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Quadrupole moments of the halogen nuclei
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The nuclear quadrupole moments for the isotopes of ClI, Br, and | were derived from theoretical calculations
of the electric-field gradients in the simple diatomic moleculeg ®Ir,, and L. Two different density-
functional methods, the full-potential linearized augmented plane waves and the projector augmented waves
techniques were applied with various approximations for the exchange and correlation term. Using quadrupole
coupling constants from the literature, the values for the nuclear quadrupole moments obtain€d are
=8.19(11), 30.5), and 68.915) fm? for 3°Cl, "*Br, and'?’l, respectively. Except for Cl the present results
deviate considerably from formerly accepted values obtained from atomic spectroscopy. A reanalysis of the
quadrupole coupling in the CI, Br, and | atoms reveals the origin of this discrepancy.

[. MOTIVATION The present paper is organized as follows. In Sec. Il we
present our theoretical efg calculations; in Sec. Ill we criti-
Hyperfine interaction techniques, based on the observaally evaluate the experimental data of the quadrupole cou-
tion of the coupling between nuclear moments and internaPling constants in the literature; in Sec. IV we present the
fields, have been widely used to study condensed matter di#@drupole moments obtained combining the results from
an atomic scale. The nuclear quadrupole interaction, in par2€CS- Il and II; in Sec. V we attempt a reanalysis of the
ticular, can be a very precise measure of the electric charg&/Perfine interaction data for the halogen atoms; Sec. VI
distribution in molecules or solids. In such measurements thB"€Sents discussions and conclusions.
information is contained in the electric-field gradieKé$g)
V,, acting at the nucleus. Directly accessible, however, is
only the product of the nuclear quadrupole moménand The standard theoretical chemistry methods designed to
the efg, the quadrupole coupling constagt=eQV,,/h. study molecules are optimized in describing the chemical
For investigations of the quadrupole interaction the halo-bonding. They usually suffer from a poor basis set near the
gen nuclei are particularly well suited. Chlorine, bromine, nuclei and are thus not well suited to study hyperfine inter-
and iodine nuclei are the prime objects of nuclear quadrupolection parameters, in particular, for heavy nuclei. All-
resonance studies. A very abundant data material is therefoegectron density-functional procedures have much fewer
available in the literature. Naively one would assume that thgroblems in treating heavy atoms. In the present paper, the
determination of the nuclear quadrupole moments of the nutheoretical calculations of the efg were performed using the
clei involved had been made a long time ago. Actually thefull-potential linearized augmented plane wav&.APW)
values for these critical constants cited in the most recentRef. 5 and the projector augmented wa®AW) method®
compilatiort are in fact very old. Recently doubts on theseboth based on density-functional theof®FT). The local
“standard” values have been raisédbut also refuted.lt  density approximation(LDA) and different generalized-
was the purpose of the present investigation to analyze thgradient approximation€&GGA) were used with very similar
data for all three elements in a consistent manner in order teesults. The FLAPW method as embodied in the program
settle the discrepancies. The approach taken was to calculgteckagewlEng7 (Ref. 7 has been shown to yield reliable
the efg in the simple molecules £Br,, and }, and to com-  results for the band structure of various solids, in particular
pare them with critically evaluated experimental datavgf  also for efg’s(Refs. 8—11in crystals. The PAW method is
in these molecules. The homonuclear diatomic molecules alienplemented in combination with theab initio” molecular-
the natural choice for the present purpose. The efg values adynamics approach, and has proven to be a powerful tech-
very large, of the order of the atomic ones, and the electroniaique for studying complex systems including molecules,
structure has high symmetry, with identical charges at theurfaces, and solids. Recently, it has been demonstrated that
two atoms. It is well known that for heteroatomic moleculesthe very efficient PAW methdd is also able to give precise
the efg strongly depends on the charge transfer, a quantityfg values.
that would therefore have to be calculated to high accuracy. The FLAPW method has been shown to be well suited in
The new values foilQ derived in this work are found to calculating the electron distribution in the solid state for pe-
deviate considerably from the “standard” values, except forriodic structures. To apply it to molecules one artificially
Cl, where our result also agrees perfectly with recent calcueonstructs a large enough unit cell to effectively eliminate
lations. the interaction of the molecules. For precise calculations this

