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The electric-field gradient at the halide site is calculated in several compounds of Cl, Br, andab iHiiéo
full-potential linear-augmented plane-wave method is employed with the generalized gradient approximation
for exchange and correlation effects. The nuclear quadrupole momefiSlpf°Br, and 27l are obtained by
comparison of available experimental nuclear quadrupolar resonance data to the calculated electric-field gra-
dients. The values ofQ(%*Cl)|=0.0855 b, |Q("Br)|=0.330 b, and|Q(*?1)|=0.721 b are derived with
~3% statistical uncertainty. These values are in agreement with recent values derived by other methods, and
thus confirm the validity of the present methodology for the determination of electric-field gradients in solids.
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I. INTRODUCTION EFG's1? This fact enables the more direct interpretation of
experimental result® ! and the identification of micro-
Several nuclear experimental techniques includingscopic defects may be facilitated by the comparison of ex-
nuclear magnetic resonanteyclear quadrupolar resonance perimental data to theoretical predictions for different candi-
(NQR),2 time differential perturbed angular correlations date structure&*°
(TDPAC),® Mossbauer spectroscopy, and also electron The nuclear experimental techniques do not determine di-
paramagnetic resonaricéEPR) are widely utilized for the rectly the EFG but rather one or more characteristic nuclear
study of the properties of solids through the determination ofjuadrupole resonance frequencieg, which are propor-
the electric-field gradientEFG) tensor at the position of the tional to the EFG and to the nuclear quadrupole mong@nt
nucleus. These techniques exploit specific nuclear charactefsee Sec. )l Provided an exact value @ for the nuclear
istics (distinct isotopes, decay of excited nuclear statesstate involved is known, experimental electric field gradient
nuclear spin transitions, ejc.which involve the coupling information can be deduced. However, in spite of the wide
between the nuclear quadrupole moment and the EFG. lnse of the experimental techniques, for many important
some cases, the probe nuclei belong to the compound coprobe nuclei the exad value is not known with sufficient
stituents, in other cases they are dopants introduced into theccuracy. A recent review of the current status is given by
host. For example, in TDPAC the impurity concentration canPyykka*® Ideally, theories of the nuclear state should pro-
be as low as a few ppm. The above techniques have been wide values of the nuclear quadrupole momefsse, e.g.,
use for several decades, and are of considerable importan&sf. 17, but often the uncertainties involved are larger than
for the study of solid-state systems, due to the fact that thevhat can be accepted for the interpretation of nuclear spec-
EFG is a microscopic quantity providing information abouttroscopy experiments. Another approach involves the calcu-
the local environment of the nuclear probe. In addition, thesdation of EFG’s byab initio electronic structure methods and
techniques are mainly noninvasive, except for the cases afomparison with experimental values of NQR frequencies,
the impurity probe and possible radiation damage followingwhich is the strategy pursued in Refs. 10-13 and 18 as well
implantation and/or decay. as in the present work, and which has led to quite acc@ate
Although the main interest is usually centered on thevalues. In this respect it is important that different calcula-
variation of the EFG due to variation of some physical pa-tional schemes are compared to prove the validity and con-
rameters, such as temperature, pressure, electromagnesistency of the methods. For example, the solid-state meth-
fields, composition, etc., it has in recent years become imedology involved in Refs. 10-13 includes the density-
portant to know the actual value of the EFG tensor. Thefunctional theory (DFT) and approximations within this
reason is that the state-of-the-art numerical methods for cakcheme, while the quantum-chemical approach of Ref. 18
culation of properties of solidsuch as full-potential linear- does not invoke this approximation, and hence is of more
augmented plane wa(® (FP-LAPW) and full-potential fundamental character, but on the other hand restricted to
linear-muffin-tin orbital (FP-LMTO)] have now been devel- atoms and small molecules.
oped to the point where they yield accurate calculations of In the present work the EFG’s of several compounds con-
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taining the elements Cl, Br, and | as constituents are calcu- TABLE I. Calculated electric-field gradientg,,, asymmetry
lated. The nuclear quadrupolar moments for the NQR probegarametersy, and NQR frequenciesq [Eq. (4), using Eq.(7)],

