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The pygmy dipole resonance (PDR) at the low-lying tail of the giant dipole resonance (GDR) is an interesting
research subject because it carries important information about the nuclear surface with mixed isoscalar and
isovector vibrations in N > Z systems. The present paper investigates the possible existence of the PDR built on
excited states in a neutron-rich 80Ge nucleus using the phonon damping model (PDM) with and without pairing
correlation at zero and finite temperatures. The results obtained within the PDM with exact pairing (EP + PDM)
reveal the appearance of two enhanced γ transitions Eγ = 7.25 and 7.35 MeV at T = 0.6 MeV, which carry the
PDR nature and hence imply the possible existence of PDR built on excited states in this nucleus. These two γ

energies nicely match with a recent experimental observation, thus indicating the crucial role of the inclusion of
exact pairing solution in the precise description of low-lying γ transitions. The partition-function-based analysis
shows that this predicted PDR at T = 0.6 MeV is mainly contributed by the first 2+ excited state of the 80Ge
nucleus. The isospin mixing at the nuclear surface is also observed in the investigated PDR at T = 0.6–0.7 MeV.
The primary mechanism underlying the emergence of the hot PDR is found due to the coupling of GDR phonon
to noncollective particle-particle and hole-hole configurations at finite temperatures within the PDM framework,
along with the shift in particle-hole excitation energies due to thermal pairing correlations.

DOI: 10.1103/PhysRevC.110.064323

I. INTRODUCTION

The low-lying excited states of the nucleus offer crucial
insights into the nuclear structure and reactions, particularly
through electromagnetic transitions. These transitions provide
essential information on the nuclear resonances, notably the
dipole resonances such as the giant dipole resonance (GDR)
and/or the pygmy dipole resonance (PDR), depending on
the energy region of interest. While the GDR has long been
known and widely studied [1,2], both theoretical [3] and
experimental [4] researches on the PDR were initiated later
and have attracted significant attention in recent years due to
their impact on the nucleosynthesis processes in astrophysical
environments [5–10].

The PDR is characterized by the oscillation of excess neu-
trons against the isospin-symmetric core [11]. The PDR states
manifested in the vicinity just below the neutron separation
energy Sn of neutron-rich nuclei and are known to situate at
the low-energy tail of the GDR [3,4,9,12]. Examinations of
the oscillation phase via nucleon transition densities indicate
that the characteristics of a PDR are the in-phase oscillation
of transition densities in the nuclear interior and out-of-phase
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oscillation at the nuclear surface, where only the neutron tran-
sition density contributes. This results in a mixing between
the isovector and isoscalar modes, thereby facilitating the
experimental investigations of the PDR using both isoscalar
and isovector probes [3,4,11]. On the other hand, given its
sensitivity to the nuclear surface, the PDR is frequently
linked to the symmetry-energy and neutron-skin thickness
studies [6,13–19]. Moreover, the study of the PDR becomes
more interesting when considering its contribution to astro-
physical processes. For instance, the low-lying resonances
like the PDR exert a significant influence on the radiative
neutron-capture rate [6,12] and play a crucial role in r-process
calculations, such as the r-abundance distribution [5–9].
These resonances also contribute to the s-process [10,20],
where the medium and heavy elements are formed. This
underscores the significance of PDR contributions to the as-
trophysical observables such as Maxwellian-averaged cross
section and reaction rate [20], thereby illuminating the origin
and the abundance of elements in our universe.

