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Nuclear quadrupole moments of bromine and iodine from combined atomic and molecular data
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The multiconfiguration Dirac-FockMCDF) and Hartree-FockMCHF) models are employed to compute
the electric field gradients in the ground states of the bromine and iodine atoms. Combined with experimental
electric quadrupole hyperfine interaction constadtshey yield the nuclear quadrupole mome@@?Br) of
3133) millibarn (1 mb=10"%' m?), Q(51Br) of 261.52.5 mb, andQ(*23) of —710(10) mb. “Molecular’Q
values at Douglas-Kroll coupled cluster singles and doubles with perturbative {ifp@&SD(T)] level using
data on HBr and HlI fully support these “atomic€) values after a “picture-change” correction is applied. In
conjunction with several other recent determinations, these results indicate that the previous Qaradaed
of 331, 276, and- 789 mb for "°Br, 8'Br, and*?"l, respectively, should be revise@.values are also reported
for 124 and for the Mmsbauer states df”12.
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. INTRODUCTION been used for the determination of, e.@(23Al) [12],
Q(53Ga) [13], andQ(*4N) [14]. The experimentaB values
The knowledge of nuclear quadrupole mome@sis im-  for the [2Br and 2] ground states were measured by Jac-
portant both in chemical or solid-state spectroscopy and iarinoet al.[15,16 with very high accuracy already in 1954.
nuclear physics. Currently one of the best ways to determin@he accuracy of the finaD values depends entirely on the
them is to combine experimental nuclear quadrupole couaccuracy of present-day EFG calculations.
pling constantsB, with accurate calculations of the electric ~ As a further alternative source Qf(Br) andQ(l), we use
field gradient(EFG) at the nucleus. the availablg qu_adrupole coupling constants for HBr and HI.
In the case of halogens, such determinations have recentll/1¢ détermination of the nuclear quadrupole moments from

; ; i 5 ; molecular microwave data has a long record of success
beeln CTmEd lou;[ ft(?r fIEul(])ranlng. 1?“7 k.ev’ IZ.Z Stjt? ufsmgt]h [8,17] and is known to yield highly accurate d4te2,18,19.
molecular caiculationss] and for chiorine using data for thé =, previous determination d@(Br) and Q(I) from mo-
atomic ground stat¢2]. Recent calculationg3—6] suggest  |gcyjar data for HBr and HI was based on spin-averaged

tha7t9 the long-time recommended tabular Va“[fz%g] of  relativistic calculations of the electric field gradient at the
Q(42Br) of 331(4) mb (1 mb=10"%" m?) and Q(*J) of  halogen nucleus. However, these calculations did not take
—789(4) mb should be adjusted downwards. Haas and Peinto account the so-called picture-change contribution which
rilli [5] reanalyzed the spectroscopic atomic data and obarises upon transformations of the four-component Dirac
tained Q values of 308.3 mb and 711.3 mb forQ(%Br) equation used in the derivation of approximate relativistic
and Q(lgl), respectively. They based the nevalues on models[20,21]. The Iate( investigation of the p|cture—chang¢
(r~3 integrals, estimated from the experimental magneti effect. has sh.owr) that in contrast to some other properties
. > . . (‘[20], its contribution may considerably affect the calculated
dipole hyperfine coupling constantd, and combined them

. electric field gradients at heavy nuclg2]. A similar con-
with measured values. In the present work, we use the best,) ,qjon follows from the more recent study of the electric
atomicab initio methods currently available to calculate thefield gradient at the coinage metal nudigB]. Thus, to im-
EFG, which in combination with accurate nuclear quadru—prove upon the earlier dafa] we have carried out spin-
pole coupling constants yiel@ values worthy of future com-  3yeraged relativistic Douglas-Kro[24,25 calculations of
pilations. Recent examples of this multiconfiguration Dirac-the electric field gradient at the halogen nuclei in HBr and HI
Fock (MCDF) approach are the determinations @{33Y) by using a new computational meth@6,27), which takes
[9], Q(53Ti) [10], andQ(*3EXe) [11]. The present multicon- the picture-change effects into account. It will be shown that
figuration Hartree-FocKMCHF) approach has previously including the picture-change term of the electric field gradi-

ent operator in spin-averaged relativistic calculations for HBr
and HI leads to a satisfactory agreement betweerQ)ttr)

*Present and permanent address: Instytut Fizyki im. Marianand Q(l) data derived from molecular and atomic sources.
Smoluchowskiego, Uniwersytet Jagi€liki, Reymonta 4, PL-30- Since the ratio of the quadrupole splittings for two iso-
059 Krakav, Poland; Email address: Bieron@if.uj.edu.pl topes of the same element can be directly measuredQthe

TCorresponding author; Email address: pekka.pyykko@helsinki.fivalue for one isotope will help to determine tQevalues for
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other isotopes, or other nuclear states, includingsbauer 2J(23-1) 112

states. The values for Br and | isotopes are of great impor- B;=2Q (20+1)(20+2)(23+3)

tance since a large amount of experimental data exists for

nuclear quadrupole coupling constants of bromine and iodine @)

containing moleculef28]. XZS ey T vsd), (2.6

Il. THEORY where Q is the nuclear quadrupole momeidt,s the total
angular momentum quantum number in the electronic space,
A. Atoms ¢, are the configuration mixing coefficients obtained in the

