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Abstract

The isomer shift calibration constant has been calculated for the keV3477 −.  Mössbauer
transition connecting ground state of the Au197  nucleus with the first excited state of this
nucleus. The full-potential linearized augmented plane-wave method (FLAPW) was used in
the fully relativistic approach, albeit without taking into account spin-orbit coupling. The final
assignment of the calibration constant was based on calculations performed for AuCN ,

3AuCl , 3AuBr , 4KAuCl , 4KAuBr  and metallic gold. It is found that the calibration constant
takes on the following value 3-1 a.u. s mm )4(06650.+=α . The error quoted is due to the linear
regression fit, and the real error might be as large as % 10 . The spectroscopic electric
quadrupole moment for the ground state of the Au197  nucleus was calculated as the by-
product. It was found that this moment equals b )1(5660.Qg +=  in fair agreement with the
accepted value based on the muonic hyperfine spectroscopy results. The error quoted is again
due to the linear regression fit and the real error might be as large as % 10 . The final
assignment of the value for the quadrupole moment is based on the calculations for the
following compounds: AuCl , AuBr , AuI , AuCN  and 2AuMn . Results for the magnetically
ordered MnAu2  were applied to determine the sign of the quadrupole moment.
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1. Introduction

The Mössbauer spectroscopy is almost unique in the capability to probe the electron density
on the resonant nucleus via the hyperfine electric monopole interaction thanks to the fact that
the hyperfine interactions are seen in two distinctly different nuclear states by this method.
Those are usually the ground state and some low lying excited state. The monopole
interaction is observed via the isomer shift, and it is easy to show that the latter depends on
the product of the nuclear term and the difference of the electron density in the
absorber/scatterer and source [1, 2]. However, the nuclear term cannot be calculated from the
first principles within the framework of the current nuclear theories, and it has to be obtained
via some calibration. Many attempts have been made to develop experimental calibration
methods, but all of them depend more or less on the nuclear models the latter being very
crude approximations [2-6]. On the other hand, one can obtain the calibration constant in the
almost nuclear model independent fashion provided one is able to calculate the electron
density within the nucleus. In fact, one needs to determine differences in the electron density
for various chemical environments of the atom bearing the nucleus in question. Hence, it is
sufficient to involve the nuclear physics within the framework of the Weizsäcker or better
Elton model of the effective nuclear electric charge radius [7]. On the other hand, one has to
apply methods being able to calculate realistically many electron systems within the solid
state, as the Mössbauer spectroscopy of the isolated atoms or molecules is impossible.

The best such method is the full-potential linearized augmented plane-wave method
(FLAPW) within the framework of the density functional theorem (DFT) approach as far as
one is interested in the electron density on the nucleus [8-10]. This method involves many
approximations, and it is relativistic to the extent that one does not need to introduce vacuum
excited states, i.e., as long as the number of particles commutes with the system Hamiltonian.
Fortunately, the isomer shift depends on the difference in the electron densities, and hence the
systematic error due to the highly relativistic core electrons is irrelevant provided the core
remains unperturbed by the chemistry. It remains almost unperturbed as long as the charge
density is concerned as it is very strongly bound.

Several resonant transitions have been calibrated by this approach, e.g. keV14.41−  in Fe57

[11-13], keV8823 −.  in Sn119  [14], keV1537 −.  in Sb121  [15], and partly keV35.48−  in
Te125  [16].

The paper discusses basic aspects of the electric monopole interaction, corrections required to
obtain the best isomer shift data, some details of the electron density calculations and results
for the resonant transition of keV3477 −.  in Au197  connecting the ground state of the sole
stable gold nucleus with the first excited state.

2. Monopole interaction and the isomer shift

The electric monopole interaction occurs between nuclear electric charge density and electric
charge (electron) density of the immediate surrounding of the nucleus. Hence, it could be
considered as purely electrostatic problem. The nucleus could be approximated by a rigid
homogeneously charged sphere carrying charge Ze , having effective radius 0>R  and with
the origin coinciding with the origin of the co-ordinate system. The symbol Z  stands for the
atomic number, while 0>e  denotes positive elementary charge. Therefore, the nuclear
charge density is expressed as )π4(/)3(ρ 3RZen = , while the nuclear charge confined in the
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sphere of the radius Rr ≤≤0  amounts to 33 /)()( RZerrq = . One can calculate interaction
energy between nucleus and the point-like charge e−  located at some distance r  from the
origin. It is convenient to choose such gage that the above energy equals null for the point-like
charge residing in the origin. Under such assumption one obtains the following expressions
for the interaction energy:
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The symbol 0ε0 >  stands for the vacuum dielectric permeability. The electron (particle)
density in the immediate surrounding of the nucleus could be denoted as 0ρ >  and due to the
fact that electrons occupy much larger volume than the nuclear matter and that matter on the
large scale remains neutral one can assume that the following expression is satisfied ne ρρ << .
Hence, the nuclear charge screening by the electrons within the nucleus could be neglected.
The assumption about electron homogeneity within the nucleus is obviously incorrect.
However, only tightly bound core electrons exhibit some inhomogeneity within the nucleus,
and those electrons are practically unaffected by the chemical environment as far as their
charge density is concerned. Therefore, the assumption about electron homogeneity within the
nucleus could be applied still for the isomer shift problem. The electron charge within the
spherical layer centered on the origin, having radius 0≥r  and infinitesimal thickness 0>dr
amounts to drredq 2ρπ4−= . The interaction energy between the above spherical layer and
the nucleus is expressed as:
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The above expression is incorrect except for the immediate surrounding of the nucleus as the
matter is neutral on the large scale. For two meta-stable nuclear states of the same nucleus
embedded in the same electron sea one has to consider two effective radii 01 >R  and

