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The first application of the projector augmented wave method to calculate electric-field gradients is pre-
sented. The projector augmented wave method is an all-electron electronic structure method that provides an
accurate description of the wave function near the nucleus, and thus is well suited to the prediction of hyperfine
parameters. Electric-field gradients have been evaluated for a variety of molecules and crystals containing
main-group and transition-metal elements. Our results compare well with experiment and previous calculations
based on the linear augmented plane-wave meff&@il63-18208)00223-9

I. INTRODUCTION method(DVM),” and the augmented spherical wavASW)
method® among others, have been applied to calculate
Hyperfine interactions are a powerful tool for characteriz-EFG’s in solids to various degrees of accuracy. These meth-
ing different atomic sites in a given sample. Many experi-0ds are more or less suitable for different classes of systems.

mental techniquéssuch as Mesbauer spectroscopy, nuclear Astppi?ted Io?tdatt)ovt% measured EE{S,S r:‘.a\r’]etﬁ” intrilnsic
magnetic and nuclear quadrupole resonafdIR and  uncertainty related to e accuracy with which the nuclear
NQR), or perturbed angular correlation measurements ca uadrupole moment is knovv_n. On the other' hand, the quad-

’ . ) . pole moment can be obtained by comparing experimental
access hyperfine parameters in fundamentally different ways,

yperfine splittings with very accurate electronic structure

Hyperfine parameters describe the interaction of a nucleus; iations. This has recently been done by Dufek, Blaha,

with the electric and magnetic ﬁelds created by the phemicaénd Schwar? to determine the quadrupole momentFe.
environment of the corresponding atom. The resulting leveljearly, the calculation of accurate EFG's is an active and
splitting of the nucleus is determined by the product of achallenging field of research.
nuclear and an extranuclear quantity. In the case of quadru- |n this paper we apply the recently developed projector
pole interactions, the nuclear quantity is the nuclear quadruaugmented wave methb%(PAW) to EFG calculations in
pole momentQ that interacts with the electric-field gradient solids and molecules. Thereby we establish how accurately
(EFG produced by the charges outside the nucleus. ThEFG’s can be obtained with the PAW method. As an all-
analysis of experimental results faces two obstaci¢sthe  electron method, the PAW method lends itself naturally to
nuclear quadrupole moments are often known only with lim-EFG calculations. The PAW method has proven to be a pow-
ited accuracy and their determination is still an active field oferful technique for studying complex systems including mol-
research{ii) EFG’s depend sensitively on the anisotropy of ecules, surfaces, and solids, and thus provides access to
the charge density close to the nucleus, and thus pose a eEG’s in systems that can otherwise not be studied or only
vere challenge to electronic structure methods because d¥th difficulty. As the PAW method is implemented in com-
accuracy in the percent range is required for the electroRination with theab initio molecular-dynamics approach, it
density. is hoped that our approach will pr9w_de the basis for studying
For a long time, a simple point-charge model in combina-finite-temperature effects of EFG'’s in the future.

tion with so-called Sternheimer shielding factors was used to 1 N€ papet;] istﬁrganti_zeclj SS ll‘(ollowsijln ?jec. ”t.We briefly
interpret experimental results. These predictions, howeve ummarize the theoretical background and mention conver-

depend on empirical parameters and often deviate signif§'°n formulas used to compare measured quadrupole interac-

cantly from experimental values. t|ont§ vvllth EFG chalculatl;)ns._ln SEGIZ(:GIII \lNe |d$SCHb|e tge thle\;
In their pioneering work, Blaha, Schwarz, and Hefzig oretical approach to periorming calcuiations. In Sec.

showed that the linear augmented plane-waL@PW) we compare our calculgted results with exp_eriment and
method was able to predict with high precision EFG’s in LAP.W calculations, and in Sec. V we summarize our con-
solids without empirical parameters. The LAPW method hasclusmns.

