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[Í)7:c:®.W4/*G>`H^.-B�0D8;B�[Í*G)7>,.W478E*GB,*GB�47T�:®£
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\
RG.G.W696W*G<e.�~�.-B�0�d
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é :,{c*GB�H78;0�:=)�4/T�:,+G)�*G1�B�0�:=<;:={c47)7*GB§H�4/.W4/:,*-[#TQC90�)�*G+G:=B�.W4/*G>���£��¦\ak}4/H®8EBQ4/:c)/.-{�4/8E*-B§ã^8�4/T
>,.-+GB�:�4/8E{h×J:=<;0�8;Hª0�:=H�{=)�8E��:=0¨�QC347T�:®£%.->`8E<�4/*GB�8e.-B

Ĥ = geµBŜ · B − gnµnÎ ·B + aÎ · Ŝ.
� Ö �

@ªT�:D×J)7H�43.-B�0�H�:={=*-B�0�4/:c)7>`H`.-)7:L4/T�:43�:c:=>,.-B�8EBQ4/:c)/.-{�4/8E*-B�47:=)�>,H¡*-[%:=<E:c{c47)7*GB�.-B�0
BM1�{=<;:=1�Hc\�@ªT�:D4/T�8E)70�47:=)7> 8EH©4/T�:DTQC9F
:c)�×JB�:¨8EBQ47:=)/.W{c4/8;*GB�*-[%:=<E:c{c47)7*GB�.-B�0�BM1�{=<;:=1�Hc\

ge

.-B�0
µB

.-)7:m4/T�:
g
25[¤.-{c47*G)�.-B�0 è *-T�)ä>,.-+GB�:�4/*GB,[Í*G)�:c<E:c{c4/)�*GB�~

gn
.-B�0

µn
.-)�:%)�:=H7F�:={�4/8��G:=<�C

4/T�:�ÚM1J.-BQ4/8�4/8;:=H^[Í*G)%BM1�{c<E:=1�H�.-B�0
a
8EH^4/T�:ØTMC9F�:=)�×JB�:©{=*-1�F�<E8;B�+`{=*GB�H�4�.-BQ4=\%@ªT�:�BM1�>`:=)�8E{=.-<

�W.-<E1�:=H^.-)�:®F�)7:=H�:=BQ4/:c0¢8EB34/.-��<;: Ö \
b%1�:�47*3H7F�8;B�H�*-[':c<E:c{c4/)�*GB�.-B�0�B91�{=<E:c1�H=~
4/T�:�+-)7*G1�B�0¢H�4/.W4/:�8;H%0�:c+G:=B�:=)/.K4/:-\ â *-1�F�<E8;B�+

��:c4�ã�:=:=B©47T�:ä:c<E:={�4/)�*GB�.-B�0�BM1�{=<;:Y.-)AH7F�8;B�H=~G*-)A8;B�{=<E.-H7H�8E{=.-<Q4/:=)�>,H�4/T�:�>?.W+GB�:c478E{'8EBQ47:=)/.W{c4/8;*GB
*-[�:=<;:={�4/)7*-B�.WB�0�BM1�{c<E:=.-)&>?.W+GB�:c478E{Ø>,*G>`:=BQ47H=~�<E:=.-0�H�47*D47T�:©TQC9F
:c)�×JB�:`H�47)71�{�4/1�)�:¡*-[�47T�:
+G)�*G1�B�0DH�4/.W4/:�*-[ATQC90�)7*G+-:=B¢.K4/*G>�\

@ªT�:%8;BQ4/:=)7.-{c478E*GB`��:c4�ã�:=:=BL:c<E:c{c4/)�*GB3.WB�0?BM1�{c<E:=1�Hä8EB,£ü8EH�{Y.-<;<E:=0¡4/T�:h8;H7*-47)7*GF�8;{^{=*GBQ4�.W{c4

@A.-��<;: Ö X'IJ1�B�0J.->`:=BQ4/.-<�{=*-B�H�4/.-BQ4/H=\

ge

�Z<E:c{c4/)�*GB�+W2}[¤.-{�4/*G)
2.002 319 304 3718

þ Ö � ÿ
µB

è *GT�)m>,.-+GB�:c4/*-B
9.274 009 49× 10−24

RQ¹K@ þ Ö � ÿ
geµB 1.856 952 28× 10−23

RQ¹K@
gn

(Z)7*-47*GB�+W2}[¤.-{�4/*G)
5.585 694 701

þ Ö � ÿ
µn

gh1�{=<E:=.-)^>?.W+GB�:c47*GB
5.050 783 43× 10−27

RQ¹K@ þ Ö � ÿ
gnµn 2.281 213 42× 10−26

RQ¹K@
gnµn/geµB 1.519 270 38× 10−3

a/h
£^C�F�:=)�×JB�:®8EBQ4/:c)/.-{�4/8;*GBD{=*GB�H�4�.-BQ4

1420.405 751 773
z £m¸ þ Ö=ÿ

h
(Z<e.-{�6?{=*GB�H�4�.-BQ4

6.626 0693× 10−34
R-H þ Ö � ÿ

kB
è *G<�4/¸c>?.-B�BL{=*GB�H�4�.-BQ4

1.380 6505× 10−23
RG�
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þ Ö � ÿ
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I�8E+G1�)7: Ö X'�Z<;:={c47)7*GB�8E{�ãä.¬�-:®[Í1�B�{c478E*GB�Hª[Í*G)ªH�4�.W47:=H Ö Hc~ N F¨.WB�0�Ù-0Ðþ ÖVP¬ÿ \

8EBQ47:=)/.W{c4/8;*GB�\v@ªT�:ØH�4/)7:cB�+-47Ts*-[�4/T�:®8;BQ4/:=)7.-{c478E*GBLT�.-H^�
:c:=B�{Y.-<;{=1�<E.W4/:c0��QCDIJ:c)7>`8Zþ Ö ñ ÿ X

a =
8π

3
geµBgnµn |ψ(0)|2 ,

� N �

ã^T�:c)7:
|ψ(0)|2

8EH#47T�:�F�)7*G��.-��8E<;8;4�C`[Í*G)ª:=<;:={�4/)7*-B�47*`��:®.W4^BM1�{=<;:=1�Hc\ä£^C9F
:c)�×JB�:®8EBQ47:=)/.W{c4/8;*GB
*-[ª:c<E:c{c4/)�*GB�.WB�0ÐBM1�{c<E:=1�H�:�ï�8EH�4�*-B�<;C�ã^T�:cB�:=<;:={�4/)7*-BÐTJ.-HØB�*GB�¸c:=)�*¢F�)7*-�J.-��8;<E8;4�Cs4/*s�
:,.W4
BM1�{=<;:=1�Hc\&k�B¢4/T�:�{Y.-H�:�*-[�£Ø~�4/T�8;H%8;Hh4/)�1�:�*-B�<;CDã^T�:cB§:c<E:c{c4/)�*GB¢8;H%8EB¨H�2�*-)7��8�4�.-<�\hIJ*G)h*-4/T�:=)
*G)���8;4/.-<EH�:=<;:={c47)7*GBØã#.Y�G:ª[Í1�B�{c4/8;*GB�8;Hv¸=:c)7*�.W4A4/T�:#BM1�{c<E:c1�H=\']m.-0�8E.-<M:=<E:c{c47)7*GB�ãä.Y�G:#[Í1�B�{�4/8;*GB�H
*-[ Ö H=~ N Fs.WB�0¨ÙW0�*-)7��8�4�.-<;Hª.-)7:�F�)�:=H�:=BQ4/:c0¨8EBL×J+-1�)7: Ö \

@ªT�:§TMC9F�:=)�×JB�:Ð8;BQ4/:=)7.-{c478E*GBüH�F�<E8�4/HL4/T�:q+G)�*G1�B�0·H�4/.W4/:§*-[�£ 47*�4�ã�*�H�4�.K4/:=H�8EB·¸=:c)7*
>,.-+GB�:�4/8E{Ø×J:=<;0Ð.-B�0q47*�[Í*-1�)&H�4/.W4/:cH®ã^T�:cBÐ.WB�:¦ï�47:=)�BJ.-<Z×J:=<;0q8EH�.-F�F�<E8E:c0�\©@ªT�:¡TQC9F
:c)�×JB�:
:=B�:=)7+WC¢8EH

∼ 10−5
:5��~�>�1�{�TqH�>?.-<;<E:c)m47TJ.-B¢4/T�:©:=B�:c)7+-C¨*-['4/T�:©:¦ï�{c8;47:=0q:=<;:={c47)7*GB�8E{�H�4�.W47:=H

�)6 Ö¬O :5�&��\
k�B¢¸=:c)7*L.WB�0¨<;*Vãj×J:=<;0s4/T�:�TQC9F
:c)�×JB�:�{=*G1�F�<E8EB�+,>`8�ï�:=Hª47T�:�H�F�8EBsH�4�.K4/:=H�.-B�0s47T�:Ø47*-4�.W<

H7F�8EB
F̂ = Î + Ŝ

TJ.-H©4/*q��:D1�H7:c0�.-H¡ÚM1J.-BQ471�>�BM1�>���:=)©0�:cH7{=)�8E��8;B�+�4/T�:DH�C�H�4/:c>s\�@ªT�:
H�4/.W4/:D[Í1�B�{�4/8;*GB�H,.-)7:�*-[�47T�:�[Í*-)7>

|F,mF >
~�ã^T�:=)�:

F = 0, 1
8EH¡4/T�:�>,.-+GB�8�4/1�0�:�.-B�0
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mF = −F...F
8EH%47T�:¡F�)7*KU�:c{c478E*GB�*-[

F̂
.-<;*GB�+347T�:©ÚM1J.-BQ4/8;¸Y.W478E*GBq.Kï�8;H=\�k�B�4/T�:`T�8E+GT�25×J:=<;0

<E8;>,8�4vã^T�:cB µ+B
a

� 1
~9F�)7*VU�:={c478E*GB�Hä*-[�47T�:%:c<E:c{c4/)�*GBL.-B�03BM1�{=<;:Y.-)�H7F�8;B�H

mS, mI = ±1

2

.W)7:
.-<;H7*¡+G*9*�0DÚM1J.-BQ4/1�> B91�>��
:c)7Hc\ä@ªT�:®H�4/.W4/:�[Í1�B�{�4/8E*-B�Hm.-)7:�B�*¬ã�>,.-)76W:=0Dã^8;47T

|mS, mI >
~

ã^T�:c)7:q4/T�:qH7F�8EBüÚM1J.-BQ4/1�> BM1�>��
:c)7H�.-)7:q>,.-)76W:=0üã^8;47T
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{c*G)7)�:=H7F�*GB�0�8EB�+�4/*

1

2

.-B�0
↓

{=*-)7)7:cH7F�*GB�0�8;B�+©4/*
−1

2

\'@ªT�:�:c8E+G:cB�H�4/.W4/:cHm*W[A47T�:®£%.->`8E<�4/*GB�8E.-B�� Ö �#.-)�:�47T�:=B

|a > = sin θ| ↑↓> − cos θ| ↓↑>

|b > = | ↓↓>

|c > = cos θ| ↑↓> + sin θ| ↓↑>

|d > = | ↑↑> .

