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Hyperfine-structure constants for the 6s 2S1/2 and 6p 2P1/2 atomic states of the Iπ = 11/2– gold isomers
177, 191, 193, 195
Aum have been measured at CERN-ISOLDE, using the in-source laser resonance-ionization
spectroscopy technique. From the measured hyperfine constants the differences between hyperfine anomalies for
these atomic states have been deduced. These differential hyperfine anomaly values have been used to determine the
6s-state hyperfine anomaly relative to the stable 197Au with advanced atomic calculations. Magnetic dipole moments
for the gold isomers in question have been deduced, taking into account the corresponding relative hyperfineanomaly values. It has been shown that the commonly used prescription for the extraction of the magnetic moment
values for the gold isotopes should be reconsidered. The magnetic moments calculated by this prescription have
been reevaluated by properly accounting for the hyperfine anomaly, which is as large as 10% for several gold
isotopes.

I. INTRODUCTION
The magnetic dipole moment, μA, for a nucleus of mass number A and with a spin I, can be
calculated using the following expression:
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μ A = μ ref

I A aA
,
I ref aref

(1)

where a is a magnetic hyperfine constant and the subscript “ref” denotes a reference isotope with
known μ and a values.
However, Eq. (1) is based on a point-like approximation for the charge and magnetization in
the nucleus. The finite size of the nucleus leads to the deviation of the hyperfine constant from
the point-like value apt. Correspondingly, two parameters δ and ε were introduced to account for
the charge and magnetization distribution within the finite-size nucleus. They are called the
“Breit-Rosenthal” (BR) hyperfine anomaly (HFA) [1, 2] and “Bohr-Weisskopf” (BW) hyperfine
anomaly [3], respectively. In order to account for these two effects, the hyperfine constant a
should be expressed as:

a = ap t (1 + δ )(1 + ε ) ,

(2)

where δ and ε are small compared to unity. These corrections are isotope dependent and can be
experimentally observed as small deviations of the a-factor ratios between different isotopes
from the ratios of their magnetic moments. This deviation, known as a relative hyperfine
anomaly (RHFA), is given by:
ref

ΔA ≡

aref μA Iref
−1 =
aA IA μref

ref

A
A
ΔBW
+ ref ΔBR
≈ (εref − ε A ) + (δref − δ A ) .

(3)

A+ 2
≈ 10−4 in the gold
For heavy atoms ΔBR is expected to be negligible compared to ΔBW ( A ΔBR
region [4] whereas in all cases relevant to the present work ΔBW ≥ 10-2 [see below]). Accordingly,
in the following discussion we will ignore the ΔBR contribution to the RHFA.
Equation (1) needs to be modified to account for the finite size of the nucleus:

μ A = μ ref ⋅

I A aA
I
a
⋅
⋅ (1 + ref Δ A ) ≈ μ ref ⋅ A ⋅ A ⋅ (1 + ε ref − ε A ) .
I ref aref
I ref aref

(4)

