Bl ¥ § b=l 27 \“ S 1 | e 1 W

Congratulation|afid Geétiwishés! | O N

PARADIGM:
WEAKLY INTERACTING BOSE

GAS
IN DISORDERED ENVIRONMENT

Valery Pokrovsky,
Department of Physics, TAMU, College Station, T>SA)
and
Landau Institute for Theoretical Physics, Chernogkd, Russian
Federation

Gianmaria Falco and Thomas Nattermann
Institute for Theoretical Physics,
Cologne University, Cologne, Germany ‘

wsnaubewoue pue saIshyd ulds 600z ‘ST-vT YoIen

Publications: Europhysics Lette8§, 30002 (2009); Phys. Rev. Lett00, 060402 (2008)




OUTLINE
Introduction

e Single-atom levels in a random potential

 Weakly repulsive gas in an uncorrelated
random potential

e Strongly correlated random potential
e Conclusions

wsnaubewoue pue saIshyd ulds 600z ‘ST-vT YoIen

Purpos:Semiquantitative analysis of the phase stateseofjfis in a box
through geometrical and physical description of deep

localized states ‘




Introduction

Bose-Einstein-condensatidimite part of atoms in the state with minimal
energy.

ExamplesSuperfluid*He, laser cooled atoms in a trap

Disorder: Superfluid He in a porous medlaReppy and coworkers,
J. Low Temp. Phys887, 205 (1992) and references ther&neakdown of super-
fluidity at strong disorder.

3He C. L. Vicente, H. C. Choi, J. S. Xia, W. P. Halperin,Niulders, and Y. Lee,
Phys. Rev. B72, 094519 (2005).
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PRL 95, 070401 (2005) PHYSICAL REVIEW LETTERS

week ending

12 AUGUST 2005

Bose-Einstein Condensate in a Random Potential

JI.E. Lye.":‘!: L. Fallani,' M. I\’IO(IUgHO.IQ D.S. Wiersma,' C. Fort,' and M. Inguscio'
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FIG. 1 (color online). (a) Optical setup for both the speckle
potential and the imaging beam for the BEC. The axial direction
of the magnetic trap is in the vertical direction of the figure.
(b) 3D representation of the speckle potential (left) and its
Fourier transform (right). The dotted lines correspond to a length
scale of about 10 wm in the axial direction.
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FIG. 2 (color online). (a) Density profile of the BEC after
28 ms of expansion from the combined magnetic and speckle
potential for varving speckle potential intensities V, (indicated in
bottom part). To demonstrate that the transfer to the speckle is
adiabatic (b) shows the density profiles with (1) no speckle
potential, (11) when the speckle potential 1s abruptly switched
off. and (1) when it 1s adiabatically ramped off. (c) Dipole
oscillations in the combined magnetic and speckle potential for
varying V..



Theoretical works:
Corrections to the Bogolyubov theory caused by aknsorder

K. Huang and H.F. Mend’hys. Rev. Lettc9,644 (1992);
S. Giorgini, L.P. Pitaevsky and S. Stringari, Phys. Re#9B.2938 (1994)
A. V. Lopatin and V.M. Vinokur, Phys. Rev. Le88, 235503 (2002)

Possible Bose-glass state

M.P.A. Fisher et al., Phys. Rev.98, 546 (1989)

R.T. Scalettar et al., Phys. Rev. Lé6, 3144 (1991)
W. Krauth et al., Phys. Rev. Le@7, 2307 (1991)

Spin model, transition from the normal state toestipid
M. Ma, B.l. Halperin and P.A. Lee, Phys. Rev348 3136 (1986)

Bose Hubbard model, scaling near transition point
M.P.A. Fisher et al., Phys. Rev.98, 546 (1989)

One-dimensional Hubbard model
T. Giamarchi and H. Schulz, Europhys. L8{t1287 (1987)
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Single atom levels in a random potential

ldeal Bose gas

Ground state
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Non-ergodic ground state or quenched distributigpethdent on
the cooling speed




Gaussian white noise

(U (x)U (x")) = k%d(x- x')

Independent probability distribution in each point: m

~  vDWIU(x)
dw U W = - u? W O,
(x) exp K, (x) W onk

Energy levels in the random potential:

2
- \ 2 -
SNy +U (xy = E[U)
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Density of states:  7(E,W) = d(E - E[U])dW U(x),W

G (x) aw 6, YOWU(K)