@ªT�:&ãä.¬�-:Ø[Í1�B�{c4/8;*GBD>,8 ï�8EB�+�F�.-)/.->`:c47:=)
θ
8EHª0�:c×JB�:c0¨�QC

tan 2θ =
a

µ+B
.

�¤ÙQ�

k�B�T�8E+GT3×�:=<E0�<E8;>,8�4
sin θ

{=.-Bs��:�.-F�F�)7*Yï�8E>,.W4/:c0��QC

ε = sin θ ≈
a

4µBB

�Í�M�

.-B�0�H78;>,8;<e.-)�<;C
cos θ ≈ 1

\
@ªT�:':=B�:c)7+G8;:=H�*-[M47T�:Z0�8��
:=)�:=BQ4aH�4/.W4/:cHa{Y.-B���:Z:c�W.-<E1�.W4/:c0&�MC�{Y.-<;{=1�<E.W4/8;B�+�47T�:Z:=8;+G:=BQ�W.-<E1�:=H

*-[A4/T�:�:=B�:=)7+WCs>,.W47)78�ï
\'@ªT�8;Hm<;:Y.-0�H^47*?.¡�Wï��`>?.W47)78 ï3ã^T�:c)7:�:c<E:c>,:cBM47H^{Y.-Bs�
:�{Y.W<E{=1�<e.W47:=0
[Í)7*->

< mS, mI |Ĥ|m′

S, m
′

I > .
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I�8;+G1�)�: N X'£mC9F�:=)�×�B�:Ø<;:c�-:=<�0�8E.-+G)/.W>�*-[�.W4/*->,8;{%TQC90�)7*G+-:=B¨8;BD>?.-+-B�:c478E{%×J:c<E0§þ¯ñ ÿ \

d94�.W)�4/8;B�+�[Í)7*->�4/T�:�<;*Vã�:=H�4^4/T�:�:=B�:=)7+-8E:=Hm.-)�:
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a

√

1 +
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1

2
µ+B +
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4µ+B

�¤ÜQ�

Ed =
1

4
a+

1

2
µ−B,

� ÖYO �

ã^T�:c)7:
µ± = geµB ± gnµn.

@ªT�:Ø:cB�:=)�+-CL<;:c�G:c<EHª8;B�>,.-+GB�:c4/8;{h×J:c<E0�.-)�:®H�T�*¬ã^Bs8;BL×J+G1�)�: N \
@ªT�:&:c<E:={�4/)�*GB3H7F�8EB�2}0�*¬ã^B�H�4�.W47:=H

a
.-B�0

b
.-)�:%>,.-)76W:=03ã^8;47TD£

↓
.-B�0347T�:�H�F�8EB�2}1�F3H�4�.W47:=H

c

.-B�0
d
ã^8;47TD£

↑
\�£

↓
.W47*G>,H#.-)7:&F�1�<E<E:c034/*`.�T�8;+GT�:=)#×�:=<E0�.-B�0s.W)7:�4/T�:=)7:�[Í*G)7:�{=.-<E<;:=03T�8;+GT�2

×J:c<E0�H7:c:=6W:=)7Hc~�ã^T�8;<E:?£
↑
.W47*G>,H�.-)7:?F�1�H7T�:=0�.¬ãä.YCÐ[Í)�*G> 47T�:3T�8;+GTÐ×J:c<E0�.-B�0�.-)7:3{=.-<E<;:=0

<E*¬ã#25×J:=<;0LH7:=:c6-:c)7H=\
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*G)h.,4/)�8EF�<;:c4mF�*-4/:cBM478e.-<��
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���º×J+G1�)�:�ÙQ�¦\^S#4/*G>`Hhã^8�4/T¨*-F�F
*-H78;47:Ø:c<E:c{c4/)�*GB¨H�F�8EB�H%8EBQ47:=)/.W{c4
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*-47:=BQ4/8E.-<5~9ã^T�8E{�T�H71�F�F
*-)�4/Hm.-��*G1�4 ÖYOGO �
*G1�B�0s>`*G<;:={=1�<e.-)�H�4�.K4/:=Hc~JTJ.Y�98EB�+
0�8C��:c)7:=BQ4A)7*-4/.W4/8;*GBJ.-<G.-B�0Ø�98;��)/.W478E*GB�.-<Q:=B�:c)7+G8;:=Hc\vb%1�:�4/*^4/T�:ä(�.-1�<E8MF�)78;B�{=8;F�<E:v4�ã�*�:c<E:={�4/)�*GB�H
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*W4/:=BQ478e.-<�\

@ªT�:®6-:cCD47*,H�4�.-��8;<E8;¸=:�£°.W4hT�8E+GTD0�:cB�H78�4/8;:=H^8EHª4/*`F�*G<e.-)�8E¸c:�4/T�:®H7F�8;B�H^*-[v:c<E:c{c4/)�*GB�Hh.-B�0
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<e.W)78E¸=.W4/8;*GB%{=.-B®�
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k�B¡.�>,.-+GB�:�4/8E{�×J:=<;0

B
�Í×�+G1�)7: N �A.-B�0¡.K4'.%4/:c>,F�:=)7.W4/1�)7:

T
4/T�:ä4/T�:c)7>,.-<�F�*GF�1�<e.W478E*GBØ)/.W478E*

*-['H�F�8EB�2}1�F¢H�4�.W47:L��£
↑
�^47*3H7F�8EB�2}0�*¬ã^B¢H�4/.W4/:D�¤£

↓
�^8EH

exp[−2µBB/(kBT )]
\%IJ*G)h47T�:Ø×J:c<E0

*-[ P @·.-B�0347T�:%47:=>`F
:c)/.W471�)7:�*W[�Ù OGO >,�!4/T�:�)7.W4/8;*�8EH
∼ 10−10

\Zk�BLF�)/.-{�4/8E{c:-~J.K4
T < 1

�
.-B�0

B ≥ 5 D 8EHª:cB�*G1�+-T�47*,F�*G<e.W)78E¸c:�.-B�0sH�4�.-��8;<E8;¸=:%47T�:�H/.->`F�<E:W\
S!<E*9{Y.W<
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:�{c)7:=.W4/:c0�8;BD.Ø[Í)7:c:&H7FJ.W{=:-\'@ªT�:c)7:�[Í*G)7:

£
↓
H7.->`F�<E:,TJ.-H�47*¢�
:?{=*GB�×�B�:=0�ã^8;47T�ã#.W<E<EHc\¢Sµ<;*�{=.-<�>`8EB�8E>�1�>³{Y.-B���:3{=)�:Y.W47:=0��QC�.

H�C9H�4/:=>»*-[Z{c*G8E<;H=~­ã^T�8E{�T¨[Í*-)7>`H%.?>,.-+GB�:c4/8;{&4/)/.WF¨[Í*G)m<E*¬ã#2}×J:c<E0sH7:=:c6-:c)7H=\&@ªT�:=)7:�[Í*G)7:W~�ãä.-<E< 2
[Í)7:c:�{=*-B�×JB�:c>,:cBM4^*W[�£

↑
.W4/*->,H�8EHäF�*GH�H78E��<E:-\ZSj0�8EH7.-0��W.-BQ4�.-+-:%8EH�4/TJ.W4#�
:c{Y.-1�H�:�.W4/*->,Hä.-)7:

B�*-4ä8EB`4/T�:h<E*¬ãä:cH�4ª:cB�:=)�+-C,H�4�.K4/:-~94/T�:�C?{=.-B3)�:=<e.Vï`8EB3{c*G<E<;8EH78;*GB�Hv47*�4/T�:h:=<;:={c47)7*GB?H7F�8;B�2�0�*¬ã^B
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1Σ+
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3Σ+

u

F�*-47:=BQ4/8E.-<EH&þ Ö=ÿ \

���FE GH%.��'+(0/I@A���J�K���� "!*��!L%.@, MBON���>P#�/Q M��>?20(0RSN,(0�=@� "2)(0N,'
è :c8EB�+¢47T�:L<E8;+GTQ4/:=H�4©*-[h{=)�CG*G+G:cB�8E{L<;8EÚM1�8;0�H=~

4
£m:§��.-B�0�8�4UT¯H©<E8;+GTQ4/:=)Ø8EH�*-4/*GF�:

3
£m:¬��TJ.-H�47T�:

ã�:Y.-6W:=H�4^8;BQ4/:=)7.-{c478E*GB¡ã^8;47T3£®\9k�BQ47:=)/.W{c4/8;*GB?F�*-47:=BQ4/8E.-<­�
:�4�ãä:c:=BD£j.WB�03_a£h:hH71�F�F
*G)�4/H�*GB�<;C
*GB�:ª��*G1�B�0`H�4�.W47:#ã^8;47T¡47T�:ª��8;B�0�8EB�+¡��.-0�H7*G)�F�4/8;*GB­�A:cB�:=)�+-C©*-[

Ea/kB = 1.14
�°þ ÖYOWÿ �Í×�+G1�)7:

�M�¦\Lb%1�:¡4/*�4/T�:`H7T�*-)�4�2})/.-B�+G:¡)7:=F�1�<EH�8;�G:`F�*-4/:cBM478e.-<'£�.W47*G>,H�{=.-B�B�*-4Ø0�8;H7H7*-<;�G:`8EBQ47*¨_a£h:W\
@ªT�:�F
*W4/:=BQ478e.-<ä47TJ.W4¡4/T�:s£ý.W47*G>`H�[Í:=:=<^8;H©1�B�8;[Í*-)7> 8;B�4/T�:�F�<e.WB�:D.-B�0�4/T�:�C�{Y.-B�[Í)7:c:=<�C
>`*V�-:m.-H'. N b·+G.-H=\A@ªT�:=)�:h8;H'.�0�C�B�.->,8;{ª:=ÚM1�8;<E8E��)78E1�>¿��:c4�ã�:=:cB,47T�:m.W4/*G>`Hv*GB¡4/T�:ªH71�)�[¤.-{=:
.-B�0�47T�:©��1�<;6s+Q.WH�.-�
*¬�-:©8;4�0�)78;�-:=B§�QC�.3)/.WF�8E0�:¦ï�{�T�.-B�+G:¡*-[�.W47*G>,H%�
:�4�ãä:c:=B�47T�:=H�:�4�ãä*
H�C9H�4/:=>`HØþ NKÿ \

k�BD.®47T�:=)�>?.-<�:=ÚM1�8;<E8;��)78;1�> 4/T�:%0�:cB�H78�4�C
σ
*W[ N b!£�+G.-Hª.-0�H�*G)7��:=0?*GBL_a£h:h8EHä+-8;�G:cB3�QC

