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Molecules in a Bose-Einstein 

Condensate 


Roahn Wynar, R. S. Freeland, D. J. Han, C. Ryu, D. J. Heinzen* 

State-selected rubidium-87 molecules were created at  rest in  a dilute Bose- 
Einstein condensate o f  rubidium-87 atoms wi th  coherent free-bound stimu- 
lated Raman transitions. The transition rate exhibited a resonance line shape 
with an extremely narrow width as small as 1.5 kilohertz. The precise shape and 
position of the resonance are sensitive t o  the mean-field interactions between 
the molecules and the atomic condensate. As a result, we were able t o  measure 
the molecule-condensate interactions. This method allows molecular binding 
energies t o  be determined with unprecedented accuracy and is of interest as 
a mechanism for the generation of a molecular Bose-Einstein condensate. 

Bose-Einstein condensation of dilute atomic 
gases, first observed in 1995 (1, 2), has be- 
come a dynamic and wide-ranging field of 
research (3). Dilute gas condensates are sim- 
ilar in certain respects to previously studied 
systems such as superfluid liquid helium, but 
they also exhibit many qualitatively new fea- 
tures. Among the most important is that the 
atoms can bind together to form molecules. 
Molecular recombination in three-body colli- 
sions leads to atomic losses in Bose conden- 
sates (4) , because molecular binding energy 
is converted into kinetic energy. However, it 
is also possible to form molecules coherently 
in a condensate through stimulated recombi- 
nation in two-body collisions. In this case, the 
atoms and recombined molecules may form a 
two-species Bose-Einstein condensate con-
sisting of both an atomic and a molecular 
component, and a very interesting class of 
coherent atomic and molecular matter wave 
phenomena is predicted to occur (5-8). 

We now report molecular formation in a 
dilute gas Bose condensate through coherent 
stimulated recombination of atoms. Specifical- 
ly, we created state-selected 87Rb2 molecules 
by stimulated Raman free-bound transitions in 
an 87Rb atomic condensate (9). The molecules 
were created with a negligible kinetic energy 
and a potential energy of the order of the chem- 
ical potential (-100 nK) of the atomic Bose 
condensate. We probed the molecules spectro- 
scopically through measurements of the stimu- 
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lated Raman transition rate. This rate displayed 
a resonance line shape with a width as small as 
1.5 kHz and more than 10,000 times narrower 
than those of similar resonances previously 
measured in a laser-cooled gas (10, 11). This 
narrow width is a direct consequence of the 
vanishing kinetic energy spread of the Bose 
condensate, and it allowed us to measure the 
molecular binding energy with unprecedented 
accuracy. We found that the molecule-conden- 
sate interactions shift and broaden the transition 
resonance and, as a result, we could measure 
these interactions. 

Cold molecules have been produced and 
detected previously through photoassociation of 
laser-cooled atoms (12). In contrast to our work 
here, these molecules were formed incoherently 
in many different ro-vibrational levels and had 
a relatively large kinetic energy spread on the 
order of 100 pK. Our work is more closely 
related to previous experimental studies of 
Feshbach resonances, which demonstrated dra- 
matic modifications to the interactions between 
ultracold atoms (13). In such a resonance, a 
molecular level very near the dissociation limit 
plays a role as a transient intermediate state in a 
collision of two atoms. In principle, Feshbach 
resonances can lead to the same class of phe- 
nomena as the stimulated Raman free-bound 
coupling we explore here. In either kind of 
experiment, if the molecular level has a suffi- 
ciently long lifetime, its effect on the gas cannot 
be understood simply through the resonant 
modification of the two-body interaction. In- 
stead, the molecules must be treated as a sepa- 
rate population with its own properties and 
interactions with the atomic gas. We realize this 
regime in our experiment. 
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The stimulated Raman process is illustrat- 
ed in Fig. 1. The condensate is illuminated 
with two-laser fields> and of frequency o, 
and o,, wavevector k, and k,, and intensity I ,  
and I,, respectively. A close pair of atoms 
from the condensate in a continuum state If) 
interacts through a potential V,(R). This pair 
simultaneously absorbs a photon from laser 
field 1, emits a photon into laser field 2, and 
undergoes a transition to a molecular bound 
state Ig) of binding energy E. The process 
becomes resonant when Ao = o, - o, = E. 

