PHYSICAL REVIEW A VOLUME 54, NUMBER 1 JULY 1996

Potential curves for the ground and numerous highly excited electronic states of Kand NaK
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Potential curves of the Kand NaK molecules have been computed in the framework of pseudopotential
methods, over a wide range of interatomic distances. At short internuclear distances, the agreement with
experimental data is excellent, the mean deviation between theoretical and experimental spectroscopic con-
stants being 1% for the two alkali dimers. At large interatomic separation, wells and avoided crossings are
observed in adiabatic potential curves of highly excited states correlated to the asymptotes close to
K[4 p] +K[4 p] and Na[3] +K[4p]. For example, the well depths of th&* states reach 2650 crhfor K,
and 4330 cri in the case of NaK. We demonstrate that they correspond to pseudocrossings between covalent
states(dissociating into Kpl]+K[n’l’] or Na[nl]+K[n'l’]) and ionic stategcorrelated to K +K ™~ for K,
Nat+K~, or Na +K™ for NaK, the negative ion being in the ground state or an autoionizing) s¥ssefor
Na,, these structures may play a crucial role in the interpretation of low-energy collisi&i€50-
294796)05905-9

PACS numbegps): 31.15.Ar; 31.50+w; 33.20~t

[. INTRODUCTION ergies and an underestimation of equilibrium distances which
are shorter than the experimental values bya@.&hen a
During the past decade, an important experimental effortarge basis set is usddl]. The second approad#2] is
has been devoted to the laser spectroscopy of the ground atmtally different; it simply adds a semiempirical core-
excited states of the NaK,, and NaK alkali dimers: spec- polarization potential to the valence electrons Hamiltonian.
troscopic constants and potential curves of 27 electroni@\ cutoff function is then introduced to deal with the interac-
states of the Namolecule have been determineste[1] and  tion effects at short range, and to overcome computational
references therejnwhile 17 electronic states of X2-14  difficulties. The third approacf88] is derived from the pre-
and nine of NaK[15-27 are presently known with a high ceding one using the same core-polarization potential though
accuracy. Recently, highly excited states obad Ky, dis-  now with an I-dependent cutoff function. Calculations
sociating close to the Nafg +Na[3p] and K[4p] + K[4p]  through this approach have recently been compared to results
doubly excited asymptotes, were observed by Stwalley angom a model potential method in the case of the sodium
cp-workers, with optical-optical doyble—resonance tech-gimer for which the ground and many excited stat@sfs.
n|ques(Refs.'[4, 28, 29). 'Moreover, with thg development [1] and[43]) have been determined. A very good agreement
of laser cooling and optical trapping techniquief. [30] between these two methods and with experiment has been

and references theremhe knowledg_e of molecular_ potential demonstrated, the mean deviation between theoretical and
curves at short and mainly at large internuclear distances has

P . : available experimental spectroscopic constants being
become crucial in the interpretation of low-energy atom- - -
o P 9y AR,=0.0%,, Aw,=0.86 cm AT.=76 cn, and

These experimental activities have stimulated theoretica_M)e:,57 cm " Ong of the most interesting results in our
developments to compute relevant adiabatic potential curvedlvestigation of Nais the occurlencesof structures at large
especially in the framework of model potentidefs. [31] internuclear separ:?\tlon for tH& ™ and°I1 symmetne;. For
and[32]) or pseudopotentialRefs. [33—38) methods. For example, we predicted a well located Rt=26a,, with a
all these methods, alkali dimers are treated as systems wifiepth of 952 cm* for the 5'S ¢ excited state correlated to
two active electrons moving in a field of two ionic cores, Na[3s] +Na[4p] [43], while Tsai, Bahns, and Stwall¢®9]
where core valence electron interactions are represented tigcently observed this minimum Rt=26.1%,, and found a
an effective potential. In the model potential method, thedepth of 983 cm?. Thus their results have confirmed our
formalism of Bottcher and Dalgarnf39] has been used predictions and the accuracy of our calculations at large in-
while in the pseudopotential methods three approacheteratomic separations.

[38,40,43 have been proposed for the calculations of core- Following our investigations of alkali dimers, we investi-

polarization effects and of the correlation energy between thgated many states of kand NaK over a wide range of in-

core and valence electrons. The f{40] is perturbative, and ternuclear distances, using the same pseudopotential method

generally leads to an overestimation of the dissociation en-38] as previously used to describe ,CRb,, and Na. In
contrast to Ng, few calculations have been performed on
these two molecules: Mier and Meyer[37] presented the

*Present address: Laboratoire de Specitdmdonique et Mo-  spectroscopic constants of the ground state for these mol-
léculaire, CNRS URA No. 171, Ba205, UniversiteClaude Ber-  ecules and their cations, while Krauss and Steyédscom-
nard Lyon |, 69622 Villeurbanne Cedex, France. puted the potential curves of the two states dissociating into
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TABLE I. Molecular GTO basis set used for the potassium atom.

s orbitals p orbitals d orbitals f orbitals
exponent coefficient exponent coefficient exponent coefficient exponent coefficient
0.931 20 0.024 63 0.133 00 1 1.255 00 0.027 54 0.015 1
0.267 60 —0.262 80 0.051 28 1 0.443 20 0.053 91 0.005 1
0.041 70 1 0.016 42 1 0.109 00 0.108 30
0.028 15 1 0.005 20 1 0.029 94 1
0.014 48 1 0.002 20 1 0.010 13 1
0.005 50 1 0.003 70 1
0.002 60 1 0.001 80 1

K[4s] +K[4s]. Jeung and co-workef85,36 extended their description of highly excited states. Presently the basis set of
calculations to the lowest excited states correlating to asymphe potassium atom consists of sixfive p, five d, and two
totes up to K[4&]+K[3d] and Na[3p]+K[4s], and f Gaussian functions which are sufficient to reproduce cor-
Stevens, Konowalow, and Ratclif#5] determined those of rectly the ten first atomic levels up to Ki. Data are re-
the electronic states dissociating up to the NGBK[3d] ported in Table | for the potassium atom, while those for
asymptote. Recently, llyabaev and Kaldd6] developed an sodium are given in Refl].
open-shell coupled-cluster method, and described the two The core-polarization effects are described by the effec-
first dissociation limits of K, K[4s]+K[4s], and tive potential proposed by Mier, Flesch, and Meye2]:
K[4s] +K[4 p]. Nevertheless, to our knowledge no investi-
gations have been performed for highly excited states, and -1
their descriptions constitute a challenge for theoreticians. VCPP:T ; afy-fy, )