4/T�:Ø.W0�H7*G)�F�4/8;*GBD8EH�*-4/T�:c)7>

σ = nΛ exp
Ea

kBT
,

� Ö-Ö �

ã^T�:c)7:
n
8EH�4/T�:ª��1�<E6®+Q.-Hv0�:=B�H�8;4�C©.WB�0

Λ ≈ 17.4×T−1/2
�

1/2 V 8;HA47T�:#4/T�:c)7>,.-<�0�: è )7*-+G<E8;:
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3
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3
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0�8;H7H7*-<;�G:�8;B
4
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.-0�H�*G)7��:=0�.W4/*G>`H®{Y.-B���:={c*G>`:?)/.K4/T�:c)Ø<E.-)7+G:W~v.W4
T ∼ 100

>,�µ.-B�0
n ∼ 1013

{c>
−3
47T�:

H71�)�[¤.-{c:®0�:=B�H�8;4�CD8EH
σ ≥ 1012

{c>
−2
\
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)7:c{=*G>���8EBJ.K4/8E*-B�>,:c{�TJ.-B�8;H7>`H¡ã^T�8E{�T�*�{c{=1�)`8EB�4/T�:���1�<E6�.WB�0�*-B�47T�:sH�1�)�[¤.W{=:-\�S 4/T�8;)70
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n ≤ 1015
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ε2 = [a/(4µBB)]2 ≈ 3 · 10−5
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geµBŜ + gnµnÎ
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∼ −0.01
|²[Í*G)®47T�:,ãä.-<;<�H�T�8;[º4

8EB§4/T�:,��d�]�\A@'C9F�8E{=.-<ä��d�]´<E8;B�:©ã^8E0�47T�H�.W)7:
∼
O \ N |¡~aH7*s4/T�:`ã#.-<;<'H7T�8�[º4�8;H®ã�:=<;<���:=<;*¬ã

*G1�)Ø��d�]´)7:=H�*G<E1�4/8E*-B�\D@ªT�:?{=.-H7:?ã^8�4/TÐg z ]
a − b

47)/.-B�H78;478E*GB§8EH®{=*->,F�<;:c47:=<;Cq0�8��
:=)7:cBQ4Y\
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a
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H7T�8;[º4
∼ +3
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:^*-[�[Í)7:cÚ91�:=B�{�C©H7T�8�[º4'*G)78;+G8EB�.W4/:cHA[Í)7*->±4/T�:ª>?.-+-B�:c478E{#>`*G>`:=BQ4/Hv*W[
47T�:^.W4/*->,Hc\
l�B?4/T�:�H71�)�[¤.-{=:�.W4/*G>`H#.W)7:%>�1�{�TL{=<;*GH7:c)�4/*�:Y.-{�TL*-47T�:=)�4/TJ.-B?8EB3��1�<E6­~�H�*�4/T�:%B�:c4ä0�8EF�*G<e.W)
×J:c<E0¡{=)�:Y.W47:=0?�QC¡.W0�H7*G)��
:c0?.K4/*G>`HZ8EHZ>�1�{�T,<E.-)7+G:c)=\�b%1�:ª4/*�4/T�:m.-B�8EH7*W4/)7*-F�8E{#B�.W4/1�)�:^*-[
47T�:
0�8;F
*G<E.-)'8EBQ4/:c)/.-{�4/8;*GB�~M4/T�:�{c*G)7)�:=H�F
*GB�0�8EB�+�[Í)�:=ÚM1�:cB�{cCLH�T�8;[º4ä0�:=F�:=B�0�Hª*GB34/T�:�*G)78;:=BQ4�.K4/8E*-B?*-[
4/T�:`H�1�)�[¤.W{=:¡4/*D4/T�:¡F�*G<e.-)�8E¸c8EB�+?×�:=<E0�\,bh8EF�*G<e.-)h×J:=<;0�*-[�4/T�:?.-0�H7*G)��J.W4/:¡0�:cF
:cB�0�H®<E8;B�:Y.-)�<;C
*GBq4/T�:¡H�1�)�[¤.-{c:,0�:=B�H�8;4�C�þ N ñ�~�� ÿ \ è :={Y.W1�H7:`*-[#8�4/H�BJ.W471�)7:W~�4/T�:`0�8EF�*G<E.-)�H7T�8;[º4�8EH�:cÚ91�.-<Z[Í*G)
��d�]�.-B�0�g z ]j4/)7.-B�H78�4/8;*GB�H=\

@ªT�:�×J)�H�4&*-��H7:c)��W.W4/8;*GB¢*-[Z£±+Q.-H%*GB�_a£h:ØH71�)�[¤.-{=:��QC¨��d�]¿ãä.-H�0�*-B�:�8;B Ö ÜGÛ P .W4%47T�:
fhB�8;�G:c)7H�8;4�C§*-[ è )�8;478EH7T â *G<;1�>���8E.D8;B���.WB�{=*G1��G:=)3þ NGP¬ÿ \D@ªT�:�C�ã�:=)�:3.-��<E:¡4/*¨H�:=:,H/.W47:=<E<;8;47:
<E8;B�:=Hm*-[ N b�£±+Q.WH=~���1�4�0�1�:�4/*?.-B¢8;B�H�4/.-��8E<;8;4�C?*-[Z4/T�:ØH71�)�[¤.-{=:Ø<E8;B�:=Hm{Y.-1�H7:=0��QC�4/*9*?T�8;+GT
��d�]�F
*¬ã�:=)�þò� ÿ ~W>,*G)�:'.-{={c1�)/.K4/:äH�4/1�0�8E:=Haã�:=)7:�B�*-4�F�*GH7H�8E��<;:hþ N ñ ÿ \�@ªT�:ä)�:={=:cBQ4�0�:��G:c<E*GF�>`:=BQ4
8EB©{c)�C-*G+G:=B�8E{m��d�]�H7F�:={�4/)�*G>,:�4/:c)7H'TJ.-HZ>,.-0�:ªF�*GH7H�8E��<;:#>`*G)7:ªF�)�:={c8EH7:ªH�4/1�0�8E:=H'*-[ N bü£�+Q.-Hc\
@ªT�:©>,.Kï�8E>�1�>�)�:Y.-{�T�:=0§H71�)�[¤.-{=:©0�:cB�H78�4/8;:=H&TJ.Y�G:©��:=:cB

∼ 5 × 1012
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{c*G)7)�:=H7F�*GB�0�8EB�+

4/*¡.©H�T�8;[º4^*-[ P |¿8;BD��d�]!H7F�:={�4/)/.�\Z@ªT�:�>?.Kï�8;>�1�>�H7T�8�[º4/Hª*-[Ag z ]j<E8;B�:%4�.W698;B�+�4/T�:�ãä.-<;<
H7T�8;[º4^8EBQ47*,.W{={=*-1�BQ4mã�*G1�<;0D�
:®.-)�*G1�B�0sÛ`|¡\

E`�FE ������������ "!$#&%���'+B�(0!$B.��20(0�b�
2

@ªT�:�>,.-8;B,[Í:Y.K4/1�)�:%*-[�47T�8EH�H�C9H�47:=>�8;H�47T�:�8EBQ47:=)/.W{c4/8;*GB?*W[�£j.W47*G>ðã^8;4/T,4/T�:�T�*GH�4ªBM1�{c<E:c8�*-[
4/T�:Ø£

2

<E.W47478E{c:-\
k�B�H7*-<E8E0Ð£
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8;>,F�1�)78�4�C§£�.W47*G>,HØ.-)�:?1�B�0�:=)�47T�:?8;B�pJ1�:cB�{=:3*W[#4/T�:?T�*GH�4�BM1�{=<;:=85\�@ªT�:
8EBQ47:=)7B�.-<G×J:=<;0Ø+-:=B�:c)/.W47:=0®�MC&47T�:�B91�{=<E:=.-)a>?.W+GB�:c478E{Z>`*G>`:=BQ4/H�>,.YC&0�:={c)7:=.-H7:�4/T�:'TQC9F
:c)�×JB�:
8EBQ47:=)/.W{c4/8;*GBD*-[Z£°.W47*G>`H=~�ã^T�8;{�Ts8;B¨��d�]!H�F
:c{c4/)�1�> ãä*-1�<E0�BJ.-)�)7*¬ã!4/T�:®+G.-Fs*W[�4/T�:

a− d

.-B�0
b− c

<E8;B�:=Hc\Z@ªT�8EH^:��
:={�4m8EHªH�471�0�8;:=0�:�ï�F
:c)78;>,:cBM4/.-<E<�C?8;BDH7:={�4/8;*GB�H^��\¶ñ d ��\¶Û�\
@ªT�:=)�:s8;H`.-<EH�*�.qTQC9F
:c)�×JB�:s8EBQ4/:c)/.-{�4/8;*GB�*-[�£ :c<E:={�4/)�*GB�ã^8�4/T�4/T�:DBM1�{c<E:Y.W)`>,.-+GB�:c4/8;{

>`*G>,:cBQ4/H&*-[�4/T�:¡<E.W47478E{=:W~�ã^T�8E{�T§8;4�8EH�{Y.-<;<E:c0¢4/T�:¡H71�F
:c)7TQC9F
:c)�×JB�:,8EBQ4/:c)/.-{�4/8;*GB�\¡_�8E6W:¡47T�:
TQC9F
:c)�×JB�:`8EBQ47:=)/.W{c4/8;*GBq*-[ä£�.K4/*G>�~�8;4�8;H&{Y.-1�H�:=0��MC�47T�:¡B�*GB�2}¸=:c)7*�F�)7*G��.-��8E<;8;4�Cs*-[�4/T�:`£
.W47*G>ð:=<;:={c47)7*GB,4/*�:¦ï�8EH�4#.W4�4/T�:hB91�{=<E:c8
*W[�4/T�:hH71�)�)7*G1�B�0�8EB�+�<e.W4�4/8;{=:-\Ak}4ä>,.YC`H7F�<;8;4'4/T�:%��d�]
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I�8;+G1�)7:,ñ�X
b − c

.-B�0
a − d

��d�]²<;8EB�:cH�.-��H7*G)�F�4/8;*GBÐ0�:c)78��-.K4/8;�-:?H�F
:c{c4/)7.¢*-[m£�.K4/*G>`H�8;B
â .GI

2

þ N � ÿ \

<E8;B�:=HØ4/*qH7:��G:=)7.-<ª{=*->,F�*GB�:cBM47H¡{=*G)�)7:=H�F
*-B�0�8EB�+q47*�0�8��
:=)�:=BQ4¡*G)�8E:=BQ4/.W4/8;*GB�H�*-[m4/T�:LB91�{=<E:=.-)
H7F�8EB�H^8EBD4/T�:Ø<E.W47478E{=:W\�I­*-)ª:�ï�.->`F�<E:W~JH78E>`8E<E.-)ä:���:c{c47Hmã�:=)�:�*G��H�:=)��G:=0¨8EBs£¿.K4/*G>`Hª8EB â .GI

2

�Í×�+G1�)7:®ñQ�¦\
@ªT�:#TQC9F
:c)�×JB�:#8EBQ4/:c)/.-{�4/8;*GB�{�TJ.WB�+G:äã^8;<E<Q��:ä>�1�{�T�>,*G)�:�F�)7*GB�*-1�B�{=:c0©8EB®4/T�:äg z ]�.-B�0

