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Ab initio calculation of the KRb dipole moments
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The relativistic configuration interaction valence-bond method has been used to calculate permanent and
transition electric dipole moments of the KRb heteronuclear molecule as a function of internuclear separation.
The permanent dipole moment of the ground-skéf&, * potential is found to be 0.32) ea, at the equilib-
rium internuclear separation with excess negative charge on the potassium atom. &3E th@otential the
dipole moment is an order of smaller magnitudeea,=8.47835 103" Cm). In addition, we calculate tran-
sition dipole moments between the two ground-state and excited-state potentials that dissociate te®)the K(4
+ Rb(5p) limits. Using this data we propose a way to produce singlet * KRb molecules by a two-photon
Raman process starting from an ultracold mixture of doubly spin-polarized ground state K and Rb atoms. This
Raman process is only allowed due to relativistic spin-orbit couplings and the absence of gerade-ungerade
selection rules in heteronuclear dimers.
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[. INTRODUCTION the VB method is essential due to the role of correlation in
the formation of the molecular bond and nonzero dipole mo-
In heteronuclear diatomic molecules the electrons can b&ent. The main contribution to the dipole moment of KRb is
distributed between the two nuclei unequally. As a resulthot due to the ground-state atomic configuration, even
there can be a small excess of negative charge near the mdfough it predominantly determines the energy, but is due to
electronegative atom and thus heteronuclear dimers can hatlee population of excited valence and virtual orbitals.
a permanent dipole moment. In this study we calculate the The accuracy of the calculation of the'S " wave func-
permanent dipole moments of tHeS, * electronic states of tion is tested by comparing owb initio potential with ex-
the KRb ground configuration, which dissociate to theisting experimental11-14 and theoretical15-18§ singlet
K(4s)+Rb(5s) limit, and transition dipole moments be- potentials. We also present te’S * potential, compare it
tween these states and excited states, which dissociate ‘tdth the calculations of Ref417,18, and indicate the sen-
K(4s) + Rb(5p) limits. Simple analysis of the ionization en- sitivity of this shallow potential to the computational
ergies of K and Rb atoms, 4.339 eV and 4.176 eV, respednethod.
tively, shows that the K atom is most likely to have an excess Furthermore, we analyze the possibility of the creation of
of a negative charge when the two atoms interact. dipolar KRb molecules in an optical latti¢8]. In this paper
There are several applications of dipolar molecules in thave calculate the transition electric dipole moments between
physics of ultracold molecular gases. The long-range interthe 2% " states of the ground configuration and relativistic
action between two dipolar molecules is governed by af2=0",1 components of excited®s * and "I states dis-
electric dipole-dipole interaction and can, for example, sig-sociating to the K(4)+ Rb(5p) limits, where(} is the pro-
nificantly modify the many-body dynamics of trapped ultra- jection of the total electronic angular momentum of the two
cold molecular Bose Einstein condensatB&C's) [1-6].  atoms on the internuclear axis. These data provide us infor-
The atom-atom interactions in current atomic BEC's aremation about the most efficient scheme of forming KRb mol-
spherically symmetric in origin. Following the proposal for ecules in the singleiX 1+ ground state from a K(g)
homonuclear molecules of Réf7], dipolar molecules might + Rb(5s) collision on the tripleta *%* potential. Moreover,
also be formed in an optical latti¢®,9]. An ultracold atom we present ouab initio potentials for the excited states that
of each of the atomic species is held in an individual latticecan be used to identify the complex behavior of the transition
site. A molecule in the electronic ground state can then belipole moment as a function d® Large-scale theoretical
formed under the influence of laser light by inducing a two-studies of the excited potentials of KRb were previously per-
photon transition. For any of the proposed applicationsformed in Refs[17,1§]. It was shown in Refd.19-22 that
knowledge of the permanent or transition dipole moments ighe dispersion interaction of excited KRb states is consider-
essential. ably stronger than that in any other heteronuclear alkali-
The dipole moments have never been determined for KRimetal dimer and that the KRb system is a good candidate for
states of the ground configuration either theoretically or exphotoassociation experiments. Transition dipole moments to
perimentally. We calculate the dipole moment of the singletmore highly excited KRb states have been calculated in
X13* and tripleta®s* states of KRb as a function of in- Ref.[17].
ternuclear separatioR, using anab initio configuration in-
teraction valence-bon@vB) method[10]. Both relativistic
and nonrelativistic calculations are presented, which allows
us to determine the influence of relativistic effects on the The electronic potentials and dipole moments are calcu-
dipole moment. The use of configuration interacti@i) in lated with the Cl valence-bond method. Both nonrelativistic
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and relativistic implementations of the method are used. The . N R