been applied to a large variety of systems from insulators to Il ELECTRIC-FIELD GRADIENTS

metals to superconductotSeveral other electronic structure AND CONVERSION EORMULAS

methods such as the linear-muffin-tin orbitdlMTO)

method for periodit or nonperiodic systems, the Korringa- The nuclear quadrupole interacti¢NQI) represents the
Kohn-Rostoker (KKR) method® the discrete variational interaction of the nuclear qguadrupole moméntwith the
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EFG created by the charge density surrounding the nucleugs » can never be greater than unity, the difference between
Various extensive reviews of this subject are available in thehe values ofA given by Egs.(4) and (5) cannot be more
literaturel'®12Here we summarize briefly the main ideas andthan about 15%. In the remainder of this section we simplify
provide conversions between experimental NQI splittingsthe expressions, as is often done, by assumingsjhad. As
and EFG'’s. Mossbauer experiments exploit the Doppler shift of the
Let us consider a nucleus in a state with a nuclear spimadiation, the splitting is usually expressed in terms of the
quantum numbet>1/2 and corresponding nuclear quadru- velocity between sample and detector. The quadrupole split-
pole momentQ; ; :e‘lfd3rp(r)rirj , Where p(r) is the ting can be obtained from the velocity, which we denote here
nuclear charge density at poinande is the proton’s charge. by A,, by
The interaction ofQ; ; with an EFG tensoV; ;, .
A=A, (6)
HZGZ Qi Vi, (o c
! wherec=2.9979245588 10° m/s is the speed of light and
splits the energy levelgq, for different magnetic spin quan- g =14.41x10° eV is the energy of the emitted radiation
tum numberam,=1,1—1, ... ,—1 of the nucleus according of the Fe nucleus.
to Finally, we still need to know the nuclear quadrupole mo-
2 ment Q of the Fe nucleus itself. It is of the utmost impor-
:eQsz[3m| —10+ D]+ 723 (2)  tance, yetits value has been heavily debated. Recently, how-
Q 41(21-1) ever, Dufek, Blaha, 5:;1nd Schwa]&,zr;avg determined the
in the first order ofV; ;.** Here, Q stands for the largest value Q=0.16 b for *'Fe (1 b=10"""m") by comparing
component of the nuclear quadrupole moment tensor in th eoreticaV,, values obtamed.u_smg the LAPW.method with
state characterized byn,=I. (Note that the quantum- t_e measured quadrupole splitting at the Fe site for fourteen
mechanical expectation value of a charge distribution in aﬁj'fferent compounds. e .
angular momentum eigenstate is cylindrical, which renders Now we relate the electric-field gradieWt; to the Dop-
the expectation value of the remaining two components agler velocity via
having half the value and opposite sigithe conventional
choice is|V,]>|V,,=|V,,|. HenceV,, is the largest eigen- A
value of the EFG tensor, and the asymmetry parametisr
defined by the remaining two eigenvaluég,,V,,:

eQc
v:fvzz- (7
Y

In the special case of th’Fe nucleus, we obtain

|Vxx_vyy|
n=—r0—r. 3 21 2110 ZEV_[eV] ~
IV, V, 110" V/Im“]=10 C[m/SIQIb] A, [mm/g~6A,[mm/g].
Equation(2) shows that the electric quadrupole interac- ®

tion splits the (2+1)-fold degenerate energy levels of a

guclbelardstate with Sp't? quangum ”“m“f(:f 1/2) into | and NQR, where a convenient measure of the strength of the
fou_ y degenerate su states one singly degenerate state quadrupole interaction is expressed as a frequengyre-
or integerl). Experiments determine the energy difference ;o 1oy by

zz

A between the levels, which is called the quadrupole split-

ting. The remaining degeneracy can be lifted further by 3eQV,,

means of magnetic fields. ) V= m (9)
The most common probe nucleus in dMbauer spectros-

copy measurements EFe, which thus deserves special at- The value ofV/,, can then be calculated from the frequency

tention. For this probe, the nuclear transition occurs betweem, MHz by

the |l =3/2 excited state anid=1/2 ground state, with a 14.4

EFG’s can also be obtained with techniques such as NMR

keV y-radiation emission. The quadrupole splitting between [(21—1)
them,= = 1/2 and them, = = 3/2 states can be obtained by Vv, {10° V/m2]=0.02757lqu[MHz], (10
exploiting the Doppler shift of thes radiation of the vibrat-
ing sample where (1/e) =4.135669X 10~ 1°[V/Hz]. The parameteY,,
21 1/2 is often also denoted aq=V,,.
Ao VRQULY ) @ In the literature, two conflicting definitions of, are in
2 ' use. One is given by Eq9), and the other, defined as
For systems in which thé’Fe nucleus has a crystalline or e’qQ
molecular environment with axial symmetry or a threefold or VT T (13)
fourfold rotation axis, the asymmetry parametgris zero
andA is given directly by differs from the first by a factor of 2 and assumes the value
| =3/2. Finally, the definition ofg=V,,/e has been intro-
A= V£Q 5) duced here. In order to avoid confusion we will refer here
2 only to the definition given in Eq9).
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We have also adopted the same sign conventioWfgas  position relative to the position of the nucleus under investi-
Dufek, Blaha, and Schwafbecause it has been found to be gation. The italic symbo$ denotes the absolute value of the

