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Calculations of hyperfine parameters in antimony compounds

A. Svane
Department of Physics and Astronomy, University of Aarhus, DK-8000 Aarhus C, Denmark

~Received 5 May 2003; published 26 August 2003!

The electron contact density and electric-field gradient on the Sb nuclear position is calculated in a series of
22 Sb compounds, comprising metallic, covalent as well as ionic Sb~III ! and Sb~V! systems. The full-potential
linear-muffin-tin-orbitals method is used with the local-density-approximation for exchange and correlation
effects. By comparison with experimental121Sb and 123Sb nuclear quadrupole resonance data and121Sb
Mössbauer data, the calibration constants relating measured quadrupole coupling constants and isomer shifts to
the electric-field gradient and the electron contact density, respectively, are derived. This leads to an accurate
determination of the quadrupole moment of the121Sb nuclear ground state asQ5266.9 fm2. The difference
between the mean-square radius of the121Sb nucleus in its excited isomeric and ground states is found to be
D^r 2&520.0521 fm2.

DOI: 10.1103/PhysRevB.68.064422 PACS number~s!: 76.60.Gv, 76.80.1y, 27.60.1j, 71.20.Ps
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I. INTRODUCTION

Nuclear methods, such as nuclear quadrupole resonan1,2

~NQR! and Mössbauer spectroscopy,3,4 are widely used for
investigations of solid-state systems on an atomic scale.
measured signals depend on parameters of both the parti
nuclear isotope employed and the solid-state environm
and to extract reliable information about the latter the form
needs to be known with great precision, which constitu
the calibration process of the techniques. The present s
considers this calibration for the case of Sb, for which
two naturally abundant isotopes121Sb and 123Sb are both
used in NQR, and the former in addition possesses an
meric level suitable for Mo¨ssbauer spectroscopy.

NQR exploits the resonance of an applied radio freque
field with nuclear transitions between levels created by
interaction between the nuclear quadrupole moment and
electric-field gradient at the nucleus. The nuclear quadrup
moment is an intrinsic property of the nucleus, while t
electric-field gradient depends on the chemical environm
of the probe nucleus. The Hamiltonian describing the in
action may be written as1

H5
eVzzQ

4I ~2I 21! H 3Î z
22I ~ I 11!1

1

2
h~ Î 1

2 1 Î 2
2 !J . ~1!

Here, Q is the nuclear quadrupole moment andÎ
5( Î x , Î y , Î z) is the nuclear spin with eigenvalueI (I 55/2 for
121Sb andI 57/2 for 123Sb), and Î 15 Î x1 i Î y and Î 25 Î x

2 i Î y . Vzz andh are the electric-field gradient and the asy
metry parameter, respectively, which are given by the n
spherical part (,52 component! of the electrostatic potentia
V from which the second derivative tensor

Vi j 5
]V

]xi]xj
ur50 ~2!

is obtained. Denoting the eigenvalues ofVi j by Vxx , Vyy ,
and Vzz with uVxxu<uVyyu<uVzzu, the electric-field gradien
per definition is equal toVzz, while the asymmetry param
eter is
0163-1829/2003/68~6!/064422~6!/$20.00 68 0644
e

he
lar
t,
r
s
dy
e

o-

y
e
he
le

nt
r-

-
-

h5
Vxx2Vyy

Vzz
,

which lies in the range@0,1# ~sinceVxx1Vyy1Vzz50). In
axial symmetry,h50, and the eigenvalues ofH are readily
obtained:

E~m!5
eVzzQ

4I ~2I 21!
$3m22I ~ I 11!%,

wherem is the quantum number ofÎ z . In the general case
hÞ0, H must be diagonalized, and the measurement of
level spacing will lead to determination ofh. With the
prefactor containing the product~the quadrupole coupling
constant! eVzzQ, the electric-field gradient cannot b
directly extracted. In the past, values ofQ for 121Sb of
Q520.5360.10 b,5 Q520.2660.10 b,6 Q520.45 b,7

andQ520.36 b ~Refs. 8 and 9! have been reported. From
NQR measurements of121Sb and 123Sb in the same com
pound, an accurate value for the ratio

Q~123!

