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Calculations of hyperfine parameters in antimony compounds
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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 ionitI$land SkV) systems. The full-potential
linear-muffin-tin-orbitals method is used with the local-density-approximation for exchange and correlation
effects. By comparison with experiment&'Sb and *?3Sb nuclear quadrupole resonance data afigb
Mossbauer 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 tH&Sb nuclear ground state §= —66.9 fn?. The difference
between the mean-square radius of Hib nucleus in its excited isomeric and ground states is found to be
A(r?)=-0.0521 fnf.
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. INTRODUCTION . Vi Vyy
VZZ ’

Nuclear methods, such as nuclear quadrupole resohance
(NQR) and Mdssbauer spectroscop,are widely used for which lies in the rang¢0,1] (sinceV,,+V,,+V,,=0). In
investigations of solid-state systems on an atomic scale. Thgxial symmetry,»=0, and the eigenvalues &f are readily
measured signals depend on parameters of both the particulgibtained:
nuclear isotope employed and the solid-state environment,
and to extract reliable information about the latter the former Q
needs to be known with great precision, which constitutes E(m)= m{3m2—|(| +1)},
the calibration process of the techniques. The present study

considers this calibration for the case of Sb, for which the,nerem is the quantum number 6fz In the general case

1 12 . l
two naturally abundant isotope$'Sh and *Sb are both ~ 7+#0, H must be diagonalized, and the measurement of the
used in NQR, and the former in addition possesses an isqaye| spacing will lead to determination of. With the
meric level suitable for Mssbauer spectroscopy. prefactor containing the produdthe quadrupole coupling

_ NQR exploits the resonance of an applied radio frequenc¥onsiant eVv,,Q, the electric-field gradient cannot be
field with nuclear transitions between levels created by th%irectly extracted. In the past, values &f for 12'Sh of

interaction between the nuclear quadrupole moment and th§_ _53+0.10 b5 Q=-0.26+0.10 b Q=—0.45 b’
electric-field gradient at the nucleus. The nuclear quadrupolgmdQ: ~0.36 b(R;efs. 8 and Yhave been reported. Erom

moment is an intrinsic property of the nucleus, while theNQR measurements ofSb and 123Sb in the same com-
electric-field gradient depends on the chemical environme%ound an accurate value for the ratio

of the probe nucleus. The Hamiltonian describing the inter-
action may be written as Q(123

_eV,Q ~ 1 RIEPR)
=aia—p | e DS+ @)

—1.2747 3)

H
is determined? In the present work we will calculate from

first principles the electric-field gradiei,, in a number of

PO T ] solids containing Sb, and by comparison to the measured
=(Ix,ly,12) is the nuclear spin with eigenvaligl =5/2 for  o,aqrupole coupling constant derive a value@f which
121sh andl=7/2 for *#°b), andl,=I,+il, andl_=I,  then can be considered the experimental value of this impor-
- ify. V,, and 7 are the electric-field gradient and the asym-tant parameter of thé?!Sh nuclear ground state.

metry parameter, respectively, which are given by the non- The isomer shift of a nuclear transition energy is given
spherical part{=2 componentof the electrostatic potential by*

V from which the second derivative tensor

Here, Q is the nuclear quadrupole moment anid

0B 5= a(pa(0) — ps(0)), 4

(20 wherep,(0) andp4(0) are the electron charge densities at
the nuclear positiongthe contact densiti¢sn two different

is obtained. Denoting the eigenvalues\gf by V,,, V,,, solid-state environments, here denoted the absodeaifd

andV,, with |V,,|<|V,,|<|V,4, the electric-field gradient the source(s) materials, respectively. The electron contact

per definition is equal t&/,,, while the asymmetry param- densities carry the information on the solid-state system,

eter is while the calibration constant depends only on the details

vV oV
ij _axi&xj |r:0
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of the nuclear transition. In Mssbauer spectroscopSk, s is 2l5h  have been theoretically investigated pre-
measured as a relative velocity of the absorber and souragously®242225and Sb quadrupole coupling constants re-

materials, andv is given by cently in Refs. 25 and 17.

