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One of the top nine universities of China

Famous for robot and space craft
erefore, the physicis department represents more the applied side of physics.
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Based on the robot technology of Harbin Institute of Technology
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Introduction of Optical Lattice

An optical lattice is simply a standing laser wave

E=Acos(kx—wt)+ Acos(—kx—wt)

J oc [ oc f(Ez)dt oc cosz(kx) Red detuned: positiv_e
Blue detuned: negative

=
=

|. Bloch, Nat. Phys. 1, 23 (2005)
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Optical Superlattice

“ﬂ?“

1. use two short wave length lasers to form the optical lattice
2. use two long wave length lasers to enhance every second lattice
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Triangular Lattice

E=3.Acos(kF—wt)
k,=(0,1), k,=(/312,—1/2), k,=(—3/2,-1/2)

C. Becker, P. Soltan-Panahi, J. Kronjager, S. Dorscher, K.
Bongs and K. Sengstock, New J. Phys. 12, 065025 (2010).
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Kagome Optical Lattice

a E T b
¥ o - ™)
=] 1 @ Lattice Potential
z g3

Combined LW-latice S\W-lattice
e
=

a=70%23 nm

/ .

G.-B. Jo, J. Guzman, C. K. Thomas, P. Hosur, A. Vishwanath, and D.
M. Stamper-Kurn, Phys. Rev. Lett.108, 045305 (2012).
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Kagome Superlattice
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X-F. Zhang, T. Wang, A. Pelster and S. Eggert
Two face interaction blockade: anisotropic superfluidity of bosons
in optical Kagome superlattice (in preparation)
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Model

If the depth difference is small, the superlattice model can be
described with:

Ao =—t Y (aja;, +a;al)
{jeA,j'eR)
U

+= D A = D= (AW Y A=y

jeA. B JjeA jeh

W W W oA
LLL T To deal with this system, we

l generalized the effective action
theory to muti-component
case.
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Effective Action Method(1)

Effective action theory is based on Landau's phase transition theory and
field theory.

1. Add spatially constant source terms:

Hgu(J,J*) = —tZa*aj +UJQZ i (

i HZ-ﬁi % (J*Eii + J&I)

2. Expand free energy in power series of the source:

(J, T t) = ( ) Z cop(t uizp)
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Effective Action Method(2)

3. Perform Legendre transformation to get effective potential:

(.07 t) = F/Ne =" J —4pJ".

4. Expand effective potential in power series of order parameter:

[(¥, 47, 1) = Fo(t) — f{t) :((:))4 )

5. Perturbative calculation of second order coefficients:

L o [\ o]
) o {u} &_503 NQ
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Effective Action Method(3)

Effective action theory achieved great success both in quadratic
and frustrated lattice system

0.08 -
0.03F ¢ : I

. » 0.06 [
0.02r

0.04+ |/

0.01 0.02 -

Quadratic Lattice Triangular lattice

E. A. dos Santos and A. Pelster, Phys. Rev. A 79, 013614 (2009)

1. F.
2. Z. Lin, J. Zhang and Y. Jiang, Phys. Rev. A 85, 023619 (2012)
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Multi-Components Effective Action Theory(1)

Multi-Components Effective Action Theory is in fact a more
generalized form of effective action theory.

Purpose: to solve the second-order phase transition problem for
a system that can be divided into several subsystems.

1. Add independent source terms for every subsystem:

. ""1- -
HBI-I = — Z Z [rjf”,_.?"'ff"ﬁajmﬂj-'ﬂ'f] + HC]
1.0 LI=]

Uin
+ E Z |:_”J'lﬂ{”.?lﬂ —1)— Mnﬂﬂn]
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Multi-Components Effective Action Theory(2)

2. Expand free energy in power series of source terms:
Define: J = (Jy,....Jm)7 .

F(J,t) =N, (Fo(t) + JCIT +--)

3. Perform Legendre transformation to get effective potential:

s 1 OF : :
Define: & —= N BT = L R PRy

(¥, t) = F/N, — U] — J0f
4. Expand effective potential in power series of order parameter:

T(U,t) =To(t) + TA T +- ..
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Multi-Components Effective Action Theory(3)