Q~121!
51.2747 ~3!

is determined.10 In the present work we will calculate from
first principles the electric-field gradientVzz in a number of
solids containing Sb, and by comparison to the measu
quadrupole coupling constant derive a value ofQ, which
then can be considered the experimental value of this imp
tant parameter of the121Sb nuclear ground state.

The isomer shift of a nuclear transition energy is giv
by4

dEIS5a„ra~0!2rs~0!…, ~4!

wherera(0) andrs(0) are the electron charge densities
the nuclear positions~the contact densities! in two different
solid-state environments, here denoted the absorber (a) and
the source~s! materials, respectively. The electron conta
densities carry the information on the solid-state syste
while the calibration constanta depends only on the detail
©2003 The American Physical Society22-1



ur

ra
it

he
ti

om

r
a

ne
re
o

e

co
ha

a

R
pr

ns
tr

tro
m
en

su
en

a

a
oo
.
te

l
o

re-
re-

ted

n

ffin-
lar-
o-
.
ate
e-
tom

e
No
he
n-

on

y’’
ith

The
on

is

e
-
the
s a

.
tron
ite
l at
elf-
f
o-
ient

ble
s-
ces

tact
ith

A. SVANE PHYSICAL REVIEW B 68, 064422 ~2003!
of the nuclear transition. In Mo¨ssbauer spectroscopy,dEIS is
measured as a relative velocity of the absorber and so
materials, anda is given by

a5bD^r 2&, ~5!

whereD^r 2& is the difference between the mean-square
dius of the Mössbauer nucleus in its excited state and
ground state, andb is a numerical constant@for 121Sb, b
58.4a0

3 mm/(s fm2), with a0 being the Bohr radius#.11 If the
simplified picture of a uniform sphere is adopted for t
nucleus the calibration constant may be related to the rela
change of the nuclear radius asa5gDR/R ~with g
5354.2 a0

3 mm/s for 121Sb).11 In this work we will also cal-
culate the electron contact densities in a series of Sb c
pounds to demonstrate the above linear relationship, Eq.~4!,
and derive the nuclear parameterD^r 2& for 121Sb.

The quadrupole interaction, Eq.~1!, leads to a compli-
cated fine structure12 of the Mössbauer absorption line. Fo
121Sb both the ground state and the excited isomeric level
split, each with its quadrupole moment, and the natural li
width of the transition is comparable to the fine structu
leading to an unresolved spectrum. Fitting of the spectra
ten assumes thath is negligible and that the ratio of th
quadrupole moments is given as13

Q~121* !

Q~121!
51.3260.01.

For these reasons, the extraction of quadrupole coupling
stants from Mo¨ssbauer experiments is less accurate t
NQR ~by 2–3 orders of magnitude!. However, in contrast to
NQR, the asymmetry of the Mo¨ssbauer spectrum allows
determination of the sign of the electric-field gradient.

In the present work it will be demonstrated that the NQ
and Mössbauer parameters may be calculated with high
cision with the full-potential linear-muffin-tin-orbitals~FP-
LMTO! method14 within the local-density approximation
~LDA ! to density-functional theory.15 By a comparison to
experimental data we will verify the basic linear relatio
between the quadrupole coupling constants and the elec
field gradient and between the isomer shift and the elec
contact density. A wide span of chemical bonding in Sb co
pounds will be considered, comprising metallic and coval
systems, as well as ionic systems containing both Sb~III ! and
Sb~V! ions. As a result,ab initio calculations may now be
considered a part of the spectroscopy, in the sense that
calculations may be used in the interpretation of experim
tal results.16,17

The calibration of Mo¨ssbauer experiments has been
issue for a long time.3,4,18–23The nuclear parameters,D^r 2&
andQ are in principle assessible from first-principles nucle
models, but the accuracy of such models is not always g
enough to match the accuracy of Mo¨ssbauer experiments
More accurate is the determination of nuclear parame
from comparison of calculated electron contact densities18 or
electric-field gradients19 with corresponding experimenta
isomer shifts and quadrupole splittings. The isomer shifts
06442
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121Sb have been theoretically investigated p
viously,18,24,22,25and Sb quadrupole coupling constants
cently in Refs. 25 and 17.