consistent with the majority of experimental results. new coordinate.
The contribution to the EFG resulting from the one-center
IIl. THEORETICAL APPROACH expansions is obtained directly on the radial grid as shown in

the following for the potentiab®. The contribution fromy*
is calculated in an equivalent way. Let us first consider the
matrix of second derivatives near the nuclear site,

We obtain the EFG directly from the full potentialr)
obtained with the PAW method as

Vi’j=|im(&io"j—%5i’jV2)v(r) (12) L . L | |
-R 30,2, R (YL =lIM D [(@dvR (S N YrL(9S)
. L s—0 L
evaluated at a nuclear sike
With the PAW methodf the potential is the sum of three +((9ivé L(s)s")(an,_(s)s')

terms,
+(9vR L (5)S NG Y L (9)S)

o(r)=0(r)= 3 VR(N)+ 2 vR(r). (13 +ol(9)s @ YL(9)]. (18

The first term, denoted by a tilde, is the so-called pseudopoe‘S the functionsy, (s)s are polynomials of order, we can

tential. Note, however, that the pseudopotential of the PAWreduce . abovg expression: the first tem_] vanishes except
method and that of the pseudopotential method are two diflt—g: :Eillig ?:ggirrl'tt))mtl'grr:’ t:r? dsteh(;o:;dstatrgnghgdcfr;n% re;(ﬁeept
ferent quantities: In the PAW method, it is simply the plane-_2 t_'b i ITrlieII _b i : " XI tog

wave part of the all-electron potential. The remaining two contribution. The& =1 term IS proportional to; ; as a
terms are the one-center expansiddsnoted by a super- result of its spherical symmetry and therefore does not con-
script 1 of the pseudopotential and all-electron potential,t”bUte to the EFG tensor, which is defined to be traceless.

respectively, at an atomic site denotBd Their difference Thel ._1 contr|.but|on vanishes as well becaug_e(g)s are
1 ~1 . : . . ., _spherical functions and therefore have a vanishing gradient
vg(r) —uvg(r) vanishes by construction differentiably outside

; > . at the origin. Hence, only the=2 terms contribute to the
a so-called augmentation region surrounding an atoR.at grg

Each term contributes individually to the EFG:

1

- o~ . URL(S)

V=V = Vi Vi (14) VilfmZz ( lim— )[(&i&;—%ﬁi,;Vz)YL(s)sz],
= s—0
The pseudopotential is obtained from its Fourier coeffi- (19
cients as and the individual components are

~ ~ . 1 1

= iGr 1 15  v,2_2(S) 5  Uge_2S)
v(r)=2 v(G)Ee, (15) Vi 2 s jim 222

167Tsﬂo s? 16775%0 2

whereG is a reciprocal lattice vector. We obtain its contri-

bution to the EFG as a summation in reciprocal space, . 15 U)l(z_yz(r) 5 vézz_rz(S)
Vy,=—2\/=—lim————— -2/ ——lim————,
S— —

\N/i,,-=—§ (GiG;— 6,,3G|>)v(G)ECR(|G]). (16)

. . . S5 Uézz,rz(S)
The damping functiori(|G|) smoothly attenuates the contri- V%ZZG \/ —Ilim—=2— (20)
bution of the high Fourier components. This is necessary 16ms_, &2
because taking the second derivative enhances the weight of
the largeG components, which makes its plane-wave con- L L 60 Uiy(s)
vergence slow. By removing the oscillatory behavior of the Vio=Vy= N 167 Iﬂ:)?,
S—

high Fourier components we can substantially improve the
plane-wave convergence. 1

The one-center potentiale:fq(r) andﬁ(r) are represented vl =yl / 60 ”mvxz(s)
on a logarithmic radial grid multiplied by real spherical har- 167
monicsY, as

