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Nuclear quadrupole moment determination of 35Cl, 79Br, and 127I
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The electric-field gradient at the halide site is calculated in several compounds of Cl, Br, and I. Theab initio
full-potential linear-augmented plane-wave method is employed with the generalized gradient approximation
for exchange and correlation effects. The nuclear quadrupole moments of35Cl, 79Br, and 127I are obtained by
comparison of available experimental nuclear quadrupolar resonance data to the calculated electric-field gra-
dients. The values ofuQ(35Cl)u50.0855 b, uQ(79Br)u50.330 b, anduQ(127I) u50.721 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

Several nuclear experimental techniques includ
nuclear magnetic resonance,1 nuclear quadrupolar resonanc
~NQR!,2 time differential perturbed angular correlation
~TDPAC!,3 Mössbauer spectroscopy,4,5 and also electron
paramagnetic resonance6 ~EPR! are widely utilized for the
study of the properties of solids through the determination
the electric-field gradient~EFG! tensor at the position of the
nucleus. These techniques exploit specific nuclear chara
istics ~distinct isotopes, decay of excited nuclear stat
nuclear spin transitions, etc.!, which involve the coupling
between the nuclear quadrupole moment and the EFG
some cases, the probe nuclei belong to the compound
stituents, in other cases they are dopants introduced into
host. For example, in TDPAC the impurity concentration c
be as low as a few ppm. The above techniques have bee
use for several decades, and are of considerable import
for the study of solid-state systems, due to the fact that
EFG is a microscopic quantity providing information abo
the local environment of the nuclear probe. In addition, th
techniques are mainly noninvasive, except for the case
the impurity probe and possible radiation damage follow
implantation and/or decay.

Although the main interest is usually centered on
variation of the EFG due to variation of some physical p
rameters, such as temperature, pressure, electromag
fields, composition, etc., it has in recent years become
portant to know the actual value of the EFG tensor. T
reason is that the state-of-the-art numerical methods for
culation of properties of solids@such as full-potential linear
augmented plane wave7,8 ~FP-LAPW! and full-potential
linear-muffin-tin orbital9 ~FP-LMTO!# have now been devel
oped to the point where they yield accurate calculations
0163-1829/2004/69~12!/125101~6!/$22.50 69 1251
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EFG’s.10 This fact enables the more direct interpretation
experimental results,10–13 and the identification of micro-
scopic defects may be facilitated by the comparison of
perimental data to theoretical predictions for different can
date structures.14,15

The nuclear experimental techniques do not determine
rectly the EFG but rather one or more characteristic nuc
quadrupole resonance frequenciesnQ , which are propor-
tional to the EFG and to the nuclear quadrupole momenQ
~see Sec. II!. Provided an exact value ofQ for the nuclear
state involved is known, experimental electric field gradie
information can be deduced. However, in spite of the w
use of the experimental techniques, for many import
probe nuclei the exactQ value is not known with sufficient
accuracy. A recent review of the current status is given
Pyykkö.16 Ideally, theories of the nuclear state should pr
vide values of the nuclear quadrupole moments~see, e.g.,
Ref. 17!, but often the uncertainties involved are larger th
what can be accepted for the interpretation of nuclear sp
troscopy experiments. Another approach involves the ca
lation of EFG’s byab initio electronic structure methods an
comparison with experimental values of NQR frequenci
which is the strategy pursued in Refs. 10–13 and 18 as w
as in the present work, and which has led to quite accuratQ
values. In this respect it is important that different calcu
tional schemes are compared to prove the validity and c
sistency of the methods. For example, the solid-state m
odology involved in Refs. 10–13 includes the densi
functional theory ~DFT! and approximations within this
scheme, while the quantum-chemical approach of Ref.
does not invoke this approximation, and hence is of m
fundamental character, but on the other hand restricted
atoms and small molecules.