II. DETAILS OF THE CALCULATIONS

The electronic structures of Sb compounds is calcula
with the FP-LMTO method14 using the LDA for exchange
and correlation effects.15 This method expands the electro
wave functions in terms of muffin-tin orbitals,26 which are
atom-centered Neumann functions augmented inside mu
tin spheres by the numerical solution of the radial sca
relativistic Dirac equation in the self-consistent crystal p
tential, together with the energy derivative of this solution27

This construction has proven very accurate for solid-st
calculations.28 Three different decay constants for the env
lope functions are used. The basis set includes for each a
three orbitals ofs character, 333 orbitals ofp character, 2
35 orbitals of d character, and for Sb 137 orbitals of f
character. In addition, local orbitals29 are included to de-
scribe semicore states~such as Sb 4p and 4d states!, the
polarization of which may contribute significantly to th
electric-field gradient and the electron contact density.
shape approximation for the crystal potential is invoked. T
crystalline charge density is evaluated exactly within muffi
tin spheres, while in the interstitial region an interpolati
scheme is used to obtain the charge density.14 To increase the
accuracy of the interpolation scheme, additional ‘‘empt
muffin-tin spheres are introduced for crystal structures w
open regions of the unit cell. The O 2s and F 2s states are
treated as valence states in the oxides and fluorides.
same methodology has been employed in recent work
interpretation of Mo¨ssbauer data of57Fe,16 119Sn,20 and
237Np.23

The FP-LMTO method solves the Schro¨dinger equation
for the electrons in the solid. The electric-field gradient
determined from the electrostatic potential, Eq.~2!, which is
also the dominant part of the LDA effective potential of th
electrons. Hence theVi j tensor is readily obtained and diago
nalized. The electron contact density of the Sb nucleus in
Sb compounds is determined by modeling the nucleus a
uniformly charged sphere of radiusR51.2A1/3 fm,30 where
A5121 is the mass number of the Sb Mo¨ssbauer nucleus
The contact density is obtained as an average of the elec
density over the nuclear volume. At the same time the fin
nucleus provides a regularization of the Coulomb potentia
the nuclear position. All core states are calculated s
consistently in the crystalline environment. The number ok
vectors in the irreducible wedge of the Brillouin zone is ch
sen such as to obtain a well-converged electric-field grad
and electron contact density.

The compounds considered in this work are listed in Ta
I. All calculations are performed with the experimental cry
tal structures, which are given in Ref. 31 and referen
therein, and Ref. 32.

III. RESULTS

The calculated electric-field gradients and electron con
densities of Sb compounds are listed in Table I together w
2-2
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TABLE I. Calculated electron contact densitiesr(0) electric-field gradientsVzz, and asymmetry parametersh together with experimen-
tal nuclear quadrupole coupling constantnQ5eVzzQ/h, asymmetry parameter, Mo¨ssbauer isomer shiftsdEIS , and quadrupole splitting
parameterD5eVzzQ for 22 Sb compounds. Units area0

23 for the electron contact densities, where a large constant (212 600a0
23) has been

subtracted. The electric-field gradients are in units of 1021 V/m2, the NQR frequency in MHz, and the isomer shifts and quadrupole splitt
in units of mm/s.