5. Resulting relation between coefficients C and A:

AL 1 8°F
—1=A"_ =A
d] ~ %N, alta]

= Ay

The second-order phase transition boundary condition is:

—1
C C =0 The determinent of one
ALl e Teddm or  of its submatrices goes
to zero
C2Am1 -+ C2Amm

6. Perturbatively calculated second-order coefficient
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Quadratic Superlattice Phase Boundary
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T. Wang, X.-F. Zhang, S. Eggert, and A. Pelster:
Generalized Effective Potential Landau Theory for Bosonic Superlattices;
Physical Review A 87, 063615 (2013)
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Advantages comparing to decoupled mean field
theory

1. Our method has much higher accuracy:

method DMF MCEA (2nd order)
accuracy About 30% Less than 3%

2. Using DMF method the free energy is at the local maximal
point in the Mott lobe, our method does not have this problem.

http //vww zzone. cn hE . PEREHFERENE I



Kagome Superlattice

Phase boundary
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In all the cases, we set the on site interaction energy U=4
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Anisotropic Superfluidity
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FIG. 4: The total superfluid density and the stagger super-
fluid density vs g for 3 =300 and L = 9at U =4 and ¢t = 0.1.
Inset: schematically showing the mechanism of the anisotropy
of the superfluid density.
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2. Periodically Driven System
Introduction of Driven System

.Periodically Modulated S-Wave Scattering Length
.Floquet Theory and Effective Model
.Phase Boundary

.The Bose-Hubbard Like Effective Model
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BEC of Time- Periodically Driven System(1)

Is driven system an equibrium system?
To answer this question, first we should introduce the concept of

the Floquet state.

Floquet theory
for H(¢t)=H(¢+T)

i70,|W (1))=H (1)|¥ (1))

Has the Floquet state solution

v, (1))=

The wave function of the system can be written as

|1/1>=Zn c, un(t)>exp(—i8nt/h)
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BEC of Time- Periodically Driven System(2)

So the occupation number of the Floquet state does not change
during the driving. In this point of view, the driven system can be
seen as an equibrium system.

Floquet condensate

If you redo the Bose statistics for Floquet state, then:

Zi n,=N
Zi Ei:Etot

With these constrains we get:

] _—1
exp(—y E+a)—1 Y~koe

nlg=

So the particles will condensate into the Floquet state with the
lowest average energy when the driven relevant temperature is
very low.
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Periodically Modulated S-Wave Scattering Length

The on-site interaction is determined by s wave scattering
length, if we generate it with a small driving near the Feshbach:

a(B):aBG(l—B_ABOO)

If the driving amplitude is small

Ly L) s L
Z Jiia; 5 + Z {Eﬂ,t— (h; — 1) — pny
+Agi(g)eos ).

with
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Time-Independent Hamiltonian

The Floquet state in the representation of occupation number:
iAg;(n
huw

n;,m(t)) = erp(imwt) Hemp (— :) sinut) 1)

In the extended Fock space, time is regarded as a coordinate

1 T
(ol = [ attole

Then we can get the effective Hamiltonian
i (A ).
HEH — Z Jija; Jo (E (5 — ”?)) i condition

U<hw<A
—|—Z:—n1 —1}—Z,uﬁz-
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Validity of EPLT Method and Phase Diagram

0.07

0.05f
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From the comparison between phase diagrams of the first order
EPLT method and GMF for 2d driven system, we can see that
when driving is small, EPLT method is believable.

So we get the condition for the driven system:

A
%<1.52
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Critical Points

1-25: 1-{}1 __I | S A S R B O [ SR R B SIS SR - [ ey R P e B IO S s BN R S )
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The change of the critical point of the phase diagram. All the
lobes increase with almost the same percentage.

It means that the scaling property for Bose-Hubbard
model still exists:

——,

(7).~ (7).
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Bose -Hubbard Like Effective Hamiltonian

This means that we can guess a new effective
Hamiltonian

H_—J,x{ }Za Z — N i
In which:

Az] =1+ ax + bx* + cx® + dx*

a b C d
2d -0.0018 0.1212 0.0561 0.0178
3d -0.0045 0.1356 0.0366 0.0129

New Hamiltonian has the same critical point as original model
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Comparing with Phase Diagram
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p/U

Comparing with the phase diagram between the new effective
model and original model with driven parameter equals 1.5.