RRR ∆12 +=  corresponding to the respective nuclear states. It is convenient to order above
states in such way to have 0∆ >R . The relative radial variation 1∆ R/R  is small, and hence it
has no effect on the electron density. The monopole interaction energy could be expressed for
these two nuclear states in the following way:

state. second for the        and statefirst  for the      2211 WEWWEW +=+=
(3)

A contribution W  is due to the total electric charge located beyond the 2R  radius, i.e., for

2Rr > . This contribution is finite, as matter is neutral on the large scale. What is more, this
contribution is the same for both nuclear states involved. On the other hand, local
contributions could be expressed as follows:
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The nuclear matter is hardly compressible for the usually encountered nuclear states and
therefore the relationship 1∆ RR <<  is satisfied for all pairs of the low lying excited nuclear
states including the ground state. Therefore, the following approximations could be used:
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Upon having applied above approximations one obtains:
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A difference in the monopole interaction energy for the two nuclear states could be expressed
as follows taking into account above approximations:
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One can simplify notation using the following substitution RR =1 , and defining the following
parameter: )(∆δ R/RR +=  for the nuclei expanding during transition from the lower energy
state to the higher energy state and )(∆δ R/RR −=  in the opposite case. Furthermore one can
define mean squared radius of the homogeneous sphere as:
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The energy described by the expression (7) is very small in comparison with the transition
energy 00 >E  from the lower lying to the higher lying nuclear state. The same could be said
about widths of the nuclear states involved in comparison with the above transition energy.
Hence, the energy of the monopole interaction (7) could be expressed in terms of the first
order Doppler shift as follows:
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Here the symbol 0>c  denotes speed of light in vacuum. The energy described by the
equation (9) cannot be measured directly, as it is too small. However, one can measure still
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smaller differences for the same nuclei undergoing transitions between the same nuclear
states, albeit embedded in various materials with different electron densities due to the
different chemical environment of the atoms carrying nuclei under consideration. The latter
differences called isomer shift [1, 2] are expressed as:
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Here symbols 0ρ1 >  and 0ρ2 >  denote slightly differing electron densities in the various
chemical environments of the same nucleus. The parameter α  is the calibration constant for a
particular pair of the nuclear levels. It is required for the lower energy level of this pair to be
either stable or very long-lived. Unfortunately, the present state of the nuclear matter theory
does not allow calculation of the term Rr δ 2 ><  with the sufficient precision. On the other
hand, one can calculate the electron density by using ab initio methods. Errors for the absolute
values are usually large, but fortunately differences could be calculated with the sufficient
precision in many cases. Calculated electron densities could be used in turn to determine the
calibration constant provided corresponding isomer shifts δ  are measured. For the
transmission Mössbauer spectroscopy one has A1 ρρ =  and S2 ρρ = , where the symbol A
denotes the absorber and the symbol S  denotes the source. The above formalism is purely
classical, but it is not going to change upon introducing relativistic quantum mechanics as the
latter is needed to calculate only the electron density on the nucleus. Recently, it has been
proposed to calculate the isomer shift as the derivative of the total electron energy versus the
nuclear charge radius [17, 18]. This proposal still relies on the calculations of the electron
density by means of the DFT method [18] and it is not free of the experimental information,
as the term Rr δ 2 ><  cannot be calculated without resorting to the nuclear matter theory.
Filatov [17] discusses effect of the finite nuclear size on the isomer shift in detail. Various
radial nuclear electric charge distributions are discussed, but it seems that the homogeneously
charged sphere model is the best approximation in light of the experimental data obtained by
means of the elastic electron scattering [19].

2.1. Second order Doppler shift and recoilless fraction

A total shift available experimentally contains additional contribution due to the second order
Doppler shift (SOD) )2(δ 2 c/vD ><−= , where the symbol >< 2v  denotes mean squared
velocity of the resonant atom in the laboratory frame [1]. One again could observe a
difference (S)(A) δδ DDDS −=  i.e. the total observable shift is expressed as DSS += δ . The
electron density in the solid could be reliably calculated in the ground state, and hence the
experimental data have to be obtained at low temperature. A general expression within the
partial phonon density of states (PDOS) approximation has the following form:
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Here the symbol Bk  stands for the Boltzmann constant, while the symbol m  denotes rest
mass of the resonant atom and T  stands for temperature. The function 0)( ≥xD  stands for the
partial phonon density of states, i.e., for a density of the phonons contributing to the vibrations
of the resonant atom. Usually PDOS is very weakly dependent on temperature, and therefore
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it could be treated as temperature independent for low temperatures. For a Debye
approximation of PDOS one obtains:
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Hence, one can calculate equivalent Debye temperature Dθ  based on PDOS according to the
expression:
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Finally one obtains )]16()θ9[(  δ mc/k DBD −=  in the ground state of the system and

)]2()3[(  δ mc/TkBD −=  in the high temperature classical limit. A definition of the Debye
temperature by the equation (13) is chosen in such way to match “exact” SOD and SOD
calculated by means of the Debye approximation for the ground state.