Il. ELECTRIC-FIELD GRADIENT CALCULATIONS
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EFG in Halides of TABLE I. Total efg v,/ in the halogen molecules, calculated
with WIEN at the interatomic distances. Also shown are the first
- ot +Breci«F CJ l o «-Br=Cla-F Al and second derivatives &f,, with respect to the interatomic dis-
& 115 /’ - /,’ - tance(see text For comparison we include the efg obtained in a
;"‘ U’ B > Gg nonrelativistic treatmen¥, (nrel) a_nd the contribution of spin orbit
Fﬁ L1 /« ) F[ - .“ b interactionAV, (s0), both normalized td/, .
N 7/ A // ’
T B A | Cl, Br, I,
’ L 7 ’ » ’
T Lt ol T s re(A) 1.98813)  2.28091)  2.6661)
7 R N T V, 2 (VIA?) 5657) 109916) 147534)
L’ - - L7 . -1 dV,,/dr(V/IA3) 253 408 542
. < d2V,,/dr3(VIA%) —-720 —-993 —-1170
T T 0.5 V,,(nreh/V, 2 0.9761 0.9050 0.8000
L ’ 05 1 15 L7 ’ 05 1 15 AV, (s0/V, 7 —0.0000 —0.0067 —0.0273
—=  V,(thiV,(at) —  V,,(th)/V,,(at)

FIG. 1. Experimental efg for halides of Cl, Br, I, Al, Ga, and In Kohn-Sham scheme of density-functional theory, LDA Ref.
calculated with “standard’Q versus the theoretical values, for pre- 16, GGA ! Ref. 17 and GGA? Ref. 18, were used in order
sentation normalized with the atomic efg. The Hartree-Fock valuego get information about possible systematic errors from this
used are 530, 939, 1164, 85.3, 226, and 3493/A source. The radiuR,,; where the augmentation is performed

was also varied for error analysis. All calculations were per-
requires separations that are several A larger than the van diarmed in the scalar relativistic approximation. For, Bind
Waals distance. Since in the solution of the Kohn-Shani, in addition the spin-orbit interaction withiRy,; was in-
equations one then has to treat a large vacuum volume, thiduded in a perturbative treatment. The interatomic distances
seems, in principle, to be not very efficient, requiring anr, used, taken from experiment, are given in Table I, where
extended plane-wave basis set and therefore large computére results obtained are summarized. For comparison with
memory capacity and computing time. For the present applithe results a nonrelativistic treatmeit,(nrel), as well as
cation to small molecules, however, this is actually not athe difference between a calculation with and without spin
severe shortcoming, since the efficient numerical methodsrbit interactionAV,(so) are included. By calculating at
incorporated in the program packages still lead to easilylightly different internuclear distanceshe first and second
manageable running times even for certainly large enougherivative of the efg relative towas determined. Since these
separations. It was checked that the limit of negligible mo-numbers were only needed for minor corrections to the final
lecular interaction was always reached for the results preresult and error analysis, as will be shown in the next section,
sented here. For the FLAPW calculations a primitive tetragno high precision was aimed for. The efg’s for the same
onal cell was found as most appropriate, while the PAWwere also calculated with the PAW method in the scalar
results are for a cubic fcc cell. In the PAW calculation we relativistic approximation, being in all cases in very good
also used a procedure that can correct for both the artificiahgreementless than 0.6%with those obtained witvIEN9?.
electrostatic interaction of periodic images with themselvesyith the same results from two completely independent DFT
and the compensating charge backgrotind. calculations, using different methods and programs, we can

In order to get an overview of the suitability of our ap- therefore proceed to investigate some discrepancies with
proach, the efg at CI, Br, and |, and also for comparison withformer analysis of experimental data.

