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W e have observed spontaneous sym m etry breaking of atom ic populations in the dynam ic phase—
space doublepotential system , which is produced In the param etrically driven m agneto-optical trap
ofatom s. W e nd that the system exhibits sin ilar characteristics of the Ising—class phase transition
and the critical value of the controlparam eter, which is the totalatom ic num ber, can be calculated.
In particular, the collective e ect of the laser shadow becom es dom lnant at large atom ic num ber,
which is regponsble for the population asym m etry of the dynam ic two-state system . This study
may be useful for investigation of dynam ic phase transition and tem poral behaviour of critical

phenom ena.

PACS numbers: 05.70Fh, 05454, 68.35Rh, 32.80P j

T he phenom ena of sym m etry breaking, w idespread in
nature w ith exam ples from coan ology to biology, have
been much studied [, 12, 3]. Recently in a vbro-

uidized granular gas, spontaneous sym m etry breaking
(SSB) of tem perature and population between two com —
partm ents connected by a hole was reported and under-
stood in term s ofthe density-dependent inelastic collision
rates 4, 18]. M oreover there have been m any works on

uctuation-induced transitions in equilbrium [6,14,18] as
wellas far from equilbrium [9,[10,111]. The double well
structure ofthese system s is very sim ilar to the two com —
partm ents of the granularbox, where SSB was observed.
In particular, we have recently studied the atom ic pop-—
ulation transition between two dynam ic phase-space at—
tractors available In the param etrically driven m agneto—
opticaltrap M OT) system [L1].

In this Letter, we report on experim ental as well as
theoretical investigation of SSB of the atom ic popula—
tion between two dynam ic states of the driven MOT .
W e have found that the control param eter for SSB is
the total num ber of atom s in both states: T he popula—
tion equality betw een the two equivalent states is broken
spontaneously above a critical num ber of atom s. This
phenom enon can be well understood as the Isihg-class
phase transition. W e have m easured the critical num —
ber under various experin ental param eters and also ob—
served the tem poral evolution from symm etric to asym —
m etric states above threshold. The SSB m echanisn is
described qualitatively by considering two collective in—
teractions occurring at large atom ic num ber, the shadow
e ect and the reradiation e ect [12,113,114,[153]. In par-
ticular, the m easured criticalnum bers are in good agree—
m ent w ith the analytical and the sin ulational resuls.

T he experin ental schem e is sim ilar to those reported
In previous works on param etrically m odulated M O T
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[11,116], where we observed param etric excitation, 1im it
cycles (dynam ic phase-space attractors), super-critical
and sub-critical bifircation. In particular, the bifiirca-
tions were explained by atom ic double- and triplewell
potentials in the rotating phase space. Due to uctu-
ating atom ic m otions resulting from spontaneous em is—
sions, population transfer occurs between the two states
ofdynam ic double well, which tends to equalize the pop-
ulation of each state Fig.[d@)]. T his atom ic transition
betw een the tw o states oscillating In position space Fig.
1) was con m ed by observing the tem poral recovery of
the population symm etry after em ptying one state. In
this case, the recovering rates are equivalent to the tran—
sition rates [111].

Tt is Interesting to observe that the population symm e~
try, which is equivalent to zero spontaneous m agnetiza—
tion in the Ising spin system , is only m aintained below a
certain critical value of the totalatom ic num ber. Above
the critical num ber, how ever, we have observed SSB of
atom ic population, as shown in Fig.[Q{). The SSB can
be observed underw ide experin entalconditionsofm odu—
Jation frequency £ and am plitude h, from super-criticalto
sub-critical bifurcation regions. T he atom ic populations
w ere sin ultaneously m easured by resonant absorption of
a weak probe laser. T he typicalexperim ental param eters
are as follow s: m agnetic— eld gradient along the atom ic
oscillation direction (z-direction) b= 14 G /an, cooling
laserdetuning = 2.6 , and laser intensity in the z-axis
I, = 0.039I; (Is isthe averaged saturation intensity, 3.78
mW /an?). The intensity on the transverse axes is typi
cally 5 tin es Jargerthan that ofthe z-axis. Them easured
trap frequency is 43.6 ( 2.4) Hz whereas the dam ping
ocoe cient is1604 ( 33) s ! ,which isabout three tin es
larger than that expected in the D oppler theory [L7].

