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Nuclear magnetic transitions in the 
relativistic energy density functional approach



• Nuclear energy density functional (EDF)
unified approach to describe at the quantitative level 
nuclear properties across the nuclide map including exotic 
nuclei – astrophysically relevant properties

q static and dynamic properties of finite nuclei 
across the nuclide map (nuclear masses, 
excitations,...)

q nuclear processes and reactions (beta decays, 
beta delayed neutron emission, neutron capture, 
neutrino-induced reactions, nuclear fission ...)

q equation of state of nuclear matter

• Nonrelativistic 
q Skyrme functionals
q Gogny functionals
q ...

• Relativistic 
q finite range meson exchange functionals
q point coupling functionals
q density dependent functionals
q ...

(UNEDF)

NUCLEAR ENERGY DENSITY FUNCTIONALS
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THE ORIGIN OF NUCLEAR MAGNETISM

Orbital magnetic moment from from 
orbiting charged particles
- proportional  to orbital angular momentum

Spin magnetic moment from the instrinsic 
spin nucleons 
- proportional  to intrinsic spin

gp=2µp=5.585695 µN
gs(i) = 

gn=2µn=-3.826085 µN

gyromagnetic factors (free nucleons)

p

~µl
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Isovector M1 spin-flip transitions
• induced by           operator

ΔJ=1, ΔL=0, Δπ=0, ΔS=1, ΔT=1 
Jπ=0+(GS) → Jπ=1+

Y. Fujita et al. / Progress in Particle and Nuclear Physics 66 (2011) 549–606 553

Fig. 1. Schematic isospin structure of J⇡ = 1+ states excited from the g.s of an even–even J⇡ = 0+ nucleus with T = T0 = 0 (N = Z). The reactions
mainly responsible for each excitation and the types of operator are shown alongside the arrows indicating the transitions. Isobaric analogue relationships
among states are shown by broken lines. The Coulomb displacement energies have been removed to show the isospin symmetry of the system clearly.

a

b

Fig. 2. A comparison of (3He, t) and (p, p0) spectra on the T = 0, 28Si target nucleus. The excitation energies in spectrum (b) are shifted by 9.3 MeV, the
amount of the Coulomb displacement energy. The M1 states observed in the (p, p0) spectrum can have either T = 1 or T = 0. On the other hand, the
(3He, t) reaction can only excite T = 1, GT states that are analogous to the T = 1,M1 states. The Ex values in the (3He, t) spectrum are from [22]. The Ex
values and the identification of T = 0,M1 states in the (p, p0) spectrum are from [15,22].

in both reactions leads to the states being well separated and clearly identified. If a pair of corresponding states is observed
in both (3He, t) and (p, p0) spectra, the M1 state in 28Si can be identified to be T = 1 [22]. In addition, we see that the
corresponding GT andM1 states, i.e., analogue states, are excited with corresponding strengths.

2.3. Isospin structure and GT, spin M1 and Fermi transitions in T = 1/2 nuclei

In a pair of Tz = ±1/2mirror nuclei, every state has an analogous state of similar structure in the conjugate nucleus (see
Fig. 3). Such states should have the same half-integral J values and parity. Examples of Tz = ±1/2 mirror nuclei are 9Be and
9B, 23Na and 23Mg or 27Al and 27Si.

Because of the symmetry structure of the Tz = ±1/2 mirror nuclei, M1 and GT transitions from the same state (or its
analogue) to another state (or its analogue) are all analogous. Analogous transitions are expected to have similar energies
and strengths. Therefore, the mirror and thus isospin symmetry properties can be investigated by combining the strength
and energy information for analogous transitions.

Most of the Tz = +1/2 nuclei in the sd-shell region are stable (e.g. 9Be, 23Na, and 27Al) while themirror Tz = �1/2 nuclei
(e.g. 9B, 23Mg, and 27Si) undergo� decay. Therefore, analogousGT transitionswith Tz = ±1/2 ! ⌥1/2 are studied by (p, n)-
type CE reactions and �+ decay, respectively. Since the ground states are mutual IASs, the Fermi strength is concentrated in

Isovector M1 spin-flip excited states 
are analogous to Gamow-Teller states 
in neighboring nuclei

Y. Fujita et al., PPNP 66, 549–606 (2011). 

MAGNETIC DIPOLE TRANSITIONS

M1 transitions can also be induced
by the orbital angular momentum
operator
Scissors mode (orbital M1, ΔT=1)

�⌧3
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K. Heyde et al., 
RMP 82, 2374 (2010).

• Transitions between spin-orbit 
partner states allowed



Why are M1 transitions important?

