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Relativistic many-body investigation of hyperfine interactions in excitedS states of alkali
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To enhance the current understanding of mechanisms contributing to magnetic hyperfine interactions in
excited states of atomic systems, in particular, alkali-metal atom systems, the hyperfine fields in the excited
52S,,,-82S,, states of potassium and?8,,,— 1225, states of francium atoms have been studied using the
relativistic linked-cluster many-body perturbation procedure. The net theoretical values of the hyperfine fields
for the excited states studied are in excellent agreement with available experimental data for both atoms. There
is a significant decrease in importance of the correlation contribution in going from the ground state to the
excited states, the correlation contributions as ratios of the direct contribution decreasing rapidly as one moves
to the higher excited states. However, the contribution from the exchange core polarig@iBneffect is
nearly a constant fraction of the direct effect for all the excited states considered. Physical explanations are
offered for the observed trends in the contributions from the different mechanisms. A comparison is made of
the different contributing effects to the hyperfine fields in potassium and francium to those in the related
system, rubidium, studied earlier. Extrapolating from our results to the highly excited states of alkali-metal
atoms, referred to as the Rydberg states, it is concluded that in addition to the direct contribution from the
excited valence electron to the hyperfine fields, a significant contribution is expected from the ECP effect
arising from the influence of exchange interactions between electrons in the valence and core states.
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PACS numbses): 31.10+2z, 31.25.Jf, 31.30.Gs, 31.30.Jv

I. INTRODUCTION we have carried out, using the relativistic linked-cluster
many-body perturbation theoRLCMBPT) [9], systematic
First-principle investigation§l,2] of the contributions to  studies of hyperfine interactions on the excited states of po-
the hyperfine interactions in the ground states of alkali-metalassium and francium for which accurate experimental data
atoms by the linked-cluster many-body perturbation theoryare currently available for a number of excited states
procedure have provided accurate guantitative explanations,7,8,10Q.
of the experimental data in these systems. They have also In addition to attempting to attain a better understanding
provided an understanding of the trends followed by the conef the contributions from different mechanisms to hyperfine
tributions from different physical mechanisms contributing properties and their trends over different excited states, there
to the hyperfine field in going from the lightest to heaviestwere a number of other motivations for the present study on
alkali-metal atoms. On the other hand, there have not beeexcited states of potassium and francium. One was to study
many first-principle investigations carried out for hyperfinehow the various contributions varied as one went to the
interactions in excited states. highly excited states, referred to in the literature as Rydberg
The development of very useful experimental techniquestates. In particular, one would like to see if the other mecha-
[3-6] for their study has made the understanding of the hynisms such as exchange core polarization and many-body
perfine properties of excited states of alkali-metal atoms aseffects become negligible in importance and the direct con-
sume major importance as accurate data have become avdilibution resembles that due to a hydrogen atom. Second, in
able in the excited statg8,7,8. With the availability of the recent work{11], it has been found that for Raons, many-
experimental data, it is useful to carry out calculations in theébody contributions to the hyperfine constants for excited
excited states not only to explain theoretically these experistates had a negative sign. This is remarkable because in all
mental values, but also to examine the trends in contributionstudies of ground states of alkali-metal atoms and alkali-
from different physical mechanisms in going over the differ-earth ions the correlation contribution to the hyperfine inter-
ent excited states of the alkali-metal atoms. Such studies agction has always been found to be positive. In trying to
expected to provide, in some respects, more physically interexplain the origin of the negative correlation contribution for
pretable trends than that observed in going over the grounBa’, it was felt that it would be helpful to study this contri-
states of different alkali-metal atoni4,2] since the core bution for the excited states of the isoelectronic neutral fran-
states now belonging to the same atom can be considered ¢wm atom as well as potassium to examine if the corre-
vary relatively less in going from one system to the next,sponding signs for the neutral atoms are always positive, as
which in the present case refer to atomic states with a vahas been found earlier for rubidiufg]. A third motivation
lence electron in different excited states. In the present workor studying the hyperfine interactions for excited states of
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the alkali-metal atoms is that one can infer from them the H
expected importance of the various contributions to the hy-
perfine fields related to Knight shif{d2] in nuclear mag- ms o
netic resonance measurements in the corresponding alkal

metals, which are difficult to obtain quantitatively in the me- -
tallic systems. @ ®)