In the context of not having a systematic experimental
view on PDR due to technical challenges and device sen-
sitivities [4], there has been a notable push towards the
development of theoretical models to describe the PDR.
Those theoretical models are generally constructed from
both macroscopic and microscopic perspectives. Macroscopic
models, such as the hydrodynamical approach [21–23] or
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elastodynamic excitation mechanism [24], treat the nucleus as
either a liquid droplet or a core-layer structure. In the former,
the PDR arises from the oscillations between the neutron fluid
at the surface and the symmetric core through compressional
modes, whereas, in the latter, the PDR is characterized by
a nuclear core-layer undergoing elastic-shear vibrations. On
the other hand, microscopic models, such as Hartree-Fock
plus random-phase approximation (HFRPA) [2], renormal-
ized RPA (RRPA) [25–28], quasiparticle RPA (QRPA) [2],
relativistic RPA and QRPA [29–31], second RPA (SRPA)
and subtracted SRPA (SSRPA) [32–34], multiphonon mod-
els [35,36], the quasiparticle phonon model (QPM) [37,38],
the quasiparticle time blocking approximation (QTBA) [39],
relativistic QTBA (RQTBA) [40–42], the equation of motion
phonon method (EMPM) [43,44], and the phonon damp-
ing model (PDM) [45,46], are derived based mainly on the
particle-hole (ph) residual interactions via the nuclear mean
field. Comprehensive reviews of these theoretical models can
be found in Refs. [3,11,12,47] and references therein.

Most of the above-mentioned models only describe the
PDR at zero temperature, implying that this resonance is built
on the nuclear ground state. This description is based on the
conventional point of view that the PDR should come from
the low-lying 1− excited states deexciting to the ground state.
It is naturally expected that there should also be the PDR
built on excited states or the PDR at finite temperatures (hot
PDR). At finite temperature, the nuclear system is known to
be in a thermodynamical ensemble of many excited states
at thermal equilibrium [48]. Thus, the study of hot PDR is
equivalent to the study of the PDR built on excited states.
From the theoretical perspective, such a study is possible
since the PDR is an inseparable part of the GDR, which is
influenced by temperature. Many theoretical and experimental
studies have proved this influence via the damping of hot GDR
[45,47,49–56]. It can also be indirectly studied via the en-
hancement of the radiative γ -ray strength function (RSF)
in the PDR energy region, which has been observed in re-
cent years [57–60]. Theoretical RSF models can describe
such enhancements only if the temperature effect is in-
cluded [57,58,61–64].

Recent experiments have reported the decay patterns of
the PDR in several nuclei, in which a significant portion
(≈25%) of the decay to low-lying excited states were ob-
served [65–68]. Another experiment has observed the extra
γ -ray yields from the tails of the hot GDR in neutron-rich
60,62Ni nuclei [69]. Those extra yields may be attributed to
the hot PDR. In particular, a very recent experiment based
on the β-decay of a neutron-rich 80Ge nucleus has reported
the first evidence of the existence of a PDR built on excited
states with non-1− spin-parity [70]. This experiment observed
two γ decays of 7181(53stat + 18sys) and 7337(53stat + 19sys)
keV associated, respectively, to the direct transitions from
7840 and 7796 keV excited states to the low-lying 2+

1 states
of 80Ge, thus implying the first signature of a PDR built on
non 1− excited states. Those experimental studies motivate
our theoretical investigation on the hot PDR in neutron-rich
nuclei.

The goal of the present paper is to investigate the possi-
ble existence of a PDR built on excited states in the above

80Ge nucleus by using the PDM plus exact pairing at finite
temperature (EP + PDM). The PDM has been proposed
and successfully employed to describe the evolution of the
GDR width as a function of temperature in various hot nu-
clei [45–47]. When coupling with the exact pairing (EP)
solution, the PDM is able to describe reasonably well the
RSFs of several nuclei [62,63,71]. In addition, the observation
of decay modes of the PDR mentioned above suggests the
important contribution of higher-order excitations, such as
2p2h and 3p3h, to the PDR formation. In this context, the
PDM and EP + PDM, which take into account the couplings
of the GDR phonon to the ph, pp, and hh configurations,
are equivalent to the couplings to 2p2h configurations and
thus suitable to describe the hot PDR. The obtained results
may provide more insights into the structure of hot PDR and
inspire further experimental search.

The paper is organized as follows: After the introduction
in Sec. I, the PDM and EP + PDM formalisms are briefly
presented in Sec. II. The results obtained are discussed in
Sec. III. Conclusions are drawn in the last section.

II. FORMALISM

In this work, two versions, conventional PDM (without
pairing) [45] and EP + PDM (with exact pairing) [72], are
employed to calculate the electric dipole (E1) strength func-
tion and distribution. The PDM and EP + PDM formalisms
have been presented in detail in several publications, e.g.,
Refs. [45,47,62,63,72,73], so we only summarize the main
idea of these models.

