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ABSTRACT

Engineering spin polarization in dissipative bosonic systems is crucial for
advancing  quantum  technologies,  especially  for  applications  in  quantum
metrology and space-based quantum simulations. This work demonstrates
precise  magnetic  moment  control  in  multicomponent  Bose  gases  during
evaporative cooling via tailored magnetic fields. By adjusting the magnetic
field gradients, null point position, and duration, we selectively tune evap-
oration  rates  of  magnetic  sublevels,  achieving  targeted  spin  polarization.
Theoretical  models,  validated  by  numerical  simulations  and  Stern–
Gerlach experiments, reveal how magnetic fields reshape trapping poten-
tials  and  spin-dependent  dissipation.  The  results  establish  a  dissipative
spin-selection  mechanism  governing  polarization  evolution  in  evapora-
tively  cooled  Bose  gases  and  provide  a  framework  for  engineering  spin-
polarized quantum states.
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1   Introduction

Dissipative  bosonic  systems,  where  energy  and  particle
exchange with the environment play a critical role, have
emerged as a pivotal platform for exploring non-equilibrium
quantum phenomena [1–3]. In such systems, the interplay
between  coherent  dynamics  and  dissipation  enables
novel  quantum  states  and  phase  transitions,  offering
unique opportunities for quantum simulation and precision
measurement  [4, 5].  Among  these  systems,  spinor
Bose–Einstein  condensates  (BECs)  exhibit  rich  spin
dynamics due to their internal degree of freedom, where
the spin components interact via both coherent collisions
and  external  fields  [6, 7].  The  ability  to  control  spin

dynamics through external parameters, such as magnetic
fields, holds profound implications for quantum informa-
tion  processing  [8]  and  topological  matter  engineering
[9].

Traditionally,  studies  of  spin  polarization  control  in
BECs  have  focused  on  closed  systems  with  conserved
total  atom  number  and  magnetic  moment  [10–12].
Pioneering experiments by Chang et al. [10] demonstrated
dynamic  evolution  of  spinor  condensates  under
spin–orbit coupling and magnetic fields, revealing coherent
spin-mixing oscillations and metastable states. Theoretical
frameworks developed by Matuszewski [11] further eluci-
dated  the  role  of  magnetic  fields  in  stabilizing  spin
textures in trapped condensates. These works established
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a  paradigm  for  understanding  spin  polarization  control
in equilibrium conditions.

mF = ±1, 0

However,  the  behavior  of  spinor  BECs  in  dissipative
environments, particularly during evaporative cooling —
a non-equilibrium process essential for achieving quantum
degeneracy  — remains  largely  unexplored.  Evaporative
cooling  inherently  involves  selective  particle  loss,  where
high-energy  atoms  escape  the  trap  while  low-energy
atoms  thermalize  through  collisions  [13].  In  multi-
component  systems,  this  process  becomes  spin-depen-
dent:  magnetic  fields  modify  the  effective  trapping
potentials  for  different  magnetic  sublevels  ( ),
thereby  altering  their  evaporation  rates  and  collision
dynamics  [14].  Recent  studies  by  Horne et  al. [15]
demonstrated  magnetic  field-assisted  control  of  atomic
trajectories  in  interferometry,  hinting  at  the  potential
for  spin-selective  manipulation  during  cooling.  Yet,  a
systematic investigation of how magnetic fields regulate
the total magnetic moment through dissipative dynamics
remains absent.

This  work  addresses  this  gap  by  investigating  spin
polarization control in a dissipative bosonic gas undergoing
evaporative  cooling  under  tunable  magnetic  fields.  We
demonstrate  that  the  total  magnetic  moment  can  be
precisely controlled by engineering the evaporation rates
of spin components via magnetic field gradients and bias
fields. Crucially, we uncover a cooperative cooling mech-
anism: atoms in higher magnetic sublevels, experiencing
stronger  gravitational  tilts,  exhibit  enhanced  collision
rates  that  accelerate  the  cooling  of  lower  sublevels.
These  findings  are  supported  by  a  theoretical  model
combining dissipative spin-resolved evaporation equations
with  numerical  simulations,  validated  through  Stern–
Gerlach experiments.

Our  results  not  only  advance  the  understanding  of
non-equilibrium spin dynamics but also provide a practical
framework for preparing spin-polarized BECs — a critical
capability  for  applications  in  quantum  metrology  [16]
and synthetic gauge field engineering [17]. Furthermore,
our  methodology  lays  the  groundwork  for  microgravity
applications.  By  achieving  precise  control  over  spin-
polarized  states  through  tailored  magnetic  fields,  we
establish  a  framework  for  simulating  microgravity-like
conditions in ground-based experiments. Specifically, the
ability  to  engineer  spin-dependent  potentials  and
compensate for gravitational tilts mimics the absence of
gravity in space, enabling predictive modeling for future
space-based  quantum  simulations  [18, 19].  This  dual
applicability underscores the versatility of our approach,
where  magnetic  field-tuned  spin  dynamics  serve  as  a
universal  tool  for  both  terrestrial  and  extraterrestrial
quantum engineering. 