This resonance condition is satisfied for only 
a single molecular ro-vibrational state, so 
only that state is formed. The momentum 
transferred from the ~hotons  to the molecule 
in this process is h(k, - k,), and is almost 
exactly zero in our experiment, because the 
laser beams propagate in the same direction 
and have a very small frequency difference. 
Because the atoms in the condensate are al- 
most perfectly at rest, the molecules are 
formed almost perfectly at rest inside the 
atomic condensate. 

Our measurements were camed out in a 
Bose-condensed gas of 87Rb 5,SI,,Cf= 1, m, = 

-1) atoms confined in a magnetic trap. Here, f 
and m, give the total spin and spin projection 
quantum numbers of the atoms. Our method to 
produce a condensate is similar to that first 
demonstrated by Anderson et al. ( I ) ,  and has 
been described previously (14). The atoms were 
first captured in an optical trap in a high vacuum 
and were laser-cooled, then were transferred to a 
magnetic "TOP trap (1) and fiuther cooled 
with radio frequency-induced evaporation. The 
number of atoms, the gas temperature, and the 
fraction of the atoms in the condensate were 
measured with a laser-absorption imaging tech- 
nique. For highly evaporated clouds, we could 
produce a gas with a temperature below 130 nK, 
condensate fraction greater than 807'0, conden-
sate atom number N, = 3.6 X lo5, and peak 
condensate density n, = 2.7 X lOI4 cm-3 in a 
harmonic trapping potential va(;) = Mof(xZ+ 
y2)i2 + Mw;zZi2, with ori2.ir = 54 HZ, o Z i  
2 ~ r= 153 Hz, and M the mass of an 87Rb atom. 
We also produced condensates with a smaller 
atom number and density by continuing the 
evaporation further and by adiabatically lower- 
ing the trapping frequencies. 

After the production cycle, we illuminated 
the condensate with the two laser fields for a 
period T between 150 and 550 ms, with the trap 
left on. The TOP rotating magnetic field ampli- 
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tude was 4.8 G. The first laser beam, of fie- 
quency o, - 2 ~ c  was tuned X 12,555 cm-', 
A1/2.rr = 150 MHz below resonance with the 
free-bound transition / f )  -+ le), where le) = 
j0~(-52S1,2 + 5'P,,,); v, J = 0) is an excited 
ro-vibrational level with a binding energy of 23 
cm-'. The important features of this transition 
have been discussed previously (11, 15). The 
level le) is not directly populated to any signif- 
icant degree. The second laser field was gener- 
ated by acousto-optical modulation from the 
first, so that the jitter in Ao was negligible. 
Both laser beams were linearly polarized along 
the TOP trap symmetry axis and were focused 
to waists of about 200 ym, much larger than the 
condensate size of about 10 ym. After the 
illumination period, we measured the number 
of atoms N(T) in the trap with laser-induced 
fluorescence. This fluorescence signal was nor- 
malized to that obtained with no illumination 
period, and therefore provided the fraction of 
atoms N(T)M(O)remaining in the trap after the 
illumination period. In order to measure the 
spectrum of the stimulated Raman transition 
rate, we repeated this measurement for a suc- 
cession of values of Ao. 

Typical spectra are shown in Fig. 2. For 
most values of Am, the laser illumination has no 
effect on the condensate. However, we did ob- 
serve a strong loss of atoms from the trap near 
AwI2.rr = 636 MHz. This loss occurs because 
the lasers resonantly drive stimulated Rarnan 
transitions to the molecular bound state /g),and 
these molecules are subsequently lost from the 
trap at a rate y,. This state is the second-to-last 
vibrational level belonging to the F = 2, M, = 

-2, 1 = 0 potential which connects with- the 
52S,,2Cf= 1, mf= -1) + 52Sl,2Cf= 1, mf= 
-1) dissociation limit, where F and M, are the 
total spin and spin projection quantum numbers 
of the molecule, respectively, and 1is the rota- 

Fig. 1. Stimulated Raman coupling between 
free and bound states of atoms in a Bose-
Einstein condensate. 

tional quantum number. The analysis of similar 
bound states has been discussed for the case of 
"Rb, (1 1, 15). 

