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An attempt is made to improve the currently accepted muonic value for'iféei nuclear
quadrupole moment-0.54716) X 10728 m?] for the 3/2 nuclear ground state obtained by Powers

et al. [Nucl. Phys. A230, 413 (1974]. From both measured Mo&ssbauer electric quadrupole
splittings and solid-state density-functional calculations for a large number of gold compounds a
nuclear quadrupole moment of +0.800728 m? is obtained. Recent Fourier transform microwave
measurements for gas-phase AuF, AuCl, AuBr, and Aul give accurate bond distances and nuclear
quadrupole coupling constants for tHé’Au isotope. However, four-component relativistic
density-functional calculations for these molecules yield unreliable results fol°tha nuclear
guadrupole moment. Relativistic singles-doubles coupled cluster calculations including perturbative
triples [CCSO(T) level of theony for these diatomic systems are also inaccurate because of large
cancellation effects between different field gradient contributions subsequently leading to very small
field gradients. Here one needs very large basis sets and has to go beyond the standd CCSD
procedure to obtain any reliable field gradients for gold. From recent microwave experiments by
Gerry and co-worker§lnorg. Chem. 40, 6123 (2001)] a significantly enhanced®’Au nuclear
qguadrupole coupling constant iCO)AuF compared to free AuF is observed. Here, these
cancellation effects are less important, and relativistic CO3$Dalculations finally give a nuclear
quadrupole moment of +0.6410728 m? for 1’Au. It is argued that it is currently very difficult to
improve on the already published muonic value for #f&u nuclear quadrupole moment. ZD05
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I. INTRODUCTION lated electric field gradients obtained from density-functional
theory (DFT) to deduce the NQM of the target isotope from
The precise determination of spectroscopic nucleag linear fit according to the simple relation
guadrupole momentNQM), Q,, relies on both the precise
measurement of the nuclear quadrupole coupling constant Cnoc (MHz) = 234.964RQJb]q [a. uJ. (1)
(NQCO), Cyoc=edQ, from spectroscopic methods and the
accurate calculation of the electric field gradigrfor atoms,  This was used for the determination of tH8Rh, >’Fe, and
molecules, or the solid staté.First-principle nuclear struc- 19%g NQMs, for examplé>2® However, while it is widely
ture calculations to determine direct, or alternatively the  assumed that DFT performs reasonably well in electric field
intrinsic nuclear quadrupole mome@,, do not give very  gradient calculation$, *°for transition elements there seem
reliable results at present, especially for isotopes of thgo be serious problems with DFT leading to significant
hgeawer elementd.For the most abundant isotope of gold, errors®*=**The question therefore arises whether or not den-
¥'Au, a value of +0.54@6)b (1b=10"2¢m?) has been de- sty functionals currently in use are sufficiently accurate for
termined from both muonic hyperfine measurements and cothe determination of the nuclear quadrupole moment of
responding relativistic electric field gradient calculations us-19Ay. We therefore decided to investigate if an accurate
ing the Dirac equatioﬁ.These calculations include quantum NQM for °’Au can be obtained from solid-state DFT calcu-
electrodynamic, nuclear size and deformation, muon magmations together with Méssbauer measurements, testing the
netic moment, and electron screening effects. This value iBFT approximation for a variety of diatomic gold com-
supported by an earlier atomic-beam magnetic resonangsounds in the gas phase using microwave data, and from
measurement of th&’Au NQCC from the’Ds,, hyperfine  relativistic ab initio calculations for AuF, AuCl, AuBr, and
splitting of atomic gold by Childs and Goodmarlsing  Aul, and finally for (CO)AUF in connection with accurate
atomic(r~3)s4,,, values from magnetic hyperfine interactions, microwave data>***®
the NQM of 1%’Au was determined as +0.8%®)b, with most
of the uncertainty coming from the Sternheimer correction. A
similar conclusion comes from hyperfine measurements oﬁ THEORY
the 2Dy, and*F,, states of-*’Au by Blachmann, Landman,

and Lurid who estimated the NQM as 0.6@4More re- Relativistic solid-state DFT calculatiofsfor a number
cently, Mdssbauer studies together with linearized augof gold compounds were performed using the projector aug-
mented plane-wave solid-state density-functional calculamented wave methotPAW) of Blachl,* together with the
tions for gold-aluminium alloys by Wagner and co-worKers |ocal density approximatiofLDA) and the Perdew—Burke—
gave a NQM of 0.5@)b. The current muoni¢®’Au value is  Ernzerhof (PBE) exchange correlation function¥*® The
used as a basis for the determination of NQMs from atomigrystal structure data were taken from x-ray diffraction stud-
hyperfine splitting for a number of different gold isotofles. ies (for details see Sec. ) Relativistic effects were in-