The theory [29,30 and the methods of calculation configuration-interaction calculation, atgl,J| T y.J) are
[11,31-39 have been described elsewhere and will not b¢he reduced matrix elements between the configurations
repeated here. In order to facilitate the discussion of the ret¥rJ} and{ysJ}. Calculated electric field gradients, together
sults, the hyperfine Hamiltonian and its connection to thewith experimental values of hyperfine const&ntallow one
nuclear quadrupole coupling constants and the nuclear quaéP extract the nuclear electric quadrupole mom@ntising

rupole moments will be briefly discussed. Eq. (2.6), which can be simplified to
The hyperfine contribution to the Hamiltonian can be rep- _
resented by a multipole expansion B(yIM)=a(yIM)(eQ/h, 2.7

whereq(yJM) denotes the electric field gradient aa@ is
Hpe= >, TO.M®), (2.1  the electric quadrupole moment of the nucleus. WBeis
k=1 expressed in MHz and in atomic units, th& can explicitly
be obtainedin mb) as
whereT® andM® are spherical tensor operators of rdnk
in the electronic and nuclear spaces, respectiy/@0}. The B(yIM)

k=1 term represents the magnetic dipole interaction and the Q=4.255957 gq(yJM) ' 28
k=2 term the electric quadrupole interaction.
The electronic tensor operators can be written as sums of B. Molecules

one-particle tensor operators o _ _
The origin of the nuclear quadrupole couplifig0] in

N molecules containing quadrupolar nuclei is essentially the
TO=D 0 k=12, (2.2)  same as in the case of atoms. In the electrostatic approxima-
=1 tion, the asymmetry of the nuclear charge distribution leads

to the interaction term of the forf®1].
where, in atomic units, 1
=_ . yk
! HQ_SI(;Q u®, (2.9
tW=—ia -1, CMr 2 (2.3
j=1 whereQ¥ and U are the irreducible spherical tensors of the
2X-pole electric moment of the nucleus and the electric field
represents the magnetic dipole interaction and gradient operator of the appropriate order in the position of
the nucleus of interest, respectivgl?]. For k=2, one ob-
N tains the interaction between the quadrupole moment of the
1= ngz)r]_fs (2.4 point nucleus, say, and the electric field gradient produced
=1 by all other charges distributed in the molecule. The first-
order interaction energy arising from this perturbation de-
is the quadrupole interaction term. In the formulas abave, pends on the rotational state of the molecule and can be
is the fine-structure constand; is the vector of the three determined experimentally by fitting the observed transi-
Dirac matricesN is the number of electrons, ar@f¥) is a  tions. For a linear molecule with the quadrupolar nucleus, the
spherical tensor with the components related to the sphericédlequencyvo(X), known as the quadrupole coupling con-
harmonics as stant[40], can be expressed solely in terms of the parallel
component of the total electric field gradiefit],{X)

o \/?Y 05 =q(X)] at X:
q 2k+1 K ' va(X)=eQ(X)q(X). (210

The magnetic dipole operatdEq. (2.3)] represents the By inverting this formula, one obtains the quadrupole mo-
magnetic field due to the electrons at the nucleus. The elegnentQ(X) of the nucleusx (in mb):
tric quadrupole operatdEq. (2.4)] represents the electric
field gradient at the nucleus. The hyperfine interaction con- vo(X)
stantB is obtained as 0.234964 4(X)’

Q(X)= (2.11
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wherevg(X) is expressed in MHz and(X) in atomic units  of the — sign in the notation are frozen while those to the
of the electric field gradient. The total electric field gradientright are fully optimized in the calculation. ThResign in the
q(X)=0q,(X) at X in the rotationless vibrational statecan  notation indicates the border line between valence and core-
be partitioned into its pure electronibqg'(x)], nuclear  valence optimized shells.
[ga(X)], and vibrational g2(X)] contributions:

B. Atomic MCDF

_ ~€l n v
(X =0e(X)+e(X) + Ge(X), (212 In the MCDF method, systematic expansions of configu-
with all entries calculated at the equilibrium bond distanceration state functions with a given parity and symmetry are
R.. The evaluation of the electronic contribution proceedsgenerated by substitutions from refereriDérac-Fock orbit-
by means of methods of the electronic structure theory. Thals to a set of correlation orbital84,35,47-51 The set of
nuclear contribution follows from the value ®&.. In the correlation shells is systematically increased until the con-
case of the vibrational correction, we shall use the approxivergence of the property is obtained. Since the number of
mate formula due to Buckinghafd3]: configurations must be kept at a manageable level, restric-
tions have to be imposed on the allowed substitutions in such
2.13 a way that the most important electron correlation effects are
’ captured. In first-order perturbation theory, only single sub-
stitutions contribute to the hfs energy correct[62,53, im-
plying that they usually comprise the dominant part of the
2 hfs energy. In the hfs calculations it is important that the
gy (X)= %{3( 1+ aewe) ( &q(X)) + (&q_()()) } correlation space is sufficiently saturated with orbitals opti-
€ §=0 §=0

L
T2

ga(X)=qy(X)

where

6Bz || 0¢ 9&* mized for single substitutiong0,54. In the present paper,

(214 We adopted a schenig1,55 in which the correlation orbital
space is optimized for single substitutions. However, since
The symbolswe, Be, anda, denote the usual spectroscopic the energy contributions from double substitutions dominate
constant§44] in cm™* and é=(R—Re)/R,; R denotes the the correlation energy, the effects arising from double substi-
internuclear distance. The evaluation of the vibrational COrtutions were later estimated in a series of Configuration_

rection(2.14) will be carried out with experimental values of interaction calculations with fixed orbitalsee Tables | and

spectroscopic constants for HBr and (4] and theoreti- ),
cally computed derivatives af(X). The generation of the wave functions followed essentially
the scheme described in Ref85,51. For each state, the
Ill. METHOD OF CALCULATION spectroscopic orbitals required to form a reference wave

function were obtained in a single configuration calculation.
The correlation orbitals were generated in several consecu-