35C|, "Br, and 27 are determined by comparison to experi- together with experimental NQR frequencies, f8€I compounds.
mental NQR frequencies. The solids considered cover a widghe electric-field gradients are in units of’4//m” and the NQR
range of insulating compounds. For the calculation of thdreduencies in MHz. For compounds with several inequivalent ClI
EFG, the electrostatic crystalline potential is determined usPositions, the theoretical values correspond to the nomenclature of
ing state-of-the-arib initio band-theory calculations within the structural reference, with the assignment of the experimental

DET frequencies tentatively suggested by the present authors.
Il METHOD Theory Experiment
' o Compound® Space group V,, n vg vg b

The EFG is a symmetric traceless teffswhose compo-

- . L Cl Cmca 51.48 0.31 108.1 108.494
nents are defined by the second spatial derivatives of the _~ —

. . FeC —-2.14° 0 4.42 4.74
=2 part,V,-,, of the Coulomb potential at a nuclear posi- eCk q R3m
tion: SbCk “ (1) Pnma 19.30 0.18 401 38.612
(2 2091 0.03 43.2 41.828
92 1 ShCk (1) P6;/mmc 2722 0 563 55.7%
1= axax, 38 Ve @) ) 2008 022 606  60.36
, ~ICl3 (D) P1 —16.76 0.25 35.0 27.48(RT)
where A is the Laplace operator. The Coulomb potential is
S 2 33.26 0.16 69.0 71.360
calculated from the total charge distribution due to electrons
and nuclei in the crystal, by solving the Poisson’s equation © 3148 017 654 67.832
' ICI (1) P2,/c 2492 059 54.4 f

(once the electronic charge distribution has been self¢
consistently determinedHence, all shielding and antishield- @
ing effects are included iX/,_,.° After diagonalization and CIFs

rearranging the principal components according |¥q,|
<|Vyy|=<|V,4, the EFG is by definition given ag,,, while

3794 0.05 785 74.366RT)
Pnma —-73.14 0.06 151.3 150.259

dExperimental crystal structures are from Ref. 23, except where

noted.
the asymmetry parameter PExperimental NQR frequencies are from Ref. 2. Data refer to low
Vo.—V temperaturd77 K).
p=—X (2)  °Paramagnetic phase.

Vzz dReference 26.
specifies the smaller components. The experimental NQRAerage of two frequencies reported at 55.56 and 55.86 MHz.
coupling constan€ is related toV,, by This line has not been observed experimentally.

_ [eQV4 3) plane waves in the interstitial. In addition to the usual LAPW
h basis set, local orbitals for high-lying core states have been

included®* No approximation is made for the potential, ex-
cept for the exchange-correlation potential, for which we in
this work have used the generalized gradient approximation
(GGA) of Perdewet al??> The comparison of the local-
density approximatioLDA) and GGA for exchange and

1 2) 172 correlation effects will be discussed for selected cases.

wheree s the electron charge afds Planck’s constant. The
Cl and Br NQR isotopes have nuclear spins3/2, which
gives rise to a splitting between thel=+3/2 and M
=+1/2 levels of