2   Theoretical model

Evaporative cooling of trapped atoms is a typical example

of  dissipative  bosonic  system.  We  applied  a  magnetic
field to the atoms,  breaking the degeneracy of  different
magnetic  sublevels,  and  tuned  the  evaporation  rate  of
atoms  with  different  spin  states  to  investigate  the  spin
dynamics  in  this  system.  In  this  section,  firstly  we
describe  the  form  of  our  trapping  potential,  then  we
extend the evaporation rate formula to a multicomponent
gas and see how the magnetic quadrupole field deforms
the trapping potential and thereby affects the evaporation
rate of  atoms with different spin states.  In the end, we
demonstrate the effect of cooperative cooling.

Ug = mgz Uo

Um

Our  trap  consists  of  three  kinds  of  potential:  gravity
,  optical  dipole  trap  induced  by  horizontal

crossed  red-detuned  laser  beams  that  overlap  at  their
waists,  and  magnetic  quadrupole  trap ,  whose  zero
point can be displaced by a bias field: 
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where  is the strength coefficient
of optical dipole trap[20],  is the resonance frequency,

 is  the  frequency  of  light,  is  the
damping  rate  corresponding  to  the  spontaneous  decay
rate of the excited level,  is the intensity distribution
of  light,  is  the  power  of  each  laser,  is  the  beam
waist,  is the beam width, 
is the Bohr magneton and  is the magnetic field gradi-
ent. The effective potentials for different states of atoms
are described in Fig. 1.

mF = +1, 0,−1

mF = −1

mF = +1

mF = −1 mF = +1

mF = +1 mF = −1

Both the center of the optical dipole trap and the zero
point of the magnetic quadrupole trap are located on the
z-axis.  The  optical  potential  forms  a  trap  with  finite
depth that allows for evaporation, while gravity and the
magnetic  trap deform it.  The magnetic  field breaks the
degeneracy  of  spin  states,  which  makes
the  atom  gas  a  spinful  multicomponent  gas.  The  total
magnetic  moment  can  be  controlled  via  magnetic  field.
Roughly speaking, when the magnetic field zero point is
above  the  well,  the  effective  gravity  of  is
reduced  and  that  of  is  increased,  making  less

 and  more  atoms  to  escape,  as  shown
in Fig. 1(a). When the zero point is below the well, the
case for  and  will be reversed. Besides,
the  magnetic  field  also  compress  or  expand  the  atomic
clusters  in  the xy-plane,  as  shown  in Fig.  1(b),  which
also changes the evaporation rate. To further investigate
this phenomenon quantitatively, we extended the evapo-
ration rate formula in Refs. [21, 22] to our multicomponent
gas.
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By exploiting the Boltzmann equation of multicompo-
nent  gas,  using  the  method in  Ref.  [21],  we  can  obtain
the time derivative of the occupation number of atoms: 

ρi(ϵ4)ḟi(ϵ4) =
∑
j

mσ

π2ℏ3

∫
dϵ1dϵ2dϵ3δ(ϵ1 + ϵ2 − ϵ3

− ϵ4)ρ(min[ϵ1, ϵ2, ϵ3, ϵ4])
{
fj(ϵ1)fi(ϵ2)

− fj(ϵ3)fi(ϵ4)
}
, i, j = +1, 0,−1,

(3)

σ = 8πa2 ϵ1
ϵ2

ϵ3 ϵ4
ρ(ϵ)

ϵ ∼ ϵ+ dϵ

where  is the s-wave scattering cross-section. 
and  are the total energies of the two atoms after colli-
sion, respectively.  and  are the total energies of the
two  atoms  before  collision,  respectively.  represents
the  density  of  states  of  particles  in  the  energy  range

, given by 

ρ(ϵ) =
2π(2m)3/2

(2πℏ)3

∫
U(r)≤ϵ

d3r
√
ϵ− U(r). (4)

f(ϵ)It is directly related to the shape of the trap. And  is
the occupation number: 

f(ϵ) = n0Λ
3e−ϵ/(kBT )Θ(ϵt − ϵ), (5)

Θ ϵt

Λ =
√

2πℏ2

mkBT
n0Λ

3

where  is the Heaviside step function,  is the truncated
energy  of  evaporative  cooling,  and 
represents  the  occupation  number  of  the  lowest  energy
state.

Here  we  use  Boltzmann  distribution  to  approximate
the  Bose–Einstein  distribution  to  simplify  calculations,
which  is  reasonable  because  during  the  time  when  the
magnetic field is turned on [see Fig. 3(b)], the Bose gas
cluster is far from condensation.