The MCHF calculations were performed using the atomictive steps, with the expansions formed by single substitutions
finite-element codeucas [36]. The approach allows the use from the reference configurations. At each step, the correla-
of very large configuration interactiofCl) expansions tion space has been extended by one layer of correlation
[45,46) in combination with orbital optimization in an essen- orbitals, with all previously generated orbitals frozen, and all
tially complete one-electron basis. The program is based onew orbitals made orthogonal to others of the same symme-
the restricted active spa¢BAS) method[45]. The configu- try (see Tables IlI-Y.
rations are selected by dividing the orbital space into inac- Single substitutiongas indicated by letterS” in column
tive, active, and secondatfyirtual) spaces. The active space 1 of Tables Ill and V] promote the electrons from the Dirac-
is further subdivided into three subspaces called RAS |, RAS-ock orbitals listed in column 2 to the correlation space pre-
II, and RAS lll. The RAS | space consists usually of coresented in column 3. Different notations have been used in the
and deep valence orbitals; the RAS 1l space consists of vasecond and third columns. In the second column, the notation
lence orbitals and the RAS Il space contains orbitals intro-3spddsp denotes spectroscopic, i.e., the occupied Dirac-
duced to allow for dynamical correlation and polarization. AFock orbitals, from which substitutions take place. In the
lower limit is given for the number of electrons in RAS | and third column, e.g., the notationspdflg denotes two corre-
an upperlimit is given for the number of electrons in RAS lation shells of each of thg p, d, andf symmetries, and one
[ll. Since there are no explicit restrictions on the number ofshell of theg symmetry.
electrons in RAS I, it becomes a full configuration interac-  Monitoring the dependence of an expectation value on the
tion (FCI) space. The methods used in the MCHF progransize of the correlation orbital space allows us to study the
have been discussed in more detail in RE#2S37,39. In the  convergence of the atomic property and offers a tool to esti-
MCHF calculations, the point-nucleus approximation wasmate the precision of the final expectation value. The first
employed. few lines in Tables Il and VI, where letterS” in first col-

The following notations are used for the RAS calcula-umn indicates single substitutions, show the convergence and
tions: inactive orbitals// RAS | orbitaleninimum number of  saturation of the calculated value @t After the correlation
electrons in RAS)IRAS |1l orbitals/ RAS Il orbitals(maxi-  space has been saturated, the effects of double substitutions
mum number of electrons in RAS JIIThe shells to the left have been evaluated in a series of configuration-interaction

A. Atomic MCHF
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TABLE I. The nuclear electric quadrupole mome@iin mb) of the 2Br isotope obtained by comparing
the experimental hyperfine constahbf the 4p® 2P, ground state of Br with the EFGn a.u) calculated at

the nonrelativistic MCHF level.

Calculation EFG Q
4s3pld (HF) 4.800 341.3
3s2p1d//3s3p2d1f 4.461 367.2
3s2pld//1slp/2s2p2dlf—(1) 4.573 358.2
Correction FCI singles —0.112
3s2pld//1slp/2s2p2dlf—(2) 4.527 361.8
Correction FCI doubles —0.067
3s2pld//1slp/2s2p2d1f—(3) 4.474 366.1
Correction FCI triples —0.053
3s2pld//1slp/2s2p2d1f —(4) 4.463 367.1
Correction FCI quadruples —0.002
3s2pld//1slp/2s2p2dlf—1slpldlfig(2) 4.510 363.2
3s2pld//1slp/2s2p2d1f2s2p2d2f2g(2) 4.527 361.8
2s1p//1s1pld(17)/1s1p/3s3p3d—1sipld(2) 5.013 326.8
2s1p//1s1p1d(18)/1s1p/3s3p3d+1sipld(2) 4512 363.0
CV correction 0.501
2s1p//1s1pld(17)/1s1p/3s3p3d—2s2p2d(2) 5.115 320.2
2s1p//1s1p1d(18)/1s1p/3s3p3d+2s2p2d—(2) 4.500 364.0
CV correction 0.615
2s1p//1s1p1d(17)/1s1p/3s3p3d+2s2p—(2) 5.062 323.6
2s1p//1s1p1d(18)/1s1p/3s3p3d+2s2p—(2) 4.500 364.0
CV correction 0.562
2s1p//1s1pld(17)/1s1p/3s3p3d+2s2p—1slp(2) 5.084 322.2
2s1p//1s1p1d(18)/1s1p/3s3p3d+2s2p—1slp(2) 4512 363.0
CV correlation 0.571
Contribution from the third C\sp shells 0.009

calculations. In order to estimate the contributions of variousvas employed to approximate the charge distribution. The
electron shells, the configuration-interaction calculationgparametec is thehalf-charge-density radiysandais related
were also performed in a systematic way, with stepwise into the skin thicknessthe interval across which the nuclear
crease of the orbital correlation space. All MCDF calcula-charge density falls from 0gg to 0.1p,.

tions were done with the nucleus modeled as a variable- In the last column of Tables Ill and VI, we present the
density sphere, where a two-parameter Fermi distributiorcalculated values of the magnetic dipole hyperfine constant

[31]

Po

1+e(rfc)/a (3'1)

p(r)=

TABLE Il. The most significant EFG contributior(& a.u) for
the 4p® 2P, ground state of Br and the correspondi@gin mb)
for the 52Br isotope.

Contribution EFG Q
Hartree-Fock 4.800 341.3
MCHF valence SD limit 4.527 361.8
MCHF AFCI correction —0.067
MCHF CV correction 0.624
Nonrelativistic value 5.084 322.2
Relativistic correction -9.7
Breit correction 0.4
MCHF + relativistic corrections 5.235 312.9

A. Since the radial dependence of the magnetic dipole and
electric quadrupole hyperfine operatf8§] makes them sen-
sitive to the same inner region of the electronic wave func-
tion [57], it is expected that electron correlation effects
would have a similar influence on both of them. Therefore,
the evaluation of the constaAtserves as a useful indication

of contributions of various electronic shells, and a tool to
estimate the accuracy of the calculated electric field gradi-
ents. The nuclear magnetic moments have been taken from
the tables of RaghavdiT].

C. Molecular calculations

The calculation of the electric field gradient at the halogen
nucleus in HBr and HI closely follows the methodology de-
scribed in the earlier pap@4]. Our present results have been
obtained with the same set of Gaussian functions as de-
scribed in Ref[4]. The bromine basis set is the contracted
Gaussian basis set of the fofrh5s12p7d2f/15s12p5d2f].