In order to determine the RHFA from Eq. (3) one should have independent values for the
nuclear magnetic moments µ and a constants of the pair of isotopes under study, measured with
high precision. Therefore, the available RFHA data are restricted mainly to stable and long-lived
nuclei [5].
The lack of systematic experimental data for RHFA far from stability hampers the
development of a theoretical analysis of this important nuclear observable, which is sensitive to
the nuclear configuration [6]. One of the aims of the present study is to extend our knowledge of
RHFA to short-lived isotopes, by the application of the method proposed in Refs. [7, 8] in
combination with advanced atomic calculations (see details in Sec. III and V below).
Experimentally measured RHFA values, ref Δ A , are usually within the range of 10-2–10-4 [5].
For short-lived nuclei, ref Δ A in Eq. (4) is typically neglected and the uncertainty of the extracted
magnetic moments is increased by ≈ 1%. In most cases this approach is acceptable in view of the
experimental uncertainties and nuclear physics inferences.
However, there is a marked exception in gold isotopes, where 197 Δ198 = 8.53(8) % was
reported in Ref. [9] (see also the large RHFA of the order of 3% in silver isotopes [5]). Such a
large anomaly demands the estimation of the RHFA in order to obtain reliable magnetic moment
values for gold isotopes far from stability. Ekström et al. [9] proposed a procedure (referred to as
the standard prescription in the following text) to account for the large RHFA in gold isotopes,
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which was used in all subsequent works devoted to hyperfine-structure (hfs) measurements in
gold isotopes. However, this procedure is not well grounded, as will be shown in Sec. II of the
present study. Instead of using the standard prescription, we have determined the magnetic
moment values by Eq. (4) owing to the measurement of the RHFA for the gold isotopes in
question.
The investigation presented in this paper is part of an experimental campaign at the ISOLDE
facility (CERN) aimed at nuclear decay- and laser-spectroscopy studies of the neutron-deficient
gold isotopes. Partial results for 177, 179Au were reported in Ref. [10]. In the present work we
report the study of the hyperfine structure of the Iπ = 11/2– isomers in the 177, 191, 193, 195Au
isotopes. With the RHFAs determined in the present work for the first time, reliable magnetic
moments for the selected gold isomers have been derived and some of the previously determined
values have been reconsidered. The deduced magnetic moments have enabled us to trace the
evolution of the g factor (g = µ/I) for the πh11/2 orbital from N = 82 to N = 126.
II. THE STANDARD PROCEDURE TO ACCOUNT FOR RHFA FOR GOLD
ISOTOPES (“STANDARD PRESCRIPTION”)

C. Ekström et al. [9] proposed a procedure to evaluate the magnetic moments from the
measured magnetic hyperfine constants a in gold isotopes. This procedure is based on the
empirical Moskowitz-Lombardi (ML) rule [11] which was successfully applied to odd-neutron
mercury isotopes (A = 193–203). It was found that the experimental RHFA data for a number of
the mercury isotopes, including the neutron shell-model states p1/2, p3/2, f5/2 and i13/2, are well
reproduced by the simple relation (neglecting the BR anomaly) [11]:

ε=

±α

μ

, I =l±

1
,
2

(5)

where l is the orbital momentum and α is a constant (α = 0.01) independent of the nuclear state.
This empirical approach was justified theoretically by T. Fujita and A. Arima [6]. They
showed that the HFA may be presented in the following form:

ε = c1 +

α
.
μ

(6)

For mercury isotopes c1 ≈ 0.01 and α = ±0.012 [6]. According to Ref. [6] the constants c1 and
α are strongly state dependent in contrast to the ML rule. Due to the similarity of the α values
and the cancellation of the c1 term in the expression for the RHFA [εref – εA, Eq. (3)], the use of
Eq. (5) or (6) gives nearly identical results for the RHFA, whereas absolute HFA values (εA) are
different due to the presence of the additional c1 term in the theoretical relation. It is impossible
to confirm or disprove the necessity of this term experimentally, since only the difference
between HFA values (RHFA) can be measured.
The ML rule (with α = 0.012) also holds true for 196–199Au [9]. Using Eq. (5), Ekström et al.
deduced an absolute value of ε197 = 8.21% for the HFA of 197Au [9]. A calculation of the quantity
aptI/µ using Eq. (2) with this absolute HFA value gives aptI/µ = 29005 MHz/µN. Correspondingly,
the standard prescription for extracting the magnetic moment value from the measured hfs
constant of the gold isotope is

μ=

aI
0.012
, I = l ± 1/ 2
± 0.012 μN , ε = m
29005
μ

for single-particle shell-model states in even-N gold isotopes and

(7)
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μA =

aA I A
29005(1 + ε A )