nonrelativistic approach is based on ah initio Hartree-  p®#(x,X')=(D 44D g5) YD up 2 (STHHPYE () ei(X),

Fock basis set of the dimer molecule. Tale initio relativ- h

istic calculation is performed with a relativistic Hamiltonian (6)

and a Dirac-Fock basis set. A configuration interaction , , - ca

method is needed for a proper treatmentgof correlation effectQ ap IS the determlnalnt 0]: théel>N OV?rIap_)mat”XS'jﬂ

in the molecule. Correlation takes into account electron-={#i|¢;), and they;(x)=(x|¢;) and¢;(x)=(X|¢;) denote

electron interactions beyond the self-consistent field approxithe single-electron functions used in constructing the basis

mation, where electron motion is considered as independerfunctions|D%?) and|D4®), respectively. MoreoveD,,, and

A correlated molecular wave function is more accurate tharD 45 are the determinants of the matric®§“=(y;| ;) and

the results of a self-consistent field calculation. Sé?ﬁ‘:(goﬂqoj). The one-electron wave functiorjg;) and
The basic idea behind the valence-bond method is that thig;) are obtained by self-consistently solving Hartree-Fock

electronic molecular wave functioft’ ,g) is constructed and Sturmian equations for a nonrelativistic calculation and

from wave functions, which are products of wave functionsDirac-Fock and Sturmian equations for a relativistic calcula-

that describe the constituent atoisandB. In essence, the tion [10]. Transition dipole moments can be derived in a

molecular wave function is given by similar fashion by assuming different initial and final states
in Eq. (3).
|Was)=2, C,/DA®), D
@ IIl. GROUND STATE DIPOLE MOMENTS
where eacWDAB> is an antisymmetrized% product of two The atomic determinants for the KRb dimer are con-
atomic Slater determinants, structed from single-electron Hartree-Fock or Dirac-Fock
functions(orbitalg for electrons in closed and valence shells.
ID2%)=A(|DS)|DE)). (2)  Sturmian wave functions complement the basis functions and

are used to describe virtual orbitals. One-electron functions
The atomic Slater determinant®%) and |D?) are con- are characterized by a main quantum number1,2, ...
structed from one-electron functions centered on the nucleugnd orbital angular momentuiw=s,p, ... for both nonrel-
of atomsA and B, respectively. The variational Cl coeffi- ativistic and relativistic calculations. In addition, for relativ-
cientsC, in Eq. (1) are obtained by solving a generalized istic calculations the one-electron orbital is labeled by the
eigenvalue matrix problem, since in our appro#dl®) are  total electron spin.

not orthogonal. The closed shellssf 2s? 2p® 3s? of K and 1s? 2s? 2p°®
The permanent molecular dipole moment of the moleculaBs” 3p° 3d™® 4s® of Rb form the core of the heteronuclear
wave function| W ,g) is calculated from molecule. The superscript denotes the number of electrons in

shell nl. For relativistic calculations @ is short for

2p2,.2p* lculati itati f h

- - - p1.2P3, etc. In our calculations excitations from these

M:k:EAB ZkRk_e<‘I’AB|iZ1 ri|¥ag), () closed shells to valence and virtual orbitals are not included,
' i.e., all atomic determinants in the molecular basis contain

