PHYSICAL REVIEW B, VOLUME 65, 014425

Hartree-Fock calculations for FeClL and FeBr,: The question
of the °™Fe quadrupole moment
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Two previous theoretical evaluations of tA#'Fe quadrupole momeii®), based on different formalisms—
namely, the Hartree-Fock method and the linearized augmented-plane-wave procedure using the local density
approximation—have yielded values Qfof 0.082 and 0.16 b, respectively, differing by almost a factor of 2.

In both casesQ(*"MFe) was obtained from experimental quadrupole coupling constants through investigation

of electric field gradient§EFG’s) at the ™Fe site. The present work reexamines the earlier Hartree-Fock
approach through a careful analysis of the influence of the sizes of the basis sets used, inclusion of the rare-gas
environment of thee’™Fe probe in the Mssbauer experiments, and incorporation of electron-electron corre-
lation effects on the EFG'’s, favoring a value 19(°™™Fe) of 0.110(0.003 b.

DOI: 10.1103/PhysRevB.65.014425 PACS nuni®er76.80+y, 21.10.Ky

[. INTRODUCTION The work presented here is an extensive improvement
over the former Hartree-Fock approach toward solution of
In Mossbauer experiments, no nuclear probe has beeihe Q(*"MFe) problem and, particularly, at a careful reexami-
used more frequently than the isotop&'Fe. Extraction of nation of the hypotheses underlying the earlier wokk.this
information about the electronic environment of tA&'Fe  Way, it is hoped that a reconciliation between the two differ-
probe from quadrupole interaction data requires knowledgdd Views™* may be achieved eventually. .
of the ™Fe quadrupole momer®(5""Fe). This quantity, The s_peual emphasis on the present calculation can be
however, has been the subject of a long-standing contrg®Ummarized as follows.

versy. While it had been previously estimated to be in the h@% The ghoice oftsgi';ab(;e ba§t)is TEtSi lnatmely, basis stgts
range of 0.15-0.28 b? a Hartree-Fock calculation by Duff, which can be expected to describe local €lectronic properties

Mishra, and Dab yielded a substantially smaller value reliably, of particular relevance being the basis set used for

Fe in the solid-state calculations.
Q(°™Fe)=0.082 b. The authors analyzed the results of , ) . .
Mossbauer experimedsin which Fe&X, (X=Cl, Br) mol- (2) Incorporation of possible effects induced by the solid

I bedded i lid wix had b X tAr matrix surrounding the probe molecules.
ecules embedded In a solid argon matrix had been Invest- 3 15cjysion of electron-electron correlation effects.

57m
gated. The value oQ(*"™"Fe) was deduced from measured  Ngither (2) nor (3) were taken into account in the earlier
quadrupole interaction frequencies in conjunction with theyartree-Fock calculatioh. where the units Pe, (X
g?lculatfad electric field gradierg(7§FG’s) as found at the  —cj Br) were treated as free molecules based on the as-
"Fe site. The small value @(>""Fe) resulting from this  sumption of insignificant interactions with the rare-gas envi-

treatment was subsequently confirfidsy the experimen- ronment, and the influence of electronic correlation on the
tally determined ratio of the quadrupole coupling constantEFEG'’s was not considered.

(e?qQ) for >*™Fe and®™Fe in the same iron compounds in

conjunction with nuclear theory applied to the high-spin Il. METHODOLOGY
(10%) isomer®4Fe.
The most recent theoretical effddirected at the evalua- As demonstrated in several previous theoretical investiga-