(8)

in general case. The derivation of Eqs. (7) and (8) is given in detail in Ref. [9]. Since εA values
for the radioactive gold isotopes are unknown, one usually omits it in Eq. (8), while the
experimental error accounts for its uncertainty: |εA| < 0.012/|μ| for odd-even nuclei and |εA| <
0.024/|μ| for odd-odd isotopes [9, 12]. Note that this uncertainty estimation is also based on the
ML rule [9, 12].
However, there are several not well justified assumptions which underlie the standard
prescription.
1. There is an indeterminacy in the absolute value of ε197. Reasonable assumptions regarding
the value of c1 in Eq. (6) [6] lead to an additional 2% uncertainty in the apt/g ratio and,
correspondingly, in associated μ values. One should also take into account the uncertainty
in εA when using Eq. (8) instead of Eq. (7), which leads to an additional uncertainty of the
order of 2% in the μ value.
2. The standard prescription is based on the ML rule. However, it was shown that this rule is
not universal and one should take care with its application [13, 14, 15].
Thus, the μ values and their uncertainties obtained by the standard prescription are unreliable
and it is necessary to find another procedure to account for the large RHFA in gold isotopes. In
the present work such a procedure has been applied. The hfs parameters of the Iπ = 11/2– gold
isomers 177, 191, 193, 195Aum, measured in the present work, have been analyzed and the respective
RHFA values have been obtained using the results of the atomic calculations. In the Appendix
the same procedure has been applied for some previously studied gold isotopes.
III. DIFFERENTIAL HYPERFINE ANOMALY AND A PROCEDURE FOR RHFA
EXTRACTION

The hyperfine anomaly reveals itself in the change in the ratio of the magnetic hfs constants
for different atomic states with quantum numbers n1l1 and n2l2. This ratio, anA1l1 / anA2l2 , depends on
the atomic mass number A, because different atomic states differ in sensitivity to the nuclear
magnetization distribution. This change can be related to the difference of the corresponding
RHFA values by introducing differential HFA (DHFA):
A1
n1l1

Δ

A2
n2l2

≡

(anA11l1 / anA21l2 )
(anA12l1 / anA22l2 )

−1 =

1 + A1 Δ A2 (n1l1 )
− 1 ≈ A1 Δ A2 (n1l1 ) − A1 Δ A2 (n2l2 ) .
1 + A1 Δ A2 (n2l2 )

(9)

It was shown in Refs. [3, 16 ] that the BW anomaly may be represented in the single-particle
nuclear shell model and one-electron approximation as the product of two factors, one of them
being dependent only on the atomic structure, the second being dependent only on the nuclear
properties. This atomic-nuclear factorization was confirmed in Refs. [6, 17, 18], where morerefined atomic and nuclear models were used.
Due to this atomic-nuclear factorization, the ratio
A1 A2
Δ (n l )
ηn1l1 , n2l2 ≡ A1 A2 1 1
(10)
Δ (n2l2 )
should be independent of A and is determined solely by the electronic wave function. The factor
η can be determined experimentally for stable or long-lived nuclei where independent values of
the magnetic moments are available. When the corresponding data are missing, this factor can be
calculated by using advanced atomic approaches. With a known η factor, the RHFA value
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needed for the magnetic moment evaluation [see Eq. (4)] is easily deduced from the measured
DHFA
A1

Δ (n1l1 ) =
A2

A1
n1l1

Δ nA22l2

1/ η n1l1 , n2l2 − 1 − n1Al11 Δ nA22l2

.

