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Resonant spin exchange between heteronuclear atoms assisted by periodic driving
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We propose a general scheme for inducing resonant exchange between spins or pseudospins of unmatched levels
via periodic driving. The basic idea is illustrated for a system of two heteronuclear atoms, for which analytical
results are provided for the effective spin-exchange (SE) interaction strength. It is then applied to the mixture of
2Na and ¥Rb atoms with a radio frequency or microwave field near resonant to the mismatched Zeeman level
spacings. SE interaction engineered this way is applicable to ultracold quantum gas mixtures involving spinor

Bose-Bose, Bose-Fermi, and Fermi-Fermi atoms.
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I. INTRODUCTION

Spin exchange (SE) is among the most elementary two-
body interactions in quantum many-body systems. Between
two neutral atoms, this exchange can occur within valence
electron spins, nuclear spins, or between the electron and
nuclear spins. Its coherent teeterboardlike coupling facilitates
excitation exchange between two spinor particles and plays
an important role in interesting quantum phenomena ranging
from versatile magnetic ordered states such as ferromagnetic or
antiferromagnetic phases [1,2], collective atomic spin-mixing
dynamics in both bosonic [3—12] and fermionic [13-16] quan-
tum gases, etc. SE can also be employed for spin-squeezing
and entangled state generation and preparation in atomic spinor
systems [17-20], and for coherence and quantum state transfer
in quantum information studies using color centers or NMR
techniques [21-26].

SE interaction between heteronuclear atoms is typically
small or even minute in magnitude compared to other energy
scales, such as the density dependent mean field, linear or even
quadratic Zeeman shifts, etc. Controlled SE is thus difficult
unless a resonance is encountered. Between atoms of the
same species, this exchange resonance naturally appears due
to their identical pseudospin construct, i.e., with the same
level spacing, as has already been studied extensively for spin
mixing in 8’Rb atomic Bose-Einstein condensate (BEC) [8,9].
Iftwo atoms inthe F = 1 ground states are initially prepared in
the mp = 0 state, SE flips one atom spin up into the mp = +1
state, while the other one gets flipped down into the mp = —1,
or vice versa. For Rb atoms, this interaction is calibrated by
a spin-dependent scattering length ¢, ~ 0.3 (ag) < 0, which
denotes a ferromagnetic interaction (with ap the Bohr radius).
It is much smaller than the spin-independent scattering length
co ~ 100 (ag) > 0. At realized condensate densities, |c;| is
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typically not more than a few Hz. The quadratic Zeeman shift,
which differentially detunes the level spacings between the
up (lmp =0) — |mp = 1)) and down (jmp =0) - |mp =
—1)) flips, causes the SE to be off resonant. Thus despite
the null out of the linear Zeeman shifts respectively for the
up and down spin flips, observation of coherent spin mixing
limits the background bias B field to be around 1 G. Further
tuning around the resonance can be accomplished via the ac
Stark shifts from a dressing microwave coupled to the F = 2
manifold [17,27,28]. In NMR physics, spin exchange between
electronic and nuclear spin can be tuned by Hartmann-Hahn
double resonance (HHDR) [25,26,29], since nuclear spin is not
sensitive to external field.

In addition to spin mixing dynamics, recent studies in
SE also concern the physics associated with interspecies SE
interactions in mixtures of heteronuclear atoms and their
properties such as the ground-state phases and entanglement
[30—40]. The first SE driven coherent heteronuclear spin
dynamics are observed in an ultracold bosonic mixture of (F =
1) ¥Rb and **Na atoms [40], which is nicely described by
mean-field-based theories as in single atomic species [32,39].
The dynamical effort of SE interaction O((Sf)s(_b) + s(_“)sf))
between two unlike (7 = a, b) spin-1/2 atoms (5) heavily
depends on their differential Zeeman shifts. For the case of
87Rb and *Na atoms in the F = 1 ground states mentioned
above, their Landé g factors are essentially the same because
of their equal nuclear and electron spins. Hence an accidental
interspecies SE resonance occurs at B, ~ 1.69 G, a small
but nonzero B field. More generally, the Landé g factors for
unlike atoms can be very different, leading to a large Zeeman
level spacing mismatch (~1 MHz) even at a moderately low
magnetic field (~1 G). Such a large detuning can completely
overwhelm the typical rate |c;| of SE. The other option of
working at a near zero bias B field is difficult due to the
experimental challenge of controlling the (fluctuating) ambient
magnetic field.

