�/2m �M/ LmMQ aBKǤ2bX h?`22@/BK2MbBQM�H 7mM/�K2Mi�H bQHmiBQMb 7Q`
i`�MbB2Mi ?2�i i`�Mb72` #v +QM/m+iBQM BM �M mM#QmM/2/ K2/BmK- ?�H7@bT�+2- bH�#
�M/ H�v2`2/ K2/B�X 1M;X �M�HX "QmM/X 1H2KX- jyU8V,jj3Ĝj9N- kyyeX

(d8) u�M�M um2 �M/ sBMr2B q�M;X L�MQb+�H2 i?2`K�H T`Q#BM;X L�MQ _2pX-
jURV,RR83e- yR kyRkX

(de) J�v� a?�KB`- uBMQM "�`@PM- _Q# S?BHHBTb- �M/ _QM JBHQX aM�Tb?Qi,
hBK2b+�H2b BM +2HH #BQHQ;vX *2HH- Re9UeV,RjykĜRjykX2R- kyRdfRRfyk kyReX

(dd) �M/`2r JX aKBi?- JB+?�2H *X J�M+BMB- �M/ a?mKBM; LB2X "BQBK�;BM;, a2+QM/
rBM/Qr 7Q` BM pBpQ BK�;BM;X L�iX L�MQX- 9URRV,dRyĜdRR- RR kyyNX

(d3) JX E2`M- CX C2bF2- .X qX JX G�m- �X .X :`22Mi`22- 6X C2H2xFQ- �M/ CX hr�KH2vX
PTiB+�H +`vQ+QQHBM; Q7 /B�KQM/X S?vbX _2pX "- N8UkjV,kj8jyeĜ- ye kyRdX

(dN) >X@CX "`B2;2H- qX .Ƀ`- CX AX *B`�+- �M/ SX wQHH2`X Zm�MimK `2T2�i2`b, h?2 `QH2
Q7 BKT2`72+i HQ+�H QT2`�iBQMb BM [m�MimK +QKKmMB+�iBQMX S?vbX _2pX G2iiX-
3R,8NjkĜ8Nj8- .2+ RNN3X

(3y) GX *?BH/`2bb- CX JX h�vHQ`- �X aX aǠ`2Mb2M- �M/ JX .X GmFBMX 6�mHi@iQH2`�Mi
[m�MimK +QKKmMB+�iBQM #�b2/ QM bQHB/@bi�i2 T?QiQM 2KBii2`bX S?vbX _2pX G2iiX-
Ne,ydy8y9- 62# kyyeX

(3R) ai2T?�M _Bii2`- *?`BbiB�M LƺHH2F2- *�`QHBM >�?M- �M/`2�b _2Bb2`2`- �M/`2�b
L2mxM2`- J�Mm2H lT?Qz- J�`iBM JɃ+F2- 1/2M 6B;m2`Q�- CQ2`; "Q+?K�MM- �M/
:2`?�`/ _2KT2X �M 2H2K2Mi�`v [m�MimK M2irQ`F Q7 bBM;H2 �iQKb BM QTiB+�H
+�pBiB2bX L�im`2- 939UdjNjV,RN8Ĝkyy- kyRkX
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(3k) . >m+mH- Ao AMH2F- : oBiiQ`BMB- * *`Q+F2`- a .2#M�i?- aJ *H�`F- �M/ *H JQM@
`Q2X JQ/mH�` 2Mi�M;H2K2Mi Q7 �iQKB+ [m#Bib mbBM; T?QiQMb �M/ T?QMQMbX L�iX
S?vbX- RRURV,jdĜ9k- kyR8X

(3j) q" :�Q- � AK�KQ;Hm- > "2`MB2M- �M/ _ >�MbQMX *Q?2`2Mi K�MBTmH�iBQM- K2�@
bm`2K2Mi �M/ 2Mi�M;H2K2Mi Q7 BM/BpB/m�H bQHB/@bi�i2 bTBMb mbBM; QTiB+�H }2H/bX
L�iX S?QiQMX- NUeV,jejĜjdj- kyR8X

(39) .�pB/ S`2bb- E`BbiB��M .2 :`2p2- S2i2` GX J+J�?QM- h?�//2mb .X G�//-
"2M2/BFi 6`B2bb- *?`BbiB�M a+?M2B/2`- J�`iBM E�KT- ap2M >ƺ~BM;- �H7`2/
6Q`+?2H- �M/ uQb?B?Bb� u�K�KQiQX lHi`�7�bi QTiB+�H bTBM 2+?Q BM � bBM;H2 [m�M@
imK /QiX L�im`2 S?QiQMB+b- 9UeV,jedĜjdy- kyRyX

(38) :X "�H�bm#`�K�MB�M- SX L2mK�MM- .X hrBi+?2M- JX J�`F?�K- _X EQH2bQp-
LX JBxmQ+?B- CX AbQv�- CX �+?�`/- CX "2+F- CX hBbbH2`- oX C�+[m2b- SX _X >2K@
K2`- 6X C2H2xFQ- �M/ CX q`�+?i`mTX lHi`�HQM; bTBM +Q?2`2M+2 iBK2 BM BbQiQTB+�HHv
2M;BM22`2/ /B�KQM/X L�im`2 J�i2`B�Hb- 3U8V,j3jĜj3d- kyyNX

(3e) �X 6�`�QM- *X a�MiQ`B- wX >m�M;- oB+iQ` JX �+Qbi�- �M/ _�vKQM/ :X "2�mbQH2BHX
*QmTHBM; Q7 MBi`Q;2M@p�+�M+v +2Mi2`b iQ T?QiQMB+ +`vbi�H +�pBiB2b BM KQMQ+`vb@
i�HHBM2 /B�KQM/X S?vbX _2pX G2iiX- RyN,yjjey9- CmH kyRkX

(3d) "�b >2Mb2M- > "2`MB2M- �1 .`û�m- � _2Bb2`2`- L E�H#- Ja "HQF- C _mBi2M@
#2`;- _6G o2`K2mH2M- _L a+?Qmi2M- * �#2HH�M- 2i �HX GQQT?QH2@7`22 #2HH BM@
2[m�HBiv pBQH�iBQM mbBM; 2H2+i`QM bTBMb b2T�`�i2/ #v RXj FBHQK2i`2bX L�im`2-
8keUd8d8V,e3kĜe3e- kyR8X

(33) �vK2`B+ .2Hi2BH- w?2 amM- q2B@#Q :�Q- 1K`2 hQ;�M- ai27�M 6�2Hi- �M/ �i�Ï
AK�KQĴHmX :2M2`�iBQM Q7 ?2`�H/2/ 2Mi�M;H2K2Mi #2ir22M /Bbi�Mi ?QH2 bTBMbX
L�iX S?vbX- Rk,kR3Ĝkkj- kyR8X