(11)

To summarize, it is possible to determine the RHFA without having independent
measurements of magnetic moments, by measuring magnetic hyperfine constants for different
atomic levels and deducing the corresponding η factor by either atomic calculations or (if
possible) from the hfs measurements for isotopes with a known RHFA.
This approach was first implemented for the gallium isotopes [7] (see also more general
considerations on using DHFA for anomaly analysis in Ref. [8]). Subsequently, the same
procedure was applied for thallium [14] and bismuth [19] nuclei. It is worth to emphasize, that in
this way one can determine the RHFA for nuclei far from stability. Thus, this procedure allows
us to gain insight into how the nuclear magnetization distribution of ground and isomeric states
changes from one isotope to another.
IV. EXPERIMENTAL DETAILS

The present data originate from the same experiment as described in Ref. [10]. The gold
nuclei were produced in spallation reactions induced by the 1.4-GeV proton beam from the
CERN PS Booster, impinging on a 50 g cm–2 thick UCx target. The reaction products diffused
out of the high temperature target (T ≈ 2500 K) and effused as neutral atoms into the hot cavity
of the ion source. Inside the cavity, the gold atoms were selectively ionized by the ISOLDE
Resonance Ionization Laser Ion Source installation (RILIS) [20, 21], with the laser beams
frequency tuned to the three-step gold ionization scheme [22]. The ions were then extracted from
the cavity using a 30-kV electrostatic potential and separated according to their mass-to-charge
ratio by the General Purpose Separator of ISOLDE [23].
The mass-separated beam was then delivered to either the ISOLTRAP Multi-Reflection Timeof-Flight Mass Spectrometer (MR-ToF MS) [24] or the Windmill (WM) decay station [25, 26],
for photoion monitoring during wavelength scans. Details of the scanning procedures can be
found in Refs. [25, 26]. The hfs measurements were made upon the 267.7-nm atomic transition
in gold (6s 2S1/2 → 6p 2P1/2), by scanning a frequency-tripled titanium sapphire laser in a
narrowband mode (bandwidth of ≈ 600 MHz before tripling). Two broadband dye lasers
(bandwidth of ≈ 20 GHz) were used for the second and third excitation steps. Examples of the
experimental hfs spectra for the studied Iπ = 11/2– gold isomers are shown in Fig. 1.
The positions of the hyperfine components as a function of the scanning laser frequency are
determined by the formula:

ν F , F ′ = ν 0 + a6 p

K′
K
− a6 s ,
2
2

(12)

where ν0 is the centroid frequency of the hfs, the prime symbol denotes the upper level of the
atomic transition, K = F(F+1) − I(I+1) − J(J+1), F is the total angular momentum of the atomic
level, I and J are the nuclear spin and the angular momentum for the electronic state, respectively,
and anl is the magnetic hyperfine coupling constant for the atomic level with the quantum
numbers n and l. For brevity throughout the paper indices 6s and 6p will be related to the 6s 2S1/2
and 6p 2P1/2 states, respectively.
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FIG. 1. The hfs spectra of selected Au isomers. The half-life and the method of the photoion current monitoring are
shown for each isomer. The solid lines depict the Voigt-profile fit to the data. The zero point on the frequency scale
corresponds to a wave number of 37358.90 cm−1.

In Table I the experimental hfs constants, a6s, and a-constants ratios for the 11/2– gold isomers
are presented along with the DHFA values 6A1s Δ 6A2p , calculated by Eq. (9). To convert the latter to
RHFA one should know the η6 s , 6 p factor [see Eq. (11)]. Unfortunately, there are no experimental
data on a6As / a6Ap for 196, 198, 199Au where the RHFA values were determined independently.
Therefore it is impossible to deduce a pure experimental value of the η6 s , 6 p factor. Accordingly,
we used advanced atomic calculations to determine its value.
TABLE I. Experimental results for 11/2– gold isomers.
197 A
(a6Ap / a6As )
(%)
a6s (MHz)
A
6s Δ6 p
177
189
191
193
195
a

33414(34)
32625(42)a
32427(20)
32391(30)
32403(46)

0.1142(9)
0.1122(11)a
0.1145(9)
0.1141(7)
0.1141(9)

-7.7(8)
-6.0(10)
-7.9(8)
-7.6(6)
-7.5(8)

Reference [12].