Figure D) presents the nom alized population dif-
ference between the two dynam ic states (1 and 2 with
N; > Njy), p,= N; —-N;)/N versus the total atom ic
number, Nt = N; + N,. As shown in the gure, the
m ain control param eter of SSB is Nt so that SSB (or
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FIG.1l: Snapshot in ages of atom s in two dynam ic attrac—
tors (a) before SSB of atom ic population and (o) after SSB,
taken by a chargecoupled-device (CCD ). T he total num ber
ofatom s is (a) 6.1 10’ and (b) 6.9 107, respectively. The
relative population di erence in () is0.63. Here f = 96 Hz,
h = 0.9, and the abscissas are In unit ofmm .

the Ising-class phase transition) occurs above the critical
numberN .. W e have m easured N; and N, by two inde-
pendent m ethods: CCD in ages ( lled black boxes) and
probe absorption (em pty boxes). N1 was varied by ad-
Justing the intensity of the repum ping laser whilk all the
other trap param eters rem ain xed. Note that we did
not nd any other control param eters other than N :
for instance, the intensity im balance between the + z and

z Jaser beam s did not contribute to SSB for the mmnbal-
ance ofup to 20% , beyond which the atom ic lin it cyclke
m otions were not sustained.

W e have m easured the critical number N . at various
experin ental param eters of £ and h. For example, at

= 0:86,N . decreases gently from 7:9 107 to 4:1 10’
as f Increases from 1:95f; to 24f, (fp istheM O T trap
frequency along the z-axis). At £ = 21fy, & 90 Hz),
N . also decreases from 11:9 10’ to 62 10 ash in—
creases from 0.64 to 0.86. In brief, N. increases with
the transition rate W : when f or h increases, W de-
creases (see Ref. [11] for details), and consequently N .
becom es decreased. However, SSB is not ocbserved out—
side the above region of param eters, that is, near the
super-critical or sub-critical bifiircation points. A round
the supercriticalbifiircation point, W becom es too large
to load atom s enough to produce SSB in our experin en—
tal system . Near the sub-critical bifurcation point, on
the other hand, despite the lIow N ., only the population
of the central stationary state am ong the triple wells In—
creases, w hereas those of the two dynam ic states do not
ncrease above N . [L1].

In order to have a better understanding of SSB, we
have investigated the tem poral evolution of the popula—
tions of each state when SSB occurs. Fiqure[A @) shows
the atom ic populations recorded by the absorption of
the probe laser. As can be found, in the mnitial load-
Ing stage, the number of atom s In each state increases
at the sam e rate and their growth is Indistinguishable
w ith each other. As the lbading process is nished at
about 20 s elapse, how ever, the population of one state
Increases whereas the other state is depopulated. The
fact that the totalatom ic num ber is conserved w ithin ex—
perin ental errors during the SSB process ndicates that
SSB originates not from di erent loading rates to each
state but from the transfer of atom s from one state to
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FIG. 2: (a) Experim ental data of the nom alized popula-

tion di erence , versus the totalatom ic numberN . Here
f=88Hz (= 20fy) and h = 0.86. The solid curve isthe t—
ting by the Ising m odel function wih N. = 6:1( 0:4) 107.
(o) Tem poral evolution of SSB. The split theoretical curves
represent the nomm alized populations of the two dynam ic
states Wt = 65 10" and , = 0:52). The simple sum
of each population, ie., the nom alized total atom ic num ber,
is also shown on the top.

the other. M oreover, when we place a kicking laser near
the center ofthe tw o dynam ic states iIn orderto block any
transitionsbetween the states, the population sym m etry
is recovered. T hese evidences con mn that SSB occurs
due to the atom ic transfer betw een the two states.

Based on the fact that SSB appears above the critical
num ber, one m ay con gcture that the underlying m echa—
nism of SSB is related to the collective e ects of atom s
occurring betw een the two dynam ic states [14,113,114,115].
T here are tw o such collectivem echanism sassociated w ith
theM O T atom s. O ne is the shadow e ect caused by ab—
sorption of the cooling lasers in the z-axis due to atom s
in one of the two states, which results in the reduction
of the laser Intensity for atom s in the other state. The
other is the reradiation e ect that arises when an atom
reabsorbsphotons that are spontaneously em itted by an—
other atom , which produces the repulsive C oulom b-like
forces between the two atom s.