NQMs derived from muonic values are assumed to beluded using the method of Koelling and Harnf8n.e., the
very accurate. However, Sundholm and Olsen comparedore states are treated relativisticallpnd the valence states
muonic NQM data with values derived from atomic hyper-in a scalar relativistic fashion. In this formalism the contri-
fine spectra in electronic transitions &fNa, Mg, and  bution of the small component is accounted for, and picture
2A1.° They performed accurate finite-element multiconfigu-change effect§*®are avoided for the calculation of electric
ration Hartree—Fock calculations and concluded that muonifield gradients. The electric field gradient ten&¥ is ob-
values contain noticeable errors originating from both thetained directly as the expectation value of the field gradient
experimental measurements and the theoretical treatmerdperator,vef= +(¥|\V/*8|[F), whereVe# located at centeRy
We also mention a very recent publication by Bieron,can e decomposed into the electronic and nuclear contribu-
Pyykko, and Jénsson on the NQM #'Hg obtained from tion,
hyperfine structure calculations of the excitéfel state of
neutral Hg, which differs from the latest muonic valiahe
question therefore remains if a more accurate NQM for\A/"F(F-;IiX):—
197Au can be obtained from either Méssbauer spectra of solid © I, = Ry
state gold compounds™ or from microwave spectra of
small diatomi¢®™® or polyatomi¢®™*® gold compounds.
This, however, involves the accurate determination of the. = . 3(Ry— RY)u(Ry — Ry 5= IRy~ Ry28,5
electric field gradient tensor from theory. ViR = 2 Zy R

For atoms and small molecules electric field gradients X Ry =Ry
can be calculated to relatively high accuracy applying rela- (3
tivistic coupled cluster or multireference configuration inter-
action method$.Recent applications improved on existing The lettersa, 3 hereby denote the Cartesian components
NQM values for’®Na, Mg, and?’Al,® for ©°Ga and’’Ga?®  x,y,z and X,Y,Z of the electronic or nuclear coordinates.
for ®Rb and®Rb?* for 2Hg,’® and for 2°Bi to name a  The technical details are given in Ref. 49.
few?? For solid-state Mossbauer measurements usually a In Mdssbauer experiments the energy levels are per-
large number of measured NQCCs is plotted against calcuurbed by the nuclear quadrupole deformation

(2)
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TABLE |. (26s24p16d12f) dual family basis set for Au. The andp expo-
(4) nents are explicitly given, whereas tlendf exponents are indicated with

140559251 (d)
0.55481183 (d)

0.268 43664  (f
0.107 37000 (f

within the program packageirac.®® @ and B are the Dirac 20
matrices in the usual standard representation. An isotropié!

4 (2| - 1) ’ (d) and(f) after thes and p exponents, respectively.
where | and m; are the well-known nuclear spin quantum no. s exponent Dual p exponent Dual
numbers, and the nuclear quadrupole coupling is related to
the measured quadrupole splittings by 1 880870000 58 592500.0
2 22021 800.0 14 648 100.0
3 5 505 440.00 3662 030.00
vQs= Eiafq(l +7713)1/2 5 4 1376 359.95 915 508.000
Y 5 389 821.512 228 877.000
with the asymmetry parameter; 6 127 125.247 57 219.300 0
7 45 806.447 5 14 304.813 9
7= (V= W)VZZ |V < WY < |V, (6) 8 17 736.109 3 4640.219 19
9 7209.377 28 (d) 1767.014 64
andqg=V,, c is the velocity of light andE,=77 keV is the 10 3026.147 48 (d) 742.207 018 (f)
energy of the emitted radiation of the!®’Au nucleus. 11 1308.488 72 (@ 331722681  (f)
To test the reliability of DFT we carried out four- 12 582.871920  (d) 154.856063  (f)
component relativistic Hartree—Fo¢kF) and DFT calcula- 13 259.343171 @ 742153330 (f)
tions for AuF, AuCl, AuBr, and Aul using the Dirac— 14 122.675842 @ 358586792 (N
Coulomb—Hamiltoniar(in atomic units 15 59.6623221  (d) 17.3725114 (D
' 16 29.6374681  (d) 8.31276028  (f)
0= 5 (65 Ve + 3 7 W oG ummL e o
' = 19 3.299 45865 (d) 068530312  (f)
)
)