Low temperature recoilless fraction could be calculated within the harmonic approximation
basing on the ground state PDOS as well. Namely, the mean squared displacement of the
resonant atom is well approximated by the expression:

. 1  )(   and  0  )(  ,  )( 
1  )exp(
1  )exp(   

2
  

00

1
2

2 =≥







−
+









=〉〈 ∫∫

+∞+∞
− xDdxxDxD

T/x
T/xxdx

mk
x

B
qqq

h

(14)
Here the symbol π)2(/h=h  denotes the Planck constant h  divided by π2 . On the other
hand, the symbol )(xDq  stands for PDOS projected on the wave-vector transfer to the system
q . For cubic symmetry one obtains )()( xDxD ≡q  within the harmonic approximation. For

such isotropic case one can define the recoilless fraction as ]  exp[ 22 〉〈−= xqf  with
)(/0 cEq h= . Finally, one obtains the following expression for the cubic symmetry:

. )( 
1  )/exp(
1  )/exp(   

2
  exp  

0

1
2

2
0




















−
+









−= ∫

+∞
− xD

Tx
Txxdx

kmc
Ef

B

(15)
The above expression has the following ground state and classical high temperature limits,
respectively:
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One can again approximate projected PDOS within the Debye approximation by using
equation (12). However, one obtains generally a different Debye temperature than SOD
Debye temperature leading to the same recoilless fraction in the ground state even for the
cubic symmetry. Namely, the Debye temperature leading to the above equality has the
following form:
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Generally, a Debye temperature for the recoilless fraction forms symmetric second order
tensor, while the SOD Debye temperature is scalar.

3. Resonant transition in gold

Basic properties of the resonant transition in gold are summarized in Table I. Most practical
sources are made of the enriched Pt196  metallic foil the latter activated in the thermal neutron
flux. These are single-line unbroadened and unpolarized sources of the negligible resonant
thickness even after multiple activations. The first excited nuclear state leading to the resonant
transition is efficiently populated during decay of the above platinum source. One has to bear
in mind, that Au197  is the sole stable isotope of gold. Despite the fact, that transition between
ground and first excited state has even parity some small interference term leading to the
correction in the resonant cross-section by the factor ωΓξ− ])4[(1 /  has been reported [20].
Here the symbol 0Γ≥Γ  denotes half-width of the resonant cross-section and symbol ω
stands for deviation from the resonant energy (velocity). The presence of the interference term
is consistent with the small, albeit finite cross-section for the nuclear excitation to the first
excited state by the electron transition (NEET) filling hole in the gold shellK −  [21]. One has
to note, that the resonant transition cannot convert electrons from the shellK −  as it has
insufficient energy.

The electric quadrupole interaction for the resonant transition in gold could be observed for
the ground state as the excited state remains degenerated Kramers doublet. Therefore, one
sees two lines of equal intensities (for random sample and temperature high enough to
equalize population of the ground level hyperfine states) without having magnetic dipole
interaction. Hence, the problem of the electric quadrupole moment sign is similar to the
situation encountered for transitions in tin and iron. Two lines are separated by

31 6 2 /|A| Q η+=∆  [1], where the coupling constant is expressed as
])12(4[)( 0EII/VecQA ggzzgQ −= . The asymmetry parameter equals zzyyxx V/VV )( −=η  with

xxV , yyV  and zzV  denoting principal components of the electric field gradient (EFG) on the
resonant nucleus. Usually, the following convention is applied |V||V||V| zzyyxx     ≤≤  leading to
the condition 10 ≤η≤ . The symbol gQ  denotes spectroscopic nuclear electric quadrupole
moment in the ground state. Upon having additional dipole magnetic interaction due to the
transferred electron spin density one obtains the following non-scalar part of the hyperfine
Hamiltonian in the ground state and in the principal axes of EFG [1]:

[ ] [ ] .  ) sin  cos ( sin  cos     )    (     3    2222 γ+γβ+β−−η+−= yxzgyxzQg aA IIIIIIIH
(18)

Symbols xI , yI  and zI  denote respective (ground state) nuclear spin projection operators on
the orthogonal principal axes of the EFG, while the symbol I  stands for the total (ground
state) nuclear spin operator. The magnetic dipole coupling constant in the ground state is well
approximated by the form 0)( E/Bcga Ngg µ= . The symbol gg  stands for the effective
nuclear giro-magnetic factor in the nuclear state under consideration, Nµ  denotes nuclear
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magneton, and B  stands for the absolute value of the weighed average magnetic hyperfine
field on the nucleus. Angles β  and γ  denote polar and azimuthal angle of the hyperfine field
in the principal axes of the EFG, respectively. The Hamiltonian described by the equation
(18) allows determination of the sign of the quadrupole coupling constant. The nuclear ground
state of gold is relatively weakly coupled to the magnetic field [22]. On the other hand, the
ratio of the first excited state magnetic dipole coupling constant ea  to the ground state
coupling constant is quite large [22, 23]. Some very small magnetic octupole interaction was
found for the ground state of the gold nucleus, the latter embedded in the meta-stable excited
atomic shell [24]. It is many orders of magnitude too small to have any effect on the
Mössbauer spectra.