cC
V=5 1+ 37 (4) The electronic structure calculations presented here com-
prise compounds having in their chemical formula one or
which is the frequency measured. Hence, it is not possible tmore of the halide elements ClI, Br, or I. For Cl, we consider
determine separately the paramet€rand » for these iso- solid ChL, SbCk, SbCk, ICI, ICl;, CIF;, and FeC]. For
topes. The'?’l isotope, on the other hand, has nuclear spinBr, we consider solid Br, CdBr, «SbBr, BSbBE,
| =5/2 and a more complex splitting of the nuclédrstates CsBr;, and KBrG;. Finally, for | we consider solid,l, Bls,
into three level. Therefore, two resonance frequencies canAslg, Bilg, Cdl,, ICI, ICl3, and Sb}. The calculations used
be measured fot?l and bothC and 7 determined. BotlQ  the cutoff criterionR K =8, WhereR, is the smallest
andV,, can take positive or negative values, but their signanuffin-tin radius andK . is the largest wave number of the
are not determined by the spectroscopy. basis set® and a self-consistency criterion of DRy on the
For the determination of the electronic structure we usedotal energy. The number df points varied in the range
theab initio FP-LAPW method in a scalar relativistic version 30—100 in the irreducible part of the Brillouin zone, depend-
as implemented in thevieN2k code? The unit cell is di- ing on structure. The experimental crystal structures were
vided into nonoverlapping muffin-tin spheres around theused throughout, as specified in Tables I-IIl, and no theoret-
atomic nuclei and the remaining interstitial region, and theical determination of crystal parameters was undertaken. De-
corresponding wave functions are expressed as linear contails of the calculation of the EFG within the FP-LAPW code
binations of atomiclike functions inside the spheres ancare described in the works of Schwarz and co-workéfs.
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TABLE Il. Calculated electric-field gradientg,,, asymmetry TABLE Ill. Calculated electric-field gradientg,,, asymmetry
parametersy, and NQR frequenciesq [Eq. (4) using Eq.(8)], parameters;, and nuclear quadrupole coupling constarteq. (3)
together with experimental NQR frequencies, f8Br compounds.  using Eq.(9)], together with experimental nuclear quadrupole cou-

Units as in Table 1. pling constants and asymmetry parameters ¥t compounds.
Units as in Table I. Fora ICI, the two inequivalent | positions
Theory Experiment  correspond to the nomenclature of Ref. 23.
Compound®  Space group V,, n vg vg b
Theory Experiment
Br, Cmca 9425 043 775 76504  compound® Spacegroup V,, 5 C 5"  CP
CdBr, R3m —-3.92 0 31 34.086
BSbBr ¢ (1) Pbnm 4338 0.18 348 329.0%0 Sbl; © R3 51.50 0.72 898 0.565 895.83
2 4430 0.03 353 345.9% Bil; ¢ R3 —42.48 0.20 740 0.290 682.18
KBrO3f R3m —-4486 0 358 357.600 Cdl, P3ml —-5.84 0 102 0.028 98.27
CsBr ' (1) Pmnb 3366 033 273 o ICl, p1  —178.73 0.18 3116 0.0772 3034.9
(? 16%1'7811 8'15 Sig’ Ség'gmp «ICl (1) P2, /c 17429 0.05 3038 0.0298 3046.4
®) : 15 510 503.4(RT) © 150.37 052 2621

a:g&znmental crystal structures are from Ref. 23, except WheraExperimentaI crystal structures are from Ref. 23, except where
: noted.

b : '

Exfzr'rgert‘tal ::‘Q$ lfreqltJenmes tar_egerom Ref. t2, hexcepttV\:jhere’Experimental NQR frequencies angvalues are from Ref. 2. Data
c?{ofe . Da az;e er to low temperatufg K), except where noted. o o temperaturé77 K).

| eference 27. ‘Reference 31.

Reference 28.

°Reference 29. ) )
Reference 30. experimental frequencyg, is plotted versus the calculated

9This line has not been observed experimentally. combination|V,|(1+ %%/3)*2, in order to investigate the re-

lation (4). For 271, we plot the coupling constar@ versus
Both Cl and Br possess two naturally occurring NQR iso-the calculated EFG to validate the relati@. From the best
topes, *Cl and 3'Cl, and "*Br and 8'Br, respectively, while linear fits in the figures, the nuclear quadrupole moments are
| has only the'?"l isotope. From comparison of frequencies obtained as
in the same solid, the ratios of nuclear quadrupole moments

are well establishea: |Q(35C|)| =0.0855-0.0011 b, (7)
Q(*cCl)
—— = —1.2688 5 |Q("®Br)|=0.330£0.005 b (8)
Q(*'Cl)
and and
Q(7gBr) T T T T T T =
W— +1.19707. (6) 751 CIF; o |
In the following we will only consider experimental results 60: :
obtained for®Cl, "Br, and 1. 4
—_— B 2 T
N
I - .
Il RESULTS =3 45 ICly
Tables I-1ll summarize the EFG's calculated in the 2 sl SbCls i
present work, together with available experimental NQR L i
data. In most cases, experiments are done at low temperature 15k SbCl, |
(77 K or below, but a few compounds have only been mea-
sured at room temperature. Under usual circumstances, NQR | FeCl, l
. . . 0 [l 1 1 1 1 1
frequencies shift down with temperature, of the order of 1% 0 20 40 60 80
between 0 and 300 K32 No temperature correction was in- Vi, (14 3022 (102"V/m?
. : . 7z (143197 (10°V/m®)
cluded in the experimental data. The calculations always re-
fer to 0 K. FIG. 1. Experimental NQR frequencies vs calculat¥g, (1

