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-— Concept of our study
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Our purpose

Magnetic resonance Spinor
R Bose-Einstein
H=Hz condensates
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Interaction parameters
— (go + 2¢2)/3 s-wave scattering length a;
= (92 — 90)/3
g = 47Th2ai/M

ground state
c2 < 03"Rb ferromagnetic
co > 0 29Ngq polar or antiferro.
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e The Hamiltonian for MR
= N
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H=Ho+Hz + Hs+ Hgg

2
Ho = / dr[h—w* Vo + Ut + S0ld ot

Mo = [ v 2O as - By
Zeeman effect
Hy — / dr (ol - H|B)ds

Magnetic dipole-dipole interaction
Hag = Cdd /dr/dr ¢T¢T Fos - Fpgy — 3(Fas - e)(Fgy - e)zﬂﬂ@g
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- .- Magnetic resonance in the Bose gas
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paramagnetic resonance

Rabi Oscillation | + Josephson

effects
Spin Echo? + phase separation

EZ/ES

(anti-)ferromagnetic resonance

bz ~ Fqgq
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- The spin-1 BECs

To compare general MR with the condensate system we transform GP eq.
with single spatial mode approximation(SMA)*.

g, B’ |
ih gbt — (—2Mv2 +U — u) Yo — WMYH Flghs + coihsa + 2 Fi FLgig
i(r,t) = VN&(t)(r) exp(—iut /h)
SMA (—iVQ—I—V—n)qb:,ugb

2m co > [ca]

L d : -
Zh£|§> = (H, + Hj,t)|E)  spinor €) = (£1,&0,6-1)"

density matrix p = |£) (£]
Zeeman term H, = —hF-H

A e = a8~ 30+ H)(ilol0)] - D16 1
interaction term 0)
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*H.Pu et al, Phys. Rev.A 60, 1463 (1999).

(1,0,0)T
(0,1,0)"
(0,0,1)7

:

I IVERSITY




Iy

=- -=— Rabi Oscillation for spin-|
In Elhe limit c2/(9ppH) ~ 0 o—1)
Zh_ — ﬁz t ‘\IHrot(wL)
—1€) = H.()le) g
H,=—HF - (H:+H,) 1 hwr, = gupH
H,,, = Hy coswtr + Hy sinwty ‘ — 1>
; 6 = " )
1 1 . - ~
TN T m%\mzﬂg\m H, = hAn-F
0:6: | W = Wi A=4/0%+wi
! o1 = [(1[E)[? = cos? (wnt/2) w0

- eclo@esayn (303
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hyperfine structure

quadratic Zeeman effect

Breit-Rabi Hamiltonian
H=AI-S+CS, + DI,

A= AB, é/2
C =guB
D =gnunb
5
spin-2
E/A:
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quadratic Zeeman effect
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hyperfine structure

Breit-Rabi Hamiltonian
H=AI-S+CS, + DI,

A AEZ?/Q
C =guB
D =gnunB
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Rabi Transition
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Josephson effects
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JEs were predicted by Josephson
in 1962°, investigated by P.W.
Anderson et. al. in 1963°.

super
conductor

super
conductor

insulator

v
Y, YR

>B.D.Josephson Phys. Lett. I, 251-253 (1962)
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¢ PW.Anderson and J. M. Rowell, Phys. Rev. Lett. 10, 230-232(1963) }§<| E

RB™miXF

O5AKA CITY UNIVERSITY



IR

Josephson effects

== s

JEs were predicted by Josephson
in 1962°, investigated by P.W.
Anderson et. al. in 1963°.

conductor conductor
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Josephson effects
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JEs were predicted by Josephson
in 1962°, investigated by P.W.
Anderson et. al. in 1963°.
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- Josephson effects

JEs were predicted by Josephson

in 1962>, investigated by P.WV.
Anderson et. al. in 1963,
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Josephson equations

| J = Jysin ¢

Feynman’s
iscussion’

1 0p _ 2V
Ot h
()3 YR ® = ¢r — OL
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>B.D.Josephson Phys. Lett. I, 251-253 (1962)
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e Josephson type equation®

H — Hé d . N A
zha\@ = (Hiz + Hyz + Hint)|§)

o = 2 pon/TT— po)? — mi2sin

) 20 | 2c _ 2¢ (1—po)(1—2pg)—m?

b= 38 4 3(1 - 290) + 3 U oo
magnetization m = ( — N_ )/N
relative phase — 04 —I— 0_1 — 20,

relative Zeeman ene. () — El -+ E_1 — 2E() X H2

interaction coefficient ¢ = CQN/ |p|dr

e e
4 \/ 3
8 W. Zhang et al,, Phys. Rev.A 72, 013602 (2005). % N Ii h . EL: .
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-—a AC JEs in a spinor BEC

In the limit 0 > ¢
the experimental results’

AC Josephson effects /\/\/\/\
@ 1 /26t |
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-— Internal JEs

As the Feynman’s discussion, we can consider the three level system to be
junctions of three super conductors.

Maki-Tsuneto discussed internal JEs in SHe-A'0,
and Whetly obtained the effects experimentally''.
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Hgq
TT) < > |1)

10 K. Maki and T. Tsuneto, Prog. Theor. Phys. 52, 774 (1974) }gﬁtﬁ KR miXZF
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9@]—%\— Numerical GP solutions of |Es

£0 H=0 H=H |.5H 2Hg

o] U AN M |
0:2: :Oiz:u VUV U UZ:UUU““UU““V“U 0072’“

100 200 300 400 5 0 100 200 300 400 500°°°0 100 200 300 400 500 0 100 200 300 400 500

time

4H,

0.7502
0.75
0.7498
0.7496 (R IRe
o.7404 JiANRTRTALIRNE TV T

0.7492 [HHAEAEAHATRI ARG
0.749 (I |

initial population
(/01 (0)7 Po (0)7 P—1 (O)) — (07 0757 025)

0.7488 & }§< =h

7‘( Bﬁ i|j A ﬁ B

0.7486 - L L L O5AKA CITY UNIVERSITY
050 100 150 200 250 A



_.@]._ Numerical GP solutions of |Es

In SMA and the limit 0 > c
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e the transitions

Rabi oscillation
+ quadratic Zeeman effects
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Transition from Rabi to Josephson

H = Hcosw(t)tx — Hysinw(t)ty + H(t)z
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-8 Summary and Future

® We obtain Internal Josephson effects by
calculating GP equation directly.

® Ve obtained the transition from Rabi to
Josephson.

® We will discuss effects of MDDl in
ferromagnetic resonance