(3N) �X aBT�?B;BH- EX .X C�?MF2- GX CX _Q;2`b- hX h2`�DB- CX AbQv�- �X aX wB#`Qp-
6X C2H2xFQ- �M/ JX .X GmFBMX AM/BbiBM;mBb?�#H2 T?QiQMb 7`QK b2T�`�i2/ bBHB+QM@
p�+�M+v +2Mi2`b BM /B�KQM/X S?vbX _2pX G2iiX- RRj,RRjeyk- a2T kyR9X

(Ny) �X JX 1/KQM/b- JX 1X L2riQM- SX JX J�`iBM2�m- .X CX hrBi+?2M- �M/ aX .X
qBHHB�KbX 1H2+i`QM T�`�K�;M2iB+ `2bQM�M+2 bim/B2b Q7 bBHB+QM@`2H�i2/ /272+ib BM
/B�KQM/X S?vbX _2pX "- dd,k98ky8- CmM kyy3X
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(NR) "X GX :`22M- aX JQiiBb?�r- "X :X "`22x2- �X JX 1/KQM/b- lX 6X aX .Ƕ>�2M2Mb@
CQ?�MbbQM- JX qX .Q?2`iv- aX .X qBHHB�Kb- .X CX hrBi+?2M- �M/ JX 1X L2r@
iQMX L2mi`�H bBHB+QM@p�+�M+v +2Mi2` BM /B�KQM/, aTBM TQH�`Bx�iBQM �M/ HB72iBK2bX
S?vbX _2pX G2iiX- RRN,yNe9yk- �m; kyRdX

(Nk) "`2M/QM *X _Qb2- .BM; >m�M;- wB@>m�B w?�M;- S�mH ai2p2MbQM- �H2t2B JX
hv`vb?FBM- aQ`�rBb a�M;i�r2bBM- a`BF�Mi? a`BMBp�b�M- GQ`M2 GQm/BM- J�ii?2r GX
J�`F?�K- �M/`2r JX 1/KQM/b- .�MB2H CX hrBi+?2M- ai2T?2M �X GvQM- �M/
L�i?�HB2 SX /2 G2QMX P#b2`p�iBQM Q7 �M 2MpB`QMK2Mi�HHv BMb2MbBiBp2 bQHB/@bi�i2
bTBM /272+i BM /B�KQM/X a+B2M+2- jeRUejNdV,eyĜej- kyR3X

(Nj) Gm+BQ _Q#H2/Q- GBHB�M *?BH/`2bb- >�MM2b "2`MB2M- "�b >2Mb2M- S�mH 6X �X �HF2@
K�/2- �M/ _QM�H/ >�MbQMX >B;?@}/2HBiv T`QD2+iBp2 `2�/@Qmi Q7 � bQHB/@bi�i2 bTBM
[m�MimK `2;Bbi2`X L�im`2- 9ddUdjeeV,8d9Ĝ8d3- kyRRX

(N9) �vK2`B+ .2Hi2BH- q2B@#Q :�Q- S�`Bb� 6�HH�?B- C�pB2` JB;m2H@a�M+?2x- �M/ �i�+
AK�KQĴHmX P#b2`p�iBQM Q7 [m�MimK DmKTb Q7 � bBM;H2 [m�MimK /Qi bTBM mbBM;
bm#KB+`Qb2+QM/ bBM;H2@b?Qi QTiB+�H `2�/QmiX S?vbX _2pX G2iiX- RRk,RRe3yk- J�`
kyR9X

(N8) GX *?BH/`2bb- JX oX :m`m/2p .mii- CX JX h�vHQ`- �X aX wB#`Qp- 6X C2H2xFQ-
CX q`�+?i`mT- SX _X >2KK2`- �M/ JX .X GmFBMX *Q?2`2Mi /vM�KB+b Q7 +QmTH2/
2H2+i`QM �M/ Mm+H2�` bTBM [m#Bib BM /B�KQM/X a+B2M+2- jR9U8dNdV,k3RĜk38- kyyeX

(Ne) *X �X _v�M- CX aX >Q/;2b- �M/ .X :X *Q`vX _Q#mbi /2+QmTHBM; i2+?MB[m2b iQ
2ti2M/ [m�MimK +Q?2`2M+2 BM /B�KQM/X S?vbX _2pX G2iiX- Ry8,kyy9yk- LQp kyRyX

(Nd) :X /2 G�M;2- wX >X q�M;- .X _Bbiĕ- oX oX .Q#`QpBibFB- �M/ _X >�MbQMX lMBp2`@
b�H /vM�KB+�H /2+QmTHBM; Q7 � bBM;H2 bQHB/@bi�i2 bTBM 7`QK � bTBM #�i?X a+B2M+2-
jjyUeyyyV,eyĜej- kyRyX

(N3) aX J2B#QQK �M/ .X :BHHX JQ/B}2/ bTBM@2+?Q K2i?Q/ 7Q` K2�bm`BM; Mm+H2�`
`2H�t�iBQM iBK2bX _2pB2r Q7 a+B2MiB}+ AMbi`mK2Mib- kNU3V,e33ĜeNR- RN83X

(NN) LX "�`@:BHH- GX JX S?�K- �X C�`KQH�- .X "m/F2`- �M/ _X GX q�HbrQ`i?X aQHB/@
bi�i2 2H2+i`QMB+ bTBM +Q?2`2M+2 iBK2 �TT`Q�+?BM; QM2 b2+QM/X L�im`2 *QKKmMB@
+�iBQMb- 9URV,Rd9j- kyRjX
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(Ryy) CX J2/7Q`/- ƇX *vrBƖbFB- *X "�`i?2H- *X JX J�`+mb- JX SX >�MbQM- �M/ �X *X
:Qbb�`/X a+�HBM; Q7 /vM�KB+�H /2+QmTHBM; 7Q` bTBM [m#BibX S?vbX _2pX G2iiX-
Ry3,y3e3yk- 62# kyRkX

(RyR) �X CX aB;BHHBiQ- >X J�HBbb�- �X JX hv`vb?FBM- >X _B2K�MM- LX oX �#`QbBKQp-
SX "2+F2`- >X@CX SQ?H- JX GX qX h?2r�Hi- EX JX AiQ?- CX CX GX JQ`iQM- �X �X
>Qm+F- .X AX a+?mbi2`- �M/ aX �X GvQMX 6�bi- HQr@TQr2` K�MBTmH�iBQM Q7
bTBM 2Mb2K#H2b BM bmT2`+QM/m+iBM; KB+`Q`2bQM�iQ`bX �TTHB2/ S?vbB+b G2ii2`b-
Ry9UkkV,kkk9yd- kyR9X

(Ryk) S2i2` *?`BbiB�M J�m`2`- :2Q`; Em+bFQ- *?`BbiB�M G�ii�- GB�M; CB�M;- LQ`@
K�M uBM; u�Q- ai2p2M . "2MM2ii- 62`M�M/Q S�bi�rbFB- .�pB/ >mM;2`- LB+?QH�b
*?Bb?QHK- J�ii?2r J�`F?�K- 2i �HX _QQK@i2KT2`�im`2 [m�MimK #Bi K2KQ`v
2t+22/BM; QM2 b2+QM/X a+B2M+2- jjeUey3eV,Rk3jĜRk3e- kyRkX