whereN is the total number of electrons in the molecule andthe same number of electrons in these orbitals. Single elec-

eis the electron charge. The first term of E8) depends on  tron excitations from the closedp8 shell of K and 4° shell
the positionR, and chargeZ, of nuclei k=A andB and is of Rb are allowed and introduce core-valence correlations in

zero by choosing an appropriate coordinate origin. The sect—he Cl. The ‘S’. 4p, and 3 valence orbitals O.f K and %
ond term of Eq.(3) depends on the electronic molecular 5p, and 4 orb|talls.0f Rb are allowed to contain at most two
wave function and the electron positioﬁs In the valence electrons. In addition, for the nonrelativistic calculation we

allow at most two electrons in thed4 5p, and @ virtual
bond method orbitals of potassium and thel56p, and 7 virtual orbitals
N of rubidium. For the relativistic calculation computational
c - FrOABIy limitations restricted us to theddand 5p virtual orbitals of K
<‘1’AB|;1 (il ae) Ng fdrrp (%%, @ and 5 and 6p virtual orbitals of Rb. Both covalent and
o ionic configurations are constructed. The Cl expansions with
wherex=(r, ) denotes both the single-electron coordimate these basis sets have 493 nonrelativistic and 1459 relativistic
and the variablec. For a nonrelativistic or relativistic calcu- configurations.

lation x has two or four values, respectively. The single- The ground-state potentials have equilibrium distariRes

electron density matrix is and dissociation energieB. that agree with experimental
Rydberg-Klein-ReesRKR) values[13,14] and other theoret-

5) ical potentials. Figure 1 shows the ground st&t&® " and
a3 " potentials of the KRb dimer as a function of the in-
ternuclear separatioR. The solid curves of Fig. 1 describe

where the transition density matrix between determinantgesults of our relativistic Q=0) ab initio calculation,

|D%®) and|D%®) is defined by whereas the dashed curves are the theoretical data of Ref.

N

pAB<xii'>=EB CECupP(x,x"),
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the KRb dimer as a function of internuclear separation. The dipole
moment is found from a nonrelativisticurve 1 and a relativistic
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FIG. 1. The ground-stat¥ “> " anda °% " potentials of KRb as rgcurve 2 calculation.

a function of internuclear separation. Solid curves are obtained i
the present study, dashed lines are the results of [R&f, and the

dotted line is the RKR potential of Ref14] (1ay=0.0529 nm). Curve 2 in Figs. 2 and 3 shows tli&=0 relativistic calcu-

lation. The number of excited orbitals is smaller in the rela-
[18]. The dotted line of Fig. 1 shows the singlet RKR poten-tivistic calculation than in the nonrelativistic basis set and
tial of Ref.[14]. limited to excitations up to ¢ and 5 for K atom and %

For theX 13" state the difference between the two theo-and & for Rb atom. The difference between the dipole mo-
retical calculations shown in Fig. 1 is about 3%Rg. A ments of the)=0 and 1 components of tte®S,* potential
20% difference exists @&, of thea 33" potential. Our es- is much smaller than the uncertainties of our calculations.
timate of theC4/R® van der Waals coefficient for the¢ 1>+ Tables | and Il tabulate the permanent dipole moment of the
potential, obtained by fitting to the dispersion potentialX 'S " anda 3" potentials shown in the figures.
Ce/R%+Cg/R8+C1o/R° agrees from 2% to 3% with the  Our calculation shows that the distribution of the charge
value of Dereviankeet al. [23]. The experimentally deter- density between K and Rb is very diffuse. It means that the
mined dissociation energy for theé'S * potential[13,14] is  dipole moment depends not only on the electron charge
26 cm ! smaller than ours.