The main purpose of this work is to report information on
the highly excited states of these molecules in order to intefwhereaq, is the dipole polarizability of the ionic core They
pret collisional processes between two excited atoms, such &gve been taken to be equal to the experimental trespec-
the energy pooling reaction studied by Allegrini and co-tively 0.994%, for Na* and 5.354, for K™ [37]). The elec-
workers[47,48 or the associative ionization reaction only tric field f, , which acts on the atom, is due to the valence

observed experimentally for 4{48-50. Atomic units will  electrons and the other core, and is modified by the
be used except when otherwise stated. |-dependent cutoff functiof defined in Ref[38],
% +1
IIl. METHOD |
2 2 Fi(riy,p))[Ima)(ima]. C)

Basically we use the same pseudopotential method as in
our previous work on Ngor Cs, and R [1,38]. The Na and . .
K atoms are treated through the one-electron pseudopotentil (4), [Im\) corresponds to the spherical harmonic centered
proposed by Barthelat and Duraffl]. In this approach, the ©ON the atom\, and the cutoff functiorf, is written as
electron-core interaction is represented by the effective po-

|
tential 0, rix<py

Fi(Fiy,p)) = 5

2 (NN Il PR (5)

V[r]=2 U|[r]P,. (1) For atoms with a single valence electron, each cutoff param-
=0 eterp'x can be independently fitted to the ionization potential

In (1), | is the orbital angular momentum, ar| corre- and transition energies. The cutoff raglj are adjusted to fit
sponds to the projection operator on the subspace defined by

the Y| spherical harmonics with a given The pseudopo-
tentialsU,[r] are written as

TABLE Il. Spectroscopic constants for the ground state of the
K,* and NaK" molecular ions.

2 (Units of Ry/ag) e (cm™Y) D, (cm™})
U|[r]=;1 cr™ exd —a;r], (2 X255 (Ky)
Experiment(Ref. [54]) 8.68 73.40 6670
wherec, n, and « are adjusted to fit the energy and wave Theory (Ref.[37]) 8.60 72.40 6573
functions of the valence Hartree-Fock orbitals. Details of theTheory (Ref. [46]) 8.53 73.70 6589
sodium and potassium atoms are presented in the paper Byesent work 8.47 73.70 6690
Maynau and Daude}52]. X 23t (NaK™)
For Na, we used the same basis set of Gaussian-type OFxperiment(Ref. [55]) 4645
bitals (GTO’s) as in our work on Na[1]. For K, the Gauss- Theory (Ref.[37]) 7.71 91.90 4581
ian basis set used is built up from that defined by Jeung angdresent work 7.65 91.00 4645

Ross[35], by adding more diffuse orbitals necessary for the
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TABLE Ill. Spectroscopic constants and adiabatic dissociation limits for 61 electronic states iocKiding comparison with available
experimental data.

Dissociation limit

State Determination R, (units ofay) Te cm™Y we (cm™ ) D (cm™?) K[nI]+K[n'l"]

134 4s+4s
Expt. (Ref. [2]) 7.42 0 92.40 4451
Expt. (Ref. [3]) 7.42 0 92.40 4440
Theory (Ref. [44]) 7.44 0 88.40 4267
Theory (Ref. [37]) 7.45 0 91.80 4331
Theory (Ref. [35)) 7.62 0 87.17
Theory (Ref. [46)) 7.29 0 96.68 4283
Present work 7.39 0 93.18 4289

2154 4s+4p
Theory (Ref. [35]) 9.92 14 685 45.10
Present work 9.63 14 343 45.76 2969

354 4s5+5s
Theory (Ref. [35]) 9.87 20524 32.82
Present work 8.61 20319 29.55 4988

4%y 4s+3d
Theory (Ref. [35]) 9.47 21279 75.09
Present work 8.98 21 378 84.95 4447

5134 4s+5p
Expt. (Ref. [4]) 8.46 25376 69.77 3793
Present work 8.57 25 276 71.18 3764

6'3 4p+4p
Expt. (Ref. [4]) 8.40 25882 72.75 4621
Present work 8.39 25790 73.52 4545

1\ +

;mzegr’ Present work 8.57 27942 26.47 2392 p#44p

! 125 Present work 10.79 27931 68.42 2403

outer

8%y 4s+4d
Present work 8.56 28 042 71.22 3664

9lsg 4s+6s
Expt. (Ref. [4]) 8.45 28 233 70.03 3673

Tt Present work 8.47 28184 69.32 3557

173 4s+4p
Expt. (Ref. [5]) 8.60 11108 70.55 6328
Theory (Ref. [50]) 8.64 10634 72.28 6130
Theory (Ref. [39)) 8.94 11168 67.57
Present work 8.57 11010 70.42 6302

213k 4s+5s

inner
Theory (Ref. [39]) 8.86 22028 24.30
Present work 9.27 21922 40.45 3385

213

outer
Expt. (Ref. [6]) 21701 25.98 3772
Present work 14.05 21594 29.67 3713

3y f 4s+3d
Expt. (Ref. [7]) 8.91 23863 63.41 2123
Theory (Ref. [39)) 9.49 23283 55.06
Present work 8.84 23541 62.09 2284

4tk 4s+5p
Present work 8.74 26 469 21.05 2571

51k 4s+4d

Present work 8.56 27 259 69.31 4448
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TABLE lll. (Continued.
Dissociation limit

State Determination R, (units ofap) Te (cm™) we (cm™Y) D, (cm™} K[nI]+K[n'l"]

61f 4p+6s
Present work 9.92 28 334 66.73 3407

1% 4s+4p
Theory (Ref. [39]) 9.58 13365 56.60
Present work 8.99 13534 59.85 3778

235 45+ 5s
Theory (Ref. [39]) 8.49 19732 74.04
Present work 8.07 19 350 80.91 5957