Al, Ga, and In in all diatomic halides was calculated with
LDA using an intermolecular separation of 2.4 A larger than
the respective interatomic distance. The experimental data,
converted to efg with the “standard” values fQ; are plot- The experimental number, in principle, directly available
ted in Fig. 1 versus the calculated efg. The very good agreéfom experiment is the quadrupole interaction consignin
ment for Cl, Al, Ga, and In is obvious. With the recently the free molecule in the vibrational and rotational ground
determined more accura@ for Ga (Ref. 195 an even better state. Unfortunately this quantity has not been directly deter-
agreement for the gallium molecules would be obtained. Fomined for the molecules investigated here. It has therefore
the cases of Br and I, however, sizable systematic deviationseen extracted from available experiments by various ex-
are present, that could well be explained by using changettapolation procedures. The results, together with the esti-
values forQ. The linearity of the curves in Fig. 1 indicates mated error given in parentheses, are summarized in Table
that the procedures adopted can definitely account for th#. Following Ref. 19 with the use of theoretical values of the
relative efg at the same element in different molecules withefg at various interatomic distancéisicluded in Table I)

high accuracy. In order to derive reliable values @rhow-  and standard molecular parametétst is possible to make
ever, the absolute numbers are obviously needed. precise, albeit very small, corrections for vibrational and ro-

For the reasons discussed above, the most reliable calctational excitation. These corrections applied to obtain the
lations can be made for the homonuclear dihalogens. Exteriinal experimental numbers are summarized in Table I, to-
sive calculations for the molecules ,CIBr,, and L, were gether with the theoretical effect of zero-point vibration.
therefore performed witlviEN97. Three different approxima- lodine For the ) molecule we have the favorable situa-
tions for the exchange and correlation term in the usuation that v in the vibrational ground state has been mea-

Ill. ANALYSIS OF EXPERIMENTAL DATA
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TABLE II. Quadrupole coupling constants,” of the free diatomic molecules in the ground state ex-
tracted from available experiments. The references used to obtain these data are explained in the text. The
corrections made teg and the theoretical zero-point corrections are also shown.

35Cl2 7QBr2 127|2
Experimentvg (MH2) 102.4515) 810.05) 2452.5842)
Reference CIB(Ref. 295 v=1 (Ref. 29 J=13 (Ref. 23
Correction 1.09(6) 0.99893) 0.9999784)
VQ° (MHz) 111.78) 809.17) 2452.53011)
Zero-point correction 1.001%) 1.00113) 1.001@3)

sured by various spectroscopic techniqtie$® The most  vq values is straightforward. Since we have found a very
precise data are for thé= 13 rotational state. Thus only a minor, but systematic dependence of the efg values on the
slight correction to get the ground state value is needed. choice of density-functional parametrization, however, the
Bromine For they=1 vibrational statevy has been de-  final numbers are only quoted for the GGA(Ref. 18 ap-
termined by microwave spectroscofyThe correction for  proximation. The actual numbers contain a small correction
vibrational excitation is hardly larger than the experimentalyye to the fact that the measureg is not for the two nuclei
error. at rest, but is reduced by zero-point vibration even for the
Chlorine Unfortunately for the free Glmolecule no mea- »=0 state. This effectsee Table Ilis, however, in all cases

zuremenﬁ Of”?.és ;ppare_ntly avalilablle. 'ghe[jg are FI’(reCiSionmuch smaller than errors in the theory. The major contribu-
ata in the solid, but the intermolecular bonding is known 10y, 14 the estimated theoretical errors\of, given in Table

be quite appreciable in this case, leading even to an obse_rY is definitely the uncertainty introduced by the necessary
able asymmetry parameter of the efg. Corrections for this S . 4 .

. X . pproximations in the density-functional treatment of the
solid state shift to the precision necessary for the presen

purpose appeared too uncertain. A different approach WaEany—electron prpblem, difficult to gstimate with confidence.
therefore taken. For the molecule ClBg, at 35| is known s a representative quantity the difference between the use

with high accuracy?® In theoretical calculations for the rela- of various parametrizations for the exchange and correlation

tive efg in similar molecules many sources of error are ex!erm was taken here. To the precision aimed for in the
pected to cancel each other, leading to very precise predi(p_resent analysis the inaccuracy of the scalar relativistic treat-

tions. The value used farg was therefore ment and the effects of spin orbit interaction is also signifi-
cant for the heavier elements. The uncertainty due to the
vo(Cly) = vo(CiBr)eyd efg(Cly)/efg(CiBr) Jiy, actual choice of., Ryr, and the separation between mol-
ecules is by comparison negligible.
where the ratio of the efg in ¢and CIBr was taken from the In Table IV the finally obtained quadrupole moments for

FLAPW calculation. Various other calculations of this ratio 35C|, 798[', and 127| are Compared with earlier numbers in the

with widely different procedures give essentially the samgjierature.

result, as shown in Table Ill. The assumption applied can be For the different elements the following conclusions can

further checked by calculatingg for Br, in the same way. pe drawn.

