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Relativistic coupled-cluster static dipole polarizabilities of the alkali metals
from Li to element 119
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Static dipole polarizabilitiegry of the first main group elements from Li down to superheavy element 119
were calculated using a relativistic Douglas-Kroll Hamiltonian within an open-shell coupled-cluster theory.
Spin-orbit effects were investigated using a fully relativistic four-component Dirac-Hartree-Fock scheme. Our
final recommended values for the dipole polarizabilities from Li to Cs should be more accurate than currently
available experimental data. Relativistic effectsin are roughly~Z? and we establish a clear relationship for
relativistic and electron correlation effects between the dipole polarizability and the ionization potential of the
neutral atom. Spin-orbit effects become non-negligible for Fr and element 119. For the latter, relativistic effects
clearly dominate over electron correlation resulting in a very smglivalue comparable to that of sodium.
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PACS numbse(s): 32.10.Dk, 32.10.Hq, 31.25.Eb, 31.30.Jv

[. INTRODUCTION The integral runs over all discrete and continuum stditgs,
is the oscillator strength between the ground si@tand the
Multipole polarizabilities are important for a number of excited statdk), andE, are the corresponding eigenvalues.
optical properties and for the description of long-range forcedMore precisely we have
in weakly interacting systems. However, an accurate calcu-

lation of static or dynamic multipole polarizabilities for ap=c1(Eq—E;) ?+c,
heavy atoms or molecules, including heavy atoms, still re- |\ -2
i ici - — 1 —
mains a great cha_ll_en_ge to theoreticians I_Jecaus_e elec_tron cor —cilg 2( 1- 2 +ey=cyly 2, ch, )
relation and relativistic effects become increasingly impor- lo

tant for heavy element§l,2]. On the experimental side,
Miller and Bederson noted that experimentalists are still lagwherel is the (first) ionization potential of the atom in its
ging behind theorists in dealing with atomic polarizabilities electronic ground state, arg is the(first) ionization poten-
[3]. tial of the atom in its first electronic excited state with non-
Concerning the static dipole polarizabilities of the neutralzero oscillator strength. The constantsandc, are positive
alkali-metal atoms there are two sets of experimental data bfc;=fq;) andc, is assumed to be small compared to the first
Molof et al.[4] and Zorn and co-workef&,6], which have  term in expression(2) [21]. Dalgarno and Kingston noted
error bars of a few percent. There are also a number of théhat Eq.(1) works well for the alkali-metal atonf20], and it
oretical studies[7,8] for H [9,10], Li [8,10-17, Na  was shown recently that this approximation works reason-
[8,10,13,15,16 K [1,10,13, Rb[1,13,18, Cs[1,18], and Fr  ably well for the group-11 metals Cu, Ag, and AQ2].
[1]. Noteworthy are the calculations by Kekd al.[1] for K, Equation (2) is interesting since it suggests a relationship
Rb, Cs, and Fr at the complete active space second-ordbetween the polarizability and the first ionization potential. It
perturbation theoryCASPT2 level using the mass-velocity was Fricke who first pointed out that static dipole polariz-
and Darwin(MVD) terms of the Pauli Hamiltoniafil9] to  abilities correlate strongly with the first ionization potential
account for scalar relativistic effects. Dalgarno and Kingstor{ 23] i.e., the polarizability decreases with increasing ioniza-
noted that for one-valence electron systems like the alkalition potential as Eq(2) suggestsap~1~2 also implies that
metal atoms the sum-over-state formula for the dipole polarthe dipole polarizability is related to Pearson’s hardrj@ds
izability ap can be approximate@n a.u) by, [20], », ap~n_ 2, although a recent study rather suggests
~ 773 [25]. Anyway, the experimental ionization potentials
o from H to Cs show a monotonic decreag6é], in accordance
“DIJW%BS—QP(EZS_ Es,) 2 (1) \[/th_thhe monotonic increase of the dipole polarizabilities
The recent CASPT2 calculations by Kelké al. suggest
that for the element francium there appears to be an anomaly
*Present address: Argonne National Laboratory, 9700 South Cagg the trend of the group-1 dipole polarizabilities due to rela-

Ave. Building 200, Room R113, Argonne, IL 60439. tivistic effects[1], as indicated earlier by Miller and Beder-
TAuthor to whom correspondence should be addressed. Electrongon [3]. If we accept an almost linear relationship between
address: schwerd@ccul.auckland.ac.nz the dipole polarizability and the ionization potential as im-
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TABLE I. A comparison between calculated numerical and finite basis-set total electronic energies at the
nonrelativistic level of theory(All values are in a.y.