3%y 4s+3d
Theory (Ref. [39]) 8.93 23 267 68.34
Present work 8.49 23535 71.46 2289

4354 4s+5p
Present work 8.33 25 666 75.37 3491

5554 4s+4d
Present work 8.51 27 081 68.28 4625

6°%g 4s+6s
Present work 8.60 28 036 66.40 3705

13 4s+4s
Expt. (Ref. [8]) 10.91 4196 21.76 254
Theory (Ref. [46]) 10.00 4192 28.65 89
Theory (Ref. [44]) 11.01 4193 20.50 258
Theory (Ref. [35]) 10.83 4043 23.14
Present work 10.84 4057 20.81 232
dissociative state

2% 4s+4p

3% 4s+5s
Theory (Ref. [35]) 10.78 21727 55.79
Present work 9.98 21742 72.15 3566

43k 4s+3d
Theory (Ref. [35]) 9.78 23716 70.35
Present work 9.32 24 158 65.65 1666

535 F 4s+5p
Present work 8.53 26 297 70.53 2743

635 4p+4p
Present work 8.60 27 349 68.72 2986

7 4p+4p
Present work 8.48 28 631 72.31 1704

8% 4s+4d
Present work 8.62 29323 65.93 2383

111, 4s+4p
Expt. (Ref. [9]) 8.00 15377 74.89 2094
Theory (Ref. [46]) 8.13 15711 73.54 1057
Theory (Ref. [35]) 8.40 15684 67.85
Present work 8.01 15421 74.05 1891

21, 4s+3d
Expt. (Ref.[10]) 8.35 22970 61.50 3016
Theory (Ref. [35]) 9.00 23062 48.37
Present work 8.42 23105 60.11 2719

311, 4s+5p
Expt. (Ref. [7]) 8.84 23927 62.70 5238
Present work 8.64 23 855 74.19 5186

41, 4p+4p
Expt. (Ref. [11]) 8.57 26 487 62.08 3991
Present work 8.58 26 417 63.99 3918
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TABLE Ill. (Continued.
Dissociation limit

State Determination R, (units ofap) Te (cm™) we (cm™Y) D, (cm™) K[nI]+K[n'l"]

511, 4s+4d
Present work 8.59 27 351 73.13 4355

1M1, 4s+4p
Expt. (Ref. [12]) 9.74 16 204 34.04 1261
Theory (Ref. [35]) 9.87 15905 40.69
Present work 9.73 16 063 33.45 1248

21, 4s+3d
Theory (Ref. [35]) 9.41 23227 53.53
Present work 8.98 23570 55.80 2255

311, 4s+5p
Expt. (Ref. [4]) 8.75 26 433 66.04 2736
Present work 8.66 26 316 66.16 2724

41, 4p+4p
Present work 8.62 28 041 63.52 2294

51, 4s+4d
Expt. (Ref. [13)]) 8.52 28 480 71.03 3368
Present work 8.49 28 359 71.10 3347

1311, 4s+4p
Expt. (Ref. [5]) 7.32 9912 91.54 7524
Theory (Ref. [46]) 7.39 9278 91.82 7485
Theory (Ref. [35]) 7.54 9855 88.28
Present work 7.34 9827 94.80 7485

231, 4s+3d
Theory (Ref. [35]) 8.52 21999 59.46
Present work 8.13 21 848 72.70 3977

331, 4s+5p
Present work 8.92 23617 58.20 5423

4 SHu 4p+4p
Present work 8.33 26 492 3843

5311, 4s+4d
Present work 8.94 26 853 88.94 4853

1°1, 4s+4p
Theory (Ref. [35]) 9.28 17 612 48.97
Present work 9.02 17 817 505

231, 4s+3d
Present work 9.64 21 550 55.52 4274

371, 4s+5p
Present work 8.44 25 286 71.09 3754

4311, 4p+4p
Present work 8.58 28 048 56.83 2287

53, 4s+4d
Present work 8.52 28 052 81.62 3634

117, 4s+3d
Theory (Ref. [35]) 7.94 19524 72.10
Present work 7.73 19 841 80.06 5984

217, 4p+4p
Present work 8.15 25283 62.73 5052

31A, 4s+4d
Expt. (Ref. [4]) 8.34 27 954 74.21 3899
Present work 8.30 27 868 75.10 3838

1A, 4s+3d
Theory (Ref. [35]) 9.39 24 497 50.36
Present work 8.77 24 685 58.22 1139

2, 4p+4p
Present work 8.61 27 559 65.67 4147
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TABLE lll. (Continued.

Dissociation limit

State Determination R, (units ofag) Te (cm™) we (cm™) D, (cm™} K[nI]+K[n'l"]

13, 4s+3d
Theory (Ref. [35]) 9.51 24 331 49.08
Present work 8.84 24 595 55.18 1230

23A, 4p+4p
Present work 7.99 27 613 2722

337, 4s+4d
Present work 8.62 29 109 66.34 2597

137, 4s+3d
Theory (Ref. [35]) 8.39 21 095 73.89
Present work 7.95 20871 78.90 4956

237, 4s+4d
Present work 8.26 25912 75.30 5794

1354 4p+4p
Present work 7.55 26 813 66.64 3522

the 4s, 4p, 3d, and 4f experimental atomic energigs3] for  and Na[3] +K[5d] dissociation limits, from B, to 70a,.