Theory Experiment

Compounda r(0) Vzz h dEIS
b nQ

c h c D b

SbF3 48.65 232.56 0.15 214.7 541.30d 0.048d 19.7
SbCl3 46.32 222.96 0.20 214.4 383.6 0.188 12.8
SbCl5 22.78 24.99 0 23.4 84.67(210 K) 0.0 5.7
aSbBr3 46.82 218.23 0.19 214.5 316.02(RT) 0.10 11.6
bSbBr3 46.14 219.02 0.27 214.5 343.95 0.18 11.6
SbI3 50.42 22.62 0 216.3 84.67 0.003 5.6
Sb2O3-cubic 41.47 234.96 0 211.4 554.78 0.0 18.3
Sb2O3-ortho 42.18 233.87 0.31 211.3 541.43 0.36 17.0
Sb2O4(III) 48.34 240.54 0.19 214.4 16.4
Sb2O4(V) 14.67 10.49 0.65 0.67 26.1
Sb2O5 13.44 26.60 0.91 0.1 23.7
Sb2S3 1 47.33 214.43 0.40 214.5 249.76 0.382 7.8
Sb2S3 2 47.81 219.27 0.05 214.5 317.14 0.014 7.8
Sb2Se3 1 47.34 211.61 0.44 215.0 198.87 0.417 6.8
Sb2Se3 2 46.97 216.18 0.03 215.0 272.75 0.008 6.8
Sb2Te3 46.94 12.06 0 215.4 3.8
Sb 39.56 24.41 0 211.6 76.85 0.0 0.0
AlSb 29.38 0 0 27.8 0 0 0
GaSb 31.40 0 0 28.3 0 0 0
InSb 32.11 0 0 28.8 0 0 0
SnSb 36.60 0 0 210.5 0 0 0
MnSb 32.60 4.27 0 29.1e 73.0f~RT! 0.0 0.0
FeSb2 33.75 222.73 0.56 210.0g 14.8g

RuSb2 33.19 224.75 0.67 29.3g 12.4g

CoSb3 34.76 215.99 0.68 29.0h 9.3h

aExperimental crystal structures are from Ref. 31 and references therein or Ref. 32.
bExperimental Mo¨ssbauer data are from Ref. 31 and references therein, except where noted.
cExperimental NQR frequencies andh values are from Ref. 2 except where noted. Data refer to low temperature~77 K!, except where noted
dReference 33.
eReference 34.
fReference 35.
gReference 36.
hReference 37.
d
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experimental information on121Sb NQR frequencies an
Mössbauer isomer shifts and quadrupole splittings. All i
mer shifts are given relative to a BaSnO3 source and refer to
T50. The calculated values are converged to the di
shown, but are of course subject to systematic errors, w
are difficult to assess. These include, for example, the va
ity of the LDA, the scalar relativistic approximation, an
other approximations of the calculational scheme, as, e
the fitting procedure for the charge density in the intersti
region and restrictions of the basis set employed.

The degree of agreement between experiment and th
may be judged from plots of the experimental versus th
retical values, which are shown in Figs. 1 and 2. In Fig. 1
experimental isomer shifts are plotted against the calcula
06442
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electron contact densities. The straight line through
points in Fig. 1 confirms the relationship~4!, with the re-
maining scatter around the line reflecting the combined
perimental and theoretical uncertainty. From a best linea
we derive the calibration constant of Eq.~4!:

a5~20.43860.013!a0
23 mm/s ~6!

or, using Eq.~5!,

D^r 2&5~20.052160.0015! fm2. ~7!

The quoted uncertainties in Eqs.~6! and~7! reflect the scatter
of the points around the best straight line, but do not inclu
estimates of systematic errors which may arise from the
2-3
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A. SVANE PHYSICAL REVIEW B 68, 064422 ~2003!
FIG. 1. Calculated electron contact density~in a0
23) compared

to experimental isomer shifts~in mm/s relative to BaSnO3) for Sb
compounds. A large constant (212 600a0

23) is subtracted from the
calculated electron contact density. The dashed line is the best l
fit, Eq. ~6!.