This paper presents a general scheme for promoting res-
onant SE between heteronuclear atoms by compensating for
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FIG. 1. (a) Schematic illustration for interspecies SE assisted by
periodic driving. (b) The time-dependent detuning §(¢) (black solid
line) in the presence of the drive with a period T = 27 /w. Effective
interspecies SE occurs when [§(¢)| < ¢ (blue shaded region) for the
(red) highlighted time windows for various driving amplitude Q < 4,
Q=34,Q26 and Q> 4.

their energy-level mismatch using an appropriately modu-
lated B field or rf field. The idea of periodic modulation
is widely employed in the cold atom system as means for
quantum control, such as in affecting photon-assisted tunneling
in optical lattice [41-45] and generating correlated hopping
[46,47]. The basic idea of our proposal is illustrated in
Fig. 1 with the modulation frequency resonant to the level
spacing mismatch. Such a scheme is of course limited to
realizable frequency ranges of available technologies. The
different Landé g factors for the heteronuclear atoms result
in the different couplings with the modulated B field. As we
will show in the following tuning the amplitude and/or the
frequency of the driving field controls the interspecies SE
dynamics. We will first illustrate the basic operation of our
scheme for a simple model of two unlike atoms. The result
obtained is then applied to a realistic experiment of 8’Rb and
2Na mixture, accompanied with detailed numerical simula-
tions. Perspective applications to more general cases are then
discussed together with a realistic assessment of the potential
restrictions.

II. TWO ATOM PHYSICS

Without loss of generality, we assume an isotropic in-
terspecies spin-spin interaction (SSI) of strength ¢ between
the two heteronuclear atoms. The model Hamiltonian thus
becomes

H = hwgsl® + hwps” + s s + Hpr), (1)

Hp(t) = h€2, séa) coswt + h<, sz(b) cos wt, 2)

where sl(ﬁ) (u=x,y,z, and n = a, b) denotes the spin-1/2
matrix for atom 7 with level spacing /iw, between spin up |e,)
and down |g,) states. Hp(t) describes the couplings between

atoms and an external periodic driving (B) field along the z-

axis direction. Other forms of coupling such as ocs'™ or ocs!”

give similar results and will not be discussed here explicitiy.
For better presentation, we consider the simple model with

quadratic Zeeman terms from both the static and driving field
omitted. As we show in Appendix B, such a simplification
causes no major error provided the resonant driving frequency
is biased to compensate for the net quadratic Zeeman shift,
i.e., the physics remains the same with a biased shift to the
resonance frequency of the driving field.

Even at a small B field, the mismatch between the pseu-
dospin level spacings for two unlike atoms can be much larger
than their SE interaction, i.e., § = w, — wp > |c|/h, assuming
w, > wp. Thus efficient SE dynamics calls for suitable level
shifts to compensate for this mismatch. ac Stark shift from
a microwave field is often employed, although it provides
for only a small 6 [27,28]. Our idea is instead to apply an
external w-polarized oscillating rf or microwave field with
frequency w ~ §. As illustrated in Fig. 1(a), when the above
condition is satisfied, the interspecies SE |g,, ) <> |es, &b)
can hit a resonance assisted by the absorption or emission
of an oscillation quantum (or photon) of energy fiw. The
instantaneous level mismatch between the two-atom states
|g., ep) and |e,, gp) reduces to 8(t) = (w, + 2, coswt) —
(wp + 2pcoswt) =6 + Q2 coswt. The differential coupling
Q=Q, —Q, tunes SE into resonance §(t) ~ ¢ analogous
to differential Zeeman shifts tune a magnetic Feshbach res-
onance, albeit at selected instants due to the explicit time
dependence here. At a fixed w, the windows for near-resonant
SE within one driving period are highlighted (red) in Fig. 1(b)
for various driving amplitude. The largest time window appears
for 2 2> &, which is more rigorously confirmed by the Floquet
theory.

In the high-frequency limitw ~ & > ¢/, an effective time-
independent Hamiltonian emerges

Her = i(w, — ©/2)s + h(wp + /2)s?

— Cepp 8 - 8P + &5 s D), 3)

as detailed in the Appendixes below with c.f = ¢J1(2/w) and
¢ = c[l — J1(2/w)]. The minus sign in front of c.¢ does not
imply that the SSI has changed its sign entirely due to the
followup term ocss{"). For our idea to work, the coupling
amplitudes for the two atoms must be different, i.e., 2, #
Qp or Q # 0 as otherwise cesf = 0. Our proposal thus can be
applied when the two atoms are coupled to a driving field with
different strength, a condition that is almost always satisfied
for heternuclear atoms when their pseudospin states exhibit
different Landé g factors.