Basis-set contraction schemes Total electronic energies
NR DK NR numerical NR finite basis
Li  11s7p4d/8s7p4d 11s7p4d/8s7p4d —7.432727 —7.432418
Na 1411p4d/11s10p4d 14s11p4d/11s10p4d —161.858912 —161.854 055
K 16sl4p4d/12s12p4d 16s14p4d/12s12p4d —599.164 787  —599.156 347
Rb  2315p11d4f/17s12p9d4f 24s15p11d4f/17s12p9d4f —2938.357454 —2938.293 005
Cs 2618p12d4f/16s11p8d4f 27s19p12d4f/13s11p8d4f —7553.933658 —7553.903317

Fr  26s21p17d10f/15s13pl0d7f 31s22p18d10f/15s13pl0d7f —22475.858712 —22475.849538
119 2%22p17d11f/17s13p10d7f 27s22p17d11f/17s13pl0d7f —47 258.448 972 —47 258.444 464

plied by Eq.(2), we can try to approximate relativistic ef- L Vex(Bi b))
fects as followsthe coefficientc, is assumed to be small W(Pp; ,ﬁ{)=Ai(Ri—Ri’)Ai’W,
i i
aNR 12 . . .
B —a—+b, (3  andE; is defined in the usual way,
@p INR

E;=(p?c®+m?c*)Y2
wherea andb are constants to be determined. This relation
for single valence-electron systems has the following iImpor{a b} denotes the anticommutator @andb, SF denotes the
tant consequences) if relativistic (or electron correlation  gpin-free DK approximation, ande,(p; ,;) is the Fourier-
effects increase the atomic ionization potential, the dipolg,ansform of the external potentigd].
po_larizabilitylwilll dgcrgase(ii) it ig well known that relatziv- A general contraction scheme for all basis sets was used
istic effects in ionization potentials behave likesl~Z°. 414 is summarized in Table I. The contraction coefficients
Because of the quadratic dependency in(Bqrelativistic  yere obtained from either a nonrelativistic or a relativistic
effects in dipole polarizabilities should be larger percentagepy - self-consistent-field (SCP calculation. The original
wise compared to ionization potentials. This was verified regTo (Gaussian-type orbitabasis-set exponents for lithium,
cently for the group-11 meta[22]. o sodium, and potassium were taken from Héaf3] and ex-

In order to investigate relativistic effects in dipole polar- anded by ones function (0.003 and onep function (0.002
izabilities in detail, we decided to perform accurate coupledyq, gjlow for more flexibility in the diffuse region. The rela-
cluster calculations for the first ionization potentials and the;yistic DK basis sets for these atoms were identical to the
static dipole polarizabilities of all group-1 metals from Li nonrelativistic ones. For the nonrelativistic calculations of
down to the superheavy element=-119 using large basis ypidium the original basis set of Sadlej and Urlpa8] was
sets within a relativistic Douglas-Kro{DK) formalism[27]. extended by two diffuses functions (0.003 365, 0.0013
While it has been shown recently that the first-order Paulirhis GTO set was further augmented by féaype polariza-
Hamiltonian is not adequate for the heaviest elements, thgon functions(14.1054, 5.5366, 2.2397, 0.8594]. For the
scalar relativistic Douglas-Kroll operator performs extremely q|ativistic calculations of rubidium the first two hardest

well even for superheavy elements like element [2d]. functions of the original Sadlej-Urban basis set were re-
moved and replaced by threstype functions(1 843 444.8,
Il. METHOD 307 240.8, 61 448.160r a better description of the core re-

N . . gion. The original cesium GTO set was taken from R#&f.
The scalar relativistic(spin-freg part of the no-pair  3nq extended by threstype diffuse functiong0.003 813,

Douglas-Kroll (DK) operator{29], 0.001 665, 0.000 727 To account for the relativistic effects,
1 this GTO set was modified by replacing the two hardest
1_ o VSRS — functions with six news-type functions(25 325 100 000.0,
A Z [Ei=me*+Ver(D)] 2 i @ 3088422 749.0, 428947 604.0, 68086 921.27,

