PHYSICAL REVIEW B VOLUME 56, NUMBER 22 1 DECEMBER 1997-II

Electronic spin resonance of a weakly interacting Bose gas
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Study of the physical properties of Bose condensed gases has recently become a very active topic due to the
experimental realizations of Bose-Einstein condensation in magnetically trapped gases of alkali atoms. In this
paper we theoretically study the microwave electronic spin resonance of a weakly interacting Bose gas. For a
Bose gas above the critical temperature for Bose-Einstein condensation, the microwave radiation induced by
the driving microwave field in the electronic spin resonance exhibits the ordinary Rabi oscillation damped by
the inhomogeneous Doppler dephasing. For a Bose gas with a condensate, the induced radiation is composed
of two components. One is the strong coherent Rabi oscillation from the condensate. The other is a modulated
Rabi oscillation due to the noncondensed part of the gas. We show that the modulation of Rabi oscillation of
the noncondensed gas is directly related to the elementary collective excitation of atoms in the gas.
[S0163-182607)02246-1

I. INTRODUCTION fine atoms in a U-tube hollow fiber cavi/! or a gravity
cavity *?

In recent years, the study of different physical properties In this paper, to simplify our analysis, we are not con-
exhibited by an ultracold atomic gas in the presence of agerned with the techniques for trapping atoms. We consider a
electromagnetic field has been one of the most active rehomogeneous, weakly interacting Bose gas in the thermody-
search topics in quantum optics and atom optics. The experl@mic limit as our example system. Furthermore the Bose
mental success with generating Bose-Einstein condensates @S discussed here is not limited to an ensemble composed of
atoms in magnetic trap< is offering a new challenge in this lkali atoms. It may mcludeégther ensembles such as an ex-
area. Current research focuses on several aspects for diffdffon gas in semiconductdrs™ or even superfluid heliurff

ent purposes. Studies of weak light scattering from Bosérhe latter cases are closer to the homogeneous Bose gas.

condensed gases are stimulated by seeking for optical signa- This paper is organized as.follows: in Sec. 1l we bnefly
tures of Bose-Einstein condensafe® Theoretical studies introduce the vector quantum field theory for a two-state spin

towards generation and applications of ultracold atomicSyStem which we have developed for the electronic spin
| 9 d coh t at bp h tom | echo®® In Sec. IIl, we study the magnetic resonance coupling
sampies and coherent alomic Sources such as atom 1asers,fi, weakly interacting Bose gas to a stationary microwave

atom optics started before the realizations of Bose-Einsteiflg|q through the transition between the ground-state Zeeman
condensatioBEC) in magnetic trap§~**and are attracting g plevels. The induced microwave signal by the driving mi-

strong interest both theoretically and experiment&y’  crowave field is calculated in terms of the quantum field
For example, very recently the MIT group has demonstrate@quation given in Sec. Il. The Rabi oscillation of the signal is
an output coupler for a trapped Bose-Einstein condensatgisplayed and the dependence of the signal on the tempera-
which could be regarded as a rudimentary version of a pulsefire of the gas is analyzed. The difference between the Rabi
atom lasef® The other aspects involve understanding thepscillation of the signal from a Bose gas with a condensate
BEC in atomic traps and collective quantum dynamics of theand that without a condensate is discussed. The conclusions
trapped Bose ga&®313’|n this paper we propose to study are drawn in Sec. IV.

the Rabi oscillatioff of a Bose gas in the regime of elec-
tronic spin resonancéESR). To observe the Rabi oscillation
in the microwave ESR, a strong stationary microwave field is
used to excite the electronic spin-flip transitions of atoms in A sample containing magnetic dipoles might be expected
the Bose gas. In the ESR regime, the heating and loss @b interact with the magnetic component of a microwave
atoms due to incoherent spontaneous emission can Wbadiation in the presence of a static magnetic field. The static
avoided since the electron-spin magnetic dipole transitiongnagnetic field leads to different Zeeman levels in terms of
have extremely long spontaneous-emission lifetimes. But fothe magnetic quantum numbers. The microwave radiation
a magnetically trapped atomic gas, the spin-flip transitionsan induce transitions between these Zeeman levels. In terms
can lead to a loss of atoms due to the spin-dependent tra@f the ESR selection rules, for a single-electron system with
ping potentiaf® Such a loss limits the observation of Rabi spin S=1/2 , only the spin-flip transitions between two Zee-
oscillation in the ESR regime for atomic gases confined bynan levels is involved. As an example, we consider the
spin-dependent traps. However, the difficulty can technicallyground state?S,,, of alkali atoms with total nuclear spin

