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B�=LW,:,NM793,T��i@C54EG@�@�3a5�6,@(BC=U`h:i=U3,@C3Y5�8�]�^_6.7M8�8AO|8S5�@�`¿B�IL3a�[@�@mª.:i@�<A7M`~@�3Y51IFNMN9Oz<#@�ILNM79´�@CVa�YOy54EG=e7M3kX
5�@C<#3tIFN$IF5#=U`~7MB(8A5�IF5�@C8�IL3,V�Iq<�IL3.V,=U` ¼�IF`bIL3aB�=LW,:,NM793,Tq�i@C54EG@�@C3�5�6,@C`z]e^_6,@wVkOk3,IL`h79B�8�=Lld5�6.@
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Φ
IF3,V

Ψ
7M8_V.@C5�@C<#`~7M3,@CVz�YOw5#6,@�B�=UW.:,NM@CVz@C­|W,IF5�79=U3,8

ih̄∂tΨ =

[

−
h̄2

2m1

∇2 + V1 + g11 |Ψ|2 + g12 |Φ|
2

]

Ψ +
Ω

2
Ψ

ih̄∂tΦ =

[

−
h̄2

2m2

∇2 + V2 + g22 |Φ|
2 + g12 |Ψ|2

]

Φ +
Ω

2
Φ,

�S��©

E�6,@C<#@
Vi
D
mi

IF3,V
gij

V,@�3,=F5�@�5�6,@!<#@C8#:i@�B�5�79JL@�@mª|5�@�<A3tILN·5#<�IL:,:.7M3,T(:i=L5�@C3R5#7\ILN98�D.IF5�=U`~7MBQ`bIL8A8#@C8�IF3,V
7M3Y5#@�<�IFBC5�79=U3�B�=LW,:,NM793,T�B�=L3,8A5�IL3Y5�8�]H^_6,@!¼�IL`bIF3�B�=UW,:.NM7M3.T�=Ll05#6,@'54EG=hBC=U`h:i=U3,@C3Y5�8�7M8_TU=KJL@�<#3.@�Ve�RO
5�6.@'�t@�N9V

Ω(r)
IL3.Ve798_IL8A8#W,`~@�V�5�=��i@'<A@�8#=L3tIL3Y5�IL3,V�<#@�ILNPX�JFILNMW,@CVw7M3h5�6,@�@C­|W,IF5�79=U3,8_IL�i=KJU@F]H243�5#6,@

IL�,8A@�3,BC@(=Ll£5�6,@�BC=UW,:,N97M3,Tb�,@�NMVy5#6,@�8AO|8S5�@�`�=U�[@�O|8�IwB�=U3Y5�793RW,=UW,8�8SOk`~`~@C5�<SOUD·E�6,79B16u7M8'TU@C3,@�<#IF5�@CV
�YOw5�<#IL3,8AN\IF5#7M=U3,8_=Fl05#6,@�TUNM=U�,ILN
:,6,IL8#@�V,7P{
@C<#@�3.B�@�=Ll�5�6,@�54EG=bB�=L3,V,@�3.8�IF5#@!E$IrJU@Cl±W.3,BC5#7M=U3,8C]
��@b6tIrJU@�3RW,`~@�<A7MB�ILNMNPOv:,<#=L:tILTYIF5#@�V»¦L¢ 7M3,7P5�7MILNpB�=U3.V,@�3,8#IF5�@wE$IrJU@�l±W,3,BC5#7M=U3.8(ILB�BC=U<#V,793,Tz5#=q5�6.@