14379440.23, 2579050.04and the hardesp function
was implemented in theioLcAs3 program packag¢30],  Wwith two newp-type functions(141690.346, 28 338.0692
modifying only the one-electron integrals. Hevgf is the ~ The initial francium GTO basis set from Ré¢f.] was modi-

one-particle effective spin-fre@xterna) potential with fied slightly by removing two of thé-type functions with
exponents 5.34161135 and 0.239269542. For relativistic
SE v A -1 SBYA LI W _ francium calculations this GTO set was extended by replac-
Ve =~ AilVexd 1) +Ri Ve DRIA = 2{{E Wi Wik, ing the three hardestfunctions with eight neve-type func-
12 R tions (358 861 000 000.0, 44 857 600 000.0, 6 144 876 662.0,
_ ( mc+E; g__ CP 903658332.6, 150609722.1, 28416 928.7, 6458 392.886,
' 2E; ’ ' mc+E’ 1655998.17§ the two hardesp functions with three new

functions (492 909.3, 98581.86, 25277,4and finally the
W, is the intergral operator with kernel hardestd function with two new functiong26 669.611 87,
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TABLE Il. Atomic ionization potentialgl) and static dipole polarizabilitiesay) at various levels of theory. lonization potentials | in
units of eV; dipole polarizabilities, in a.u.. The numerical HF and DHPBirac-HF) results for the ionization potentials are given in italics
below the finite basis set HF and DKHF results. The H dipole polarizabilities are derived analytf&aly. Experimental ionization
potentials from Ref{26]. UCHF denotes the HFDHF in the relativistic cagecalculation using a completely uncontracted basis set.

InR Ir agR ag InR Ir agR 0‘5
H HE 13.6057 13.6050 4.50000 4.49975 ccsb 4.0413 4.1089 370.37 341.14
Expt. 13.5984 CCSDT)  4.0681 4.1366 352.12 324.24
a
Li HF 53416 5.3420 169.50 169.45 Expt. atLrrz 3126/ 320+ 2%
53410 5.3424 Cs HF 3.3557 3.4733 806.81 670.88
UCHF(DHF) 169.42 169.35 3.3560 3.4774
MP2 53791 5.3795 164.49 164.44 UCHF(DHF) 806.76 668.14
ccsD 53843 53847 163.89 163.84 MP2 3.7076 3.8541 409.28 327.02
CCSDT) 53850 5.3854 163.80 163.74 ccsb 3.6563 3.7952 548.00 444.09
Full-CI 163.73 CCSDT)  3.6808 3.8207 516.08 43271
Expt. 5.3917 164 42 148+ 13 Expt. 3.8939 402 82 427+ 31°
Na HF 4.9486 4.9548 190.49 189.37 Fr HF 3.2003 3.5645 963.64 542.99
4.9511 4.9574 3.1989 3.5880
UCHF(DHF) 190.55 189.41 HF+g° 3.5645 542.98
MP2 50043 51013 165.83 164.82 UCHF(DHF) 963.63 530.02
ccsb 51016 5.1085 166.96 165.97 MP2 35735 4.0292 327.18 193.51
CcCcSDT)  5.1093 5.1162 165.89 164.89 ccsb 35121 3.9428 610.56 355.44
CCSDTQ) 166.12 CCSD+¢f 3.9373 358.72
Expt. 5.1391 158 3.52 165+ 12 CCSDT) 35420 3.9772 554.74 329.17
C
K HF 4.0046 4.0192 416.60 409.05 (E:)((:pSt.IIT)+g 3%77‘;88 330.70
4.0057 4.0205
UCHF(DHF) 416.60 408.89 119 HF 29822 4.1060 1219.23 252.76
MP2 42620 42792 282.84 277.47 20858 4.2423
ccsb 4.2556 42725 312.93 307.22 HF+ g 4.1060 252.76
CCSDT) 42672 4.2841 306.77 301.28 UCHR(DHF) 1219.23 237.22
Expt. 4.3407 293 6.2 305+ 22 MP2 3.3499 4.6635 412.09 130.45
Rb HF 3.7445 3.8015 522.39 483.77 ccsb 3.2894 45077 756.66 191.34
3.7422 3.8002 CCSD+g° 4.5083 191.40
UCHF(DHF) 522.36 483.07 CCSDT)  3.3119 45384 693.94 184.83
MP2 4.0740 4.1442 290.73 267.32 CCSDT)+¢° 4.5398 184.54

aMolof et al.[4].
bZorn et al. [5,6].
°An additional set of threg functions contracted to one was added to the basis set.