In the present work the EFG’s of several compounds c
©2004 The American Physical Society01-1
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taining the elements Cl, Br, and I as constituents are ca
lated. The nuclear quadrupolar moments for the NQR pro
35Cl, 79Br, and 127I are determined by comparison to expe
mental NQR frequencies. The solids considered cover a w
range of insulating compounds. For the calculation of
EFG, the electrostatic crystalline potential is determined
ing state-of-the-artab initio band-theory calculations within
DFT.

II. METHOD

The EFG is a symmetric traceless tensor4 whose compo-
nents are defined by the second spatial derivatives of th,
52 part,V,52 , of the Coulomb potential at a nuclear pos
tion:

Vi j 5S ]2

]xi]xj
2

1

3
D DV,52 , ~1!

whereD is the Laplace operator. The Coulomb potential
calculated from the total charge distribution due to electr
and nuclei in the crystal, by solving the Poisson’s equat
~once the electronic charge distribution has been s
consistently determined!. Hence, all shielding and antishield
ing effects are included inV,52 .19 After diagonalization and
rearranging the principal components according touVxxu
<uVyyu<uVzzu, the EFG is by definition given asVzz, while
the asymmetry parameter

h[
Vxx2Vyy

Vzz
~2!

specifies the smaller components. The experimental N
coupling constantC is related toVzz by

C5
ueQVzzu

h
, ~3!

wheree is the electron charge andh is Planck’s constant. The
Cl and Br NQR isotopes have nuclear spinsI 53/2, which
gives rise to a splitting between theM563/2 and M
561/2 levels of

nQ5
C

2 S 11
1

3
h2D 1/2

, ~4!

which is the frequency measured. Hence, it is not possibl
determine separately the parametersC and h for these iso-
topes. The127I isotope, on the other hand, has nuclear s
I 55/2 and a more complex splitting of the nuclearM states
into three levels.2 Therefore, two resonance frequencies c
be measured for127I and bothC andh determined. BothQ
andVzz can take positive or negative values, but their sig
are not determined by the spectroscopy.

For the determination of the electronic structure we u
theab initio FP-LAPW method in a scalar relativistic versio
as implemented in theWIEN2K code.20 The unit cell is di-
vided into nonoverlapping muffin-tin spheres around
atomic nuclei and the remaining interstitial region, and
corresponding wave functions are expressed as linear c
binations of atomiclike functions inside the spheres a
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plane waves in the interstitial. In addition to the usual LAP
basis set, local orbitals for high-lying core states have b
included.21 No approximation is made for the potential, e
cept for the exchange-correlation potential, for which we
this work have used the generalized gradient approxima
~GGA! of Perdew et al.22 The comparison of the local
density approximation~LDA ! and GGA for exchange and
correlation effects will be discussed for selected cases.

The electronic structure calculations presented here c
prise compounds having in their chemical formula one
more of the halide elements Cl, Br, or I. For Cl, we consid
solid Cl2 , SbCl5 , SbCl3 , ICl, ICl3 , ClF3 , and FeCl2 . For
Br, we consider solid Br2 , CdBr2 , aSbBr3 , bSbBr3 ,
CsBr3 , and KBrO3. Finally, for I we consider solid I2 , BI3 ,
AsI3 , BiI3 , CdI2 , ICl, ICl3 , and SbI3 . The calculations used
the cutoff criterionRmtKmax58, whereRmt is the smallest
muffin-tin radius andKmax is the largest wave number of th
basis set,20 and a self-consistency criterion of 1025 Ry on the
total energy. The number ofk points varied in the range
30–100 in the irreducible part of the Brillouin zone, depen
ing on structure. The experimental crystal structures w
used throughout, as specified in Tables I–III, and no theo
ical determination of crystal parameters was undertaken.
tails of the calculation of the EFG within the FP-LAPW cod
are described in the works of Schwarz and co-workers.24,25

TABLE I. Calculated electric-field gradientsVzz, asymmetry
parametersh, and NQR frequenciesnQ @Eq. ~4!, using Eq.~7!#,
together with experimental NQR frequencies, for35Cl compounds.
The electric-field gradients are in units of 1021 V/m2 and the NQR
frequencies in MHz. For compounds with several inequivalent
positions, the theoretical values correspond to the nomenclatur
the structural reference, with the assignment of the experime
frequencies tentatively suggested by the present authors.