B�=LW,:,NM@CV¸@�­RWtI?5�7M=L3,8 �S�K©e7M3�7M`hILTU793tIL<AOx5�7M`~@u5�=°V,@�5�@C<#`~7M3,@a5�6,@�TL<#=UW,3.V¸8A5�IF5�@�=Fl�5�6,@�8AO|8A5#@�`e]
243x5#6,@qIF�,8#BC@�3,BC@y=Ll�V,798#=U<AV,@�<CD$5�6.@qTU<A=UW,3,Vf8A51I?5�@q798(V,@�TU@C3,@�<#IF5�@CV�7M3 <#@C8#:i@�BC5b5�=�Ia8#6,7Pl�5~=Ll'5�6.@
:,6tIF8#@�V,7P{
@C<#@�3.B�@��[@�54E$@C@�3 5�6,@w54EG=uB�=U`~:i=U3,@�3Y5#8�]�¶�=KE$@�JU@�<CDG5#6,@�7M3Y5�<A=kV.W,BC5#7M=U3�=FlQIF3 IL<#�,7P5�<#IL<SX
7MNPO+8A`bIFNMN"BC=UW,:,N97M3,T°�,@�NMV

Ω
E�795�6½8A:tIF5�7MILN�V,798#=U<AV,@�<A@�V½:,<A=L�tNM@ IF3,V�´C@�<A=c`~@rIF3RJFILN9W,@»NM7Pl�5�8q5#6,7M8

V,@CTU@�3,@C<�ILB�O)IL3,V½BrIFW,8#@C8�I�:,6tIF8#@ V,79{[@�<A@�3,BC@LD�5�6,IF5��tW,B�5�WtIF5#@�8aIL<A=UW,3,V
±π/2

]
��@ 6tIrJU@ 7M3|X
JU@C8A5#7MTYIF5#@�V¸5#6,7M8z@C{[@�BC5ql±=U<yIx­RWtIF8#7PX�<�IL3.V,=U`eD!793,B�=L`h`~@�3,8AW,<�I?5�@a8#7M3RW,8A=U7MV,ILN!�,@�NMV+B�=U3.�,TUW,<�I?5�7M=L3

Ω(x, y, z) ∝
∑

u∈{x,y,z}[sin(u/λR) + sin(u/(1.71λR))]
E�795#6

λR = 4.68µm
]_^_6.7M8QBC=UW,:,N97M3,T(�t@CNMV

BrIF3b�i@�@mª.:i@�<A7M`~@�3Y51IFNMN9O�<#@rIFNM7M´C@�V~�YO~I�8#=?X4BrIFNMNM@CV(=U:.5�79BrILNt8AW,:i@�<$NMIF5#5#7MBC@_B�=U3.�,TUW,<�I?5�7M=L3·]�243w�07MTUW,<A@��
EG@Q8#6.=�E�5#6,@�:,6tIL8A@QV,7P{
@C<#@�3.B�@Q=Fl
5�6.@�54EG="B�=L3,V,@�3.8�IF5#@QEdIrJL@Cl±W,3,B�5�79=U3,8Gl±=L<H5#6,@�B�IL8#@�=Ll;I!8#:,6.@�<#79BrILN
6tIL<A`h=L3,7MBQ5#<�IL:�E�7P5�6�l±<#@C­|W.@�3,B�O

ω = 2π × 30
¶�´!IL3,V

N = 105
:tIL<A5#7MBCNM@�8C]p^_6,@�:,6tIL8A@�V,79{[@�<A@�3,BC@

7M3.V,@�@CV��tW.BC5�W,IF5�@C8QIL<A=UW,3,V
π/2

E�795�6�JL@�<AO�8A`bIFNMN;IL`~:,N9795�W.V,@�8C]
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θ = φ − ψ " ��#%$&�!���'#(
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#(

h̄ΩR ≈ 5 × 10−3µ

�7�?#(
 �B8+>C�-� �
z = 0µm

�

^_6,798�@C{[@�B�5GB�IL3��i@_W,3,V,@C<#8A5#=k=|V(�YO�B�=L3,8#79V,@�<A7M3,T'5#6,@_@�3,@C<#TLO"l±W,3,BC5#7M=U3,ILN.=Ll®5#6,@_B�=UW.:,NM@CV�8AO|8A5#@�`ED