T he reradiation e ect, In fact, contributes as an ob—
staclke to SSB. As the number of atom s in one of the
two states becom es dom inated due to uctuations, the
repulsive reradiation force becom es bigger outside the
m orepopulated atom ic cloud. As a result, this e ect
prevents atom s in the an allernum ber state from being
transferred to the largernum ber state, which results in
the recovery of population symm etry between the two
states. On the other hand, the shadow e ect acceler-
ates atom sto m ove from the an aller-num ber state to the
largernum ber state: due to the bigger shadow e ects
associated w ith the largernum ber state, the net atom ic
force is directed toward the largernum ber state, which
enhances SSB further.

For a theoretical understanding of SSB process, we
have adopted the phase-space H am ittonian-function for-
m alism developed In Ref. [L8] to account for the tran-
sitions between the dynam ic double wells [L1]. W e then
have generalized the approach to include the shadow ef-



fect as well as the reradiation force. T his approach pro-—
vides quantitative analysis of nearly all the fundam ental
characteristics of SSB such as the critical num ber and
the tem poralevolution.
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FIG.3: (@) Ham iltonian function H{ X 1;Y;) Eq. [OD] or
the symm etric state w ithout collective e ects. (o) HY + H?
w ith the shadow e ect included, which leads to SSB in the
phase-space potential. (c) R eradiation interaction H f , which
opposesSSB. ) H 2+ H I+ HE, which show s slightly reduced
SSB with respect to ). HereN; = 3 10°,N, = 1 10°%,

I, = 0035, I = 8I,,b= 14G/am, = 25 ,f= 25,
h = 0:9, and the transverse (longitudinal) spatialw idth ofthe
atomiccloud sR = 1mm R, = 2mm).

From the D oppler equation ofM O T El,lﬂ], one can
derive the phase—space H am ittonian fiinction of an i-th
atom w ithout the collective e ects as,

1
( X%+ SO+ 1)Y?2

N

H{ XY =

where = 2(f 2fp)=hfy, X ; and Y; are the two scaled
canonical variables In the rotating phase space, as repre-
sented in Fig. [@(@). The totalHam iltonian H o w ithout
the interaction tem s is just the summ ation ofeach H ?,
Ho = hi]:Tl H 2. Note that, in our analysis, the two os—
cillating atom ic states can be approxim ated as a static
double well in the phase space Fig.[d@)]. For exam ple,
the right-and left-side cloud w ith respect to the center
of the lim i cycle m otion along the z-axis corresponds
to the positive and negative state, respoectively, in the Y
axis at a given m odulation phase 0of 0 . Note also that
them axin um points in the phase—space potentialin F ig.
3 indicate attractors.

Let us rst consider the shadow e ect that is respon-—
sble for SSB. At the speci ¢ m odulation phase of 0 ,
w e assum e the right-side atom ic cloud is the state 1 and
the keft—side cloud is the state 2. Because of the Zeem an
shift, atom s in state 2 and state 1 absorb preferentially
the cooling lasers propagating in the + z and z direc—
tion, respectively. Now we consider another j-th atom in
state 1 or 2, which absorbs the laserby the am ount I] =

En I,, where E is the absorption cross-section of the

le(xf + Y% Q)

j-th atom and n isthe density ofatom s in the xy-plane.
O ne can then easily nd that each Jaser photon absorbed
by the j-th atom e ectively results in a cooperative force
(or acceleration) on the i~th atom concemed, whosem ag—
nitude isgiven by Cg En I,=I;. That is, when the atom
Jjisn state 1 (ie., in the right-side cloud absorbing the
photons propagating in the =z axis), the direction ofthe
e ective force experienced by the i-th atom is positive
along the z-axis, whereas i is negative when the j-th
atom is in state 2. If one considers, for convenience, the
i~th atom isnearthe center, th§ nete ective foroe exerted
on the i+th atom is given by stIAj=IS = MN; Ny)
Cs Iy =I;. Therefore the i-th atom is transferred to the
largernum ber state on the right (state 1) Fig. Q®)].
N ote that if one considers the phase of m odulation,
although the location of state 1 (2) is now exchanged
to the kft (rght), the net force is still directed to the
largernum ber state of 1.