We have attempted a calibration of the isomer shift using FLAPW method as the established
approach to calculate electron charge distribution in solids [8]. This method is able to treat
consistently highly conducting systems and various insulators. The EFG was obtained as the
by-product where appropriate, and used to calculate the electric quadrupole moment for the
ground state of the gold nucleus. One has to note that the Mössbauer spectroscopy could be
applied to the solid matter solely.

Table I
Basic properties of the resonant transition in Au197  connecting ground state with the first
excited state. Commonly used precursor: resonantly thin metallic Pt196  matrix with Pt197

having half-life of about 18 h and decaying via the −β  transition [1]. Metallic gold has
mm/s 231.S −=  versus above source close to the ground state of the source and absorber both

[20].

Parameter Value Comment
(keV) 0E 77.34 transition energy [1]

)(π
gI )(

2
3 + spin and parity of the ground nuclear state [1]

)(π
eI )(

2
1 + spin and parity of the excited nuclear state [1]

E2/M1δ -0.35 mixing ratio of the E2/M1 transition [25]

Tα 4.0 total conversion coefficient [1]

)T s (mm -1-1|B|/ag
+0.011786 ground state magnetic coupling constant [1]

ge a/a  with hyperfine anomaly +8.6749 ratio of the excited to the ground nuclear state
giro-magnetic factors [1]

ξ 310 x 144 −− . interference term [20]

)s (mm Γ -1
0

0.935 natural line width [1]

(b) gQ +0.547 nuclear spectroscopic electric quadrupole
moment of the ground state (sign determined in

this work)
)a.u. s (mm 3-1α +0.0665(4) isomer shift calibration constant (this work)

4. Computational method and choice of compounds

One has to use a method being able to cope with the relativistic system of many electrons in
the crystalline matter. Hence, methods used in the atomic and/or molecular physics are to be
used with caution, as they might be unreliable particularly for systems containing conduction
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electrons. A time independent wave function describing system of many bodies cannot be
calculated directly, as it depends on too many variables. Fortunately, for the ground state
composed of identical fermions one can apply the Hohenberg-Kohn theorem [26] called a
density functional theorem (DFT) and saying that the energy of the ground state is a
functional of the spatial density of these fermions. This functional has minimum for the true
density in the ground state, and the density is unique for this state. Hence, a many body
problem is reduced to the single particle problem avoiding problems of the non-vanishing
commutator between the Hamiltonian and the number of particles for the relativistic states.
One has to remember that the above approach is going to break once having many anti-
fermions, other fermionic pairs and bosons in the ultra-relativistic systems. Fortunately there
are not heavy enough nuclei to bother about the electron-positron Feynman diagrams, the
latter being the major contribution to the excited vacuum states. The Hohenberg-Kohn
theorem leads to the Sham-Kohn equation [27]. The latter equation is formally identical with
the stationary Schrödinger equation. A self-consistent scalar field replaces potential. The latter
field is dependent on the electron density, external potential due to the nuclei and the
exchange-correlation energy. There are several methods to introduce exchange-correlation
energy. The reliable method for the isomer shift calibration is the generalized gradient
approximation (GGA) with the exchange-correlation energy depending on the density and
gradient of the density. The external potential due to the nuclei is introduced to the self-
consistent field in the Born-Oppenheimer approximation, i.e., under the assumption that
dynamics of the nuclei is much slower than dynamics of the electrons. Hence, the problem
could be solved self-consistently, i.e., in the iterative way minimizing energy of the ground
state. Some additional criteria could be applied as well, e.g. the charge neutrality over the
supercell in the present case. In order to perform calculations one has to choose some basal
functions, as the effective wave function is unknown. In principle any complete and
orthonormal set is fine, but the numerical considerations limit severely useful sets. The best
approach is to use plane waves in the interstitial regions and linear combinations of the
spherical harmonics inside spheres surrounding each nucleus – the so-called muffin tins.
Muffin tins cannot overlap, but the almost touching spheres are the best choice. Expansion
coefficients of the above linear combination are to be chosen in such way to assure smooth
joining of the sets on the surface of each muffin tin. The best choice is to calculate them in
terms of energy to the first order (linear) approximation. Such method is called linearized
augmented plane-wave method - FLAPW. In the context of the present investigation it is
important to use finite size nuclei (particularly resonant) in the homogeneous rigid sphere
approximation. The nuclear size has effect on the electron density in the vicinity of the
nucleus. Another point is the choice of the supercell in order to set periodic boundary
conditions. It has to follow symmetry of the particular compound. Hence, this method applies
basically to the ground state of the solid, and the crystal has to be ordered in order to define
precisely the supercell.