(Ryj) uQmM;@AF aQ?M- a`mD�M J22b�H�- "2MD�KBM SBM;�mHi- >�B; � �iBFB�M- C27@
7`2v >QHx;`�72- Jmbi�7� :mM/Q;�M- *�KBHH2 ai�p`�F�b- J2;�M C ai�MH2v- �HT
aBT�?B;BH- CQQM?22 *?QB- 2i �HX 1M;BM22`BM; � /B�KQM/ bTBM@[m#Bi rBi? � M�MQ@
2H2+i`Q@K2+?�MB+�H bvbi2KX �`sBp T`2T`BMi �`sBp,RdyeXyj33R- kyRdX

(Ry9) JB+?�2H CX "m`2F- CmbiBM .X *Q?2M- a2�M JX J22M2?�M- L�v2`� 1H@a�r�?-
*H2�p2M *?B�- h?B#�m/ _m2HH2- a`mD�M J22b�H�- C�F2 _Q+?K�M- >�B; �X �iBFB�M-
J�ii?2r J�`F?�K- .�MB2H CX hrBi+?2M- JBF?�BH .X GmFBM- PbF�` S�BMi2`- �M/
J�`FQ GQMÍ�`X .B�KQM/ QTiQK2+?�MB+�H +`vbi�HbX PTiB+�- jURkV,R9y9ĜR9RR- .2+
kyReX

(Ry8) C J�D2`- CJ *?Qr- CJ :�K#2ii�- C2Mb EQ+?- "_ CQ?MbQM- C� a+?`2B2`-
G 6`mMxBQ- .A a+?mbi2`- �� >Qm+F- �M/`2�b q�HH`�z- 2i �HX *QmTHBM; bmT2`@
+QM/m+iBM; [m#Bib pB� � +�pBiv #mbX L�im`2- 99NUdReRV,99jĜ99d- kyydX

(Rye) aX .X "2MM2ii- LX uX u�Q- CX Pii2`#�+?- SX wQHH2`- SX _�#H- �M/ JX .X GmFBMX
S?QMQM@BM/m+2/ bTBM@bTBM BMi2`�+iBQMb BM /B�KQM/ M�MQbi`m+im`2b, �TTHB+�iBQM
iQ bTBM b[m22xBM;X S?vbX _2pX G2iiX- RRyUR8V,R8e9yk- kyRjX

(Ryd) EX ai�MMB;2H- SX _�#H- �X aX aǠ`2Mb2M- JX .X GmFBM- �M/ SX wQHH2`X PTiQK2+?�M@
B+�H i`�Mb/m+2`b 7Q` [m�MimK@BM7Q`K�iBQM T`Q+2bbBM;X S?vbX _2pX �- 39,y9kj9R-
P+i kyRRX
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(Ry3) J�`iBM oX :mbi�7bbQM- h?QK�b �`27- �MiQM 6`BbF EQ+FmK- J�`B� EX 1Fbi`ƺK-
:ƺ`�M CQ?�MbbQM- �M/ S2` .2HbBM;X S`QT�;�iBM; T?QMQMb +QmTH2/ iQ �M �`iB}+B�H
�iQKX a+B2M+2- j9eUekyeV,kydĜkRR- kyR9X

(RyN) GX *?BH/`2bb- CX JX h�vHQ`- �X aX aǠ`2Mb2M- �M/ JX .X GmFBMX 6�mHi@iQH2`�Mi
[m�MimK `2T2�i2`b rBi? KBMBK�H T?vbB+�H `2bQm`+2b �M/ BKTH2K2Mi�iBQMb #�b2/
QM bBM;H2@T?QiQM 2KBii2`bX S?vbX _2pX �- dk,y8kjjy- LQp kyy8X

(RRy) �X aimi2- "X *�b�#QM2- "X "`�M/bi ii2`- EX 6`B2#2- hX 1X LQ`i?mT- �M/ _X "H�iiX
Zm�MimK@bi�i2 i`�Mb72` 7`QK �M BQM iQ � T?QiQMX L�im`2 S?QiQMB+b- d,kRN 1S Ĝ-
yk kyRjX

(RRR) �M/`2�b _2Bb2`2` �M/ :2`?�`/ _2KT2X *�pBiv@#�b2/ [m�MimK M2irQ`Fb rBi?
bBM;H2 �iQKb �M/ QTiB+�H T?QiQMbX _2pX JQ/X S?vbX- 3d,RjdNĜR9R3- .2+ kyR8X

(RRk) LQ`#2`i E�H#- �M/`2�b _2Bb2`2`- ai2T?�M _Bii2`- �M/ :2`?�`/ _2KT2X >2`@
�H/2/ biQ`�;2 Q7 � T?QiQMB+ [m�MimK #Bi BM � bBM;H2 �iQKX S?vbX _2pX G2iiX-
RR9,kky8yR- CmM kyR8X

(RRj) ai2T?�M q2Hi2- "�biB�M >�+F2`- a2p2`BM .�Bbb- ai2T?�M _Bii2`- �M/ :2`?�`/
_2KT2X S?QiQM@K2/B�i2/ [m�MimK ;�i2 #2ir22M irQ M2mi`�H �iQKb BM �M QTiB@
+�H +�pBivX S?vbX _2pX s- 3URV,yRRyR3- kyR3X

(RR9) >vQ+?mH EBK- .22T�F a`B/?�`�M- h?QK�b * a?2M- :H2MM a aQHQKQM- �M/ 1/Q
q�FbX ai`QM; +QmTHBM; #2ir22M irQ [m�MimK /Qib �M/ � T?QiQMB+ +`vbi�H +�pBiv
mbBM; K�;M2iB+ }2H/ imMBM;X PTiX 1tT`2bb- RNUjV,k83NĜk8N3- kyRRX

(RR8) �X C�p�/B- AX aQHHM2`- JX �`+�`B- aX GBM/bFQp >�Mb2M- GX JB/QHQ- aX J�?KQQ/@
B�M- :X EB`b�MbF2- hX S`2;MQH�iQ- 1X >X G22- CX .X aQM;- aX aiQ##2- �M/ SX GQ@
/�?HX aBM;H2@T?QiQM MQM@HBM2�` QTiB+b rBi? � [m�MimK /Qi BM � r�p2;mB/2X L�iX
*QKKmMX- e,3e88- P+i kyR8X

(RRe) a2�M JQH2bFv- wBM GBM- �H2t�M/2` uX SB;;Qii- q2BHB�M; CBM- C2H2M� om+FQpB+-
�M/ �H2D�M/`Q qX _Q/`B;m2xX AMp2`b2 /2bB;M BM M�MQT?QiQMB+bX L�im`2 S?QiQM@
B+b- RkURRV,e8NĜedy- kyR3X