The iodine set readsl 7s14p8d2f/17s14p6d2f]. These ba-
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TABLE IIl. Nuclear electric quadrupole momef (in mb) of TABLE IV. The nuclear electric quadrupole mome®t(in mb)
the ;gBr isotope and magnetic dipole hyperfine constafin MHz) of the 1§§I isotope obtained by comparing the experimental hyper-
of the ground 4° 2P, state of ;2Br as a function of the size of the fine constanB of the 5p° 2P, ground state of | with the EF@n

active set of orbitals. a.u) calculated at the nonrelativistic MCHF level.

Type From To Q (mb) A (MHz) Calculation EFG Q

DF 331.0 865.533 5s4p2d (HF) 5.949 —-820.1

S 1s...4sp 1spdf 343.9 800.438 4s3p2d//3s3p2d1f 5.444 —896.2

S 1s...4sp 2spdflg 316.1 872.953 4s3p2d//1s1p/2s2p2d1f—(2) 5.539 —880.8

S 1s...4sp 3spdf2glh 313.8 903.244 Correction FCI doubles —0.095

S 1s...4sp 4spdf3g2h 308.8 919.937 4s3p2d//1s1p/2s2p2d1f—1slpld1flg(2) 5.522 —883.5

S 1s...4sp 4spdf2glh 308.8 919.940 4s3p2d//1s1p/2s2p2d1f—2s2p2d2f2g(2) 5.539 —880.8

S 1s...4sp 5spdf3g2h 309.9 921.061 5s3p2d(47)/1p/3s3p3d—4sdp4d(1) 6.601 —739.1

S 1s...4sp 6spdf3g2h 310.0 921.275 5s3p2d(48)/1p/3s3p3d—4s4p4d(1) 5.691 —857.3
CV singles correction 0.910

S 1s...4sp 4spdf2glh

' 4s2p2d//1p(6)/1s1p/3s3p3d+4sdpad—(2) 5529 —882.4
3spddsp 1spdf 3180 895.699 s2p2d//1p(6)/1s1p/3s3p s4p4ad—(2)

Sb 4s2p2d//1p(5)/1s1p/3s3p3d+4s4pad—(1)  6.251 —780.5

S 1s...4sp  4spdfglh 4s2p2d//1p(5)/1s1p/3s3p3d+4s4pad—(2)  6.091 —801.0

SD 3spddsp 2spdf 311.7 883.115 4s3p2d//1s1p/3s3p3d+4s4pdd— (1) 5.638 —865.4
4s3p2d//1s1p/3s3p3d+4s4pdd—(2) 5.528 —882.6

S Is...4sp 4spdf2glh CV doubles correction —0.050

SD 3spdAsp 2spdf Total CV correction 0.860

SD 4sp 2spdf2glh 3110 883.984 4s2p2d//1p(6)/1s1p/3s3p3d+2s2p2d—(2)  5.528 —882.6

s 1s...4sp  4spdRglh 4s2p2d//1p(5)/1s1p/3s3p3d+2s2p2d—(2)  6.080 —802.4

sSD 3spddsp 2spdf Singles contribution from g 0.552

sSD 4sp 3spdfglh 310.2 885.355 4s2p2d//1p(4)/1s1p/3s3p3d+2s2p2d—(2) 6.076 —803.0
Doubles contribution from g —0.004

S 1s...4sp  6spdf2glh 4s2p2d//1p(3)/1s1p/3s3p3d+2s2p2d—(2)  6.075 —803.1

SD 3spdasp 2spdf Triples contribution from 4 —0.001

SD 4sp 3spdfzglh  309.9  886.254 4s3p1d//1d(8)/1s1p/3s3p3d+2s2p2d—(2)  5.747 —848.9

Breit 0.4 0.02 4s3p1d//1d(9)/1s1p/3s3p3d+2s2p2d—(2) 5.713 —854.0

Total 310.3 886.27 Doubles contribution from & 0.035

Expt. value of King and Jaccarifd5] 884.8103)

eral earlier calculations and is known to give acceptable re-
sis sets are essentially uncontracted in both the valence ardits. However, to increase the accuracy and reliability of
core regions. A little stronger contraction was used for thecorrelation corrections to electric field gradients computed in
hydrogen sef11s7p2d/7s4p2d]. However, the very accu- the present paper, we have also performed additional series
rate description of the hydrogen region is not necessary inf CCSOT) calculations including explicitly the subvalence
calculations of the electric field gradient at the heavyd shells, with the remainder of the correlation correction es-
nucleus.

The evaluation of electric field gradients of high enough  1aBLE v. The most significant EFG contributior@ a.u) for
accuracy requires a careful consideration of the electron cogne 55 2p,,,, ground state of | and the correspondi@gin mb) for
relation contribution. This has been computed by using thene 127 isotope.
coupled-cluster metho@CC) with the full iterative evalua-
tion of the single and double excitation amplitud€CSD Contribution EFG Q
and noniterative correction for triple excitatiofSCSO(T)]

[58]. This method was successfully used in most of our ear- Hartree-Fock 5.949 -820.1
lier calculations of electric field gradients in molecules of ~MCHF valence SD limit 5.539 —880.8
similar electronic structure and size. MCHF AFCI correction —0.095

In our earlier studief3,4], the CCSIT) evaluation of the MCHF valence limit 5444 —896.2
electron correlation contribution to electric field gradients in  MCHF CV correction 0.860
HBr and HI was carried out only for eight valence electrons MCHF CC correction p+d) 0.031
[CCSOT)-8]. The correlation contribution due to subvalence  Nonrelativistic value 6.335 —770.1
shells and core electrons was then estimated at the level of Relativistic correction 60.3
the second-order perturbation thedi¥P2) and used as a Breit correction -13
correction to the valence contribution obtained in CCBD MCHF + relativistic corrections 6.861 —711.1

calculations. This method has been carefully verified in sev
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TABLE VI. Nuclear electric quadrupole momef (in mb) of
the 1§;| isotope and magnetic dipole hyperfine constarin MHz)
of the ground B° 2P, state of'2]| as a function of the size of the

active set of orbitals.