Figures 1-3 display the plots of the data from the tables; 52/3)2for 3°Cl compounds. Units as in Table I. The straight line
and the best linear fits are shown. F&ICl and "°Br the s the best linear fit.
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T T T T T ey we have no estimates of possible systematic error bars. The
400 wide range of NQR frequencies considered in this work
L Bra | minimize these statistical uncertainties.

300 7
CsBrg IV. DISCUSSION

vg (MHz)

200} KBrO; - The results obtained for Br and |, Eq8) and(9), may be
aSbBrs #&pshr, i compared with the values obtained by Bierenal,'® who
determinedQ("°Br)=0.313+0.003 b andQ(*?1) =—0.710
+0.010 b, using a numerically accurate molecular method
(configuration-interaction quantum-chemical calculations us-
ing Gaussian orbitals It is reassuring for both theoretical
approaches that the derived quadrupole moments are so
close. In particular, the GGA approximation applied in the
FIG. 2. Same as Fig. 1 but fof%Br compounds. Units as in Present solid-state calculations is proven to be valid also for

100 B

ICd BIr2 | 1 | 1 1
0 20 40 60 80
Ve (143022 (102'Vim?)

1
100

Table II. The straight line is the best linear fit. the calculation of a sensitive quantity such as the EFG. Our
results confirm the assertion by Biérenal 8 that the value
1Q(121)|=0.721+0.026 b. 9 of Q(**1)=-0.789 b, accepted until recently, should be
slightly revised® For Br, our result coincides with the value
With the ratios, Eqs(5) and(6), we further derive accepted prior to the work of Bieroretal, Q("°Br)
s =0.331 b!® which is 7% larger than the value given in
|Q(*CI)|=0.0673-0.0009 b 10 Ref 18,
and For CI, similar highly accurate quantum-chemical
calculationg® for the Cl atom led to the valu&®(®°Cl)
|Q(®Br)|=0.276+0.004 b. (11 =-0.08165-0.0008 b, again in very fine agreement with

the value obtained here from the solid-state systems. Surpris-
The signs of the nuclear quadrupole moments are not déngly, the value hitherto accept®d for 3°CI, Q(°°Cl)

termined. From other spectroscopfei$,is known that*°Cl = —0.08249-0.00002, obtained by Sternheirtby esti-
and ' have a negative quadrupole moment, while the othemating atomic shielding and antishielding factors, is also in
nuclei have positive values. excellent agreement with the present value, @g. as well

The figures reveal excellent linear relationships betweers that of Ref. 33.
the calculated EFG’s and the experimental NQR data. The There are several comments to make to the data presented
remaining small fluctuations can have their origin both in thein Tables I-IIl. For ICI, two crystalline forms existy ICI
experimental and in the numerical uncertainties. Experimenand g ICI, which both possess two inequivalent crystallo-
tal difficulties arise from the quality of the samples and thegraphic positions for both | and CI. Only thelCl structure
accuracy of the determination of the crystal structures. ORvas considered here, for which we have found two quite
the theoretical side, the validity of the GGA is assumed, andiistinct values of the EFG for both constituents. Experimen-
spin-orbit and temperature effects are negle¢tidcalcula-  tally, only one frequency is reported, both f8iCl and 27,
tions are forT=0). The quoted error bars on the nuclearwhich is puzzling. The availabléCl data are quite similar
quadrupole moments in Eq&/)—(11) reflect the purely sta- in the « ICI and BICI structure. One extra broad feature is
tistical spread of the experimental and theoretical data, whilgeen in the spectra of, which has not been identified,
though® The observed frequency is tentatively associated

