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1. Introduction1. Introduction



1913 H. K. Onnes 低温研究，液氦超导

1962 Lev Davidovich Landau 液氦超流理论

1972 J. Bardeen, L. N. Cooper, J.R. Schrieffer 超导 BCS 理论

1973 Ivar Giaever 超导隧道效应, Brian D. Josephson 超导隧道结

1978 Pyotr Leonidovich Kapitsa 氦II超流性

1982 Kenneth G. Wilson 连续相变重整化群理论

1987 K. Alexander Muller, J. Georg Bednorz 发现高温超导

1996 D. D. Osheroff, D. M. Lee, R. C. Richardson 发现氦三超流性

2001 E.A. Cornell, W. Ketterle, C.E. Wieman 玻色 - 爱因斯坦凝聚

2003 A. A. Abrikosov, U. L. Ginzburg, A. J. Leggett 超导 超流



 

1.1.  BEC of ideal gas 7Li 6Li



1.2. BEC in dilute gas1.2. BEC in dilute gas

Laser cooling

Evaporative cooling—
C.E. Wieman

Block—Rotating 
magnetic field—E.A. 
Cornell (Rb)
Block---laser beam—W. 
Ketterle (Na)

R. Hulet (Li)  ???







C. E. Wieman and E. A. Cornell,  Science 269, 198 (1995).









50 Lab. 

Elements: Li, Na, K, H, Rb, He, Fermi gases
Trapping techniques: macroscopic chip (Nature 413, 498 (2001))
Pure optics  (Phys. Rev. Lett. 87, 010404 (2001))  
Sympathetic cooling (Phys. Rev. Lett. 87, 080403 (2001))
Y.Z. Wang, Y.Q. Wang, BEC in China, March 2002, Shanghai, China



2.1. Coherence2.1. Coherence
W. Ketterle, Science 275, 637 (1997).

2. 2. SuperfluiditySuperfluidity





W.M. Liu, B. Wu, Q. Niu,

Nonlinear effects in interference 
of  Bose-Einstein condensates,

Phys. Rev. Lett. 84, 2294  (2000).
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Many-body Hamiltonian

The  mean field theory

Gross-Pitaevskii equation
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GrossGross--PitaevskiiPitaevskii equationequation
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Theoretical explanationTheoretical explanation
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Experimental prediction:Experimental prediction:
1. Energy level       2. Many wave packets1. Energy level       2. Many wave packets

Ratio of level width to level spacingRatio of level width to level spacing
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W.D. Li, X.J. Zhou, Y.Q. Wang, J.Q. W.D. Li, X.J. Zhou, Y.Q. Wang, J.Q. LiangLiang, W.M. Liu,, W.M. Liu,

Time evolution of relative phase Time evolution of relative phase 
in twoin two--component Bosecomponent Bose--Einstein Einstein 

condensates with a coupling drive,condensates with a coupling drive,

Phys. Rev. A64, 015602 (2001).Phys. Rev. A64, 015602 (2001).
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2.2. 2.2. JosephsonJosephson effecteffect
M.A. M.A. KasevichKasevich, Science 298, 1363 (2002)., Science 298, 1363 (2002).



Quantum tunnelingQuantum tunneling

W.M. Liu, W.B. Fan, W.M. Zheng, J.Q. Liang,  S.T. Chui,

Quantum tunneling of 
Bose-Einstein condensates 

in optical lattices under gravity,

Phys. Rev. Lett.  88, 170408 (2002).
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LandauLandau--ZenerZener tunnelingtunneling
Barrier between lattices is low
Localized level between lattices is coupling
Miniband
Adiabatic approximation
Tunneling between delocalized states in different Bloch bands

Potential energy and Bloch bandsPotential energy and Bloch bands



Tilted bands and WS laddersTilted bands and WS ladders

WannierWannier--Stark  tunnelingStark  tunneling
An external field 
Wavefunction of miniband is localization
Miniband is divided into discrete level
Wannier-Stark ladder
Tunneling between localized states in different individual 
wells—Wannier-Stark localized states



At high temperature:At high temperature:
ArrheniusArrhenius lawlaw
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Crossover temperatureCrossover temperature
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At low temperature:At low temperature:
Pure quantum tunnelingPure quantum tunneling

At intermediate temperature:At intermediate temperature:
Thermally assisted tunnelingThermally assisted tunneling





2.3.  2.3.  SolitonSoliton
L. Khaykovich et al., Science 296, 1290 (2002).



L. Khaykovich et al., Science 296, 1290 (2002).



Z.W. Z.W. XieXie, Z.X. , Z.X. CaoCao, E.I. Kats, W.M. Liu,, E.I. Kats, W.M. Liu,

Nonlinear dynamics Nonlinear dynamics 
of dipolar Boseof dipolar Bose--Einstein condensate Einstein condensate 

in optical lattice,in optical lattice,

Phys. Rev. A 71, 025601 (2005).Phys. Rev. A 71, 025601 (2005).