(RRd) JX >X �#Q#2B?- CX *`�K2`- JX �X "�FF2`- LX E�H#- JX J�`F?�K- .X CX
hrBi+?2M- �M/ hX >X h�KBMB�mX PM2@b2+QM/ +Q?2`2M+2 7Q` � bBM;H2 2H2+i`QM bTBM
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+QmTH2/ iQ � KmHiB@[m#Bi Mm+H2�`@bTBM 2MpB`QMK2MiX L�im`2 *QKKmMB+�iBQMb-
NURV,k88k- kyR3X

(RR3) :X q�H/?2``- uX q�M;- aX w�Bb2`- JX C�K�HB- hX a+?mHi2@>2`#`Ƀ;;2M- >X �#2-
hX P?b?BK�- CX AbQv�- CX 6X .m- SX L2mK�MM- �M/ CX q`�+?i`mTX Zm�MimK 2``Q`
+Q``2+iBQM BM � bQHB/@bi�i2 ?v#`B/ bTBM `2;Bbi2`X L�im`2- 8ye,ky9 1S Ĝ- 62# kyR9X

(RRN) qX S7�z- "X CX >2Mb2M- >X "2`MB2M- aX "X p�M .�K- JX aX "HQF- hX >X h�KBMB�m-
JX CX hB;;2HK�M- _X LX a+?Qmi2M- JX J�`F?�K- .X CX hrBi+?2M- �M/ _X >�MbQMX
lM+QM/BiBQM�H [m�MimK i2H2TQ`i�iBQM #2ir22M /Bbi�Mi bQHB/@bi�i2 [m�MimK #BibX
a+B2M+2- j98UeRNeV,8jkĜ8j8- kyR9X

(Rky) CQM�b LX "2+F2`- "2MD�KBM SBM;�mHi- .�pB/ :`QĽ- Jmbi�7� :ɃM/QĴ�M-
L�/2x?/� EmF?�`+?vF- J�ii?2r J�`F?�K- �M/`2r 1/KQM/b- J2i2 �i�iɃ`2-
S�p2H "mb?2p- �M/ *?`BbiQT? "2+?2`X �HH@QTiB+�H +QMi`QH Q7 i?2 bBHB+QM@p�+�M+v
bTBM BM /B�KQM/ �i KBHHBF2HpBM i2KT2`�im`2bX S?vbX _2pX G2iiX- Rky,y8jeyj- C�M
kyR3X

(RkR) a`mD�M J22b�H�- uQmM;@AF aQ?M- "2MD�KBM SBM;�mHi- GBM#Q a?�Q- >�B; �X
�iBFB�M- C2z`2v >QHx;`�72- Jmbi�7� :ɃM/QĴ�M- *�KBHH2 ai�p`�F�b- �HT aBT�?B;BH-
*H2�p2M *?B�- _m{M 1p�Mb- JB+?�2H CX "m`2F- JB�M w?�M;- Gm2 qm- CQb2 GX
S�+?2+Q- CQ?M �#`�?�K- 1/r�`/ "B2H2D2+- JBF?�BH .X GmFBM- J2i2 �i�iɃ`2- �M/
J�`FQ GQMÍ�`X ai`�BM 2M;BM22`BM; Q7 i?2 bBHB+QM@p�+�M+v +2Mi2` BM /B�KQM/X
S?vbX _2pX "- Nd,ky8999- J�v kyR3X

(Rkk) J�i?B�b > J2ib+?- E�i?�`BM� a2MF�HH�- "2M2/BFi h`�ixKBHH2`- CQ+?2M a+?2m2`-
JB+?�2H E2`M- CQ+2HvM �+?�`/- �H2t�M/`2 h�HH�B`2- J�`iBM " SH2MBQ- S2i`
aBvmb?2p- �M/ 62/Q` C2H2xFQX AMBiB�HBx�iBQM �M/ `2�/Qmi Q7 Mm+H2�` bTBMb
pB� M2;�iBp2Hv +?�`;2/ bBHB+QM@p�+�M+v +2Mi2` BM /B�KQM/X �`sBp T`2T`BMi
�`sBp,RNykXykNe8- kyRNX

(Rkj) hBM� JɃHH2`- *?`BbiB�M >2TT- "2MD�KBM SBM;�mHi- 1HF2 L2m- ai27�M :b2HH-
J�ii?B�b a+?`2+F- >�/rB; ai2`Mb+?mHi2- .Q`Bb ai2BMKɃHH2`@L2i?H- *?`BbiQT?
"2+?2`- �M/ J2i2 �i�iɃ`2X PTiB+�H bB;M�im`2b Q7 bBHB+QM@p�+�M+v bTBMb BM /B�@
KQM/X L�iX *QKKX- 8,jjk3- kyR9X

(Rk9) 1`Mbi :X "�m2`- "`B�M qX .Q/bQM- .�MB2H CX 1?`HB+?- G2QM�`/ *X 62H/K�M-
*X S2i2` 6HvMM- JB+?�2H qX :2Bb- C�K2b SX >�`#BbQM- _B+?�`/ CX J�ivB- S�mH aX
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S22`+v- SB2``2 JX S2i`Qz- �M/ 2i �HX 6mM/�K2Mi�H Bbbm2b BM ?2i2`Q2TBi�tvě�
/2T�`iK2Mi Q7 2M2`;v- +QmM+BH QM K�i2`B�Hb b+B2M+2 T�M2H `2TQ`iX CQm`M�H Q7
J�i2`B�Hb _2b2�`+?- 8U9V,38kĜ3N9- RNNyX

(Rk8) JB+?�2H C "m`2F- L�i?�HB2 S /2 G2QM- "`2M/�M C a?B2H/b- "B`;Bi CJ >�mbK�MM-
uBr2M *?m- ZBKBM Zm�M- �H2t�M/2` a wB#`Qp- >QM;FmM S�`F- JBF?�BH . GmFBM-
�M/ J�`FQ GQMÍË�`X 6`22@bi�M/BM; K2+?�MB+�H �M/ T?QiQMB+ M�MQbi`m+im`2b BM
bBM;H2@+`vbi�H /B�KQM/X L�MQ G2iiX- RkURkV,ey39Ĝey3N- kyRkX

(Rke) "2?x�/ E?�M�HBHQQ- J�ii?2r JBi+?2HH- ��`QM *X >`v+Br- �M/ S�mH 1X "�`+H�vX
>B;?@[fp KQMQHBi?B+ /B�KQM/ KB+`Q/BbFb 7�#`B+�i2/ rBi? [m�bB@BbQi`QTB+ 2i+?BM;X
L�MQ G2ii2`b- R8U3V,8RjRĜ8Rje- �m; kyR8X

