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∑
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∑
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∣
∣
∣
∣
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∣
∣
∣
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.
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∑
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∑
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∑

K

γK

(
1 − σK − σaniso

K

)
IK,z′

+
∑

K<L

JKLIK · IL

+
∑

K<L

(

DKL +
1

2
Janiso

KL

)

(3IK,z′IL,z′ − IK · IL) ,
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����o�{zo
B0 = B0z

′
�
σK + σaniso

K

rtw@|z��os�¬�Wl��xo�m>{@q¯m��>��oF|zrtlZwz��rxoF�tnpr��!�W�·����o�{zo
σ = σiso

Krtw_|z��o-w���rxoF�tnprx�"�)lF~>�Ww�|ym>�M|vm>�Wn
σaniso

K

m�{yrtw�oVwe��{z~Mq |z�Wo�m���rtwz~�|z{y~>�Wrxl4�Wm>{�|J~>��wz��rxoF�tnprx�"�|zo��Wwz~>{V°
IK,z′

rtwª|y��oJ��{y~
UhoVla|zrx~>�´~��i|y��o
IK
r��´|y��ovnprx{zoVla|yr�~M�´~>�i|z��oJoFä¬|zoF{y�Wm>�·qsm��>��oF|zrtl

�Wo��xn·°
JKL = J iso

KL

rtw�|y��o^wz��r�� ç wz��rx�álF~>�����xrx�"�´lF~>�Ww�|ym>��|_m>�Wn�|y��o^m��Wrxwz~�|y{z~M��rxlv�Wm�{z|ô~��
JKL

�>rx�>oVwv{yrtw�o�|z~
Janiso

KL

lF~>��|z{yr��W�p|zrx~>��°åk@w
D′

KL

rtwsm¢|y{ymMl�oF�xo�wywv|zoF�\w�~M{��i|y��o¢npr�{yo�l�|nprx�\~M��o ç n�r��I~>�xo^l�~M�����xr��"�
DKL = 1

2D′ aniso
KL

�WmMwô��~¢o�*Do�l�|v~>�á|y��o¯rxwz~�|y{z~M��rtl¯w��Io�l�|z{y��q������rtl��ZrtwÕ|z�WoF{yo���~>{yoªnpo�|yoF{yq4rx��oVnv~M�����ô�¬�ô|y��o
σK
m��Wn

JKL
°¾æé�WP��I°W¡ «p°x�� M¦��[|z��o�wz~ ç lFm>���xo�n��r��>� ç �Wo��xnPm��W��{z~[äprxq¯m}|zrx~>�+rxwJ�Ww�oVn·�Õq4oVm���rx�"��|y�Wm}|ô|y��o�nprx{zoVla| � o�oFq¯m��Prx��|zoF{�m>l�|zrx~>�á~��|z�Woô���\l��xo�m�{�wz��rx�´��r�|z�´|y��oôo�ä¬|zo�{z�\m��·q¯m
�M��o�|yrxl9�Wo��xn

HZ = −
B0

2π

∑

K

γKIK,z′ ,
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rtwÕmMwzwz��qso�nJ|z~e�\o�wzrT�M��rT�\lFm>�M|y���ô�tm�{)�>o�{�|y�Wm��Z|z��oª~>|z��o�{¾rx��|zoF{�m>l�|zrx~>�WwÕrx�¬�>~>�x�>oVn·�[{zo��Wnpo�{zrx�"�
�W{�wh| ç ~M{yn�oF{R�\o�{�|y��{z�\m}|zrx~>�-|z�WoF~>{y�¯��~M{ª|z��oô�tm}|z|zoF{¥ml�M~¬~¬n-m����W{z~[äprxqsm�|zrx~>��°
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æé�.m>��rxwz~�|y{z~M��rtl¯� ' wym�qs���xo�w��¾|y��o^|y{ymMl�o���oVwzwJm>�Wn wz�¬q4qsoF|z{yrxl¯~M{zrxoF��|�m}|zrx~>�P|yoF�Wwz~>{Z~���pm>���\o?�x�Fê
��r��´|z�Woôq4~M��oVl����xo ç ��äpo�n´l�~¬~M{ynprx�Wm�|zo�w

SD
ετ = 〈sετ 〉 =

1

2
〈3 cos θε,n cos θτ,n − δετ 〉 ; ε, τ ∈ (x, y, z),

¡ «p°x�V«>¦
rtwBl��Wm�{�m>l�|zoF{yrtwh|yrxlB~>�W|y��oª~>{yr�o��M|�m}|yr�~M�Wm��¬nprtwh|y{zrx���p|yr�~M�Z~>�W|z�Woªwz~>�x�p|yo�qs~>�xo�lF���xo�wBm�{y~>�W�Wn_|z�Wo~>��|zrtlFm��im}äprtwF�Dnprx{zoVla|y~>{

n
�D~��B|z�WoZ�xr�����rtn�lF{z�pw�|ym��¾���WmMw�oM°9�ª��o4m���rtw�~>|z{y~>��rtlôl�~M��|z{yr�����|zrx~>�m�{yrtw�rx�"�Z��{z~Mq |z��oôrx��|zo�{ymMla|zrx~>�-|zo��Wwz~>{