In Sec. Il the basic aspects of the relativistic many-body
perturbation procedurfl,2,9 that we have used are given.
Some of the details pertinent to the application of the proce-
dure to the excited states are briefly discussed. The importan
diagrams describing the physical mechanisms contributing to
the hyperfine interaction are also presented in this section. In
Sec. Il the contributions from the important diagrams in our
RLCMBPT investigation of the hyperfine fields for the
5s—8s 2S,,, states of potassiuttiK) and &-12 S, states
of francium (Fr) are presented. These results are discussed
with respect to both a comparison with corresponding results ©
in the excited states of Rb obtained in earlier investigations ! ) I
[13] and the nature of the agreement between the net calcy- ~'C- 1- Zero- first-, and second-order diagrams contributing the
lated hyperfine constants obtained by combining the contri’ irect, exchange core polarization, and correlation contributions to

g . . . the hyperfine interactions in potassium and francium excited states.
butions from the various mechanisms and the expenmenta? yp P

values for the excited states of [8,8,10 and Fr[7]. We N potential, leading to much faster convergefit®,13 in
shall also discuss in this section the relative importance Of)erturbation theory when thé"~* potential is used. For the

the contributions from dlffer_ent mechamsms and the trenC_ji)article(unoccupieQistates of particular we generate bound
followeo_l by them over the dlfferent_ eXC|t_ed states. The mairgiates with principal quantum numberup to and including
conclusions from our work are given in Sec. IV and the,_ 15 and 15 continuum states with energies corresponding
expegted natu.res of the various mecha_nlsms contributing tQ, the mesh points of a 15-point Gauss-Laguerre quadrature
the highly excited Rydberg states are discussed. formula[15]. Since in earlier wor16,17 the Coulomb po-
tential associated with the volume distribution of the nuclear
Il. PROCEDURE chargg ha_s been .shown to .have a significant influence on the
hyperfine interaction especially for the heavy atoms, we have
The RLCMBPT procedure employed in our present workused a model of a uniform charged sphere for the nucleus,
on excited states of potassium and francium has been extethe total nuclear chargée being uniformly distributed
sively used in the literature to calculate various properties ofhroughout the volume of a sphere with a radius of
a number of atomic systems. The major aspects of the theory.2A%® fm, A being the mass number of the nucleus.
have been described in detail in earlier pagdr2,9. We The individual terms in the expansion are expressed as
shall therefore give only a brief summary of the theory fordiagrams[1] and can be associated with specific physical
the sake of completeness and to provide the background faffects [1,2,9. The algebraic expressions associated with
some points in the discussion of our results in Sec. Ill. various diagrams, used in their evaluation, have been dis-
The RLCMBPT procedure essentially evaluates the exeussed in the literature,2,9,13. Typical diagrams that rep-
pectation value of the hyperfine operator over the exact relaresent the various physical effedthe direct, exchange core
tivistic eigenfunction of the atomic many-particle Hamil- polarization, and correlation terpnare shown in Fig. 1. Fig-
tonian obtained[9] using the linked-cluster expansion in ure 1(a) is the diagrammatic representation of the direct or
perturbation theory starting with the relativistic Hartree-Fockzeroth-order Hartree-Fock contribution, arising from the un-
Hamiltonian as zeroth order. The occupied states includingaired spin valence electron. The exchange core polarization
the valence and core states are generated by the relativiS{ECP effect is represented in Fig.(l). This effect repre-
Hartree-Fock procedurgl4d] in which the potential em- sents the influence of the preferential exchange interaction
ployed is referred to as theN potential[9]. The excited between the valence electron and the core electrons with spin
states needed for application of perturbation theory are gerparallel to the former, leading to a net spin density at the
erated using th&/N~1 potential[1,2,9 based on the occu- nucleus due to the core electrons. Any diagram in which two
pied core states obtained by the relativistic Hartree-Fock proelectrons are simultaneously excited belongs to the family of
cedure and omitting the self-Coulomb and self-exchangenany-body or correlation diagrams. Thus the major correla-
potential associated with the valence electron. VAe! po-  tion diagram in Fig. {c) represents simultaneous excitation
tential is used because it is physically more meaningfubf the valencens electron and a cora electron to unoccu-
[1,9,13 for the excited states, providing a potential thatpied state§ andk through their mutual interaction, a second
looks, at large distances for neutral atoms, as if it arisesuch interaction leaving only the valence electron excited
effectively from a single positive charge at the nucleus inand contributing to the hyperfine constant. Figu(d) 1s the
contrast to essentially a zero potential for ¥® potential.  exchange counterpart of Fig(cl, the excitation of electrons
The result is that the spectrum of excited states is richer foin statesms andn being followed by an exchange of roles
the VN~ potential involving bound as well as continuum between the excited statgsandk.
excited states, in contrast to only continuum states for the We would like to make some remarks about the one-
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TABLE |. Contributions to the hyperfine fieldin teslg at 3K from excited states in potassium from
different mechanisms.