60  vyA9)
lim—=—
167TS~>0 32

1 _\/1 _
vkD=3 vk (r=RHYL(T—R), (17 Vy=Vay=

wherevg (|r|) is the radial part of the potential for a given  In Egs.(20) we have dropped thR index and replaced
angular momenturh = (l,m) centered at an atomc siie In  the L index with the more intuitive angular dependence no-
order to simplify the following equations, we introduce heretation in terms of real spherical harmonics. The limit,
a coordinate transformation &=r — R, which measures the Iimsﬂo[vﬁ(s)]/sz, is obtained by extrapolating from the first
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TABLE |. Electric-field gradients in units of 28 V/m?2. The Q values(Ref. 15 are given in units of
109m? (or 10 2 b); the number of digits indicate the experimental accuracy to which it is known. The sign
of the experimentaV/,, is given only when known. The percentage deviation of the calculated values from
measured data is given in the last column.

Site Q V,, (expt) V,, (PAW) Dev. (%)

HCI 2 3¢l —8.165 34.28 +33.80 1
cl, 35¢l —8.165 55.18 +54.23 2
Br, Br +33.1 95.6F +94.44 1
I, 129 —78.9 113.06 +119.01 5
LisN Li(2) —4.01 -0.60¢ -0.71 18
LisN Li(2) —4.01 +0.30¢ +0.33 10
Li 3N 14N +2.01 1.04 +1.02 2
Fe(CgH5), 2 STFe +16 +14.2¢ +10.67 25
Fe(CO)5 2 5Fe +16 15.42 +10.20 34
Fe(CO),H™ 2 5Fe +16 8.16 +5.68 30
FeS, pyrite SFe +16 3.669 —3.40 7
FeS, marcasite SFe +16 3.00¢ -3.21 7
FeSi SFe +16 4.45" +4.92 11
Fe,O3 SFe +16 +2.162 +1.84 15
TiO, rutile 41T +29 2.28 —2.06 10
TiO, rutile (o) —2.558 -2.38! +2.14 10
Cu,0 8cy -22 10.2 —-8.60 16
%Reference 22. Reference 19.

bReference 16. 9Reference 20.

‘Reference 17. PReference 21.

dReference 25. iReference 23.

®Reference 18. IReference 24.

four grid points on the logarithmic grid to the origin using a sites for the C}, Br,, and I, molecular crystals, respec-
third-order polynomial. Further details of the PAW calcula- tively, agree with measurements within less than 5%, but

tions are provided in the Appendix. quite a number of deviations fay exist*
Li 3N is a particularly subtle case because the EFG’s in
IV. RESULTS Li 3N are extremely small, i.e., about 1% of the EFG in the

logens. This causes the larger percentage deviation of 18%
Li 3N, which is probably caused by numerical uncertain-
ties.

The EFG's for the crystalline transition-metal compounds
are consistently in excellent agreement with experimental
data and fall well within the range of typical error bars of
experimental predictions. We note that the nuclear quadru-
pole moment of the transition metals suffers a large uncer-
tainty, as it can only be obtained by comparing experimental

As shown in Table I, the deviation between our calcula-quadrupole splittings with theoretical calculations.
tions and experiment is small, that, is on average 12% and
less than 18% in 14 out of 17 cases. Deviations of this mag-
nitude are not unexpected given the uncertainties of the B. Comparison with LAPW calculations

nuclear quadrupole moments and temperature conditions, .
q b b In Table Il we compare our results with LAPW calcula-

which are not included in our present calculatins. : o )
m m 0,
The three cases that exhibit larger deviations from experiyons' The two methods agree to within more than 9% in al

ment (around 30% are the molecules containing iron. The CaS€S: With an average error of 3%, and they agree to within
underestimation of the EFG's on iron in molecules is possi#70 in 11 out of 14 cases. Given the sensitivity of the EFG'’s
bly due to the local-density approximatiéoDA ) or the gen- for numerical approximations, such agreement can be con-
eralized gradient approximatiofGGA). We will comment ~ Sidered excellent.
on these interesting cases in connection with the comparison The main technical differences in performing the calcula-
between PAW and LAPW calculations in the next section. tions, apart from using different electronic structure methods,
The EFG’s at the Cl site in the free molecule HCI, for are the following:(i) The PAW calculations use a limited
which the quadrupole moment is more reliable, agree t&k-point set, whereas with LAPW thle grid is chosen suffi-

within even less than 2%. The EFG’s at the CI, Br, and Iciently fine to achievék-mesh convergencgii) PAW uses

We have selected a number of systems, molecules, ar{ha
solids, for which EFG’s are known from experiment and
from accurate LAPW calculatiorfs'%*Thus we com-
pare EFG’s not only with experimental data, which often
suffer uncertainties of up to 20%, but also with reliable the-
oretical calculations.