K. As previously observed for NEL], the energy of the #  Moreover, relevant oscillator strengths foy &nd permanent
atomic level appears insensitive to the choice of a corredipole moments for NaK have been determined, and all data
sponding cutoff radius, and we have taken it to be equal tanay be obtained upon request. In the first part of their analy-
pf. Finally, we obtain pl)\=2.067a0, pP=1.90m,, and sis, we compare adiabatic potential curves with available ex-
p"\=1.96,. For a heteronuclear molecule, the core-perimental data.

polarization effects of each atom are different, and two sets

of parameters must be defined. For NaK, we have therefore A. Spectroscopic constants

used the values obtained for potassium and those of sodium Spectroscopic constants of, ire presented in Table I,

defined in Ref[1]. whereas they are reported in Table IV for NaK. For the two

With these data, we have .computed atpmic energies foélkali dimers, the ground state is reproduced very well. The
the 4s level up to & for potassium. We obtain a good agree- error in the equilibrium distance is equal to Ce@3or K,

ment with experimental da{®3]. The discrepancies are less and 0.04, for NaK, while those in the dissociation energy

thapllfo Ct?: for t?i_lor\]/;/est ayfglctletvels,TﬁnddI.(fafss than goDe are 162 and 89 cil, respectively. Agreement between
cm —for the most highly excited states. 1he diflerence bexy,q atical and experimental vibrational constants is also ex-

tween theoretical and experimental values for highly excite ellent. Moreover, our results are in good agreement with the

levels indicates that the present basis should be increased fi fevious theoretical calculations of Re[87] and[44]. We
their description. However, all molecular states correlating tqé_?1 . :

ay note that the spectroscopic constants of the ground state
asymptotes up to K& +K[5d] and Na[3]+K[5d] may of K, are not determined with a very good accuracy by the
be described with a good accuracy.

. n-shell cl r meth . Thi monstr in particu-
Hence, to check the accuracy of our basis sets and poIaOpe shell cluster methde6] s demonstrates in particu

[ar the difficulty in describing with accuracy correlation ef-
ization potentials, we have determined the spectroscopi y 9 y

+ .
constants of the ground state of thg Kand NaK" cations For the two molecules and for relevant electronic states,

treated as one ef_fectlve electron.system. Re.sults aré given {ge equilibrium distanceR, are systematically predicted to
Table 1l. Comparisons of thgoreucal calculations and_gxpenbe a little shorter than the experimental values. We generally
”?e”ta' dgta are very consistent, Although the equlllbrlumfind the dissociation enerdy . and the excitation energdy,
d|stance. s too short for K, as prewoqsly found for N—’é 0 be lower than the experimental data, and the errors do not
we obtain an excellent agreement with other experiment xceed 150 cimt. However, for many excited states the er-

values|54,59 e_spemall_;t/hf(:tr] tht?m dlssi)_ua;non Eipe[gnéﬁ In zOth rors are lower than those obtained for the ground state for the
Cases, comparisons wi e theoretical results ofierian two molecules, and previous calculations of R¢85| and

Meyer[37] and those of Re{46] achieved by an open-shell [36—43 have been improved remarkably. For example, with
COUD'?d’ clfuster (;nzthlgd tarte very %o?d. AS Igg{&ﬂ, fthlf the improvement of the Gaussian basis set and with the in-
energies ol }gan_ an states are determined by a 1ull va- o qion of anl-dependent core-polarization potential, we
Ien<|:e clonf|gurat|on-|nteractlo(CI) procedurg. For E, tr|1e may determine the spectroscopic constant of the BaK
molecular basis contains 86 48w, 286, and 8p orbitals, ; . ; o
while this includes 3¢, 46m, 265, and 8 orbitals for NaK. [eAIf(;]ctronlc state which was calculated as dissociative in Ref.
In the case of K, the 213 electronic state correlated to
Il. SHORT-RANGE RESULTS ’ u =
K[4s] +K[5s] presents two minima located &=9.27a,
Adiabatic potential curves have been computed, withouand 14,. In our work on Na [1], the same situation has
including the spin-orbit coupling, up to the K§f+K[6S] been observed for the'Z ' electronic state dissociating into

fects by all electron theoretical methods.
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TABLE IV. The same as Table Ill, but for 58 electronic states of NaK.

Dissociation limit

State Determination R, (units ofag) Te (cm™) we (cm™h) D, (cm™} Na[nl] +K[n’l’]

1137 3s+4s
Expt. (Ref. [15]) 6.61 0 124.01 5275
Theory (Ref. [37]) 6.64 0 123.80 5170
Theory (Ref. [45]) 6.45 0 127.60 5491
Theory (Ref. [36]) 6.41 0 132.00 5000
Present work 6.57 0 123.44 5187

213* 3s+4p
Expt. (Ref. [16]) 7.93 12 137 81.25 6220
Theory (Ref. [45]) 7.68 12011 86.20 6532
Theory (Ref. [36]) 7.96 12 300 76.00 5888
Present work 7.90 12 089 81.00 6121

33* 3p+4s
Expt. (Ref. [17]) 8.40 17 787 69.66 4455
Theory (Ref. [45]) 8.39 18 368 61.70 4104
Theory (Ref. [36]) 8.35 18 200 77.00 4114
Present work 8.32 17 837 68.74 4317

413" 3s+5s
Theory (Ref. [45]) 13.70 22 245 4309
Present work 13.57 21874 33.92 4331

513* 3s+3d
Theory (Ref. [45]) 8.18 24 147 104.20 3279
Present work 8.11 23527 112.00 3195

61" 3s+5p
Present work 7.96 25 445 84.90 4492

7t 4s+4s
Present work 8.19 27 109 64.50 3837

gzt 3s+4d
Present work 7.87 28139 83.00 4465

9ly* 3s+6s
Present work 7.67 28 562 96.20 4077

10137 3s+4f
Present work 7.75 29 527 84.00 3834

113+ 3s+6p
Present work 7.88 30391 80.60 3847

12137 3d+4s
Present work 7.74 30 869 87.00 3491

1313+ 3p+4p
Present work 7.64 31101 82.20 4076

1415+ 3p+4p

act Present work 7.69 31166 94.80 4011

173 3s+4s
Expt. (Ref. [15]) 10.28 5066 22.99 209
Theory (Ref. [45]) 9.79 5200 26.90 291
Theory (Ref. [36]) 10.56 4800 23.00 161
Present work 10.30 4990 22.65 197

233 * 3s+4p
Expt. (Ref. [18]) 15719 75.50 2580
Expt. (Ref. [19]) 7.75 15998 73.79 2300
Expt. (Ref. [20]) 8.05 16 283 68.64 2015
Theory (Ref. [45]) 8.01 15799 74.00 2645
Theory (Ref. [36]) 8.20 16 100 77.00 2097
Present work 8.14 15 669 73.40 2541

333" 3p+4s
Theory (Ref. [45]) 7.26 21 690 88.30 782
Present work 7.44 21 380 94.20 774
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TABLE IV. (Continued.