be overcome by confining atoms in other spin-independenit=3/2. The static magnetic field prepares the atoms in the
traps before applying the microwave field. For example, wedoubly spin-polarized state 1.7 ,)=|Ms=1/12M,=3/2).

can employ the techniques developed in atom optics to corHence only the transition between the statgs.],)

Il. VECTOR QUANTUM FIELD THEORY
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=|Mg=1/2M,;=3/2) and ||c]n)=|Ms=—1/2M,=3/2) 0.8
can occur in the ESR regime. Similarly for an exciton gas,

we are only concerned with two electronic spin statesy %%
[Te)=|Ms=1/2) and||c)=|M¢=—1/2). In this paper, we
will limit our discussion to a Bose gases with only two in-
ternal Zeeman levels. In this case, the Bose gas can b
treated as a two-component vector quantum ftéld,

T=1mK
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Including the two-body interaction, the quantum field equa-

. . FIG. 1. The microwave induced electron-spin-resonance Rabi
tions for the two-state field components have the f8fms P

oscillation of a Bose gas above the critical temperature for BEC.
The temperature for the gas is chosen tollzel mK.
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ot 2m to2 Eq. (2.2 becomes a linear vector field equation and its solu-
" to Ul tion can easily be obtained in the momentum space by the

hxa(2dngntdapa) g, following Fourier transformation:

I [ h2v? ]

— =i —u—hA} L.

at 2m ’ Ya(F.)= 2 ag(t)exili(k—ky) ],

R &7 T T k
5 € W+ x (20 + i) o,

. 1 -
(2.2 ¢2<r,t)=—vz br(t)exp(ik-r), 3.0
k

whereky, is the wave vector of the microwave field apd
the chemical potential of the gas. Equatitth2) has been
transformed into the rotating frame with the frequengyof

where V is the volume occupied by the gas. Substituting
equation(3.1) into equation(2.2), we obtain the expression

the microwave fieldH,(t)=2Bcos(wot). The parameter ) e )
A= wy— w, denotes the detuning of the microwave field fre- i( (b :< (. %) IQ/Z) a"(t)) 3.2
quency from the atomic Lamor frequency and the resonance tl bi(t) i1Q/2 —iog) \ b))’

condition A=0 is considered in this paper. The Rabi fre-

quency Q=2s,,- B(t)/% describes the electronic spin-flip Wherefiwg= fi?k?/2m is the kinetic energy of the gas, and
transition between Zeeman levels. The nonlinear terms i¢=%Kk-k/m the Doppler shift due to the center of mass
equation(2.2) arise from interparticle interactions in the gas. motion of the atoms in the gas. In terms of E¢3.1) and
For a Bose gas composed of alkali atoms, these terms corré3.2), the signal induced by the driving microwave field is
spond to the triplet state collisions between atoms. For agiven by

exciton gas, they phenomenologically describe the interac-

tion between excitons. The nonlinear coefficient is defined as He(t) = s ((F, 1) tho(r, 1) Yexp( —i wgt) +c.C.
xt=4mhar/m with a; denoting thes-wave scattering

length. The factor of 2 in the nonlinear terms originates from oy L .

the Bose enhancement of collisions between atoms in the ZTGXP(IKH'V—Iwot—W/Z)

same states.

