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Low-energy M1 strength functions of 60,64,68Fe are determined on the basis of large-scale shell-
model calculations with the goal to study their development from the bottom to the middle of the
neutron shell. We find that the zero-energy spike, which characterizes nuclei near closed shells,
develops toward the middle of the shell into a bimodal structure composed of a weaker zero-energy
spike and a scissorslike resonance around 3 MeV, where the summed strengths of the two structures
change within only 8% around a value of 9.8 µ2

N . The summed strength of the scissors region exceeds
the total γ absorption strength from the ground state by a factor of about three, which explains the
discrepancy between total strengths of the scissors resonance derived from (γ, γ′) experiments and
from experiments using light-ion induced reactions.

PACS numbers: 21.10.Pc, 21.60.Cs, 23.20.Lv, 27.50.+e

The excitation and deexcitation of the nucleus by elec-
tromagnetic radiation are fundamental processes in reac-
tions of this many-body quantum system. At high ex-
citation energy and high level density, statistical mod-
els are applied to describe reaction rates, which use γ-
ray strength functions to describe the average transition
strengths in a certain range of excitation energy. The
experimental determination and the theoretical under-
standing of the properties of γ-ray strength functions has
attracted increasing interest because of their importance
for the accurate description of photonuclear reactions and
the inverse radiative-capture reactions, which play a cen-
tral role in in the synthesis of the elements in various
stellar environments [1, 2].

Traditionally, the dipole strength function f1(Eγ),
which is related to the experimental photoabsorption
cross section σγ = 3 (π~c)2 Eγ f1(Eγ) of nuclei in the
ground state, has been approximated with a Lorentz
function characterizing the isovector electric dipole (E1)
giant dipole resonance (GDR) [3–8]. In addition, the
magnetic dipole (M1) absorption has been taken into
account by two Lorentzians, which describe the scissors
mode appearing in deformed nuclei around 3 MeV and
the spin-flip mode appearing around 8 MeV [9], using
parameters derived from systematics [5]. According to
the so-called Brink-Axel hypothesis [3, 4] the strength
function does not depend on the excitation energy and
is identical for photoabsorption and photoemission fol-
lowing neutron capture or other compound-nucleus reac-
tions.

In contrast to the decrease of the Lorentz curves to-
ward Eγ = 0, an upbend of the dipole strength function
below 2 MeV toward low γ-ray energy has been found
in several nuclides in the mass range from A ≈ 50 to
100, such as 56,57Fe [10], 60Ni [11], various Mo isotopes
[12, 13], 105,106Cd [14], and 151,153Sm [15]. In addition to

these results from light-ion induced reactions, the low-
energy enhancement was also found in the β decay of
76Ga [16]. All these experiments used the so-called Oslo
method for extracting the γ-ray strength function. The
existence of the low-energy enhancement was confirmed
by using an alternative technique in Ref. [13]. The dom-
inant dipole character of the low-energy strength was
demonstrated in Ref. [17], and an indication for an M1
character of the low-energy strength was discussed for the
case of 60Ni [11]. The pronounced increase of the strength
at low γ-ray energy may have a potentially large impact
on neutron-capture reaction rates relevant for astrophys-
ical processes [18].

In previous work [19], we have shown by means of shell-
model calculations that the strengths of a large num-
ber of M1 transitions between excited nuclear states ac-
cumulate to an exponential spike in the γ-ray strength
function, which peaks at zero transition energy, and that
this low-energy magnetic dipole radiation (LEMAR) ac-
counts for the low-energy enhancement of dipole strength
observed in Mo isotopes around the neutron shell clo-
sure at N = 50. The large B(M1) strength originates
from transitions between initial and final states domi-
nated by configurations with broken pairs of both pro-
tons and neutrons in high-j orbits, the spins of which
recouple as Jf = Ji, Ji ± 1. LEMAR was also found in
shell-model calculations for 56,57Fe [20] and 44,46Ti [21].
The latter calculations also provided E1 strength func-
tions, which decrease steadily toward Eγ = 0 in contrast
to the upbend of the M1 strength. So far, all the shell-
model calculations of the low-energy M1 strength have
been carried out for nuclides around shell closures and all
experiments except for that in Ref. [15] have identified
LEMAR in nuclei near closed shells only. Therefore, the
question arises of how the characteristics of low-energy
M1 strength, in particular the LEMAR spike, develop in
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nuclides with an increasing number of valence nucleons
and increasing collectivity.