(Rkd) a�`� JQm`�/B�M- LQ2H >X q�M- hBK a+?`ƺ/2`- �M/ .B`F 1M;HmM/X _2+i�M;mH�`
T?QiQMB+ +`vbi�H M�MQ#2�K +�pBiB2b BM #mHF /B�KQM/X �TTHB2/ S?vbB+b G2ii2`b-
RRRUkV,ykRRyj- kyRdX

(Rk3) >�B; �X �iBFB�M- S�r2H G�i�rB2+- JB+?�2H CX "m`2F- uQmM;@AF aQ?M- a`mD�M
J22b�H�- LQ`K�M/ :`�p2H- �KK�` "X EQmFB- �M/ J�`FQ GQMÍ�`X 6`22bi�M/@
BM; M�MQbi`m+im`2b pB� `2�+iBp2 BQM #2�K �M;H2/ 2i+?BM;X �SG S?QiQMB+b-
kU8V,y8RjyR- kyRdX

(RkN) JB+?�2H C "m`2F- *?�`H2b J2mrHv- _m{M 1 1p�Mb- JB?B` E "?�bF�`- �HT
aBT�?B;BH- a`mD�M J22b�H�- "�`i?QHQK2mb J�+?B2Hb2- .2MBb . amF�+?2p- *?`Bb@
iB�M h L;mv2M- CQb2 G S�+?2+Q- 2i �HX 6B#2`@+QmTH2/ /B�KQM/ [m�MimK
M�MQT?QiQMB+ BMi2`7�+2X S?vbX _2pX �TTHX- 3UkV,yk9yke- kyRdX

(Rjy) JB+?�2H C "m`2F- uBr2M *?m- J�/2H�BM2 aw GB//v- S�`i? S�i2H- C�F2 _Q+?K�M-
a`mD�M J22b�H�- qQQvQmM; >QM;- ZBKBM Zm�M- JBF?�BH . GmFBM- �M/ J�`FQ
GQMÍ�`X >B;? [m�HBiv@7�+iQ` QTiB+�H M�MQ+�pBiB2b BM #mHF bBM;H2@+`vbi�H /B�KQM/X
L�iX *QKKmMX- 8,8dR3- kyR9X

(RjR) *X .X *H�`F- >X E�M/�- AX EB~�rB- �M/ :X aBii�bX aBHB+QM /272+ib BM /B�KQM/X
S?vbX _2pX "- 8R,Ree3RĜRee33- CmM RNN8X

(Rjk) *QMbi�MiBM .Q`v- .`B2b o2`+`mvbb2- EB uQmH u�M;- L2BH oX a�T`�- �HBbQM 1X _m@
;�`- a?mQ amM- .�MBBH JX GmFBM- �H2t�M/2` uX SB;;Qii- CBM;vm�M GX w?�M;- J�@
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`BM� _�/mH�bFB- EQMbi�MiBMQb :X G�;Qm/�FBb- GQ;�M am- �M/ C2H2M� om+FQpB+X
PTiBKBx2/ /B�KQM/ [m�MimK T?QiQMB+bX �`sBp T`2T`BMi �`sBp,R3RkXykk3d- kyRNX

(Rjj) .�pB/ JX hQvHB- *?`BbiQT? .X q2Bb- :`2;Q`v .X 6m+?b- h?QK�b a+?2MF2H- �M/
.�pB/ .X �rb+?�HQKX *?BT@b+�H2 M�MQ7�#`B+�iBQM Q7 bBM;H2 bTBMb �M/ bTBM �``�vb
BM /B�KQM/X L�MQ G2ii2`b- RyU3V,jRe3ĜjRdk- �m; kyRyX

(Rj9) hX ai�m/�+?2`- 6X wB2K- GX > mbbH2`- _X aiƺ?`- aX ai2BM2`i- 6X _2BM?�`/-
CX a+?�`T7- �X .2MBb2MFQ- �M/ CX q`�+?i`mTX 1M?�M+BM; i?2 bTBM T`QT2`iB2b Q7
b?�HHQr BKTH�Mi2/ MBi`Q;2M p�+�M+v +2Mi2`b BM /B�KQM/ #v 2TBi�tB�H Qp2`;`Qri?X
�TTHB2/ S?vbB+b G2ii2`b- RyRUkRV,kRk9yR- kyRkX

(Rj8) JX qX .Q?2`iv- LX "X J�MbQM- SX .2H�M2v- �M/ GX *X GX >QHH2M#2`;X h?2 M2;�@
iBp2Hv +?�`;2/ MBi`Q;2M@p�+�M+v +2Mi`2 BM /B�KQM/, i?2 2H2+i`QMB+ bQHmiBQMX L2r
CX S?vbX- RjUkV,yk8yRN- kyRRX

(Rje) CX JX JQBbQM- 6X >Qmx�v- 6X "�`i?2- GX G2T`BM+2- 1X �M/`û- �M/ PX o�i2HX
a2H7ɢQ`;�MBx2/ ;`Qri? Q7 `2;mH�` M�MQK2i2`ɢb+�H2 BM�b /Qib QM ;��bX �TTHB2/
S?vbB+b G2ii2`b- e9UkV,RNeĜRN3- RNN9X

(Rjd) .�MB2H _B2/2H- AKKQ aƺHHM2`- "`2M/�M CX a?B2H/b- a2#�biB�M ai�`QbB2H2+- S�i`B+F
�TT2H- 1HF2 L2m- S�i`B+F J�H2iBMbFv- �M/ _B+?�`/ CX q�`#m`iQMX .2i2`KBMBbiB+
2M?�M+2K2Mi Q7 +Q?2`2Mi T?QiQM ;2M2`�iBQM 7`QK � MBi`Q;2M@p�+�M+v +2Mi2` BM
mHi`�Tm`2 /B�KQM/X S?vbX _2pX s- d,yjRy9y- a2T kyRdX

(Rj3) hX :mHHBQM- .X"X "�F2`- �M/ JXaX *QM`�/BX L2r- +QKT2Mb�i2/ +�``@Tm`+2HH b2@
[m2M+2bX CQm`M�H Q7 J�;M2iB+ _2bQM�M+2 URNeNV- 3NUjV,9dNĜ939- RNNyX

(RjN) �X .X JBHQp- �X "X SQMQK�`2p- �M/ um .X hbp2iFQpX 1H2+i`QM@2H2+i`QM /Qm#H2
`2bQM�M+2 BM 2H2+i`QM bTBM 2+?Q, JQ/2H #B`�/B+�H bvbi2Kb �M/ i?2 b2MbBiBx2/ T?Q@
iQHvbBb Q7 /2+�HBMX *?2KB+�H S?vbB+b G2ii2`b- RRyURV,edĜdk- RN39X

(R9y) "X �X Jv2`b- �X .�b- JX *X .�`iB�BH?- EX P?MQ- .X .X �rb+?�HQK- �M/ �X *X
"H2bxvMbFB C�vB+?X S`Q#BM; bm`7�+2 MQBb2 rBi? /2Ti?@+�HB#`�i2/ bTBMb BM /B�KQM/X
S?vbX _2pX G2iiX- RRj,ykdeyk- CmH kyR9X