>

lIl. RABI OSCILLATION OF A BOSE GAS X E N \/7-%!“( VOt 68, (3.3

To study the magnetic resonance dynamics of the Bose
gas driven by a stationary microwave field, we solve theWe numerically calculate the summation in the momentum
nonlinear vector quantum field equatiof®s2) at a different  space. The atomic numbdl=1/{exd (Ex— u)/kT]—1} is
temperature of the gas. Above the critical temperaliyéor ~ chosen to be a Bose-Einstein distribution. The signals are
BEC, the induced microwave radiation from the gas is af-shown in Figs. 1 and 2. In Fig. 1, we see a damped oscilla-
fected by two types of broadening mechanisms. One is th#on with the Rabi frequency. The damping is caused by the
random thermal motion of the individual atom which resultsinhomogeneous Doppler broadening which depends on the
in an inhomogeneous Doppler broadening through théemperature of the gas. The damping rate is determined by
sample. The other is the collisional relaxation due to thehe Doppler width dp= 2\In2ky\2kgT/m. With the de-
nonlinear terms in Eg2.2). At high temperatures, the colli- crease of the temperature, the damping rate decreases. As a
sional relaxation is negligible compared to the Dopplerresult, we see a Rabi oscillation with almost equal amplitude
broadening. At low temperatures, both the Doppler broadenat the low temperature as shown in Fig. 2.
ing and the collisional relaxation can be neglected. So the Now we consider Rabi oscillation of the Bose gas below
collisional relaxation can be excluded in our discussions fothe critical temperature where a condensate exists. When
temperatures above the critical temperature. In this caséhere is a condensate, E@.2) can be solved by separating
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the condensate component and noncondensed component  ¢7

terms of the generalized Bogoliubov transformation for the T=0.1 uk
vector quantum fields, 3
=
- .. 5
l/fl(r,t):Q’)l(t)qu_lkHr) w2 0.0
1 P — -,
+=2 agtyexi(k—ky)-r],
\/le#o o
0 100 200 300

) 1 . Qt
w2<r,t>=¢2<t>+—VE bi(texp(ik-r), (3.4

FIG. 2. The microwave induced electron-spin-resonance Rabi
k#0

oscillation of a Bose gas above the critical temperature for BEC.
where ¢; and ¢, describe the condensates corresponding tdhe temperature for the gas is chosen tole0.1 uK.

two different electronic spin states. The operatmysand by
describe the corresponding noncondensed component in mo-

Ot - s ,
mentum space. Substituting E@.4) into Eqg. (2.2), we ob- d1(t)~i \/%Sin(T) exp(—iky-r—ixtpot+i6o),
tain the following equation for the condensates:
o[ ¢ xr(pot1da®)  —(QU2)exp(—iKy-T) Ot . _
i )= o , $2(t)~pocod - |exp —ixtpot+id), (3.6
it da) | —(Qr)exp(iky-r)  xt(pot|dal®)
b1 where 6, is the phase of the initial condensate. In the ap-
X b,) 3.9 proximations made above, the condensate exhibits a Rabi

oscillation which is the same as in a single-atom case. This

In deriving Eq. (3.5, we assume a homogeneously ex-result agrees with the recent experiment for an output
tended condensate and neglect the collision-induced correcouplef® of a trapped condensate.
tion from the noncondensed components if the condensate is On the other hand, in the low-temperature Bose con-
big enough. The total densipy,=|¢1|%+|$,|? for the con-  densed gas, except the condensate, a noncondensed part al-
densate is a conserved quantity in terms of €g5). For a  ways exists. The noncondensed part is due to the collective
stationary driving microwave field with an amplitude excitation and the incompletely condensed factor. In terms of
Q> x1|#i|%, Eq. (3.5 has the following approximate Rabi Egs.(3.4) and (2.2), the noncondensed part in the driving
oscillation solutions if the initial condensate is prepared inmicrowave field is described by the following equation in the

the doubly spin-polarized state: rotating frame with frequency, :
. . Ot
—lw_ iQ%5(1)/2 Ziwcsinz(7) %sin(ﬂt)
ai(t) w Ot ai(t)
. - Cc _. -
J bi(t) 1 Qe(t)/2 —lwy 75"1(911) —ZIOUCCOS,.2 7) bi(t)
—=| _t = t ., (3.9
at| a_i(t) Ot o . . a_g(t)
T" —2iwcsin2(—> —Ssin(Qt) iw, —iQ%(1)/2 T"
b’ (1) 2 2 b’ (1)
¢ . i Ot . .
—Sin(Qt) 2i w,co08 > —iQ(t)/2 o
|
where w+ =gt O+ 3w sSit(Qt/2), wi;=wg  sate through the interatomic interaction. In addition, the non-