In this Letter, we analyze B(M1) values obtained
from large-scale shell-model calculations for the nuclides
60,64,68Fe, which provide the first example of LEMAR
in an isotope series extending to the middle of the shell
between N = 28 and 50. We observe a weakening of
the LEMAR spike and the development of a resonance
around 3 MeV, which we interpret as the scissors mode
based on excited states. The shift of M1 strength from
the LEMAR spike to the scissors resonance approxi-
mately preserves the summed strength, which indicates
a correlation between the two modes.

The calculations were carried out in the CA48PN
model space with the CA48MH1 Hamiltonian [22] using
the code NuShellX@MSU [23]. The model space included

the π(0f
(6−t)
7/2 , 0f t5/2, 1p

t
3/2, 1p

t
1/2) proton orbits with t =

0, 1, 2, and the ν(0fn5
5/2, 1p

p3
3/2, 1p

p1
1/2, 0g

g9
9/2) neutron or-

bits. We calculated the strengths of the quadrupole tran-
sitions from the yrast 2+ state, B(E2, 2+

1 → 0+
1 ), using

standard effective charges of eπ = 1.5e and eν = 0.5e.
The values obtained for the occupation numbers n5 = 2
to 6 for all isotopes, p3 = 0 to 4 for 60Fe and 2 to 4 for
64,68Fe, p1 = 0 to 2 for all, and g9 = 0 to 2, 4 for 60,64Fe
and 2 to 6 for 68Fe, respectively, are given in Table I. The
further increase of g9 to 4, 6, 8 for 60,64,68Fe, respectively,
does not change the results considerably. The compari-
son with the experimental B(E2) values in Table I shows
that the calculations reproduce the quadrupole collectiv-
ity in the considered isotope series, in particular the con-
siderable enhancement observed around N = 40 [24, 25].
The respective experimental ratios, E(4+

1 )/E(2+
1 ) = 2.57,

2.48, 2.36, 2.45, 2.66, are reproduced by the calculated
values, E(4+

1 )/E(2+
1 ) = 2.56, 2.83, 2.68, 2.41, 2.43, re-

spectively, and indicate the transitional character of the
ground-state bands of all considered isotopes.

The calculations of M1 strengths included the lowest
40 states each with spins from Ji, Jf = 0 to 10. Effective
g factors of geff

s = 0.9gfree
s were applied. The reduced

transition strengths B(M1) were calculated for all tran-
sitions from initial to final states with energies Ef < Ei
and spins Jf = Ji, Ji ± 1. This resulted in more than
22000 M1 transitions for each parity, which were sorted
into 0.1 MeV bins of their transition energy Eγ = Ei−Ef .
The average B(M1) value for one energy bin was ob-
tained as the sum of all B(M1) values divided by the
number of transitions within this bin. The results of the
B(M1)(Eγ) for π = + and π = − are shown in Figs. 1
and 2, respectively.

In 60Fe LEMAR appears stronger for π = − than for
π = + states. The difference is due to the ν0g9/2 or-
bit that has to be occupied to generate negative-parity
states, whereas its contribution to positive-parity states
is smaller in this light isotope. This difference reaffirms
our earlier observation [19] that the high-j orbits make

TABLE I: Experimental and calculated reduced E2 transition
probabilities for the 2+

1 → 0+
1 transitions in 60,62,64,66,68Fe.

E(2+
1 ) B(E2, 2+

1 → 0+
1 ) β2

(keV) (W.u.)
EXPa CALC EXP GLOBb CALC CALCc

60Fe34 824 772 13.6(14)d 19.6 26.2 0.31
62Fe36 877 544 14.7(18)e 17.3 27.8 0.32

13.6(17)f
64Fe38 746 595 30.9+13.8

−7.2
e 19.1 26.8 0.32

22.6(22)f
66Fe40 574 568 21.0(21)f 23.4 27.8 0.32
68Fe42 522 616 24.2 25.4 0.31

aThe values for 60,62,64,66,68Fe were taken from Refs. [26–30], re-
spectively.
bValue predicted from a global best fit according to Ref. [31].
cQuadrupole deformation deduced from the present calculated

B(E2) value according to the prescription given in Ref. [31].
dValue taken from Ref. [26].
eValue taken from Ref. [24].
fValue taken from Ref. [25].
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FIG. 1: (Color online) Average B(M1) values in 100 keV
bins of transition energy calculated for positive-parity states
in 60Fe (black circles), 64Fe (blue triangles up), and 68Fe (red
squares).

the greatest contributions to the LEMAR spikes. The
comparison of the B(M1)(Eγ) values of the various iso-
topes shows that the shape of the distributions changes
when going from N = 34, four neutrons above the closed
shell, to N = 42, the middle of the fpg shell. One ob-
serves a weakening of the LEMAR spike and the de-
velopment of a bump in the range from about 2 to 5
MeV, which is most pronounced in 68Fe. We interpret
this bump as the scissors resonance (SR) built on ex-
cited states. The development of the bimodal LEMAR-
SR structure can be attributed to the onset of stable
quadrupole deformation above the yrast line when enter-
ing the open shell.