The Ham itonian H § forthe shadow e ect is then de-
rived as, when summ ed over j in the states 1 and 2,

X
HP Xi;Ys) = (5Y:+ H%);
32152
= N1 NVt N1+ NpH® @)
where ;= = 2Cg L=L > 32 £2 R? (] isas

sum ed independent o%j), Cs = hk =2m (L + 4 %= 2),
= 2 hff= £, = 4 £fi=3Ao( 2%+ 4 2£]), is
the dam ping coe cient, and A  is the coe cient of the
third-order term in the D oppler equation ofM O T ﬂ].
H © is a given coe cient that is practically independent
of j, w th no contrbution to SSB .Here ; isregarded as
having no dependence on velocity and position ofatom s,
which are assum ed uniform ly distribbuted in the xy-plane.
W ew illdiscuss Jateraboutm ore realistic treatm ent ofthe
shadow e ect with M onte€ arlo sin ulations. A s shown
in Fig. @®), the shadow e ect m akes the potential of
the largernum ber state (state 1) deeper, whereas that of
the an allernum ber state (state 2) shallower. A sa resul,
m ore atom sw illbe transferred from state 2 to state 1, re—
sulting in SSB ofthe atom icpopulation. In fact, how ever,
there are com petitions between the shadow -induced SSB
and the uctuation-induced sym m etry-recovering transi-
tion. T herefore the critical num ber is determ ined by the
balance between the shadow e ect and the di usion.
Let usnow consider the sym m etry-preserving reradia—
tion e ect. Figure[d(c) presents the results of reradiation
interaction H }, which reduces the SSB e ect (detailed
expression ofH } w illbe given elsew here) . Brie y speak—
ing, the reradiation e ect increasesthe criticalnum berby
reducing to Cr,whereCgr = Iy ?=4 cB + 8@+
3m2)F6 R, 2 ?f. The cakulation also shows that,
if the transverse laser intensity is over 10 tin es larger
than that of the z-direction laser, the reradiation e ect
dom Inates over the shadow e ect, which inhibits SSB for
every Nt . In practice, we have experim entally cbserved
that the recovery of sym m etry appears at about 20 tin es
the z-laser intensity, which is a strong and independent



evidence that the reradiation hinders SSB .
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FIG.4: (@) p vsNr,obtained by M onte€ arlo sim ulations
wih 10° atoms. The solid curve is a plot of Eq. [). ©)
Sin ulation curves for the tem poralevolution of SSB, in good
agreem ent w ith the experin entaldata Fig.Hd@©)). Here W ¢
= 10s?! andN; = 11IN..

Let us discuss the tem poral evolution of SSB, which
can be described by the sin ple rate equation, d p=dt=

Wi+ o)+ Wad p), where the transition
rate W 12 (21) from state 1 (2) to state 2 (l) is
Woexp( pNr=N.) and N. = D=2 + 1f ().

Here W 3 is the atom ic transition rate w ithout the col-
lctive e ects, D is the phase—space di usion constant
[11],and £ ( ) isan O (1) function [18]. Interestingly, the
above rate equation leads to the steady-state solution
given by

p= tanh( Np=N): 3)

This is a representative equation of Ising—class phase
transition, which is plotted .n Figs.[@) and 4 @).

To m anifest further the relation w ith the Ising m odel,
ket us consider a sin pli ed mod]%l where each atom 1
ejtherb?;ongstostatel (Y; = + 1) or to state 2
Y; = + 1). The activation energy S; due to the

shadow e ect of the j-th atom :I% % f() 5Y;. The
total interaction energy is thus_ hj]TSi = —J/2)
N; Nj)?, whered =2 f£f() + 1. The free en—
ergy of thismodel system isthen F = (@=2)N1 ,)?
+ DN [0+ p)=21In[0+ p)=2]+ [d p)=21In[(1

p)=2lg. The equilbrium valie of , is detemm ined
by the condition @F=Q@ , = 0, which results in =
tanh( pNtJ=D) that is exactly the same as Eq. [
wih N. = D =J. The sin pk analytical values ofN . are
In qualitative agreem ent w ith the experin ental results of
Fig.O@).

W e also have perform ed M onteC arlo sin ulationsw ith
m ore realistic consideration of the shadow e ect and the
reradiation force: we nclided the dependence of 1 on
the position and velociy, the transverse laser-intensity
pro I, and the random forces due to spontaneous em is—
sions. Figure@@) shows  versus Ny, which is very
sim ilar to the experin ental results in Fig. B@). Figure
[A @) presents the sin ulation curves for the tem poralevo—
Jution of SSB. Here we have just included the shadow
e ect and used a di usion constant that is 2.5 tin es the
valie derived from the sin ple D oppler theory. W hen the
reradiation force is inclided in the sin ulations, how ever,
N . is slightly increased and SSB does not occur if the
transverse laser Intensity is over 10 tin es the z-laser in-—
tensity. In conclusion, nonlinear dynam ic study ofdriven
cold atom s m ay be usefiil for dynam ic phase transition
and tem poral dependence of critical phenom ena.
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