Theory Experiment
Compounda Space group Vzz h nQ nQ

b

Cl2 Cmca 51.48 0.31 108.1 108.494
FeCl2 R3̄m 22.14c 0 4.42 4.74c

SbCl3
d ~1! Pnma 19.30 0.18 40.1 38.612

~2! 20.91 0.03 43.2 41.828
SbCl5 ~1! P63 /mmc 27.22 0 56.3 55.71e

~2! 29.08 0.22 60.6 60.36
ICl3 ~1! P1̄ 216.76 0.25 35.0 27.480~RT!

~2! 33.26 0.16 69.0 71.360
~3! 31.48 0.17 65.4 67.832

a ICl ~1! P21 /c 24.92 0.59 54.4 f

~2! 37.94 0.05 78.5 74.368~RT!

ClF3 Pnma 273.14 0.06 151.3 150.259

aExperimental crystal structures are from Ref. 23, except wh
noted.

bExperimental NQR frequencies are from Ref. 2. Data refer to l
temperature~77 K!.

cParamagnetic phase.
dReference 26.
eAverage of two frequencies reported at 55.56 and 55.86 MHz.
fThis line has not been observed experimentally.
1-2
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NUCLEAR QUADRUPOLE MOMENT DETERMINATION OF . . . PHYSICAL REVIEW B 69, 125101 ~2004!
Both Cl and Br possess two naturally occurring NQR is
topes,35Cl and 37Cl, and 79Br and 81Br, respectively, while
I has only the127I isotope. From comparison of frequencie
in the same solid, the ratios of nuclear quadrupole mome
are well established:2

Q~35Cl!

Q~37Cl!
521.2688 ~5!

and

Q~79Br!

Q~81Br!
511.197 07. ~6!

In the following we will only consider experimental resul
obtained for35Cl, 79Br, and 127I.

III. RESULTS

Tables I–III summarize the EFG’s calculated in t
present work, together with available experimental NQ
data. In most cases, experiments are done at low temper
~77 K or below!, but a few compounds have only been me
sured at room temperature. Under usual circumstances, N
frequencies shift down with temperature, of the order of 1
between 0 and 300 K.2,32 No temperature correction was in
cluded in the experimental data. The calculations always
fer to 0 K.

Figures 1–3 display the plots of the data from the tab
and the best linear fits are shown. For35Cl and 79Br the

TABLE II. Calculated electric-field gradientsVzz, asymmetry
parametersh, and NQR frequenciesnQ @Eq. ~4! using Eq.~8!#,
together with experimental NQR frequencies, for79Br compounds.
Units as in Table I.

Theory Experiment
Compounda Space group Vzz h nQ nQ

b

Br2 Cmca 94.25 0.43 775 765.04
CdBr2 R3̄m 23.92 0 31 34.086

aSbBr3
c ~1! P212121 40.12 0.36 327 329.484e

~2! 40.12 0.05 320 327.722e

~3! 45.09 0.10 360 343.190e

bSbBr3
d ~1! Pbnm 43.38 0.18 348 329.020e

~2! 44.30 0.03 353 345.925e

KBrO3 R3m 244.86 0 358 357.600
CsBr3

f ~1! Pmnb 33.66 0.33 273 g

~2! 101.81 0.15 815 814.00~RT!