7408.22552 We obtained the exponents for the elementities) of alkali metals. In order to test the influence of spin-
119 by minimizing the total electronic energy at the nonrel-orbit coupling we performed fully relativistic open-shell
ativistic level [32]. The exponents obtained were used forDirac-Hartree-Fock calculation®HF) [34] for all elements
both nonrelativistic and relativistic calculations. Note that forusing the standard Dirac operator,
this element we had to use a somehow smaller basis set

compared to the other elements because of the large number I . 1
of electrons involved. A comparison between numerical D=Ei {caipi+c Bi+vext(')}+iz<j E
Hartree-FockHF) total energies obtained by using the mul-

ticonfiguration Hartree-FockMCHF) program[33] and our where « and 8 are the well-known Dirac matriceE35].

finite basis set results show that the basis sets used are Efquation (4) can be obtained by a unitary transformation
almost HF limit quality; see Table I. In order to check the g, Eq. (5) [29]. For the Dirac-Hartree-FockDHF) calcu-
influence ofg functions to correlate the occupiédrbitals,  |ations the same basis sets as described above were used but
we added a contracted §3— (1g) function for Fr and ele- in uncontracted form{UCDHF). However, for element 119
ment 119 using the three lowebtexponents in each case the total electronic energy was 41 a.u. above the DHF limit
(denoted ast Q). obtained from numerical DHF calculations usiagASP[36)].

In this DK scheme spin-orbit effects are neglected. Thes&Ve therefore added two more hapdfunctions yielding a
are of second-order and are expected to be small for theasis set with energy only 3.4 a.u. above the DHF limit.
ground state valence propertiesich as dipole polarizabil- These twop functions were important for a more accurate

©)
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description of the B4/, orbital and increased the DHF polar- 500

izability by Aa=+1.45a.u. In contrast, they are negligible

in the DK calculationsAa= +0.27 a.u. All DHF calcula-

tions were performed with the Dirac progrd®¥4], applying

a Gaussian nuclear model with nuclear exponents as given 400

by Visscher and Dyall37]. The resulting Gaussian basis set

has been used in a spherical and uncontracted form for the

large component functions, and the small component basis

sets were generated from the large component set using a 300 A

linear transformation and a projectip®8] that is equivalent i

to the restricted kinetic baland®KB) condition[35,39. In

order to obtain the effect of the basis-set contraction we also 1

carried out uncontracted HF calculations for all elements. 200 1
The static dipole polarizabilities of each atom were calcu- 1

lated by applying a point charge model where two charges

are placed with opposite sign at a large distafid@0 a.u) ]

from the atom in order to achieve near homogenicity of the 100

electric-dipole field. The electric-field strengths of 0.000, 1

op [au.]

—e— DK/CCSD(T)

O Molof et al

+0.001,+0.002, and+=0.004 a.u. were used for each atom, & romed
yielding seven points to be fitted to a fourth-order polyno- ]

mial E(F) of total electronic energye as a function of 04 . , , , , - ;
electric-field strength. Second derivatives of these polyno- H Li Na K Rb Cs Fr 119

mials were taken at Hartree-Fock, many-body perturbation
theory (second-order Mgller-Plesset, MPand the coupled-
cluster CCSD and CCSD) level [40] to obtain the static
dipole polarizabilities. The error introduced by the small in-

homogenicity created by our point charge model is less thalé‘.pin-orbit contributions cannot be neglected anymore. The

0.1 a.u., as tested at the nonrelativistic level using NOmog&sq ence of addingy functions in order to correlate the oc-
neous electric-field perturbations. Nevertheless, we tabula piedf space is very small, as the data in Table Il show. We

