


Overview

Examine a quantum liquid with spin → Spinor Condensates

Competition between spin-dependent interactions and
quadratic Zeeman effect drives an quantum phase transition

Compare the measurements with mean-field theory



First Realization of a Bose-Einstein Condensate



Spinor Condensates

Ultracold atoms in 2. Quantization:

Ĥ =

∫
d3~x ψ̂†(~x)

(
− ~2

2m
∇2 + V (~x)

)
ψ̂(~x)
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∫
d3x ψ̂†(~x)ψ̂†(~x)ψ̂(~x)ψ̂(~x)

V is the trapping potential

only s-wave scattering and contact interactions

Now spin carrying atoms are trapped by purely optical means:

Ĥ =

∫
d3r
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ψ̂†m
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∇2 + Vext

)
ψ̂m +

gij ,kl
2
ψ̂†i ψ̂

†
j ψ̂k ψ̂l

}



Spinor Condensates

Interactions are rotationally symmetric ⇒ Spin is conserved

V̂ (r1, r2) =
∑
S=0,2

gS P̂S δ(r1 − r2),

where gS = 4π~2aS
m

Rewrite the interaction potential in terms of spin operators:

(F1 · F2)|φ〉 = (F1 · F2)(P̂0 + P̂2)|φ〉

=
1

2

[
(F1 + F2)− F2

1 − F2
2

]
(P̂0 + P̂2)|φ〉

= (−2P̂0 + P̂2)|φ〉,

⇒ V̂ (r1, r2) =

(
g0 + 2g2

3
+

g2 − g0
3

F1 · F2

)
δ(r1 − r2).

T.-L. Ho, Phys. Rev. Lett. 81 742 (1998)



Spinor Condensates

Write down the interaction terms in detail:

c0ψ̂
†
mψ̂
†
j ψ̂j ψ̂m + c2 ψ̂

†
m(Fν)mj ψ̂j · ψ̂†l (Fν)lk ψ̂k =

(c0 + c2)ψ̂
†
1 ψ̂
†
1 ψ̂1ψ̂1 + c0ψ̂

†
0 ψ̂
†
0 ψ̂0ψ̂0 + (c0 + c2)ψ̂

†
−1ψ̂

†
−1ψ̂−1ψ̂−1

+ 2(c0 + c2)ψ̂
†
1 ψ̂
†
0 ψ̂1ψ̂0 + 2(c0 + c2)ψ̂

†
−1ψ̂

†
0 ψ̂−1ψ̂0 + 2(c0 − c2)ψ̂

†
1 ψ̂
†
−1ψ̂1ψ̂−1

+ 2c2ψ̂
†
0 ψ̂
†
0 ψ̂1ψ̂−1 + 2c2ψ̂

†
1 ψ̂
†
−1ψ̂0ψ̂0.

three self-scattering terms

three cross-scattering terms

two spin relaxation terms



Meanfield Ansatz

Plug in the expression for the contact interaction:

Ĥ =

∫
d3r

[
ψ̂†m

(
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)
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c0
2
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†
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ψ̂†m(Fν)mj ψ̂j · ψ̂†l (Fν)lk ψ̂k

]
,

Use ~̂ψ =
√
n~ξ (where |~ξ|2 = 1 and n is the atomic density)

E [{φi}] =

∫
d3r

{
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(
∇
√
n
)2

+
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∇~ξ
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(
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where 〈~F 〉 =
∑

kl ξ
∗
k
~Fklξl



Detection of Different Hyperfine Components



Time-of-Flight Imaging



Effects of Magnetic Fields



Effects of Magnetic Fields

E [{φi}] = HS +
c2
2
〈~F 〉2 − p 〈Fz〉+ q 〈F 2

z 〉

where p = p0B and q = q0B
2

Express this in terms of occupancies of the hyperfine components:

E [{ni}]
N

=
HS

N
+

c2n

2

(
(n1 − n−1)2 + 2n0 (

√
n1 ±

√
n−1)

)
− p (n1 − n−1) + q (n1 + n−1)

Minimize this energy functional under the constraints:

Particle number N is conserved ⇒ n1 + n0 + n−1 = 1

Magnetization m = n1 − n−1 is conserved



Effects of Magnetic Fields

Minimize

F(x) = c2n
(
x −

√
x2 −m2

)
(1− x) + q x

where x = n1 + n−1

Introduce qc = c2n
(

1−
√

1−m2
)

For q < qc : x0 = 1 ⇔ n0 = 0 ⇒ Antiferromagnetic Phase

For q > qc : x0 < 1 & n0 6= 0 ⇒ Broken Axisymmetry Phase







Summary

”We explored experimentally the phase diagram of spin 1
BECs with antiferromagnetic interactions”

”Two phases are found, reflecting the competition between
the spin-dependent interactions and the quadratic Zeeman
energy”

”The measurements are in quantitative agreement with
mean-field theory”