�'g%b&l&]!4/T�.-B¨8;B¨��d�]�H7F�:={�4/)7.�\#@ªT�:®H7TJ.WF
:�.-B�0�H�4/)�1�{c471�)7:Ø*-[v47T�:Ø>,.-+GB�:c4/8;{&)7:cH7*GBJ.WB�{=:
<E8;B�:=H�{=*GBQ4�.W8EB�8EB�[Í*-)7>,.W4/8;*GBÐ*GB�47T�:DF
*GH�8;478E*GB�*-[^47T�:�.W4/*G>`H©8EB�47T�:D<e.W4�4/8;{=:-~'.WB�0�*-B�47T�:
ÚM1J.-<;8;4�C`*-[a4/T�:%{=)�C9H�4�.-<�\Zk�BL0�8EH�*G)70�:c)7:c0LH7*G<;8E0�H�4/T�:�g z ]j.-B�0D��ghb&l&]�<;8EB�:cHä0�*©B�*W4ªTJ.Y�G:
.-BQCDH�47)71�{�4/1�)�:-~���1�4h.-)�:®��)7*Q.-0�:=B�:c0¨0�1�:�4/*,.¡)/.-B�0�*G> 0�8EH�4/)�8E��1�478E*GBL*W[�4/T�:®8;BQ4/:=)�BJ.-<�×J:c<E0
:�ï�F�:=)�8E:=B�{=:=0©�QC®4/T�:ä.W4/*->,Hc\Ak}4�8EHA�-:=)�C�8;>,F�*G)�4/.-BQ4a4/*�6MB�*¬ã�T�*¬ã�+G*9*�0�.-)7:�4/T�:ä£

2

{=)�C9H�4�.W<EH
8EB`*G)�0�:=)'4/*Ø:c�W.-<E1�.W4/:ª4/T�:hF�*GH7H�8E��8;<E8�4�C�*-[�)7.-F�8;0`471�B�B�:c<E8EB�+®>`*-478E*GB¡*-[�47T�:h.W4/*G>`H�.-<E*-B�+®47T�:
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WJ��� �?��]� z�K()'+ "!9%.#�2lB. -%.N�]
@ªT�:®F�)7:cH7:cBM4�:�ï�F
:c)78;>,:cBM47Hmã�:=)�:�{c*GB�0�1�{�4/:c0¢8EBD4/T�: é 8ETM1�)�8a(ZTMC9H�8E{Y.W<�_a.-��*G)/.K4/*G)�CL*-[�47T�:
fhB�8;�G:c)7H�8;4�C`*-[�@�1�)76M1�\Z@ªT�:%:�ï�F�:=)�8E>`:=BQ4�.-<­H�:c4/1�F�~�{c*GB�H�47)71�{�4/:c03[Í*G)�47T�:mH�4/1�0�8E:cHä*-[a£

↓
+Q.WH=~

8EB�{=<E1�0�:=Hª.�{c)�C-*GH�4/.W4ªã^8;47TD.�0�8E<;1�4/8;*GB?)�:c[Í)78;+G:=)7.W4/*-)�ã^T�8;{�TL{Y.-BD)7:=.-{�T�Ù O >,�¿.WB�0�.-BD��d�]
H7F�:={�4/)�*G>,:�4/:c)&*GF
:c)/.W478EB�+3.W4 ÖVN ÛD|�£h¸W\�]^:={c:=BQ4/<�C�.Lg z ] )7:cH7*GB�.W4/*G)hã#.-H®.-0�0�:=0�4/*347T�:
H7:�4/1�F�\

£±+Q.WH%8EHm{=)�:Y.W47:=0�8;B¢.,{c)�C-*G+G:=B�8E{�0�8EH7H�*�{c8e.W47*G)^*GF�:=)/.K4/8EB�+3.W4
∼
O \ �,�¡\�@ªT�:�.W4/*G>`Hh.-)7:

F�1�<;<E:c0�[Í)�*G>µ4/T�:Ø0�8EH�H7*9{=8E.W4/*G)ª47*`47T�:�H7.->,F�<E:�{=:c<E<ä�5d â �ª�QC¨.¡×J:=<;0¨+G)7.-0�8;:=BQ4Y\^b%8;H7H�*�{c8e.W47*G)
8EHZ{c*�*-<E:=0`�QC`.&H7:=F�.-)/.W47:

3
£m:^)7:c[Í)�8E+G:c)/.W47*G)vã^T�8;{�T,TJ.WHä.&>�1�{�T,T�8E+-T�:=)Z{c*�*G<;8EB�+&F�*¬ãä:c)�47TJ.-B

8EH^.Y�W.-8;<e.-��<;:h[Í)�*G>²47T�:�0�8E<;1�4/8;*GB3)7:�[Í)78;+G:=)7.W4/*G)�þ N Û ÿ \
@ªT�:¡>?.W8EB�F�*G<e.-)�8E¸c8EB�+,>?.-+-B�:c478E{�×J:c<E0q*-[���\¶ñL@ 8EH%+G:=B�:c)/.W47:=0§�QCq.LH71�F�:=)�{=*GB�0�1�{c478;�G:

>,.-+GB�:�4hã�*G)76M8;B�+L8EBsF
:c)7H78;H�47:=BQ4&>`*�0�:W\�@ªT�:�×�B�:�4/1�B�8EB�+?*-[v4/T�:�×J:=<;0�.-B�0¢47T�:�>,.-+GB�:�4/8;{
×J:c<E0�H�ãä:c:=F�HD1�H�:=0�8EB���d�]³.-B�0�g z ]�.-)�:¢0�*GB�:�ã^8;47T�.ÐH7:cFJ.-)7.W4/:¢H�ãä:c:=Fü{=*-8E<5~�ã^T�8E{�T
*GF�:=)7.W4/:cHm8;BL4/T�:�)/.WB�+G:
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|©\

@ªT�:&��d�]·H7F�:={c47)7*G>`:c47:=)�ãä*G)�6MH#8EB?47T�: â�é >`*�0�:%.-B�038EH�*-[aT�:c47:=)�*�0�C9B�:h4�C�F�:-~�ã^T�8E{�T
.-<;<E*¬ã^H�H78;>�1�<�4�.-B�:c*G1�H�0�:c4/:c{c478E*GBq*-[�.-��H�*G)7F�4/8E*-Bq.-B�0q0�8EH�F
:c)7H�8E*GB�H�8E+GBJ.W<EH©þ N Û ÿ \�k�B§:�ï�F�:=)78 2
>`:=BQ4/Hª4/T�:®>`>©2}ãä.¬�-:�:�ï�{=8�4�.W478E*GBL[Í)7:cÚM1�:=B�{�C�8EHª6-:cF�4h{=*GB�H�4�.-BQ4h.-B�0D4/T�:Ø>,.-+GB�:�4/8;{%×J:=<;0s8;H
H�ã�:=F�4h47T�)7*G1�+GTL4/T�:�)7:cH7*GB�.-B�{=:,þ N Û ÿ \

��ï�F�:=)�8E>`:=BQ4/H�ã^8�4/T§£
↓
+G.-H�.-)7:�{Y.-)�)78E:c0q*G1�4&8;B¢4/T�:`d â ~
ã^T�:=)�:¡47T�:¡��d�]�.-B�0�g z ]

)7:cH7*GB�.W4/*G)�H¡.-)7:L<;*�{=.W4/:c0·�Í×J+-1�)7:��G�¦\Ð@ªT�:D1�F�F
:c)`F�.-)�4©*W[h47T�:D��d�]�)7:cH7*GB�.W4/*G)c~�8;H7*G<E.W4/:c0
�QC�.¨47T�8EB z C9<E.-)�[Í*G8;<�[Í)�*G> 47T�:3)�:=H�4¡*W[m47T�:LH/.W>,F�<;:?{c:=<E<�~v8EHØ×J<E<;:=0Ðã^8�4/T�{=*9*G<E.-BQ4�4�.W6-:=B
[Í)7*->�4/T�:�>`8�ï�8EB�+`{�T�.->���:=)^*-[�47T�:�0�8E<;1�4/8;*GB3[Í)78;0�+G:W\ é 8�4/TL4/T�8;H^>,:�4/T�*90�47T�:�{=:cBM47)/.-<aFJ.W)�4
*-[�4/T�: z C9<e.-)?[Í*-8E<5~ª{=.-<E<;:=0 â *-<E0·d�F�*-4�� â d���~#{=.-B��
:�{c*�*-<E:=0�H�1���H�4�.-BQ4/8E.-<E<�C��
:c<E*¬ã»47T�:
4/:c>,F�:=)7.W4/1�)7:�*-[�4/T�:¨)7:cH�4L*W[�4/T�:¢d â �Í×�+G1�)7:¨ÛQ��\ â d�8;H,1�H7:=0�47*�47T�:=)�>?.-<;<;CÐ{=*G>`F�)7:cH7H
N bð£

↓
+Q.-H&.-0�H7*G)��
:c0�*GBq_a£h:�×J<;> þ N Ü ÿ \ é 8;47T¨4/T�8EH�>`:c47T�*�0¨8;4�8;H%F�*GH7H�8E��<;:Ø47*L+G:c4&T�8E+GT

0�:cB�H78�4/8E:cH=~
σ ∼ 5 × 1012

{c>
−3
[Í*G)©4/T�: N b³.W47*G>,8;{3TQC90�)7*G+-:=B�+G.-H`.-B�0�4/*§H�4/1�0�C�:Y.-{�T
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@ªT�:h��d�]ü)�:=H�*GBJ.W47*G)'8EH'*-[�47T�:hI�.W��)�CQ2�(�:=)�*-4%��Iv(���4�C9F
:%.-B�0`{=*GB�H�8EH�4/H�*-[�4�ã�*�H�F�T�:=)�8E{=.-<
>`8E)7)�*G)7Hc\jk}4L*-F
:c)/.W47:=H38;B�4/T�:¨@^� z

006

>`*�0�:¢.-B�0�T�.-H
Q ∼ 2000

.K4
f ≈ 128

|�£h¸K\
@ªT�:D*GF�:=)7.W4/8;B�+¨[Í)7:cÚM1�:=B�{�C�*-[m4/T�:DIv(¿)7:cH7*GBJ.K4/*G)

fFP
8EH�0�:�×JB�:c0��QC�4/T�:34/1�B�8;B�+�)/.WB�+G:

*-[ª47T�:L��d�]²H�F
:c{c47)7*G>`:c47:=)
fESR = 128 ± 0.5

|�£h¸¨þ N Û ÿ \�@ªT�8;H�8EH�.¨)7:c<e.W478;�-:=<;C§BJ.W)7)7*¬ã
[Í)7:cÚM1�:=B�{�C�)/.-B�+G:-~v4/.-6M8EB�+�8;BM47*q.-{={c*G1�BQ4¡4/TJ.K4©{=*9*G<E8;B�+¨0�*Vã^B�4/T�:L)7:=H�*GBJ.W47*G)�[Í)�*G> )�*�*G>
4/:c>,F�:=)7.W4/1�)7:¢4/*�_a£h:q{�TJ.WB�+G:=HD8�4/H3[Í)7:cÚM1�:=B�{�C·�MC

