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Mixtures of Bose gases
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Production of Two Overlapping Bose-Einstein Condensates by Sympathetic Cooling

C.J. Myatt, E.A. Burt, R. W. Ghrist, E. A. Cornell, and C_.E. Wieman
JILA and Department of Physics, University of Colorado and NIST, Boulder, Colorado 80309
(Received 20 September 1996)

A new apparatus featuring a double magneto-optic trap and an Ioffe-type magnetic trap was used to
create condensates of 2 X 10° atoms in either of the |[F =2, m =2) or |[F = 1, m = —1) spin states
of ¥'Rb. Overlapping condensates of the two states were also created using nearly lossless sympathetic
cooling of one state via thermal contact with the other evaporatively cooled state. We observed that (1)
the scattering length of the |1, —1) state is positive, (ii) the rate constant for binary inelastic collisions
between the two states is 2.2(9) X 10™'* em®/s, and (iii) there is a repulsive interaction between the
two condensates. Similarities and differences between the behaviors of the two spin states are observed.
[S0031-9007(96)02208-9]
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Two Atomic Species Superfluid

G. Modugno, M. Modugno, E Riboli, G. Roati, and M. Inguscio

LENS, Universita di Firenze and INFM, Via Nello Carrara 1, 50019 Sesto Fiorentino, Italy
(Received 23 May 2002: published 21 October 2002)

We produce a quantum degenerate mixture composed by two Bose-Einstein condensates of different
atomic species, *'K and ’Rb. We study the dynamics of the superfluid system in an elongated magnetic
trap, where off-axis collisions between the two interacting condensates induce scissorlike oscillations.

* Interactions are repulsive within each component (stability requirement)

 Between the two components interactions can be attractive or repulsive




Simple mean-field theory (T=0)
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Miscible mixture: compressibility matrix must be positive definite
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a) g12>0 vanishing compressibility leads to phase separation

b) £12<0 vanishing compressibility leads to collapse



Overview

Most interesting scenario if g11=g2>=g and |g12| close to g

A. Attractive Bose mixtures and formation of quantum
droplets

* Mean-field term would lead to collapse

e Repulsive beyond mean-field quantum fluctuations stabilise system

B. Repulsive Bose mixtures and phase separation
transition

e Mean-field terms give miscible state of mixture

 Beyond mean-field thermal fluctuations lead to phase separation



Case A: Quantum droplets (Petrov 2015)

Gas

For a single atomic species,
the ensemble MF energy s
positive, and BMF corrections
are weak, A gas forms that
expands in free space to
minimize its energy.

Quantum liquid

When two types of atoms are
mixed, MF effects nearly cancel
out, creating a weak attraction
that is counterbalanced by BMF
corrections. Aliquid forms at a
particular density n,, that
minimizes energy.
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Two experimental realisations with K in 2017

QUANTUM FLUIDS

Quantum liquid droplets in a mixture
of Bose-Einstein condensates

C. R. Cabrera,* L. Tanzi,* J. Sanz, B. Naylor, P. Thomas, P. Cheiney, L. Tarruell}

After being released the cloud
e expands (gas)

* shrinks (collapse)

e remains stable (liquid)
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Self-Bound Quantum Droplets of Atomic Mixtures in Free Space

G. Semeghini,"*" G. Ferioli,"* L. Masi,"* C. Mazzinghi,' L. Wolswijk,! F. Minardi,>'* M. Modugno,*’
G. Modugno,l’2 M. Inguscio,z’1 and M. Fattori'
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Bose mixtures in 1D present peculiar features

i.
il.

iii.

low-energy dynamics is universal and described by Luttinger liquid model

at low energy spin and charge degrees of freedom are decoupled

regimes of strong interactions have been achieved

Single-component Bose gas in 1D with contact interactions:

Lieb-Linger model (exactly solvable)

A
g small: mean-field regime
Bogoliubov theory
&
g large: Tonks-Girardeau regime
impenetrable bosons (like fermions)
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Frequency of breathing mode (Haller et al. 2009)
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e We consider attractive mixtures in 1D

Microscopic Hamiltonian

2 N, v) » N .
P n- L P
H=-522 52t 9 dxi-x) -7
+ gzé(xa -Xp) + gzé(x
a<f

e same mass m for the two components
e same intra-species coupling g>(
 inter-species coupling is attractive g <0

Regimes of strong interactions where both g and g are large
are investigated

Use of exact diffusion Monte Carlo methods allows use to go
beyond regime of applicability of perturbation theory
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Case B: Phase separation at finite temperature for
repulsive mixtures

Conditions for a phase separated state
a) thermal equilibrium 7% =TF"

b) pressure equilibrium pL = pR

L __ R . R

Left (-m<0) Right (m>0)



Conditions for a phase separated state
a) thermal equilibrium 7% =TF"
b) pressure equilibrium pL — pR

-

Left (-m<0) Right (m>0)

process that reduces m

¢) chemical stability u"—u*+uf—pu >0

T=0 g(nlL_n2L)+g12(n2L_n1L)>g(n1R_n§)+g12(n§_n1R)

= (8—8,)m<0=g-g, <0 If g>g12 equilibrium state
is m=0



Conditions for a phase separated state

a) thermal equilibrium 7% =TF"
b) pressure equilibrium pL = pR

-

Left (-m<0) Right (m>0)

process that reduces m

¢) chemical stability u"—u*+uf—pu >0

1
I>>Tc  (2g-g,)m+k,Tlog tmin
l-m/n

assuming m<<n=ni+nz
Since kgT>>gn equilibrium state
2¢—g. )n+2k,T <0
( g ng) B iS 0



Phase separated state

r
n, =n,

. B R
Ny, = nyp and nyy = ny

X

= P = Pg
Left (-m<0) Right (m>0)
— State with m>0 R R
_> _
process that reduces m stable if Hy —Hy > 0

T——

Notice that condensate is fully phase separated

Such a state is an absolute minimum of the free energy




Hartree-Fock theorv at T>(0

FHF
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Free energy develops a minimum at finite polarization

if T<T* only minimum at m=0 (mixed state)
if T>T* minimum exists at finite m (PS state)
if T>Tv minimum becomes lower than m=(
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Transition temperature

Difference of coupling constants
(e.g. BNa |F=1,m,==1) - 8g/g=0.07)

0g=8-8,>0
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If 6g=0 then T"=0.1T,,.




Thank you for your attention