A. Comparison with experiment
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TABLE II. Calculated electric-field gradients in units of iron-pentacarbonyl for which the calculated EFG’s underes-
10°' V/Im?® compared with the results of LAPW calculations. The timate the measured values by 25-35 %.
last column gives the percentage deviation between the two meth- This discrepancy with experiment, which is similar for
ods. two independent electronic structure methods, indicates that
- ) a certain contribution of the electron correlation is neglected,
Site V,, (LAPW)  V,, (PAW)  Dev.(%)  which modifies the electron density but has no noticeable
effect on the atomic structure. This effect differs for crystals

CB:Z (B:: Igg:; 132;212 ; and molecules. One possible explanation is that LDA artifi-
I, | 4118.8 +119.01 0 cia[ly destabilizegj _elect_rons, Whi.Ch is seen from the under-
Li 5N Li(1) —0.69 o071 3 estimateds-d sphtt_mgs in transition-metal ator_ﬁg‘.l_n fer-

Li 4N Li2) 4034 4033 3 rocene the EFG is dommated by tlded contnbunon. A_

Li N N 112 +1.02 9 sta_blllza_mon of thed_ orbitals would bot_h increase their
Fe(CeHo) 5 Fe 11.50 10.67 - weight in the occupied states and chahze theslectrons
FeS:pysrite Fe _347 _3.40 5 closer to th_e nucleus, hence increasing t_he EFG. However,
Fes, marcasite Fe —3.36 _3'21 4 more \_/vork is necessary to unrayel the;e issues.

: : ' Rutile, TiO,, is a particularly instructive system because
FeSi Fe +4.92 +4.92 0 the extraordinary sensitivity of its EFG’s to structural distor-
Fe05 Fe +1.99 +1.84 8 tions is especially evident: Experimefité’ have determined
TiO, rutile Ti —2.09 —2.06 1 the quadrupole splittings on all atoms, including their sign
TiO, rutile o +2.13 +2.14 1 and 7 values. We performed EFG calculations for two val-
Cu,0 Cu —-8.3 —8.60 4 ues of the internal structure parameseof the 4(f) sites

occupied by O atoms: the first values=0.305, corresponds

the frozen core but LAPW uses(spherically soft core.(iii ) to the x-ray structure and the thgoretical eguilibrium value,
Different versions of LDA/GGA parametrizations are em- Whereas the second=0.3025, is only slightly smaller.
ployed in some cases. Table 11l lists for PAW and LAPW the EFG components ar_1d

Given these differences the present very good agreemedt values for bothx parameters and compares them with
establishes that both methods are state of the art for EFG'§Xperiment. With the experimental parameter0.305, the
Furthermore, the deviation of each method from experimenPAW and LAPW results at the Ti site agree very well for all
is much larger than that between the two completely indefhrée components of the EFG tensor and therefore also for
pendent methods and programs. Therefore, the discrepanéje 7 value. On oxygen, however; is close to unity and
can be attributed to the density-functional error. This offersthus two components of the EFG are comparable in size, but
the unique opportunity to evaluate density-functional theoryh@ve opposite sign@nd the third component is smalWe

such as the charge distribution. the two large components is interchanged with respect to

ther discussions. For all organometallic complexes we havl the EFG’s, which is very small. To see whether this error

studied here, the calculations underestimate the measurdticaused by a structural error in the internal parametére

EFG's by 25-34%. These results are consistent for botfEFG’s have been investigated for a slightly smaller value,

methods and, in the case of ferrocene(GagHs),, both x=0.3025. As predicted earlidsee Fig. 3 of Ref. 13 re-

methodsyield an EFG on Fe that is more than 20% tooducing thex value interchanges the magnitude of the two

small. It should be mentioned that the theoretical EFG idarge components, so that the agreement with experiment is

extremely sensitive to small changes of the Fe-C bond dissubstantially improved for the O site. However, the EFG on

tance. Ti decreases at the same time by 50%, in clear disagreement
Using the PAW method, we explored whether the dis-with experiment. This system illustrates in a most vivid way

crepancy from experiment can be attributed to distortions ofhat EFG measurements combined with accueteinitio

the molecule at finite temperatures. For this purpose we discalculations can be an extremely sensitive probe for the

torted ferrocene in the direction of the modes with the lowes@tomic and the electronic structure, and that the trends of the

frequencies. The torsion between the rings had a negligiblEFG with changing structure are well reproduced by both

effect on the EFG. The ring-metal-ring bending increased théechniques.