nuclear charge distribution for all elements was u¥ed. 22 022192500 (d) 0.042.950 00
(SYSS type two-electron integrals were omitted in all HF 23 0.08876990 (d) 0.017 18000
0.03550800 (d) 0.006 872 00

type calculations as such contributions can safely be ne2t
glected. ~ Four-component Kramers-restricted — density-,.
functional theory was used within a Kohn-Sham
formalism®>° In Kohn—-Sham theory the field gradient is

obtained _S|mply frpm the evaluaégosr; of the m.a.””_( eler’nents‘tribution only two single point calculations are required since
over the field gradient operat¢2).””>" Nonrelativistic func- the dependence is linear in the applied cha&rﬁé
tionals that were used as relativistic corrections in the func- Since correlated Dirac calculations are computationally

tional dg ?r?t Ilead Itcc)j S|gr1t|f|cant chgngss |n£r<?[per?i3elsere most demanding limiting the use of large and extended basis
we used the local density approximatidrDA) to compare sets and the active space in the correlated calculations, we

With_the_solid-stite rgsull(tr’g, ':_he g\?neralliazed é’[igeggﬁ?p' carried out scalar relativistic calculations for AuF, AuCl,
grO)gmatl\(l)\?s P\(;V 8 62ec g_hei_ ba_ggf_ ar_r( | B3),LY5 AuBr, and Aul by modifying the one-electron integrals in the
erdew—Wang 9, and the hybrid functional " Hartree—Fock scherfitaccording to the so-called spin-free

The basis set for Au is of dual family typ@6s24p16d12f) _(SP Douglas—Kroll(DK) approximatiort® The explicit Fou-
(see Table)l For F and Cl we used an uncontracted version

of Dunnings correlation-consistent aug-cc-pVTZ basis set
without the f and g functions, i.e., (13s7p4d) and
(17s12p4d) for F and Cl, respective§#*°as these are not so
important in DFT calculation®® For Br and | we took the
dual basis sets of Fae@ﬁriextended by a diffuse function,
i.e., (19s17p9d) and (20s19plld). The geometries for the
diatomic gold halides were taken from the work of Evans
and Gerry'l.3‘15

For the two smaller diatomic gold molecules, AuF and
AuCl, we carried out Dirac—CoulomtDC) coupled cluster
calculations including singles and doubles with triples
treated perturbatively, CCSD), using the basis sets as de-
scribed above. Here we could only apply a small active space
with 40 electrons correlated for both AuF and AuCl, and all
virtual orbitals above 10 a.u. were discarded. Here the
Dirac-HF contribution is determined directly through the ex-
pectation value of Eq(2). For the coupled cluster calcula-

tions we used a point-(_:har_ge gUdear quadmp(?le MOMEYG, 1. The nuclear quadrupole point charge model used in all corredated
(PCNQM) model shown in Fig. £’ For the correlation con- initio calculations.

0.014 203 00
0.005 680 00

z
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rier transform of the DK formalism is avoided by the use of TABLE Il. Measured Mdssbauer electric quadrupole splittirg(mm/s),

the identity resolution based on eigenvectors of the kineticalculated DFT electric field gradient (in atomic unit3, and asymmetry
t YORERN tails of thi ful ical parametery of the field gradient tensdisee Eq.(5)] using the LDA and

energy operator.”"Details of this very successful numerical pge f,nctionals.

implementation of the DK method including applications can

be found in Refs. 72—75. The scalar DK Hamiltonian is the Expt. LDA PBE

result of the approximate reduction of the four-component taCompounds Vos q 7 q 7