V. CALCULATION OF THE RHFA-VALUES RATIO

For completeness, both BR and BW anomalies in gold atom were calculated, although the
contribution of the former to RHFA is much less than the contribution of the latter.
According to Refs. [27, 28], the BR correction can be presented in the following form:
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δ = bN ( RC / λC )χ , χ = 2 1 − (α Z )2 − 1 ,

(13)

where λC is the Compton wavelength of the electron λC = ħ/(mec), α is the fine structure constant,
Z is a nuclear charge, RC is a nuclear charge radius in the homogeneously charged ball
approximation and bN is a dimensionless parameter (we use atomic units ħ = e = me = 1
throughout this section).
Keeping in mind the atomic-nuclear factorization approximation (see Sec. III), the BW
correction can be presented by the similar relation [27, 28]:

ε = bM dnuc ( RM / λC )χ ,

(14)

where RM is a nuclear magnetization radius, parameter dnuc takes into account the change of the
nuclear magnetization distribution for nuclear states with different spins and configurations and
bM is a dimensionless parameter. In the case of a pure shell-model configuration, the parameter
dnuc can be calculated in the framework of the single-particle shell model [29]. This nuclear
factor is defined so that dnuc = 0 corresponds to a point-like magnetic dipole in the center of the
nucleus and dnuc = 1 corresponds to a homogeneously magnetized ball of radius RM.
The magnetic hfs constant a can be calculated at different values of RC and RM. The
dependences of a on RC and RM give parameters bN and bM in accordance with Eqs. (2), (13), and
(14).
The magnetic hfs constants were calculated for several low-lying levels in the gold atom. We
treated gold as a system with one valence electron above the core [1s2 … 5p64f145d10], therefore,
we did not consider levels which correspond to excitations from the 5d shell. We used manybody perturbation theory (MBPT) and coupled cluster (CC) approximations on top of the
Hartree-Fock-Dirac method (DHF) [30, 31, 32, 33]. Correlation corrections to the hyperfine
interaction vertex were included within the random phase approximation (RPA) with self-energy
correction [34] and structural radiation correction [35]. The results of the calculations by
different methods are presented in Table II.
TABLE II. Results of calculations for the 6s 2S1/2 and 6p 2P1/2 levels of gold atom
Method
DHF
RPA
RPA+MBPT
RPA+CC

6s1/2
bN
1.273
1.213
1.204
1.118

6p1/2
bM
0.243
0.241
0.238
0.238

bN
0.340
0.324
0.254
0.236

bM
0.065
0.056
0.059
0.058

η6s, 6p
3.73
4.31
4.05
4.08

Using the calculated bN value, we estimated BR contribution to RHFA for the most neutron−3
deficient nucleus in question, 177Aum, by Eq. (13): 197 Δ177
BR ≈ 10 . For heavier nuclei the BR
correction is even smaller [see Eq. (13)]. This result substantiates the neglect of the BR anomaly
when considering RHFA for gold nuclei.
As a final value for the η6s, 6p factor in gold we adopted the mean value of the results obtained
in the frameworks of the different approximations (see column 6 of Table II) with the uncertainty
covering the dispersion of these results: η6s, 6p = 4.0(3).
To check the method of calculation, we compare the experimental and theoretical η values for
thallium. In Ref. [36] the hfs constant a(7s) was measured for 203, 205Tl with high accuracy.
Combining these results with the data from Refs. [37, 38] one obtains: η7s, 6p(Tl) = 2.84(78). This
experimental value matches well the result of the theoretical calculation, identical to that used in
the present work: η7s, 6p(Tl) = 3.0(3).
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VI. HYPERFINE ANOMALY IN 11/2– GOLD ISOMERS