≈ +1.5
|�£h¸K~&.-B�0ü×�<E<E8;B�+Ðã^8�4/T�4/T�:

{=*9*G<E.-BQ4¡0�:={c)7:Y.WH7:=H
fFP

�QC
≈ −2.5

|�£h¸-\�@ªT�:c)7:c[Í*-)7:-~�4/T�:cH7:sH7T�8�[º4/H�ã�:=)7:s>,:=.-H71�)7:=0�8EB
F�)�:=<E8;>,8;BJ.-)�CL{=*9*G<E0�*Vã^B¢47:=H�4/H=~�.-B�0�ãä:c)7:�4/.-6-:cB§8;BQ4/*L.-{c{=*G1�BM4�8EB¢4/T�:�×JBJ.-<�4/1�B�8EB�+3*W[�47T�:
)7:cH7*GB�.W4/*G)�.W4')�*�*->±4/:c>,F�:=)7.W4/1�)7:-\Zd�8EB�{c:^��d�]�8EHZ4/T�:m>,.-8;B©0�:c47:={c478E*GB©47*�*G<�~G8;47HZH7:cB�H78�4/8;�98�4�C
8EHª*W[�F�)�8E>`:�8E>`F�*G)�4/.-B�{=:W\v@ªT�:c)7:c[Í*-)7:&4/T�:®Iv(�)7:cH7*GBJ.K4/*G)ª8;Hª0�:=H�8E+GB�:c0�47*¡TJ.Y�G:&4/T�:�T�8;+GT�:cH�4
F�*GH7H�8E��<;:

Q
25�W.-<E1�:W~ä.WB�0�47T�:L×JBJ.-<ª*-F
:c)/.W478EB�+�[Í)7:cÚM1�:=B�{�C�*-[h47T�:s��d�]µ8EH©H7:�4?�QC�47T�:�Iv(

)7:cH7*GB�.W4/*G)#.W4ª)7:=.-<�{c*GB�0�8�4/8E*-B�Hä*-[a47T�:�:�ï�F�:=)�8E>`:=BQ4Y\'@ªT�:&>`8E<;<E8E>`:c47:=)�2}ãä.¬�-:ª×J:=<;0L8EB�H�8E0�:%47T�:
)7:cH7*GB�.W4/*G)®8EH�.sH�4�.-B�0�8EB�+�ã#.Y�G:?TJ.Y��8;B�+¢H�:c�G:cB�>?.Vï�8;>?.�~a[Í*-1�)�*-[äã^T�8E{�T�.W)7:,.-)7:,1�H7:c0Ð4/*
0�:�4/:={�4'£�+G.-Hª�º×J+G1�)�:#ÛQ�¦\Zl%4/T�:c)�>,.Kï�8E>,.h.W)7:ä<;*�{=.W4/:c0�8;BØ4/T�:ä{=*9*G<E.-BQ4A�-*G<E1�>`:-\A@ªT�: z C9<E.-)
[Í*G8;<v0�8;�98;0�:=H&4/T�:,I�(j)7:cH7*GBJ.K4/*G)�8EBq4/*L4�ã�*¨:cÚ91�.-<'FJ.-)�47H=\`@ªT�:`<E*¬ãä:c)�*GB�:`8EH�×J<;<E:=0q�QC§£

↓

��1�<;6D+Q.-H=\ N b�£
↓
H/.W>,F�<;:Ø8;H�.-0�H7*G)��
:c0¢*GB¨47T�:�<;*Vã�:=)hH71�)�[¤.-{=:�*-[Z4/T�:®[Í*G8E<�.-B�0¢8EHm<E*9{Y.W47:=0

8EBL47T�:�>?.Kï�8;>�1�>�*-[A47T�:�>,8;<E<;8E>`:c4/:c)�25ã#.Y�G:^×J:c<E0�\
l�B�{=:®4/T�:���d�]°*-F
:c)/.W478EB�+¡[Í)7:cÚ91�:=B�{�C��

fESR

�ª8EH^H7:�4Y~�8�4m0�:c×JB�:=H%)�:=H�*GBJ.-B�{c:�×J:c<E0�H
Bad

.-B�0
Bbc

[Í*G)'4/T�:
a− d

.-B�0
b− c

47)/.-B�H�8;478E*GB�H%�¤H�:=FJ.W)/.W47:=03�QC P-O ��|®��\M@ªT�:h{=*G)�)7:cH7F�*GB�0�8;B�+
{�TJ.-B�+G:¨8;B�47T�:¢g z ]µ4/)/.WB�H78�4/8E*-B�[Í)�:=ÚM1�:cB�{cC�8EH

≈ 2
z £h¸W\�@ªT�:=)�:c[Í*G)�:-~^8EB�*G)�0�:=)¡4/*��
:

.-��<;:©4/*¨:¦ï�{=8;47:`47T�:,g z ]ð4/)7.-B�H78�4/8;*GBqH78E>�1�<;4/.-B�:=*-1�H7<�C¨ã^8;47TÐ:c8;4/T�:=)
a − d

*G)
b − c

��d�]
<E8;B�:=Hc~�47T�:,ã^8;0�4/TÐ*-[#4/T�:3g z ]´)�:=H�*GBJ.W47*G)�H�T�*G1�<;0Ð��:

& 2
z £h¸W\�@ªT�8EH�>`:Y.WB�H®47TJ.W4Ø4/T�:

g z ]ü)�:=H�*GBJ.W47*G)
Q
H�T�*G1�<;0?��:

. 500
\�S�<E*¬ã

Q
�W.-<E1�:h>,.-6-:cH#.-<;H7*�4/T�:m[Í)7:cÚ91�:=B�{�C,471�B�8EB�+

>�1�{�T?:Y.-H�8E:=)c\vk}4�ãä*G1�<E0?��:%0�:=H78;)/.-��<E:ª4/*Ø+G:c4�4/T�:hg z ]ü)7:cH7*GB�.W4/*G)�>,.Kï�8E>�1�>±4/*Ø47T�:
a− b

4/)7.-B�H�8;4/8;*GB�[Í)7:cÚM1�:=B�{�C¡{=*G)�)7:cH7F�*GB�0�8;B�+®47*&4/T�:
B
×J:c<E0`8EB�4/T�:m>`8E0�0�<E:#*W[
47T�:

b−c
.WB�0

a−d

��d�]!<E8;B�:=Hc\
@ªT�:©g z ]�)7:=H�*GBJ.W47*G)%{c*GB�H�8EH�47H%*-[Z.,{=*-1�F�<E8;B�+`<E*9*GF¨.WB�0¢.`)7:=H�*GBJ.-BQ4&T�:=<E8 ï
\ª@ªT�:�{c*G1�2

F�<;8EB�+3<;*�*-F�8EH�{c*GB�B�:c{c4/:c0�47*34/T�:©:cB�0�*W[#.3{c*Q.Kï�8e.-<A{Y.-��<E:©<E:=.-0�8;B�+?4/*D)�*�*G>ý4/:c>,F�:=)7.W4/1�)7:
.-B�0s]mI�H�*G1�)7{c:-\ª@ªT�:®)7:cH7*GB�.-BQ4�T�:c<E8�ï38EH^8EB�0�1�{c478;�-:=<;C3{=*G1�F�<E:=0�4/*¡4/T�:®{=*-1�F�<E8;B�+¡<E*9*GF�.-B�0

N Ù



*GF�:=)7.W4/:cH#8EB`4/T�:
λ/4

>,*90�:�þ¶Ù O ~�Ü ÿ �Í×�+G1�)7:��G��\Z@�1�B�8;B�+�*W[�4/T�:&g z ]ü)7:=H�*GBJ.W47*G)äT�.-Hä4/*��
:
0�*GB�:�.-<EH�*©.W4ª)�*�*G>ð47:=>`F
:c)/.W471�)7:W\�d�1�)7)�*G1�B�0�8EB�+GHä{Y.-BD8EB.pJ1�:=B�{=:&8;47Hä*GF�:=)7.W4/8;B�+�[Í)�:=ÚM1�:=B�{cC
:Y.WH78E<�CL�QC P-O z £h¸W~
H�*,4/T�:®×JB�.-<�4/1�B�8EB�+`>�1�H�4%��:Ø0�*GB�:�ã^T�:=B�4/T�:®)7:cH7*GBJ.K4/*G)m8EH^8EB�H�4�.W<E<E:c0
8EBL47T�:Ød â \

@ªT�:¡g z ]¿)�:=H7*-BJ.W4/*-)%[Í)7:cÚ91�:=B�{�C¢{�TJ.-B�+G:�0�1�:�47*3{=*9*G<;8EB�+¡ã#.WH�>,:=.-H71�)7:=0�H�:=FJ.W)/.W47:=<;C-\
(Z1�>`F�8EB�+�47T�:D)7:=H�*GBJ.W47*G)©4/*qT�8;+GT��-.W{=1�1�>�8;B�{=)�:Y.-H�:=0�8;47H�[Í)7:=ÚM1�:cB�{cC��QC

∼ 1
z £h¸�.-B�0

{=*9*G<;8EB�+347*¨�¢�²8EB�{c)7:Y.WH7:=0�4/T�:¡[Í)7:cÚ91�:=B�{�CÐ�QC�.-B�*-47T�:=)
∼ 7

z £h¸W\DI�8E<;<E8;B�+?4/T�: â d§ã^8�4/T
{=*9*G<E.-BQ4&0�8E0�BzT¯4�8;B�pJ1�:cB�{=:©47T�:©[Í)7:=ÚM1�:cB�{cC-\,@ªT�:,0�:cH78;)7:=0q[Í)7:cÚM1�:=B�{�C§.W4&4/T�:`:¦ï�F
:c)78E>`:=BQ4/.-<
{=*-B�0�8;478E*GB�H�ãä.-Hª.-{�T�8E:c�-:=03ã^8�4/T�8;B?.-B3.-{={c1�)/.-{�C?*W[ Ö z £m¸-\'Sj{c*Q.-)7H�:h471�B�8EB�+�*-[�47T�:�g z ]
)7:cH7*GB�.W4/*G),[Í)7:=ÚM1�:cB�{cC�ã#.-HL0�*GB�:��QC�{�TJ.WB�+G8EB�+Ð4/T�:�)�:=H�*GBJ.-BQ4LT�:c<E8 ï�ã^8;)7:¨<;:=B�+W4/T�\¿I�8;B�:
4/1�B�8EB�+¡ãä.-Hh0�*GB�:®�MC�{�TJ.WB�+G8EB�+`47T�:Ø{=.-FJ.-{c8;4/.-B�{=:���:c4�ã�:=:cB¢4/T�:®T�:=<;8�ï?4/1�)�B�Hh�QCs.-0KU�1�H�4/8;B�+
4/T�:®H�:=FJ.W)/.W478E*GBD��:c4�ã�:=:=B�4/T�:�)�:=H7*-BJ.-BQ4%T�:=<E8 ï?471�)7B�H=\

k�B�*-1�)©:�ï�F�:=)78;>,:cBQ4�.-<#{c*GB�0�8�4/8;*GB�H�4/T�:sg z ]�)�:=H7*-BJ.W4/*-)©*GF
:c)/.W47:=H`.W4`Ü O Û z £h¸�.-B�0
4/T�:�ã^8E0�47T§*W[ä8�4/H�)�:=H7*-BJ.-B�{c:,8;H

≈
N z £m¸-\�k�B�g z ] :�ï�F�:=)78;>,:cBQ4/H�:=8�4/T�:c)&>?.-+-B�:c478E{Ø×�:=<E0

*G)�[Í)�:=ÚM1�:cB�{cC�{=.-B��
:?H�ã�:=F�4=\�k�B�4/T�:3F�)7:=H�:=BQ4`>,:=.-H71�)7:=>`:=BQ47H�ãä:D1�H�:34/T�:3×J:c<E0�H�ãä:c:=F�\
S%B�8;B�0�1�{c:=0�g z ]²4/)7.-B�H78�4/8;*GB�8EB�£

↓
+Q.-H�8;H�0�:�4/:={�4/:c0�[Í)�*G>�)�:={c*G>���8;BJ.W4/8;*GB�T�:=.W4©�QC�.