The transition linewidth is remarkably nar- 
row, because the usual spectroscopic broaden- 
ing mechanisms are absent. The width of the 
Raman transition depends only on the widths of 
the initial and fmal states / f )  and lg) which are 
radiatively stable because Rb, is homonuclear. 
Both Doppler broadening and the kinetic energy 
spread of the colliding atoms are negligible due 
to the extremely low kinetic energies (<<hw,l 
k, = 7 nK) of the atoms in the Bose condensate. 
The kinetic energy of the thermally excited at- 
oms plays a negligible role, because their num- 
ber and collision rate are small relative to the 
Bose-condensed atoms. We have measured the 
Zeeman shift of the transition frequency to be 
<1.5 W G , so there is no broadening due to 
spatial or time variations of the magnetic field. 
The Zeeman shift is negligible because the mo- 
lecular magnetic moment is equal to the com- 
bined magnetic moment of the two atoms. 

The dominant perturbations to the molecu- 
lar level /g)at high laser intensities are an AC 
Stark shift A&, - P[I,/(A, + E) + 12/Al]and a 
broadening y, - Py,[I,/(A, + E)' + I,/A:] 

(0.9-01)1 271 (MHz) 

Fig. 2. Stimulated Raman free-bound transition 
line shapes in a Bose-Einstein condensate for 
four different peak condensate densities: (A) 
no = 0.77 X 1014 ~ m - ~ ;  (B) no = 1.22 X l oJ4  

(C) no = 1.75 X 1014 ~ m - ~ ;  and (D) no = 
2.60 X 10'4 c m 3 .  Each spectrum shows the 
fraction of atoms remaining in the condensate 
after illumination by the two coherent laser 
fields, as a function of the laser frequency 
difference. The resonant decrease in atom 
number arises from the formation of molecules 
by stimulated Raman free-bound transitions, 
followed by their subsequent loss from the 
trap. The increase in width and center frequen- 
cy of the resonance with density arise from the 
atom-condensate and molecule-condensate 
mean-field interactions. 

induced by the laser couplings to the k)e /e) 
transition, where y, = 271 X 12 MHz is the 
spontaneous emission rate of level le) and f3 is 
a constant. The results of our measurements of 
this shift and broadening for different intensities 
are shown in Fig. 3. The plotted values result 
from a fit of the measured trap-loss line shapes 
to a simple model of the atomic loss in which 
the stimulated Rarnan transition is assumed to 
be centered at frequency E' and homogeneously 
broadened with a width y;. The broadening is 
not power broadening in the usual sense; it 
arises from spontaneous Raman scattering of 
the laser photons by the molecules, which re- 
moves them from the condensate and limits 
their lifetime. The solid lines show the values 
calculated from the expressions given above, by 
taking best-fit values of 6 and the two zero- 
intensity intercepts. The nonzero intercept for 
y; indicates that an additional broadening 
mechanism is present. 

At the lowest laser intensities, the transi- 
tion becomes sensitive to molecule-condensate 
interactions. We determined this with measured 
line shapes for four different trap frequencies 
and three different stopping conditions for the 
evaporation, which yielded condensate num- 
bers Nc ranging from 140,000 to 360,000 and 
peak condensate densities n,at T = 0 ranging 
from 0.77 X 1014cm-3 to 2.7 X lOI4~ m - ~ .For 
these measurements, the laser intensities were 
held fixed at very low values I, = 5.6 W/cm2 
and I, = 0.5 1 W/cm2, which yields A&,/2a = 

9.5 kHz, and y,/2.rr = 350 Hz. In all cases, the 
condensate fraction was initially >80%, and 

Fig. 3. (A) Center frequency E'  and (B) width y' 
of the stimulated Raman free-bound resonance 
as a function of the weighted average laser 
intensity. The coefficients b, = 0.160, b, = 
0.840, c, = 0.035, and c, = 0.965 are propor-
tional t o  the laser detuning factors discussed in 
the text. 
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>70% throughout the laser illumination period, 
as established by independent measurements. 
Figure 2 shows a sample of four of these line 
shapes that span the 111 range of densities. 