Calculations have been performed within DFT using the FLAPW and augmented plane wave
with local orbitals (APW+lo) methods as implemented in the WIEN2K code [8-10, 28]. Fully
relativistic spin dependent approach was used. The APW+lo extension was used for the
valence electrons. Muffin tin spheres were used around atomic positions with the radii MTR
adjusted individually to the particular structures and atoms. The muffin tin radii MTR  used in
the calculation fall in the range a.u. 502821 .. −  for Au  and a.u. 302721 .. −  for halide anions.
The muffin tin radius was set as a.u. 141.  for carbon and nitrogen, a.u. 502.  for potassium and

a.u. 502.  for manganese. The maximum angular momentum within the muffin tin spheres was
set to 10=maxl . For the interstitial regions plane waves with the cutoff )min(9 MTmax R/K =
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were chosen. The largest vector in the Fourier expansion was set as 21Ry 16 /
maxG = . The

APW+lo basis for 3 ,2 ,1 ,0=l  was applied. For higher angular momenta the standard
linearized APW expansion was used. States lying Ry 58.  below the Fermi level were treated
as the core states. Brillouin zones of insulators were sampled with 7020−  irreducible

points−k , while for metallic systems 286100−  irreducible points−k  were used per
Brillouin zone. The number of radial mesh points was kept at 781 . Correlation and exchange
potentials were treated within the GGA of Perdew, Burke and Ernzerhof (PBE) approximation
[29]. The effective nuclear charge radii were adopted according to the equation proposed by
Elton [7]. The latter amounts to fm 92860 .R =  for gold. It corresponds to the radius of the
homogeneously charged sphere 13131

0  0702  3522  1231 −− −+= A.A.A.R //  with the mass
number of 197=A  [7]. For other elements the same expression was used replacing the mass
number of Au197  by the integer nearest to the average mass number of the respective element.
The parameter 0R  represents effective nucleus represented by the homogeneously charged
sphere of the 0R  radius and having charge Ze . The electron density is calculated in the origin
of this sphere. Finite nuclear size has some effect for the resonant nuclei. We have used
electron densities obtained in the center of the resonant nucleus in order to avoid interpolation
between radial mesh points. The exact choice of the origin is important for the deep core
electrons, while it is less relevant for the electrons responsible for the chemical bonds. A
density of the latter electrons varies from one to another compound resulting in the isomer
shift. On the other hand, deep core electrons are almost independent of the chemical
environment. Lattice parameters and atomic positions were adopted from the experimental
data. The convergence criterion was set at 33 a.u. 10 /e− . The spin-orbit (SO) coupling was
neglected in all calculations as it has negligible effect on the electron charge distribution [13].
On the other hand, it may lead to some numerical instability in the iterative process.

Generally, gold in chemically stable insulators behaves either as monovalent +Au  or as
trivalent +3Au  cation. Less stable configurations are found as well ( −Au  [30], +2Au  [31] and

+5Au  [32]), but these compounds are rather poorly characterized. There are not very many
chemically stable gold compounds, and one has to choose well ordered compounds with the
uniquely defined gold site. On the other hand, one can make many alloys between gold and
some other metals. However, only few of them (binary systems) could be sufficiently ordered
to make intermetallic compounds with the unique gold site. Gold could be introduced into
many metallic hosts as very diluted impurity as well [22, 33].

Compounds used in calculations are listed in Table II. The cell parameters and atomic
positions were taken from the experimental data mainly obtained in the vicinity of the room
temperature. These parameters change insignificantly upon lowering temperature to the
ground state provided no structural phase transitions occur, as it is obeyed for the compounds
considered. All these compounds are non-magnetic except for the metallic system MnAu2

[34, 35]. Hence, calculations have been performed without setting up electron spin
polarization. For the MnAu2  we have performed either calculations without spin polarization
or with the spin polarization set in the ferromagnetic arrangement and without taking into
account the spin-orbit coupling as the latter has insignificant effect on the charge distribution
[13]. Both of these approaches yield almost the same results as far as the charge distribution is
concerned. The orientation of the ferromagnetic direction has no significant effect on the
charge distribution as well.
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Some attempts have been made to use gold impurities in various metallic hosts, however
results are relatively inconsistent, and therefore were excluded from further consideration.
Basically, there are twofold reasons for such effect. First of all, it is difficult to make
sufficiently large supercell to account for the high and random dilution, while the charge on
the gold impurity is very sensitive to other impurities even located far away. On the other
hand, many light hosts are unable to accommodate gold atom on the regular site without
significant lattice distortion leading probably to the creation of adjacent vacancies. Attempts
to relax Li  matrix [33] around the gold impurity without introducing further defects yield
negative phonon densities indicating the fundamental instability of such configuration [36].
For negative phonon densities one obtains automatically some imaginary phonon frequencies,
and hence unstable lattice. One cannot rely here on the atomic/molecular methods, as matrices
are metallic. On the other hand, it is hard to learn what kind of the local configuration
(including defects) was actually investigated experimentally.

