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Spin-polarized Nuclear Matter

Spin-saturated matter Spin-polarized matter

EOS for spin-polarized matter has been increasingly important.

!↑ = !↓ !↑ ≠ !↓

: neutron

: proton

I. Vidana, I. Bombaci, Phys. Rev. C 66, 045801 (2002)

• The ferromagnetic phase in high-density region Origin of the magnetic field of magnetar

N. H. Khoa, N. H. Tan, D. T. Khoa, Phys. Rev. C 105, 065802 (2022)

• Changes in particle fraction due to spin polarization Affecting neutron star cooling.

T. Maruyama, T. Tatsumi, Nucl. Phys. A 693 (2001) 710-730

• Strong magnetic field in the remnant of neutron star merger 

B. D. Metzger, et al., Astrophys. J. Lett. 856, 101 (2018)

Possible formation 
of spin-polarized matter
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Neutron skin thickness and Slope parameter

208Pb

Neutron skin thickness Δ%#$

X. Roca-Maza, et al., Phys. Rev. Lett. 106, 252501 (2011)

Linear
correlation

PREX
D. Adhikari, et al., 
Phys. Rev, Lett. 126, 
172502 (2021) 

p elastic scattering
J. Zenihiro, et al.,
Phys. Rev. C 82,
044611 (2010)

Slope parameter &
Neutron matter

Symmetric matter

!/
#

$!
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Neutron skin thickness is an experimental probe 
to constrain the EOS for asymmetric nuclear matter.

There are very few analogous probes for constraining
the EOS for spin-polarized matter.

Current State

! ' = 82
* = 126
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Short Summary

• Proposing a method to constrain the EOS for spin-
polarized matter by terrestrial nuclear experiments.

Our goals

This Study
• Calculating the EOS for spin-polarized matter in the 

relativistic model, which can naturally treat the spin d.o.f.
of nucleons

• Exploring a new skin “thickness” correlated with the spin 
slope parameter (details to follow)

• Calculating high-spin isomer state of 52Fe 
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Relativistic Point-coupling Model Q. Zhao, et. al., Phys. Rev. C 106, 034315 (2022) 

Fierz transf.
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Relativistic Point-coupling Model Q. Zhao, et. al., Phys. Rev. C 106, 034315 (2022) 

Total Energy Density
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Relativistic Point-coupling Model Q. Zhao, et. al., Phys. Rev. C 106, 034315 (2022) 

Total Energy Density
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The four coupling constants /(, /+, /*( and /*+ are density-dependent :

Independent parameters are only /(, /+, /*(, /*+, //,

and other coupling constants are determined by coefficients of Fierz transf. :

( because rank 1 − Λ = 5 )
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Numerical Results (EOS)

Q. Zhao, et. al., Phys. Rev. C 106, 034315 (2022) 

Δ = 0 $ = 0

EOS for spin-unpolarized asymmetric matter and spin-polarized symmetric matter (using PCF-PK1) 
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Spin Slope parameter

Spin slope parameter
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Nuclear Isomer and 12+ Excited State of 52Fe (! = # = 26)

Nuclear isomer : excited state with a long lifetime

Lifetime of 12+ excited state of 52Fe is 45.9s. Isomer with high spin

If 6 nucleons occupy f7/2 orbit,

52Fe(0+)

In 52Fe(12+), hE is fully aligned.

5
2 +

7
2 = +6

A. Gadea et al. / Physics Letters B 619 (2005) 88–94 91

Fig. 3. Level scheme of the 52Fe 12+ isomer decay. Transitions
from the higher lying 10+ state at 7381 keV observed in a in-beam
study [9] are shown.

From the spectrum shown in Fig. 2 it is evident that
the 465 and 597 keV transitions have similar inten-
sities. Their E4 transition probabilities, however, are
strikingly different due to the strong dependence on
the latter quantities upon the transition energy. The
transition intensities per isomer decay have been esti-
mated to be 1.2(4) × 10−4 for the 597 keV (12+ →
8+
1 ) transition and 0.9(3) × 10−4 for the 465 keV
(12+ → 8+