tion of the *'MFe quadrupole moment contradicts the earliertions on FeCland FeBj, and most explicitly in Refs. 10 and
work,? yielding a value ofQ(°*™Fe)=0.16 b. This reassess- 11, the appropriate treatment of these system with the aim to
ment is based on the interpretation of experimental quadruevaluate the electric field gradient, at the nuclear site of
pole splitting data in a number of compounds, using the linFe is an intricate problem in view of two major complica-
earized augmented-plane-waveAPW) band structuf®®  tions: (1) V,, depends very sensitively on the distance be-
method based on the local density approximatib®A).  tween Fe and @Br), and(2) the individual contributions to
Thus results obtained from two different theoretical proce-the net value o¥,, cancel to a large extent. Both situations
dures are seen to be in obvious conflict, which requires resaiecessitate a very careful description of the electronic system
lution. of the selected molecules, most importantly the one of the Fe
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TABLE I. Comparison of(1/r3) at the nuclear site of Fe as followed in selecting basis sets for ®ef. 15 and Br(Ref.
obtained from both Hartree-Fock and LDA computations using the16) in the Hartree-Fock investigation of Fe@ind FeBjs. All
(7/6/5/1) Fe basis set chosen in this work and from numerical Ca|-COmputationS were carried out using the progiGAUSSIAN

culations. 0817
Atomic Atomic
HF calculation LDA calculation Standard valie IIl. RESULTS AND DISCUSSION
Quantity [e/ald] [e/al] [e/ald]
In an initial series of calculations, aimed at a test for the
(1) (2p) 468.26 470.00 468.58 adequacy of our approach, we computed the ratf the
(1/r%) (3p) 52.04 53.50 55.71 experimental quadrupole interaction frequencies observed
(1/r%) (3d) 4.93 4.55 4.86 for FeBr, and FeCJ which equals the ratio of the actudl,

components at the nuclear site of the Fe atom for FeBd
FeCl, respectively. The measured value Rgexpt)=1.36
(0.04.%° A sequence of three calculations was carried out,
atom, which underscores the relevance of an adequate choiosing basis sets of increasing complexity, as indicated in
of basis sets. Table II, which contains the theoretical and measured values
For the Fe basis set selection, the following criterion wasof p for both the free molecules and molecules embedded in
adopted. This basis set is required to give an adequate repn Ar environment. It should be noted that the deviation
resentation of wave-function-related properties of the Féetween theory and experiment decreases with increasing ba-
atom. The most important one of these is, in the context obis set complexity. We also observe that inclusion offan
the problem under study, the expectation valli&®) at the  orbital into the basis set used for the Fe atom yields a sig-
nuclear site of the atom, which, in the framework of thenificant improvement of the calculated value.
Hartree-Fock approach, is for each atomic orbital directly In all calculations, the measured Fed8Y) bond distances
proportional to thé/,, component of the EFG tensor associ- were used which were determined as 2.17 A for Kedid
ated with that orbital. We chose(@/6/5/1) basis séf (con-  2.307 A for FeBj.'®!° Although for our evaluation of
sisting of 7s, 6 p, 5 d, and 1f functions, comparing the Q(°™™Fe) the bond distances of the embedded molecules are
(1/r3) expectation values derived for the Fp,23p, and 3 of relevance, as opposed to those for the free species, it
shells to standard numerical values for these quantities in thehould be noted that a geometry optimization for ReCl
neutral atorrt? Particular emphasis was placed on a satisfac{FeBr,) at the unrestricted Hartree-Fo¢WHF) level using
tory reproduction of the @ contribution. From Table |, itis the most complex of the basis sets indicated in Table Il yields
obvious that the basis set chosen reproduces boptarna 3 an Fe-Cl(Fe-Bn bond distance of 2.173 A2.303 A), in
contributions toV,,. The somewhat larger deviation found agreement with experiment. We emphasize that both JeCl
for the 3p shell can be tolerated since the effect of thepFe and FeBj result as linear species from these optimizations.
shells on the EFG at the nuclear site of Fe is expected to be As suggested by Hund'’s rule, a quintuplet spin st&e (
small in comparison to the Fed3shell® =2) was assumed for the two molecules in all of these cal-
For comparison with the Hartree-Fock approach, we als@ulations. However, in view of the strong dependence of the
carried out a computation of the atomt/r3) expectation EFG on the spin state of the system, it is essential to test this
values for the Fe atom using an LDA procedure based on thassumption. Thus a comparative study of total energies of the
Becke functional?* As can be seen from Table |, by compari- FeCl, molecule for spin-singlet, -triplet, and -quintuplet
son with the numerical value for the Hartree-Fock states was carried out. These results skitable 11l) a strong
approach? the 3d contribution is significantly underesti- preference for the quintuplet spin state, which clearly exhib-
mated. Apparently, the LDA procedure can therefore deits the lowest energy in this series. The spin contamination,
crease the EFG at the nuclear site of the Fe atom and conseet exceeding 0.3%, was found to be consistently small in
quently could lead to an overestimation of thE™Fe this series of computations.
guadrupole moment. Similar considerations as for Fe were For both FeBy and FeCJ we investigated the contribu-

%Reference 13.