By  detailed  balance,  when  the  trapping  potential
decreases  very  slowly,  the  evaporation  rate  is  approxi-
mately  the  collision  rate  of  atoms  with  energy  greater
than the trap depth [23]: 

Ṅev,i = −
∫ ∞

ϵt,i

dϵ4ρi(ϵ4)ḟi(ϵ4). (6)

min[ϵ1, ϵ2, ϵ3, ϵ4]

ϵ < ϵt,min ϵt,min
ϵ4 > ϵt,i ≥ ϵt,min > ϵ1, ϵ2 ϵ1 + ϵ2 = ϵ3 + ϵ4

min[ϵ1, ϵ2, ϵ3, ϵ4] = ϵ3

To  determine ,  we  need  to  use  an
approximation that when the trapping potential changes
very slowly,  most of  the atoms are in the energy range

,  is the lowest potential depth among three
states. So . And  for
elastic  collision,  so .  By  substituting
Eqs. (3) and (5) into (6), we obtain 

Ṅev,i = −
∑
j

mσ

π2ℏ3

∫ ϵt,j

0

dϵ3
∫ ϵt,j

ϵ3

dϵ1
∫ ϵt,i

ϵ3+ϵt,i−ϵ1

dϵ2ρj(ϵ3)fj(ϵ1)fi(ϵ2)

= −
∑
j

NiNjσv̄e−ηi
Vev,j

Ve,iVe,j
, i, j = +1, 0,−1,

(7)

v̄ =
√
8kBT/(πm) η ≡ ϵt/

(kBT ) Ve ≡ N/n0

n0

Vev

η

Ve Vev

where  is  the  average  velocity, 
 is  the  truncation  parameter,  is  the

reference  volume (  is  the  reference  density  [21]),  and
 is  the  effective  volume  for  elastic  collisions.  These

parameters  constitute  the  connection  between  the  trap
properties  and  the  evaporation  rate.  represents  the
trap  depth.  and  are  given  by  following  expres-
sions: 

Ve =
Λ3

(2πℏ)3

∫ ϵt

0

ρ(ϵ)e−ϵ/(kBT )dϵ, (8)
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Fig. 1  (a, b) Schematic representations of the potential configurations along the z- and x-directions under magnetic field
conditions, when the quadrupole magnetic field zero point is above the optical trap. The purple short-dashed curves denote
gravitational potentials. The yellow solid, blue dash-dotted, and green dashed curves respectively represent effective potentials
experienced by atoms in magnetic  sublevels  0,  +1,  and –1.  The yellow hollow circles,  blue squares,  and green solid circles
correspond to atoms in these three sublevels,  each undergoing evaporation within their  respective effective potential  wells.
(c) Numerical simulation of the time variation of numbers of atoms in different spin states. The two vertical lines represents
opening and closing the magnetic field, respectively.
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Vev = Λ3

∫ ϵt

0

ρ(ϵ)

[(
η − ϵ

kBT
− 1

)
e−ϵ/(kBT ) + e−η

]
dϵ.

(9)

ηi
mF = i η−1

η0 η+1

n0,i = Ni/Ve,i
Vev,i

From  the  evaporation  rate  formula  (7),  we  can  find
that  the  truncation  parameter  only  appears  in  the
formula of  state, and the differences between ,

 and  will  lead  to  different  evaporation  rates  of
different  spin  states,  and  therefore  the  total  magnetic
moment  can  be  tuned.  However,  the  reference  density

 and the effective volume for elastic collision
 for  each  spin  state  are  shared  by  all  three  spin

states,  which  means  that  the  changes  in  these  two
parameters  will  influence  the  overall  evaporation  rate,
enhancing the cooperative cooling effect. Thus, we need
to  explore  the  influence  of  magnetic  field  on  these
parameters.

η ≡ ϵt/(kBT )

mF = −1

mF = +1

mF = −1 mF = +1

ϵt mF = −1

mF = +1

e−η

mF = +1

mF = −1

mF = +1

mF = −1

We  first  focus  on  the  truncation  parameter
.  When  the  magnetic  field  is  turned  on,

 atoms  will  be  pulled  towards  its  zero  point,
while  atoms will be repelled from its zero point.
So  when  the  zero  point  is  above  the  well,  the  effective
gravity  of  is  reduced  and  that  of  is
increased, making the effective trap depth  of 
higher and  lower. This difference in trap depth
will be reflected in the exponential term  in the evap-
oration  rate  formula,  allowing  more  and  fewer

 atoms to escape. In this case, the massive evap-
oration of  atoms accelerates the cooling process,
as  shown  in Fig.  2(b),  and  preserves  more 
atoms,  as  shown  in Fig.  1(c).  When  the  zero  point  is
below the well, the situation will reverse.

mF = −1

mF = +1

mF = −1

mF = +1

Secondly,  the  magnetic  field  applies  horizontal
centripetal  and  centrifugal  forces  to  the  and

 states  respectively,  increasing  the  trap
frequency  of  spin  state  and  lowering  that  of

 spin  state,  which  changes  the  density  of  state

ρ(ϵ) Vev Ve

Vev,j/(Ve,iVe,j)

mF = −1

mF = +1

 of atoms and thereby changes the  and  of both
states.  From  our  numerical  result,  when  the  magnetic
field  is  turned  on,  the  volume  fraction  in
each  term  of  the  evaporation  rate  formula  (7)  of

 state  will  increase,  as  shown in Fig.  2(a),  and
that  of  state  will  decrease.  It  will  increase  the
total  magnetic  moment.  When  the  magnetic  field  zero
point  is  near  the  potential  well,  the  horizontal
centripetal  and  centrifugal  forces  are  stronger,  and  this
effect is more significant.