L. Li, B.A. Malomed, D. Mihalache, W.M. Liu,L. Li, B.A. Malomed, D. Mihalache, W.M. Liu,

Exact Exact solitonsoliton--onon--planeplane--wave wave 
solutions for twosolutions for two--component component 
BoseBose--Einstein condensates,Einstein condensates,

Phys. Phys. Rev. E 73, 066610 (2006).Rev. E 73, 066610 (2006).



2.4.  Vortex and  2.4.  Vortex and  AbrikosovAbrikosov latticeslattices
J. R. J. R. AboAbo--ShaeerShaeer et al., Science 292, 476 (2001).et al., Science 292, 476 (2001).



SuperfluiditySuperfluidity L. L. PitaevskiiPitaevskii et al., Science 298, 2144 (2002).et al., Science 298, 2144 (2002).



3. Quantum phase transition

Superfluid
Mott insulator

Insulator + disorder = Bose glass
Insulator + weak disorder = Anderson glass

Berezinskii–Kosterlitz–Thouless transation



M. Greiner et al., Nature 415, 39 (2002)M. Greiner et al., Nature 415, 39 (2002)



J.J. Liang, J.Q. Liang, W.M. Liu,

Quantum phase transition 
of condensed bosons in optical lattices,

Phys. Rev. A68, 043605 (2003).
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Z.W. Z.W. XieXie, W.M. Liu,, W.M. Liu,

SuperfluidSuperfluid––Mott insulator transition Mott insulator transition 
of of dipolardipolar bosons in an optical lattice,bosons in an optical lattice,

Phys. Rev. A70, 045602 (200Phys. Rev. A70, 045602 (2004).4).





G.P. G.P. ZhengZheng, J.Q. , J.Q. LiangLiang, W.M. Liu,, W.M. Liu,

Phase diagram of
two-species Bose-Einstein condensates

in an optical lattice，

Phys. Rev. A71, 053608 (2005)Phys. Rev. A71, 053608 (2005)





P.B. He, Q. Sun, S.Q. Shen, W. M. Liu,

Magnetic quantum phase transition of 
cold atoms in optical lattice,

Phys. Rev. A 76, 043618 (2007). 





A.C. Ji, X.C. Xie, W. M. Liu,

Magnetic dynamics of polarized light in 
arrays of microcavities,

Phys. Rev. Lett. 99, 183602 (2007). 







4. Strong correlated system4. Strong correlated system

4.1. Strong interacting system4.1. Strong interacting system

4.2. Strong correlated system4.2. Strong correlated system

4.3. Quantum Hall effect4.3. Quantum Hall effect



BEC near BEC near FeshbachFeshbach resonanceresonance



S. Inouye et al., Nature 392, 151 (1998).S. Inouye et al., Nature 392, 151 (1998).

4.1. Strong interacting system4.1. Strong interacting system



Z. X. Z. X. LiangLiang, Z. D. Zhang, W. M. Liu,, Z. D. Zhang, W. M. Liu,

Dynamics of a bright soliton
in Bose-Einstein condensates 

with time-dependent atomic scattering length 
in an expulsive parabolic potential,

Phys. Rev. Phys. Rev. LettLett. 74, 050402 (2005).. 74, 050402 (2005).
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4.2. Strong correlated 4.2. Strong correlated bosonicbosonic systemsystem



4.3. Quantum Hall Effect4.3. Quantum Hall Effect

1985, Quantum Hall Effect, Nobel Prize 1985, Quantum Hall Effect, Nobel Prize 
in Physicsin Physics

1998, Fraction Quantum Hall Effect, 1998, Fraction Quantum Hall Effect, 
Nobel Prize in PhysicsNobel Prize in Physics

2003, Spin Hall Effect2003, Spin Hall Effect



5. 5. SpinorSpinor BECBEC J. Stenger, Nature 396, 345 (1998).





Z.W. Xie, W.P. Zhang, S.T. Chui, W.M. Liu, 

Magnetic solitons of 

spinor Bose-Einstein condensates 

in optical lattice,

Phys. Rev. A69, 053609 (2004).



Z.D. Li, P.B. He, L.Li, J.Q. Z.D. Li, P.B. He, L.Li, J.Q. LiangLiang, W.M. Liu,, W.M. Liu,

Soliton collision of 
spinor Bose-Einstein condensates 

in optical lattice,

Phys. Rev. A71, 053608 (2005).



L. Li, Z.D. Li, B. A. L. Li, Z.D. Li, B. A. MalomedMalomed, D. , D. MihalacheMihalache, W. M. Liu,, W. M. Liu,

Exact Exact solitonsoliton solutions and solutions and 
nonlinear modulation instability nonlinear modulation instability 

in in spinorspinor BoseBose--Einstein condensates,Einstein condensates,

Phys. Rev. A 72, 033611 (2005).Phys. Rev. A 72, 033611 (2005).



