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An extension of time-dependent covariant density functional theory that includes particle–vibration
coupling is applied to the charge-exchange channel. Spin-dipole excitation spectra are calculated an
compared to available data for 90Zr and 208Pb. A significant fragmentation is found for all three angular-
momentum components of the spin-dipole strength as a result of particle–vibration coupling, as well
as a shift of a portion of the strength to higher energy. A high-energy tail is formed in the strength
distribution that linearly decreases with energy. Using a model-independent sum rule, the corresponding
neutron skin thickness is estimated and shown to be consistent with values obtained at the mean-field
level.
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Spin–isospin excitations present a very active research topic
both in nuclear structure and nuclear astrophysics. In particular,
a detailed knowledge of the Gamow–Teller resonance, a collec-
tive oscillation of excess neutrons that coherently change the di-
rection of their spin and isospin without changing their orbital
motion, is essential for understanding weak nuclear reactions in-
volved in the process of nucleosynthesis, i.e. β-decay, electron and
neutrino capture. Moreover, it has been shown that spin-dipole
charge-exchange excitations, made up of three components with
angular momentum and parity Jπ = 0− , 1− and 2− , can signifi-
cantly contribute to the total reaction rates and even compete with
the contribution of Gamow–Teller transitions [1–3].

The spin-dipole strength can also provide information on basic
properties of finite nuclei. The thickness of the neutron skin has
been shown to constrain the neutron equation of state [4], and is
also correlated with the nuclear symmetry energy [5]. While accu-
rate data on the charge distribution in nuclei have been obtained
by elastic electron scattering, our knowledge of neutron distri-
bution comes primarily from hadron scattering, and the results
are markedly model-dependent. Indirect methods for determining
the neutron skin thickness have been proposed, based on energy
differences between the Gamow–Teller and isobaric analogue res-
onances [6], and using the model-independent sum rule for the
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spin-dipole resonance [7]. Two recent (p,n) and (n, p) measure-
ments of the spin-dipole response of 90Zr and 208Pb [8,9] have
also prompted new theoretical studies, in particular investigations
based on the random phase approximation [10–13].

Both measurements [8,9] show a high-energy tail in the spin-
dipole strength distribution that cannot be described by the sim-
ple one-particle — one-hole (1p1h) random phase approximation
(RPA). Previous attempts to extend this framework using the 2p2h
RPA were based on a non-self-consistent approach that employs
a phenomenological Woods–Saxon potential to obtain the ground-
state wave functions [14]. In this Letter we introduce a charge-
exchange version of the particle–vibration coupling model based
on time-dependent covariant density functional theory, and apply
it to an analysis of spin-dipole strength distributions in 90Zr and
208Pb.

The basic quantity that describes small-amplitude motion of an
even–even nucleus in an external field with frequency ω is its
response function R(ω) [15]. It is obtained as a solution of the
Bethe–Salpeter equation:

R(ω) = R̃0(ω) + R̃0(ω)W (ω)R(ω), (1)

where R̃0(ω) is the propagator of two uncorrelated quasiparti-
cles in the static mean field, and the second term includes the
in-medium nucleon–nucleon interaction W (ω). The two-body in-
teraction W (ω) contains static terms and a frequency-dependent
term:

0370-2693/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.physletb.2011.11.050

http://dx.doi.org/10.1016/j.physletb.2011.11.050
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/physletb
mailto:marketin@phy.hr
http://dx.doi.org/10.1016/j.physletb.2011.11.050


478 T. Marketin et al. / Physics Letters B 706 (2012) 477–481

Fig. 1. Spin-dipole strength distributions for the t− (upper panel) and the t+ (lower panel) channels in 90Zr. On the horizontal axis the excitation energy is plotted with
respect to the ground state of 90Zr. The solid black curve represents the sum of the strength distributions of the 0− , 1− and 2− components, calculated in the RTBA that
includes particle–vibration coupling. The dashed black curves denotes the corresponding RRPA strength function. In both cases the imaginary part of the energy is set to
Δ = 1 MeV. The experimental results denoted by full circles are from Ref. [8].