The transition line shapes show a clear 
dependence on condensate density. This den- 
sity dependence arises from elastic and in- 
elastic interactions of both the initial pair of 
atoms and the molecule with the condensate 
atoms. Both the elastic and inelastic scatter- 
ing properties can be described in terms of 
complex two-body scattering lengths (16) a?, 
= a:, - ia:,, where i = a for the atom-atom 
scattering and i = m for the molecule-atom 
scattering. The inelastic interactions between 
the Bose-condensed "Rb atoms are negligi- 
ble, so that a:, << <a6,IZ but inelastic atom- 
molecule collisions Rb2(v,lF,MF) + Rb(f;m,) 
-+ Rb2(v',l',F1,M~)+ Rb(f',m;) could occur 
at a significant rate Kifleln(?), where n(?) is 
the atomic density, K,,,,, = 4aha~, /p, ,  is 
the collision rate constant, and k,, = 2Mi3 
is the reduced mass for a molecule-atom pair. 
These collisions could be inelastic in any of 
the internal degrees of freedom including mo- 
lecular rotation or vibration, and they would 
eject the molecule and atom from the conden- 
sate due to the conversion of internal energy 
to kinetic energy. They would also give rise 
to a finite lifetime of the molecules and to 
a broadening of the Raman transition line 
shape. 

The elastic interactions of the particles with 
the atomic condensate are more subtle (Fig. 4). 
They give rise to a mean-field contribution 
U,,(?) = gin(?) to the chemical potential of an 
atom (i = a) or molecule (i = m) in the 

Fig. 4. Mean-field and trap energies for atoms 
and molecules in the atomic condensate, illus- 
trating the inhomogeneous mean-field shifts of 
the stimulated Raman resonance. 

condensate, where gi = 2ah2a,k Ik,, and pa, 
= Mi2 is the reduced mass of an atom pair. This 
expression follows from the substitution of the 
complex scattering length into coupled field 
equations describing the mixed atomic and mo- 
lecular gas (5-8, 17). The value of aAa= 104 a, 
is known from previous measurements (18), 
where a, is the atomic unit of length, whereas 
the values of a;, and a i a  are &own. We 
assume that the condensate is well described by 
the Thomas-Fermi approximation (19). In this 
limit, the kinetic energy of the atoms is negli- 
gible, and both n(?) and U,, are proportional to 
a constant minus the parabolic trap potential. In 
addition, the sum 2U, = 2U,, + 2V, of the 
mean-field and trap potential energy of a pair of 
atoms is independent of position (19). The trap 
potential for a molecule in our case is V, = 

2Va. The mean-field energy Urn, of a molecule 
also follows the inverted parabolic form of n(3, 
but with an unknown coefficient. Therefore, the 
sum U, = U,, + V, of the mean-field and 
trap potential energy of a molecule is spatially 
inhomogeneous. The change in energy in con- 
verting two atoms into one molecule, not in- 
cluding internal energy, is AU = 2U, - U, 
= Agn, where Ag = 2g, - g,. This energy 
difference depends on position in the trap, and 
it gives rise to a density-dependent shift of the 
stimulated Rarnan transition and to an inhomo- 
geneous broadening of its width (Fig. 4). Sim- 
ilar shifts and broadenings have been observed 
in a two-photon transition between atomic 
states in a hydrogen Bose-Einstein condensate 
(20). 