+3w.c08(Q1/2), w.= x1po IS the collective excitation fre- linear interatomic interaction induces collective excitations
quency, andQ«(t)=Q+iw.sin(Qt) is the effective Rabi Which result in the coupled terms between the operator pairs
frequency. From Eq(3.7) we see several interesting effects. (ag,bg) and (aii;,bT_';) . Being different from those dis-
For the noncondensed component, a time-dependent corregassed in spin echi§,the collective excitations shown in Eq.
tion to the Rabi frequency is induced via the interatomic(3.7) are time dependent. The time dependence is due to the
interaction. The induced term is proportional to the strengttRabi oscillation of the condensate driven by a stationary mi-
of the oscillation field emitted by the driven condensate incrowave field. Neglecting Doppler effects at the low tem-
terms of Eq.(3.6). This means that the noncondensed com-peratures, Eq(3.7) can be solved analytically. This gives a
ponent can “see” the Rabi oscillation of the driven conden-signal emitted by the noncondensed component,
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The signal shown in Eq3.8) is a Rabi oscillation modulated
by an oscillating sine function with a modulation frequency
o= \(0p+4Lw)(wi+ o). The modulation frequency
depends on the kinetic energy of the noncondensed compo-
nent and the collective excitation frequeney. It reflects
the elementary excitation spectrum of the Bose condensed
gas. We numerically solve E@3.7). The exactly calculated
signal is plotted in Figs. @)—3(c) which clearly shows the
0 160 210 ) 200 modulation of the Rabi oscillation. The collective excitation
frequency depends on the density of the condensat&he
s higher the density of the condensate is, the higher the collec-
) tive excitation frequency. As a numerical example, we use
the data from MIT experiment for thé®N, Bose-Einstein
condensatd: m=3.8x10%%g, a;=4.9x107 cm,
po=4x10%cm™3, which give the collective excitation fre-
quency w.=6.8x10* Hz. The modulated Rabi oscillation
corresponding to thé*N, BEC is plotted in Fig. &) with
the Rabi frequency chosen to be=100w.. By increasing
or decreasing the density of the condensate, one can change
) 160 240 320 200 the modulation in the Rabi oscillation as shown in Figs) 3
and 3c).
p In real observation, the modulation component is usually
(©) buried in the total radiation field. However it can be observed
and analyzed by microwave spectroscopy techniques. Hence
this suggests that the microwave spectroscopy techniques
E 0 could be employed to detect the elementary collective exci-
= tation and other information involving the complicated inter-
atomic interaction in a Bose condensed gas.

(a)

Signal
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<
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kel
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IV. CONCLUSIONS

0 80 g 320 400 In this paper, we studied the physical properties of a

weakly interacting Bose gas driven by a stationary micro-
FIG. 3. The mi . . wave field. The Bose gas was treated as a two-component
. 3. The microwave induced electron-spin-resonance Rabli - . .
oscillation of a Bose gas below the critical temperature for BEC.VeCtOr quantum f'el.d' We derived t_he coupled qgantum_ﬂeld
The parameters chosen for the simulation are the temperbtu&® equations ,to descr'be the maQ”et'C resona,nce interaction of
nK, and the densities for the condensatar po=2x 10, (b) the gas Wlth the microwave flelq. By sqlvmg the c_:oupled
po=4X 101 () po=1.2x 10%. quantum field equations, we studied the induced microwave
radiation. For a Bose gas above the BEC critical temperature,
the induced microwave radiation exhibits the ordinary Rabi

AF (1) = fin| (WI(F 0 0T 1)) — @eiQH.Fm/zSin(Qt)) oscillatior?® due to the existence of the driving microwave
2 field. For a Bose gas composed of a condensate, the Rabi
X expl — i wgt oscillation exhibits modulated structures. We show that the
wet) +c.c. . : .
modulation of Rabi oscillation depends on elementary col-
VI | lective excitation of the Bose condensed gas.
~ _eIkH-I’*Ith*IW/Z_
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