the two-component formalism followed by the removal of all

spin-dependent terms. This involves simultaneous change q

(1) compounds

6,76,77 : . o Cl -4.65' -3.396 0.1104 -3.658 0.1137

all operatoré ‘> ""and in particular of the electric field gra- g ~3708 00023 -3.962 0.0062
dient operatof. The neglect of the change of picture contri- aug..p —42% -3010 03578 -3.252 0.3227
bution is far from being negligibl&’*® This is one of the auT ~3906 -3280 02810 -3.483 0.2567
advantages of PCNQNRefs. 47,48,67,78that the change CsAuO -6.1% -3.485 0.2896 -3.851 0.2795
of picture for the electric field gradient operator can be easilyRbAuO -5.88 -4.459 01213 -4.834 0.1266
taken into account and replaced by the numerical differentiakAuS -6.604 -5915 00941 -6.171 0.0542
tion of the calculated DK energies. We therefore used th&Ause -62f  -5300 01277 -5572 0.0847
PCNQM model as shown in Fig. 1 within the spin-free rela-KAuTe 482 4021 03449 4184 03221
CsAuTe -5.68 -5.038 0.1653 -5.201 0.1735

tivistic DK approximation as implemented MOLCASS [the CoAu,Cle _eof  -4631 0O 4866 0

nonrelativistic value is obtained through the expectation,\lagAuo 67 4904 00633 -5202 0.1396
value of Eq.(2)].%® For the correlation contribution to the NaAUS, 776  -6.315 0 6568 0
electric field gradient we used well-tempered Huzinaga— au,s, -59F -5254 0.1615 -5.586 0.1556

Klobukowski basis seféfor all atoms, i.e., for Au an uncon-

tracted(25s20p16d12f) set, for F, Cl, and Br generally con- Au(lll) compounds ¢
tracted (15s11p4d)/[7s7p2d], (18s14p6d)/[10s8p3d], and "2 0.7 . 112703437 1454 02882
(21s15p10d)/[8s8p4d] sets, respectively. In order to obtain LizAuO 22 1265 05535 1.594 - 0.4670

| ey o NagAuO, 3.016 3489 0.3615 3.926 0.3563

near HF limit results at the nonrelativistic and relativistic DK RbAUF, 017 -0961 03787 0337 0.0285
level of theory, we used uncontracted basis sets for all atomgs au,cl, 117 2008 0 2153 0
and further extended them by additional hard, diffuse, and
polarization functions. These basis sets confaandg func- ~ 'ntermetallic compounds
tions for all atoms, i.e., the basis sets 626s25p18d13f4qg) Eﬁ“z :igf :i'gzg 8 :i'ggg g
for Au, (15s11p5d3f2g) for F, (19s16p10d5fag) for Cl, "y, 328 -2.028 00335 -2930 00385
(22s18p14dsf4g) for Br, and(25s21p13d5f4g) for I. Au(ll) in KAuSS 329 2797 07362 2.833 0.7484

As we will discuss below in detail, the gOld NQCC and Au(l) in K,Aug -3.09 -2.814 0.7788 -2.917 0.7693
corresponding field gradients for AuF, AuCl, AuBr, and Aul au(l) in K,Aus 418 3.402 0.6973 3.508 0.7046

are too small to accurately determine the nuclear quadrupo%
197 . . . eference 103.

moment of “‘Au and we did not investigate these systemsog tcrence 104,
further with larger basis sets. Instead we searched for &eference 105.
simple linear gold compound with a very large NQCC. Thezge;‘erence ig?

i - eference .
Kl(gédg;a(t;f}ir(gu?l)?;)éI—(|>§f_nl1:o,rectlr’1ar?2n %??eﬁO;nn?Zg:i?l\J/ge fl and P denote different chain modifications of AuBr.
larger compared to the corresponding uncoordinated com-
pounds AX. We therefore investigate(CO)AUF in detail. ~ fion energy with changing NQM. We mention that other nu-
For these calculations we used the well-tempered HuzinagaDerical schemes are available as well all leading to numeri-
Klobukowski basis set® e, an uncontracted cally stable result§’
(24s20p16d12f2g) set for Au, and contracted
(13s7p4d)/[6s5p4ad] sets for C and O, and a
(15s11p4d)/[ 7s7p2d] set for F. Because of the high compu-
tational demand of the coupled cluster procedure, we had to Compound preparatiorthe gold halides AuC(Ref. 81
freeze the orbitals below —20 a.[dirst 20 low lying orbitals  and Aul®® Cs,Au,Clg,®® and RbAuUR (Ref. 84 were pre-
for (CO)AuF] and above +1000 a. (ilast 48 high lying or- pared according to the literature. Crystalline g@idl) oxide
bitals for (CO)AuF]. The structural data were taken from Au,O; was obtained by dehydration of hydrous,®&4 under
Ref. 18 (in detail: for (CO)AUF r(C0)=1.336 A, r(AuC) hydrothermal conditiod and subsequent tempering at
=1.847 A, r(AuF)=1.909 A). Note that these distances are 300 °C and 300 MPa for two weeRS.The oxoaurates
not idealr, values. For the determination of the electric field RbAUO®’ CsAuO® and Li,AuO; (Ref. 89 were synthe-
gradient, we again used the PCNQM model, for example, fosized by careful oxidation of the aurides RbAu, CsAu, and
(COAUF we applied a range of different charges-+4.0,  LisAu with elemental oxygen. In the case of the oxoaurate
+2.0, £1.0, £0.5, +£0.25, and 0.0 a.u. along thaxis) ata  NagAuO, a preprepared intermetallic of the composition
distanced=10"2 a.u. around the gold nucleus. Again, at the NaAu was oxidized with sodium peroxide 5@2.90 KAuUS,
CCSOT) level of theory only two single point calculations KAuSe’ KAuTe > CsAuTe?® and NaAusS, (Ref. 94 were
are necessary because of the linear behavior of the correlaynthesized as described by Bronger and co-workers. The