a=BA(r?), (5) Il. DETAILS OF THE CALCULATIONS

~ ] The electronic structures of Sb compounds is calculated
where A(r<) is the difference between the mean-square rayith the FP-LMTO methoH using the LDA for exchange

dius of the Mmsbauer nucleus in its excited state and itSand correlation effect® This method expands the electron
grounosl state, ang is a numerical constarjfor 1218b, B wave functions in terms of muffin-tin orbitaf§ which are
=8.4a5 mm/(s fnf), with a, being the Bohr radids™ Ifthe  atom-centered Neumann functions augmented inside muffin-
simplified picture of a uniform sphere is adopted for thetin spheres by the numerical solution of the radial scalar-
nucleus the calibration constant may be related to the relativgs|ativistic Dirac equation in the self-consistent crystal po-
change of the nuclear radius as=yAR/R (with y  tential, together with the energy derivative of this soluftén.
=354.2 § mm/s for *#!Sb) ! In this work we will also cal-  This construction has proven very accurate for solid-state
culate the electron contact densities in a series of Sb contalculations’® Three different decay constants for the enve-
pounds to demonstrate the above linear relationship(4id. lope functions are used. The basis set includes for each atom
and derive the nuclear parametiefr?) for **'Sh. three orbitals ofs character, X3 orbitals ofp character, 2
The quadrupole interaction, E@l), leads to a compli- x5 orbitals ofd character, and for Sb>7 orbitals of f
cated fine structufé of the Mdssbauer absorption line. For character. In addition, local orbitdfsare included to de-

1215h hoth the ground state and the excited isomeric level arecribe semicore statgsuch as Sb g and 4 state$, the
split, each with its quadrupole moment, and the natural linepolarization of which may contribute significantly to the
width of the transition is comparable to the fine structure electric-field gradient and the electron contact density. No
leading to an unresolved spectrum. Fitting of the spectra ofshape approximation for the crystal potential is invoked. The
ten assumes thap is negligible and that the ratio of the crystalline charge density is evaluated exactly within muffin-

quadrupole moments is given'ds tin spheres, while in the interstitial region an interpolation
scheme is used to obtain the charge dert4ifyp increase the

Q(121*) accuracy of the interpolation scheme, additional “empty”

m= 1.32+£0.01. muffin-tin spheres are introduced for crystal structures with

open regions of the unit cell. The Gsand F X states are
treated as valence states in the oxides and fluorides. The
"Lame methodology has been employed in recent work on
"hterpretation of Mesbauer data of’Felé 11%5n20 and
237Np.23

The FP-LMTO method solves the ScHinger equation

For these reasons, the extraction of quadrupole coupling co
stants from Maesbauer experiments is less accurate tha
NQR (by 2—3 orders of magnitugleHowever, in contrast to

NQR, the asymmetry of the Msbauer spectrum allows a

determination of the sign of the electric-field gradient. : . o . .
o for the electrons in the solid. The electric-field gradient is
In the present work it will be demonstrated that the NQR , . X o
determined from the electrostatic potential, E2), which is

and Masbauer parameters may be calculated with high pre- ; : :
cision with the full-potential linear-muffin-tin-orbital&~P- also the dominant part of the LDA effective potential of the

LMTO) method* within the local-density approximation electrons. Hence thé;; tensor is readily obtained and diago-
(LDA) to density-functional theor}? By a comparison to nalized. The electron contact density of the Sb nucleus in the

. . . g .~ Sb compounds is determined by modeling the nucleus as a
experimental data we will verify the basic linear relations niformly charged sphere of radi= 1.2A13 fm % where

between the quadrupole coupling constants and the electriG- 4 -
field gradient and between the isomer shift and the electro =121 is the mass numbgr of the Sb sébauer nucleus.
he contact density is obtained as an average of the electron

contact density. A wide span of chemical bonding in Sb com-

pounds will be considered, comprising metallic and covalenfjenSIty over _the nuclear V‘?'“‘T‘e- At the same time the fmlte
systems, as well as ionic systems containing bottilSkand nucleus provides a regularization of the Coulomb potential at

SV) ions. As a resultab initio calculations may now be the nuclear position. All core states are calculated self-

considered a part of the spectroscopy, in the sense that Suansstgntly n the crystalllne envwonmen_t. The numpek of
vectors in the irreducible wedge of the Brillouin zone is cho-

Iculations m in the interpretation of experimen- . o .
f; (r:gsitlfslgn ay be used in the interpretation of experime sen such as to obtain a well-converged electric-field gradient
T . ; . d electron contact density.
The calibration of Mssbauer experiments has been an®" . S . .
S P The compounds considered in this work are listed in Table

issue for a long timé"***The nuclear parametera(r?) I. All calculations are performed with the experimental crys-
andQ are in principle assessible from first-principles nuclear,’ e p . ) P y
| structures, which are given in Ref. 31 and references

models, but the accuracy of such models is not always goo .