NiNj/(Ve,iVe,j) = n0,in0,j

Vev,j
v̄ T

ηi

The cross terms in the evaporation rate formula reveal
the kinetics of cooperative cooling. An atom in a certain
state  collides  with  another  atom,  which  is  in  the  same
state or in the other two states, so the evaporation rate
is  proportional  to  the  product  of  the  densities  of  two
states ,  and  the  effective  volume
of elastic collision  is of the atom that collides with
it. In addition, different states share the same  and .
These  terms  show  the  influence  of  one  state  on  the
other,  which  is  the  basis  of  cooperative  cooling.  The
truncation parameter  of  a certain state appears  only
in  the  evaporation  formula  of  itself,  resulting  in  a  rich
spin dynamics in the following text. 

3   Experiment setup

Bz1

t3
B′

1

To  validate  the  theoretical  model  of  spin-dependent
evaporation  dynamics,  we  developed  a  hybrid  trapping
system  integrating  optical  and  magnetic  confinement.
Three  orthogonal  pairs  of  compensation  coils  (x, y, z)
were  employed to  ensure  the  quadrupole  magnetic  field
axis  was  precisely  aligned  with  both  the  gravitational
direction and the optical trap center. This setup enables
quantitative control of the bias field ( ), the magnetic
field duration ( ) and the quadrupole magnetic gradient
( ) as three tuning parameters.

Figure 3(a) schematically illustrates our hybrid trapping
configuration. The ultracold atomic ensemble is confined
at  the  beam  waist  intersection  of  two  horizontally
crossed  optical  dipole  traps  (ODTs),  integrated  with  a
quadrupole  magnetic  trap  (QMT) and a z-axis  uniform
magnetic  field  (UMF-z).  For  clarity  and  to  emphasize
key features, the three pairs of compensation coils have
been omitted from the diagram. Through active positioning
of the optical traps, we establish a precise vertical alignment
where the magnetic field zero-point of the QMT resides
below  the  optical  confinement  center  when  UMF-z is
disabled. By strategically manipulating both the optical
trap  position  and  UMF-z strength,  we  achieve  full
control over the magnetic null point’s vertical displacement
relative to the trapping region. This engineered configu-
ration  allows  selective  positioning  of  the  magnetic  zero
point  either  above  or  below  the  optical  trap  through
coordinated adjustments of these parameters.

The timing sequence is shown in Fig. 3(b). The exper-
imental sequence comprises three primary stages. First is
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mF = −1

Fig. 2  (a) The  numerical  result  of  relative  value  of  the
volume  fraction  over  time.  The  vertical  line
represents the opening time of magnetic field. The magnetic
field  enlarges  the  volume  fraction  in  each  collision  term  of
formula  (7)  of  atoms. (b) The  numerical  result  of
the  temperature  over  time.  The  vertical  line  represents  the
opening  time  of  magnetic  field.  It  is  obvious  that  the
magnetic field accelerates the cooling process.
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87Rb F = 1

optical  molasses  preparation  (blue-shaded  region):
During this  phase,  we prepare  atoms in the 
hyperfine ground state, establishing the initial conditions
for  spin-dependent  dynamical  control.  Following  the
optical  molasses  preparation,  the  experiment  progresses
to  the  optical  evaporative  cooling  phase  (green  back-
ground),  where  we  implement  magnetic  field  regulation
protocols to tune the system’s spin-state dynamics; after
this stage, the atomic ensemble undergoes free evolution
under  combined  quadrupole  magnetic  and  gravitational
fields,  followed  by  absorption  imaging  with  Stern–
Gerlach separation to resolve the spin population distri-
bution.

9 s t1

The  evaporative  cooling  stage  constitutes  the  critical
phase for magnetic field manipulation in our experiment,
spanning a total duration of . At  into this cooling
process,  we  implement  linear  activation  protocols  for
both  the  QMT  and  UMF-z,  achieving  full  operational