• Since they include transitions between spin-orbit partner states, M1 transitions are 
important for the understanding of single-particle properties, spin-orbit interaction and 
shell closures from stable toward exotic nuclei

• IV M1 transitions can probe the inelastic neutrino-nucleus reactions of relevance for 
neutrino physics and astrophysics (supernovae, etc.)

• M1 response can be used to resolve the problem of quenching of spin-isospin response 
nuclei, necessary for the description of double β-decay matrix elements

• M1 transitions can affect the radiative neutron capture cross sections – nuclear 
astrophysics applications require large-scale calculations of M1 response

v Skyrme functionals which successfully describe electric transitions, have difficulties to 
reproduce the experimental data on magnetic transitions. Calculations with Gogny force 
required additional factor of 2 for the M1 transition strengths. More theoretical and 
experimental studies are needed. 



MAGNETIC DIPOLE (M1) TRANSITIONS IN NUCLEI

M. MATHY et al. PHYSICAL REVIEW C 95, 054316 (2017)
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FIG. 7. B(M1)↑ strength extracted from the 48Ca(p,p′) data.
Orange (light gray) histogram: bin-wise analysis above the prominent
peak at 10.23 MeV. Blue (dark gray) histogram: single-peak analysis
(Table II) summed in the same energy bins.

and IV 1f7/2 → 1f5/2 transitions [24]. The result is adopted
for the present analysis.

Extraction of the analog electromagnetic strength requires
the inclusion of quenching implemented through effective g
factors gIS

s,eff = qISgIS
s and gIV

s,eff = qIVgIV
s in Eq. (6), where

q denotes the magnitude of quenching. For fp-shell nuclei
qIV = 0.75(2) was determined in Ref. [13]. A recent study
indicates gIS

s,eff = gIS
s (i.e., qIS = 1) for the isoscalar spin-flip

M1 strength in a series of sd-shell nuclei [54]. All results
in the next section are derived with these quenching factors.
However, the isoscalar quenching factor may have a mass
dependence. As an extreme, one may assume qIV = qIS. Then
all B(M1) strengths in Table II and in the bin-wise analysis
would be larger by a factor 1.21.

B. Results

The B(M1)↑ strength distribution between 7 and 13 MeV
deduced with the method explained in the previous section is
displayed in Fig. 7. The B(M1) strength in the single-peak
analysis is concentrated in the energy regions 10–11 MeV
and 12–13 MeV, while strengths below 10 MeV are weak.
Table II summarizes the results. The total strength amounts
to B(M1)↑ = 1.14(7) µ2

N, where the quoted error considers
uncertainties of the MDA only. A comparison with the bin-
wise analysis shows agreement within error bars between
10 and 12 MeV but significantly larger strengths (up to a
factor of two) of the latter at higher excitation energies.
The total strength of the bin-wise analysis including the
single-peak-analysis results at lower excitation energies is
B(M1)↑ = 1.51(17) µ2

N.

C. Comparison with (e,e′) results

A comparison of the B(M1) strength distribution deduced
from the single-peak analysis with the results from the
48Ca(e,e′) experiment [16] is presented in Fig. 8 and Table II.
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FIG. 8. Comparison between the B(M1) strength distributions in
48Ca deduced from (a) the (p,p′) reaction (present work) and (b)
the (e,e′) reaction [16]. Arrows indicate upper limits. The prominent
transition to the state at Ex = 10.23 MeV is excluded.

Leaving out transitions from Ref. [16], for which only
upper limits are given, we find correspondence with all but
two transitions identified in the (e,e′) data based on the
criterion (4). Exceptions are the transitions to states at 10.330
and 12.055 MeV in Ref. [16]. The former fulfills Eq. (4) when
assigned to the peak observed in proton scattering at 10.350
MeV. However, an assignment to the 10.354 MeV transition
seen in electron scattering is considered more likely.

The strengths from electron scattering tend to be larger
(see the ratio R of electron-to-proton scattering strengths in
Table II) but are still consistent within error bars in many
cases. This is particularly true if one relaxes condition (4)
somewhat and, e.g., relates the strength of the transition seen at
12.700 MeV in electron scattering to the sum of the transitions
at 12.660 and 12.693 MeV in proton scattering. Possible
differences between the strengths may be related to the as-
sumptions underlying the analysis of the (p,p′) data explained
in Sec. IV A. Some of these could also affect the average ratio
of R. For example, orbital contributions—although shown to
be weak [59]—could lead to a systematic enhancement of the
B(M1) strength by constructive interference with the spin part,
since the dominant shell-model configurations are the same in
all 1+ states. For the same reason one can also speculate about
a systematic reduction of B(M1στ ) due to the interference of
#L = 2 contributions discussed above. While the shell-model
study of 26Mg showed a random sign of the mixing in an
open-shell nucleus [55], this may be different in a case where
the wave functions of all excited 1+ states are similar.