Dissociation limit

State Determination R, (units ofap) Te (cm™) we (cm™Y) De (cm™} Na[nl]+K[n'l"]

433* 3s+5s
Theory (Ref. [45]) 7.83 23 649 70.90 2282
Present work 7.96 23850 74.00 2355

535+ 3s+3d
Theory (Ref. [45]) 9.89 25381 73.70 2047
Present work 9.81 24 868 97.00 1855

633" 3s+5p
Present work 8.35 26 681 110.00 3256

73t 4s+4s
Present work 8.49 27 588 106.00 3359

g3t 3s+4d
Present work 7.81 28212 166.00 4392

93" 3s+6s
Present work 7.74 29131 92.00 3508

103" 3s+4f
Present work 7.65 30072 92.00 3289

11357 3s+6p
Present work 7.76 30540 90.00 3698

1233+ 3d+4s
Present work 7.61 30989 93.00 3371

1335+ 3p+4p
Present work 7.75 31152 86.00 4025

1435* 3p+4p
Present work 7.67 31821 89.90 3356

11 3s+4p
Expt. (Ref. [21]) 7.59 16 993 71.50 1306
Expt. (Ref. [22]) 7.58 16 993 71.43 1306
Expt. (Ref. [23]) 7.58 16 993 71.46 1305
Theory (Ref. [45]) 7.69 17 365 61.30 1079
Theory (Ref. [36]) 7.69 17 500 65.00 726
Present work 7.63 17 016 67.60 1193

2 3p+4s
Expt. (Ref. [24]) 7.92 20 093 81.52 2149
Theory (Ref. [45]) 7.58 20643 84.00 1839
Theory (Ref. [36]) 7.69 21 000 71.00 1291
Present work 7.81 20082 83.00 2072

341 3s+3d
Theory (Ref. [45]) 9.05 26 690 46.00 738
Present work 8.52 25 568 47.20 1155

4 3s+5p
Present work 7.87 26 394 87.90 3544

511 3s+4d
Present work 7.74 27 659 84.40 4945

611 3s+4f
Present work 7.81 29 286 82.70 4075

71 3s+6p
Present work 7.77 29 756 81.40 4482

81 3d+4s
Present work 7.72 30 609 86.50 3751

91 3p+4p
Present work 7.74 31163 87.00 4013

101 3p+4p

Present work 7.73 31 357 88.00 3820
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TABLE IV. (Continued.

Dissociation limit

State Determination R (units ofap) Te (cm™) we (cm™Y) D, (cm™Y) Na[nl]+K[n'l']

11A 3s+3d
Theory (Ref. [45]) 7.04 23352 103.60 4076
Present work 7.17 22961 96.60 3761

21A 3s+4d
Theory (Ref. [45]) 7.90 29 905 72.80 4744
Present work 7.76 28 080 85.50 4524

31a 3s+4f
Theory (Ref. [45]) 9.51 35492 50.60 2089
Present work 7.43 28 332 98.00 5029

4 3d+4s
Present work 7.56 30883 74.00 3477

51A 3p+4p
Present work 7.66 30920 103.00 4257

131 3s+4p
Expt. (Ref.[25]) 6.62 11562 120.41 6737
Theory (Ref. [45]) 6.50 11534 122.20 6910
Theory (Ref. [36]) 6.52 11 900 129.00 6291
Present work 6.54 11508 121.71 6702

2301 3p+4s
Expt. (Ref. [26]) 7.98 20248 67.38 2012
Theory (Ref. [45]) 7.84 20508 69.30 1964
Theory (Ref. [36]) 8.43 21200 69.00 1049
Present work 8.00 20190 67.09 1964

3300 3s+3d
Theory (Ref. [45]) 10.50 25099 51.70 2329
Present work 7.39 25165 101.00 1558

4311 3s+5p
Present work 8.24 25718 165.00 4219

5301 3s+4d
Present work 8.09 27 224 69.20 5380

6311 3s+4f
Present work 7.64 27 966 90.70 5395

730 3s+6p
Present work 7.53 29548 93.90 4691

8311 3d+4s
Present work 8.08 30 323 41.00 4037

931 3p+4p
Present work 7.64 30 857 90.00 4320

10310 3p+4p
Present work 7.75 31160 88.00 4017

13A 3s+3d
Theory (Ref. [45]) 7.17 24 296 97.70 3132
Present work 7.35 23647 93.60 3075

23A 3s+4d
Theory (Ref. [45]) 7.77 29982 81.30 4667
Present work 7.74 28 067 85.90 4537

33A 3s+4f
Theory (Ref. [45]) dissociative
Present work 7.53 28834 92.70 4527

43A 3d+4s
Present work 7.70 30885 87.50 3476

53A 3p+4p
Present work 7.60 31298 89.00 3879
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TABLE V. Estimated deviations from experimental values for spectroscopic constants of #relfNaK
molecules for various calculation@verage deviations over 17 electronic states fgradd over nine states

for NaK.)
AR, (units ofag) AT, (cm™} Aw, (cm™h) ADg (cm™})
K>
Theory (Ref. [35]) 0.32 234 5.52
Present work 0.05 111 1.78 84
NaK
Theory (Ref. [45]) 0.20 266 4.19 198
Theory (Ref. [36]) 0.18 491 5.48 481
Present work 0.05 46 1.24 72