(R9R) _X E�HBb? �M/ aX S`�r2`X :`�T?BiBx�iBQM Q7 /B�KQM/ #v BQM BKT�+i, 6mM/�K2M@
i�Hb �M/ �TTHB+�iBQMbX Lm+H2�` AMbi`mK2Mib �M/ J2i?Q/b BM S?vbB+b _2b2�`+?
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a2+iBQM ", "2�K AMi2`�+iBQMb rBi? J�i2`B�Hb �M/ �iQKb- RyeURV,9Nk Ĝ 9NN- RNN8X
AQM "2�K JQ/B}+�iBQM Q7 J�i2`B�HbX

(R9k) G@J .m�M �M/ > C EBK#H2X a+�H�#H2 T?QiQMB+ [m�MimK +QKTmi�iBQM i?`Qm;?
+�pBiv@�bbBbi2/ BMi2`�+iBQMbX S?vbX _2pX G2iiX- NkURkV,RkdNyk- kyy9X

(R9j) h: hB2+F2- C2z`2v .Qm;H�b h?QKTbQM- L�i?�HB2 SmHKQM2b /2 G2QM- G_ GBm-
o omH2iBÉ- �M/ JBF?�BH . GmFBMX L�MQT?QiQMB+ [m�MimK T?�b2 brBi+? rBi? �
bBM;H2 �iQKX L�im`2- 8y3Ud9N8V,k9RĜk99- kyR9X

(R99) CX *�b�MQp�- wX@uX q�M;- CX 6X >��b2- �M/ JX "X SH2MBQX _Q#mbi /vM�KB+�H
/2+QmTHBM; b2[m2M+2b 7Q` BM/BpB/m�H@Mm+H2�`@bTBM �//`2bbBM;X S?vbX _2pX �-
Nk,y9kjy9- P+i kyR8X

(R98) AH�B a+?r�`ix- CQ+?2M a+?2m2`- "2M2/BFi h`�ixKBHH2`- a�Km2H JɃHH2`- ZBQM;
*?2M- Ab? .?�M/- w?2M@um q�M;- *?`BbiQT? JɃHH2`- "Q`Bb L�v/2MQp- 62/Q`
C2H2xFQ- �M/ J�`iBM "X SH2MBQX _Q#mbi QTiB+�H TQH�`Bx�iBQM Q7 Mm+H2�` bTBM #�i?b
mbBM; ?�KBHiQMB�M 2M;BM22`BM; Q7 MBi`Q;2M@p�+�M+v +2Mi2` [m�MimK /vM�KB+bX
a+B2M+2 �/p�M+2b- 9U3V- kyR3X

(R9e) hX >X h�KBMB�m- CX *`�K2`- hX p�M /2` a�`- oX oX .Q#`QpBibFB- �M/ _X >�MbQMX
lMBp2`b�H +QMi`QH �M/ 2``Q` +Q``2+iBQM BM KmHiB@[m#Bi bTBM `2;Bbi2`b BM /B�KQM/X
L�im`2 L�MQi2+?MQHQ;v- N,RdR 1S Ĝ- yk kyR9X

(R9d) sBM; _QM;- CB�MT2B :2M;- 6�x?�M a?B- uBM; GBm- E2#B�Q sm- q2M+?�Q J�- 62B
EQM;- w?2M CB�M;- u�M; qm- �M/ CB�M;72M; .mX 1tT2`BK2Mi�H 7�mHi@iQH2`�Mi
mMBp2`b�H [m�MimK ;�i2b rBi? bQHB/@bi�i2 bTBMb mM/2` �K#B2Mi +QM/BiBQMbX L�im`2
*QKKmMB+�iBQMb- e,3d93 1S Ĝ- LQp kyR8X �`iB+H2X

(R93) "�`i?QHQK2mb J�+?B2Hb2- ai27�M "Q;/�MQpB+- a`mD�M J22b�H�- a+�`H2ii :�mi?B2`-
JB+?�2H C "m`2F- :`�?�K CQ2- JB+?2HH2 *?�HmTMBF- uQmM;@AF aQ?M- C2z`2v
>QHx;`�72- _m{M 1 1p�Mb- 2i �HX 1H2+i`QK2+?�MB+�H +QMi`QH Q7 [m�MimK 2KBi@
i2`b BM M�MQT?QiQMB+ /2pB+2bX �`sBp T`2T`BMi �`sBp,RNyRXyNRyj- kyRNX

(R9N) �X aimi2- "X *�b�#QM2- SX a+?BM/H2`- hX JQMx- SX PX a+?KB/i- "X "`�M/bi ii2`-
hX 1X LQ`i?mT- �M/ _X "H�iiX hmM�#H2 BQM@T?QiQM 2Mi�M;H2K2Mi BM �M QTiB+�H
+�pBivX L�im`2- 938,93k 1S Ĝ- J�v kyRkX
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(R8y) J�tBKBHB�M _m7- J�`F ACbT22`i- amx�MM2 p�M .�K- LB+F /2 CQM;- >�Mb
p�M /2M "2`;- :mmb 1p2`b- �M/ _QM�H/ >�MbQMX PTiB+�HHv +Q?2`2Mi MBi`Q;2M@
p�+�M+v +2Mi2`b BM K@i?BM 2i+?2/ /B�KQM/ K2K#`�M2bX �`sBp T`2T`BMi
�`sBp,RNy9Xyy33j- kyRNX

(R8R) :X /2 G�M;2- wX >X q�M;- .X _Bbiĕ- oX oX .Q#`QpBibFB- �M/ _X >�MbQMX lMBp2`@
b�H /vM�KB+�H /2+QmTHBM; Q7 � bBM;H2 bQHB/@bi�i2 bTBM 7`QK � bTBM #�i?X a+B2M+2-
jjyUeyyyV,eyĜej- kyRyX

(R8k) Jo :m`m/2p .mii- G *?BH/`2bb- G CB�M;- 1 hQ;�M- C J�x2- 6 C2H2xFQ- �a wB@
#`Qp- S_ >2KK2`- �M/ J. GmFBMX Zm�MimK `2;Bbi2` #�b2/ QM BM/BpB/m�H 2H2+@
i`QMB+ �M/ Mm+H2�` bTBM [m#Bib BM /B�KQM/X a+B2M+2- jReU83kNV,RjRkĜRjRe- kyydX

(R8j) a?BKQM EQHFQrBix- ZmB`BM SX lMi2``2Bi?K2B2`- ai2p2M .X "2MM2ii- �M/
JBF?�BH .X GmFBMX a2MbBM; /Bbi�Mi Mm+H2�` bTBMb rBi? � bBM;H2 2H2+i`QM bTBMX
S?vbX _2pX G2iiX- RyN,RjdeyR- a2T kyRkX