®O—— 77— with one of the calculated EFG’s for both Cl and | in Tables
2000 - ICl3 | and Ill. Due to this lack of experimental completeness we
have left ICI out of the analysis in Figs. 1 and 3. Similarly,
2500 I 7 for CsBr, the three crystallographic Br positions each have
2 . .. N .
= 20000 . | thelr distinct EFG, while experimentally only two freq_uen_—
Z cies are observed. The two larger frequencies are in nice
& 1500 - agreement with the experimental values. Presumably the low
Blzp ™ Asly frequencies were not scanned in the experiment. In this case,
1000~ BiL. . Sbls 1 the two larger frequencies were included in the fit in Fig. 2.
5001 S i For FeC}, the calculations assumed a paramagnetic phase,
G, as the e>§peri['nental data were taken at temperatures above
TR ST T e—T o the ordering Nel temperature. . ' ' o
v, (10°'V/md) The Sb compounds were also investigated in a similar

study in Ref. 12, based upon the FP-LMTO method, and
FIG. 3. Calculated EFGabsolute valugvs experimental NQR ~ concordance was indeed found between the Sb and halide
coupling constan€, Eq. (3), for 7 compounds. Units as in Table EFG’s as calculated with this method and with the FP-
Il. The straight line is the best linear fit. LAPW method applied in the present stutgee Table 1V.
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TABLE IV. Calculated electric-field gradienfsizz in units of heterogeneities‘ The Sign @VZZ for 127' can be derived

1 2 H i . . . .
107 \c/j/mv’vﬂnd asynjlmt:eltry parame_tez;s‘ct)r l'?ﬁnds °fkhf"‘|'d_e €OM- from Mossbauer spectroscopirevealing a negative EFG in
pounds. Where avariable, comparison fo ofher work is given. ICl; and a positive one in,land ICI [given a negative

Q(*271)], which agree with the signs found for these com-

Theory Other work ! .
Atom Compound Y ” v pounds in the present calculations. _

2 2 In Table IV we list the calculated EFG for the nonhalide
Sb aSbBr —-21.00 0.18 —18.23,2—19.53P ligands of the compounds discussed in Tables I-lll, together
Sb BSbBr, —2153 021 -—19.02,2—21.287 with available theoretical and experimental information from
sSb Sby —4.63 0 —2.62,2—5.24b previous work. The agreement is good, but not perfect. For
Sb Shcy ~5.00 0 —4.99,2 —5.24b the Sb compounds the two calculations give EFG’s of about
Sb e 2955 003 22.96%—23.73" equal accuracy compared to experiment. Note that the FP-
cd CdB, 0.85 0 1106 present FP—LAPW calculations have used the GGA.fo.r
As Asly 569 0 7739 exchange-correlation effects: We have further_ testgd, within
Fe FeC) 0.90° 0 the FP-LAPW method, the importance of using either the
F(1) CIF 40.29 003 GGA or the L!DA for the cases of €] Br,, ar21d b. The EFG
Fo) OIF 2561 020 caIClzjlated with LDAlare 253.8>11021_V/m , 99.28¢ 1071
Bi Bil 3 0.0 0 V/m?, a_nd 121.4x 10°* VIim?, respe.ctlvely, which represent

8 ) fluctuations of the order of 5% with respect to the corre-

K KBrO, 041 0 sponding values calculated with the GGA, cf. Tables I-IIl.
0 KBro, 19.33 0.57 Variations of similar magnitude were also seen for EFG’s
Cs CsBg —2115 048 calculated in wurtzite GaN(Ref. 37 and for small Fe
B Bls 2.14 0 molecules’® The influence of other approximate functionals

#Theoretical value using the FP-LMTO method and LDA, Ref. 12.on hyperfine param_eters, I.nCIUdmg hybrids Wlth. exa.Ct ex-
b . . . . change, was investigated in Refs. 38 and 39, in this case
Experimental value from Ref. 2, using the theoretical sign and Sbh wind laraer fluctuations in calculated EEG's between dif

nuclear quadrupole moment determined in Ref. 12. showing larger fiuctuations in calculate S betwee )