[ll. EXPERIMENTAL DETAILS
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5

.14 [a.u.] : Na,AuO; Kf«.uTe
] ' KAu, o
34 : L N
| :CSZALOJZCIG-Auf " KAug-Au(ll)
2] AU0s 4 Li,AuO,
14 ! AuAl-Au(l)
e R LR LR L AuA-AU) : ------------------------ FIG. 2. Calculated electric field gradients for gétabr-
i AuAl-Au(ly ! rected by the asymmetry facjomgainst the Mdssbauer
-1 ] Au,Al-Au(l) A} ! electric quadrupole splitting. Solid line, PBE; dashed
-2 4 AuAI-Au(I)"/ . ! line, LDA. The compounds set in italidg®@pen circleg
1 AUBr .~ AuAl-Au(ihy* are outside of the error analysis test and are not used in
-3 7 c u. & * KAu;-Au(l) : the linear fit procedurésee text The # symbol denotes
4 - CsAuOC Au I'.’/Aul NaAu, i data taken from Wagner and co-workéRef. 7).
4 RbAUO .-~ + :
-5 dNa,AuO, % )’ CSZAUZC|6-AU '
] T e *CsAuTe :
-6 {KA h K.AUS; :
5] o KAuSe ;
-7 Na;AuS, —> Voo [mm/s]
-8 T T T } T T T T
-8 -6 -4 -2 0 2 4 6

intermetallics LiAy (Ref. 95 and NaAy (Refs. 96—-98  pointed out before that for transition elements there seems to
were prepared directly from the elements. be a serious problem with DFT in general leading to signifi-

Sample preparationAs all substances are either mois- cant errors in field gradien? 3% This is also supported by
ture and/or oxygen sensitive the samples were prepared uthe fact that some compounds clearly have field gradients
der an argon atmosphere in Pyrex glass tudesmeter 4—6 outside the expected range.g., NaAuOs, see Fig. 2 and
mm, length about 2 cm, flat bottom were therefore left out in the linear fit procedure. We there-

Mdéssbauer spectroscopyhe Mossbauer spectra were fore decided to look at different DFT approximations for
measured in a liquid He bath cryostat with both the sourcesimple diatomic gold compounds as discussed in the follow-
and the absorber at 4.2 K. Sources'9Pt(T;,=19 h) were  ing.
obtained by neutron irradiation of isotopically enricHétPt
metal in the Munich Research Reactor. The spectra were o ) .
fitted with appropriate superpositions of Lorentzian lines, B- Four-component relativistic density-functional

calculations for AuF, AuCl, AuBr, and Aul

IV. DISCUSSION The calculated relativistic DFT and HF electric field gra-
dientsq for the diatomic gold halides are shown in Table lI
derived at the experimental bond distances. It is clear that
there is a large variation in the results with different approxi-