This means they have almost the same phase diagram
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Density and Superfluid Density
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: A comparison of QMC calculation of density and superfluid
density between new effective model and original model shows
that they have the same critical properties

T. Wang, X-F. Zhang, S. Eggert and A. Pelster.
Quantum Phase Diagram of Bosons with Modulated Scattering

Length in higher dimensional Optical Lattice(in preparation)
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High order Perturbation Theory

.Basic Principle

.Result For Energy
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Kato Representation(1)

For Hamiltonian
Hpy=Hy+Hy,
The nth order correction of the energy:

EW =] D smyseayses Sﬂnw“ml]
{eg}

In which
— |m){m| for =0
S =1 i
E;n (EEE}_EP]}}H for a >0

With the condition

n+l

Eﬂ:’f:.ﬂ—l
=1
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Kato Representation(2)

— g0 for a=0and a’ =10
0 for a=0anda" #0

or « # 0 and o' =0
\ gotal a# 0and o’ #0

§oge —

So energy correction can always be expressed as an
expectation value

EWY) = Z Gla,1(g|V SV ... S22V 8N V]g)
(r—1)

can be simply written as:

o katolist
!
Eéy} = E {ﬂi!-'—lr"':-ﬂ:ﬁ'.ﬂ"]}
(v—1)

The first step is to use computer to generate all the katolist
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Expectation Value

To calculate the expectation value of A and B

Haip=Hy+ AV +2A +yB
The energy correction can be written as

Egn,., = Z Eéu,m,k}iumm,yk

v, m.,k

Let x and y go to zero

}:AE — Z A!-"Eg[ri-",].,l:]
s

1
an =2 3w EpEo
L
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Lattice system

For the lattice diagram, the energy correction can be
expressed diagrammatically as follows:

T T P e
@ () b)) (= ) () |
e R H . Energy correction
) /) diagram(diagonal)
CY YOy (O CYYCY O
L 'h_.-' A Mo o "'-\.___.-"I e —
R S T -
(c) f__,.f N H. (d) f_ \ ) 'x__Hl
a8 H"l ' | 'f_}' leL r‘*-\l 'f_'r\'- -';-_1' I"IE_IH . .
N J i S A ﬁﬂ LA N Non diagonal physical
Yy O BELEGNEES uantity diagram
r:._ 'x_,’.r: xi.r A (_, xI:}:' M h_:) 9 y 9
;o
A — —
\ . t_]:_,; e I‘w I L y I ,JI

The second step is to generate all the diagrams in computer
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Calculation

After having obtained all diagrams, we can calculate the
correction of each diagram, because all the diagrams are
independent, it is very easy to parallelize.

Calcualtion of diagram

1. get all the process-chain of the diagram

. all possible sequence of the operators.

2. calculate the process-chain

.over the path judge ground or excited |9} — [e1) — [e2) — -+
. looking for appropriate katolist

.calculating over every approriate katolist

.add all the values to get the value of process-chain value

3. add all process-chain value
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Result for Ground State Energy

50 R s B R L e OER ) R S, B &
8t lcpu i
6F ®
4-_

= |
— F L]
| = B0 2
of -
_af .
000 005 010 015 020 025 030 S - S S T =
4 6 8 10 12 14

zdiig(g+ 103
iy

The result for ground state energy of 2d Bose-Hubbard model, for
g=1,2,10, the value fall on top of each other.

The calculating time of the energy correction is like this, when we
increase two orders, the calculation time increase 1000 times.
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Conclusion

.we generalized the EPLT method to multi-component case and
used it on superlattice system. This opens the possibility to deal
with other complicated systems in the future.

.we propose a very simple way to fulfill Kagome superlattice
system in the experiment, found that in this system, due to two
face of interaction blockade, the bias of anisotropy is alternating
between two directions while detuning the particle numbers.

.we get a new Hubbard-like effective Hamiltonian for s-wave
scattering system near the phase-transition, and point out that the
driven system has the same critical phenomena with the non-
driven system when the driving is not large.

.we use process-chain method to calculate the ground-state energy for
Bose-Hubbard system.
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Thank You!
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