4/:c>,F�:=)7.W4/1�)7:®{=*GBQ4/)�*G<E<;:=)Ø�¤@ â �¦~�ã^T�8E{�T¢H�4�.-��8;<E8;¸=:=Hª47T�:©d â 47:=>`F
:c)/.W471�)7:W\ â TJ.-B�+G:cH�*-[v47T�:
[Í:=:c0��J.-{�6LF�*¬ãä:c)^*-[A47T�:�@ â .-)�:&:=ÚM1J.-<�47*©4/T�:�)7:c{=*G>���8EBJ.K4/8E*-BLT�:Y.W4^+-:=B�:c)/.W47:=0�8EBL4/T�:Ød â
þ N Û ÿ \¡��d�] *G)�g z ]�8EB�0�1�{=:c0§)�:={c*G>���8;BJ.W4/8;*GB�{Y.WB§��:¡:Y.-H�8E<�C¨0�:�4/:c{c4/:c0Ð�QC¢47T�8EH&>`:c47T�*�0�\
â *G>`FJ.-)�:=034/*�47T�:&��*G<E*G>`:c47:=)�0�:c47:={�4/8E*-B34/T�8;H#>,:�4/T�*90LTJ.-H^.�>�1�{�TL<e.-)�+G:=)�4/8;>,:h{=*GB�H�4�.-BQ4
.-B�0�)7:cÚM1�8E)�:=Hª�G:c)�CDH7<;*¬ãjH�ãä:c:=F�H

& 500
H�\

k�B�4�C9F�8E{=.-<m:�ï�F
:c)78;>,:cBM47H,ã^8�4/T�£
↓
+Q.-Hc~#4/T�:sH/.->`F�<;:�8;H`×�)7H�43<E*Q.-0�:=0�4/*Ð47T�:¨{c:=<E<^�QC

)71�B�B�8EB�+¡47T�:�0�8EH�H7*9{=8E.W4/*G)�[Í*G)m.-�
*-1�4m.-BDT�*G1�)c\�b%1�)78;B�+¡4/T�:®.-{c{=1�>�1�<e.W478E*GBL*-[�4/T�:®H7.->`F�<E:W~
4/T�:�{c:=<;<Q8EH�6-:cF�4A)7:=<E.W4/8��G:c<;C%ãä.-)�>°.W4

∼ 200−300
>,��8;B®*-)70�:c)a47*^0�:={c)7:Y.WH7:ä)�:={c*G>���8;BJ.W4/8;*GB�\

Sh[º47:=)�)�:Y.-{�T�8;B�+ª4/T�:'H7.W4/1�)7.W4/:c0Ø0�:=B�H�8;4�CG~V4/T�:�0�8EH7H�*�{c8e.W47*G)�8;H�4/1�)�B�:=0®*��A~V47T�:'{=:c<E<G8;H�H�4�.W��8E<;8E¸=:c0
4/*�.Ð0�:=H�8E)�:=0�4/:c>,F�:=)7.W4/1�)7:-~#4�C9F�8;{Y.-<;<;C�47*

∼
Ö � O >,�©~�.WB�0�4/T�: â d�8EH,{=*9*G<E:c0�0�*¬ã^B�4/*

4/:c>,F�:=)7.W4/1�)7:=H��
:c<E*¬ã Ö¬OGO >?�©\M@ªT�:�0�:={Y.YC?*-[�4/T�:&£
↓
H7.->`F�<E:m8EH�>,*-B�8;47*G)7:c0?�QC3��d�]·.-B�0

@ â \
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I�8;+G1�)7:�Û�X'��ï�{c8;4/.W4/8;*GB3×J:=<;0D8EB�H�8E0�:%47T�:®��d�]j)7:cH7*GB�.W4/*G)c\'gh*`��d�]!H78;+GBJ.-<
*G)78;+G8EB�.W4/:cH�[Í)7*->
4/T�:ä1�F�F�:=)��G*G<;1�>`:�×J<;<E:c0®ã^8�4/T�{c*�*G<E.-BQ4Y\ak�B�47T�:ä<;*Vã�:=)��G*G<;1�>`:�47T�:=)�:#.-)�:�4�ã�*%×J:=<;0�>,.Kï�8E>,.
*GB347T�:�H71�)�[¤.-{c:=H=~�ã^T�:=)7: N b�£!.-B�0D£m¥�+Q.-H#{=.-BD�
:�0�:c4/:c{c47:=0�\'k�BDF�)/.W{c4/8;{=:m4/T�: N b�£�+Q.-H
*GBL4/T�:®H�F�T�:c)78E{=.-< â 1�>,8;)7)7*-)#8EHªB�*W4ª��8;H78;��<E:�8;BL4/T�:®��d�]!H7F�:={�4/)7.�\

WJ�57 G ]�],���¡�`()'+#&%. I%O�K#�!,BO(5%�(0��!b>r�� "RSN, "!�/-(0 "B¢��>\�
↓

@ªT�:¡*GF�:=)7.W4/8;B�+D>?.-+-B�:c478E{�×J:c<E0q8EB�47T�:¡:�ï�F
:c)78;>,:cBM47H�8EH�0�:c×�B�:=0��MC¨4/T�:`��d�] [Í)7:cÚM1�:=B�{�CG~
H7*`8;4^8;H^1�H7:�[Í1�<�4/*`+G8;�-:�47T�:

a− b
g z ]j[Í)7:cÚ91�:=B�{�C¨.WHh.©[Í1�B�{�4/8;*GBs*W[A47T�:���d�]j[Í)�:=ÚM1�:cB�{cC

fESR

\Z@ªT�:&��d�]
b− c

.WB�0
a− d

4/)7.-B�H78�4/8;*GB?[Í)7:cÚM1�:=B�{c8E:cH^.-Hª.�[Í1�B�{�4/8;*GB3*-[�47T�:�>,.-+GB�:�4/8E{
×J:c<E0�.-)7:�F�<;*-4747:=0D8EB3×�+G1�)7:®Ü�\

@ªT�:¨)�:=H�*GBJ.-B�{c:s>,.-+GB�:c4/8;{L×J:=<;0�H`.-H?.�[Í1�B�{�4/8;*GB�*W[%4/T�:s:¦ï�{c8;4/.W4/8;*GB�[Í)�:=ÚM1�:cB�{cC
fESR

{Y.WBsB�*W4h��:®:�ï�F�<E8;{=8�4/<;C,H7*-<;�G:c0s[Í)�*G>�:cÚ91�.W4/8;*GB�H�� ÖVN �#.WB�0�� Ö ÙQ�¦\�@ªT�*-H7:®{Y.-Bs�
:�{Y.W<E{=1�<e.W47:=0
BM1�>`:=)78;{Y.-<;<;C-~�*G)^8;BD.`T�8;+GT3×J:c<E0Dã^T�:=B µ+B

a
� 1

~�47T�:®.-F�F�)�*Yï�8;>?.K4/8E*-B

1

2

a

h

√

1 +

(

µ+B

a

)2

≈
1

2

µ+B

h

� Ö �G�

{Y.WB���:�1�H7:=0Ø4/*mH78E>`F�<;8;[ºCm4/T�:'4/)7.-B�H78�4/8;*GB&[Í)7:=ÚM1�:cB�{cCØ:=ÚM1J.K4/8E*-B�H=\AIJ)7*G>j47T�:�:�ï�.-{c4A4/)7.-B�H78�4/8;*GB
[Í)7:cÚM1�:=B�{�CD:=ÚM1J.W478E*GB�H�� ÖVN �#.-B�0�� Ö ÙQ��ã^8;47TL4/T�8;H^.-F�F�)�*¬ï�8;>?.W478E*GB,ãä:®*G��4/.-8EB
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fESR(Bbc) ≈ −
1

2

a

h
+
geµBBbc

h

� Ö ÛQ�

fESR(Bad) ≈ +
1

2

a

h
+
geµBBad

h
.

� Ö ÜQ�

k�B©4/T�:#×�:=<E0©*W[
B = 4.6

@�:=ÚM1J.K4/8E*-B�Hm� Ö ÛG��.-B�0s� Ö ÜQ��+G8��G:
∼ 4

z £m¸#4/*9*&<E*¬ã��W.-<E1�:cH=~Gã^T�8;{�T
8EHªB�:=+G<;8E��<;:�{=*G>`FJ.-)�:=0L4/* ÖVN Û,|�£h¸W\

IJ)7*G>�:=ÚM1J.W478E*GB�Hs� Ö ÛQ��.-B�0j� Ö ÜQ�Øãä:�+G:�4
Bbc(fESR)

.-B�0
Bad(fESR)

8EB�.-B�:�ï�F�<E8;{=8�4
.-BJ.W<;CM4/8;{Y.-<�[Í*G)7>�~

Bbc(fESR) ≈
hfESR + 1

2
a

geµB

� NWO �

Bbc(fESR) ≈
hfESR − 1

2
a

geµB
.

� N9Ö �

@ªT�:cH7:Ø.-F�F�)�*¬ï�8;>?.W47:&:=ÚM1J.W478E*GB�Hª+G8;�-:
1.4

|�4/*9*`<E.-)7+-:%�W.-<E1�:cHm.W4
4.6

@�\
é T�:=B?{Y.-<;{=1�<E.W4/8;B�+�4/T�:hg z ]�[Í)�:=ÚM1�:cB�{cC?.-H�.�[Í1�B�{c4/8;*GB?*W[���d�]�[Í)7:cÚ91�:=B�{�CG~�8�4�8EH'F�)/.W{�2

4/8;{Y.-<v47*s1�H7:¡4/T�:,.-F�F�)�*Yï�8;>?.K4/:¡g z ]ð47)/.-B�H78;478E*GB�[Í)�:=ÚM1�:=B�{cC§{Y.-<;{=1�<E.W4/:c0§[Í)�*G>¼:cÚ91�.W4/8;*GB�H
��ñG�#.-B�0Ð�5�G�

fab(B) ≈
1

2

a

h
+
gnµnB

h
+
h(a/h)2

4µ+B
.