In Fig. 3, a map of M1 transitions between the cal-
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FIG. 2: (Color online) As Fig. 1, but for negative-parity
states.

culated states in 68Fe is shown. There is a background
of many transitions with B(M1) < 0.1µ2

N (not shown
for graphics reasons), which generate a large fraction
of the LEMAR spike. On the visible background of
chaotic transitions one recognizes bunches of transitions
J → J ± 1 with transition energies of about 3 MeV [note
the relative weight (2J−1)/(2J+1)], which are responsi-
ble for the scissors resonance. They are relatively weak in
the analog figure for 60Fe (not shown). These structures
represent transitions between the different magnetic sub-
states of the g9/2 orbit, which are split by the presence
of a deformed mean field. In the Nilsson model, the en-
ergy difference between 5/2 and 3/2 states is about 3
MeV at a deformation of ε = 0.4. The deformation is
somewhat larger than the value in Table I, likely caused
by the suppression of the of pair correlations with in-
creasing excitation energy. In addition, one recognizes
threads of transitions that form rotational sequences with
Ex ∼ J(J + 1). These structures correspond to shears
bands (see e.g., Ref. [32]), observed near the yrast line
of weakly deformed nuclei. The mechanism causing large
B(M1) values in these bands is reorientation of the high-j
single-particle spins, as it is for LEMAR [19]. The dif-
ference is that the splitting of the g9/2 states generates a
degree of coherence in the reorientation reflected by the
bandlike structures. These band structures are absent in
60Fe.

Strength functions f1 were deduced according to the
prescription given in Ref. [19] using level densities from
the present calculations and are shown in Fig. 4. The
weakening of the LEMAR spike and the development
of a resonance around 3 MeV with increasing neutron
number are clearly seen in the M1 strength functions.
The summed strengths deduced from the strength func-
tions listed in Table II show that the total strength be-
low 5 MeV varies by only 8% at most from an average
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FIG. 3: (Color online) Transitions with B(M1) > 0.1µ2
N (blue

lines) between the calculated positive-parity states (black
dots) in 68Fe. The widths of the lines are proportional to
the B(M1) values.

of 9.80 µ2
N . The slight increase with N is attributed to

the progressive occupation of the g9/2 shell for N = 34,
38, 42. For comparison, the standard E1 strength func-
tion with parameters taken from the RIPL data base [5]
and E2 strength functions f2 obtained from the present
calculations as described in Ref. [33] are also shown in
Fig. 4. The latter were multiplied with E2

γ to be directly
comparable with the dipole strength functions f1. The
E2 strength f2E

2
γ is more than one order of magnitude

smaller and the E1 strength exceeds the M1 strength
only at energies greater than 6 MeV. The bump at about
1.2 MeV for 68Fe is caused by E2, J → J − 2 transi-
tions, which organize into damped rotational bands of
Ex ≈ J(J + 1)/(2J ) with a moment of inertia of J ≈ 12
MeV−1. This is seen in a map analogous to the one in
Fig. 3 and in individual plots of B(E2, J → J−2) values,
which show separate bumps at Eγ ≈ (2J − 1)/J . The
fact that the moment of inertia has twice the value of 5
MeV−1, derived from the 2+-state energy, indicates the
presence of deformation and suppression of pair correla-
tions with increasing excitation energy.

In the course of the present work, we learned of an ex-
perimental study of γ-ray strength functions of the well-
deformed nuclides 151,153Sm [15]. The strength functions
deduced from these high-resolution experiments show
for the first time a low-energy enhancement of dipole
strength down to about Eγ = 1 MeV as well as a res-
onance around 3 MeV in one nuclide. The shapes of
these strength functions in 151,153Sm resemble the ones
just discussed and can be taken as an experimental evi-
dence of the bimodal structure in heavier nuclei. A strik-
ing feature of the scissors resonances observed in these
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FIG. 4: (Color online) Strength functions deduced from the
present calculations for 60Fe and 68Fe. Dipole strength func-
tions f1 deduced from average B(M1) values are shown as
filled black circles for 60Fe and filled red squares for 68Fe.
The E1 strength function according to the RIPL data base
[5] is shown as a blue dashed line. Quadrupole strength func-
tions f2 deduced from average B(E2) values and multiplied
with the transition energies are shown as open black circles
and open red squares for 60Fe and 68Fe, respectively. Note
that the f2E

2
γ were multiplied by a factor of 10 to make them

better visible.