1
K* V2pk

mk*
2

dW U(x),W =exp -

Deep levels: E<OQ;|f E =

|.M. Lifshitz, Zittartz and Langer, Halperin andx,a 966

Minimize U?*(x)dw at fixedE[U]

w

The optimal fluctuation potential well is spherlgadymmetric.
The optimal level is the only bound state in thedlw
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U (x) :/)k (x)‘2 Ginzburg-Landau equation
Fluctuation potential well has the same linear size ag/dve function ‘




Semigquantitative approach

E[U] Typical potential well with a deep level
_ U
b All calculations for 3d space

2

2mR

Balance of kinetic and potential energy: |E| |U|

Probability to find energy less thak er part
of space occupied by the potential wells with the

2
size of the quantum state less than R:p(R)=exp - L;k\iv = exp-

Explanation:  U?(x)dW »U*W W»ng3

w
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1Y ilitv: P(R)=exp - =
Larkin length: L = Grik? Probability: (R) P R

Preexponent: inessential

ValidatR L p(|_) 1 E(L)° E= 2 Levels of Larkin siz
2mL? percolate




Density of cells with the quantum

states of the sizZ@

n.(R)= R®exp L
/& "

@

Average distance between the state

. the sizeR:

: L
d(R)= n(R = Rxp

L
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Tunneling amplitude between neighboring statefiefsizeR

\/2miu|d
t(R)=exp - mUjd(R = exp- expL

3R




Weakly repulsive gas in a random potential
A H = §—a§%+g i) aw+ gy dw
p £M

SN '/V\VMV/ |

Due to repulsion atoms are distributed betweerfit wells

Repulsion restores ergodicity
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Repulsion energy per particle g, ( R)
n, ( R) IS the density of particles in the well of the dke

Let the potential wells with the radii up fRoare filled. Then:
0 (R n 3 3n

P )_ = eXpE
ﬂ(R)4pF? 4p R

Number of particles per well

2

soIsAud ulds 6002 ‘ST-T Yorew

Energy per particle: /7= gnp( R) i 2mR2§ Energy of the random

well
5
e . _ I— 1 4 2a g
Mininization overR: R(n) S —— = (32 " g= P E
A ln& 1N i m 2
n 4/\ 3
Typical radius reached Critical density Scattering length
2 2 2
Chemical potential: = : nk —_ gk
2mL n n

Confirmed by exact calculation. A. and V. Babichenko, Dec. 2008




Maximal size of the well occupied by atoms:

I d R(n)=L/ Inn—r: n, :(3L2a)'l

R .

D . Distance between occupied wells:
1/3

r(n):Ln—nC In% R(n)
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Tunneling amplitude between wellsz
1/3 )

w

t(n)=exp - n—nC

N =
3ain(n, /n)

Number of particles per well:

Density of particles in the wells: N,




Interaction between deeply localized states

At n much less than, different wells are exponentially weakly coupled
and have well defined number of particles. The phagach well
IS uncertainRandom singletNo coherence, no superfluidity, Bose glass?

0¢ ‘ST-¥T ydre

At n approaching, distances between the wells become of the same ord&
of magnitude as their radius, the overlapping fachecomes of the order of 4.
Strong growth of the correlation between phases.
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At n=n_ quantum phase transition from disordered singlet sta

to disordered superfluiGcaling near transition was studied by Matthew Fi
et al Marginal dimensionality is 1 (Giamarchi and Schulz)t the same transitiéh

ujsuauﬁewm@] p

N N--almost homogeneous superfluid, small correcttons
Bogolyubov formulae from disorder (Huang and Meng)

Model description: random quantuxy-model:
— 2 . .
Hy = K (N - N - __ cosl/r/ ;)

J 1)




Strongly correlated potential

Correlation lengtlio

Average square potentieh]lj
4

U2’

Larkin lengthL =
3 2
Many levels: N :( 2my, / ) [ 6p

Deep optimal fluctuation has the shape of correlation function ardeptaE
: : . E’
Single-particle level probability P(E)=exp - TE

0
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Bose gas with average densitfills the potential wells of the depth="-U_,/In(n,

occupying the levels near the bottom up to the radRis b/ /In( n/ rj
— mUO

N, =—; Critical density does not depend lon
: o

)