In Table III and Fig. 2 the RHFA values for the selected Iπ = 11/2– gold isomers are presented.
The hyperfine structure of 189Aum was not measured in the present work and 197ΔA(6s) value for
189
Aum was calculated using the data from Ref. [12]. One can see that the 197ΔA(6s) value for
177, 191, 193, 195
Aum is constant within uncertainties. However the value for 189Aum differs by just
over 1.5σ, although there are no peculiarities in its nuclear structure compared to other Iπ = 11/2–
gold isomers, which could explain this deviation. Correspondingly, 197Δ189m(6s) was not taken
into account in the calculations of the mean value of the RHFA for the Iπ = 11/2– gold isomers.
This weighted mean value, 197Δ(I = 11/2)(6s) = 0.1134(58), was used to deduce magnetic moments
by Eq. (4) (see column 4 in Table III).
Having experimental values of RHFA, one can check the applicability of the ML rule.
According to Eq. (5), 197Δ191m(6s; ML) = 0.084. Thus, the ML rule markedly underestimates the
RHFA for the 11/2– gold isomers. This is clearly seen from the comparison of the magnetic
moments calculated by the standard prescription and those deduced by Eq. (4) (see Table III).
In view of the failure of the ML rule in the RHFA description of the 11/2– gold isomers, the
application of this rule (and, in particular, the standard prescription) to account for the hyperfine
anomaly in isotopes of gold becomes questionable. Thus, nearly all previously derived magnetic
moments in gold nuclei should be recalculated with correct accounting of the RHFA or, at least,
the corresponding uncertainties should be revised (see Appendix).

FIG. 2. Relative hyperfine anomaly for 11/2– gold isomers. Squares — present work, triangle (A = 189) — RHFA
calculated by Eqs. (9)–(11) with the data from Ref. [12]. Lines — weighted mean value for A = 177, 191, 193, 195
with the corresponding error bars.

Magnetic moments of the high-spin gold isomers were measured previously by the method of
nuclear magnetic resonance on oriented nuclei (NMR/ON; see Table III). The NMR/ON method
relies upon the precise determination of the magnetic hyperfine splitting of radioactive nuclei in
a ferromagnetic host lattice. To extract the magnetic moment, one should know the effective
magnetic field Bhf seen by a nucleus embedded in a ferromagnetic host. This field depends on the
nuclear magnetization distribution over the nuclear volume, which leads to a “NMR/ON”
hyperfine anomaly. This anomaly is not equal to the hfs anomaly, due to the noncontact
hyperfine field which should be taken into account in the NMR/ON experiments. The difference
between these anomalies is believed to be small (≈10% according to the estimation in Refs. [39,
40]), and to determine Bhf and thus the magnetic moments, the RHFA correction was taken into
account in the corresponding publications. In Ref. [39] the 198Δ195m(6s) value was empirically
estimated using the ML rule, Eisinger and Jaccarino calculations [41], and strong assumptions on
the nuclear configuration in 198Au. The result, 198Δ195m(6s)emp = 0.004(15), differs noticeably
from the value obtained by combining experimental values of 197Δ198(6s) [9] and 197Δ(I = 11/2)(6s):
198 195m
Δ (6s)expt = 197Δ(I = 11/2)(6s)expt – 197Δ198(6s)expt = 0.028(6). This means that even when
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assuming equal “NMR/ON” and hfs anomalies, the results and uncertainties of the NMR/ON
measurements for the high-spin gold isomers should be reconsidered.
TABLE III. RHFA, 197ΔA(6s), and magnetic moments for Iπ = 11/2– gold isomers.
A

197

ΔA(6s) (%)

μ (μN)a

μ (μN)b

177
189

11.4(14)
8.6(16)

6.418(37)
6.267(37)

6.348(6)
6.198(8)

191
193
195

11.7(14)
11.2(11)
11.2(14)

6.228(36)
6.222(36)
6.218(37)

6.160(6)
6.154(6)
6.150(9)

μ (μN)c, literature

References,
methods

6.17(15)
6.186(20)d
6.6(6)
6.18(9)
6.18(9)