Na[3s] +Na[4s], and Cooperet al. [56] have shown that ouard, and Sadegh27] determined with accuracy the num-
this pattern was typical of an ionic-covalent interaction. Us-ber of vibrational levels and their position. They compared
ing previous studies on different alkali dimef§6-58,  with other experimental determinations and concluded that
Kowalczyck, Katern, and Engelkg5] suggested that this the most accurate spectroscopic constants were those of
state has a double-well structure due to an avoided crossingowalczyck[19]. They showed in particular that this state is
between two diabatic states, one being a Rydberg state COery perturbed by the AT and 1°I1 electronic stategsee
related to K[4] +K[5s], the other being ionic at large in- pelow), and suggested that these data could be improved.
ternuclear distance. Unfortunately, their experiments wergeyertheless if we compare our values with the various ex-

insufficient to determine with accuracy the corresponding,erimental ones, we may suggest that Derouard and Sadeghi
potential curve .and, in particular, if it was c_haractenzed by£18] have reported the most accurate spectroscopic constants.
one or two minima. Nevertheless, from their measurement

; ; Our present results are in overall very good agreement
they deduced some spectroscopic constants. According tov@ith available experimental values. In Table V we present

CorrlptﬁrltsoKn of Iour risiltst with engrlmelﬂtal \t;alues,dv;/ﬁ SU9%he estimated errors in the spectroscopic constants for previ-
gest that rowalczyck, Ratern, and Engelke observed the Seq, o 5y present theoretical works. The averaged value of the
ond (outeh) minimum. In Sec. IV will show that this results d

ffectively f it tion bet o d lent eviation between experimental and theoretical determina-
gta?gs'vey rom an interaction between 1onic and covalenly, s has been computed for 17 states gfad nine states

. . of NaK. In both cases, our theoretical results show remark-
Recently, some experiments were devoted to highly ex

. . o able improvement compared to previous theory, and we
cited state$4,7,11,13 dissociating into the asymptotes close - : - ;
to K[4p] +K[4p]. We obtained a very good agreement with again obtain the accuracy of our previous calculations on Na

i ; [1] and those on Gsand Rb [38]. Moreover, for NaK we
experiments for spectroscopic constants of th& g> 613 g , : :
9 123’ 31 31, 41, and 315 molecular states. Ex- determined to check the accuracy of our wave functions, and

: the variation of the permanent dipole moment of each state
cept for the 33 and 31, states, where the errors in the b P

itati for the first stat d h iibri versus the internuclear distance. In the case of the ground
excitation energy lor the nrst state and on the equil .”umstate, at the equilibrium distance we find a permanent dipole
distance for the second are more important, the errors in th

excitation and dissociation energies do not exceed 100tcm foment equal to 2.758 D, which s in good agreement with
and those in the equilibrium distance do not excee&.1 the experimental valugs9), (u[Re] =2.7332) D) and with

Only the agreement between vibrational constants is Iessst-e prior theoretical value of Mier and Meyer [37]
isfying. Moreover, we may observe that our data on ther'u[Re]zz'735 D. Thus we may finally conclude that accu-

I ) ate results may be obtained when core-polarization effects
o Hg moleculartste_licﬁ correlated tt(l) K$I]4+K[f?] aret Itn are represented by an effective potential including
?10:3 at%ffgmfn t:)w bsxpgir;ntjgtri]c;l)\//a Léj?ssso?:i:igng aii o I-dependent cutoff parameters, and that the pseudopotential
K[4s] +K[5d]. The equilibrium distancesR, differ by method [38] is well adapted to the description of homo-

0.03,, and the vibrational constanig, by 0.07 cmi'!, while nuclear and heteronuclear alkali dimers.
the difference for the excitation enerdy, is equal to 121
cm L. Thus we finally suggest that the dissociation limit of
this experimental state corresponds to K[4K[4d]. Re- When potential curves deduced from experiments are
cent highly excitedlAg states correlated to K} +K[6d], available, we can check in detail the accuracy of our calcu-
for example, have been obsenvidd!], but unfortunately we lations. We have chosen in particular to compare our results
cannot compare our results with them. with those known at intermediate and large internuclear dis-

For NakK, the agreement with experiment is often excel-tances. Potential curves of the ground state of the two mol-
lent except for the 35* molecular state correlated to ecules are compared in Figs. 1 and 2 with experimental data
Na[3p] +K[4s]. However, the agreement between all theo-of Amiot [2] for K, and with those of Rosst al. [15] for
retical calculationd36—45 is very good. Although many NakK. In both cases, the agreement is excellent, in particular
experimental works have been devoted to this §th8e-20, for intermediate distances, the difference being equal to 4
it is difficult to compare our results with the various experi-cm ! at R=17a, for K,, and to 3.5 cm® at R=15a, for
mental spectroscopic constants. Recently, Kowalczyck, DeMNaK.

B. Comparison with RKR curves
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FIG. 1. Ground state of the Kmolecule: comparison of the FIG. 3. Lowest excited states of,Kcomparison of the com-
computed curve with the experimental curve of Héi. puted curve with the experimental curve of Rgf2] for the 1°11

state correlated to K[¢] +K[4 p].

Comparison with experiment is also very good for the . ] ]
lowest excited states. In Fig. 3 we present our results for th§0m 52, to 20a,. Comparison with Refd.21] and[25] is
11, state correlated to K[g] +K[4 p]. Our calculations are Very good, and as in Refgl9] and[27] we may note that the
very comparable with the experimental values of R&g], 2°3" state is strongly perturbed by the'll state at short
and the long-range potential curve is reproduced with an adgdistances, but also by the’l state at intermediate internu-
curacy of 10 cm® up to 3@,. Two other potential curves clear distances. We observe a crossing between ¥ 2
dissociating into K[4] +K[4p] are compared in Fig. 4 to and 1°II states located d&&.=10.9%,. These perturbations
recent determinations of Reff5]. The comparison is very may explain the differences between various experimental
consistent, and the position of the crossing between thepectroscopic constants.