TABLE Il. Values of theV,, component in units oé/ag for free and Ar embedded FeChnd FeBy
molecules as obtained for a sequence of basis sets.

Basis set for Fe (7/614) (71615 (7161511 (7/6/5/1 Experiment
V,(FeCh) 0.598 0.596 0.578
V,(FeBr) 0.902 0.796 0.791
V,(FeCbAr,,) 0.572
V,FeBRAr,,) 0.778
o° 1.508 1.334 1.368 1.360 1.@604)

3Reference 5.
by represents the ratio of the EFG's for the Fe@hd FeBj systems.
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TABLE Ill. Comparison of total energies of different spin states o
for FeCl. -
Spin state Total Energy of Fe(lkeV] -

- L 4
Singlet —59.319
Triplet —59.317
Quintuplet —59.326

Fe X
tions of the individual molecular orbitals to the total EFG’s.
Table IV lists the most importan¥,, contributions, arising
from the 2p-like, 3p-like, and 3-like molecular orbitals. As
expected, the main differences between Yhe values for
FeBr, and FeCJ can be attributed to the halogen orbitals and

the halogen nuclear charges. Only the Fe)(3hells appear —@—

to be percentagewise significantly influenced by covalency

effects, their absolute sizes being quite small. Ar S
We accounted for the influence of the Ar matrix on the

EFG’'s of FeBgy and FeCJ by adopting a cluster model

(Table 1)) involving the molecules surrounded by the 12 &

nearest Ar atoms. The effect of possible Ar lattice distortion
due to the embedded molecule was examined by performing —> a

a geometry optimization where the fcc geometry of the un-

distorted Ar lattice was used for the initial geometry of the ~FIG. 1. The F&,Ar;, model adopted in the calculations de-
FeX,Ar;, (X=CI, Br) cluster(see Fig. 1, the orientation of scribed in the text. The three orthogonal axes of the fcg énystal

the Fe&X, molecule being kept fixed along theaxis, while ~ are denoted by, b, and¢; R;, Ry, and R refer to the three
the FeX distance was allowed to vary. Figure 1 indicates theistortion parameters introduced in the text.

three variable length®;, R,, and R; which describe the

Ar, lattice distortion and are related to the lattice parameter§ystems is reflected by the somewhat larger difference be-
a, b, andc. For both FeGJAr,, and FeBjAr,,, the distortion  tween the EFG's for the free molecule and the solid in case
variablesR;, R,, andR; were optimized. As expected, we Of FeBL. To test the sensitiveness of the geometry optimiza-
found R,=R; throughout, so that the KegAr,, structure tion with respect to the orientation of the Fe@lolecule, the
adopts tetragonal symmetry about the axis of orientation ofatter was varied systematically in the equatorial plane of the
the F&X, molecule. In the case of Feflr;, optimization Arcage. The orientation along tleaxis, as indicated in Fig.
resulted in two near-degenerate minima, one VR{™R, 1, emerged from this study with highest stability, as docu-
(R,=3.54A, R,=3.49A) and another one witiR,>R, mented by the data contained in Table V. We also want to
(R,=3.47A,R,=3.51A), both differing substantially from Point out that, from our computation, the Ar cage exerts very
the undistorted fcc geometry of the Ar lattit®for which  little influence on the Fe-@Br) bond length, which changes
R,=R,=2.66 A. The fractional variation in the EFG result-

ing from the small difference in the geometry for the two  TABLE V. Dependence of the total energy of Fe®i;, on the
minima is found to be in the IG range and therefore has orientation of the FeGImolecule in equatorial plane of the Ar
little impact on the present discussion. The influence on theage(see Fig. 1 The angled denotes the azimuthal angle included
EFG due to the Ar environment thus comes out almost théy the molecule with thec axis of the cage. Thus the situation
same for the two minima and is included in the results in theshown in Fig. 1 corresponds tb=90°.