The present analysis finds 30 M1 transitions compared to
18 seen in Ref. [16]. This may be related to the different
sensitivity thresholds in both experiments. For the (e,e′) data
a statistical limit due to the radiative tail in the spectra and
difficulties to distinguish M1 and M2 form factors for weak
transitions dominate the uncertainties. The (p,p′) spectra
are background free up to the neutron threshold and the

054316-8

Magnetic dipole (M1) transitions in 
magic nuclei 48Ca and 208Pb from recent 
experimental studies
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Fig. 39. B(M1) strength distribution in 208Pb between 6.5
and 9 MeV from (a) refs. [171,85] and (b) the M1 proton scat-
tering cross sections of ref. [160] applying the method described
in ref. [92]. (c) Comparison of the running sums of (a) and (b).
Figure taken from ref. [92].

4 6 8 10 12 14
Energy (MeV)

0

1

2

3

4

5

6

7

d
B
(M
1
)/
d
E
(µ
2 N
M
eV

−1
)

120Sn(p,p’)

Fig. 40. B(M1) strength distribution in 120Sn from the M1
(p, p′) cross sections deduced with the MDA described in
ref. [147] and applying the UCS method explained in sect. 3.4.

Fig. 41. Top: B(M1) strength distribution from a 154Sm(p, p′)
experiment at RCNP deduced with the PTA described in
ref. [228] and applying the UCS method explained in sect. 3.4
compared with the results of a forward-angle (p, p′) experiment
at TRIUMF [67,232]. Bottom: running sums.

5.2 Quenching of the isovector strength

It is well known that the axial coupling constant in weak
decay —and thus the GT strength— is modified in the
nuclear medium with respect to its free value [94]. Stud-
ies of the GT strength in CE reactions have shown that
the Ikeda sum rule for nuclei with mass A ≥ 50 is sys-
tematically quenched by a factor of two with respect
to shell-model or QRPA predictions [76]. A similar be-
havior is expected for the isospin-analog, the isovector
spin-M1 (IVSM1) resonance. GT strengths derived from
the IVSM1 strength with the aid of eq. (39) do show sig-
nificant differences from the results of CE reactions in
lighter nuclei. These have been interpreted to arise from
the different role of meson-exchange currents in vector
and axial coupling [77–79]. However, in fp-shell nuclei a
quenching with a factor of two comparable to GT β decay
strength [81] has been found for the IVSM1 resonance [82]
when comparing to shell-model calculations.

In heavy nuclei with shell closures, recent polarized
photon scattering experiments at HIγS have been able to
extract the detailed spin-M1 strength distribution below
neutron threshold [36,87,233]. A comparable quenching is
observed in this energy region with respect to QPM cal-
culations. Nevertheless, some uncertainty remains because
the IVSM1 resonance normally extends across the neutron

M. Mathy et al., PRC 95, 054316 (2017). J. Birkhan et al., PRC 94, 041302(R) (2016).



RELATIVISTIC NUCLEAR ENERGY DENSITY FUNCTIONAL

• Relativistic point coupling model

• The basis is an effective Lagrangian with four-fermion (contact) interaction terms; isoscalar-scalar, 
isoscalar-vector, isovector-vector, derivative term

• many-body correlations encoded in density-dependent coupling functions that are motivated by 
microscopic calculations but parameterized in a phenomenological way

• Extensions: pairing correlations in finite nuclei 
- Relativistic Hartree-Bogoliubov model (e.g. with Gogny or separable form of the pairing      

interaction Y. Tian et al., PLB 676, 44 (2009).) 
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Ø M1 transition operator – spin and orbital angular momentum operators
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Ø Gyromagnetic factors

• orbital
• spin

• isoscalar

• isovector Largest
factor

MAGNETIC DIPOLE (M1) TRANSITION OPERATORS 
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• Relativistic Quasiparticle 
Random Phase Approximation
(RQRPA) equations

Ø Includes also contribution from the pseudovector interaction term to describe
unnnatural parity transitions Jπ=1+