� N-N �

IJ*G)
B = 4.6

@°:=ÚM1J.W478E*GB�� NGN �m+-8;�G:cH�.-��*G1�4
120

£h¸Ø4/*9*3<e.-)�+G:Ø�W.-<;1�:-\�k�Bq>,.-+GB�:�4/8E{�×J:c<E0
8;4^{c*G)7)�:=H�F
*GB�0�Hm47*

−0.02
|�~Jã^T�8E{�T�8EHªã�:=<;<��
:c<E*¬ãj47T�:Ø)�:=H�*G<E1�478E*GBD*-[A*G1�)^>`:Y.-H�1�)7:c>,:cBQ4/H=\

Sµg z ]ð4/)/.WB�H78�4/8E*-B�[Í)7:cÚM1�:=B�{�C�{�TJ.WB�+G:3*-[
4.2

69£h¸,H7T�8�[º4/H®4/T�:3<;8EB�:`F�*GH78�4/8E*-B�8;B�×J:c<E0��QC

≈ 1.0
|�\

gh*¬ãjã�:®{Y.-BDã^)78�4/:&0�*¬ã^B
fab(Bbc(fESR) )

X

fab(fESR)|bc ≈
1

2

a

h
+
gnµn

geµB

(

fESR +
1

2

a

h

)

+
(a/h)2

4µ+

geµB

fESR + 1

2
a/h

.
� N ÙQ�
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Magnetic field [T]
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I�8E+-1�)7:&Ü�X'��d�]
b− c

.-B�0
a− d

[Í)�:=ÚM1�:cB�{=8;:=H=\

125 127.5 130 132.5
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fab (fbc)
fab (fad)

IA8E+G1�)�: Ö¬O X'g z ]
a− b

[Í)7:cÚ91�:=B�{�C¨.WHh.�[Í1�B�{c4/8;*GBD*-[
b− c

.WB�0
a− d

��d�]j[Í)7:=ÚM1�:cB�{=8;:=Hc\
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Magnetic field sweep [G]
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b-line

I�8;+G1�)7: ÖGÖ Xv��d�]�H�F
:c{c47)/.�*-[���1�<E6
a
2A.WB�0

b
2}<E8EB�:#0�1�)�8EB�+&4/T�:h.W{={=1�>�1�<e.K4/8E*-B©*-[�.�H/.W>,F�<;:ª.W4

4/T�:�{=:c<E<
47:=>`F
:c)/.W471�)7:
TSC ≈ 300

>,��\'b%:cB�H78�4�C3*-[�47T�:�H/.W>,F�<;:%8;H
na + nb ∼ 1015

{c>
−3
\

WJ�FE �48�Y (0!*:,N,2��£�
↓
��#�B

b%1�)�8EB�+�47T�:^.-{c{=1�>�1�<e.W478E*GBØ*-[
.�H7.->`F�<E:�{=*GB�0�8;4/8;*GB�HZ.W)7:#*GF�4/8E>`8E¸c:=0�47*&+G:c4v>?.Kï�8;>�1�>°��1�<;6
0�:cB�H78�4�C�8EB&4/T�:äd â \ è *W4/T

a
2�.WB�0

b
2}H�4�.K4/:=HA.-)�:�{c*G<E<;:={�4/:=0®8EB&47T�:#d â 8EBØ.-F�F�)7*Yï�8E>,.W4/:c<;Ch:=ÚM1J.-<

.->`*G1�BQ4/Hc\hd�F
:c{c47)/.?*-[
a
2ª.-B�0

b
2�<;8EB�:�ã^T�8E<;:�)71�B�B�8EB�+,0�8EH�H7*9{=8e.K4/*G)m.-)�:ØF�)�:=H�:=BQ4/:c0§8;Bs×J+-1�)7:

ÖGÖ \�b%:=B�H78;4�C¡*W[
47T�:^H/.->`F�<E:ª8;H
na +nb ∼ 1015

{=>
−3
\vk�B,.�4�C�F�8E{Y.W< N b�£�+Q.WHZ{=*G>`F�)7:cH7H�8E*GB

:�ï�F�:=)�8E>`:=BQ4�4/T�:L0�8EH�H7*9{=8e.K4/*G)Ø8EH�H�ã^8;4/{�T�:=0�*���.WB�0�d â 8EH�{c*�*G<;:=0�47*
∼
Ö � O >?�ý.-B�0 â d

��:=<E*¬ã Ö¬O-O >?�©\�@ªT�:L0�:c{Y.YC�*-[ª47T�:3H7.->,F�<E:?8;H�>`:Y.-H�1�)7:c0�.W[º4/:c)Ø4/T�.W4Y\ â *9*G<E8;B�+D4/T�:�d â
.-B�0J¹W*G) â d,47*���:=<E*¬ã Ö¬O-O >?��<;:Y.-0�H�4/*©.�)7.-F�8;0?��1�8;<E0�2}1�F?*W[aB91�{=<E:=.-)#F�*G<e.W)78E¸=.W4/8;*GB¡8EB?47T�:
+Q.-Hc~J.-B�0D4/T�:

a
2}<E8;B�:�0�8;H/.-F�F�:Y.W)7Hª[Í)7*G>�4/T�:�H�F
:c{c4/)�1�>�\

è 1�<;6,H�4�.W47:&0�:=B�H�8;478E:=H#.-)7:�*-��4�.-8;B�:=0L�QC?{=*G>`FJ.-)�8EB�+�F�:Y.W6?.-)�:Y.-Hª*W[AH�F
:c{c47)/.�ã^8;47TLH7*G>`:
)7:�[Í:=)�:=B�{c:3H7F�:={�4/)71�>�F�:Y.-6§.-)�:Y.�~A[Í*G)®ã^T�8E{�TÐ47T�:30�:cB�H78�4�C�8;H�{=.-<E8;��)/.W47:=0§{Y.-<;*G)78;>,:�4/)�8E{Y.W<E<;C-\
@ªT�:®��1�<;63<E8;B�:=H^.-)�:���)7*Q.W0�:=B�:c0¨0�1�:®47*,.¡>,.-+GB�:�4/8E{�×�:=<E0�8EB�T�*G>`*G+G:=B�:=8;4�C,8EBL47T�:�I�(�)7:cH�2
*GBJ.K4/*G)c\v@ªT�8EHª8;B�T�*G>`*G+G:cB�:=8�4�C`{Y.-BL��:&)7:c0�1�{=:c0D�MC?4/T�:%[¤.W{c4/*-)

∼ 1.5
1�H�8EB�+¡.-BD.W0�0�8;478E*GB�.-<

N Û



H7T�8E>�{c*G8E<�>,*G1�BM47:=0�.-)�*G1�B�0L4/T�:�d â \�k�B�47T�:�H7F�:={�4/)/.©*-[�×J+G1�)7: ÖGÖ H7T�8E>µ{c*G8E<�ã#.-H^1�H�:=0D4/*
)7:c0�1�{c:Ø<;8EB�:%ã^8;0�4/T�\

@ªT�:`H/.->`:¡H7T�8;>³{=*-8E<v{=.-B���:¡1�H7:c0�47*s8;B�{=)�:Y.-H�:¡47T�:©×J:=<;0�+-)/.-0�8;:=BQ4/Hc~�.-B�0§H7:=<;:={�4/8;�-:=<�C
:�ï�{c8;4/:h.W47*G>,H'8;B,0�8C��:c)7:cBM4�)7:c+G8E*-B�H'*-[�47T�:�Iv(�)7:=H�*GBJ.W47*G)=\Z@ªT�8EH�8EH'0�:=>`*GB�H�4/)7.W4/:c0?8EB¡×J+G1�)7:
ÖVN \ é T�:cB�4/T�:c)7:ä8;HAB�*�+G)/.W0�8E:cBM4�.-F�F�<E8E:c0�~

Igrad = 0
SØ~W4/T�:ä<E8;B�:'H7TJ.WF
:#8;HA>`*G)�:���)�*Q.-0®4/TJ.-B

8EB�×J+-1�)7: ÖGÖ \�Sh[º4/:c)®.-F�F�<�C�8;B�+D.L{=1�)�)7:cBM4
Igrad = 0.2

S�47*D47T�:¡{=*G8;<�[Í*G1�)&F�:Y.W69H®.-F�F
:=.-)=~
:Y.W{�T�*G)�8E+G8;BJ.W478EB�+?[Í)�*G>³0�8��
:=)7:cBQ4Ø>`>©2}ãä.¬�-:¡>?.Kï�8;>?.?8;B�4/T�:¡)7:cH7*GB�.W4/*G),�º×J+G1�)�:,ÛG��\©@ªT�:
)78;+GTQ4/>`*GH�4,F�:Y.-6�8EH,[Í)�*G> 4/T�:¢>,.Kï�8E>�1�> .W4 â d�.-B�0�47T�:¢<;:c[º4/>`*GH�438EH`[Í)7*G> 4/T�:¢<E*¬ã�:=)
H7F�T�:=)�8E{Y.W<ª>,8;)7)7*-)=\Ð@ªT�:D4�ã�*§<e.-)�+G:=)©F�:Y.-6MH¡8EB�47T�:D>,8;0�0�<E:,{=*G)�)7:cH7F�*GB�0�47*�4/T�:D>,.Kï�8E>,.
��:c4�ã�:=:=BD4/T�:�[Í*G8E<
.-B�0L4/T�:�>,8;)7)�*G)=\ è CL.-F�F�<;C98EB�+�<e.-)�+G:=)�+G)/.W0�8E:cBM47H#4/T�:%F
:=.-6MHm*-)78E+-8EBJ.W478EB�+
[Í)7*->¿0�8��
:=)7:cBQ4v>,.Kï�8E>,.h.-)�:#H7:cFJ.-)7.W4/:c0¡.-B�0���)�*Q.-0�:cB�:=0¡>`*G)7:%�Í×�+G1�)7: ÖVN ��\�@ªT�:ª)�8E+GTQ4/>`*GH�4
F�:Y.-6¡8EH'BJ.W)7)7*¬ã�:=)�4/TJ.-B?*-4/T�:c)�F�:Y.W69H��
:c{Y.-1�H7:%47T�:hH�FJ.-{c:%ã^T�:=)�:�£·.W4/*->,H�.-)7:m0�:�4/:={�4/:c0L8EB
4/T�:®>`>©2}ãä.¬�-:&>?.Vï�8;>�1�>�8EHª)�:=0�1�{c:=0¢�QC347T�: z C9<e.-)#[Í*-8E<Z�º×J+G1�)�:®ÛQ��\