~3! 63.71 0.15 510 503.40~RT!

aExperimental crystal structures are from Ref. 23, except wh
noted.

bExperimental NQR frequencies are from Ref. 2, except wh
noted. Data refer to low temperature~77 K!, except where noted.

cReference 27.
dReference 28.
eReference 29.
fReference 30.
gThis line has not been observed experimentally.
12510
-

ts

ure
-
R

e-

s,

experimental frequencynQ is plotted versus the calculate
combinationuVzzu(11h2/3)1/2, in order to investigate the re
lation ~4!. For 127I, we plot the coupling constantC versus
the calculated EFG to validate the relation~3!. From the best
linear fits in the figures, the nuclear quadrupole moments
obtained as

uQ~35Cl!u50.085560.0011 b, ~7!

uQ~79Br!u50.33060.005 b ~8!

and

FIG. 1. Experimental NQR frequencies vs calculateduVzzu(1
1h2/3)1/2 for 35Cl compounds. Units as in Table I. The straight lin
is the best linear fit.

re

e

TABLE III. Calculated electric-field gradientsVzz, asymmetry
parametersh, and nuclear quadrupole coupling constantC @Eq. ~3!
using Eq.~9!#, together with experimental nuclear quadrupole co
pling constants and asymmetry parameters for127I compounds.
Units as in Table I. Fora ICl, the two inequivalent I positions
correspond to the nomenclature of Ref. 23.

Theory Experiment
Compounda Space group Vzz h C h b C b

I2 Cmca 114.32 0.57 1993 0.173 2157.1
BI3 P63 69.37 0.53 1209 0.455 1242.4
AsI3

c
R3̄ 76.28 0.25 1330 0.1891 1330.2

SbI3
c

R3̄ 51.50 0.72 898 0.565 895.83

BiI 3
c

R3̄ 242.48 0.20 740 0.290 682.18

CdI2 P3̄m1 25.84 0 102 0.028 98.27

ICl3 P1̄ 2178.73 0.18 3116 0.0772 3034.

a ICl ~1! P21 /c 174.29 0.05 3038 0.0298 3046.
~2! 150.37 0.52 2621

aExperimental crystal structures are from Ref. 23, except wh
noted.

bExperimental NQR frequencies andh values are from Ref. 2. Data
refer to low temperature~77 K!.

cReference 31.
1-3
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ALONSO, SVANE, RODRI´GUEZ, AND CHRISTENSEN PHYSICAL REVIEW B69, 125101 ~2004!
uQ~127I!u50.72160.026 b. ~9!

With the ratios, Eqs.~5! and ~6!, we further derive

uQ~37Cl!u50.067360.0009 b ~10!

and

uQ~81Br!u50.27660.004 b. ~11!

The signs of the nuclear quadrupole moments are not
termined. From other spectroscopies,2 it is known that 35Cl
and 127I have a negative quadrupole moment, while the ot
nuclei have positiveQ values.

The figures reveal excellent linear relationships betw
the calculated EFG’s and the experimental NQR data.
remaining small fluctuations can have their origin both in
experimental and in the numerical uncertainties. Experim
tal difficulties arise from the quality of the samples and t
accuracy of the determination of the crystal structures.
the theoretical side, the validity of the GGA is assumed, a
spin-orbit and temperature effects are neglected~all calcula-
tions are forT50). The quoted error bars on the nucle
quadrupole moments in Eqs.~7!–~11! reflect the purely sta-
tistical spread of the experimental and theoretical data, w

FIG. 2. Same as Fig. 1 but for79Br compounds. Units as in
Table II. The straight line is the best linear fit.

FIG. 3. Calculated EFG~absolute value! vs experimental NQR
coupling constantC, Eq. ~3!, for 127I compounds. Units as in Table
III. The straight line is the best linear fit.
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we have no estimates of possible systematic error bars.
wide range of NQR frequencies considered in this wo
minimize these statistical uncertainties.