value, but not sufficiently to explain an enhancement of 25%, F&O3 is another example of a system for which the EFG
Iron-pentacarbonyl exhibits a discrepancy similar to thatiS extremely sensitive to the atomic positions. In both LAPW

of ferrocene. In this context we also explored the possibilityahd PAW calculations, the experimental EFG is correctly

that the EFG is influenced by the fluxional transformations off€produced only when the atomic internal parametee®

the molecule. The square pyramid structure, an intermediatd,able V) are known up to 10°.

would yield an EFG in agreement with experiment. An ex-

planation _based on the coexistence of d|fferent structures, V. CONCLUSIONS

however, is weakened by the fact that experiments show

only a small temperature dependence, and that similar EFG’s We demonstrated the capability of the recently developed

are measured in solution and in the crystal. PAW method to calculate EFG’s in solids and molecules.
The charged Fe-containing molecule(€E®),H ~ falls in ~ We have studied the EFG's in fourteen different complexes,

line with the other metalorganic complexes ferrocene andncluding both molecules and crystals. The results have been
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TABLE Ill. EFG component$10?! V/Im?) in TiO, as a function of the internal position parametesf O. The experimental EFG values
were taken from Refs. 23 and 27.

Site Vi Vy, Vs, n
x=0.305
Expt. Ti  +0.79(Ref. 23, +0.86(Ref. 27  +1.49(Ref. 23, +1.34(Ref. 27  —2.28(Ref. 23, —2.20(Ref. 27  0.30
PAW Ti +0.75 +1.31 ~2.06 0.27
LAPW i +0.60 +1.49 ~2.09 0.43
Expt. o) +0.16 +2.22 ~2.38 0.87
PAW o) ~0.08 +2.142 —2.06% 0.93
LAPW O -0.17 +2.132 ~1.962 0.84
x=0.3025
PAW Ti +0.17 +1.08 -1.25 0.73
LAPW i 0.22 +1.01 —1.24 0.64
PAW o) +0.09 +2.23 -2.32 0.92
LAPW O +0.04 +2.20 —2.24 0.96

®The experimental orientation of the EFG tensor is used although in theggy> |V, .

compared with experiment and with accurate LAPW calcu-has benefited from collaborations within the HCM Network
lations. We obtained reliable results for main-group elementsn “Ab initio (from Electronic Structune Calculation of
and transition-metal sites. Given the ease with which atomi€omplex Processes in Materials'(Project No. ER-
structures are optimized with the PAW method owing to itsBCHRXTC930369 and has been partially funded by grants
implementation as aab initio molecular-dynamics method, from the Swiss Federal Office for Science and Education.
as well as the extreme sensitivity of EFG’s to the atomic and

electronic structure, it is likely thafwith the help of mea- APPENDIX: COMPUTATIONAL DETAILS

sured EFG’swe will soon be able to unravel complex struc-

tures such as biochemical complexes for which x-ray struc- We have applied the PAW approach described in Sec. IlI

tures are not available. to calculate the EFG in fourteen different systems, namely
the molecules HCI, R€sH;5),, FECO)5, FECO),H™, and
ACKNOWLEDGMENTS the solids CJ, Br,, |,, FeS, in the pyrite and the marcasite

structure, FeSi, F®3, TiO, rutile, Cu,O, and LizN. A
H.M.P. thanks the Computational Physics and Chemistnprief summary of the structural information of these systems
group for the warm reception and stimulating atmospherés given in Table IV, expressed in the convention of the
during her visit to the IBM Zurich Research Laboratory in International Tables for CrystallograpRyThe internal co-
1996, when most of this work was done. This work wasordinatesx,y,z for each occupied sit¢4(a), 6(e), etc]
partially supported by CNPQ-Brasilia, Brazil, and by thegiven in the text below are completely and unambiguously
Austrian Science FoundatidifWF Project No. P10842 It defined into this reference under the structure number and

TABLE IV. Structural information about the systems studied here. The space group and numbers refer to the International Tables for
Crystallography(Ref. 28. The lattice parametees b, andc are given in Axx, y, andz are internal parametefsee textin accordance with
the occupied positions in the given structyRef. 28.