W (ω) = Vρ + Vπ + V LM
δπ + Φ(ω) − Φ(0). (2)

Vρ and Vπ represent the finite-range ρ-meson and π -meson ex-
change interactions, respectively. They are derived from the covari-
ant energy density functional and read:

Vρ(1,2) = g2
ρ �τ1 �τ2

(
βγ μ

)
1(βγμ)2 Dρ(r1, r2),

Vπ (1,2) =
(

fπ
mπ

)2

�τ1 �τ2(Σ1∇1)(Σ2∇2)Dπ (r1, r2), (3)

where gρ and fπ are the coupling strengths, Dρ and Dπ are the
meson propagators and Σ is the generalized Pauli matrix [16].
The derivative type of the pion–nucleon coupling necessitates the
inclusion of the zero-range Landau–Migdal term V LM

δρ , which ac-
counts for the contact part of the nucleon–nucleon interaction
[16]. Φ(ω) describes the coupling of the quasiparticles to vibra-
tions (phonons) generated by coherent nucleonic motion. In the
quasiparticle time blocking approximation (QTBA) [17] it can be
written in the following operator form:

Φ(ω) =
∑
m,η

g(η)†
m R̃0(η)(ω − ηωm)g(η)

m , (4)

where the index m enumerates vibrational modes with frequencies
ωm and coupling amplitude matrices g(η)

m , and the index η = ±1
denotes forward and backward components. In Eq. (2) the term
Φ(0) is subtracted to remove the effect of double counting the
phonon coupling, because the parameters of the density functional
have been adjusted to ground-state data and, therefore, already in-
clude essential static phonon contributions. The energy-dependent
effective interaction of Eq. (4) leads to fragmentation of nuclear
spectra and determines the width of giant resonances [18].

The strength function S(ω):

S(E,Δ) = − 1

π
Im

〈
P † R(E + iΔ)P

〉
, (5)

yields the spectral distribution of the nuclear response in a given
external field P . The field operators for charge-exchange spin-
dipole transitions read:

Pλ± =
∑

i

r(i)
[
σ (i) ⊗ Y1(i)

]
λ
t±(i), (6)

where t± denotes the isospin raising and lowering operators.
The phonon coupling terms augment the RPA spectrum with

additional p–h⊗phonon components that generally lead to signifi-
cant fragmentation of giant resonances [18]. In Fig. 1 we compare
the spin-dipole strength distribution in 90Zr calculated using the
relativistic random phase approximation (RRPA), and the relativis-
tic time-blocking approximation (RTBA). In both models the NL3
[19] relativistic mean-field effective interaction has consistently
been used for the calculation of the mean-field ground-state, the
RPA phonons, and the spin-dipole charge-exchange excitations.

The prominent RRPA peaks (dashed curves) disappear when
particle–vibration coupling is included in the RTBA (solid curves).
In the t− channel, for instance, only a broad resonance remains
with the peak at 23.5 MeV, in very good agreement with avail-
able data [8]. The three angular-momentum components do not,
however, follow the energy hierarchy E(2−) < E(1−) < E(0−) pre-
dicted by recent Skyrme-RPA calculations [10,11]. While the RTBA
predicts the 2− component to be the lowest one with the centroid
energy m2−

1 /m2−
0 = 25.4 MeV, 0− is found to be lower than the 1−

component, with centroid energies at 29.4 MeV and 32.6 MeV, re-
spectively. This is probably due to the fact that the exchange terms
are neglected in the mean-field calculation. Namely, as shown
in a recent study [12], a fully consistent relativistic Hartree–Fock
(RHF) + RPA calculation yields E(2−) < E(1−) < E(0−) for the ex-
citation energies of spin-dipole components.

The inclusion of particle–vibration coupling leads to a shift of
the strength to higher excitation energies. A high-energy tail is
formed in the region above 30 MeV where the strength decreases
almost linearly with increasing energy, in close agreement with ex-
perimental results. In contrast, the RRPA strength decreases more
rapidly above 30 MeV, and becomes 5 to 10 times smaller than the
experimental strength above 40 MeV.

In the t+ channel the two dominant peaks predicted by the
RRPA merge into a single broad structure that extends up to ap-
proximately 15 MeV excitation energy. The tail at higher ener-
gies decreases approximately linearly with increasing energy. One
might notice a very good agreement with data, except in the low-
energy region below 5 MeV, where both the RRPA and the RTBA
predict spin-dipole strength, originating predominantly from the
2− component, that is considerably larger than the measured dis-
tribution.
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