IV. DISCUSSION

The results obtained for Br and I, Eqs.~8! and~9!, may be
compared with the values obtained by Bieron´ et al.,18 who
determinedQ(79Br)50.31360.003 b andQ(127I) 520.710
60.010 b, using a numerically accurate molecular meth
~configuration-interaction quantum-chemical calculations
ing Gaussian orbitals!. It is reassuring for both theoretica
approaches that the derived quadrupole moments are
close. In particular, the GGA approximation applied in t
present solid-state calculations is proven to be valid also
the calculation of a sensitive quantity such as the EFG. O
results confirm the assertion by Bieron´ et al.18 that the value
of Q(127I) 520.789 b, accepted until recently, should b
slightly revised.16 For Br, our result coincides with the valu
accepted prior to the work of Bieron´ et al., Q(79Br)
50.331 b,16 which is 7% larger than the value given i
Ref. 18.

For Cl, similar highly accurate quantum-chemic
calculations33 for the Cl atom led to the valueQ(35Cl)
520.081 6560.0008 b, again in very fine agreement wi
the value obtained here from the solid-state systems. Sur
ingly, the value hitherto accepted16 for 35Cl, Q(35Cl)
520.0824960.00002, obtained by Sternheimer34 by esti-
mating atomic shielding and antishielding factors, is also
excellent agreement with the present value, Eq.~6!, as well
as that of Ref. 33.

There are several comments to make to the data prese
in Tables I–III. For ICl, two crystalline forms exist,a ICl
and b ICl, which both possess two inequivalent crystall
graphic positions for both I and Cl. Only thea ICl structure
was considered here, for which we have found two qu
distinct values of the EFG for both constituents. Experime
tally, only one frequency is reported, both for35Cl and 127I,
which is puzzling. The available35Cl data are quite similar
in the a ICl and b ICl structure. One extra broad feature
seen in the spectra of127I, which has not been identified
though.35 The observed frequency is tentatively associa
with one of the calculated EFG’s for both Cl and I in Tabl
I and III. Due to this lack of experimental completeness
have left ICl out of the analysis in Figs. 1 and 3. Similar
for CsBr3 , the three crystallographic Br positions each ha
their distinct EFG, while experimentally only two frequen
cies are observed. The two larger frequencies are in n
agreement with the experimental values. Presumably the
frequencies were not scanned in the experiment. In this c
the two larger frequencies were included in the fit in Fig.
For FeCl2 , the calculations assumed a paramagnetic ph
as the experimental data were taken at temperatures a
the ordering Ne´el temperature.

The Sb compounds were also investigated in a sim
study in Ref. 12, based upon the FP-LMTO method, a
concordance was indeed found between the Sb and ha
EFG’s as calculated with this method and with the F
LAPW method applied in the present study~see Table IV!.
1-4
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NUCLEAR QUADRUPOLE MOMENT DETERMINATION OF . . . PHYSICAL REVIEW B 69, 125101 ~2004!
For SbCl5 three 35Cl frequencies were observed, while th
crystal structure only leads to two distinct Cl positions.23 The
two lower frequencies are, however, rather close, for wh
reason we have associated them with the same cryst
graphic position. The observed signal-to-noise ratio sugg
an occurrence of 1:1:3 of the corresponding Cl specime
with the first two being those associated with the close low
frequencies. The two crystallographic Cl atoms occur in
ratio 2:3, which then also supports this assignment. We h
no explanation for the possible origin of the splitting of th
line.

The theoretical data in Tables I–III include the calculat
asymmetry parameterh and the EFG sign. Experimentally
the h parameter can be extracted from NQR spectrosc
only for 127I, for which reason Table III includes this infor
mation. The agreement is reasonably good, with exceptio
solid I2 , where the calculatedh is 0.57, while the experi-
mental value is only 0.17. We have no explanation for t
fact. It is striking that apart from BiI3 and CdI2 , the calcu-
latedh is always larger than the experimental one. For Cd2 ,
the structure dictates a vanishingh parameter, while a smal
experimental value is reported, which could be due to sm

TABLE IV. Calculated electric-field gradientsVzz in units of
1021 V/m2, and asymmetry parametersh for ligands of halide com-
pounds. Where available, comparison to other work is given.