Compound Structure Space group a b c @ X y z
(numbey

Cl,? orthor Cmca(64) 6.145 4.395 8.154 0.0 0.1237 0.1025

Br,? orthor Cmca(64) 6.567 4.468 8.694 0.0 0.1390 0.1114

I,8 orthor Cmca(64) 7.136 4.686 9.784 0.0 0.1543 0.1174

FeS, pyrite® cubic Pa3 (205 5.407 0.384

FeS, marcasite’ orthor Pnnm (58) 4436 5.416 3.381 0.200 0.378

Fesid cubic P2,3 (198 4.493 0.136(Fe), 0.844(Si)

Fe,04 ¢ trigo R3c (167) 5.427 55°16.8 0.3553(Fe), 0.5556(0)

TiO, rutile f tetrag  P4,/mnm(136) 4.594 2.959 0.305

Cu,09 cubic Pn3m (224 4,252

LigND hexag P6/mmm(19) 3.641 3.872

aReference 29. ‘Reference 33.

bReference 30. 'Reference 34.

‘Reference 31. 9Reference 35.

dReference 32. PReference 36.
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corresponding space group. The crystal systerthorhom- (ix) FE(CO)5; is a trigonal bipyramid with axial bond
bic, trigonal, tetragonal, efccan be found on page 13 of the lengths ofd(Fe—Q,,=1.803 A andd(C-0),,=1.165 A and
International Table§ and allows the construction of the di- equatorial bond lengths ofd(Fe-Qg=1.801 A and

rect lattice vectors of those structures. As specified in Tablel(C—O)e,~1.168 A. This compares well with recent experi-
IV we have chosen the trigor@hombohedralaxes to build  ments by Braga, Grepioni, and Orgéfid(Fe—Q,,=1.811

up the FeO3; hematite structure instead of the hexagonaldA, d(C-0),=1.117 A, d(Fe—Q¢=1.801, 1.804 A,
axes; the reader interested in straightforward transformatiora(c_o)eqz 1.128, 1.136 A and of Boese and Bas&r
between hexagonal and trigonal axes descriptions is referrgad(Fe—Q,,= 1.805 A,d(Fe—Qeqz 1.805, 1.755 A

also to Ref. 28. In Table 1V, the references quoted for each (x) Fe(CsHs), is built up by two cyclopentadienyl rings
structure refer to the experimental values of éhk,c lattice  that “sandwich” the Fe atom. A detailed description and
constants, anglex (for the rhombohedral structureand  comparison with measurements of the ground-state geometry
x,y,z internal parameteréwhenever required for specified of the ferrocene structure used here can be found
symmetry positionsavailable in the literature that are used elsewherée?

in the present study. (xi) The structure of the FEO,)H ~ anion has still not

(i) The solid halogens G| Br,, and I, crystallize in a been established unequivocally. Our results confirm the ex-
base-centered orthorhombic structure in which the moleculegerimental structure suggested in the literatd®where the
lie in planes perpendicular to treeaxis and tilted with re- three equatorial carbon ligands in the pentacarbonyl are dis-
spect to theb axis by an angler of about 57°. The intramo- placed and yield G, symmetry in the hydride. In the present
lecular bond distance is very similar to that in the isolatedcalculations the three equatorial C-Fe-C angles are 117.7°
molecule and there are eight atoms at position) 8( with bond lengths ofd(Fe—Q ;= 1.767 A andd(C-0) eq

(i) The FeS pyrite structure is cubic and consists of four =1.18 A ; the H—Fe—C axial angle is 179.9° and the axial
Fe atoms in 44) and eight S atoms in 8] with one internal  bond lengths arel(C-0),,=1.87 A andd(Fe—H)=1.532
paramete that determines the S position. A.