T
rtwR|z��o��

T aniso =
2

3
P2(cosϕ)

∑

ετ

SD
ετTετ

=
2

3
P2(cosϕ)

[

∆TSD
zz +

1

2
(Txx − Tyy)

(
SD

xx − SD
yy

)

+ 2 T S
xySD

xy + 2 T S
yzS

D
yz + 2 T S

xzS
D
xz

]

,
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����o�{zoª|y��o¥w�oVl�~M�Wn ç ~>{�npoF{B��or�>o��Wnp{yoR�I~>�x�¬��~>qsrtm�� �
P2(cosϕ) = 1

2 (3 cos2 ϕ−1)
�Ml��Wm��"�Mo�w|z�Wo-{yo���o�{zo��Wl�o¯��{y~>q |y��o-�xr��M�Wrxn7l�{y�¬w�|ym>��nprx{yo�la|y~>{Z��{ym>qso^|z~)|z��o´�tm��I~>{�m}|z~M{z�
(x′, y′, z′)��{�m�qso>�B��r�|z�

ϕ
npoF�W~�|zrx�"�)|z��o�m��"�M��o��\oF|h��o�oF�

B0
m��\n

n
°\�¥o�{zoM�i|z��o�m��W��{z~[äprxq¯m}|zrx~>�

〈sετTετ 〉 = SD
ετ 〈Tετ 〉

rxws�\w�oVn·�Rm>��|y��~>�!�>� r�|¯rtws��~�|¯�����x�x�.wzm�|zrtw��\o�n np��o�|z~á|y��o�l�~M{z{yo ç�tm}|zrx~>�7�\oF|h��o�oF�7{z~>|ym}|yr�~M�Wm��ªm��\n �¬r��W{ym�|zrx~>�Wm>��qs~�|yr�~M����®¬��~}��� m>wv|z��o¢npoF��~>{yq¯m}|zrx~>�7~��|z�Wo4qs~M��oVl����xo �x�±�p��� � �B� � � °væé�uP��I°i¡ «p°x��©�¦a�D|z�Wosm>��rtw�~>|z{y~>�¬�-~>�
T
��r�|z�á{zoVw��Io�l�|@|y~�|y��o¡�qs~M��oVl����xo ç ��äpo�nW¦

z
nprx{zoVla|zrx~>�´rtw¥npo��\��o�n�m>w

∆T = Tzz −
1

2
(Txx + Tyy).
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T S
ετ =

1

2
(Tετ + Tτε) − Tδετ .
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T1 + TS
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J

�ª��oJwz��rx� ç wz��rx�´lF~>���W��rx�"�4|zo��Ww�~M{¥npo�wyl�{yrx�\oVwR|z��oôq¯m
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L
|z��{y~>�"�M��m��W~�|z�WoF{ª�¬���IoF{7�W��oerx�M|yoF{�m>l�|zrx~>��°
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KKL =

∂2E(µK , µL)

∂µK∂µL

∣
∣
∣
∣
µK=µL=0

− hD′
KL,
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JKL =
1

2π
~γKγLKKL.
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JKL
rtw�msw��WqÃ~��Õ{ym>��® ç  W� ç �ôm��\n ç «v|zoF�\w�~M{yw��

JKL = JKL1 + JA
KL + JS
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����o�{zoR|z�Wo�{ym>��® ç  el�~M�M|y{zrx���p|yr�~M�Zrtwi|y��o¥l�~M�����xr��"�JlF~>�Ww�|ym>��|
JKL
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JS
KL
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JA

KL,ετ =
1

2
(JKL,ετ − JKL,τε).
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Dexp
KL = DKL +

1

2
Janiso

KL ,
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Janiso
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KL
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¡ «p° «p�V¦

����o�{zo
u
m>�Wn

v
m�{yo¢|z�Wo+nprx{zoVla|yr�~M�Ww^~>�ô|z��o+r���|zo�{z�\m��@m>�Wn9o�ä¬|yoF{y�Wm��@qsm��>��oF|zrtlZ�Wo��xnWwF�{yo�wz�\oVla|zrx�>o����M�·r��á|y��osq4~M��oVl����xo ç ��äpo�n)��{�m�qso>°

σ
l�~M��|ym�rx�Wwd�>o���oF{�m��x�x�¢��r��Wo4rx�Wnpo��\o��Wnpo��M|l�~Mqs�\~M��oF��|yw¾|y�Wm}|�lFm>�v�Io¥nprx��rtnpoVnJrx�M|y~_{ym>��® ç  W� ç �>��m>�Wn ç «@l�~M�M|y{zrx���p|yr�~M�Ww�� «>©5� �>w�rxqsr��tm�{y�x�|z~P|y��o)l�m>wzo¢~��

J
°��ª�Wo)w��¬qsqso�|y{z�7~��e|z��o�qs~M��oVl����xo¢q¯m[�7npoVl�{yo�m>wzo´|z��o)���Wqv�IoF{^~>�rx�WnpoF�IoF�\npoF��|�l�~Mqs�\~M��oF��|yw��p��~}�RoF�MoF{V°�¬��rxoF�tnprx�"� rtw-m>���ªm[�pws�\~�w�r�|zrx�>o���~>{-må��{zo�o+m}|y~>q�������rtl��0qso�m��\w¯|z�\m}|�|y��o+lF��{y{zo��M| çrx�Wnp�WlFo�n´q¯m
�>�Wo�|zrtld�Wo��xn�m>l�|yw�rx�´|z��ov~>���I~Mwzr�|yoJnprx{zoVla|zrx~>�-|z~s|y��oJoFä�|yoF{y�Wm��ê�\oF�tn·°��ª��o�{zo ç��~>{yo>�[|y��oª��~pl�m��¬q¯m
�>�Wo�|zrtl��WoF�tn

Bloc
rxwÕ�Ro�m>®>oF{¾|z�\m��J|y��oªo�ä¬|zo�{z�\m��¬q¯m
�>�Wo�|zrtl��WoF�tn

B0
°¾æé�qs~>�xo�lF����oVwF��|z��oJqs~M{zoJlF~>qs���xo�ä-o���oVla|y{z~M��rxl_w�|z{y�Wla|y��{yoJlFm��\w�oVn-�¬��|z��oJ�W{zoVw�o��Wl�oô~>�Õ~>|z��o�{�¬�Wl��xoFr �·l��Wm��!�>o�w¥|z��osl��W{z{yoF��|yw@m��Wn�qsm[��~plFl�m>wzr�~M�Wm��x�x���xo�m>n)m��tw�~¯|y~-�Wo+�Mm�|zrx�>ovwz��rxoF�tnprx�"�rx�´���Wrxl���lFmMw�oe|z�Woô��~plFm>�ê�WoF�tn�lFm>�-�Ioô�xm>{7�MoF{R|z�\m��-|z��oôoFä�|yoF{y�Wm��·~M��o>°

¨ �\l��xo�m�{ªq¯m
�M��o�|yrxl_wz��rxoF�tnpr��!�4rtw�msw�oVl�~M�Wn ç ~>{�npoF{R��{y~>�IoF{z|h�s|z�Wm�|�l�m��´�\oJn�o��W��oVn-mMw�mwzo�l�~M�Wn´npoF{yr��}m�|zrx�>oe��{z~MqCP��I°Ý¡ «p° � ¦

σK = 1 +
∂2E
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α

αε = ρ ⊗ σε ∀ ε ∈ (x, y, z) ; ρ =

(
0 1

1 0

)

; α0 = β =

(
1 0

0 −1

)

,
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(
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Ψ =

(
ψ+

ψ−
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; ψ+ =

(
ψ1
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(
ψ3
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.
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HSD
K =

1

2

e~2

me

µ0

4π
geγK

∑

ετ

hSD
K,ετIK,τ ;

hSD
K,ετ =

∑

i

3riK,εriK,τ − δετr2
iK

r5
iK

si,ε
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K =

4π

3

e~2

me

µ0

4π
geγK

∑

ε
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K,εIK,ε;
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K,ε =

∑

i

δ(riK)si,ε.
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4m2

e

µ0

4π
ge

∑

ε

[

hSO(1)
ε − hSO(2)

ε

]
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ε =

∑

K
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∑

i

`iK,ε

r3
iK
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∑

K
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∑
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¡f©W° ©M©M¦

m>w4�RoF�x�¥m>wZ|z�Wo´q¯m��>��oF|zrtl ç �WoF�tn.npo��\o��Wnpo��M|��W��r���|yoF{�m>la|yr�~M�Ww4m�{yrxwzr��!����{y~>q o�r�|y��oF{4|z�Wo�>oVla|y~>{ª�\~>|zo��M|yrxm>��~��¾|z��oôoFä¬|zoF{y�Wm>�·qsm��>��oF|zrtl9�WoF�tnP¡f©�° «p�[¦

HSO
B0

=
e3~
8m2

e

µ0

4π
ge

∑
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h
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B0,ετ

]

B0,ε;

h
SO(1)
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∑
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(riL · riO)δετ − riO,εriL,τ
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∑
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JNR
KL,ετ = JDSO
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H
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JPSO
KL,ετ =

1

2π
~γKγL

e2

m2
e

(µ0

4π

)2

〈〈hPSO
K,ε ; hPSO

L,τ 〉〉0
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KL,ετ =

1
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~γKγL
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e
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4π
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g2
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∑

ν=x,y,z

〈〈hSD
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L,τν〉〉0
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16π2
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e〈〈h

FC
K,ε; h

FC
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×
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JSO
KL,ετ =

=JSO−I
KL,ετ

︷ ︸︸ ︷

J
FC/PSO(1&2)
KL,ετ + J

SD/PSO(1&2)
KL,ετ +

=JSO−II
KL,ετ

︷ ︸︸ ︷

J
FC/SO(1&2)
KL,ετ + J

SD/SO(1&2)
KL,ετ .
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∑
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