6. Boson6. Boson--FermionFermion mixturemixture

6.1. Collapse of attractive BEC

6.2. Collapse of Fermi gas

6.3. Boson-Fermion mixture



6.1. Collapse of attractive BEC6.1. Collapse of attractive BEC
C.E. C.E. WiemanWieman, Nature 412, 295 (2001)., Nature 412, 295 (2001).



6.2. Collapse of Fermi gas
M. Inguscio, Science 297, 2240 (2001).



6.3. Boson 6.3. Boson -- FermionFermion mixturemixture
R.G. R.G. HuletHulet, Science 291, 2570 (2001)., Science 291, 2570 (2001).



7. BEC 7. BEC –– BCS crossoverBCS crossover

BEC:  a>0, bound molecular stateBEC:  a>0, bound molecular state

BCS:  a<0, BCS:  a<0, fermionicfermionic atom pairs atom pairs --

strong interactionstrong interaction









8. Spin polarized fermi gas
配对机制有：Sarma 态或

称为能隙内配对态
(interior gap pairing)，
相分离态，费米面变形后
的配对态和库柏对带有有
限动量的Fulde-Ferrell-
Larkin-Ovchinnikov
(FFLO)态。

一维极化费米子的基态
总共有三个相：BCS 超
流相 (SF)，极化超流相
(SFp) 和正常相 (N) 。



M.W. Zwierlein et al., Science 311, 492 (2006)



M.W. Zwierlein et al., Nature 442, 54 (2006)



G.B. Partridge et al., Science 311, 503 (2006)



Science 298, 760 (2002).Science 298, 760 (2002).9. 9. MagnonMagnon BECBEC
9.1. 9.1. MagnonMagnon BECBEC



9.2.  9.2.  ExcitonExciton BECBEC Science 300, 1871 (2003).Science 300, 1871 (2003).



9.3. 9.3. SuperflowSuperflow in Solid Heliumin Solid Helium
M. Chan, Science 305, 1941 (2004).M. Chan, Science 305, 1941 (2004).





10. Application10. Application
10.1.  Atomic laser
10.2.  Atom clock
10.3.  Interferometer (microgravity)
10.4.  Waveguide
10.5.  BEC on chip
10.6.  Quantum tweezer
10.7.  Information storage
10.8.  Quantum computer
10.9.  Four-wave mixing
10.10.  Reducing light speed
10.11. Superradiance
10.12. Supernova



10.1. Atom laser10.1. Atom laser



10.2.  Atom clock10.2.  Atom clock



10.3.  Atom interferometer (microgravity)10.3.  Atom interferometer (microgravity)
M. A. M. A. KasevichKasevich, Science 298, 1363 (2002), Science 298, 1363 (2002)



10.3.  Interferometer
J. Denschlag et al., Science 287, 97 (2000).



10.4. Waveguides    10.4. Waveguides    Science 298, 1363 (2002)Science 298, 1363 (2002)



10.5. BEC on chip    10.5. BEC on chip    Nature 413, 498 (2001).Nature 413, 498 (2001).



10.6. Quantum tweezers (loading single atom)10.6. Quantum tweezers (loading single atom)
Nature 411, 1024 (2001); Science 293, 278 (2001); Phys. Rev. Lett. 89, 070401 (2002).



10.7. Information storage10.7. Information storage
C. Liu et al., Nature 409, 490 (2001).



10.8. Quantum computer and entanglement10.8. Quantum computer and entanglement
Nature 409, 63 (2001).Nature 409, 63 (2001).



10.9. Four10.9. Four--wave mixingwave mixing
L. Deng et al., Nature 398, 218 (1999).L. Deng et al., Nature 398, 218 (1999).



10.10. Reducing light speed10.10. Reducing light speed
L.V. L.V. HauHau, Nature 397, 594 (1999)., Nature 397, 594 (1999).



10.11.  10.11.  SuperradianceSuperradiance
S. Inouye et al., Science 285, 571 (1999).



10.12. Supernova10.12. Supernova
S.L. Cornish et al., Phys. Rev. S.L. Cornish et al., Phys. Rev. LettLett. 85, 1795 (2000).. 85, 1795 (2000).



11. Outlook11. Outlook

11.1.  Importance and applications

11.2.   Future topics



11.1. Importance and applications11.1. Importance and applications



11.2.   Future topics11.2.   Future topics
W. W. KetterleKetterle, Nature , Nature 416416, 211 (2002), 211 (2002)

Bose-Einstein condensates become an

ultralow-temperature laboratory
for atom optics, collisional physics and many-
body physics, superfluidity, quantized vortices,
Josephson junctions and quantum phase transitions. 
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