Type From To Q A
DF —756.5 880.686
S 1s...5sp 1spdf —809.4 740.085
S 1s...5sp 2spdflg —720.6 801.894
S 1s...5sp 3spdf2glh —713.7 833.044
S 1s...5sp 4spdf2glh  —698.0 867.820
S 1s...5sp 5spdf2glh —697.7 869.201
S 1s...5sp 6spdf2glh —698.1 868.007
S 1s...5sp 5spdf2glh

SD 5sp 1spdf —724.3 857.877
S 1s...5sp 5spdf2glh

SD 5sp 2spdfdlh —726.8 860.838
S 1s...5sp 5spdf2glh

SD 5sp 3spdf2glh —725.3 859.061
S 1s...5sp 5spdf2glh

SD 4d5sp 1spdfg

SD 5sp 3spdf2glh  —719.0 860.024
S 1s...5sp 5spdf2glh

SD 4d5sp 2spdfg

SD 5sp 3spdf2glh  —710.7 862.258
S 1s...5sp 5spdf2glh

SD 4d5sp 3spdfg

SD 5sp 3spdf2glh —709.5 862.609
S 1s...5sp 5spdf2glh

SD 4spdbsp 1spdfg

SD 5sp 3spdf2glh  —711.3 860.814
S 1s...5sp 5spdf2glh

SD 4spdbsp 2spdfg —708.2 811.412
S 1s...5sp 5spdf2glh —706.5 813.054
SD 4spdbsp 2spdfg

SD 5sp 2spdf2glh

S 1s...5sp 5spdf2glh —706.0 816.763
SD 4spdbsp 2spdfg

SD 5sp 3spdf2glh

Breit -1.3 1.877
Total —707.3 818.640
Expt. value of Luc-Koeniget al. [56] 827.11.5
Expt. value of Jaccarinet al. [16] 827.26%3)

timated from MP2 data. The corresponding CQEDresults

will be referred to by CCSDI)-18.
Our earlier studies have shown that the relativistic effect2s1p//1s1p1d(17)/1s1p/3s3p3d—2s2p2d(2)  calcula-
can significantly contribute to the electric field gradients attion. The frozen valence shells are those of the largest va-

the halogen nuclei in halogen hydrides4,22. The method

PHYSICAL REVIEW A64 052507

Douglas-Kroll (DK) approximation [24,25. The same
method has been used earlidf. However, the present cal-
culations take into account the so-called picture change of
the electric field gradient operatf21,22, which was totally
neglected in our earlier studid¢8,4]. On the basis of our
investigations of the picture-change contribution to the elec-
tric field gradients in two-component relativistic methods
[22], one may expect that this effect is by no means negli-
gible. This has been also confirmed in recent calculations on
the coinage metal chloridg®3] and on KrH and XeH"

[59].

Including the picture-change contribution in relativistic
DK CCSD(T) calculations means that the usual field gradient
operator needs to be replaced by a more complicated expres-
sion [21,22. A method to avoid explicit transformation of
the field gradient operator has been recently proposed by
Pernpointneret al. [26] and is based on modeling of the
nuclear quadrupole by a set of charges. Within this model the
relativistic DK calculations of electric field gradients can be
formulated in terms of the finite-field perturbation approach
[22,26,27. The problem of the choice of numerical param-
eters of the point charge nuclear quadrupole montE@t-
NQM) has been already discusg&t?,26,27 and in this re-
spect we follow the choice of parameters recommended for
DK calculations in Ref[22].

The calculation of the pure electronic and nuclear contri-
butions toq(X) in HBr and HI has been performed for the
experimental equilibrium geometries of the two molecules:
Re(HBr)=2.673 a.u. an®R.(HI) = 3.040 a.u[44]. The spec-
troscopic constants required to evaluate the vibrational con-
tribution follow from the same sourd&4] whereas the de-
rivatives entering Eq(2.12 have been evaluated by fitting
the q(X) computed atR, and R,+=0.05 a.u. to a parabola
with respect toR.

IV. RESULTS AND DISCUSSION
A. Atomic MCHF calculations for Q("°Br)

The electric field gradient of 4.527 a.u. and the corre-
sponding nuclear quadrupole moment of 361.8 mb obtained
in the 3s2pld//1s1p/2s2p2dl1f—2s2p2d2f2g(2) calcu-
lation are considered to be the valence singles and doubles
(SD) limit. By adding the difference of-0.067 a.u. between
the EFG values obtained in the largest FCI calculation and
the corresponding SDCI calculation, the extrapolated valence
limit becomes 4.460 a.u., which corresponds (Q(égBr) of
367.2 mb. The core-valence correlation contribution is esti-
mated by allowing single excitations from the,33p, and
3d shells and optimizing an additional set of shells which
accommodate core-valence effects. The final core-valence
contribution to the EFG of 0.624 a.u. is obtained by adding
the differential core-valence correction of the
2s1p//1s1pld(17)/1s1p/3s3p3d+2s2p(2) and  the
2s1p//1s1pld(17)/1s1p/3s3p3d+2s2p—1sip(2) calcu-
lations to the core-valence correction of the

lence correlation calculation, while the frozen core-valence

used to obtain relativistic corrections is the spin-averageahells are taken from the largest core-valence correlation cal-
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culation. The final nonrelativistic value of 5.084 a.u. is ob-creases th€) value by about 4 mb. With this correction, our
tained by adding the core-valence correction of 0.624 a.utotal MCDF value becomes 313.9 mb.

and the valence limit of 4.460 a.u. A combination of the EFG

of 5.084 a.u. with the measured electric quadrupole coupling C. Atomic MCHF calculations for Q(*?1)

constant of - 384'8728(8) MHZ[15] yields a nucl.egr.quad- For iodine the EFG of 5.539 a.u. and the corresponéing
rupole momenf Q(35Br)] of 322.2 mb. The relativistic cor- of —880.8 mb obtained in the s8p2d//1s1p/2s2p2dif

rection of —9.7 mb can be estimated from the ratio of the—252p2d2f29(2) calculation is considered to be the non-