FIG. 2. ~a!: Calculated electric-field gradient~in units of
1021 V/m2) compared to experimental values for the quadrup
coupling constantnQ5eVzzQ/h as derived from nuclear quadru
pole resonance spectroscopy. The latter is expressed in uni
MHz. For MnSb the sign ofVzz has been changed, since NQR do
not reveal the sign of the coupling constant. The dashed line
best linear fit to the data.~b! Calculated electric-field gradient~in
units of 1021 V/m2) compared to experimental values for the qua
rupole coupling constantD5eVzzQ as derived from Mo¨ssbauer
spectroscopy. The latter is expressed in units of mm/s. The da
line is the best linear fit to the NQR data of~a!, which are substan-
tially more accurate than the Mo¨ssbauer data. For Sb2O5 there is
likely to be a sign mismatch between theory and experiment,
text.
06442
of an approximate density functional or a restricted basis
It is well known that unrelativistic and relativistic charg
densities in the vicinity of the nucleus differ largely by
constant factor, which for heavier elements deviates sign
cantly from 1. Similarly, it is conceivable that LDA and fu
configuration-interaction and basis-set complete charge d
sities may differ by a factor. To the best of the autho
knowledge, no study has been published addressing
point.

The value Eq.~6!, is close to the value derived by Ref. 2
a5(20.49160.02) a0

23 mm/s, which also employed th
FP-LMTO calculational scheme for the electronic structu
of the solid state, albeit in an independent implementati
These authors also showed that the calibration constant
not depend very sensitively on the approximation used
describe exchange and correlation effects~LDA versus gen-
eralized gradient approximation!. Compared to our previous
calibration24 of 121Sb isomer shifts, the present calibratio
constant is;20% larger, but the present work is superi
both in employing the much more accurate FP-LMT
method compared to the LMTO-ASA~atomic spheres ap
proximation! method of Ref. 24 and in the incorporation o
many more Sb compounds in the analysis.

Figure 2~a! depicts the experimental quadrupole coupli
constant versus the calculated electric-field gradient. The
earity is very good and from the best straight line a value
the nuclear quadrupole moment of

Q5~266.961.5! fm2 for 121Sb ~8!

is derived. The sign of the quadrupole moment does not
low directly from the NQR data, but from Mo¨ssbauer data it
is clear that it is negative. In plotting Fig. 2 we have asso
ated a negative quadrupole coupling constant with Mn
since this compound has a positive electric-field gradie
Combined with Eq.~3! this leads to

Q5~285.361.9! fm2 for123Sb. ~9!

Again, the uncertainties quoted in Eqs.~8! and ~9! merely
reflect the statistical fluctuations of the data points in F
2~a!, while systematic errors are unknown.

The values for the121Sb and123Sb quadrupole moment
obtained above are somewhat higher than has been the
cepted values hitherto. They are, however, also more pre
In their analysis of quadrupole coupling constants in Sb
lide complexes, Poleshchuket al.25 found the linear relation
between the calculated and measured quadrupole coup
constant, but had to scale the experimental values by a fa
of 0.69. Unfortunately, these authors do not quote wh
value they have adopted for the quadrupole moment,
their result is analogous to saying that their value ofQ is too
small and should be multiplied by a factor of 1/0.6951.45.
Lippens et al.17 have published a figure showing a line
relationship similar to Fig. 2, however, without further anal
sis. These authors calculated the electric-field gradient u
the full-potential linear-augmented-plane-wave~FP-LAPW!
method, which is quite similar to the FP-LMTO method em
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CALCULATIONS OF HYPERFINE PARAMETERS IN . . . PHYSICAL REVIEW B68, 064422 ~2003!
ployed here. Estimating the slope of their curve leads t
value ofQ5264 fm2 for 121Sb, in perfect agreement wit
the present value.

Figure 2~b! shows the quadrupole coupling constant
derived from Mössbauer spectroscopy in comparison w
calculated electric-field gradients. These data points sho
significantly larger scatter, although they do follow the ge
eral linear trends, which then reflects the greater uncerta
of the Mössbauer analysis. For this reason only the NQ
data points were included in the linear regression leadin
the above value of the nuclear quadrupole moments.