Previous Mdssbauer studfgsr the determination of the mations applied. Figure 3 shows the calculated field gradi-
197Au NQM focused on intermetallic gold-aluminium com- ents plotted against the experimental NQCCs. One immedi-
pounds in a rather limited range of quadrupole splittingsately notices that the straight lines are not going through the
Here we extend this study to a large range of gold com-origin as they should. Table IV shows the linear fit param-
pounds in different oxidation states. Table Il shows theeters with large deviations from the ideal intercept at the
Mdssbauer electric quadrupole splitting and calculated fielarigin. Hence DFT shifts the linear curve away from the
gradients for a number of different gold compounds in theorigin introducing an unphysical systematic error. Moreover,
solid state. The field gradients range from «Bl&AuS,) to  from the slope one determines the NQM also shown in Table
+4.2 a.u.(KAuTe) at the DFT level of theory using the PBE V. The DFT values not only substantially deviate from the
functional. Figure 2 shows the experimentally measuregroposed muonic value, but for some functionals also give
electric quadrupole splitting against the calculated field grathe wrong sign. Hence one can conclude that DFT is not
dient [which includes the correction for the asymmetry pa-appropriate for obtaining even reasonable values for electric
rameter in Eq(4)] from which we determine from the slope field gradients. This does not explain, however, why the
a NQM of 0.63713)b (LDA) and 0.6089)b (PBE) in rea- solid-state values lead to a reasonable NQM for gold. Here,
sonable agreement with the muonic value of +0(38Wb.*  however, one chooses a wider range of compounds from
The points shown in Fig. 2 are from the PBE calculationsfield gradients of —6.8Na;AuS,)—+4.2 a.u(KAuTe) in dif-
(which include the calculations and Mossbauer data for théerent oxidation states of gold. Obviously, errors cancel out
gold-aluminium alloys by Wagner and co-workdrsThe  here. Also in the solid state the gold atom is surrounded by a
LDA linear fit, however, is also shown in Fig. 2 and the number of atoms which in most cases leads to much larger
corresponding values are listed in Table Il. Both functionalspolarization of the A(5d) core®® This even changes the sign
give similar results, and one might conclude that densityin the electric field gradient as a comparison between the
functional theory produces reliable results for field gradients|. DA values for the gold halides at the PAW level shows,
at least for the compounds investigated here. However, it waables Il and Ill. For the PAW results in Table Il we ex-

A. Solid-state relativistic density-functional
calculations
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TABLE llI. Calculated Dirac—Coulomb HF and DFT electric field gradients 100

g (in atomic unit3. Experimental bond distancesfrom experimental work { Cnoc [MHz] l'. I-l
of Gerry and co-workeréRefs. 13—15and the constant nuclear contribution t
to the field gradientgq,,, are also listed. Aul é,d‘ Y
Molecule Method q A
50 -
AuF HF -4.610 .
re=1.918449 A LDA 4.074 2
Gnuc=0.377 768 a. u. PW86 4.263
BLYP 4.005 /
B3LYP 2.190 ®
LDA/PAW 2.658 04
PBE/PAW 2.207 e
(T
AuCl HF ~3.428
r.=2.199 029 A LDA 3.746 @ HF 1
Onue=0.473793 a.u. PW86 3.818 : 11;3‘;‘6
BLYP 3.659 50 4 AuF A BLYP % <'I>
B3LYP 2.206 g
LDA/PAW 2.297 v BiLYP -
PBE/PAW 1.912 o  LDAPAW -
@  PBEPAW I
AuBr HF -2.903 % expt
r=2.31841 A LDA 3.700 100 . . — [a~“-1| I |
Onuc=0.832397 a.u. PW86 3.789 6 4 2 0 2 4 6
BLYP 3.625
B3LYP 2.280 FIG. 3. Calculated Dirac HF and DFT electric field gradients for gold plot-
LDA/PAW 2.180 ted against the experimentally determined nuclear quadrupole coupling con-
PBE/PAW 1.866 stants from Refs. 13—-15. The line marked “expt” refers to the muonic value.
Aul HF -2.240
r,=2.471102 A LDA 3.514 coupled cluster theory. Thayrnr andg,e DK terms should
Gruc=1.040 967 a. u. PW86 3.571 be of near HF limit quality.
BLYP 3.445 The results in Table V show that the derived spectro-
B3LYP 2.310 scopic nuclear quadrupole moments differ substantially be-
LDA/PAW 1.766 tween the molecules AuF, AuCl, and AuBr and are critically
PBE/PAW 1.483 dependent on the level of approximation applied. Further-