- . erein, and Ref. 32.
enough to match the accuracy of B&iauer experiments.
More accurate is the determination of nuclear parameters
from comparison of calculated electron contact densfties
electric-field gradient§ with corresponding experimental The calculated electric-field gradients and electron contact
isomer shifts and quadrupole splittings. The isomer shifts otlensities of Sb compounds are listed in Table | together with

IIl. RESULTS
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TABLE I. Calculated electron contact densitje) electric-field gradient¥,,, and asymmetry parametepstogether with experimen-
tal nuclear quadrupole coupling constarg=eV,,Q/h, asymmetry parameter, Mebauer isomer shiftsE;s, and quadrupole splitting
paramete =eV,,Q for 22 Sb compounds. Units aa%‘3 for the electron contact densities, where a large constant (Zﬂgémlas been
subtracted. The electric-field gradients are in units f Mm?, the NQR frequency in MHz, and the isomer shifts and quadrupole splittings
in units of mm/s.

Theory Experiment

Compound p(0) V,, » SE;s " Vo © 7°© AP
Sbk, 48.65 —32.56 0.15 —-14.7 541.3(f 0.048¢ 19.7
SbCl 46.32 —22.96 0.20 —-14.4 383.6 0.188 12.8
SbCk 22.78 —-4.99 0 -3.4 84.67(210 K) 0.0 5.7
aSbBr 46.82 -18.23 0.19 -145 316.02(RT) 0.10 11.6
BSbBr 46.14 —19.02 0.27 ~-145 343.95 0.18 11.6
Sbl 50.42 —-2.62 0 -16.3 84.67 0.003 5.6
Sh,05-cubic 41.47 —34.96 0 —-11.4 554.78 0.0 18.3
Sh,0;-ortho 42.18 —33.87 0.31 -11.3 541.43 0.36 17.0
Sh,04(1ll) 48.34 —40.54 0.19 —~14.4 16.4
Sh,04(V) 14.67 10.49 0.65 0.67 -6.1
Sh,0s 13.44 —6.60 0.91 0.1 -3.7
Sh,S; 1 47.33 —14.43 0.40 ~-145 249.76 0.382 7.8
Sh,S; 2 47.81 -19.27 0.05 ~-145 317.14 0.014 7.8
Sh,Se 1 47.34 —-11.61 0.44 -15.0 198.87 0.417 6.8
Sh,Se, 2 46.97 -16.18 0.03 -15.0 272.75 0.008 6.8
Sh,Te, 46.94 12.06 0 -15.4 3.8
Sb 39.56 —-4.41 0 -11.6 76.85 0.0 0.0
AISb 29.38 0 0 -7.8 0 0 0
GaSb 31.40 0 0 -83 0 0 0
InSh 32.11 0 0 -8.8 0 0 0
Snsb 36.60 0 0 -10.5 0 0 0
MnSb 32.60 4.27 0 -9.1¢ 73.0'(RT) 0.0 0.0
FeSh 33.75 —-22.73 0.56 -10.09 14.89
RuSh 33.19 —24.75 0.67 -9.39 12.49
CoSh 34.76 —-15.99 0.68 —-9.0" 9.3"

dExperimental crystal structures are from Ref. 31 and references therein or Ref. 32.

PExperimental Mssbauer data are from Ref. 31 and references therein, except where noted.

‘Experimental NQR frequencies amdvalues are from Ref. 2 except where noted. Data refer to low tempek&iuie), except where noted.
YReference 33.

°Reference 34.

'Reference 35.

9Reference 36.

"Reference 37.

experimental information ont?!Sh NQR frequencies and electron contact densities. The straight line through the
Mossbauer isomer shifts and quadrupole splittings. All isooints in Fig. 1 confirms the relationshi@), with the re-
mer shifts are given relative to a BaSQ@)urce and refer to maining scatter around the line reﬂeCting the combined ex-
T=0. The calculated values are converged to the digitderimental and theoretical uncertainty. From a best linear fit
shown, but are of course subject to systematic errors, whicWe derive the calibration constant of Eg):
are difficult to assess. These include, for example, the valid- 3
ity of the LDA, the scalar relativistic approximation, and a=(-0.438:0.013a, ~ mm/s (6
other approximations of the calculational scheme, as, e.g
the fitting procedure for the charge density in the interstitial
region and restrictions of the basis set empl_oyed. A(r?)=(—0.0521-0.0015 fm?. )