Some of the cases studied contain two crystallograp
inequivalent Sb atoms (Sb2S3 , Sb2Se3 and Sb2O4). For the
first two compounds, the Mo¨ssbauer experiments are not ab
to resolve the spectrums of the two sites. Indeed, the ca
lations also find very similar electron contact densities
these cases. In the analysis of Fig. 1 we therefore com
the average contact density of the two Sb sites to the exp
mental isomer shift. The electric-field gradient is different
the two sites, however, and this is also found in NQR. T
ratio between the two quadrupole coupling constants m
sured is 1.27 and 1.37 for Sb2S3 and Sb2Se3, respectively.
The corresponding ratio between calculated electric-fi
gradients are 1.34 and 1.39, in excellent agreement. S
these different quadrupole interactions are not resolved
Mössbauer spectroscopy, and in Fig. 2~b! we compare the
single quadrupole coupling constants derived from Mo¨ss-
bauer spectra with the average of the calculated field gr
ents. The Sb2O4 compound is peculiar in having Sb atoms
two distinctly different oxidation states, with a markedly d
ferent isomer shift, which is readily resolved. This is al
revealed in the calculations, which find a difference in co
tact density between the two Sb atoms of;33.7 a.u., corre-
sponding to an isomer shift difference of 14.8 mm/s, in p
fect agreement with the experimental;15 mm/s relative
shift. In addition, the electric-field gradient of the two sites
rather different, in particular the pentavalent Sb~V! site has a
positive field gradient, while the trivalent Sb~III ! site has a
negative field gradient. The ratio of the two is close to
while the ratio of the experimental quadrupole coupling co
stants is only 2.7, a discrepancy also found in the FP-LAP
calculations and possibly due to an inaccuracy in struc
determination.17 Two systems, Sb2O3 and SbBr3, occur in
two different crystal structures. In both cases the elect
field gradients and contact densities are rather similar
revealed both in experiment and in theory.

The electric-field gradient in Sb metal was studied in R
38. The value ofVzz524.3531021 V/m2 is in perfect agree-
pl

er
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ment with ours. Reading off the values of calculated elect
field gradients from the figure of Ref. 17, there seems to
good quantitative agreement with the present values in Ta
I: Vzz;240, 236, 235, 224, 0, 15, 110 31021 V/m2,
for Sb2O4(V), Sb2O3, SbF3 , SbCl3 , Sb2Te3 , Sb2O5, and
Sb2O4(III), respectively. Most notable is the disagreeme
for Sb2Te3, for which we have found a positive electric-fiel
gradient of 12.06•1021 V/m2, and for Sb2O5, for which we
find Vzz526.6031021 V/m2, as opposed to the positiv
value found by Ref. 17, and seemingly confirmed by expe
ment. The latter compound is a tricky case, though, since
asymmetry parameter is large,h50.91, meaning that two
components of the electric-field tensor are of almost sim
size but different sign. In the limith51 the sign of the
electric-field gradient loses its meaning. The experimen
report39 of the experiment for Sb2O5 does not quote a value
for the asymmetry parameter. Full-potential LMTO calcu
tions of the electric-field gradient and hyperfine fields
MnSb were recently published,40 however, apparently in the
anti-NiAs structure. At least, the published band struct
~for MnBi! and total magnetic moments as well as the h
perfine fields and electric-field gradients are in better agr
ment with those calculated in the present study for the a
NiAs structure. There is no doubt, though, that MnSb occ
in the anticipated NiAs structure; we find an energy diffe
ence of 0.8 eV per formula unit in favor of the NiAs over th
anti-NiAs structure. The details of our band-structure cal
lations are in excellent agreement with that of Ref. 41.

IV. SUMMARY

Electronic structure calculations for a series of Sb co
pounds comprising all aspects of chemical bonding were p
sented. The electric-field gradient and electron contact d
sity of Sb nuclei were calculated in the solid-sta
environment and compared to experimental NQR frequ
cies and Mo¨ssbauer isomer shifts and quadrupole splittin
The expected proportionalities were confirmed. As a con
quence accurate values for the121Sb and123Sb ground-state
quadrupole moments ofQ(121)5266.9 fm2 and Q(123)
5285.3 fm2, respectively, were obtained. For121Sb the dif-
ference in mean-square radius of the nuclear ground-s
and excited isomeric state,D^r 2&520.0521 fm2 was in-
ferred.
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