:he d'EOktehp°|ar'zlf‘b'||'t'fs. tt(') twf? skgn;flc?r:lt fll'gmes '? ordetr also investigated the accuracy of the CG¥Dprocedure by
0 make the small relalivistic etiects for tne ighter elementS, o ¢ ming full-ci calculations for Li and CCSDQ) calcu-
more transparent. Single and double excitation were properl tions for Na, which leads only to minor changes compared

spin adapted in CCSD' The (_jiagonal Fock fT‘at”X glement§ the CCSDT) treatment. Furthermore, the basis-set con-
were taken as denominators in the perturbative estimates @f, tion |eads only to minor changes as a comparison be-
tr!ples [40]. For !" we checked thg accuracy for trgatmg thetween HF and UCHF at the nonrelativistic level shows. Con-
triples perturbatively by a full _cqnflguratlon interaction treat- sidering our high-quality basis sets and the high-quality

r_nent((;ullr;CI) fo; thel nonrelz_igw_snc c_aser.] F(éIrCNSaIlDwe mvzs- treatment of relativistic and electron correlation effects, we
'ggate ft € qua ruDT °.°.”tf' L(':t'gns n t el i pr:l)fe Ur@re confident that our results are more accurate than previ-

y periorming nonre at'.V.'St'C SOQ) calculations[41]. usly published experimental or theoretical data. Neverthe-
Qalculaﬂons on'the pogltlvgly'cha.rged atoms were performe ss, if we take the most accurate calculated values published
in order to obtain the first ionization potential of each atom.

. ; . - by other authors so far, we see good agreerfiard.u.; our
The active orbital space in the coupled-cluster calculatlonbK CCSD(T) values are given in parentheses for compari-

was chosen as follows: Li, Na, and K fully active; frozen KL C i
core for Rb and Cs; frozen KLM core for Fr; and frozen iglj1f(ll(;l?fz;gc[zslzD](T?\Ial?\l‘lngl\EéﬂCEI\IIDRA 1Hg/5llle0r2als64k?gg|s
KLMN core for element 119. This means that we have cor 15, K MVD/CASPTZ 2955 (301.27 [1], Rb
related altogether 59 electrons in Fr and element 119. Th Vf)/CASPTZ 330.2323.57 [1], Cs MVD/CASPT’Z 413.6
reason for increasing the number of correlated electrons fo 433.97 [1]; Fr MVD/CASPT2 3’25_7(329_13 [1]. Our rec-
fche hea_vier elements is that core polarization increases Witgmmended, dipole polarizabilities for all group-1 elements
increasing nuclear charge. are summarized in Table Ill. We mention that for sodium the
dipole polarizability has recently been determined by atomic
IIl. RESULTS interference that gave 1624j a.u.[43]. Our recommended

FIG. 1. A comparison between theoretical DK/CGS$D and
experimental dipole polarizabilities measured by Modtfal. [4]
and Zornet al.[5,6]. The experimental error bars are given as well.

The calculated ionization potentidlgnd static dipole po- TABLE Ill. Recommended dipole polarizabilitiesx) calcu-
larizabilities ap for the elements H to 119 are shown in lated from relativistic CCSDI) including spin-orbit contributions
Table Il. The relativistic coupled-cluster polarizabilities are at the DHF levelin a.u).
shown in Fig. 1 together with the experimental values. Up tc
the element cesium all our Douglas-Kroll CCQD polariz- H Li Na K Rb Cs Fr 119
apilities lie wit.hin the experimentglly esti'mated valqes. .'I"hisaD 449978 164 165 301 324 430 318 169
gives us confidence for the predicted dipole polarizabilities
of the elements Fr and element 119. For Cs, spin-orbit eféReference$9,10].
fects start to become significant and for Fr and element 11%Referencd42).
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1000 14
5 ] --0-- NR/CCSD(T)
< —oe— AgopHF 3
9004 2 137 —e— DK/CCSD(T)
3 —e—  Agop, CCSD(T) 2] X expt
800 - ]
] ==t - A 0p NR 1]
700 4 N R ]
] —-A-- o ]
] cor*D 10_:
600 - ]
5 9
500— ’," ]
] 8
400 > ]
g ’,/’ 7_-'
300-: A . _
] A R A ]
2004 et 5
1004 & 4]
, r ] .
£ —7 °--o
0_% 1 T I L L 3 T T T T T I T T
0 20 40 60 80 100 120 H Li Na K Rb G Fr 119
FIG. 2. Scalar relativistiddg and correlatiom .o, contributions FIG. 3. A comparison between theoretical NR and DK

to the dipole polarizability as a function of the nuclear chafge CCSDO(T) and experimental ionization potentid6].

value of 165 a.u. shows that our polarizabilities could be inelectron-correlation contributions, especially for dipole po-
error by a maximum of 2—3 a.u. larizabilities, both effects no longer additive.