2 ) transition. These results are based on the
combined information of γ –γ coincidence matrices
with and without β-detector veto. Two methods have
been used to determine the intensities. The first one
consisted on determining the absolute intensity of the
850 keV 2+ → 0+ transition in 52Fe starting from
the γ -ray spectrum in anti-coincidence with the β-

detector. The intensity of the β-decay branch has been
obtained from the total spectrum without any condi-
tion. All the intensity populating the 2+ in 52Fe is
expected to go through the two E4 transitions, and
since the relative intensities of these two transitions
are easily obtained from the γ –γ coincidence matrix,
it is possible to evaluate the intensity of each tran-
sition compared to the total isomer decay rate. The
second method to determine the intensities is based
exclusively on the γ –γ coincidences. Considering a
100% intensity for the E2 850 keV transition to the
ground state and the measured absolute efficiencies of
the setup for this and the observed E4 transition, the
determination of the intensity of the latter is straight-
forward. Also in this case the β-decay branch intensity
is determined from the total spectrum. Both methods
gave the same values.
The evaluated intensities reflect very low E4 transi-

tion probabilities: 1.1(4) e2 fm8 (4.6(17)×10−4 W.u.)
and 8(3) e2 fm8 (3.5(13)×10−3 W.u.) for the 597 keV
and 465 keV transitions, respectively. If one com-
pares the 52Fe data with the B(E4) observed in other
f7/2-shell nuclei (see Table 1), to obtain the lowest
value, corresponding to 52Mn (0.138 W.u.), partial de-
excitation branches that are ∼ 300 and ∼ 40 times
higher than those observed for the 597.1 keV and
465.0 keV transitions, respectively, would be needed.
This explains why these transitions where not ob-
served in previous studies [12].
To interpret these results we have performed cal-

culations in the shell model framework with the code
ANTOINE [18] in the full pf model space. Three dif-
ferent residual interactions have been used, namely the
FPD6 [19], the KB3G [20], and the recently intro-
duced GXPF1 [21] interactions. The effective charges
used to calculate the B(E4) reduced transition proba-
bilities are the same as those used to obtain the B(E2)
values, i.e., ep = 1.5 and en = 0.5 [9]. A recent mea-
surement of the 2+

1 → 0+ B(E2) value in 52Fe, using
Coulomb excitation techniques [22], is in excellent
agreement with the calculation performed in Ref. [9].
The calculated energies and reduced transition

probabilities of the two E4 transitions in 52Fe are
confronted with the experimental data in Table 2. All
calculations overestimate the experimental values. The
best description is achieved by the FPD6 interaction
while both the KB3G and GXPF1 calculations fail in
reproducing even the order of magnitude of the B(E4)

A. Gadea, et al., Phys. Lett. B, 619 (2005) 88
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Why High-spin Isomers?

52Fe

Spin skin thickness?
0+ 12+

Sp
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Spin slope parameter

Correlation?

208Pb

Neutron skin thickness neutron proton

neutron proton

0+!/#
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Calculation of  0+ g.s. and 12+ isomer of 52Fe

12+ isomer state : HF calculation for 52Fe with the fixed configuration

0+ ground state : spherical HFB calculation with separable paring interaction

l The configurations in !7/2 orbit are fixed by 

blocking % = −5/2 and % = −7/2 orbits.

l Pairing correlations are neglected in 

calculation of 12+ isomer state.

! = 1
2

! = 3
2

! = 5
2

! = 7
2

! = −12
! = −32

! = −52

! = −72

52Fe
(12+)

The total angular momentum is 6 for both 

neutrons and protons.
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Nucleon and Spin Density of 52Fe(12+) State
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Correlation between spin skin thickness and spin slope parameter

Two definitions of the ”spin skin thickness” 

Δ*7 = rad. of 12F isomer − rad. of 0F g. s.

Δ
* 7

[fm
]

87 [MeV]

cf. Δ9GHI = 0.003 fm
A. R. Vernon, et al., PRL 134 252501 (2025)

Introducing a new variable ;: 

<*+ = → 1 − ; <*+ = + ;<*+ =>

cf. T. Inakura, H. Nakada, Phys. Rev. C 92, 064302 (2015) 

Δ*7 : positive but weak correlation

Δ*′7 = *F − *8

Δ*′7 is determined only by the properties of 
12+ state of 52Fe.

1.

2.

*± : rms radius of =± = .' 1 ± Σ( . /2,
the spin-up (-down) nucleon density.

Δ*′7 : positive and stronger correlation
However, how to observe?

. = 0

Δ*7
Δ*′7
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Summary

p Our goal :

p Future work

・Including the paring correlation in the calculation of high-spin isomers

p Correlation between spin skin thickness Δ%/ (Δ%′/) and spin slope parameter '/

・a positive but weak correlation between Δ%/ and '/
・a positive and stronger correlation between Δ%′/ and '/

・Δ%/ :the difference in radii between 0+ ground state and 12+ isomer state

・Calculating high-spin isomer state of other nuclei

to propose an experimental probes for constraining the     
EOS of spin-polarized nuclear matter.

・Δ%′/ :the difference in radii between spin-up and spin-down nucleon in 12+ state
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