t2 = 100 ms

t3

0 s ≤ t3 ≤ 6 s

t3

t4
1300 ms

strength  over  through  precisely  controlled
current  ramping.  This  procedure  ensures  that  the
magnetic field zero point does not shift during the appli-
cation  of  the  magnetic  fields.  Once  the  magnetic  fields
are turned on, they are maintained for a tunable duration
of ,  which  is  designated  as  one  of  three  key  control
variables  in  our  experimental  protocol,  governs  the
magnetic  field-induced  differential  evaporation  rates
between magnetic sublevels during this critical temporal
window. This precisely adjustable interval ( )
serves as the primary driver for the spin-state dynamics
evolution  demonstrated  in  Section  2,  where  the
controlled variation of  enables systematic investigation
of  Zeeman-sublevel-dependent  evaporation  processes.
After  this  period,  the  two  magnetic  fields  are  linearly
turned off over a time interval of , which is experimentally
fixed  at  based  on  empirical  optimization  of
system stability.
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Fig. 3  (a) Schematic diagram of the experimental setup. Atoms are confined in a pair of mutually orthogonal crossed optical
dipole traps (ODTs) within the horizontal plane. Two sets of coils along the -direction generate a quadrupole magnetic trap
(QMT) and a  uniform magnetic  field  along -axis  (UMF- ),  respectively.  The  probe  beam propagates  along  the  bisecting
direction of the crossed optical traps in the horizontal plane, enabling observation of atomic cloud separation after the Stern–
Gerlach experiment. Distinct colors represent atoms in different magnetic sublevels. (b) Experimental timing sequence. The
protocol  comprises  three stages:  Molasses  preparation,  evaporative cooling,  and time-of-flight (SG experiment).  During the
evaporative cooling phase, magnetic fields are adiabatically applied through linear ramping and shutdown. Key experimental
parameters under investigation include: magnetic field duration  (magnetic field manipulation time), magnetic field gradient
magnitude  during  this  period  (affecting  atomic  forces),  and  bias  field  strength  (determining  relative  position  between
magnetic  field and atoms). (c–e) Absorption images demonstrating spatial  segregation along gravitational  direction in the
Stern–Gerlach  experiment  under  degenerate  magnetic  sublevels. (c) The  total  magnetic  moment  approximates  zero.
(d) Predominance  of  magnetic  sublevel  atoms.  Total  magnetic  moment . (e) Dominance  of  magnetic  sublevel
atoms. Total magnetic moment .
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t3

B′
1 Bz1

87Rb F = 1

B′
1 B′

1 = 30.5 Gs/cm

Fmag = mg

∆z = −0.62 mm
Bz1 = 0

Bz1

Two  additional  adjustable  parameters  beyond 
govern  the  system’s  behavior  within  the  magnetic  field
implementation  sequence:  the  quadrupole  field  gradient

 and  uniform  axial  field  strength .  The  gradient
force  experienced  by  the  ( )  atomic  cloud
scales linearly with  – specifically, at 
the magnetic force precisely counterbalances gravitational
acceleration ( ). Our experimental configuration
positions  the  magnetic  null  point  below
the optical trap when . The null point displacement
under finite  follows: 

∆z = −0.62 +
Bz1

B′
1

. (10)

B′
1 Bz1 Bz1

0 5 Gs
30.5 Gs/cm

Bz1

This parametric coupling enables precise spatial  control
of  the  magnetic  zero  point  relative  to  the  optical
confinement  center  through  coordinated  adjustments  of

 and . In the experiment,  is adjustable within
the range of  to . Therefore, even under a gradient
of ,  the  magnetic  field  zero  point  can  be
moved  up  and  down  through  the  center  of  the  optical
trap by adjusting .

t5

It  is  noted that after  the magnetic  field is  turned off
at  time ,  the  quadrupole  magnetic  field  and  the
uniform magnetic field in the vertical direction are again
linearly  ramped  up  simultaneously  and  held  at  a
constant  value  during  the  time-of-flight  (TOF)  stage.
This procedure is designed for the Stern–Gerlach experi-
ment, as the atoms in the three magnetic sublevels expe-
rience  different  forces  in  the  vertical  direction.  This
method  allows  spatial  separation  of  the  three  compo-
nents, facilitating the investigation of atomic population
distribution  and  the  total  magnetic  moment  of  the
system. The linear ramp-up is also chosen to avoid heating
caused by abrupt shifts in the magnetic field zero point.

M

M

mF = −1

mF = 0

mF = +1

The  investigation  of  atomic  spin  polarization  control
in  the  experiment  is  primarily  manifested  through  the
total spin magnetic moment  of the atomic ensemble.

 can be quantitatively resolved via absorption imaging
as  shown  in Figs.  3(c)–(e).  In  horizontally  acquired
absorption  images,  the  spatial  distribution  reveals
distinct  magnetic  sublevel  populations:  atoms  in  the

 state  occupy  the  uppermost  region  due  to  the
compensation  effect  of  the  magnetic  force  on  gravity,
those in the  state reside in the central zone, and
those in the  state are localized in the lowermost
region  due  to  the  superposition  effect  of  the  magnetic
force  on  gravity.  The  population  of  atoms  in  each
magnetic sublevel is determined by integrating the optical
depth  across  the  corresponding  spatial  domains.  Based
on the definition of magnetic moment, we can calculate 

M =
N+ −N−

N+ +N− +N0
, (11)

N+ N− N0where , ,  and  represent  the  number  of  atoms
in each respective spin state. 