. ) ferent approximation schemes.
‘E tal value, Ref. 40, Cd)=0.78 b, -
xpenmenta’ valle, Het. usinQ( ).. as recom Schwerdtfegeret al3® also compared several DFT-based
mended by Ref. 16. Sign is assumed positive. . L - .
d ) ) - methods withab initio quantum-chemical calculations for
Experimental value, Ref. 2, usin@(As)=0.314 b, as recom- L
S . small molecules containing Fe, and concluded that the DFT-
mended by Ref. 16. Sign is assumed negative. "
e i based schemes may cause errors for transition-element com-
Paramagnetic phase. . .
pounds. On the other hand, it appears that in the quantum-
a _ . chemical calculations of Ref. 38, it had not been possible to
For SbCi three *Cl frequencies were observed, while the achieve sufficient convergence with respect to basis set.

crystal structure only leads to two distinct Cl positiGi@he  Similar problems do not occur for the DFT-based methods,
two lower frequencies are, however, rather close, for whichyhich use complete basis sets.

reason we have associated them with the same crystallo-
graphic position. The observed signal-to-noise ratio suggests
an occurrence of 1:1:3 of the corresponding Cl specimens,
with the first two being those associated with the close lower The nuclear quadrupole moment for the halide isotopes
frequencies. The two crystallographic Cl atoms occur in the3°C|, 3’Cl, 7°Br, 8Br, and '?/| were determined by com-
ratio 2:3, which then also supports this assignment. We havgarison of experimental values for the nuclear quadrupole
no explanation for the possible origin of the splitting of this frequencies tab initio calculated EFG’s at the halide site in
line. several compounds. The nuclear quadrupole moments de-
The theoretical data in Tables I-IIl include the calculatedrived compare favorably with values recently obtained by
asymmetry parametey and the EFG sign. Experimentally, independent quantum-chemical methods applied to atoms
the » parameter can be extracted from NQR spectroscopynd small molecules. From the present work, it is suggested
only for *21, for which reason Table Il includes this infor- that the generally accepted value for the nuclear quadrupole
mation. The agreement is reasonably good, with exception ahoment of *?"l should be slightly corrected.
solid I,, where the calculatedy is 0.57, while the experi-
mental value is only 0.17. We have no explanation for this
fact. It is striking that apart from Bjland Cd}, the calcu-
lated 7 is always larger than the experimental one. For,Cdl The authors thank Dr. G. Etcheverffior his collaboration
the structure dictates a vanishimgparameter, while a small and his help with many crystallographic structures. This
experimental value is reported, which could be due to smalwork was partially supported by CONICET.

V. SUMMARY

ACKNOWLEDGMENTS

125101-5



ALONSO, SVANE, RODF,{GUEZ, AND CHRISTENSEN

1D. Canet,Nuclear Magnetic Resonance: Concepts and Methods

(Wiley, Chichester, 1996

2G.K. Semin, T.A. Babushkina, and G.G. Yakobsdwclear
Quadrupole Resonance in Chemist@iley, New York, 1975.

3H. Frauenfelder and R.M. Steffen, Alpha-, Beta-, and Gamma-
Ray Spectroscopgedited by K. Siegbah(North-Holland, Am-
sterdam, 1968 \ol. 2, p. 997.

4N.N. Greenwood and T.C. Gibbossbauer Spectroscofgghap-
man and Hall, London, 1971

SMossbauer Spectroscopgdited by U. GonsetSpringer, Berlin,
1975.

6J.A. Weil, J.R. Bolton, and J.A. WertElectron Paramagnetic

Resonance: Elementary Theory and Practical Applications

(Wiley, New York, 1994.

70.K. Andersen, Phys. Rev. B2, 3060(1975.

8D.D. Koelling and G.O. Arbman, J. Phys. F: Met. Ph§s2041
(1975.

9M. Methfessel, Phys. Rev. B8, 1537 (1988; M. Methfessel,
C.0. Rodriguez, and O.K. Andersebjd. 40, 2009(1989.

0p, pufek, P. Blaha, and K. Schwarz, Phys. Rev. L. 3545
(1995.

PHYSICAL REVIEW B9, 125101 (2004

Phys. Rev. A64, 052507(2001).