ECP Corr.
State Direct ECP Corr. Direct Direct Total Expt
42s,, 37.60 7.73 11.38 0.24 0.30 56.71 58.02
525, 9.96 2.35 1.71 0.24 0.17 14.02 13.95
62S,, 3.78 112 0.62 0.29 0.16 5.52 5.48
72S,, 2.12 0.54 0.26 0.25 0.12 2.92 2.71
82s,), 1.16 0.28 0.14 0.24 0.12 1.58 1.50

8Reference$3, 8, 10.

electron basis functions used in the evaluation of the diaerate all the occupied states in the Hartree-Fock approxima-
grams before presenting our results for the excited states dion with the valence electron in the excited &ate and then
potassium and francium. The unperturbed determinant fouse this valence electron state wave function and the core
the atomic ground state?,,, of potassium, for example, is wave functions to create thé"~* potential in which to gen-
built out of the one-electron wave functi@, corresponding erate the unoccupied states. This would, however, be unduly
to the core states and the falence state, aths states with  time consuming when one wants to study a number of many
m>4 being considered excited orbitals. The excitet8§,  electron excited states. In this connection, in our earlier work
state, however, is represented by a determidanmade up  involving many-electron excited states of Ren [11], the

of the same core state orbitals, but with, Snstead of 4, time-saving approximation was made of using the same core
being the valence state function. Consequently, in addition tavave functions as for the ground?$,,, configuration and

the ms>5s states corresponding to the excited states, théhe correspondiny™~! potential was used to determine the
4s state is also considered as an excitestate in carrying excited states, employing thes 8tate in this potential as the
out the evaluation of the perturbation diagrams. The lattepccupied valence state. The calculated hyperfine constant
feature is a consequence of the fact that even though theith this approach differed by less than 1% compared to that
one-electron statesdhas an energy lower than the State in  obtained using the occupied and unoccupied states deter-
the 52S,,, multiplet state, it is empty and thus available as anmined for the &S,;, configuration. We have therefore used
“excited” or particle state in the diagrams of this time-saving procedure for all the excited configurations
many-body theory. Similarly, for the #,,,, 72S,;,,, and studied for potassium and francium.

82S,, states, the set of exciteds states are, Before concluding this section we would like to make one
respectively, (4,5s,7s,8s,...), (4s,5s,65,85,9s,...), and more remark about the procedure used. The evaluation of the
(4s,5s,6s,75,95,10s,...). The higher-angular-momentum diagrams in RLCMBPT requires a complete set of basis
states (4,5p,6p,...), (3d,4d,5d,...), (4f5f,6f,...), and functions notonly in terms of the principal quantum numbers
(59,69,79,...) in the VN~1 potential chosen are the one- nh for the bound excited states and the number of continuum
electron excitedp, d, f, andg, states, respectively, for the states, but also the angular-momentum quantum nunibers
multiplet statesm 2S,, (m=5, 6, 7, and B just as in the for the bound and continuum excited states. The nature of the
case of the ground state’8,,,. Correspondingly, for fran- convergence with respect tmbserved in earlier worfQ] in
cium, the unperturbed many-electron excitetS§, state is  ground states of alkali-metal atoms indicated that it was suf-
represented by a determinant that is made up of the sanfigient to use up t@ states in evaluating the diagrams, which
core state orbitals as in the case of the many-electron grourid followed here.