Transition strength 

Ø The PV coupling strength is constrained by exp. M1 energies in 48Ca and 208Pb

M1 TRANSITION STRENGTH DISTRIBUTIONS 



M1 TRANSITION STRENGTH DISTRIBUTIONS 

M1 transition strength for 48Ca and 208Pb:
• unperturbed Hartree response
• isoscalar response (small)
• isovector response (large)
• total response (dominated by the isovector response, moved 

toward higher energies above Hartree response)
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M1 transition strength for 48Ca and  208Pb:
• unperturbed Hartree response
• spin response (large)
• orbital response (small)
• total response (dominated by the spin response)

M1 TRANSITION STRENGTH DISTRIBUTIONS 



42Ca: single excitation peak at 11.3 MeV, 
dominated by the transition 
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50Ti: pairing interaction causes the 
splitting of M1 response, necessary to 
reproduce exp. data. Two main 
transitions:
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Pairing effects on M1 transitions

(⌫1f�1
7/2 ! ⌫1f5/2)
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Exp. data = D. I. Sober et al., PRC 31, 2054 (1985).
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Ø For open-shell nuclei, the pairing interaction affects the M1 excitations.

• The evolution of M1 transition strength distributions for Ca isotopes



Why are 40Ca and 60Ca M1 ”silent” nuclei ?

M1 transitions are composed from 
transitions between spin-orbit partner 
states

40Ca (Z=N=20)
60Ca (Z=20, N=40)
All spin-orbit states below Fermi
level are fully occupied, and above 
Fermi level empty

No particle-hole transitions between 
spin-orbit partners possible
⇒ M1 transitions are forbidden



Complete RQRPA calculation
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Spin-orbit splitting energies vs. M1 excitation energies

The differences between spin-orbit splittings and  M1 excitation energies 
demonstrate the role of the (residual) interactions
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M1 transitions in Sn isotope chain – evolution toward neutron rich nuclei
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relevant contributions come 
from proton transitions
(⇡1g9/2 ! ⇡1g7/2)
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116Sn- neutron transition is 
suppressed because 
becomes occupied

118-140Sn
(⌫1h11/2 ! ⌫1h9/2)

<latexit sha1_base64="/QjqUe6pH91ZFH9jyKhBzBPtNw8=">AAACCnicbVDLSgMxFM3UV62vUZduokWomzopFXVXdOOygn1AZxgyadqGZjJDkhHK0LUbf8WNC0Xc+gXu/BvTdgRtPRA4nHMvN+cEMWdKO86XlVtaXlldy68XNja3tnfs3b2mihJJaINEPJLtACvKmaANzTSn7VhSHAactoLh9cRv3VOpWCTu9CimXoj7gvUYwdpIvn1YckUC0cBPETqtjKGrI/ijXBrhBPp20Sk7U8BFgjJSBBnqvv3pdiOShFRowrFSHeTE2kux1IxwOi64iaIxJkPcpx1DBQ6p8tJplDE8NkoX9iJpntBwqv7eSHGo1CgMzGSI9UDNexPxP6+T6N6FlzIRJ5oKMjvUSzg0eSe9wC6TlGg+MgQTycxfIRlgiYk27RVMCWg+8iJpVsqoWj67rRZrV1kdeXAAjkAJIHAOauAG1EEDEPAAnsALeLUerWfrzXqfjeasbGcf/IH18Q34hJfo</latexit>



48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84 86 88 90 92

Neutron number

5

6

7

8

9

10

11

12

13

14

E
R

P
A

, 
∆

E
L

S
  
[M

eV
]

E
RPA

∆E
LS >

∆E
LS <

Sn (Z = 50)
DD-PC1+D1S pairing

π1g
9/2

- 1g
7/2

ν1g
9/2

- 1g
7/2

ν1h
11/2

- 1h
9/2

Sn (Z = 50)
DD-PC1+D1S pairing

π1g
9/2

- 1g
7/2

ν1g
9/2

- 1g
7/2

ν1h
11/2

- 1h
9/2

Comparison of the M1 excitation energies with relevant spin-orbit splittings
- Demonstrate important role of the QRPA residual interaction for M1 transitions
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7

that factor of 2 is needed to reproduce the experimen-
tal data [7]. Table II also shows the ratio of the e↵ec-
tive g factor including quenching (geff ) with respect to
that for free nucleons (gfree), where the quenching fac-
tor is determined in order to reproduce the experimental
data for M1 transition strength in each even-even iso-
tope 112�124Sn. Assuming the general quenching applies
to all gyromagnetic factors involved in the M1 transition
operator, the results show geff/gfree=0.80-0.93, that is
higher than previously reported values geff/gfree ⇡ 0.6-
0.75 [47, 50–54], i.e., smaller quenching of the gfree factor
is needed to reproduce inelastic proton scattering data
on M1 transitions. As discussed above, since part of the
experimental data above the neutron threshold may be
missing, the results of the present study indicate that
the actual quenching of the g factors in nuclear medium
may be very small or even negligible in comparison to
the g factors for the free nucleons. Clearly, additional
experimental studies are required to confirm this.