The analytical results above are confirmed by numerical
simulations for the full dynamics including the periodic drive
até = w, — wp = 3 kHz and ¢/h = 10 Hz (satisfying § > c¢).
The simulation starts with the two atoms initially in the state
|84, ep). Figure 2 shows the nice agreement between analytical
and numerical results. The peaks for both the period and
amplitude are located at A = w —§ =0 as expected. The
numerical result for the effective SE interaction strength, as
shown in Fig. 2(d) (red dashed line), is derived by matching
the frequency of spin population oscillation (from Fourier

analysis) to the analytical result \/4cZ; + A2/2 given by
effective Hamiltonian (3). We fix A = 0 and change 2 such
that c.gr reduces simply to the frequency of spin oscillation.
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FIG. 2. Numerical results compared to analytical ones for § =
w, —wp =3 kHz and ¢/h = 10 Hz with detuning A = @ — 4. (a)
Time evolution of fractional populations for A =5Hzand Q = w =
8. Spin oscillation periods (b) and amplitudes (c) from numerical
evolutions with the original Hamiltonian Eq. (1) (black solid lines)
and the effective Hamiltonian (red dashed lines). (d) The dependence
of ceron Q2 at w = §. The red dashed line denotes the analytic formula
ceit = ¢J1(2/w), while the black solid line is based on the oscillation
periods computed from the dynamics of the original Hamiltonian.

III. SPINOR MIXTURE OF *Rb AND **Na

We next extend the above discussion for two atoms to a
mixture of bosonic spinor *Na (n = a) and 8’Rb ( = b)
atoms in the ground F = 1 states [40]. This represents a special
case as their level spacing mismatch is smaller because the
nuclear and electronic spins for both atoms are the same. Their
near-resonant interspecies spin dynamics are recently observed
around B. ~ 1.6 (G). In the off-resonant case when their
energy-level mismatch is much larger than the interspecies SE
strength, this combination still represents a nice example to
test our idea of periodic driving assisted resonant SE.

The model Hamiltonian is detailed in the Appendixes
with m, the atomic mass and pu =mmy/(m; + m;) the
interspecies reduced mass. V; denotes the trap potential and p,,
and g, are respectively the linear and quadratic Zeeman shifts,
while ¢ and ¢} label the intra-atomic density-density and
SE interaction strengths. The interspecies spin-independent,
spin-exchange, and spin-singlet pairing interaction strengths
are denoted by «, 8, and y as before in studies of binary
mixture SE dynamics [32] and their values are known to be
(a, B, y) = 2w h’ag/iu x (78.9, —2.5, 0.06) for this mixture.

The experiments of Ref. [40] are carried out for a >*Na
atomic BEC with a cold thermal 8’Rb atomic gas in an optical

dipole trap. Their dynamics are governed by the following
coupled equations:

hZ
2my

9
iﬁEqﬁ = [— V% — p.F, + q.F?

+ Vo + ¢ Tr(na) + ¢ (91 Fg) - F]¢

+ [a Tr(np) + B Tr(Fny) - F + yUplp, (4)
P 1
= Y+ VLV, -V, —[u,
ot m, rf+ rVpb Pf+lh[ f]
1
+ E{VrUa Vi fh (5
with
U =—pyF. + qpF> + ' Tr(ny)
+cny + P Tr(Fny) - F + ¢PFny, - F
+a Tr(ng) + B Tr(Fny) - F 4 yUy,, (6)

where the Na condensate is described by its mean field
¢ = (¢a) = (b1, do, #-1)" and (n,);j = ¢%¢; and the Rb gas
is described by the collisionless Boltzmann equation in terms
of the Wigner function f;;(r, p, t) = (/1'/% f;(x, p)e 1 H1/")
and  fi; = [dve Pl — v /2 +1/2). We
define  (ny(r,0)); = [dpfij(r,p,1)/Q2uhy’,  Up)ij =
(=1~ (mp)/3. and Uiy = (—1)' (n4)72/3 with © = —i.
When one atomic species is noncondensed, the single-mode
approximation (SMA) [40] is well satisfied for both atomic
species. The resulting simplified equations above form the
basis of our numerical study.

The accidental resonance reported in Ref. [40] at B, ~
1.69 G is between the two atom states |m5§‘) =0, mﬁf) =
—1) < |—1, 0). Away from this resonance with either increas-
ing or decreasing B field, the interspecies SE dynamics are
suppressed. Our scheme comes with a w-polarized periodic rf
or microwave field coupled to the atoms.