We performed calculations of thé¢'>* anda 33" state 0.05 . , : , .
potentials and their permanent dipole moments in both non-
relativistic and relativistic approximation. For the same set of
one-electron orbitals the influence of relativistic effects on
the potential energy is very small, whereas its influence on
the dipole moments is large. R, a relativistic calculation
leads to a 30% increase in the absolute value of the dipole
moment for theX 3" state and a 50% decrease for the
a3s™ state. Moreover, we find large correlation effects in
the electric dipole moment in both nonrelativistic and rela-
tivistic calculations. The implementation of core polariza-
tion, for instance, leads to a 50% of reduction in the absolute
value of the dipole moment at the bottom of the singlet po-
tential.

Figures 2 and 3 show the electric dipole moments of the
X135 anda3®3 ™ potentials of KRb as a function of inter- , . , . ,
nuclear separation, respectively. A negative dipole moment 5 10 15 20
implies an excess electron charge on the potassium atom. R (units of a )

The presented dipole moments are calculated with the rela-

tivistic and nonrelativistic Hamiltonian. Curve 1 in Figs. 2 FIG. 3. The electric dipole moment of tlae®> " Q=0 state of
and 3 is determined from the most accurate nonrelativisti&Rb as a function of internuclear separation. The dipole moment is
calculation, which includes the two-electron occupation offound from a nonrelativistidcurve 1 and relativistic (curve 2

all orbitals up to ¢ for the K atom and p or the Rb atom. calculation.
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TABLE I. The electric dipole moment of th¥ 13 * state. Both TABLE II. Electric dipole moment of thea®3 " state. Both
nonrelativistic(Nrel.) and relativistic(Rel) results are presented. nonrelativistic(Nrel.) and relativistic(Rel) (=0 results are pre-
The internuclear separatidRis in units ofay and the dipole mo-  sented.
ment is in units ofeay.

R Nrel. Rel.
R Nrel. Rel.
5 —2.22x10°2 —-1.20x10°?
6 —2.52¢10"* —2.82¢10°* 5.5 ~3.94x10°3 ~1.13x10°1
6.5 —2.60<10° ! —2.89x10° ! 6 1.66x 102 —1.05x10°1
7 —2.69x10°* —3.00<10°* 6.5 3.21x10°2 —8.21X 102
7.5 —2.77x10° ! —3.12x10°! 7 3.94x 102 —5.66x10 2
8 —2.81x10°* —-3.22x107* 75 3.90¢10°2 — 454102
8.5 —2.80x10°! —3.28x10°! 8 3.32x10 2 —4.19x 10 2
9 —2.72¢10°* —3.28¢10°* 8.5 2.46<10"2 —4.05<10°2
9.5 —2.57x10°! —3.20x10°! 9 1.56x 10 2 —3.91x10 2
10 —2.35x107* -3.02x107* 9.5 7.26¢10°° —3.71x 102
11 —1.77x10°! —2.45x10°! 10 4.50< 104 —3.45% 102
12 —-1.18x107* —1.75<107* 10.5 —4.67x10°3 —3.16x10 2
13 —7.25x1072 —1.13x10°! 11 —8.18<10°3 —2.86x102
14 —4.25<1072 —6.80x1072 115 ~1.03x10°2 —2.56x10°2
15 —2.61x10°2 —4.11x10°2 12 —1.14x 1072 —2.28x102
16 —1.56x1072 —2.36x1072 12.5 ~1.17x10°2 ~2.01x 102
18 —6.44x1078 —9.44x1073 13 —1.13x10°2 —1.77x102
20 —2.48x107° —2.48x107° 13,5 ~1.07x10°2 ~1.54x10°2
22 —1.10x10°3 —1.10x10°3 14 —9.80x10°3 —1.34x 102
24 —5.49¢10"* —5.49¢10 14.5 —8.82x10°2 ~1.16x10°2
26 —3.01x10°4 —3.01x10°4 15 —7.83x10°3 —9.02x10°3
28 —1.74<10°4 —1.74<10°4 18 —3.24x10°3 —3.24x10°3
30 —1.08x1074 —1.08x1074 21 —1.22x10°3 —1.22x10°3
32 —6.88<10°° —6.88<10°° 24 —4.78< 104 —4.78< 104
34 —4.57x107° —4.57x107° 27 —2.04¢10°4 —2.04¢10°4
36 —3.02x10°° —3.02x10°° 30 —9.67X10°° —9.67X10°°
38 —2.06x10°° —2.06x10°° 33 —5.18<10°° —5.18<10°°
40 —1.43x10°° —1.43x10°° 36 —2.72x10°° —2.72x10°°
39 —1.54x107° —1.54x1075
transfer from Rb to K atom but also on the induced polariza- 42 —9.14x10°° —9.14x10°°