(iii) The FeS marcasite structure is orthorhombic where  For solids, we used the experimental lattice parameters
two Fe atoms are in &) and two internal parametexsand  and the internal atomic positions taken from the literature.
y specify the 4¢) position of the four S atoms. The calcu- For molecules, all structural parameters were fully opti-
lations were performed in a supercell with 12 atoms correimized. We should note that in order to compare our results
sponding to a cell that is twice the size of the original unitwith LAPW calculations we have chosen to present in Tables
cell along thec direction. I and 1l our EFG results for ferrocene obtained using the

(iv) FeSi is cubic with four formula units in the unit cell structure in Ref. 39. The EFG of the fully optimized fer-
and both Fe and Si occupy positionsa(with different ~ rocene structure currently obtained differs from the value in
internal parameters. Tables | and Il by less than 3%. For all solid systems includ-

(v) Hematitea-Fe,O5 crystallizes in a trigonéthombo- ing the halogens, Brillouin-zone integration was performed

hedra) structure characterized by the angiebetween the Vl\‘/’l'th Elhght tk p(;nlgts km theblfull_ I?rlll?l#]ntz_onledusTr?E a
three lattice vectors. It has two formula units per unit cell (?nc41 orstand Fack speciepoint Set that Inciudes

and different internal parametexsfor Fe in 4() and O in point.” As our k-point §ampllng IS _currently an inherent
positions 6€) in a rhombohedral axis description. As we limitation of our PAW implementation, we improved the
noted above one should be aware that the EFG is' extreme ampling by taking larger supercells in some cases as de-

" he | 1O and F . cribed above.
sensitive to the internal O and Fe positions. Describing truly isolated molecules using a plane-wave-

_(vi) TIO, rutile is a tetragonal structure in which B( pa5eq electronic structure program requires certain precau-
sites with an internal parametgrare occupied by O atoms tons: We left a vacuum region of at l¢a A between the
and 2f) sites are occupied by Ti atoms. The Ti atoms areperiodic images and corrected for both the artificial electro-
surrounded by a slightly distorted octahedron of O atomsstatic interaction of periodic images with themselves and the
whereas the latter are coordinated threefold by Ti atoms igompensating charge backgroufid.
the (110 plane. We have used a supercell with 12 atoms Exchange and correlation are described within OREf.
corresponding to two tetragonal unit cells along thdirec-  43) using LDA. The EFG’s have been calculated within
tion. LDA using the parameterization of the simulations of Cep-

(vii) Cu,O (cuprite) crystallizes in a simple cubic struc- erley and Alder by Perdew and Zundérand for the relax-
ture with six atoms in the unit cell. Each copper atom hasation we added the GGA of Becke and Perdéw.
only two close oxygen neighbors, whereas each oxygen atom Another important quantity for the EFG calculation is the
is surrounded by a tetrahedron of copper atoms. augmentation specified by the projector functions. Here we

(viii) The Li3N structure consists of a layered hexagonalhave usedi) two projector functions per angular momentum
array in which each N in 1) position is surrounded by a up tol=2 for Ti, Fe, and Cuii) two s, two p, and oned for
hexagon of L{2) atoms in 2€¢) positions forming the LN O; (iii) two s and twop for N; (iv) ones for Li; (v) two s,
planes. The L(il) atoms in position 1§) are centered be- onep, and oned for I; (vi) two s and onep for Br and CI.
tween two N atoms of adjacent 4N layers, so that LiN We have treated thes3and 3 semicore states in Fe and
chains cross the LN planes perpendicularly. The calcula- Ti explicitly as valence electrons. For all other elements we
tions were performed in a hexagonat 2x 2 supercell of 32 used the natural division into valence and core orbitals.
atoms. The EFG depends sensitively on the plane-wave conver-
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gence, namely, the plane-wave cutGﬁaJZ for the aug- Ry for TiO, andE ,,,=80 Ry andE,= 320 Ry for LizN. In
mented plane waves(,) and for the pseudodensit§(). order to ensure the complete neglect of convergence errors in
Although atomic structures and total energies are accurateur results for the molecules containing Fe, their structure
with a plane-wave cutoff ok, =30 Ry andE.;=60 Ry, it  was relaxed and the EFG’s were calculated with large cutoffs
was necessary for the calculation of EFG's to &6=50  (E,,=80 Ry, E ,4=320 Ry, the same procedure followed
Ry for the wave functions and a consistent plane-wave cutoffor the small HCI molecule, for which cutoffs &, =60 Ry

of E.4=200 Ry for the plane-wave part of the charge den-andE .4=240 Ry were used. Note that in all molecules the
sity. These are the values we have used for all solids excef@FG results obtained with smaller plane-wave cutog,(
TiO, and LigN, for which full convergence was achieved =50 Ry andE 4= 200 Ry) agreed within less than 2% with
only with plane-wave cutoffs oE ,,=60 Ry andE.4=240 the results shown in Tables | and II.
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