more, for AuF the sign is not even correct compared to the

) ] . _muonic value of +0.543. The problem is clearly the strong
tended the lattice such that in each unit cell we basicallyancellation of the large HF contribution with the correlation
obtain a free molecule with little interactions with nearestcontribution, which requires very precise calculations in or-
neighbors. We mention that the PAW results are below thejer 1o get correct results. Nevertheless, we extended the ac-
more accurate DC value, which shows the sensitivity of th;ye virtual space in our coupled cluster DC calculations for
field gradient to the electron density obtained in the tWop,F 1o <100 a.u., which further lowers the field gradient by
different methodsthe DC-LDA being the more accuratén 021 a.u. The calculated vibrational contribution for AuF is
Fig. 3 we include both DFT PAW resulttdashed ling  ony —0.019 a.u. obtained from a numerical treatment of the
Again, we derive NQMSs not in agreement with the muonicy;ipational Schrodinger equation, and gives a final field gra-
value. We therefore decided to carry out more accurate

coupled cluster calculations for the diatomic gold com-

pounds. TABLE IV. Slopea and intercepb from a Iine_ar f'itCNcha'q+b (CNQ.C in

MHz and q in a.u) of the calculated electric field gradients against the

experimentalCyqc (from Refs. 13-1h From the slopea the NQM Q; (in

barn is obtained according to Eq1). The experimental muonic value is
from Ref. 4.

C. Relativistic Douglas—Kroll and Dirac—Coulomb
calculations for AuF, AuCl, AuBr, and Aul

The calculated electric field gradients and derived quad,—vIethod
rupole moments for’Au are shown in Table V. The total

a b Q
field gradient is calculated by adding the following terms toHF 55.06 199.41 +0.234
the nonrelativistic(purely electronit HF value [gygrye ac-  LPA —234.43 898.85 -0.998
cording to Eq.(2)]: PW86 -186.54 738.12 -0.794
BLYP -232.46 874.20 -0.989
= AnrHFE T Grel + Geor + Cnucs (8) B3P 883.11 -1966.01 +3.758
. I . LDA/PAW -147.95 347.23 -0.630
where_qn_uc is th(_a nl_JcIear contributiofiEq. (3)]_, el is the  Socoaw 18017 35437 0.767
relgtlwstlc c.ontr_|but|on at the H.F.Ie_vel, amgy,, is the corre- onic 1294) 00 +0.547
lation contribution at the relativistic level of theory using
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TABLE V. Nonrelativistic HF and relativistic Dirac—CoulomidC) and Douglas—Krol(DK) HF and coupled clustdiCCSD(T)] Au electric field gradients
for AuF, AuCl, and AuBr(in atomic unit$. Different style of basis sets are used for the DC and DK calculations, see the text.

Molecule Method ONRHF Crel Ccor Onuc q Cnoc(exp? QY
AuF DC -5.636 +0.643 +4.765 +0.378 +0.150 —53.257) -1.51
DK -5.605 +0.809 +4.848 +0.378 +0.430 -53.28% -0.53
AuCl DC -4.353 +0.443 +3.062 +0.474 -0.374 9.633@AR? -0.11
DK -4.397 +0.593 +4.076 +0.474 +0.746 9.63Q13 +0.05
AuBr DK -4.196 +0.491 +3.118 +0.832 +0.245 37.2669 +0.65
Aul DK -3.713 +0.418 e +1.041 . 78.27311)

4 xperimental nuclear quadrupole coupling constéintsnegahertzfor the vibrational ground statérom Refs. 13—15 The results for thé%F, %Cl, "*Br, and
127 jsotopes are used.
PCalculated nuclear guadrupole momefitsbarn using Eq.(1).