1%, and 1'3 ] states is reproduced with a precision of  Although comparison with experimental potential curves
0.04a,. We find it atR.=8.94a, with an energy of 11 260 is excellent for the lowest states for both molecules, the ma-
cm !, while the experimental crossing is located atjor part of the present results, mainly for highly excited

R.=8.98, with E=11 165 cm . states, corresponds to predictions. In order to confirm or in-

For NakK, the present calculations are also very accuratevalidate them, further experimental investigations would be
Potential curves of the A1, 1M1, and 2°5" electronic  very interesting. In the remainder of this paper, we now pay
states correlated to NagB+K[4 p] are displayed in Fig. 5 particular attention to adiabatic potential curves for which

15000 ————r——rr—r—— e
5800 e T T T [+
L+ ER
I 13900 - .
4600 - B [
+
= L
-E12800- -
£ 3400 |- B S, i
g - =
= F L
= L 11700" 7
2200 - —
L 10600 - T
1000 - [ + Present work ]
’ + Present work ] — Experiment [Ref. 5] -
1 —Experimem[Ref.IS]: 9500’””_H““““””HL‘
200 L | ISR Lawss Lyga gy RS | R 5 7 9 11 ]3 15
4 7 9 12 15 17 20 R[ao]

FIG. 4. Lowest excited states of,Kcomparison of the com-
FIG. 2. Ground state of the NaK molecule: comparison of theputed curve with the experimental curve of R] for the 13Hu
computed curve with the experimental curve of Réf]. and 13 states correlated to K} +K[4p].
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FIG. 6. Long-range adiabatic computed potential curves of the
, molecule for the'S | electronic states correlated to asymptotes
from K[4s] +K[55] up to K[4s] +K[69].

FIG. 5. Lowest excited states of the NaK molecule dissociatingK
into Na[3s] +K[4 p]: comparison of the computed curves with the
experimental curves of Ref21] and[25] for the 1 and 1°I1
states. The 35" state is strongly perturbed by these two stdts . .
short distance by the YT state and at intermediate internuclear K[4S] K[5p]. These minima present the same characteris-
distances by the 4T state. tics, their position and their depth being respectively

R=22a, andE=2651 cm* for 5'3; andR=22.8(%, and
interesting structures are displayed at large interatomic sep& =262 ¢m " for 4'S 7. For Na [43], we have demon-
ration. strated that the occurrence of structures at large internuclear
separation was due to pseudocrossings between ionic and
covalent states, the ionic state being correlated, respectively,
to Na"+Na [1S] and Na +Na [3P,] for the 13" and °II
symmetries. In our case, the minima of thé’:’g and 43/

As in the case of Na[43], numerous avoided crossings adiabatic potential curves correspond to a pseudocrossing be-
and wells are located in the adiabatic potential curves ofween the ionic state correlated to' kK “[*S] and the'S
13+ and 31 symmetries, at very large internuclear dis- covalent states dissociating into K§+K[5p], which oc-
tances. The position and the depth of the minima are reporteeurs at the same internuclear distance in relevant adiabatic
in Table VI. For K,, we predict six wells in adiabatic poten- potential curves. Similar comments may be also made for the
tial curves of molecular states correlated to the asymptotes 3Hg and 5%, states correlated to Kfg +K[4p].
close to K[4p] +K[4p]. We find, in particular, one well in In the case of NaK, we also predict six minima and, for
the potential curves of Eg and 4'3 " states correlated to the first time to our knowledge, one SE* symmetry. To

illustrate them, we have chosen to display, in Figs. 6-8,

TABLE VI. Position (in ag) and depthin cm™Y) of wells lo-  long-range adiabatic potential curves'af; highly excited

cated at large internuclear distances for 18" and°Il symme-  states correlated to asymptotes frors+4bs up to 4s+6s

IV. STRUCTURES IN LONG-RANGE POTENTIAL
CURVES OF HIGHLY EXCITED STATES

tries. for K,, and those of théS " and®%" excited states dissoci-
ating, respectively, to asymptotes frora-85s up to 35+ 4f
Molecular state Positiofunits of ap) Depth (cm™?) and from 3+ 5p up to 3p+ 4p for NaK. Numerous avoided

crossings are present, and we now propose to explain them.

- Kz In previous work{43] we developed, to interpret them, a
5 12% [4s+4p] 22.00 2651 diabatic procedure in which we extracted, from pseudopoten-
6123 [4p+4p] 32.00 1187 tial calculations, a set of covalent and ionic curves and cor-
473 [4s+4p] 22.80 2652 responding couplings. Applying this method for, Kwe
513 [4s+4d] 32.60 2560 identified two ionic states responsible for these patterns. The
511, [4s+4d] 19.75 1396 first one is correlated to the &K [1S] limit, and has an
5°, [4s+4d] 21.20 1234 energy of —0.495 eV in comparison with the KK™ limit.
NaK The value 0.495 eV, corresponding to the electronic affinity

413" [3s5+5s8] 14.00 4334 of the potassium atom, is in good agreement with the experi-
613" [3s+5p] 23.10 2854 mental data of Ref.60] (E.A.=0.501 e\j. The second ionic
1213 [3d+4s] 25.90 723 state is an autoionizing state dissociating into4K [3P,].
143" [3p+4p] 26.80 621 We display diabatics. potential curves in Fig. 9. We
8357 [3s+4d] 15.30 1320 note that the positions of crossings between diabatic covalent
9301 [3p+4p] 2510 652 curves and the ionic curve are very close to those of different

structures occurring in relevant adiabatic potential curves. In
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FIG. 7. Long-range adiabatic computed potential curves of the FIG. 9. Diabatic potential curves correlated to asymptotes from
NaK molecule for thé3. ™ electronic states correlated to asymptotesK[4s] +K[5s] up to K[4s] +K[6s] for the 13 states.(Broken
from Na[3s] +K[55s] up to Na[3s] +K[4f]. lines: covalent states; full lines: ionic states correlated to

KT+KTis)
particular, the crossing between thé>2’ covalent curve L ) Ton
and the K +K[1S] ionic curve is located aR,=21.8(, variations are observed &>25a, mainly for the 637,

Iy + 15+ ;
and corresponds at the end of the second well of the adid. > » @nd 8% states. They may be interpreted as a move-
batic 213 | state correlated to K[g] +K[5s]. Then, from an ment of the electronic charge from one core Nar K™ to
analysis of diabatic pseudopotential results, we may confimi€ other one. When the charge transfer is complete, the per-
the existence of two minima in the adiabatid2! potential manent dipole moment of the molecular state is practically

1 - >l
curve and, in particular, the ionic character of the secon§du@l to the ionic value of N&™ or Na K™ (equal to
(outep well. u[D]=+2.541 802 ®[a.u], minus sign for NaK~ and plus