EFGs calculated at the Hartree-Fock and the Dirac-Fock leVr'eIativistic valence singles and doubl&D) limit. By adding

;al_s, rzspte;:r'ilve'\l/)llég)llzions:dt:;mg:ralso7’[51; Bri': (?orrc(ja(;tlon Ob'the difference of—0.095 a.u. between the EFG values ob-
amned at the evel, the fin@(3sBr) obtained from yaineq in the largest FCI calculation and the corresponding

the LuCAs calculations is 312.9 mb. SDCI calculation, the extrapolated nonrelativistic valence
_ _ , limit becomes 5.444 a.u., which corresponds ©Q@24) of
B. Atomic MCDF calculations for Q(**Br) —896.2 mb. The core-valence correlation contribution is es-

The largest MCDF calculation has been performed withtimated by allowing single excitations from the core shells
single substitutions from all occupied orbitals to the correla-2nd optimizing an additional set of fosr p, andd shells
tion space spanned by six layers of correlation shellgvhich accommodate the core-valence effects. The core-
(6spdf2g1h), augmented by double substitutions from vglence smgle_s; cqntrlbutlon to the EFG o_f 0.910 4@v
3spddsp shells to the correlation space spanned by two |ay_smgles correction in Table Ivhas been obtained as the EFG

. o difference between the value calculated with the
ers of correlation shells &odf), and double substitutions 553p2d(47)/1p/3s3p3d— 4s4p4d(1) orbital set, and the

from 4sp shells to the correlation space spanned by thre?esult of the corresponding valence correlation calculation,

layers of correlation shells &pdf2g1h). The tests per- ; o “rs3454(48)/1p/353p3d— 4s4p4d(1). Double excita-
formed with limited configurational spaces indicate that thetions of the valence electrons in combination with single

contribution of the $2sp core to the EFG is negligible. The gy citations from the core were found to be of significant
ele_ctron-correlatlon (_:ontrlbutlons arising from doub!e SUbSt"importance. This effect was studied by allowing single exci-
tutions are also relatively small. The correlation orbital spac§ations from the # shell and comparing the EFG values
seems to be sufficiently saturated, and we estimate that fgptained with and without double excitations from the va-
this particular model space the MCDF procedure yields thgence %5p shells. The double excitations reduced the CV
calculated value o with the precision of the order of 0.1%, correction of the EFG by-0.0576 a.u. yielding a final CV
as can be inferred from the last two “SD” entries in Table correlation contribution of 0.8600 a.u. In the core-valence
M. correlation calculations, the frozen valence shells are those
For 52Br, our MCDF calculations yield & value of 310  of the second largest valence correlation calculation. To
mb as extracted from the experimental value of the electri¢heck the contributions from higher-order excitations from
quadrupole constarB= —384.878(8) MHz[15] and from the core shells, configuration interaction calculations with up
the calculated electric field gradient. The Breit contributionto triple excitations from the @ or the 4d shells were per-
of 0.4 mb was estimated in a configuration-interaction calcuformed. The obtained double excitation contribution to the
lation. EFG from the $ shell was only—0.004 a.u., and the con-
Our calculated magnetic dipole hyperfine constanof  tribution from the triplets was even smaller. However, the
886.27 MHz for the ground state of bromine, as compared tgloubles contribution from d affects the EFG by 0.034 a.u.
the experimental valué\(expt.) of 884.81(8) MHz [15],  The shells of the core-core correlation ClI calculations were
indicates a remarkably good agreement, within 0.1%, whictPptimized in the core-valence correlation calculation.
appears to be fortuitous, since there are several possible The nonrelativistic value for the EFG of 6.335 a.u. was
sources of systematic errors, which are likely to introduce apbtained by adding the core-valence and core-core correla-
least a one order of magnitude larger uncertainty for thdion contributions to the valence limit value. The combina-
EFG. Out of these, we should mention two, whose contribution of the EFG of 6.335 a.u., with the measured electric
tions to the overall error budget are probably largest. Therguadrupole coupling constant ef1146.356(10) MHZ16]
are certain classes of omitted double substitutions, as can béelds the MCHF value for the nuclear quadrupole moment
seen from Table Ill. Their influence on the final value is[Q(*24)] of —770.1 mb. The ratio of the EFGs calculated at
small, certainly below 1%. The triple and higher-order sub-the Hartree-Fock and the Dirac-Fock levels, respectively,
stitutions have been entirely neglected. Their influence hagields a relativistic correction of 60.3 mb. However, such a
been estimated from the nonrelativistic MCHF calculationslarge correction implies that relativistic correlation effects
as the difference between the EFG obtained in the largesian also be important. At the valence correlation singles
valence full configuration interaction calculation and thelevel, theQ values obtained at the MCDF and MCHF levels
EFG obtained in the corresponding configuration calculatiorare —796.9 mb and-873.3 mb, respectively. The relativistic
allowing only single and double excitations from the valencecorrection at the valence singles level becomes 76.4 mb. In
shells to the correlation shells. This small EFG differenceaddition, at the relativistic level, double excitations from the
(—0.067 a.u., denoted FCI in Table VIIl), which should 4d shell contribute—19.3 mb toQ, while at the nonrelativ-
constitute a good approximation of higher-order effects, indstic level the contribution was only 3.2 mb. By adding this
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relativistic correlation contribution of 16.1 mb to the rela- TABLE VII. Contributions to the electric field gradient at the
tivistic correction of 76.4 mb, the final relativistic correction halogen nuclei in HBr and HF from DK CCSD) calculations
obtained at the correlated level is also 60.3 mb. The Breiwithin the PCNQM model. All results correspond to experimental
correction of—1.3 mb is still relatively small yielding the values of the equilibrium bond distance and are given in a.u.
final MCHF Q value of —711.1 mb.