4   Experimental demonstration of spin
polarization control

Different  experimental  parameters  affect  the  forces
acting on the atoms. As described in the previous model
of  the  tilted  potential  well,  different  spin  states  exhibit
varying degrees of tilt, with states that have smaller tilts
being more readily selected. By adjusting the experimental
parameters, we can effectively control the proportion of
spin  states,  thereby  modulating  the  overall  magnetiza-
tion.

Bz1

t3
B′

1

This  section  systematically  examines  the  effects  of
three  parameters  in  experimental  timing  sequence
Fig.  3(b) – the  magnitude  of  UMF-z  (determining
relative position between magnetic field and atoms), the
magnetic field duration  (manipulation time), and the
gradient magnitude of QMT  – on the total magnetic
moment  of  the  system.  In  the  following,  we  present
experimental  results  demonstrating  the  effect  of  these
parameter  variations  on  total  magnetization.  By  using
absorption imaging, we obtain the atomic count, allowing
us  to  calculate  the  overall  magnetization  based  on  the
distribution of different spin states. 

Bz14.1     dependence

Bz1

∆z = 0.45 mm/Gs

Prior  to  analyzing  other  system  parameters,  precise
determination of the magnetic null point position is critical
as it governs the force polarity experienced by different
magnetic sublevels. Following Eq. (10), we achieve z-axis
null  point  control  through  adjustments,  with
23  Gs/cm  gradient  corresponding  to 
displacement  sensitivity.  Crucially,  our  experimental
protocol implements geomagnetic compensation via x/y-
axis coil current optimization, ensuring the null point of
the QMT lies on the same vertical line as the center of
the ODT.

B′
1 = 23 Gs/cm t3 = 100 ms

Bz1 0 3.5 Gs

0.62 mm 0.90 mm

We  first  investigated  the  influence  of  magnetic  null
point  position  on  the  system’s  total  magnetic  moment
during evaporation. The experiment was conducted with
fixed  parameters  and ,  while
varying  from  to . According to Eq. (10), this
parameter range translates to a null point displacement
from approximately  below to  above the
optical trap center. For each null point configuration, we
analyzed  the  magnetic  moment  distribution  through
Stern–Gerlach separation, with the statistically averaged
results  presented in Fig.  4(a)  based on multiple  experi-
mental realizations.

Bz1

mF = −1, 0,+1

In Fig.  4(a),  the  blue  inverted  triangles  represent
control  measurements  with  disabled  quadrupole
magnetic field (QMT off). In this configuration, varying

 induces  no  change  in  the  system’s  net  magnetic
moment  (persistent  zero  value),  as  all  three  magnetic
sublevels  ( )  remain  degenerate  without
magnetic gradient-induced state splitting.
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B′
1 = 23 Gs/cm

Bz1

∆z = Bz1/B
′
1

When activating the quadrupole field ( ),
the green diamond markers demonstrate null point posi-
tion-dependent  magnetic  moment  modulation.  Each
datum corresponds to a specific  setting that vertically
displaces  the  magnetic  null  point  according  to

, thereby breaking the spin-state degeneracy
and generating measurable  magnetization through spin-
selective evaporation.

Bz1 < 1.35 Gs

mF = +1

mF = −1

mF = 0 +1

mF = +1

When the magnetic null point resides below the optical
trap  ( ),  experimental  observations  reveal  a
persistent  positive  net  magnetic  moment,  indicative  of

 atoms  undergoing  magnetic  levitation  that
counteracts gravitational sag. This aligns with our theo-
retical  framework  where  atoms  experience
accelerated  evaporation  due  to  trap  potential  tilting,
synergistically  cooling  the  and  populations
through rethermalization collisions – ultimately enhancing
the  fraction  compared  to  equilibrium  predic-
tions.

Bz1 1.35 Gs
∆z > 0 M

7% 0.1 Gs
∆z > 0 mm

mF = −1

mF = +1

As  increases beyond  (null point displacement
),  undergoes nonmonotonic collapse, decreasing

by about  per  increment until  transitioning to
negative  values  when .  This  phase  inversion
originates from reversed magnetic gradient polarity relative
to gravity, where  atoms now occupy the levitated
metastable  state  while  components  are  prefer-
entially expelled from the trap. 

t34.2     dependence

t3

Apart  from  the  fact  that  the  position  of  the  magnetic
field  zero  point  can  intuitively  alter  the  system’s  total
magnetic  moment,  the  experiment  also  revealed  that
changing the magnetic field duration  has an interesting
effect  on  the  total  magnetic  moment,  and  this  effect  is
not as straightforward.

In Fig.  4(b),  the  black  square  markers  represent  the

t3

t3
M

case where the magnetic field is located below the optical
trap,  while  the  red  circular  markers  correspond  to  the
situation  where  the  magnetic  field  is  above  the  optical
trap.  It  can  be  seen  that  as  increases,  the  total
magnetic  moment  of  the  system decreases  regardless  of
whether the magnetic field zero point is above or below
the  optical  trap.  In  fact,  when  the  magnetic  field  zero
point  is  below  the  optical  trap,  increasing  beyond  a
certain value causes  to change from positive to nega-
tive.