Figure 2 depicts relativisticat the HF and correlated lev-  (iv) In comparison to relativistic effects, correlation ef-
els) and electron correlation effectat the nonrelativistic and fects for ap dominate up to Cs and become similar in size
relativistic level$ on dipole polarizabilities. We note several for Fr. Element 119 clearly shows large relativistic and
important trends: smaller electron-correlation effects.

(i) At the nonrelativistic level the correlation contribution ~ (v) A comparison between second-order Rayleigh-
to the dipole polarizability is monotonically increasing, asSchralinger perturbation theory for electron correlation
one would expect. A reasonable fit is obtained usiag (n
a.u) 4.0

~4.52+150 6
ap (6) 35
for the CCSOT) values of Li up to element 119.

(i) Relativistic effects Agap increase approximately
~Z? at both the HF and CCSD) levels. A polynomial fit
for the CCSOT) results gives &p in a.u),

3.0-

2.5
Agap=aPR—al=—2.275<10"2+2.30x 10" 222

+8.83x 10 7%, (7) 2.0

with a root-mean-square error of 9.6 a.u. and a very small ]
fourth-order contribution. This large increase leads finally to 1.5
an anomaly as pointed out by Keka al.[1]; i.e., from Cs to

Fr the polarizability suddenly decreases and this downward

trend remains for element 119, as shown in Fig. 1. In fact, 1.0
superheavy element 119 has a similar dipole polarizability,

as Na and relativistic effects for this element account for ] — (Ip/lyp)?
more than 967 a.u143 A3). 0.5 +—— . —— ——

(i) Relativistic effects lead to a contraction of the va- 1.0 12 14 1.6 1.8 2.0
lence s orbital, which is~Z2. This results in a relativistic FIG. 4. Relation between relativistic changesdp and | ac-

decrease of the correlation contribution and therefore agaigording to Eq.(3). Also shown on this graptdashed line; values

to an anomaly in\ ., at the relativistic level, as shown in shown as diamondisis the effect of electron correlation; i.e.,
Fig. 2. Because relativistic effects significantly changeaB*/aB*°“s™™ versus|3ccspr/! 5
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(MP2) and coupled clustgfCCSIO(T)] shows that the MP2 agR |2R
method is not very reliable; in other words, the perturbation ?53.130?——2.156, 9
D NR

expansion converges slowly, especially for the heavier ele-
ments. Except for Li, the MP2 method overestimates th
electron-correlation  contribution [as compared with
CCSOT)] to polarizabilities. The same is true for the ion-
ization potentials of Rb, Cs, Fr, and 119.

The nonrelativistic and relativistic ionization potentials
are shown in Fig. 3. Again, our DK/CCSD) values are in

Svith a root-mean-square error of only 0.12. Thus the large
relativistic effect inap can be derived from thé&uadrati¢
relativistic change in the ionization potential as a direct result
of the relativistics-orbital contraction. Figure 4 also shows a
nice linear behavior for the electron correlation effects,

good agreement with experimental resufise also Ref44] 22K |2

e - D DKCCSDI(T)
for accurate fully relativistic coupled-cluster calculatipns orecsoT =2.39——>——1.39. (10
Analyzing the errors due to basis-set incompleteness and the @p 15K

relativistic electron-correlation procedure applied for the el- .
ements Li to Fr, we predict an ionization potential-o#.65 We conclude that for one-valence electron systems like the

eV for element 119. In accordance with the trend in thedroup-1 metals the trt_an_d .in dipole polarizabilities,. including

dipole polarizabilities, the ionization potentials change from¢hanges due to relativistic and electron correlation effects,
the expected downward trend with increasing nuclear charg%an be understood from similar trends in their first ionization

to an increase for the two heaviest atoms Fr and element 1180tentials.

The relativistic change in the ionization potentials-ig?, as
expected| in eV), ACKNOWLEDGMENTS
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