fourth column of Table Il. The corresponding calculation for
FeBrAr;, however, yielded only one minimum, which ex- @ [deg] Energy[eV]*
hibits a considerable degree of distortion wRj=4.31A

: 7 50 0.81
and R,=3.28 A. This noticeable contrast between the two 60 0.46
70 0.20
TABLE IV. The dominant electronic shell contributions to the 80 0.05
V,, component in units ofe/a3) for FeCl, and FeB. 90 0.00
100 0.05

Halogen
Halogen  nuclear 110 0.20
Fe(2p) Fe(3p) Fe(3d) orbitals  charges 120 0.46
130 0.81

FeCl, 0.275 0.066 2.805 —3.493 0.980
FeBr, 0.295 0.104 2.804 —4.105 1.690 #The energy minimum of-230.555 keV] is used as the zero of the
energy scale.
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TABLE VI. EFG at the Fe site of Fegland FeCJAr,, by the  can be considered to be relatively small for the system
Hartree-Fock procedure and various post-Hartree-Fock methods ©eCl. We have also included the Ar environment in evalu-

include many-body effects. ating many-body effects on the EFG, using the B&€),
cluster. We have employed for this purpose the MP2 proce-
Procedure System Vi Vyy Vz, dure and found the environmental effect on the many-body
HE? FeCl, 0289 -0289 0578 contribution only about 1%. Using the EFG result for
MP2° FeCl, 0283 -0283 0.566 FerArl.z from Table VI which includes.both many-body
cip® FeCl, 0282  —0.282 0.565 and environmental effects and the experimental value of the

nuclear quadrupole coupling constirtwe arrive at a result

;ﬁ?g EggtArlz _8:;;2 _8:2;3 8:22; of 0.110 b forQ(°™Fe). For FeBy, using the result for the
EFG in Table Il which includes the environmental effect, but

aHartree-Fock. no many-body correction, and the experimental value of

bSee Ref. 17. e’qQ for FeBr, in the Ar lattice, we find Q(>""Fe)

‘Configuration interaction with double substitutions, Ref. 17. =0.107b.

dCoupled cluster theory with double substitutions, Ref. 17. To arrive at a confidence limit foQ(°"™Fe), we have

used the following considerations. First, as far as the depen-

by less than 0.4% as compared to the respective bond lengétence of the EFG on the choice of basis set is concerned, our
of the free molecular species. Thus the Fe-Cl bond length ofesults in Table Il indicate that the limit of convergence with
2.173 A found for the free Fe€molecule is to be compared respect to the basis set size appears to have been attained.
with the very slightly reduced Fe-Cl bond length of 2.167 A The influence of the environment on the EFG has been found
in FeCLATr,. to be rather small, of the order of 1%, and so one does not

From column 4 of Table I, the overall impact of the Ar expect any significant effect from this factor on the confi-
matrix on the EFG appears to be quite weak for both Fecldence limit. The impact of many-body effects has been tested
and FeBj, amounting to 1% and 2%, respectively. However,using a number of different methods based on the state-of-
the environmental effect is significant in improving an al- the-art computational techniques available and found to be
ready good agreement with the experimental ratjp as  about 4%. The many-body effects, however, depend upon the
achieved at the level of the purely molecular investigation, tacompleteness of the molecular basis set used in the MBPT,
apparently perfect when the Ar cage is included in the physiCl, and CC procedures, which is difficult to attain from prac-
cal model. ticability considerations in cluster computations. We can