(R89) GX :X _Qr�M- 1X GX >�?M- �M/ qX "X JBKbX 1H2+i`QM@bTBM@2+?Q 2Mp2HQT2 KQ/m@
H�iBQMX S?vbX _2pX- Rjd,�eRĜ�dR- C�M RNe8X

(R88) >X "2`MB2M- "X >2Mb2M- qX S7�z- :X EQQHbi`�- JX aX "HQF- GX _Q#H2/Q- hX >X
h�KBMB�m- JX J�`F?�K- .X CX hrBi+?2M- GX *?BH/`2bb- �M/ _X >�MbQMX >2`�H/2/
2Mi�M;H2K2Mi #2ir22M bQHB/@bi�i2 [m#Bib b2T�`�i2/ #v i?`22 K2i`2bX L�im`2-
9NdUd99dV,3eĜNy- J�v kyRjX

(R8e) �vK2`B+ .2Hi2BH- w?2 amM- ai27�M 6 Hi- �M/ �i�+ AK�KQ;HmX _2�HBx�iBQM Q7 �
+�b+�/2/ [m�MimK bvbi2K, >2`�H/2/ �#bQ`TiBQM Q7 � bBM;H2 T?QiQM [m#Bi #v �
bBM;H2@2H2+i`QM +?�`;2/ [m�MimK /QiX S?vbX _2pX G2iiX- RR3,Rdd9yR- �T` kyRdX

(R8d) JB?B` EX "?�bF�`- _�H7 _B2/BM;2`- "�`i?QHQK2mb J�+?B2Hb2- .�pB/ aX G2p@
QMB�M- *?`BbiB�M hX L;mv2M- 1`BF LX EM�HH- >QM;FmM S�`F- .B`F 1M;HmM/-
J�`FQ GQMÍ�`- .2MBb .X amF�+?2p- �M/ JBF?�BH .X GmFBMX 1tT2`BK2Mi�H
/2KQMbi`�iBQM Q7 K2KQ`v@2M?�M+2/ [m�MimK +QKKmMB+�iBQMX �`sBp T`2T`BMi
�`sBp,RNyNXyRjkj- kyRNX

(R83) "X J�+?B2Hb2- aX "Q;/�MQpB+- aX J22b�H�- aX :�mi?B2`- JX CX "m`2F- :X CQ2-
JX *?�HmTMBF- uX AX aQ?M- CX >QHx;`�72- _X 1X 1p�Mb- *X *?B�- >X �iBFB�M- JX EX
"?�bF�`- .X .X amF�+?2p- GX a?�Q- aX J�Biv- JX .X GmFBM- �M/ JX GQMÍ�`X
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Zm�MimK BMi2`72`2M+2 Q7 2H2+i`QK2+?�MB+�HHv bi�#BHBx2/ 2KBii2`b BM M�MQT?QiQMB+
/2pB+2bX S?vbX _2pX s- N,yjRykk- �m; kyRNX

(R8N) S2i` aBvmb?2p- J�i?B�b >X J2ib+?- �`QQb� AD�x- C�M JX "BM/2`- JB?B` EX
"?�bF�`- .2MBb .X amF�+?2p- �HT aBT�?B;BH- _m{M 1X 1p�Mb- *?`BbiB�M hX
L;mv2M- JBF?�BH .X GmFBM- S?BHBT _X >2KK2`- um`B LX S�Hv�MQp- A;Q` LX
EmT`Bv�MQp- um`B JX "Q`x/Qp- G�+?H�M CX _Q;2`b- �M/ 62/Q` C2H2xFQX PTiB+�H
�M/ KB+`Qr�p2 +QMi`QH Q7 ;2`K�MBmK@p�+�M+v +2Mi2` bTBMb BM /B�KQM/X S?vbX
_2pX "- Ne,y3RkyRU_V- �m; kyRdX

(Rey) J�ii?2r 1 h`mb?2BK- "2MD�KBM SBM;�mHi- LQ2H > q�M- GQ`2MxQ .2 a�MiBb-
E2pBM * *?2M- JB+?�2H q�Hb?- CQb?m� C _Qb2- CQM�b L "2+F2`- 1`B+ "2`bBM-
:B`Bb? J�HH�/B- 2i �HX h`�Mb7Q`K@HBKBi2/ T?QiQMb 7`QK � iBM@p�+�M+v bTBM BM
/B�KQM/X �`sBp T`2T`BMi �`sBp,R3RRXydddd- kyR3X

(ReR) .QMQp�M "mi2`�FQb- 1/rBM "�`M2b- �M/ aQT?B� 1 1+QMQKQmX .2i2`KBMBbiB+
;2M2`�iBQM Q7 �HH@T?QiQMB+ [m�MimK `2T2�i2`b 7`QK bQHB/@bi�i2 2KBii2`bX S?vbB+�H
_2pB2r s- dU9V,y9Rykj- kyRdX

(Rek) �H2t�M/2` w�Bib2pX PTiB+�H S`QT2`iB2b Q7 .B�KQM/X aT`BM;2`- yR kyyRX

(Rej) JX EX "?�bF�`- .X .X amF�+?2p- �X aBT�?B;BH- _X 1X 1p�Mb- JX CX "m`2F-
*X hX L;mv2M- GX CX _Q;2`b- SX aBvmb?2p- JX >X J2ib+?- >X S�`F- 6X C2H2xFQ-
JX GQMÍ�`- �M/ JX .X GmFBMX Zm�MimK MQMHBM2�` QTiB+b rBi? � ;2`K�MBmK@
p�+�M+v +QHQ` +2Mi2` BM � M�MQb+�H2 /B�KQM/ r�p2;mB/2X S?vbX _2pX G2iiX-
RR3,kkjeyj- J�v kyRdX

(Re9) J�b72` �HF�?i�MB- Ap�M *QDQ+�`m- sB�Q?�M GBm- hQ#B�b >2`xB;- C�M J2BD2`- CQ@
?�MM2b EɃTT2`- hQ#B�b GɃ?K�MM- �H2t2v oX �FBKQp- �M/ S?BHBT _X >2KK2`X
hBM@p�+�M+v BM /B�KQM/b 7Q` HmKBM2b+2Mi i?2`KQK2i`vX �TTHB2/ S?vbB+b G2ii2`b-
RRkUk9V,k9RNyk- kyR3X