For the NaK molecule, the situation is more complicated $/9n for Na K™). This situation is clearly observed for®*
since we must take into account two ionic asymptotegor internuclear distances in the range obd%and 6%, but
Na [XS]+K* and Na +K [1S] separated by 0.84 eV. There ais0 for the 63" and 7137 states for smaller values &,

are important perturbations in the adiabatic potential curvesVhere the charge transfer is provided from t Na . So we

and we propose to explain some of the structures observed [y conclude that in these various ranges of interatomic
the 3+ and3s* symmetries by analyzing the variation of separation, the adiabatic potential curves of these states have

the permanent dipole moment. an ionic pattern. Moreover, we may check this conclusion by

In Fig. 10, we report permanent dipole moments versudetermining the position of the crossings between the ionic
the internucléar distance for thé’®" to 813" states. Strong and covalent potential curves. The energy of the ionic state

160 [

-0.21 T
413p+4p
I 13d+4s
0217 Is+6p
13s+4 2
—_ ] 'f %
= 13s+6s
3 0224 3s+4d =
- ' i 3
=
-0.231 4s+4s
i 13s+5p
-0.238
L _ 0 N 1 RIS ol TR
024 WA v v e vy 15 25 35 45 55 65
10 15 20 25 30 35 R [a.u.]
R [a.u.]

FIG. 10. Variation of the permanent dipole momenof the 4
FIG. 8. Same as Fig. 7 but 68" electronic states dissociating to 813" states correlated to asymptotes from NgJ[8K[4d] up to
to asymptotes from Naj§ +K[5 p] up to Na[3p] +K[4p]. Na[3s] +K[5 p] versus the internuclear distance.
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83" and 12°3" states for internuclear distances included
between 18, and 2%,. As the situation is more compli-
cated than for théS"* symmetry, we suggest that the well
observed in the 8" adiabatic potential curve is due to an
ionic-covalent interaction. To confirm this remark and to
identify the ionic state, diabatic calculations should be per-
formed.

These patterns for the Li Cs,, and Rb alkali dimers
have previously been predicted only f¥* symmetry, to
the best of our knowledgg38,58. As for Na,, our work
demonstrates the presence of structures resulting from an ex-
cited ionic curve oI symmetry. For the first time, to our
knowledge, we identify an ionic state in tH& " potential
curves, and suggest that an autoionizing ionic state correlated
to Na K™ is responsible for their numerous perturbations,
this one being correlated to the NaS]+K' or
Na [3P,]+K™ asymptotes.

1 [debye]

R [a.u.]

V. CONCLUSION
FIG. 11. Same as Fig. 10 but for the 8 to °&3" states corre-

lated to asymptotes from NagB+K[4d] up to Na[3p] +K[4p]. In this paper, we presented spectroscopic constants for the
ground state and 60 excited states for, &7 in the case of
versus interatomic separation is written as NakK, and relevant potential-energy curves over a wide range
L of internuclear distances. By comparison with available ex-
a erimental data, we have discussed the accuracy of our cal-
Eionic(R) = Ejonie(®) — R 2R? (6) P y

culations. A very good agreement with experimental deter-
minations is obtained for the lowest excited state as well as
wherea is the polarizability of the negative ion. for highly excited states correlated to the K{}4+K[4 p] and

At large internuclear distancer o/2R* becomes negli-  K[4s] +K[6s] asymptotes. It should now be very interesting
gible, and the positiolR,, of a crossing may be finally ap- to follow the analysis of our results on the first excited states

proximated by by comparing them with long-range calculations, and this
comparison will be reported in a forthcoming paper.
R, = 1 ’ @) Important structures have been observed intf&" and
Eionic(*) —Ep %[1 adiabatic potential curves of highly excited states. In the

. . o case of thé>" and®IT symmetries, the ionic curves respon-
whereE, is the energy of covalent dissociation limit. sible for such structures are correlated, respectively, to

In the case of 83", we obtainR,=37.3%,. This is K*+K[s] and K" +K [3P,] for K, and to Na[*S]+K "
included in the range of internuclear distances where the valy, 4 Na [*Pg]+K™* for NaKf) For 322+’ symmetry, we may

ues of the 63" permanent dipole moment are very close 10455 me for NaK that the ionic state corresponds to the
that of Na K*. For the 83" state, we findR,=68.33,, Na [3S]+K " or Na [3Pg]+K " resonances.

which shows that the relevant potential curve may be con- Neyertheless the present results constitute a strong start
sidered as ionic for internuclear distances varying fro@@AS for theoretical studies of collisional processes. In a recent

to 65a,. Moreover, as soon as the relevant.permanent dipol&,ork on Na [61], using a multichannel Landau-Zener model
moment decreases, the value of thex7 dipole moment e estimated the dynamical effects of all avoided crossings
increases and becomes ionic fora35'R<50a, before de-  hresent in adiabatic excited potential curves. We established
creasing to zero. We may note that thé35™ permanent hat the structures located at large interatomic separation
dipole moment stays practically equal to zero, except ahjayed a major role in the dynamics of atom-atom collisions
R=25a, where we observe a small variation. If we examineay o\ energy. Furthermore, with the improvement of other
corresponding adiabatic potential curves, we meat215a£ previous calculation$31,32, we recently showed that, as
an avoided crossing between theéX', 5’3", and 6" well as the®s state, four other molecular channéfI,,,
states, which does not modify the!%" potential curve. . 1257 andlAg) were involved in the associative ioniza-

. . . g
TQerl, as v?nfnons_ of the permanent dipole moments ofiyn reaction62]. The effects of all avoided crossings on the
4737 and 6'X" are ionic, respectively, just before and after

= . - h 5 5 energy pooling process and on the associative ionization re-
this interatomic separation, we may consider that th& action between two excited potassium atomg4¢] and

permanent dipole moment is finally ionic Bt=25a,. Nev-  otwveen NA[3p] and K*[4p] will be discussed in two
ertheless, additional calculations should be provided to disforthcoming papers.

cuss in detail the modifications of the permanent dipole mo-
ment.
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