Figure 1. Summary of the lattice
dynamics for metallic gold is
shown. The symbol h/xkB )(ν =
stands for the phonon frequency.
The mass change during nucleus
excitation has negligible effect on
the second order Doppler shift Dδ
and recoilless fraction f . Circular
dots represent ab initio calculated
DOS.
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Table II
Crystallographic data for compounds used in calculations. Lattice constants are given in Å

and angles are given in degrees.

Compound Cell parameters Atomic positions z y, x,
amdZ/I 14 AuCl

monovalent
8.699c ,7396ba === .  [37]

0.18 0.25, 0, (8e) Cl
0 0, 0, (8c)Au 

amdZ/I 14AuBr 
monovalent

2529c ,9406ba .. ===  [38]
0.18 0.25, 0, (8e)Br 

0 0, 0, (8c)Au 

ncm/P 24 AuI
monovalent

73013c ,3504ba .. ===  [39]
0.153 0.25, 0.25, (4e) I

0 0, 0, (4d)Au 

mmP6 AuCN
monovalent

0925c ,3963ba .. ===  [40]

0.642 0, 0, (1a) N
0.404 0, 0, (1a) C

0 0, 0, (1a)Au 

1121 AuCl3 c/P
trivalent

113.3β ,4406c 11.040,b ,5706a ==== ..  [41]

0.395 0.162, 0.820, (4e) Cl
0.509 0.169, 0.335, (4e) Cl
0.059 0.003, 0.258, (4e) Cl

0.2337 0.0868, 0.0415, (4e)Au 

1121 AuBr3 c/P
trivalent

7119β ,1058c ,41020b ,8316a .... ====  [37]

0.2892 0.2698, 0.3331, (4e)Br 
0.2940 0.3103, 0.8254, (4e)Br 
0.2985 0.1425, 0.9392, (4e)Br 
0.2486 0.0226,- 1.0245, (4e)Br 
0.2346 0.0604,- 0.5334, (4e)Br 

0.2639 0.1063, 0.4387, (4e)Br 
0.2850 0.2100, 0.6338, (4e)Au 
0.2596 0.0387, 0.7343, (4e)Au 

1121 KAuCl4 c/P
trivalent

795β ,16912c ,3506b ,6198a .... ====  [42]

0.06909 0.24381, 0.66787, (4e) Cl
0.16987 0.65392, 0.50661, (4e) Cl
0.18017 0.45301, 0.09697, (4e) Cl
0.04868 0.79495, 0.87162, (4e) Cl
0.31727 0.45331, 0.78687, (4e)K 

0 0.5, 0.5, (2d)Au 
0 0.5, 0, (2c)Au 

1121 KAuBr4 c/P
trivalent

996β 12.800,c ,6486b ,0319a ... ====  [43]

0.07207 0.2664,- 0.6635, (4e)Br 
0.17070 0.1517, 0.5056, (4e)Br 

0.18234 0.0538,- 0.09492, (4e)Br 
0.04766 0.2934, 0.13341,- (4e)Br 

0.1813 0.4492, 0.2128, (4e)K 
0 0, 0.5, (2b)Au 

0 0, 0, (2a)Au 

mmm/I 4 AuMn2

metallic
8.539c ,3283ba === .  [44]

0.333 0, 0, (4e)Mn 
0 0, 0, (2a)Au 

mmm/I 4Mn Au2

metallic-magnetic
8.750c ,3703ba === .  [45]

0.338 0, 0, (4e)Au 
0 0, 0, (2a)Mn 

mFm3Au 
metallic

0804a .=
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Lattice dynamics has been investigated for metallic gold. The lattice has been relaxed to the
energy minimum in the ground state, and afterwards Hellman-Feynman forces have been
calculated as the energy gradients upon displacement of the gold atom from the equilibrium
position. The amplitude of the displacement was set to 0.03 Å, These forces were used to
generate phonon dispersion relations and subsequently PDOS was calculated [36]. One has to
notice that metallic gold is cubic, mono-atomic and contains single isotope. Hence, PDOS is
simply a density of the phonon states (DOS) here. Results are shown in Figure 1. It is clear
that SOD could be neglected, while attempting to calibrate the isomer shift for gold. One has
to note that SOD is completely insensitive to the details of DOS, as the classical limit does not
depend on DOS in contrast to the classical limit of the recoilless fraction (see Figure 1).

5. Results and discussion

Essential results are summarized in Table III while Figure 2 shows plot of the isomer shift
(relative to the metallic gold) versus difference in the electron density on the gold nucleus
within particular compound and metallic gold, respectively. All compounds including metallic
gold are considered as absorbers.