The result is 811.3 MHz, in close agreement with the precise Chlorine The present result is close to the “standard”

measuremer(’see Table “ It should be noted, however, that value and perfecﬂy agrees with a recent ana@ﬁj the

the present estimation ofg for free Ch as presented in  atomic data using a many-electron calculatiorDip;, sym-

Table Il deviates considerably —from  previous metry. Also calculations of molecular systems give very

extrapolation&’** making use of experimental systematics. similar number€. it should be noted that by relying onig
value for C} determined via the theoretical ratio from the

IV. RESULTING QUADRUPOLE MOMENTS experimental result for CIBr we are effectively using this

heteronuclear molecule as our reference. Fortunately the po-

The calculation of the nuclear quadrupole moments bya v, of CIBr is quite small, however, so that the error from
combining the calculated efg values with the experimentaj,is’soyrce is still much smaller than the absolute error in the

theoreticalV,,.
TABLE lIl. Calculated efg ratio for BrCl to Brand C to CIBr 2z

obtained with four different methods. For comparison the available Bromine Calculations for HBr(Refs. 2 and 3 have re-
) ; ' P sulted in an appreciably smaller value f@r of "°Br than
experimental result is also shown.

formerly accepted. Though these molecular calculations face

Method Refs. BrCl/By Cl,/CIBr similar difficulties with a correct treatment of relativistic ef-
fects as the present work, there can be no doubt that the
SCF-LCAO 26 1.079 1.097 correctQ is lower than the previously accepted value.
GAUSSIAN 4 1.073 1.081 lodine The *“standard” value, cited as a private
PAW (present 1.089 1.087 communicatioft by Stroke to Fuller in 1959, was deter-
FLAPW (present 1.080 1.091 mined from atomic data for thB;, state and the then avail-
Experiment 25 1.0818) 2 able relativistic correction factors. The later analysis of the

same data by several authtr® resulted generally in a
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TABLE IV. Presently obtained nuclear quadrupole momé@ts TABLE V. Results of the analysis of atomic hyperfine structure
(in fm?) for 35Cl, Br, and?l as compared to earlier results, here data for3°Cl, 7°Br, and*?"l. All entries are explained in the text.
classified as “standard”, “recent”, or “other.”

35C| 7QBr 127|
®Cl  Refs. ™Br Refs. 1 Refs.
3/2 3/2 5/2
This work ~ 8.1911) 30.55) 68.915) i (en) 0.82086 2.0991 2.7937
“Standard” 8.2492) 29  33.14) 30 789 31 Az (MHz) 205.05 884.81 827.265
“Recent”  8.165100 32  29.89 3 65.1 3 B2 (MHz) 54.873 —384.88 1146.356
“Other” 7.6(5) 33 29.618 34 64 35 A1 (MHz) 1037.192 5336 6586
(r =3y ,0(r 3o, 1.10 1.132 1.333
_ , (r 3owme(a? 6.771 12.815 18.102
smallerQ, but thse numbers scatter widely. Calculations for<r_3>02HF(a53) 6.755 12673 17.495
the HI moleculé® show a general tendency towards lovger _3 ~3 B _ _
e (D e(@0d) 0.140 1.214 4.080
as well, but the results reported by the same authors diffey _, 3
considerably. As for Br, the major source for these differ- e (27) 7.097 13.267 Lr.47
' ’ (fm?) —8.227 30.87 ~71.13

ences is the uncertainty in the treatment of relativistic effects=At
Another recent relativistic calculation foy (Ref. 37 gives
an even large,, than the present work, pointing again _3 B N
towards a considerable reduction @f (1 )ose= (Aget Ar2) 27 ( popems

X[2+1.2r %) /(r %)),

where the ratio of the orbital to the spin-dipolar effect

Since the data for the hyperfine interaction consténjs (r=3)01/{r ~3)1, is taken either from experiment or from a

andBg), in the P53, atomic ground state of the halogens Cl, relativistic HF calculation. By normalizing the calculated