tion from the charge transfer, i.e., the electrons occupy ex=
citedp andd orbitals. Charge transfer and the induced polar-
ization are of opposite sign. This is especially true for thecalculations. For theX'S* state the dipole moment is
a3 state. We find that the excess charge is almost equal for 0.30(2)ea, at R.=7.7a,, while for thea’3™ state the
the singlet and triplet states, but the latter has a smaller diipole moment is—0.02(1)ea, at Re=11.2a,.
pole moment.
The permanent dipole moments of te'> ™ anda32+_ IV. TRANSITION DIPOLE MOMENTS
states multiplied byR’, based on the relativistic calculation,
are shown in Fig. 4. It shows that the long-range behavior of In this section we analyze the possibility of the creation of
the dipole moment of the two states are equal and propodipolar KRb molecules in an optical lattice. We assume that
tional to 1R’. This long-range behavior is due to the modi- colliding atoms are initially in the doubly spin-polarized
fication of the molecular wave function by the dipole-dipole state, which only allow them to come together on the state
and dipole-quadrupole multipole interactigrezt]. a’®3 " potential. Thus, photoassociation via an excited mo-
We believe that our convergence with respect to correlalecular ®% or 3II state producea *s* molecular levels. In
tion or the number of basis function is of the same order agrinciple, this makes the production of molecules in the
the difference between nonrelativistic and relativistic calcu-X 'S * state problematical, since one has to get from the
lation. Consequently, we feel that the most accurate dipolériplet to singlet spin manifold. There is, however, a viable
moment is obtained from averaging the nonrelativistic andoute from the doubly spin-polarized colliding ground-state
relativistic calculation and assuming an one-standard deviaatoms to groun'S, levels via the excited state. When the
tion uncertainty equal to half the difference between the twaletuning of the photoassociation laser from atomic resonance
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FIG. 4. The relativistic electric dipole moment multiplied By
of the X13* anda33"(2=0) states of KRb as a function of
internuclear separation.

is small compared to the excited state spin-orbit splitting,
will be the case for most practical photoassociation scheme
then an excited)=0 or 1 Hund’s casdc) state can have
both singlet and triplet character. Thus, an excited molecular
state can be formed from excitation fronad> * state that

Figure 5 shows th€) =0~ and 1 relativistic excited state
potentials as a function of internuclear separation. The ex-
cited state potentials are obtained with the basis described in
Sec. lll. At short internuclear separation the potentials are
described by thé>S™YA* Hund's casda) labeling follow-
ing Ref.[17] whereA is a projection of the electronic orbital
angular momentum on the molecular axis & the total
electron spin. At longeR the curves are better described by
Q* Hund's casg(c) labeling and relativistic effects are im-
portant. The potentials dissociate to the excited (4
+Rb(5p 2P,—) and K(4p 2PJ-) +Rb(5s) fine-structure limits.
The two lowest dissociation limits correspond to the two
fine-structure states of the excited Rb atom plus a ground-
state K atom. The long-range behavior of the relativistic po-
tentials dissociating these two limits is attractive. There are
seven attractive potentials with=0 and 1. Our potentials
agree with the calculations of Refd.7,18§|.