We want to point out that the impact of a noble-gas envi-therefore ascribe quite conservatively a 50% confidence limit
ronment on the electric field gradient at the nuclear site of F&0 the many-body contribution to the EFG, leading to a cor-
in FeCl, has been previously studied using the Hartree-Fockesponding confidence limit of 0.002 b fQ(°™Fe). Con-
method by Bominaaet al.,** who investigated the system sidering next the difference between the valuesQofrom
FeChbNe, with n=2,...,6 for various geometric configura- FeCh and FeBj, we can add another 0.002 b and round off
tions of the surrounding Ne atoms. Some fluctuations of théhe net confidence limit at 0.005 b, leading to a result of
quadrupole interaction with the arrangement of, Neere ~ Q(>'™Fe)=0.110(0.005 b from the present investigations.
recorded: however, the incomplete representation of the
noble-gas atom cage er_nployed in conjunction with the lack IV. CONCLUSION
of a geometry optimization for FegMe, in Ref. 11 as well
as the differences in the noble-gas matrix, basis sets, and In conclusion, the EFG’s at thé™Fe nuclear sites in
Fe-ClI distances used make a direct quantitative comparisdreCh and FeBj in the Ar lattice have been reevaluated using
of this earlier study with the present work difficult. the Hartree-Fock method along with several post-Hartree-

The effect of electron-electron correlation on the EFGFock procedures to include the influence of many-body ef-
was taken into account through applications of various postfects. The systems chosen are among the best available sys-
Hartree-Fock procedures. A many-body perturbation theoryems for accurate Hartree-Fock investigation, because they
(MBPT) treatmertt at second ordefMP2) (Ref. 17 was involve relatively small, almost isolated, molecular units.
carried out and compared with results we have obtained by Among the various factors examined for their influence on
configuration interactiofiCl) (Ref. 17 and a coupled cluster the EFG, the choice of the basis set is found to be the prin-
(CO) (Ref. 17 calculation, where double substitutions from cipal one. The influence of the Ar lattice environment was
the Hartree-Fock determinant were used in both cases. Theg&luded by considering a KgAr,, (X=Cl, Br) cluster and
methods were applied first to the Fe@holecule, the EFG performing full Hartree-Fock optimizations on these units.
results obtained being displayed in Table VI. From these valfFrom this investigation, the influence of the rare-gas environ-
ues, the incorporation of many-body effects is seen to lowement was found to be only of the order of 1%. The influence
the EFG as compared to the results from the Hartree-Fockf many-body effects was determined to be somewhat more
procedure, the reductions in the magnitudes of the EFG@mportant than environmental effects, amounting to about
slightly increasing with the accuracy of the correlation pro-4%.
cedure applied. However, the maximum deviation, as seen The value of theQ(°*"™Fe) emerging from our recent in-
from Table VI, from the Hartree-Fock result amounts to lessvestigations of 0.1100.005 b is about 20% higher than the
than 4%, so that the impact of electron-electron correlatiorearlier Hartree-Fock result for the same molecular systems

014425-4



HARTREE-FOCK CALCULATIONS FOR FeGIAND . .. PHYSICAL REVIEW B 65 014425

and is in good agreement with the results of perturbed angunfluence of many-body effects, as carried out here, could
lar correlation (PAC) and Massbauer measuremehten  contribute to the understanding of the remaining discrepancy
>¥MFe and®"MFe, respectively, in the same iron compoundswith the present value @(°"™Fe). Additionally, it would be
combined with nuclear theofyfor the high-spin>™Fe iso-  helpful for comparison with the present work to conduct su-
mer. The LDA-based value of th@(°™Fe) of 0.16 b from  percell APW investigations of the EFG in the systems FeCl
the LAPW band structure meth8dyhile in better agreement gng FeBs in the Ar lattice studied here.

with the present finding than the earlier Hartree-Fock value,
is still about 45% higher. The comparison between Hartree-
Fock and LDA expectation values ¢1/r3) for the Fe atom

in Table | suggests a 10% reduction in the LAPW result for
5MEe, which would reduce it to 0.144 b. It is suggested that The support given to this work by the National Science
a further refinement of the LAPW approach including a carefoundation through the CREST progrdhiRD-9805465 is

ful study of convergence tests on the basis sets used and tiyeatefully acknowledged.
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