dient close to zero. It is therefore clear that a much largetion. However, the spin-orbit contribution is already 55% of
active space in our correlated calculations is needed whicthe expected total electric field gradigit0.412 a.u. using
was beyond our computational resources. Also, the basis setlse muonic nuclear quadrupole moment and the @gc
used in our DC coupled cluster calculations were limited. Wevalues in Table V, and this value might change significantly
therefore decided to perform DK coupled cluster calculationsat the correlated level. The situation does not improve for
with larger basis sets since for a number of heavy elemenAuCl. Interestingly, for AuBr we get approximately the right
systems it was shown that spin-orbit effects in field gradientvalue for the nuclear quadrupole moméiable V), which
are quite small compared to the basis set incompleteness ame believe is rather fortuitous. Even here the perturbative
correlation error. The results are also shown in Table V. triples contributions in the coupled cluster procedure are
We first note that the picture change error is quite largequite large with +0.402 a.u. Moreover, including all inner
for these molecules, i.e., taking the untransformed operatarore levels in the correlation procedure at the MP2 level of
(2) and the DK wave function for the expectation value,theory changes the field gradient by +0.102 a.u. Spin-orbit
(PPEIGNR|4PK), we get geq=-3.469 a.u. for AuF, effects are also neglected. We therefore decided not to inves-
-2.706 a.u. for AuCl, -2.412a.u. for AuBr, and tigate Aul in more detail, which has the largest nuclear quad-
-1.313 a.u. for Aul at the corresponding equilibrium dis- rupole coupling constant, because of similar difficulties ex-
tances. Hence even the sign is wrong compared to the exapected heré®
DK contribution as shown in Table V. We therefore used the It is interesting to compare the individual contributions
PCNQM model as described in detail in Ref. 67. to the field gradient between the different molecules. We see
The DK calculations show exactly the same pattern coma clear trend of decreasing HF contribution, relativistic and
pared to the four-component results. Here we basically havelectron correlation effects with increasing nuclear charge of
near Hartree—Fock values for the field gradients, but théhe halide ligand.
coupled cluster procedure is not precise enough to obtain To conclude this section, the field gradients for the gold
reliable field gradients. For example, the correlation contri-halides are too small to obtain an accurate nuclear quadru-
bution for AuF changes from.,,=4.235 at the CCSD level pole moment for'*’Au. This is also evident from Fig. 3
to 4.848 upon perturbative inclusion of triple contributions. where the curve labeled “expt” shows field gradients close to
Hence we expect that one needs at least CCSDTQ in order the zero value. In these molecules the HF value is almost
get converged correlated results. Increasing the active spacempletely canceled by the correlation effect. Hence it is of
cannot be completely neglected as the difference between th® surprise that similar difficulties were encountered before
full active space and the one used in our coupled clusteusing the simple Townes—Dailey approximati'BrWe there-
calculations changes the field gradient by —0.049 a.u. at thtore turn to(CO)AuF, a molecule with a rather larg€’Au
second-order Mgller—Pless@iP2) level of theory. We note nuclear quadrupole coupling constant where such cancella-
that correlating the § shell already contributes about tion effects should be less significant.
-0.05 a.u. Moreover, spin-orbit effects are not small either o
as usually assumed. Using the DC basis set in the DK cal: Rela_t|V|st|c Douglas—Kroll coupled cluster
) . . . . o calculations for (CO)AuUF
culations gives(approximately the spin-orbit contribution
for the field gradient at the HF level of theory, It is well known that the electric field gradients are quite
Oso=—0.226 a.u. for AuF, which goes into the right direc- sensitive to small changes in the electron density, e.g., weak

TABLE VI. Nonrelativistic HF and relativistic DC and DK HF, second-order Mgller—Plesset MP2, and GG 3D electric field gradient contributions for
(CO)AUF.

DK DC MP2 CCSOT)
Molecule ONRHF Anuc qrel qrel qcor qcor q

(COAUF -10.099 +0.755 -1.846 -1.897 +5.305 +4.457 -6.784
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interactions with other atoméuch as rare gas atojner  completely canceled out by the electron correlation contribu-
molecules can easily be seen in a shift in the NQCC. For théon, and very precise relativistic coupled cluster calculations
gold halides, the interaction with rare gas atoms is not smalgjoing beyond the CCS) model would be required to ob-
and of the order of 50 kJ/mol for both Kr and &*°and  tain accurate field gradients. This is currently not feasible at
100 kJ/mol for Xe*** In these cases a large enhancement othe four-component relativistic level of theory. We conclude
the NQCC is observed, e.g., for AuF tH&’Au NQCC that the best chance to improve the existing mudiiéu
changes dramatically from -53.2 MHz for free AuF to NQM is to perform more precise calculations for the mol-
-333.4 MHz for ArAuF, -404.8 MHz for KrAuF, and ecules(CO)AuX (X=F, Cl, and By,*® or perhaps to investi-
-527.6 MHz for XeAuF. For the CO interaction with AuF gate the hyperfine structure for the%6s? ?D,,, and °D/,
Gerry and co-workers obtained from accurate microwavestates of atomic ARef. 5 by using multireference Dirac—
measurements a factor of twenty timé9 larger *Au Fock calculations, as this has been done recentl?oﬁafg.10
NQCC of -1025.975 MHz compared i[g free AtFSimilar
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