The degree of agreement between experiment and theory
may be judged from plots of the experimental versus theoThe quoted uncertainties in Eq$) and(7) reflect the scatter
retical values, which are shown in Figs. 1 and 2. In Fig. 1 theof the points around the best straight line, but do not include
experimental isomer shifts are plotted against the calculatedstimates of systematic errors which may arise from the use

or, using Eq.(5),
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FIG. 1. Calculated electron contact densiity ag3) compared
to experimental isomer shiftgn mm/s relative to BaSng) for Sb
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of an approximate density functional or a restricted basis set.
It is well known that unrelativistic and relativistic charge
densities in the vicinity of the nucleus differ largely by a
constant factor, which for heavier elements deviates signifi-
cantly from 1. Similarly, it is conceivable that LDA and full
configuration-interaction and basis-set complete charge den-
sities may differ by a factor. To the best of the authors’
knowledge, no study has been published addressing this
point.

The value Eq(6), is close to the value derived by Ref. 22,
a=(—0.491+0.02) aga mm/s, which also employed the
FP-LMTO calculational scheme for the electronic structure
of the solid state, albeit in an independent implementation.
These authors also showed that the calibration constant does
not depend very sensitively on the approximation used to

compounds. A large constant (212 68p°) is subtracted from the ~ describe exchange and correlation effe¢SA versus gen-
calculated electron contact density. The dashed line is the best line@ralized gradient approximatipnCompared to our previous

fit, Eq. (6).

600

-200
18

12

FIG. 2. (a): Calculated electric-field gradientin units of
107 VIm?) compared to experimental values for the quadrupole
coupling constantg=eV,,Q/h as derived from nuclear quadru-
pole resonance spectroscopy. The latter is expressed in units
MHz. For MnSb the sign o¥,, has been changed, since NQR does
not reveal the sign of the coupling constant. The dashed line is
best linear fit to the datgb) Calculated electric-field gradierin
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calibratiorf* of '?!Sb isomer shifts, the present calibration
constant is~20% larger, but the present work is superior
both in employing the much more accurate FP-LMTO
method compared to the LMTO-ASAatomic spheres ap-
proximation method of Ref. 24 and in the incorporation of
many more Sb compounds in the analysis.

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

Q=(—66.91.5) fm? for ?Sp (8)

is derived. The sign of the quadrupole moment does not fol-
low directly from the NQR data, but from Msbauer data it

is clear that it is negative. In plotting Fig. 2 we have associ-
ated a negative quadrupole coupling constant with MnSb,
since this compound has a positive electric-field gradient.
Combined with Eq(3) this leads to

Q=(—85.3x1.9 fm? for'?%sh. 9
Again, the uncertainties quoted in Ed8) and (9) merely
reflect the statistical fluctuations of the data points in Fig.
2(a), while systematic errors are unknown.

The values for the?!Sb and*?°Sb quadrupole moments
obtained above are somewhat higher than has been the ac-
cepted values hitherto. They are, however, also more precise.
In their analysis of quadrupole coupling constants in Sb ha-
lide complexes, Poleshchut al?® found the linear relation
ct?{,etween the calculated and measured quadrupole coupling
constant, but had to scale the experimental values by a factor

f 0.69. Unfortunately, these authors do not quote which
value they have adopted for the quadrupole moment, but

units of 16" V/m?) compared to experimental values for the quad- their result is analogous to saying that their valu€as too

rupole coupling constanA=eV,,Q as derived from Mssbauer

small and should be multiplied by a factor of 1/0:69.45.

spectroscopy. The latter is expressed in units of mm/s. The dashddPpens et al” have published a figure showing a linear

line is the best linear fit to the NQR data @, which are substan-
tially more accurate than the Msbauer data. For D5 there is

relationship similar to Fig. 2, however, without further analy-
sis. These authors calculated the electric-field gradient using

likely to be a sign mismatch between theory and experiment, sethe full-potential linear-augmented-plane-waifeP-LAPW)

text.