Conclusions

Physica e metrl roperties of weakly interactin andom Gaussian

g?t;%ntle}!g g sont g rﬁ)arac}erl '[IC% ths: the Lagklrﬁ?arﬁartcorrelatlon ength

Isor nd the scattermg amplitu

'gpgeoground state of ideal Bose gas in random potential in thermodyinaris non-

Even an infinitosimal interaction restores ergodicity in thermodyméamit

At aver article density much less than acr ical ondBdle particles occ dee
oteB a\g{/vé? to.some size ang WeakiB tuaneef tow&cfl lﬁpy Pg

o e tla
er of gartlc es in each well Is defl eg B p%ases grtanc It I1s a sordered
singlet stat

At avera article densit ual to its critical value by interaction and
dlsorgergt?\gtransmon to %/hecl ﬁomogeneous superﬁm? ocye

Critical density is inverse proportional to the square of Larklntleagd the
scattering am%ll ude

In the de localized state the density of particles ih ment is
appfogmap d ly equal to cﬁ%car yorp trag

Hastroqg correla ed tentlal dee fI ctuatlon Wells fhlaaéln I size e T‘I toe
the corre [T n IenE c |n m eve den Ie¥t an cJi %

3
|sorsé%ghard not ar Sp erf vid stae
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What did not enter to this presentation

Two- and one- dimensional traps

Bose-gases with attraction in a disordered trap

Fermi-gases and admixtures

Dipolar oscillations of the clouds in traps

Thermodynamics ?

Coulomb forces (M. Miuller and B.I. Shklovskii, akX0812.4134)
Exact treatment (A. Babichenko and V. BabichenaoXiv: 0812.0966)
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Giamarchi-Schulz phase diagram
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Transition at strong interaction
(Giamarchi and Schulz)

Transition at weak interaction
(FNP)
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Weakly repulsive gas in a harmonic trap

- Single particle states in a trap
2
V(x) = mu/x

2 1
Energy levels: E, = n+> w

| = ,/— '
— Magnetic length

Weakly repulsiveN particles in a harmoniciraj
no disorder, form a spherical cloud of the 3Rz

2
ITII/I/ZR2 = 3N g:4p a
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Kinetic energy

Trap energy| Interaction energy




Must be minimized oveR

> 1 L* 3Na
SR

E(L,N)=N
(LN =N o B 0

Weak interaction 3Na L

1/5
Strong interaction 3Na L

I
N | ©
Z
Q)
D
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Thomas-Fermi approximation



Disorder potential

| | -- weak disorder; small corrections to the previous results §

. . . e

Strong disorder, weak interaction 5
S

a Na L | -non-ergodic situationn equilibrium all particles @
wn

Size of the cloud is det

(U (x)U (x7))=k%d(x- x')

occupy a single random potential well with minimal enel

ermined by the energy balance:

I 177 Rk
/L /N L
Energy of disorder Energy of trap
(logarithmic accuracy)
L

Typical size of the well:

R (i)
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Strong disorder, moderately strong interaction: @ L Na |
Ergodic situation
N (IL°a) o G=I7(3L%aN) 1

Multiple random potential wells (fragmentation). Average partiensityn is a slo

%T'VI Yalre

function of coordinate %
2 2 2 n

MW r n mwer el

m=gn_(r) - + »- E In*—°+ g

an, () 2mR (1) 5 n( 1) 2 Z

2r2 m L2r2 Qé_

n(r)=n,exp \/ — »ncexp(-J m/EL)exp - :

| E_ 2| \/- m/E_ %

R=L/InG d=LG"3/InC L:(IZIL)\/I [

s

No coherence, random singlet or Bose glass

Counter-intuitive dependence lobn N ‘




N (I6/L5a) or  G=1%(3%aN) 1

>
Small corrections of the order of to the state without disokde
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Superfluid

Phase transition line:G =1

Distribution of momentum in fragmented state

A

p,=( /L)InG :

Number of fragments

: P
12Na(|n G)9/2 po

Ne =
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What did not enter to this presentation

Two- and one- dimensional traps

Bose-gases with attraction in a disordered trap

Fermi-gases and admixtures

Dipolar oscillations of the clouds in traps

Thermodynamics ?

Coulomb forces (M. Miuller and B.I. Shklovskii, akX0812.4134)
Exact treatment (A. Babichenko and V. BabichenaoXiv: 0812.0966)

1@ubewoueN pue saIshyd ulds 600z ‘ST-vT YoIenw

Acknowledgements: DOE, graDE-FG02-06ER 46278 and DFG project NA222/8-2