Contribution toq, (X) Br in HBr I in HI
D. Atomic MCDF calculations for Q(*?1) q

For iodine, the MCDF computations proceeded as for bro€CSOT)-8° 7.0287 10.6865
mine. Table VI presents the sequence of MCDF calculationsGore contribution, MP2 0.0848 0.1223
and shows their convergence with respect to systematic erfotal electronic with CCSDI)-8 7.1135 10.8088
largement of the correlation orbital space, as well as with
respect to opening subsequent core shells for double substig'
tutions. The contribution from the Breit interaction is 0.2% CCSI(T)-1& 7.0831 10.7603
or — 1.3 mb. The contribution from higher-order valence ex-Core contribution, MP2 0.0352 0.0731
citations amounts te-9.8 mb and has been estimated in aTotal electronic with CCSDN)-8 7.1183 10.8334
similar way to that for bromine, by employing the nonrela-
tivistic AFCI correction(see Table IX. Together with the q? 0.1047 0.0712
above two corrections, our final MCDF value for the nuclear
quadrupole momenQ('2]l), becomes-717.1 mb, as ex- ¢, =0 0.0900 0.1335
tracted from the experimental value ofB of
—1146.356(10) MHZ16], and from the calculated electric Total from CcCSIT)-8 7.3082 11.0135
field gradient. The estimate of the error bar can be based on
similar assumptions, as for bromine. For iodine, the expectqta from CCSOT)-18 7.3130 11.0381

tation value of the magnetic hyperfine consténts much
more sensitive to the electron correlation than the EFG. Fotpk ccsDT) calculations with eight correlated electrons.
iodine, the double substitutions play a significant role. Furtyp2 estimate of the remaining core correlation contribution calcu-

thermore, not only valence shells, but also the correlation Ofateq as the difference between all-electron and eight-electron MP2
the 4spd shells have a large effect on the value dffor  (eguits.

iodine. Our calculated value of 818.64 MHz is 1% smaller cpk ccsDT) calculations with 18 correlated electrons.

than the experimental result of 827.285MHz, and the  dyp2 estimate of the remaining core correlation contribution calcu-
difference thereof can be regarded as a reasonable indicatified as the difference between all-electron and 18-electron MP2
of the error bar. results.

: 79 127
E. Molecular calculations of Q(*"Br) and Q(**1) 1% of the total values. To estimate the saturation of the cor-

For both molecules investigated in this paper, the resultselation contribution, one may compare the tofaith the
for different contributions in Eq(2.12) are presented in corresponding MP2 estimates of the core contribytion
Table VII. All values of the electronic contribution are cal- ccspT)-8 and CCSDT)-18 values o', The correspond-
culated by using the PCNQM model. The earlier calculationgg gitferences are about 0.005 a.u. for HBr and 0.025 a.u.
[4] without the picture-change contribution and only eightg, 1y, Again they fall much below 1% of the total values.

electrons correlated at the CCHID) level of approximation There is obviously uncertainty concerning the electron

gave 7.579 au. and 11.953 a.u. for Br and I, reSpeCtiVerCorreIation contribution t@ from higher than triple excita-
Thus, taking into account the picture change for the electric; Be Y P

field gradient lowers the(Br) value in HBr by about 0.27 t|ons_. This effect can only be estimated on the basis of the
a.u. For | in HI the corresponding lowering is much Iargerquallty of the CCSIDT)_data f_or other s_ystemBlZ,lS,Q i
and amounts to 0.94 a.u. and the present experience in calculations of electric field
To use these data for the determination of nuclear quaogradients in small molecules. A 1% inaccuracy of the present
rupole moments of Br and | on the basis of highly accuratdata is presumably the upper limit for the contribution of the
values ofvg, one would like to have some estimate of the neglected electron correlation effects.
accuracy of the calculated values. The nuclear and vibra- Finally, all molecular calculations presented in this paper
tional (v=0) contributions presented in Table VIl can be, have been carried out in the spin-averaged DK formalism.
for the present purpose, considered as essentially exadtience, our results do not include the spin-orbit effects. The
There is, however, some uncertainty in the accuracy of thepin-orbit contribution tag(l) in HI has been calculated at
pure electronic contribution which follows from the use of the level of the DHF approximation by Visscher al. [60]
truncated basis sets and limited treatment of the electron coand amounts to-0.052 a.u. However, the electron correla-
relation contribution. According to our earlier studies of thetion effects are known to quench the spin-orbit effects
halogen hydrided3] and calculations on similar systems [61,62 and one can safely assume that the corresponding
[12,18,19, the basis-set extension should not affect theCCSIO(T) result will be considerably smaller. For HBr the
present data by more than0.01 a.u., i.e., by much less than spin-orbit contribution should be negligible.
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All these estimates of the possible inaccuracies of the cal- TABLE VIIl. Comparisog of present nuclear electric quadrupole
culated electric field gradients in HBr and HI indicate thatmomentsQ (in mb) of the 2Br isotope with literature values.

reasonably safe error bars are at the level of 1%. The inac=

curacies of experimental values & are much lower, there- Q
fore the error bars of the derived values@fremain at the  pcprE+ AFCI correction, this work 313.9
level of at most 1%. Errors of this order of magnitude haveyicHE + relativistic corrections, this work 312.9
been found in our earlier molecular calculations of nucleaigr molecule, this work 31@)
quadrupole moment{s2,18,19. Final value, this work 313)

With the experimental value on(7gBr) =532.3048 MHz
for the v =0 vibrational level of H*Br [63], the value of yan Lenthe and Baerends, 20(8] 300(10)
q(Br)=7.3130 a.u(Table VII), and the estimated 1% error paas and Petrilli, 2000moleculay [5] 305(5)
bars one obtains from Eq2.10 Q("*Br)=310(3) mb. The 4355 and Petrilli, 2000atomic reanalysis[5] 308.7
inaccuracy of the experimental value o§("°Br) becomes a5 and Sadlej, 19964] 208.9
irrelzlevant(in ():omparison with the accuracy of the calculated, o5 and Sadlej, 19903] 3045
value ofq(Br).