To analyze these line shapes, we divided the 
data into three sets of line shapes corresponding 
to the three different evaporation stopping con- 
ditions. We carried out a simultaneous nonlin- 
ear least squares fit of all line shapes in each 
data set to a model of the trap loss. We assumed 
that the loss of atomic density is given by 
dn(?,t)ldt = -~~~&'n(?,t)~. In this expression, 
KpA = I(O(YI.Y~(?J)/~)/[(A~ ~ ( r ' > t ) ) ~  f 

(y2(?,t)/2)2] is the rate constant for stimulated 
Raman photoassociation, with &(?,t) = E, + 
he, + Agn(?,t)ifi, and y2(r',t) = y, + 
K,,,p(?,t). This form for K,, follows from the 
zero-temperature and large A, limit of two- 
color photoassociation theory (21), or from a 
damped limit of coupled atomic-molecular con- 

is the unperturbed value of the molecular bind- 
ing energy and R(r',t) = (2y, + 3YfleIn)/y2 is 
the average number of atoms lost per stimulated 
Raman photoassociation event, accounting for 
the subsequent loss of an additional atom in an 
inelastic atom-molecule collision. We also as- 
sumed that the initial condensate fraction was 
0.9, that the atoms were lost only from the 
condensate, and that the condensate maintained 
a Thomas-Fermi density distribution through- 
out the illumination period. The fit parameters 
are the values of K,,,E,, a;,, and Y,,, for each 
data set. The curves in Fig. 2 show the calcu- 

&, 17). In this expression, (5-8,densate theory 

lated line shapes for the best-fit parameters 
from the corresponding data set and are in very 
good agreement with the data. From this anal- 
ysis, we obtained ~ d 2 a  = 636.0094 ? 0.0012 
MHz, a;,= -180 t- 150 a,, KLne,< 8 X lo-" 
cm3is, a;, < 110 a,, and K, = 9 x 10-l4 
cm3/s. The error bars include contributions 
from statistical error corresponding to approxi- 
mately two standard deviations, and from esti- 
mated uncertainties in atom number, light shift, 
and possible effects of thermally excited atoms, 
added in quadrature. The results from the three 
data sets are consistent to within the stated error 
limits. 

Our results show that the mean-field shifts 
are responsible for the shift and for most of 
the broadening of the line shapes, and that 
this broadening is inhomogeneous. The neg- 
ative value of a:, implies that the mean-field 
interactions tend to increase the strength of 
the trapping potential for the molecules. We 
do not obtain firm evidence for a nonzero 
inelastic collision rate. Within our allowed 
range for K,,,,,, the lifetime y;' of the mol- 
ecules at a density n = 1 X IOl4 cmp3 could 
lie anywhere in the range from 0.10 to 0.45 
ms. Thus, their lifetime is much less than one 
vibration period in the potential U,(?), 
which justifies our assumptions that the stim- 
ulated Raman transitions occur at a well-
defined position, and that any subsequent 
atom-molecule collision also occurs at that 
same position. For molecular lifetimes much 
longer than the trap vibration period, the 
spectrum would instead consist of discrete 
transitions between the ground vibrational 
state of the initial pair of atoms in the poten- 
tial 2U, and the quantized vibrational levels 
of the trapped molecule in the potential U,. 
Because these transitions can be spaced by 
several hundred hertz, it may be possible to 
produce a molecular gas in its ground state, 
i.e., a molecular condensate, by resolving the 
transition to the lowest trap vibrational state. 
The molecular density when the interaction is 
resonant is nm = I(On2y,ly2 and for our con- 
ditions is at most 1.1% of the atomic density, 
which justifies our neglect of the molecule- 
molecule interactions. 

The atom-molecule interactions are of 
great interest in their own right. They are 
expected to exhibit a wide range of interest- 
ing resonance and threshold phenomena (16, 
22, 23). The collisional interactions should 
depend very strongly on the molecular ro- 
vibrational state; in particular, the inelastic 
rates are likely to decrease rapidly with 
increasing molecular binding energy (22). 
Rotating molecules could exhibit anisotro- 
pic interactions. Further, measurements of 
these interactions, including those present- 
ed here, are of great interest for theoretical 
studies of possible mixed atomic and mo- 
lecular Bose condensates. 