[42], NMR/ON
[12], hfs
[43], NO
[44], NMR/ON
[39], NMR/ON

a

Calculated by Eq. (4) at 197Δ(I = 11/2)(6s) = 0.1134(58).
Calculated by Eq. (7) (the standard prescription). Note, that the uncertainties do not include contribution from the
indeterminacies of the standard prescription (≈ 4%; see text for details).
c
Note, that the NMR/ON results should be reconsidered (see text).
d
Calculated by Eq. (8) with εA = 0 and the increase of the uncertainty by 0.012μN.
b

VII. MAGNETIC MOMENTS OF THE πh11/2 STATES AT 82 ≤ N < 126

In Fig. 3 the systematics of the g factors of the πh11/2 states is presented. Along with the values
for gold isomers determined in the present work, the experimental data for iridium ([44, 45, 46]
and references therein), europium [47], holmium [48], thulium [49], gadolinium [50], and
thallium [51] are shown. In the cases of 144Gd and 205Tl, g(πh11/2) values were derived from the
measured g factors for Iπ = 10+ (h11/2)2 and Iπ = 25/2+ (7– ⊗ h11/2) states, respectively [50, 51].
Thus, we have unique systematics of the single-particle g factors, spanning the whole range
between magic neutron numbers, N = 82 and N = 126.

FIG. 3. g factors of the πh11/2 states. The parabolic-type curves are to guide the eye.

For such a wide range of proton number (from Z = 64 to Z = 81), the g(πh11/2) values display a
very regular N dependence: Starting from the maximal value at the magic number N = 82, it
steeply decreases with the increase of N, approaching a constant value at N > 110. The value for
205
Tl demonstrates an increase to higher values, similar to those close to N = 82, although the g

10
factor for the πh11/2 state in 205Tl was deduced by the additivity relation rather than measured
directly [51].
Such a behavior can be explained by the evolution of the first-order core-polarization
correction (CP1) to the magnetic moment value [52] due to νf7/2 → νf5/2 core excitations [47].
The occupation of the νf7/2 orbital starts at N = 82 and increases with increasing N, resulting in an
enhancement of the core polarization and corresponding decrease of the magnetic moment. After
the complete filling of the νf7/2 orbital the CP1 correction and g factor remain constant until the
start of the νf5/2-orbital filling at N = 118. The population of this orbital leads to a blocking of the
states available for the νf7/2 → νf5/2 excitations and, correspondingly, to a decrease in the CP1
correction for g(πh11/2).
The existing data support this qualitative interpretation. To substantiate these claims it is
important to fill the gaps in the g(πh11/2) systematics, namely, to measure magnetic moments for
the long-lived 11/2– states in 167–173, 193–197Ir90–96, 116–120, 207Tl126, 141Eu78, 205Au126.
VIII. CONCLUSIONS

Hyperfine structure constants of the 11/2– gold isomers 177, 191, 193, 195Aum have been measured
using the 267.7-nm atomic transition. The differential hyperfine anomaly has been determined
for these nuclei by the comparison of the ratios of the magnetic hyperfine constants of the
ground and excited atomic states for different isotopes and isomers. The obtained DHFA values
have been converted to the relative hyperfine anomaly using advanced atomic calculations.
Magnetic dipole moments have been deduced taking into account the corresponding RHFA
values. The applied method of the RHFA determination can be used for other far-from-stability
nuclei.
It has been shown that the commonly used procedure for the extraction of the magnetic
moment values for gold isotopes (standard prescription) should be reconsidered. The magnetic
moments previously calculated by this procedure have been reevaluated with proper accounting
for the hyperfine anomaly. It has also been shown that the empirical Moskowitz-Lombardi rule
does not work for the investigated nuclei.
Systematics of the nuclear g factor for the πh11/2 states spanning the whole range between the
magic neutron numbers, N = 82 and N = 126, can be qualitatively explained by the first-order
core-polarization correction with the leading role of the νf7/2 → νf5/2 core excitations.
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APPENDIX