At B = 2.2 G, for instance, the level spacing mismatch
between the two atom spin states |0, —1) and |—1,0) is
8 ~ 2 x 227 Hz, which is much larger than the typical SE
strength 8. The intraspecies spin dynamics are also suppressed
due to the large quadratic Zeeman shifts at this B field. We nu-
merically explored this case for both balanced and imbalanced
populations of 8’Rb and >*Na atoms, starting with a coherent
superposition internal state for both species. To promote strong
effective interspecies SE, the strength of driving field is taken to
be at By = 0.51 G, exactly the difference between B = 2.2 G
and the resonance point 1.69 G. The total magnetic field
becomes By, = (By + Bj cos wt)é,. The driving frequency w
is varied in the vicinity of the two atom resonance wy = 27w X
254 Hz with detuning A = w — wy. The quadratic Zeeman
effect of driving field is fully taken into account as shown
in Appendix B. For the balanced case with N, = N, = 6 X
10* atoms, we consider an initial configuration with 50%
population of Rb (Na) atoms in the state | — 1) (|0)), 40% in |0)
(] — 1)), and 10% in | + 1) (] + 1)). For the unbalanced case
of N, = 6.33 x 10* and N, = 10.40 x 10*, the initial states
for both atoms are prepared with 36% population in state |0),
57% in |—1), and 7% in |+1) approximately. The resulting
near-resonant interspecies SE dynamics are shown in Fig. 3.
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FIG. 3. Dependence of SE dynamics on w for Rb (red line) and Na (blue line) atoms at By = 2.2 G, where the Zeeman energy-level
spacing mismatch between the two spin states |—1, 0) and |0, —1) is § >~ 2w x 227 Hzand B; = 0.51 G. (al),(a2) Coherent spin oscillations of
balanced (al) and unbalanced (a2) atomic populations at different detuning. The black dashed lines denote populations of state |1). (b1),(b2) The
dependence of oscillation amplitude on A for balanced (b1) and unbalanced (b2) mixtures. (c1),(c2) The same as above but for the oscillation

period in balanced (c1) and unbalanced (c2) mixtures.

Both the amplitude and period of spin oscillations are found
to tune with w. The resonance peak is seen to be shifted from
the two atom case of A = 0 due to mean-field interactions,
while the width of resonance remains of the same order as that
induced by the bare SE interaction strength at weak B field
shown in Ref. [40]. It is interesting to point out that for the
controlled SE dynamics the periodic external drive introduced
does not seem to affect other SSI channels since it does not
induce single-particle excitation as shown in Figs. 3(al) and
3(a2) (black dashed line).

Finally we note that our idea for controlled SE as discussed
differs from both the recently demonstrated scenario [40] and
the widely known HHDR applied in NV center [25,26]. The
first scenario is based on shifting of the resonance field B, with
an optically induced species-dependent (time-independent)
static synthetic B field. Complications to balance the amount
of species- and spin-dependent vector light shifts do not arise in
our scheme. In the second scenario, at least one of the atom sys-
tems is in strong driving limit and being dressed by the external
field. Resonant spin exchange occurs when the dressed states
splitting matches the level spacing of another atom. While, in
our case, the spin state is neither dressed nor flipped by driving
field and collective spin dynamics occurs due to inherent SSI
between atoms. Thus our idea is more generally grouped
into Floquet engineering and can be applied to tune effective
interspecies SE for various types of spinor atomic mixtures.

IV. CONCLUSION

In conclusion, we present a general scheme to engineer
resonant heteronuclear atomic spin dynamics by applying a
periodic coupling field. This applies for interatomic species
spin dynamics when the Zeeman energy-level spacing mis-
match between the two species is much larger than their

SSI strength. Our method is applicable to several ongoing
mixture experiments, and is illustrated for the mixture of
2Na and ¥'Rb atoms where spin dynamics were previously
observed in the F =1 ground states at near zero field. A
simple calculation using Fermi’s golden rule shows that the
inelastic decay rate associated with SE collision is about
10~ cm3s~! for the 2 Na-3"Rb atom mixture, which should
provide for a sufficiently long lifetime to carry out the proposed
periodic modulation experiment. Another promising candidate
system for applying our idea is the ®Li-**Na (Fermi-Bose)
mixture, which exhibits two zero crossings for the Zeeman
level mismatch at B =0 G and B = 70.2 G between the
|—1/2,1) < |1/2,0) states [48].
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APPENDIX A: DERIVATION OF THE EFFECTIVE
TIME-INDEPENDENT HAMILTONIAN