TABLE II: Summed B(M1) strengths deduced from the cal-
culated strength functions for various ranges of transition en-
ergy, (LEMAR: Eγ < 2 MeV, Scissors: 2 ≤ Eγ ≤ 5 MeV,
Sum: Eγ ≤ 5 MeV), and summed strengths of all discrete
transitions with 2 ≤ Eγ ≤ 5 MeV from ground and first ex-
cited 0+ states, respectively, to higher-lying 1+ states.

B(M1)tot (µ2
N )

∑
B(M1)(µ2

N )
LEMAR Scissors Sum 0+

1 → 1+ 0+
2 → 1+

60Fe34 5.67 3.52 9.19 0.66 1.98
64Fe38 4.46 5.13 9.59 1.65 2.59
68Fe42 3.98 6.63 10.61 1.74 3.45

experiments using the (p, d) reaction is that their total
strength amounts to about 8 µ2

N , which exceeds the typ-
ical strength found in (γ, γ′) experiments by a factor of
about two [9]. Similarly large values were found earlier
for various actinides also studied via light-ion reactions
[34].

In (γ, γ′) experiments 1+ states are excited from the
ground state. The corresponding calculated B(M1) val-
ues of the transitions in 68Fe are shown in Fig. 5. The
summed strengths of the individual transitions in the en-
ergy range from 2 to 5 MeV for the isotopes 60,64,68Fe
are listed in Table II. They are to be compared with the
cumulative strengths of the f1 functions in the same en-
ergy range, which contains the bump around 3 MeV seen
in Fig. 4. Both quantities reflect the tendency of increas-
ing strength in the scissors region when going to mid-
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FIG. 5: Calculated B(M1) values of transitions from the
ground state to 1+ states (upper panel) and from the sec-
ond 0+ state to 1+ states (lower panel) in 68Fe. In addition,
transitions from the 15th 0+ state to 1+ states are shown in
the lower panel below Eγ = 1 MeV.

shell nuclides. Furthermore, the cumulative strength of
the transitions between excited states is larger than the
cumulative absorption strength from the ground state.
The ratio gives about three to be compared with a ratio
of about two observed using light-ion reactions [15, 34].

The origin of the enhancement of the transition
strength can be seen as an example in Fig. 5. There
are more strong transitions with energies in the scissors
region from the first excited 0+

2 state to 1+ states than
from the ground state. As seen in Table II, their summed
strengths from 2 to 5 MeV are about twice as large. In
addition, transitions between the 0+

15 state and 1+ states
are shown in Fig. 5. There are no transitions between
these states in the energy range around 3 MeV because
the highest calculated 1+ state is located at 7.160 MeV
and the 0+

15 state lies at 6.648 MeV. One sees, however,
that the 0+

15 → 1+ transitions also contribute to the
LEMAR spike below about 1 MeV.

We attribute the larger summed strengths between ex-
cited states to a suppression of the pair correlations with
increasing excitation energy, i.e. the thermal quenching
of pairing. Pair correlations tend to couple the high-j or-
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bits to zero spin, which obstructs the reorientation that
generates the M1 radiation. The transition strengths be-
tween states of higher spins is expected to be addition-
ally enhanced because of rotational quenching of pairing.
These states contribute to the strength in the scissors
region in the present calculations in correspondence to
experiments with light ions.

For the first time the low-energy part of M1 strength
function was investigated by means of large-scale shell-
model calculations for a series of isotopes extending into
the middle of an open shell. It was found that the zero-
energy LEMAR spike, which characterizes nuclei near
closed shells, develops into a bimodal structure composed
of a weaker LEMAR spike and a scissorslike resonance
around 3 MeV. In this process, the sum of the LEMAR
strength and the strength in the scissors region varies by
only 8% around a value of 9.8 µ2

N . The summed strength
of the strength function in the scissors region exceeds the
total γ absorption strength in the ground state by a fac-
tor of about three, which is consistent with the typical
strength found in (γ, γ′) experiments and the strength
derived from experiments using light-ion induced reac-
tions. The present calculations show that this difference
is generated by the greater number of transitions with
large M1 strengths linking many excited states of var-
ious spins, which is attributed to a quenching of pair
correlations.
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