Theory Other work
Atom Compound Vzz h Vzz

Sb aSbBr3 221.00 0.18 218.23,a 219.53b

Sb bSbBr3 221.53 0.21 219.02,a 221.28b

Sb SbI3 24.63 0 22.62, a 25.24b

Sb SbCl5 25.00 0 24.99, a 25.24b

Sb SbCl3 229.55 0.03 22.96,a 223.73b

Cd CdI3 0.24 0 0.43c

Cd CdBr3 0.85 0 1.10c

As AsI3 25.69 0 27.73d

Fe FeCl2 0.90e 0
F~1! ClF3 40.29 0.03
F~2! ClF3 25.61 0.20
Bi BiI 3 20.09 0
K KBrO3 0.41 0
O KBrO3 19.33 0.57
Cs CsBr3 221.15 0.48
B BI3 2.14 0

aTheoretical value using the FP-LMTO method and LDA, Ref. 1
bExperimental value from Ref. 2, using the theoretical sign and
nuclear quadrupole moment determined in Ref. 12.

cExperimental value, Ref. 40, usingQ(Cd)50.78 b, as recom-
mended by Ref. 16. Sign is assumed positive.

dExperimental value, Ref. 2, usingQ(As)50.314 b, as recom-
mended by Ref. 16. Sign is assumed negative.

eParamagnetic phase.
12510
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heterogeneities. The sign ofQVzz for 127I can be derived
from Mössbauer spectroscopy,36 revealing a negative EFG in
ICl3 and a positive one in I2 and ICl @given a negative
Q(127 I)], which agree with the signs found for these com
pounds in the present calculations.

In Table IV we list the calculated EFG for the nonhalid
ligands of the compounds discussed in Tables I–III, toget
with available theoretical and experimental information fro
previous work. The agreement is good, but not perfect.
the Sb compounds the two calculations give EFG’s of ab
equal accuracy compared to experiment. Note that the
LMTO calculations of Ref. 12 used the LDA, while th
present FP-LAPW calculations have used the GGA
exchange-correlation effects. We have further tested, wi
the FP-LAPW method, the importance of using either t
GGA or the LDA for the cases of Cl2 , Br2 , and I2 . The EFG
calculated with LDA are 53.8131021 V/m2, 99.2831021

V/m2, and 121.4031021 V/m2, respectively, which represen
fluctuations of the order of 5% with respect to the cor
sponding values calculated with the GGA, cf. Tables I–I
Variations of similar magnitude were also seen for EFG
calculated in wurtzite GaN~Ref. 37! and for small Fe
molecules.38 The influence of other approximate functiona
on hyperfine parameters, including hybrids with exact e
change, was investigated in Refs. 38 and 39, in this c
showing larger fluctuations in calculated EFG’s between d
ferent approximation schemes.

Schwerdtfegeret al.38 also compared several DFT-base
methods withab initio quantum-chemical calculations fo
small molecules containing Fe, and concluded that the D
based schemes may cause errors for transition-element
pounds. On the other hand, it appears that in the quant
chemical calculations of Ref. 38, it had not been possible
achieve sufficient convergence with respect to basis
Similar problems do not occur for the DFT-based metho
which use complete basis sets.

V. SUMMARY

The nuclear quadrupole moment for the halide isoto
35Cl, 37Cl, 79Br, 81Br, and 127I were determined by com
parison of experimental values for the nuclear quadrup
frequencies toab initio calculated EFG’s at the halide site i
several compounds. The nuclear quadrupole moments
rived compare favorably with values recently obtained
independent quantum-chemical methods applied to at
and small molecules. From the present work, it is sugges
that the generally accepted value for the nuclear quadru
moment of 127I should be slightly corrected.
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