Interesting directions for future work in- 
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clude investigations of output coupling of the 
molecules from the condensate, the formation 
of other bound states, and the dependence of 
the molecule-condensate interactions on the 
ro-vibrational state of the molecule. The 
binding energies of the highest 5 to 10 vibra- 
tional bound states could be measured to a 
precision of about lo-' cm-I, which would 
provide extremely precise information on the 
long-range atomic interactions. The molecu- 
lar cloud might be directly imaged. It should 
be possible to realize the limit in which the 
stimulated transition rate exceeds the molec- 
ular decay rate (8). In this regime, reversible 
formation of a molecular Bose condensate 
from an atomic condensate could occur (5-
a), and further studies of mixed atom-molec- 
ular condensates and nonlinear matter wave 
phenomena would be feasible. 
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demonstrates that the hole introduced by the 
divalent Mn does not occupy d shell or form a 
Zhang-Rice-llke singlet (10) so that, despite a 
strong p-d hybridization, (Ga,Mn)As can be 
classified as a charge-transfer insulator, a con- 
clusion confirmed by photoemission spectros- 
copy (11). 

Zener (12) f ~ s t  proposed the model offer- 
romagnetism driven by the exchange interac- 
tion between carriers and locahzed spins. How- 
ever, this model was later abandoned, as neither 
the itinerant character of the magnetic electrons 
nor the quantum (Friedel) oscillations of the 
electron spin polarization around the localized 
spins were taken into account; both of these are 
now established to be critical ingredients for the 
theory of magnetic metals. We emphasize that 
in the case of semiconductors, however, the 
effect of the Friedel oscillations averages to 
zero because the mean distance between the 
carriers is greater than that between the spins. In 
such a case, the Zener model becomes equiva- 
lent (13) to the approach developed by Ruder- 
man, Kittel, Kasuya, and Yosida (RKKY), in 
which the presence of the oscillations is taken 
explicitly into account. 

We began by determining how the Ginz- 
burg-Landau free-energy functional F depends 
on the magnetization M of the localized spins. 
In the case of the holes residing in the T, 
valence bands, spin-orbit coupling and the kp 
interaction, that is, the mixing of the angular 
momentum basis states associated with the de- 
localization of atomic orbitals, are expected to 
play an important role. Therefore, we computed 
the carrier contribution to F, F,[M], by diago- 
nalizing the 6 X 6 Kohn-Luttinger matrix (14) 
together with the p-d exchange contribution 

Advances in the epitaxy of 111-V semiconductor 
compounds now make it possible to fabricate 
quantum structures in which confined electrons 
or photons exhibit outstanding properties and 
functionalities. The atomic precision of deposi- 
tion and processing has made it possible to 
observe and examine quantum Hall effects, dot 
and microcavity semiconductor lasers, and sin- 
gle-electron charging phenomena, to name only 
a few from many other recent developments 
(I). Therefore, the discovery of ferromagnetism 
in (In,Mn)As (2) and then in (Ga,Mn)As (3) 
enables examination of collective magnetic 
phenomena in a well-controlled environment. 
At the same time, applications in sensors and 
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memories as well as for computing with elec- 
tron spins can be envisaged (4). It is then 
important to understand the ferromagnetism in 
these semiconductors and to ask whether the 
T,'s can be raised to above 300 K from the 
present 1 10 K (3). 

Our theory considers ferromagnetic correla- 
tion mediated by holes originating from shal- 
low acceptors in the ensemble of the localized 
spins in doped magnetic semiconductors. The 
magnetic ion Mn, which occupies the cation 
(Ga) sublattice in zinc-blende Ga, xMn,As  (5), 
provides a localized spin and at the same time 
acts as an acceptor. These Mn acceptors com- 
pensate the deep antisite donors commonly 
present in GaAs grown by low-temperature 

beam epitaxy and produce a p-'ype 
conduction with metallic resistance for the Mn 
concentrationx in the range 0.04 5 x 5 0.06 (6, 
7). din^ to optical studies, ~n in G ~ A ~(15) and by integrating over the rather anisotro- 
forms an acceptor center by a 
ITl~derate binding energy (81, Ea = 110 mev, 
and a small magnitude of the energy difference 
between the triplet and singlet state of the 
bound hole (8,9), AE = 8 -f 3 meV. This value 

pic Fermi volume (inset, Fig. 1). The model 
allows for the presence of strain and arbitrary 
orientations of M. Standard values of the Lut- 
tinger parameters yl and the spin-orbit splitting 
A, were taken as input parameters (16). Ac- 
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