According to Eqs. (4) and (9)–(11) in order to account for the RHFA in the magnetic
moments extraction from the hfs constants of the gold isotopes, one should know the a6s and a6p
hyperfine constants. This is the case for some previously studied gold isotopes. References with
the relevant information are shown in column 7 of Table IV. New values for magnetic moments
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calculated by Eq. (4) with 197ΔA(6s) derived by Eqs. (9)–(11) (see column 5) are presented in
column 6. Literature values of magnetic moments with the corresponding references are shown
in columns 3 and 4.
In Ref. [53] the hfs of the 5d9 6s2 2D3/2 → 5d10 6p 2P1/2 transition in gold was studied. In the
magnetic moment evaluation, the hyperfine anomaly was neglected because, as the authors state,
there is no s electron involved in the hyperfine interaction of either the 2D3/2 or the 2P1/2 state.
However, this statement is wrong: the RHFA in the 2P1/2 state of gold is in no way negligible, for
example, for 198Au it is larger than 2%. On the other hand, we cannot a priori neglect the RHFA
in the 2D3/2 state only in view of its leading 5d9 6s2 configuration without an unpaired s electron.
For example, in thallium the RHFA value in the 6p P3/2 state without an unpaired s electron in
the leading configuration proves to be 5 times larger than that for the 7s S1/2 state [36, 56] due to
the configuration mixing (see also the unexpectedly large RHFA for the 6p3 4S3/2 state in bismuth
[19]). The coincidence of the recalculated μ values with that from Ref. [53] gives the opportunity
for the first time to confirm the assumption of the small RHFA in 194, 193, 191Au for the 2D3/2 states
of gold. However, the uncertainties ascribed in Ref. [53] to the μ values are strongly
underestimated.
TABLE IV. Comparison of the literature data for the magnetic moments, µlit, of some gold
isotopes with the values recalculated using Eqs. (4) and (9)–(11), µrecalc.

a

A

I

µlit(µN)

Refs. for µlit

194
193
191
189
189m
187
186
185

1
3/2
3/2
1/2
11/2
1/2
3
5/2

0.0763(13)
0.1396(5)
0.1369(9)
0.494(14)
6.186(20)a
0.535(15)
–1.263(29)
2.170(17)

[53]
[53]
[53]
[12]
[12]
[12]
[12]
[12]

197

ΔA(6s) (%)

1.8(33)
–0.5(11)
–1.2(14)
9.4(59)
8.6(16)
12.7(84)
3.1(51)
9.4(30)

µrecalc(µN)
0.0754(25)
0.1398(15)
0.1363(19)
0.499(27)
6.267(37)
0.557(41)
–1.202(60)
2.193(61)

Refs. for a6s
and a6p
[53, 54]
[53, 55]
[53, 55]
[12]
[12]
[12]
[12]
[12]

In Reference [12] Eq. (8) was used for µ evaluation instead of Eq. (7) applied in Table III above.

In Ref. [12] the standard prescription [Eq. (8) with εA = 0] was applied to derive magnetic
moments. An additional uncertainty (0.012 µN for odd-A and 0.024 µN for even-A isotopes) was
introduced with the reference to the ML rule, to account for neglected RHFA. However, as
shown in Secs. II and VI, the standard prescription and ML rule are not well justified for all gold
nuclei. Correspondingly, the uncertainties quoted in Ref. [12] are strongly underestimated and
the additional uncertainty stemming from the indeterminacy of the standard prescription should
be taken into account (4%, see Sec. II).
The magnetic moments of 183Au, 184Aug and 184Aum were determined by the standard
prescription with ε = 0 [57, 58] but the data on a6p are missing and it is impossible to apply our
procedure to calculate the RHFA. Keeping in mind the possible failure of the standard
prescription for these nuclei, the uncertainties ascribed in Refs. [57, 58] to the magnetic moment
values should be increased by 4%, namely, µ(193Au) = 1.97(10) µN, µ(194Aug) = 2.07(10) µN,
µ(194Aum) = 1.44(7) µN.
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