By applying a time-dependent unitary transformation

Ul(t) = et =s)/2=i ['dr Ho(™/h for the periodically time-

dependent Hamiltonian, we obtain
H=U'HU —inU'3,U
—h O\g@ 4 g CVe® 4 cA()S@ . g®
= wa—z s+ wb+5 5.7+ cA@)$ - s

+ cB(t)(s)(r“)s;b) - s;“)sff’)) + cR(t)s s, (A1)
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where
A(t) = sin@(t)sin0'(1) 4+ cos O(r) cos 0'(t),  (A2)
B(t) = cosO(t)sin@'(t) —sinO(t)cos0'(¢), (A3)
R(t)=1—A(), (Ad)
0(1) = wt /2 + (/o) sin wt, (AS)
0'(t) = —wt /2 + (Qp/w) sin wt. (A6)

When w > c/h, the external field oscillates much faster than
the internal interspecies spin-exchange dynamics. Thus the
effect of the external driving can be averaged within one os-
cillating period T = 27 /w, i.e., (Q(t)) = (1/T)fOT dt Q(1),
with Q(¢) being any quantity oscillating with frequency o.
This is equivalent to the high-frequency approximation in the
general Floquet theory. Based on the identities

(cos (x sinwt)) = Jy(x), (A7)

(cos (wt + x sinwt)) = Ji(x),

(sinf sin@) = | Ji| — )= Jo|l —— )|, (A9
2 w w

(sinf sin@’) = —=|Ji| — )|+ Jo| — )|, (A10)
2 w 10}

(sin@ cos@’) = (cos O sinf’) =0, (A11)

(A8)

we obtain (A(z)) = J1(2/w) and (B(t)) = 0, where Jy and J;
are the Bessel functions of the first kind and Q = Q, — ;.
Thus we obtain the effective time-independent Hamiltonian as
given in the main text.

APPENDIX B: EFFECT OF QUADRATIC ZEEMAN TERMS

The external driving field we discuss is an oscillating
magnetic field, which can induceqquadratic Zeeman shift.
Denote the static magnetic field by By = Boé; and the driving
along z axis as B; = Bjcoswté,, the total magnetic field
becomes

Bt = (Bo + B cos wt)e,. (B1)

According to the discussion in the main context, the strength
of driving B; should be chosen to satisfy B; = By, while
the resonant frequency w is now determined by By together
with B, whose quadratic Zeeman terms were omitted in the
treatment of the main text. To assess such omissions, we
consider spin exchange of two spin-1 atoms a and b with the

following model Hamiltonian:
H = —pa(B)F\” + qu(B)F{"” — pu(B)F"” + qu(B)F.*”
L cF@ . F®
= —pa(Bo)F + q.(By)F/"*
— Po(Bo)F." + qs(Bo) F{"”?
— pa(By)cos a)th(“) — pp(By)cos thz(b)

+[qa(v/2Bo By ) cos wt + q,(By) cos® wt ] F(V?

+[g»(v/2BoBy) cos wt + q,,(By) cos” wt ] FP?

+cF@O.F®) (B2)

where p;, q;(i = a, b) are linear and quadratic Zeeman shifts
of coefficients of atoms a and b, and c is the strength of the
spin-exchange interaction.

We can apply the same unitary transformation discussed
in Appendix A and make use of the fact that (coswt) =0
and (cos? wt) = 1/2 to obtain the time-independent effective
Hamiltonian:

Her = Bo) — = |F@ Bo) + = |F®
et | — Pal O)_E R 21 o)+§ h
1 @2
+ Qa(30)+§qu(31) F;

1 > -
+ |:61b(Bo) + 5%(31 ):| F"? 4 cepF@ - F©,
(B3)

with cer = J1($2/w) and 2 = p,(B1) — pp(B1).

Consider the spin exchange between
|m(1§’), mgf)) =|—1,0) and |0, —1); the resonant driving
frequency for @ now becomes

channels

wo = |pa(Bo) — ps(Bo) + qa(Bo) — q»(Bo)
+ 1ga(B1) — g5 (B,

which is shifted by [q,(B1) — q»(B1)]/2 due to the quadratic
Zeeman effect. To sum up, quadratic Zeeman effect is found
to only affect the resonance frequency of the simple model
discussed in the main text (with quadratic Zeeman terms
omitted), while leaving other aspects unchanged. This is
also confirmed in the full numerical simulation of >*Na-8’Rb
mixture given in Sec. III of the main text.