(Re8) a2�M "H�FH2v- sB�Q?�M GBm- AHv� 62/QiQp- Ap�M *QDQ+�`m- *?`Bbi�T?2` oBM+2Mi-
J�b72` �HF�?i�MB- CQ2 "2+F2`- JB+?�2H EB2b+?MB+F- hQ#B�b GɃ?K�M- C�M J2BD2`-
S?BHBT >2KK2`- �H2t2v �FBKQp- J�`H�M a+mHHv- �M/ �H2Fb2B w?2HiBFQpX 6B#2`@
QTiB+ [m�MimK i?2`KQK2i`v rBi? ;2`K�MBmK@p�+�M+v +2Mi2`b BM /B�KQM/X �*a
S?QiQMB+b- eUdV,ReNyĜReNj- CmH kyRNX
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(Ree) .X �X "`Q�/r�v- "X *X CQ?MbQM- JX aX CX "�`bQM- aX 1X GBHHB2- LX .QMib+?mF-
.X CX J+*HQbF2v- �X hb�B- hX h2`�DB- .X �X aBKTbQM- �X ai�+2v- CX *X J+*�HHmK-
CX 1X "`�/#v- JX qX .Q?2`iv- GX *X GX >QHH2M#2`;- �M/ CX@SX h2iB2MM2X JB+`Q@
b+QTB+ BK�;BM; Q7 i?2 bi`2bb i2MbQ` BM /B�KQM/ mbBM; BM bBim [m�MimK b2MbQ`bX
L�MQ G2ii2`b- RNUdV,989jĜ988y- CmH kyRNX

(Red) JX@�X G2KQM/2- aX J22b�H�- �X aBT�?B;BH- JX CX �X a+?m2ix- JX .X GmFBM-
JX GQM+�`- �M/ SX _�#HX S?QMQM M2irQ`Fb rBi? bBHB+QM@p�+�M+v +2Mi2`b BM /B@
�KQM/ r�p2;mB/2bX S?vbX _2pX G2iiX- Rky,kRjeyj- J�v kyR3X

(Re3) aK�`�F J�Biv- GBM#Q a?�Q- ai27�M "Q;/�MQpB+- a`mD�M J22b�H�- uQmM;@AF aQ?M-
L2BH aBM+H�B`- "2MD�KBM SBM;�mHi- JB+?2HH2 *?�HmTMBF- *H2�p2M *?B�- Gm w?2M;-
E2DB G�B- �M/ J�`FQ GQM+�`X *Q?2`2Mi �+QmbiB+ +QMi`QH Q7 � bBM;H2 bBHB+QM p�@
+�M+v bTBM BM /B�KQM/X L�im`2 *QKKmMB+�iBQMb- RRURV,RNj- kykyX

(ReN) >QB@ErQM; GQ- J�`+Qb *m`iv- �M/ "BM; ZBX J2�bm`2K2Mi@/2pB+2@BM/2T2M/2Mi
[m�MimK F2v /Bbi`B#miBQMX S?vbX _2pX G2iiX- Ry3,Rjy8yj- J�` kyRkX

(Rdy) *?`BbiB�M� S�M�vB- JQ?b2M _�x�pB- sBQM;72M; J�- �M/ LQ`#2`i GɃiF2M?�mbX
J2KQ`v@�bbBbi2/ K2�bm`2K2Mi@/2pB+2@BM/2T2M/2Mi [m�MimK F2v /Bbi`B#miBQMX
L2r CQm`M�H Q7 S?vbB+b- ReU9V,y9jyy8- �T` kyR9X

(RdR) qX EX qQQii2`b �M/ qX >X wm`2FX � bBM;H2 [m�MimK +�MMQi #2 +HQM2/X L�im`2-
kNNU833eV,3ykĜ3yj- RN3kX

(Rdk) .X .B2FbX *QKKmMB+�iBQM #v 2T` /2pB+2bX S?vbB+b G2ii2`b �- NkUeV,kdR Ĝ kdk-
RN3kX

(Rdj) ai27�MQ SB`�M/QH�- _B++�`/Q G�m`2Mx�- *�`HQ Pii�pB�MB- �M/ G2QM�`/Q "�M+?BX
6mM/�K2Mi�H HBKBib Q7 `2T2�i2`H2bb [m�MimK +QKKmMB+�iBQMbX L�im`2 *QKKmMB@
+�iBQMb- 3URV,R8y9j- kyRdX

(Rd9) JX JBM/2`- JX SBii�Hm;�- :X GX _Q#2`ib- JX Gm+�K�`BMB- CX 6X .vM2b- wX GX
um�M- �M/ �X CX a?B2H/bX 1tT2`BK2Mi�H [m�MimK F2v /Bbi`B#miBQM #2vQM/ i?2
`2T2�i2`H2bb b2+`2i F2v +�T�+BivX L�im`2 S?QiQMB+b- RjU8V,jj9Ĝjj3- kyRNX

(Rd8) >�Mb CX "`B2;2H �M/ _Q#2`i _�mbb2M/Q`7X S2`bBbi2Mi 2Mi�M;H2K2Mi BM �``�vb Q7
BMi2`�+iBM; T�`iB+H2bX S?vbX _2pX G2iiX- 3e,NRyĜNRj- C�M kyyRX
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(Rde) CX "Q``2;��`/- >X SB+?H2`- hX a+?Ƕ�Q/2`- JX .X GmFBM- SX GQ/�?H- �M/ �X aX
aǠ`2Mb2MX PM2@r�v [m�MimK `2T2�i2` #�b2/ QM M2�`@/2i2`KBMBbiB+ T?QiQM@
2KBii2` BMi2`7�+2bX �`sBp T`2T`BMi �`sBp,RNydXy8RyR- kyRNX

(Rdd) _Q#2`i _�mbb2M/Q`7 �M/ >�Mb CX "`B2;2HX � QM2@r�v [m�MimK +QKTmi2`X S?vbX
_2pX G2iiX- 3e,8R33Ĝ8RNR- J�v kyyRX

(Rd3) 1X hX E?�#B#QmHHBM2- CX "Q``2;��`/- EX .2 :`2p2- �M/ JX .X GmFBMX PTiB+�H
BMi2`72`QK2i`v rBi? [m�MimK M2irQ`FbX S?vbX _2pX G2iiX- Rkj,ydy8y9- �m; kyRNX

(RdN) �MM� h+?2#Qi�`2p�- aQT?B2 GX LX >2`K�Mb- S2i2` *X >mKT?`2vb- .B`F oQB;i-
S2i2` CX >�`KbK�- GmM EX *?2M;- �/ GX o2`H��M- LB2Hb .BDF?mBx2M- qBK
/2 CQM;- �M�śb .`û�m- �M/ _QM�H/ >�MbQMX 1Mi�M;H2K2Mi #2ir22M � /B�KQM/
bTBM [m#Bi �M/ � T?QiQMB+ iBK2@#BM [m#Bi �i i2H2+QK r�p2H2M;i?X S?vbX _2pX
G2iiX- Rkj,yejeyR- �m; kyRNX

(R3y) aK�`�F J�Biv- GBM#Q a?�Q- uQmM;@AF aQ?M- a`mD�M J22b�H�- "�`i?QHQK2mb
J�+?B2Hb2- 1/r�`/ "B2H2D2+- J�ii?2r J�`F?�K- �M/ J�`FQ GQMÍ�`X aT2+i`�H
�HB;MK2Mi Q7 bBM;H2@T?QiQM 2KBii2`b BM /B�KQM/ mbBM; bi`�BM ;`�/B2MiX S?vbX
_2pX �TTHB2/- Ry,yk9y8y- �m; kyR3X
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