193. Ehmann and M. fmle, Phys. Rev. B5, 7478(1997).

20p Blaha, K. Schwarz, G.K.H. Madsen, D. Kvasnicka, and J.
Luitz, WIEN2k, An Augmented Plan Wave Local Orbitals
Program for Calculating Crystal Properties(Karlheinz
Schwarz, Technical University, Vienna, Austria, 2001

21D. Singh, Phys. Rev. B3, 6388(1991).

223.p. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. L&tt.
3865(1996.

23R.W.G. Wyckoff, Crystal StructuresPlenum Press, New York,
1972, Vols. 1 and 2.

24K. Schwarz, C. Ambrosch-Draxl, and P. Blaha, Phys. Re¥2B
2051(1990.

25K. schwarz and P. Blaha, Z. Naturforsch., A: Phys. aj.197
(1992.

2. Lipka, Acta Crystallogr., Sect. B: Struct. Crystallogr. Cryst.
Chem.35, 3020(1979.

27D.W. Cushen and R. Hulme, J. Chem. Sh864 4162.

28D W. Cushen and R. Hulme, J. Chem. Sb862 2218.

2G.L. Brenemann and R.D. Willett, Acta Crystallogr., Sect. B:

Struct. Crystallogr. Cryst. Cheng25, 1073(1969.

1A, Svane, N.E. Christensen, C.O. Rodriguez, and M. Methfessef’H. Negita, T. Okuda, and M. Kashima, J. Chem. Ph&.1076

Phys. Rev. B65, 12 572(1997); A. Svane, L. Petit, W.M. Tem-
merman, and Z. Szotelhid. 66, 085110(2002.

12A. Svane, Phys. Rev. B8, 064422(2003.

13pE. Lippens, Phys. Rev. 80, 4576(1999.

14p, Blaha, K. Schwarz, W. Faber, and J. Luitz, Hyperfine Interact.

126, 389(2000.
15M. Fanciulli, A. Zenkevich, I. Wenneker, A. Svane, N.E. Chris-
tensen, and G. Weyer, Phys. Rev5R 15 985(1996; M. Fan-

(1966.
313, Trotter and T. Zobel, Z. Kristallog.23 67 (19686.
32Temperature effects on the EFG can become substantial in cases,
where temperature induces significant changes to structural pa-
rameters, or where significant redistribution of electronic charge
occurs, such as, e.g., in narrow-gap semicondu¢bbis. Chris-
tensen, . Wenneker, A. Svane, and M. Fanciulli, Phys. Status
Solidi B 198 23(1996)].

ciulli, C. Rosenblad, G. Weyer, A. Svane, N.E. Christensen, and®D. Sundholm and J. Olsen, J. Chem. P8&.7152(1993.

H. von Kanel, J. Phys.: Condens. Mattér 1619 (1997; M.

Fanciulli, G. Weyer, A. Svane, N.E. Christensen, H. vom&la

E. Muller, N. Onda, L. Miglio, F. Tavazza, and M. Celino, Phys.

Rev. B59, 3675(1999; M. Corti, A. Gabetta, M. Fanciulli, A.

Svane, and N.E. Christensehid. 67, 064416(2003.
16p_pyykkq Mol. Phys.99, 1617(2001).

17G. Marfinez-Pinedo, P. Schwerdtfeger, E. Caurier, K. Langanke,

W. Nazarewicz, and T. $mel, Phys. Rev. Lett87, 062701
(2001,
183, Bieron P. Pyykkg D. Sundholm, V. Kellp and A.J. Sadlej,

34R.M. Sternheimer, Phys. Rev. & 1702(1972.

353, Kojima, K. Tsukada, S. Ogawa, and A. Shimauchi, J. Chem.
Phys.23, 1963(1955.

36M. Pasternak and T. Sonnino, J. Chem. PH8.1997(1968.

37N.E. Christenserfunpublishel

38p_ schwerdtfeger, T. ®mel, M. Pernpointner, J.K. Laerdahl, and

F.E. Wagner, J. Chem. Phykl5 5913(2002.

390 Kh. Poleshchuk, J.N. Latosika, and V.G. Yakimov, Phys.
Chem. Chem. Phy£, 1877(2000.

40H. Haas and D.A. Shirley, J. Chem. Ph{&, 3339(1973.

125101-6