E =
∫

d3r

[

h̄2

2m1

|∇Ψ| +
h̄2

2m2

|∇Φ| + V1 |Ψ|2 + V2 |Φ|
2

+g11 |Ψ|4 + g22 |Φ|
4 + g12 |Ψ|2 |Φ|2 + ΩΦΨ∗ + ΩΦ∗Ψ

]

.
� � ©

³;@C5_W.8dV,@�3.=L5�@Q5#6,@'`hI?ªk7M`hILN®IL`~:,NM7P5�W,V.@�=Fl�5#6,@'¼�IL`hIL3b�t@CNMVw�YO
ΩR

]p^_6,@�V.@�3,8A7954Oh:,<#=L�,NM@Q798$=U3.N9O
�tIL<A@�NPO�@C{[@�BC5#@�Vv�YO�5�6,@"¼�IF`bIL3eB�=LW,:,NM793,T,Dt7Pl«5�6.@"B16,@C`h79BrILNZ:i=L5�@C3R5#7\ILN

µ
7M8�`�W,B16yNMIL<#TL@�<_5�6,@C3q5�6.@

B�=LW,:,NM793,T��t@�N9V
µ >> h̄ΩR
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N = 350
©m]�^_6.7M8Q@�{
@CBC5Q7M8

BrIFW,8#@CV��YO!IL3�7M3Y5#@�<�IFBC5�79=U3kX�7M3,V,W.B�@�V~�L�?�i�L�����#�L�F�K�����1���t���|� �������t�$�L�M� �?�A�|���
IL3.V�B�IL3��[@p­RWtILN9795�IF5�7PJU@�NPO
W,3,V.@�<#8S5�=|=kV~E�795#6wI�8A@�`~7PX�B�N\IF8#8#79BrILN.V,@�8AB�<#79:.5�79=U3b=Fl
5�6.@'j$N9=kB16~=U8#BC7MN9N\IF5#7M=U3,8C]0243~5�6,@�<#@CTU7M`~@_=Ll·EG@rIL�
3,=U3.NM7M3.@rIL<A7954OUD;EG@bB�IL3�IL8A8#W,`~@(5�6tIF5!5�6.@hV.O|3tIF`h79B�8!=kBCB�W,<A8�E�795#6,7M3v5#6,@bN9=�EG@�8S5�jGNM=|B16��tIF3,V·D�IF3,V
5�6,IF5d5�6.@'V.O|3tIL`~7MB�ILN
793,8A5�IL�,7MN97954O�798d7M<A<#@CNM@CJFIL3Y5$=U3w5�6,@'5#7M`~@�X�8#BrIFNM@�8HB�=L3,8#79V,@�<A@�V·]H³;@C5_W.8_V,@�3,=F5�@'5�6.@
@�ª.ILB�5�`h@�IL3b�t@CNMV�:i=L5�@C3Y5�7\IFN[=U�k51IL793,@�Vw�YOb8#=UNPJk793,T�5#6,@!¥�<#=U8A8SXo¯p7P51IL@�Jk8A�R7M7i@�­RWtIF5#7M=U3��YO

Vmf(z, t) =

g|Φ(z, t)|2
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Vmf(z, t)
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Vdis(z)
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Heff = −2J cos(k̂d)−F ẑ+Vdis(ẑ)+Vmf(ẑ, t).
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k̂ → k
DRIF3,V

ẑ = i∂/∂k
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ẑ(t) ' ẑ(0)−zBO cos[(Ft/h̄+k0)d]
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k̂
<A@rILV.8

dk̂/dt = F − (∂Vdis/∂z)(ẑ) − (∂Vmf/∂z)(ẑ, t)
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ẑ(t) ' ẑ(0)−zBO cos{Ftd
h̄

+k0d−
d
h̄

∫ t
0
dt′[(∂Vdis/∂z)(ẑ)−

(∂Vmf/∂z)(ẑ, t
′)]}
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ẑ(0)
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γ2 '

d2

h̄2t2
〈{

∫ t
0
dt′[(∂Vdis/∂z)(ẑ(0)) + (∂Vmf/∂z)(ẑ(0), t′)]}2〉
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