72S,,, state, but with the 8 as the valence state. The @s
well asms>8s states are now considered as excited states
for perturbation calculations for the?8,,, state. Similar to
the case of potassium, in the Fr atom, tisesTate is lower in The main results of our investigation of the hyperfine
energy than the 8 state in the §S;, multiplet state; fields for the excited states of potassium and francium will
however, it is empty and therefore available as an “excitechow be presented and discussed. The various contributions to
state.” In the same way for the %B,,, 102S,,, the hyperfine field$H giect,» Hecp, @ndHe,,r at the nucleus
112S,,, and 122S,, multiplet states, the set of excited for Fr and K from our investigation are listed in Tables | and
s states is (%,8s,10s,11s,...), (7s,85,95,11s,12s,...), Tables I, respectively. Also listed for ready reference are the
(7s,85,95,105,12s,...), and (B,8s,95,105,115,135,...), re- experimental results for the hyperfine fields in the states
spectively, the higher-angular-momentum excited states bawvhere they are available. We will first compare our theoreti-
ing the same as for the many-electron grourf®y, state. In  cally obtained results with experiment and then proceed to
addition to the fact that it is important to use for the excitedanalyze the trends observed in the variation of the contribu-
states in perturbation diagrams the unoccupied basis statestions from direct, ECP, and correlation effects in going from
the VN~ potential, there are some questions of detail as tahe ground to the highest multiplet state®S,, studied. We
which occupied states should be used to obtainMile!  shall also compare these contributions, especially as frac-
potential because we are dealing with the hyperfine properttions of direct contributions, with the results for Rb excited
for excited many-electron states. Thus, considering thetates(Table Ill) that have been obtained earlier by the
82S,,, state, the most accurate procedure would be to gerpresent theory. The first rows in Tables Il represent the

Ill. RESULTS AND DISCUSSION
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TABLE Il. Contributions to the hyperfine fieldén teslg at 2% r from excited states in francium from
different mechanisms.

ECP Corr.

State Direct ECP Corr. Direct Direct Total Expt
728y, 456.10 75.30 123.80 0.17 0.27 655.20

82s,, 126.84 18.84 21.78 0.15 0.17 167.46

923, 50.74 7.54 6.94 0.15 0.14 65.22

10S;)» 24.83 3.82 2.66 0.15 0.11 31.31 33.72
11S,) 13.16 2.10 0.91 0.16 0.07 16.17 18.92
125, 7.24 1.13 0.31 0.16 0.04 8.68

8Reference$6, 7).

results for the ground states, which are listed here for théhe direct contributions progressively represent an increasing
sake of comparison with the excited multiptat®S,, states.  fraction of the total hyperfine field, as a result of the combi-
From Tables | and Il it can be seen that for both potasmnation of ECP and correlation effects becoming decreasing
sium and francium the largest contribution comes from thefractions of the total hyperfine field as seen from Tables |
direct effect for both the ground states and the excited stateand 1. A principal reason for this trend is that the two
This contribution ranges from 66% of the experimental valuemechanisms of ECP and correlation contributions represent
in the ground state to 77% in the highest excited stat@ffects produced by the interactions between the valence and
(8 2Sy;) considered for K and 69.6% of experimental valueine core electrons. As we go to successively higher excited
In tge ground state to 83.4% in the highest excited statgiates, the valence electron becomes more loosely bound and
(127S,)5) in Fr. The third columns in both tables give the jiq offective separation from the core electrons increases. The
ECP contribution for each system. The correlation contribujpeaction between the core and valence electrons therefore
tions are shown in th? fourth columns of bqth tables an(_j th ecreases and this results in a decrease or weaker perturba-
net sums of contributions from all the physical mechanism ion associated with the ECP and correlation effects
in the seventh columns. The fifth and sixth columns presen It can also be seen from Tables | and Il that tr;e ratio
the ratios of the ECP and correlation contributions to the