The attractive excited-state potentials are the most likely
candidates for use in two-color Raman photoassociation ex-
periments. We calculate transition dipole moments relevant
for transitions from thea 33 *(07,1) state, through the at-
tractive 0=0" and 1 potentials, to th& '3 (0") state.
Figures 6 and 7 show the nonzero transition dipole moments

FIG. 5. ElectronicQ=0*,1 potentials of excited states of the
KRb dimer in an intermediate region of internuclear separation. The
JA* and long-rangen(Q*) labelings are indi-
ated. The numbersandm show the energy-ordered appearance of
ese states.
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dipole moments become independenRadind their absolute
2 . .
can reemit light in a transition to 43 * state. This process Va&lues approach the RbsS-5p(“P)) transition dipole mo-

is absent in homonuclear dimers, since the additional gerad&2€nt when the corresponding excited potential dissociates to
ungerade selection rule for electronic transitions prevents ith® K(4s) +Rb(5p

from thea®s " andX 'Y " states, respectively. Curves with |G, 6. Transition dipole moments between the groartt *

the same style in the two figures indicate the same intermeand excited states of the KRb dimer as a function of internuclear
diate excited state. Photon selection rules ensure that Oseparation. The curves are labeled by short- and long-range symme-
— 07 transition is not allowed. At long-range the transition tries as in Fig. 5.
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O e IS e s o e o s symmetry is valid. In homonuclear dimers electric dipole
transitions between gerade to gerade and ungerade to unger-
ade states are forbidden.

The sudden change in dipole moment in Fig. 7 neay13
is related to the avoided crossing indicated by the circle in
Fig. 5 between th&€)=1 components of $II and 233 *
potentials. We estimate that the uncertainty of the transition
dipole moments is Odla, based on a comparison of the cal-
--------- = culated dipole moments &= 100a, with the known 5 to
5p dipole moments of RIp25].

107 - 200" |

[\S]
T T T T T T T

———m et

=)
\

V. CONCLUSION

Dipole moment (eao)

We determined the permanent dipole moments of the
1.3y * states of the ground configuration of the KRb hetero-
I nuclear molecule using a nonrelativistic and relativistic Cl
s valence-bond method. The KRb permanent dipole moments
- ] are small compared to “truly” polar molecules such as NaCl.
_4' TN BRI BT R It might, however, be large enough for the experiments that

10 20 30 40 50 aim to confine KRb in optical traps. In addition, we calcu-
R (units of a)) lated the potential energy curves and transition dipole mo-
ments to excited states correlating to Kj4 Rb(5p) atomic

FIG. 7. Transition dipole moments between the grodts* limits. We have shown that there exist allowed transitions
and excited states of the KRb dimer as a function of internucleagtarting from colliding doubly polarized K and Rb atoms via
separation. The curves are labeled by short- and long-range symman exited state to the singlt’= " state.
tries as in Fig. 5. The calculation of the electric dipole moments is a first

step towards obtaining quantitative estimates of photoab-

At short-range internuclear separation the dipole momentsorption and molecular production rates in a gas of K and Rb
strongly depend oR. This behavior reflects the change from atoms. In the future we plan to evaluate Frank-Condon fac-
a Hund’s casda) to a relativistic coupling scheme between tors between vibrational levels of ground- and excited-state
20a, and 3@y In Fig. 6 thea®S*(Q=1) to 23 7(0") potentials. In addition, we need to investigate the effect of
and in Fig. 7 theX 13 "(0%) to 233" (1) transition dipole black-body radiation on the dipolar molecule by evaluating
moments approach zero at shBbecause singlet to triplet Frank-Condon factors between vibrational levels of the
transitions are not allowed. In Fig. 6 both®> (1) to  ground state.

2337(1) anda®3"(07) to 233 *(1) have a small dipole

moment at s_mall internuclear separation. This can be ur_1der- ACKNOWLEDGMENTS

stood by noting that the structure of the ground- and excited-

state potentials shown in Figs. 1 and 5 is similar to that of We wish to acknowledge helpful discussions with llia Tu-
homonuclear alkali-metal dimers, where gerade ungeradeitsyn and Andrea Simoni.
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