(B4)

APPENDIX C: MIXTURE OF TWO SPINOR ATOMIC
GASES

The Hamiltonian for the spin-1>*Na (a) and ¥’Rb (b) atom
mixture as considered in the main text is given by

H = Hgy + Hna + Hin,

ot o, 2\
Hy, = | dr @] _%V + Vo = paF:+qoF7 | i

(a) (a)
ey’ miata n O ais . s
+ OT¢,-T¢;¢]‘¢1' + 27(]5;[(1511(1?)1‘]‘ B,

s K2 R
Hyp = /drwj (—2—v2+ Vi —prz+qu3>1/n
mp
(b) (b)
+ 0 G+ 23 ) Ein
2 RS RO RS 2 i Yk ij kLYY js
Hip = / dr o ¢ig b+ BBl - i

S Y
+y%wi*¢ii¢_jx/fj, (C1)

023601-5



JUN-JIE CHEN, ZHI-FANG XU, AND LI YOU

PHYSICAL REVIEW A 98, 023601 (2018)

where F,,. are spin-1 matrices, my, Vs, pp, and gp
(my, Vy, Pas qq) respectively denote the atomic mass, trap
potential, and linear and quadratic Zeeman shifts of the b
(a) atom. c(()b) and c(zb) (c(()“),c2 )) are the density-density
and the spin-exchange interaction strength between b (a)
atoms. «, 8, and y represent the interspecies spin-independent,
spin-exchange, and spin-singlet pairing interaction strength.
Their values are known to be (,f,y) = 2nh%az/pn x
(78.9, —2.5,0.06), where u is the reduced mass of b and a
atoms and ap is the Bohr radius.

In the experiment of Ref. [40], a spin-1 mixture of a cold
thermal 3Rb gas with a *Na condensate is prepared in a
crossed optical dipole trap. Their dynamics are governed by
the following coupled equations:

h2
2mg
+cf Trna) + ¢ (9'Fg) - F|g
+aTr(ny)e + BTr(Fny) - Fo + yUyp, (C2)

9
ihgqs = [_ V2 — p.F, 4+ q.F + V,

ad P 1
L f=m e N f + ViV Vo f + —[U,
8tf m rf+ rVb pf+lh[ f]

b
+ %{VrU, Ve [}, (C3)
with
U=—-pF,+ qu2 + ¢y )Tr(n(b)) + Co n(b)
+ P Tr(Fny) - F + cSFny, - F
+aTr(n,) + BTr(Fn,) - F + ylUy, (c4

as given in the main text. In deriving the above equations, we
have taken the mean-field approximation for the a condensate

with ¢ = (@) = ($1.¢o. ¢-1)" and define (n,);; = ¢:.
The standard collisionless Boltzmann equation is adopted
to describe the dynamics of a thermal b gas with the help
of Wigner function fi;(r,p,t)= (e'?"/" fi;(x, p)e=H/m),
where fi; = [ dr'e= /")l (x — r'/2)i;(x +1'/2). We also
define  (n,(r,1)); = fdez,(l' p,1)/Quhy, Uy =
(=1 (np)57/3, and Uy )ij = (=1) "/ (na)57/3 with i = —i.

When the confinement trapping is strong [40], we can
further simplify the above equations by adopting the single-
mode approximation (SMA) for both atomic species, i.e.,
take ¢(r, 1) = $(r)& (1) and f(r, p, 1) = f(r, p)ogy(t), where
é(r) and f(r, p) are the same spatial modes of >*a and ¥'b
spin components and Tro = 1, £7& = 1. Defining T = éj &,
we thus obtain

d
ihaf = [Uggc, 71, (&%)
0
lhgo— == [UTG’ O—]a (C6)

with

Upec = —paF; + anzz +cSnTr(Fr) - F

IN IN
+ i FbTr(Fa)-F+yﬁ’C F”ug, (C7)

Urg = —puF, + gy F2 + 3" Tr(Fo) - F + c5i'Fo - F

N, N,
+ Bii'c / Tr(Ft) F+ yi' | NbU,, (C8)

where 71'¢ = fdr[Tr(nb(r))]Tr[(na(r))]/«/NaNb, i“ = [dr
[Tr(ng ()P /Nay ' = [de[Te(np ()P /Np,  Us)ij =
(=1~ /o 7/3,and (Uz);; = (— 1)~ ft /3. N, and N, denote
the total numbers of @ and b atoms, respectively.
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