Hecp/Hgirect @S @ function of the principal quantum numbers

direct contribution and the experimental data for the net hy- _ :
perfine constants are given in the eighth column. A comparipf the excited states is nearly a constant for both atoms. The

son of our net calculated hyperfine fields with the availablec@use for this near constancy ltcp/Hairect IS that both the
experimental data from Tables | and Il shows very gooddlrect density at the nucleus due to the valence electron re-
agreement between theory and experiment, in the range 963ponsible forH et and its overlap with the core states re-
98% for the excited states of potassium and 95-98% folated to the valence-core exchange interaction leading to
francium. This good agreement obtained between the theddecp decrease with higher excitations of the valence state.
retical and experimental hyperfine fields provides confidence The correlation contribution ., is seen from Tables |
in the accuracy of the contributions from individual mecha-and Il to fall rapidly in value as one goes to the higher
nisms. excited states. More meaningful are the ratios of the many-
We shall now discuss the trends observed in the contribubody contributions to the direct results, namely,
tions from different mechanisms in going from the groundHcon/Hgirect- This ratio, unlike that of ECP, undergoes a
state to the excited states. From our results in Table | for Krapid decrease for both K and Fr in going to higher excited
the direct contribution decreases continuously as one movestates, the ratio for the grounc’8,, state of K being 30%,
from the ground state to the higher excited states, the samwhile for the highest excited state studied®®,,) it is only
trend being also observed for Frable I). This is of course  12%. In Fr,H . /Hgirect decreases from 27% in the ground
expected since the valence orbital gets progressively lesstate (72S,,)) to as low as 4% in the highest excited state
bound as one goes to higher excited states. However, a{122S,,,) studied. The explanation of this decrease for
though there is this decrease as one goes to the excited stathgher excited valence states can be considered as arising

TABLE lll. Contributions to the hyperfine fieldin tesla at 8Rb from excited states in rubidium from
different mechanisms.

ECP Corr.
State Direct ECP Corr? Direct Direct Totaf ExptP?
52S,,, 80.6 13.9 29.6 0.17 0.36 123.4 122.2
62S,, 21.2 3.4 4.7 0.16 0.22 29.3 28.9
72S,, 8.7 1.4 1.4 0.16 0.16 11.5 11.4
82s,, 4.4 0.7 0.5 0.16 0.11 5.6 5.7

%Referencd13].
bReferencd6].
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from the weakening of the van der Waals type of pair correfor those states where experimental data are available, one
lation interaction1,2,9 between the core and valence elec-obtains very good agreement between experiment and
trons due to the larger effective separation between the twtheory. However, this happens only after one includes sig-
for the excited valence states. The higher excited states are Bfficant contributions from exchange core polarization and
course more deformable than the lower ones and the grourfeprrelation effects in addition to direct contributions, provid-
state and this would tend to enhance the correlation contring support for the accuracy of our results for these latter
bution. The observed rapid decreasédig,,/H g in Tables ~ contributions. . o

| and Il indicates that the effect of the increasing separation The trends found in the exchange core polarization and
between the valence and core electrons as one goes to higifé@relation contributions to the hyperfine field suggest that
excited states dominates over the influence of the increasirfgen for highly excited states such as the Rydberg states, the
deformability of the valence electron and this determines th&€ore electrons cannot be approximated as essentially nega-
direction of the trend in correlation effects. These featuredive point charges at the nuclear site, reducing the effective
obtained in both K and Fr are all similar to those observed irfharge experienced by the valence electron to that due to a
Table Il from earlier work on R13] and suggest that the Single positive charge as appears to be the case for the ener-
general nature of the conclusions in the present work woul@ies of these states. One has instead to consider the detailed

apply to all alkali-metal atoms. interactions of the core electrons with the valence electron at
least for the exchange effect leading to the exchange core
IV. CONCLUSION polarization contribution to the hyperfine field. It would be

helpful to have experimental results for the Rydberg states
The investigations in this paper on the excited states ofor K, Fr, and Rb, and indeed all the alkali-metal atoms, to
neutral atoms of K and Fr and earlier on Rb have shown thaterify this conclusion.
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