method, which is quite similar to the FP-LMTO method em-

064422-4



CALCULATIONS OF HYPERFINE PARAMETERS IN . .. PHYSICAL REVIEW B8, 064422 (2003

ployed here. Estimating the slope of their curve leads to anent with ours. Reading off the values of calculated electric-
value of Q= —64 f? for *2ISb, in perfect agreement with field gradients from the figure of Ref. 17, there seems to be
the present value. good quantitative agreement with the present values in Table
Figure 2b) shows the quadrupole coupling constant asl: V,,~—40, —36, —35, —24, 0, +5, +10 X 107! V/Im?,
derived from M@sbauer spectroscopy in comparison withfor Sh,0,(V), Sh,0;, SbFk, SbCL, Sh,Te;, Sh,Os, and
calculated electric-field gradients. These data points show 8b,O,(lll), respectively. Most notable is the disagreement
significantly larger scatter, although they do follow the gen-for Sh,Te;, for which we have found a positive electric-field
eral linear trends, which then reflects the greater uncertaintyradient of 12.0610°* V/m?, and for SO, for which we
of the Massbauer analysis. For this reason only the NQRfind V,,=—6.60x 10°* V/m?, as opposed to the positive
data points were included in the linear regression leading t@alue found by Ref. 17, and seemingly confirmed by experi-
the above value of the nuclear quadrupole moments. ment. The latter compound is a tricky case, though, since the
Some of the cases studied contain two crystallographiasymmetry parameter is largg=0.91, meaning that two
inequivalent Sb atoms ($8;, Sh,Se; and ShO,). For the  components of the electric-field tensor are of almost similar
first two compounds, the Misbauer experiments are not ablesize but different sign. In the limity=1 the sign of the
to resolve the spectrums of the two sites. Indeed, the calcwlectric-field gradient loses its meaning. The experimental
lations also find very similar electron contact densities inreport® of the experiment for Sl does not quote a value
these cases. In the analysis of Fig. 1 we therefore comparer the asymmetry parameter. Full-potential LMTO calcula-
the average contact density of the two Sb sites to the expertions of the electric-field gradient and hyperfine fields of
mental isomer shift. The electric-field gradient is different onMnSb were recently publishéd however, apparently in the
the two sites, however, and this is also found in NQR. Theanti-NiAs structure. At least, the published band structure
ratio between the two quadrupole coupling constants meafor MnBi) and total magnetic moments as well as the hy-
sured is 1.27 and 1.37 for §8; and ShSe;, respectively. perfine fields and electric-field gradients are in better agree-
The corresponding ratio between calculated electric-fieldnent with those calculated in the present study for the anti-
gradients are 1.34 and 1.39, in excellent agreement. StilNiAs structure. There is no doubt, though, that MnSb occurs
these different quadrupole interactions are not resolved i the anticipated NiAs structure; we find an energy differ-
Mossbauer spectroscopy, and in Figb)2we compare the ence of 0.8 eV per formula unit in favor of the NiAs over the
single quadrupole coupling constants derived fromsbo anti-NiAs structure. The details of our band-structure calcu-
bauer spectra with the average of the calculated field gradiations are in excellent agreement with that of Ref. 41.
ents. The SjO, compound is peculiar in having Sb atoms in
two distinctly different oxidation states, with a markedly dif- IV. SUMMARY
ferent isomer shift, which is readily resolved. This is also
revealed in the calculations, which find a difference in con-
tact density between the two Sb atoms-083.7 a.u., corre-

Electronic structure calculations for a series of Sb com-
pounds comprising all aspects of chemical bonding were pre-
sponding to an isomer shift difference of 14.8 mm/s, in per_s_ented. The electric-field gradient and electron contact den-

sity of Sb nuclei were calculated in the solid-state

fect agreement with the experimentall5 mm/s relative environment and compared to experimental NOR frequen-
shift. In addition, the electric-field gradient of the two sites is ~. P P d

rather different, in particular the pentavalent'8psite has a _(;_'Ees g)r(ldelt\:/ltgzbarléeroﬁ% T:Iritisehs'f\t;e?gdcg#ﬁ‘r?;lé%dz:gl'g(')r:]gssé_
positive field gradient, while the trivalent 88) site has a P prop i

12 _
negative field gradient. The ratio of the two is close to 4,quence accurate values for th&'Sb and™**Sb ground-state

- : - - 'quadrupole moments o®(121)=—66.9 fn? and Q(123)
while the ratio of the experimental quadrupole coupling con 853 frf, respectively, were obtained. F&Sb the dif-

stants is only 2.7, a discrepancy also found in the FP-LAP . .
erence in mean-square radius of the nuclear ground-state

calculations and possibly due to an inaccuracy in structur . . ) .
determinatiort’” Two systems, SiD, and SbBs, occur in ?nd dex0|ted isomeric state)(r?)=—0.0521 fnf was in-
! : erred.

two different crystal structures. In both cases the electric-
field gradlents_ and contact dens_mes are rather similar, as ACKNOWLEDGMENT
revealed both in experiment and in theory.

The electric-field gradient in Sb metal was studied in Ref.  This work was supported by the Danish Center for Scien-
38. The value o¥/,,= —4.35x 10°* V/m? is in perfect agree-  tific Computing.
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