We also performed a complementary analysis of the
quenching of g factors, by investigating the Gamow-Teller
(1+) transition 100Sn ! 100In, recently investigated from
the measurement of the half-life and decay energy for
the decay of 100Sn [86]. The resulting transition strength
amounts B(GT, exp.) = 9.1+2.6/-3.0. By employing the
proton-neutron RQRPA from Ref. [87], we obtain the re-
spective strength B(GT+) =13.67, i.e., the quenching of
0.82 is needed in the g factor to reproduce the exper-
imental data. Therefore, the result obtained using the
GT transition from 100Sn seems to be consistent with
our analysis of M1 transitions in Sn isotopes.

TABLE II: The total RQRPA (DD-PC1) transition
strength

P
Bth.

M1
in µ2

N units for 112�124Sn in
comparison to the experimental data from inelastic

proton scattering [46]. Last column (geff/gfree) shows
the quenching of the g factors of the free nucleons,
needed to reproduce the experimental data on M1

transition strengths.

P
Bth.

M1

P
Bexp.

M1 geff/gfree

112Sn 22.81 14.7(1.4) 0.80

114Sn 22.61 19.6(1.9) 0.93

116Sn 22.56 15.6(1.3) 0.83

118Sn 22.76 18.4(2.4) 0.89

120Sn 23.34 15.4(1.4) 0.81

124Sn 25.55 19.1(1.7) 0.86
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FIG. 7: (Top) Energy-weighted summation m1(M1).
For 124�132Sn, the corresponding results with Kurath’s
sum rule are also displayed. (Bottom) M1 strength
distribution of 124Sn with and without the pairing

interaction.

IV. SUMMARY

In this work we have investigated the evolution of M1
(0+ ! 1+) excitations in even-even Sn isotopes based on
the RHB+R(Q)RPA formulated in the framework of rel-
ativistic nuclear energy density functional [44, 45]. The
M1 excitations induced by µ̂1⌫ operator, mainly by its
spin component, are governed by single particle spin-
flip transitions j< $ j> between corresponding spin-
orbit partners. Model calculations show that along the
Sn isotope chain the M1 transition strength distribu-
tion is characterized by the interplay between single- and
double-peak structures. In the latter case, detailed anal-
ysis of the 2qp components showed that the first peak is
dominated by proton spin-flip transition, while the sec-
ond peak displays an interplay between dominating neu-
tron spin-flip transition and smaller proton transition.
The evolution of the M1 transition strength of the two
main peaks is governed by the subtle e↵ects of the single-
particle structure, pairing correlations, respective occu-
pation probabilities, and RQRPA residual interaction.
Comparison with available experimental data shows that
independent neutron and proton spin-flip spectra are cor-
rectly identified, single and double-peaked distribution of

The total RQRPA (DD-PC1) transition strength in comparison to the new experimental 
data from inelastic proton scattering - S. Bassauer et al., PRC 102, 034327 (2020).

quenching of the g factors of the 
free nucleons, needed to 
reproduce the exp. data on M1 
transition strengths.
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Less quenching (0.8-0.93) is 
required in comparison to previous 
studies (0.6-0.75). Some M1 exp. 
data above neutron threshold may 
be missing because of limited 
accuracy ⇒ weaker quenching?

THE QUENCHING OF g-FACTORS FROM M1 TRANSITIONS

• In general, model calculations provide more M1 transition strength than the 
experimental data.  Often the quenching in g-factors (0.6-0.75) is introduced in 
models to resolve this discrepancy. 

• The quenching of g-factors remains an open question to date.



CONCLUDING REMARKS

• Relativistic nuclear energy density functional with point coupling interaction has been 
employed in studies of M1 transitions in nuclei

Ø Model calculations in Ca and Sn isotope chains demonstrate the interplay between 
single-particle properties, spin-orbit splittings, and M1 excitation properties 

Ø Pairing correlations are essential to reproduce the M1 excitation properties in open 
shell nuclei

Ø The comparison of the calculated M1 transition strength with the new exp. data 
from inelastic proton scattering on Sn isotopes result in quenching 0.8-0.93 of the 
g-factors, with perspectives to reduce further 

Future work: deformation effects, large-scale calculations for nuclear astrophysics, 
finite temperature effects on M1 transitions
Ø M1 transitions - possible additional constraint for the effective nuclear interactions 

used in the studies of nuclear structure and dynamics
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