Table III
Electron densities and EFG parameters (where appropriate) obtained in calculations. The
symbol Aρ  stands for the calculated electron density, while the symbol Auρ  denotes electron
density for the metallic gold, the latter found as 3

Au a.u. 1702628115 −=ρ . . Symbols AS  and

AuS  denote experimental shift for the material investigated and for the metallic gold,
respectively. Finally, the symbol exp∆  stands for the experimental quadrupole splitting with
the sign given for the MnAu2 , where the transferred magnetic hyperfine field allows
unambiguous determination of the EFG principal component sign [34]. The sign of the exp∆
splitting has been determined experimentally for the AuCN  as well basing on the single
crystal spectra [46]. It has been accepted that metallic gold close to the ground state has total
shift mm/s 231.S −=  with respect to the platinum source kept close to the ground state as
well [20].

Compound )(a.u. 3
Au

−ρ−ρA (mm/s) AuSS A − )Vm (10 -221
zzV  η (mm/s) exp∆

AuCl 4.720 0.03(20) [47] -33.850 0.12 4.3(4) [48]
AuBr 9.160 -0.15(10) [48] -37.255 0.01 4.1(2) [48]
AuI 7.965 -0.09(3) [47] -31.814 0.28 3.8(2) [48]

AuCN 54.195 3.60(2) [47] -76.682 0 -8.39(2) [47]
3AuCl 18.966 1.60(15) [48] -10.239 0.74

3AuBr 18.408 1.41(10) [47] +10.833 0.40 1.8(2) [47]

4KAuCl 20.894 1.59(20) [48] +15.936 0.10

4KAuBr 21.342 1.38(15) [48] +17.411 0.20

2AuMn 61.975 5.16(1) [35] -18.258 0 2.32(1) [35]
MnAu2 33.538 2.73(5) [35] -5.964 0 -1.45(1) [35]

Au 0 0
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The linear regression fit of the form Axy =  with A  being the adjustable parameter yields the
following calibration constant 3-1 a.u. s mm )4(06650.+=α . Gold mono-halides have been
excluded from the linear regression fit as they show systematically too low shift. In our
opinion, the reason for such behavior might be on the experimental side, but it is impossible
to give reliable explanation of this effect at this moment. Gold-manganese compounds have
been excluded as well, as they show too high shifts. Here the reason for such behavior might
be due to the imperfect ordering of these metallic systems in the real experimental situation.
The error quoted above ( 3-1 a.u. s mm 00040. ) for the calibration constant is the pure error of
the linear regression fitting procedure including errors of the experimental points. The real
error is much larger, of course, due to the various approximations used and systematic errors
of the experimental data. It is of the order of about % 10  at most, in our opinion. The positive
sign of the calibration constant is consistent with the previous rough estimations [22].

Figure 2. Plot of the relative
isomer shift AuSS A −  versus
relative electron density

Auρ−ρA . Data points marked
by rectangles have been
excluded from the linear
regression fit.

Figure 3. Experimental qua-
drupole splitting || exp∆  plotted

versus 31  2 /|V| zz η+ . Data
points marked by rectangles
have been excluded from the
linear regression fit.

Figure 3 shows experimental quadrupole splitting || exp∆  plotted versus 31  2 /|V| zz η+ . The
linear regression fit to these data of the same form as used for determination of the isomer
shift calibration constant yields the following spectroscopic electric quadrupole moment for
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the ground state of the Au197  nucleus b )1(5660.Qg += . Above fit is unable to determine the
sign of the quadrupole moment, but this sign is inferred from the magnetically perturbed
spectra of MnAu2  [34]. The error quoted above ( b 0010. ) is the error of the linear regression
fit, while the real error might be as large as % 10  due to the experimental data uncertainty and
various approximations used.

The data point for MnAu2  has been excluded from the fit as this metallic system might
exhibit some disorder, and the experimental data have been extracted from highly perturbed
by the hyperfine field spectrum. The same kind of disorder might occur for 2AuMn , but the
latter system does not order magnetically, and hence data are more reliable. The compound

3AuBr  has been excluded as well as it is characterized by relatively large unit cell, where
some defects might occur and remain unaccounted for. Such defects would have negligible
influence on the charge density in the insulator, but are likely to perturb the quadrupole
interaction.

The effect of the muffin tin radii choice on the calibration constant has been investigated for
metallic gold varying muffin tin radius within extremes used in calculations for all
compounds. It was found that decreasing muffin tin radius for the gold from a.u. 502.  (value
adopted for metallic gold) to a.u. 821.  (value used for AuCN ) leads to the decrease of the
electron density on the gold nucleus by 3a.u. 8402 −. . This is within the expected error of about

% 10 .