@ªT�:`�J.-H78;{¡.-F�F�<;8E{=.W4/8;*GB¢*-[ä��d�] 8EH�47T�:¡>,:=.-H71�)7:=>`:=BQ4®*-[�4/T�:¡��1�<E6¨0�:=B�H�8;4�CG\ é :¡{Y.-B
.-<;H7*^{Y.-<;{=1�<E.W4/:v47T�:�>?.-+-B�:c478E{v×J:c<E0®F�)7:c{=8EH�:=<�C®.W4���1�<E6%<E8EB�:ZF�<e.-{c:Z[Í)7*G>j47)/.-B�H78;478E*GB&[Í)�:=ÚM1�:=B�{cC
:=ÚM1J.K4/8E*-B�H©� ÖVN �^.-B�0�� Ö ÙQ��\ è Cs.-F�F�<;C98EB�+,6MB�*¬ã^B�>?.-+-B�:c478E{&×J:=<;0¢+G)7.-0�8E:cBQ4/H%8;Bs47T�:�£¿+Q.-H
0�:�4/:={�4/8;*GB?�G*-<E1�>`:-~Mãä:%+G:c4ª8;B�[Í*G)�>?.W478E*GB`.-��*G1�4�4/T�:�H7FJ.K4/8e.W<�F�)7*-×J<;:%*-[�47T�:%>`>©2}ãä.¬�-:h×J:c<E0
8EBL47T�:�)7:=H�*GBJ.W47*G)=\

N Ü
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Magnetic field sweep [G]
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] Igrad = 0 A

Igrad = 0.2 A

Igrad = 0.4 A

Igrad = 0.5 A

I�8;+G1�)7: ÖVN X���d�]
b − c

��1�<;6�<E8EB�:¡[Í*-)®0�8��
:=)7:cBQ4�H�T�8E>¼{c*G8E<Z{c1�)7)�:=BQ4/H
Igrad

\3@ªT�:?.-F�F�<E8;:=0
×J:c<E0D+G)/.W0�8E:cBM4^8;Hª>?.W8EB�<�C3.Kï�8E.-<5\
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Magnetic field sweep [G]

900 s

800 s

700 s

600 s

500 s

400 s

Bulk line

Surface line

I�8;+G1�)7: Ö Ù�X^@ª8;>,:®:c�-*G<E1�478E*GB¨*-['��d�]
b − c

��1�<;6¨.-B�0¢H71�)�[¤.-{=:�<E8EB�:=H�.K[º4/:=)h� OGO H�H�4/.-)�478EB�+
4/T�:®{c*G>`F�)7:cH7H78;*GB�\

Tcell ≈ 200
>?��~

TCS ≈ 100
>,��\

WJ�XW 7¥¤ �48�Y 20()!� 
Sª{c478;�W.W478EB�+�47T�:=)�>?.-<
{=*G>`F�)�:=H7H�8E*GBD*GBL47T�: â dD<;:Y.-0�H�4/*©4/T�:®.-F�F
:=.-)/.-B�{=:&*-[�.©H7:={c*GB�0�<E8;B�:
8EB�4/T�:L��d�]�H7F�:={�4/)71�>s~'H7T�8;[º4/:c0Ð4/*¢47T�:3T�8;+GT�:c)Ø×J:c<E0�[Í)7*-> 47T�:L��1�<;6q<E8EB�:-\ â *9*G<E8;B�+s47T�:
â dq[Í)�*G> N-O-O >,�²4/* Ö¬OGO >,��8EB�{c)7:=.-H7:cH�H71�)�[¤.-{c:,0�:cB�H78�4�C

∼ 200
4/8;>,:cH=~aH7*s>�1�{�T§4/TJ.W4

£�.K4/*G>`H�*GBÐ4/T�:?H71�)�[¤.-{c:?��:={=*->,:,:Y.-H�8E<;Cq0�:c4/:c{c4/.-��<E:,�QCÐ��d�]�\�S�T�8;+GTÐH�1�)�[¤.-{c:?0�:cB�H78�4�C
8EB�{=)7:=.-H7:cH�4/T�:�0�8EF�*G<e.W)^×�:=<E0�*W[Z4/T�:¡.-0�H7*G)��
:c0q.W4/*G>`H=\&@ªT�8EH�8;Hh�98EH�8E��<;:�8EB¢��d�]±H7F�:={�4/)�1�>
.-H�.s<E8;B�:¡H7T�8�[º4�*W[ª4/T�:,H71�)�[¤.-{=:?.W4/*G>`H,þ N ñ�~�� ÿ \�@ªT�:?H�T�8;[º4Ø*-[ª47T�:?H�1�)�[¤.-{c:?<;8EB�:©[Í)7*-> 47T�:
��1�<;6?*GB�:®8;Hª<E8;B�:Y.-)�<;C,F�)7*-F
*G)�4/8;*GBJ.-<­4/*¡4/T�:�H�1�)�[¤.-{c:�0�:=B�H�8;4�Cqþ¶� ÿ \

@ª8E>`:ä:��G*G<;1�4/8;*GB�*-[­4/T�:ª��d�]�.-��H�*G)7F�4/8E*-B�H7F�:={�4/)/.�8;B¡. â d�{=*G>`F�)�:=H7H�8E*GB©:¦ï�F
:c)78E>`:=BQ4Z8;H
F�)�:=H7:cBQ4/:=0s8EB3×J+-1�)7: Ö Ù�\Z_�8;[Í:c478E>`:%*-[a47T�:&H/.->`F�<;:&.W[º4/:c)#H�4/.-)�478EB�+©{c*G>`F�)7:cH7H78;*GB3ãä.-Hm.-�
*-1�4

∼ 900
Hc\ è *-4/T`��1�<;6©.-B�0`H71�)�[¤.-{=:m0�:cB�H78�4�C©{Y.-B`��:h>`:Y.-H�1�)7:c0,�QC¡{=.-<E{c1�<e.W478EB�+h4/T�:^8EBQ47:=+G)7.-<EH

*-[v47T�:�.W��H7*G)�F�4/8;*GB¨<;8EB�:cH=\hd�<;*Vã!0�)78�[º4%*-[�4/T�:Ø��1�<E6L<;8EB�:®F�<E.-{=:®8EHm<E8;B�:Y.-)c~�.-B�0¨8;Hh{=.-1�H�:=0��QC
.L0�:={=.YC�*-[�4/T�:©F�:=)�H78EH�4/:cBM4®{c1�)7)�:=BQ4®8EB¢4/T�:`H�1�F�:=)7{c*GB�0�1�{c4/8��G:`>?.W+GB�:c4=\�@ªT�:¡H�1�)�[¤.-{c:©<E8;B�:

Ù Ö



H7T�.-F
:�0�:=F�:=B�0�H®*-B¢4/T�:�0�:=B�H�8;4�C¢F�)7*-×J<;:�*-[�.-0�H7*G)��
:c0�.K4/*G>`H=\ é T�:cB¢4/T�:©0�:=B�H�8;4�C¢F�)7*-×J<;:
8EHª8;B�T�*G>`*G+G:cB�:=*-1�H=~�8�4ª{Y.WBs��:�:�ï94/)7.-{c47:=0s[Í)�*G>²47T�:�0�:c47:={�4/:=0s<E8;B�:�H7T�.-F
:`þ¶� ÿ \

WJ�5¦ ns@, z�K'+#�2§�� -%� "/�%.()��! ��>
a − b ¨ vwY %O�K#�!�B.(5%.(0��! (0! :[N,2�� �

↓

��#�B
@�*�0�:c47:={c4¡47T�:L)7:c{=*G>���8EBJ.W478E*GB�F
*¬ã�:=)©8;B�4/T�:�d â *GB�:?{Y.-B�1�H�:34/T�:3[Í:c:=0��J.W{�6�F
*¬ã�:=)¡*-[
8;47H3@ â *G)L.���*G<E*G>`:c47:=)¨þ N-OVÿ \±k�B�4/T�8;H?ã�*G)76�ã�:�1�H�:=0�4/T�:¢×�)7H�4D>`:c47T�*90�\±@ªT�:�>?.-8;B
0�8;H/.-0��W.-BQ4/.-+G:D*-[%47T�:�@ â 0�:c47:={c478E*GB�8EH¡8�4/H¡)7:c<e.W478;�G:c<;C�<E.-)7+-:34/8E>`:L{=*-B�H�4/.-BQ4

τTC ∼ 5
H=\

£h*¬ã�:c�-:=)=~�.W4©T�8E+GT�:cB�*G1�+-T�4/:=>`F�:=)/.K4/1�)�:=H�*-[ª47T�:�d â ~AH7<E*¬ã�)7:c{=*G>���8EBJ.K4/8E*-BÐ*-[
a
2�.W4/*G>`H

>,.¬C¢H7:c4�.-B�*W4/T�:c)®<;8E>`8;4m4/*D4/T�:`*¬�G:c)/.-<;<Z0�:c47:={c478E*GBq4/8;>,:©{c*GB�H�4�.-BQ4Y\?_�*Vã�:=)�8EB�+D4/T�:3d â *G)
â d,4/:c>,F�:=)7.W4/1�)7:m<E:Y.W0�H�47*©.Ø[¤.-H�4#)7:c{=*G>���8EBJ.K4/8E*-B�~M��1�4#)�:=0�1�{=:=H#47T�:%<;8;[Í:�4/8E>`:ª*-[�47T�:hã^T�*-<E:
H/.W>,F�<;:-\L@ªT�:c)7:�[Í*G)7:W~vãä:,TJ.-0Ð47*¨{=*->,F�)�*G>`8EH7:¡��:c4�ã�:=:cB�47T�:=H�:,47T�8EB�+-H�.-B�0Ð×JB�0�*-F�4/8;>?.-<
4/:c>,F�:=)7.W4/1�)7:¢*-[®4/T�:§d â .WB�0 â d
\^�v�G:=B�.W4L47T�:=H�:§{c*GB�0�8�4/8;*GB�H,ã�:qTJ.-0�4/*�1�H7:§.��G:=)�C
H7<;*¬ã´H�ã�:=:=F�H�F
:c:=0�~

∼ 30
H/¹G|µ{=*G>`FJ.-)�:=0§4/*

∼ 5
H�¹G|�ã^8�4/T�*G1�4�@ â 0�:�4/:c{c4/8;*GBÐ47*¢.Y�G*G8;0

0�8;H�4/*-)�4/8;*GB�HZ*-[
4/T�:m)7:c{=*G)�0�:=0,H78;+GBJ.-<;H=\�@�*®>?.-6W:%.W{={=1�)/.W47:h>`:Y.-H�1�)7:c>,:cBQ4�*W[�4/T�:%g z ]�<E8;B�:
F�*GH78�4/8E*-B§ã�:3)7:c{=*G)�0�:=0�8�4�H�ãä:c:=F�8;B�+�8EB��
*-47T�0�8;)7:={�4/8;*GB�H�8;B�{=)�:Y.-H�8EB�+¨.-B�0�0�:={=)�:Y.-H�8EB�+¢47T�:
H�ã�:=:cF�×�:=<E0�.WB�0�4�.-6M8;B�+¨4/T�:L>,:=.-BÐ�W.-<E1�:?[Í*G)�47T�:3)7:cH71�<�4Y\q@ªT�:L0�8C��:c)7:cB�{=:L8;BÐ4/T�:LF�:Y.W6
F�*GH78�4/8E*-B�HäH�ãä:cF�4m8EB30�8C��:c)7:cBM4#0�8E)�:={c478E*GB�Häã#.WH
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