For H'?/l in the v =0 vibrational state, the experimental Iiggférlizg Zsh]irley 19786] 3235:?

value of vy has been reported as equal +d828.28 MHz
[63] and withqg(l) value of 11.0381 a.u(Table VII) gives
Q(*?1)=—705(7) mb. Recently the quadrupole coupling
constant has been reported also foPDand is equal to
—1823.226(54) MHZz[64]. The vibrational correction to
q,() in the v=0 state of D1, calculated from spectro-
scopic constants of the Al molecule[44] by scaling, is
found to be 0.0947 a.u. This leads to the total value|@f
in D*?7 equal to 10.9992 a.u. and giv€¥*?) = —705(7)
mb. The differences between ti&*?") values derived from
the experimental data for¥1 and D'?" are too small to be rection is 60 mb, and the relativistic correlation and the
seen within the accuracy of the present calculations. higher-order valence correlation contributions are significant.
It is also worthwhile to mention that without taking into The Breit correction of- 1.3 mb is still relatively small. The
account in the molecular DK calculation the picture-changdinal MCHF and MCDFQ values are—711.1 and—717.1
effect, the value ofQ(52Br) would turn out to be equal to mb, respectively. The molecular value @{*24) derived in
only about 305 miy4]. Similarly, without this correction the this paper from both HI and DI, without any spin-orbit cor-
molecular value oQ(lgél) would be about—651 mb, i.e., rections, is equal toe- 705(7) mb and within the estimated
less negative by almost 60 mb than the present ré4ult error bars fully agrees with the atomic results. We quote the
final Q(*21) as —710(10) mb. The true value may be closer

F. Nuclear quadrupole moments of Br and I: Final adjustment ~ to the molecular one.

Fuller, 1976[67]7 370
Korol’kov and Makhanek, 196P68| 293
King and Jaccarino, 19545 33520)
King and Jaccarino, 19545]° 308(19)
Gordy, 194869 240, 280

/alue quoted in her Summary.
®(r =3) from magnetic hfs.
r~3) from spin-orbit splitting.

The final Q values for the;2Br and 2l nuclei are com- TABLE IX. Comparison of present nuclear electric quadrupole
pared with literature values in Tables VIII and IX, respec-momentsQ (in mb) of the ‘2]l isotope with literature values.

tively. For Br, there is an almost perfect agreement between

the Q values of 312.9 and 313.9 mb obtained in the atomic Q
MCHF and MCDF calculations, respectively. The moIecuIarMCDHAFCI correction. this work 7171
value Q(;?Br) is equal to 31(8) mb gnd, within t.he esti- MCHF + relativistic corrections, this work —-7111
mated error bars, agrees perfectlygwﬁh the atomic values. I, and DI molecules, this work —705(7)
is possible that the true value Qf(55Br) could be closer to Final value. this work —710(10)
it. We propose 31@) mb as our finakQ value for 52Br. By '

using the experimental ratio Q(ggéslr)/Q(géBr) of  van Lenthe and Baerends, 2008 —690(30)
1.197051482) [72], we deduce forQ(3sBr) a value of  aas and Petrilli, 2000moleculay [5] —689(15)
261.92.5 mb. The estimated uncertainties are given in paaas and Petrilli, 2000atomic reanalysis[5] ~711.3
rentheses. Atomic-beam measuremdiiy yield the value ko5 and Sadlej, 19964] 651
of 0.5914127) for the ratio Q[3Br(17.6 M, | kel and Sadlej, 19963] _718
=1)]/Q(§2Br). This yields aQ value of 18%2) mb for the  Eyjer, 197667 _790
89Br 1=1 ground statey-ray angular correlation measure- Korol’kov and Makhanek, 196p68] — 640
ments on solid bromine are reported by Ta§§d| for the 37 stroke, 195970] —789
keV 7.4 nsl=2 and 86 keV 4.42 h=5 states ofBr. Their  Gordy, 194869 ~ 590, —750
Q values now become: 163 and+709 mb, respectively. Murakawa, 193971] — 460

For 2], the agreement between the MCHF and MCDF
values is remarkably good even though the relativistic cor®value quoted in her Summary.
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FIG. 1. Reported values for the nuclear quadrupole moment of FIG. 2. Reported values for the nuclear quadrupole moment of
13Br as a function of time. 29 as a function of time.

Haas and Petrillj5] performed a reanalysis of the previ- V. CONCLUSIONS

ous atom|c_ data. The reanalyz€ value for. bromine of Relativistic and nonrelativistic calculations of the electric
308.7 mb is remarkably close to ours, which can be ex;

lained by small and canceling effects of double Substitu]‘ield gradients for the ground states of bromine and iodine
b y 9 toms have been performed at the multiconfiguration self-

tions. In the case of iodine, the double substitutions are nogonsistent-field level. The calculated EFGs together with ex-

entirely negligible, so the arguments of Haas and_Pe‘FnIIl areperimental values of the hyperfine constatsyield the
not completely correct. Since the overall contribution of

doubles is quite smallabout 2%, the reanalyzed atomic nuclear quadrupole morrlg(tz(ggBr) of 3133) mb,Q('géBr)
value stays close to our final result. of 261.52.5 mb, andQ("s3l) of —710(10) mb, which we
Figures 1 and 2 present the historical evolution ofP'OPOSe as new “standard” values. These values are sup-
“atomic” and “molecular” determinations of nuclear quad- POrted by the molecular DK CCSDD) ones on HBr, Hl, and
rupole moments of bromine and iodine, showing fairly goodDI' The present values are already incorporated in the “Year

convergence, although the most recent “atom@’values 2001" set of nuclear quadrupole moments’].
(present MCDF and MCHF results, and “reanalysis” by

Haas and Petrilli5]) tend to cluster around 310 mb for bro-

mine, while “molecular” results, obtained by Haas and Pet- ACKNOWLEDGMENTS
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