Br, and | were already measured with high precision in the<r*3>02’ which makes the major contribution to the efg, by
pioneering era in this field some 50 years d3%,*it is  the ratio between effective and HF value far 3)o;, an

clear that the first attempts of analysis suffered strongly fronéffective<r*3> o2 is obtained. Together with a minor correc-

the inability to treat relativistic and many-electron effects atjon from the calculatedr ~3);; one then has the needed

that time. Only some 25 years later was the relativistic elecya|ye to calculate the efg and thus the relation between quad-
tronic structure treatment being developed. Obviously it wasypole moment an@.,:

also applied to the hyperfine interaction in the heavy halo-

V. REANALYSIS OF ATOMIC DATA

gens. Apparently the poor results for the magnetic hyperfine -3 _ /-3 -3 -3
coupling obtained at that time, being strongly dependent on (1 o= (" “Joanrr ™ or e (r oure
the calculational method used, discredited also the obtained +(5136) Y41 73 1114k

values forQ. When data on the hyperfine coupling in higher
atomic levels, in particular, the valendd, state, became Here we have added an index HF to denote a value obtained
available for Br and | in 1973/197% no serious attempt was from the relativistic HF calculatiof?
apparently made to include them in the determinatio®of In Table V all the necessary data for the halogens are
Actually the ground work for such an analysis has been laidummarized. The results f@ obtained with
by the relativistic Hartree-Fock(HF) calculations of
Desclauf' and of Lindgren and Ros€'? Even the heuristic e2Qh="5/2B3,/{r ~3)g o
approach towards a more precise evaluation @fwas
suggested” We have analyzed the atomic data completelyfor Cl, Br, and | are encouragingly close to the numbers
along these lines. obtained from the molecular analysis. Obviously it is very
While without many-electron and relativistic effects the difficult to make a reliable error estimate, since the dominant
radial expectation valuér ~3) necessary for the calculation source of uncertainty lies in the theoretical values used and
of the efg for a single electron or hole can simply be ob-the procedure adopted here.
tained from the magnetic hyperfine interaction, the complete
description in the effective operator formalism requires five
effective matrix elements, three for the magnetic interaction
({(r=)o1,(r )15,(r 3);0) and two for the electric interac- From extensive theoretical calculations of the efg in di-
tion ((r~3)o2,(r "3)17). The(r 3),, are linear combinations atomic molecules using two different approaches, combined
of the radial integralgr ~3) jj- as defined in the theory of the with a careful analysis of the experimental measurements
relativistic hyperfine Hamiltonian by Sandars and Bé&tk. and from a reanalysis of atomic spectroscopy data we have
While in principle the magnetic parameters can all be deterebtained consistent values for the quadrupole moments of
mined from experiment for ong configuration(and have 3°Cl, "®Br, and'?/l. The new values determined here may be
been for CJ, this is not so for the electric case. The techniqueused to calculate revised numbers for all other isotopes of the
suggested in Ref. 42 is to use the sum of the hyperfine peialogens by simply multiplying the experimentally deter-
rametersA,,+ Az,, where effects of the direct spin contri- mined ratios of thevg values. In the case of iodine implica-
bution {r ~3),, cancel, and calculate from experiment an ef-tions of the changed moments for the nuclear physics inter-
fective (r ~%), through pretation could be significant.

VI. DISCUSSION AND CONCLUSIONS
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The present results call for additional experimental anchature would maké?’l a good candidate for a direct mea-
theoretical investigations: surement of the nuclear quadrupole moment by the muonic
For chlorine a direct measurement of thg in the free  or pionic x-ray methods. The limited precision of the present
molecule could eliminate the extrapolation needed in thesalue also leaves further room for improved analysis of the
present approach. It would also shed important light on theitomic data.
solid-state shift and the accompanying asymmetry parameter
of the efg, an experimentally still controversial issue. It is
well known that the standard density-functional procedures
are inadequate for treating the van der Waals interaction. We would like to thank Professor K. Schwarz and Dr. P.
Existing FLAPW calculations for the solid halogéfshus  Blaha(Wien) for making available theviEN97 FLAPW pro-
do not properly account for all the available data. gram package and various helpful suggestions. We also
Bromine obviously is a prime candidate for a more pre-thank Dr. P. E. Blahl and IBM Zurich Research Laboratory
cise calculation of the efg in the free atom, as extension ofor making available the PAW code and supporting its use.
the very successful work for lighter systeffs. This work was partially supported by CNPg-Brasilia, Brazil,
The rather large quadrupole moment and its monoisotopiand Fapesp.
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