M

t3
∆z

t3

M

±1

To  thoroughly  investigate  the  dependence  of  on
different  magnetic  field  application  times  and
magnetic  null  point  positions ,  we  varied  the
magnetic null  point position under four different values
of : 0.1 s, 1.1 s, 2.1 s and 6.1 s. Based on the results,
we  plotted  the  surface  shown  in Fig.  4(c).  It  can  be
observed that a higher magnetic null point position and
a longer  magnetic  field  application  time both  lead  to  a
shift of the total magnetic moment  toward the negative
direction. This phenomenon can be well explained using
the  theoretical  model  presented  earlier,  in  conjunction
with  the  potential  well  structure  of  the  magnetic
sublevels in the quadrupole magnetic trap.

−1 +1

+1

−1

Regardless  of  the  bias  magnetic  field  strength,  a
longer levitation duration causes the total magnetization
to shift  further toward negative values.  This  is  because
the  state is a low-field-seeking state, whereas the 
state  is  a  high-field-seeking  state.  With  extended
confinement  in  the  trap,  the  state  is  more  likely  to
escape from the trap center, while the  state is prefer-
entially  selected,  resulting  in  a  shift  in  magnetization
toward negative values. 

B′
14.3     dependence

B′
1

Another  intuitive  factor  affecting  the  size  of  the
magnetic  moment  is  the  magnetic  field  gradient .

 

QMT off
QMT on

(b) (c)(a)

0.0 0.5 1.0 1.5 2.0
Bz1 (Gs) t3 (s)

Δz (mm)
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Bz1

t3

M Bz1 t3

t3 Bz1

Fig. 4  (a,  b) Variation  of  the  system’s  magnetic  moment  as  a  function  of  the  magnitude  of  UMF-z  (a)  and  the
magnetic  field  duration  (b)  under  a  fixed  magnetic  field  gradient. (c) Surface  plot  of  the  system’s  total  spin  magnetic
moment  as a function of the bias magnetic field strength  and the magnetic field turn-on duration . The four curves
in  the  surface  plot  correspond  to  the  data  points  measured  at  fixed  values  of  with  varying .  Lighter  colors  in  the
surface plot represent larger values of the system’s total magnetic moment.
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B′
1

Figure  5 presents  experimental  data  showing  how  the
magnetic moment varies with the magnetic field gradient
under different .

+1

−1

It can be seen that when the magnetic field gradient is
zero, the magnetic moment is also zero, regardless of the
strength  of  the  bias  magnetic  field,  indicating  that  the
population  of  the  three  magnetic  sublevels  is  equal.  As
the magnetic field gradient gradually increases, the bias
magnetic  field  starts  to  play  a  role.  When  the  bias
magnetic  field  is  selected  such  that  the  magnetic  field
null  point  is  located  below  the  atoms,  the  larger  the
magnetic  field  gradient,  the  larger  the  total  magnetic
moment of the system after evaporation, where most of
the atoms are concentrated in the  state. Conversely,
when  the  bias  magnetic  field  is  chosen  such  that  the
magnetic field null  point is above the atoms, the larger
the  magnetic  field  gradient,  the  smaller  the  total
magnetic moment of the system after evaporation, where
most of the atoms are concentrated in the  state.

Bz1 = 0

Bz1 = 4

An important observation in Fig. 5 is that, for 
Gs  and  Gs,  as  the  magnetic  field  gradient
increases, the variation of the magnetic moment follows
a  parabolic  trend.  This  is  consistent  with  the  model
described in the theoretical section.

−1

+1

Taking  the  yellow  inverted  triangular  experimental
data  points  below  in Fig.  5 as  an  example.  When  the
magnetic  trap  null  point  is  above  the  optical  trap,  the
gravity of the  state atoms is compensated, while the
gravity of the  state atoms is enhanced, resulting in a
negative  total  magnetic  moment.  As  the  magnetic  field
gradient  increases,  the  quadrupole  zero  point  becomes
closer to the potential trap, which makes the horizontal
centripetal  and  centrifugal  forces  much  stronger,  and
thereby  increases  the  evaporation  rate  of  atoms  in

mF = ±1

+1

 states,  as  discussed  in  part  two,  leading  to  a
reduction  in  atomic  density  and  a  further  slowdown  of
evaporation.  Correspondingly,  due  to  the  cooperative
effects,  the  evaporation  rate  of  the  state  increases,
and  the  magnetic  moment  decreases  as  the  zero  point
moves upward.