The MnAu2  intermetallic compound exhibits exceptionally high magnetic transferred field
on the gold nucleus [34, 35]. The EFG is axially symmetric for this compound and the main
component of the electric field gradient is co-axial with the tetragonal axis of the chemical
unit cell. On the other hand, manganese magnetic moments make spiral having
incommensurate period with the lattice constant and lie in the plane perpendicular to the
tetragonal axis [35]. We have simulated random absorber spectra by means of the
transmission integral method for the platinum source and the above compound kept both at
liquid helium temperature. The following parameters were used: 1870./f S =λ , 01.tA = ,

0Γ=Γ=Γ AS , T 9158.B = , mm/s 591.S =  and 2/π=β . Remaining parameters were set
according to the Table I. Here the symbol Sf  stands for the recoilless fraction of the platinum
source and 1≥λ  stands for the ratio of the total count-rate in the selected window to the
count-rate due to the nuclear transition investigated. It was assumed that 011.=λ . This is
typical value while applying high quality Ge-detector of the good energy resolution and
capable to accept high total count-rate. The symbol At  denotes resonant dimensionless
absorber thickness. The source half-width is denoted by SΓ , while the absorber half-width by

AΓ . The symbol S  stands for the total spectral shift. The electric quadrupole coupling
constant was set either as mm/s 240.AQ +=  or as mm/s 240.AQ −= . Spectra are shown in
Figure 4. Comparison with the experimental spectrum [34] shows that negative quadrupole
coupling constant has to be chosen in order to reproduce the experimental spectrum. Positive
constant leads to the very large discrepancy with the experimental spectrum shape. Our
calculated value for zzV  is negative as well for this compound, and hence one can conclude
that the quadrupole moment gQ  is positive in the ground state of the gold nucleus in
accordance with the previous findings [22].
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Figure 4. Simulated spectra for the MnAu2  compound.

It has been claimed that the EFG tensor on gold in the non-magnetic AuI  is described by the
positive coupling constant mm/s 590.AQ +=  and the asymmetry parameter 800.=η  [49].
Our results indicate that the principal component of the EFG is negative here with the
asymmetry parameter 280.=η . Above claims were based upon measurements performed for
the platinum source and random absorber both kept at liquid helium temperature. An external
field resulting in the T 59.B =  field on the gold nucleus was applied co-axially with the
radiation beam. In order to check this claim we have performed simulation of the spectra
using the following parameters: 18 polar times 36 azimuthal angle grid over the full unit
sphere (every ten degrees in “latitude” and “longitude”), 60.tA =  (the same value as reported
in Ref. 49) and mm/s 191.S −= . Remaining parameters were set as in Table I or as-used for
the MnAu2  spectrum. The coupling constant for the 280.=η  case was calculated basing on
the quadrupole splitting reported in Ref. 49 as mm/s 640.AQ −=  in accordance with the zzV
sign found by us. We have used the same ratio ge a/a  as for the transferred fields as the
hyperfine anomaly for this transition has not been determined (it is small enough to has no
effect on the basic conclusions) [23]. Results are shown in Figure 5 for the fields T 59.B =
and T 95=B . It is assumed that the external magnetic field acting on the source is negligible.
It is clear that the field applied during this experiment was much too small and one needs
about an order of magnitude higher field to distinguish these two cases. Such high external
stationary fields are not available currently. Hence, we conclude that claims made in Ref. 49
are meaningless. All spectra simulations were performed by means of the MOSGRAF system
[50]. In our opinion reliable experimental data for the AuI  compound could be obtained by
means of the nuclear quadrupole resonance method applied to the gold nucleus, thanks to the
fact, that the quadrupole interaction occurs in the ground state of the stable nucleus. One has
to use the single crystal and perturbing field of the few T  in order to have as sharp lines as
possible.
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Figure 5. Simulated spectra for the AuI  compound in the external fields.

The quadrupole moment of the gold nucleus has been measured several times in the past.
Early estimates gave b 560.+  [22]. Later on, it has been measured by the molecular beam
method [24] ( b 590.+ ), and the accepted value of b 5470.  has been established from the
muonic hyperfine spectra [51]. Recently, ab initio calculations by Belpassi et al. [52]
performed on some gold containing molecules yielded somewhat lower value of b 5100. . Our
result is in fair agreement with the accepted muonic data results, as the deviation is of the
order of % 3 . Optical hyperfine structure gives similar result b )10(5940.Qg =  [53]. Hence,
the calculations reproduced quite well the experimental value for the quadrupole moment.
Usually the electric field gradient is more sensitive to flaws than the electron density as it is
based on the second derivatives of the density. Unfortunately, there is nothing reliable to
compare the isomer shift calibration constant with. Some calculations have been performed
for the series of the gold-aluminum intermetallics [54], but those compounds have multiple
gold positions and relatively high disorder. No details of the calculations have been given and
the calibration constant had not been explicitly determined. It seems to be about one half of
our value.

In order to look upon reliability of the results additional set of calculations has been
performed upon having relaxed all relevant atomic positions (see Table II). The relaxations
were carried out until the forces acting on atoms were less than 0.03 eV/Å. Usually positions
have changed on the second or third decimal place. The same set of compounds was used to
estimate the calibration constant and the quadrupole moment except for the MnAu2 , the latter
being included in the estimation of the calibration constant. It has been found that

3-1 a.u. s mm (4)07770.R +=α  and b (3)6400)( .Q R
g += . In our feeling the last set of parameters

is less reliable than the previous one as the quadrupole moment deviates more from the
accepted experimental value [51]. One has to note that the electric field gradient used to
calculate the quadrupole moment is much more sensitive to the atomic positions than the
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electron density on the resonant nucleus, the latter applied to calculate the isomer shift
calibration constant.
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