η

The  regulation  of  dissipative  bosonic  systems  by  the
magnetic field is reflected not only in the total magnetic
moment of the system but also in its effect on the evap-
oration rate. As a result of these differences in , atoms
in higher magnetic sublevels undergo elastic collisions at
a  higher  rate  compared  to  those  in  lower  sublevels.
These  more  frequent  collisions  facilitate  energy  transfer
from the higher energy atoms to the lower energy ones,
enhancing the evaporative  cooling of  the lower sublevel
components. This mechanism creates a cooperative cooling
effect, where the faster-moving atoms in higher sublevels
accelerate the evaporation of the slower-moving atoms in
the  lower  sublevels.  The  enhanced  collision  rate  in  the
higher  sublevels  promotes  a  more  efficient  cooling
process for the entire multicomponent gas.

The  cooperative  nature  of  this  process  significantly
improves the overall  efficiency of evaporative cooling in
the  multicomponent  system.  By  increasing  the  rate  at
which  energy  is  transferred  between  components,  the
cooling  process  becomes  more  effective  than  in  single-
component systems. This interaction not only leads to a
more efficient cooling mechanism but also opens up new
possibilities for controlling the cooling dynamics through
manipulation of magnetic field parameters. This cooper-
ative  cooling  effect  could  have  important  implications
for future precision measurements and quantum simula-
tions involving multicomponent Bose gases. 

5   Discussion and conclusions

mF = −1

mF = +1 mF = 0

z

According  to  our  theoretical  model  and  experiment
results, three methods for obtaining spin-pure states via
evaporative  cooling  can  be  proposed.  First,  to  obtain  a
pure  state,  the  magnetic  quadrupole  trap  zero
point  needs  to  be  adjusted  to  a  position  far  above  the
optical  trap.  The  gravitational  compensation  effect  of
the magnetic quadrupole trap should be utilized, and the
magnetic  quadrupole  trap  must  be  applied  over  an
extended period. At the end of this period, the intensity
of  the  optical  trap  should  be  slightly  less  than  the
compensating gravitational force, ensuring that atoms in
the  and  states  evaporate  out  of  the
system along the -direction.

mF = +1

mF = −1

Secondly, to obtain a pure  state, the method
is  essentially  the  same  as  that  for  the  state,
except  that  the  magnetic  quadrupole  trap  zero  point
needs to be adjusted to a position far below the optical
trap.

mF = 0Finally,  to  obtain  a  pure  state,  a  two-stage
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Fig. 5  Experimental  data  of  the  system’s  magnetic
moment as a function of magnetic field gradient for different
bias magnetic field strengths. The horizontal axis represents
the quadrupole magnetic field gradient, and the vertical axis
represents the total magnetization.
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mF = +1

mF = 0

mF = −1

process  with  different  zero  point  positions  of  the
magnetic quadrupole trap is required. In the early evap-
oration  stage,  when  the  intensity  of  the  optical  trap  is
relatively high, a magnetic quadrupole trap with its zero
point at the center of the optical trap should be applied
to  best  utilize  its  centrifugal  force  on  state,
allowing it to evaporate along the laser beam. Then, in
the  later  stage  of  evaporation  (when  the  optical  trap
must be strong enough to compensate for gravity, otherwise
the  atoms  in  the  state  will  evaporate
completely),  a  magnetic  quadrupole  trap  with  its  zero
point below the optical trap should be applied, allowing
atoms in the  state to evaporate.

In conclusion, this study presents a detailed exploration
of  the  evaporative  cooling  process  in  multicomponent
Bose gases, focusing on the spin polarization control and
the  effects  of  differential  gravitational  forces  on  the
magnetic  sublevels.  By  compensating  for  gravity  with
quadrupole  magnetic  fields,  we  were  able  to  break  the
degeneracy of the magnetic sublevels and create a three-
component Bose gas. Our results reveal that the different
magnetic sublevels,  due to their varying effective gravi-
tational  influences,  lead  to  differential  collision  rates
during the evaporative cooling process. Atoms in higher
magnetic  sublevels,  experiencing  greater  tilt  in  their
potential wells, undergo more frequent elastic collisions,
which  in  turn  facilitate  the  cooling  of  lower  energy
components through cooperative interactions.

The  theoretical  model  we  developed  successfully
explains how these interactions influence the evaporation
rate and the final total magnetization of the gas. Experi-
mental  results  corroborate  our  model,  showing  a  high
degree  of  agreement  between  theory  and  experiment.
The  cooperative  cooling  effect  observed  not  only
enhances  the  efficiency  of  the  evaporative  cooling
process but also provides a novel method for controlling
the  final  total  magnetization  by  tuning  the  magnetic
field parameters.

This  work  contributes  to  a  deeper  understanding  of
the  dynamics  in  multicomponent  Bose  gases  and  offers
new  insights  into  how  the  interplay  between  different
magnetic sublevels can be exploited to control the cooling
process.  These  findings  have  potential  applications  in  a
variety  of  quantum  experiments,  such  as  precision
measurements  and quantum simulations  [24, 25],  where
the  ability  to  manipulate  the  total  magnetization  and
cooling efficiency could be crucial. 
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