The PDM is derived based on a Hamiltonian containing
three terms, namely, the independent single-particle (quasi-
particle) field with single-particle (quasiparticle) energies
εk (Ek ), the phonon field with phonon energies ωq, and the
coupling between these two fields, which causes the damping
of the GDR [45,72]. Within the PDM, the E1 strength distri-
bution at a given γ energy Eγ and temperature T is calculated
as

SE1(Eγ , T ) = 1

π

γq(Eγ , T )

(Eγ − EGDR)2 + γ 2
q (Eγ , T )

, (1)

where EGDR is the temperature-independent GDR energy and
γq(Eγ , T ) is the phonon damping, which is related to the
GDR full width at half maximum �GDR(T ) by the following
relation:

γq(Eγ = EGDR, T ) = 1
2�GDR(T ). (2)

At T = 0, the phonon damping γq(Eγ ) is microscopically
calculated within the PDM by coupling the GDR phonon to
the noncollective ph states. It corresponds to the quantal width
of the GDR, that is the width of the GDR built on the ground
state. At T �= 0, the PDM additionally includes the coupling
of the GDR phonon to the noncollective pp and hh states,
which causes the thermal width of the GDR. As the temper-
ature increases, the quantal width slightly decreases, whereas
the thermal width increases and saturates at a sufficiently high
T . This is how the PDM explains the evolution of the GDR
width as a function of temperature (see Ref. [45] for details).
The explicit expression of γq(Eγ , T ) is given as the sum of
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these quantal and thermal half-widths as follows:

γq(Eγ , T )

= πF 2
ph

∑

ph

[u(+)
ph ]2(1 − np − nh)δ(Eγ − Ep − Eh)

+ πF 2
ss′

∑

s>s′
[v(−)

ss′ ]2(ns − ns′ )δ(Eγ − Es + Es′ ), (3)

where ss′ stands for pp′ and hh′, whereas u(+)
ph = upvh + vpuh

and v
(−)
ss′ = usus′ − vsvs′ are the combination of the Bogoli-

ubov’s coefficients uk and vk (k = p, h). The δ function in
Eq. (3) is given the form of δ(x) = ε/[π (x2 + ε2)] with ε

being the smoothing parameter. The quasiparticle occupation
numbers nk are given in terms of the Fermi-Dirac distribution

nk = 1

eEk/T + 1
, (4)

where Ek = {[εk − λ(T )]2 + �(T )2}1/2 are the quasiparti-
cle energies with λ(T ) and �(T ) being the temperature-
dependent chemical potential and pairing gap, respectively.
Within the PDM (without pairing correlation), the pairing gap
�(T ) is zero, thus the quasiparticle energies Ek become Ek =
|εk − λ(T )| and λ(T ) can be obtained from the independent-
particle model (IPM) at finite temperature. When pairing
correlation is taken into account, all the coefficients uk , vk , Ek ,
and nk are calculated by using the EP and the model becomes
the EP + PDM. In the latter, the EP is treated for a selected
number of levels around the Fermi surface (truncated lev-
els), where pairing correlation is known to be most effective.
Beyond the truncated levels, where pairing correlation has
negligible effect, the finite-temperature independent-particle
model is used [62,72,73]. The coupling matrix elements Fph,
Fpp′ , and Fhh′ are set to be constant within the PDM or
EP + PDM, namely, Fph = F1 and Fpp′ = Fhh′ = F2. Those F1

and F2 are considered as the model parameters. The value of
F1 is adjusted to reproduce the experimental GDR width at
T = 0 or that determined from the global parameter [74] if
no experimental width is found. The F2 value is also selected
at T = 0 so that the calculated GDR energy is insignificantly
changed with T [46,62,71].

To look deeper into the GDR and PDR structures, we
calculate the transition densities in the corresponding GDR
and PDR regions. The transition density within the PDM and
EP + PDM has the form

δρtrans(r) = 1√
4π

1√
2J + 1

×
∑

kk′
(−1)lk+lk′ γkk′

(
Eγ , T

)

Fkk′

ϕk (r)ϕk′ (r)

r2
, (5)

which is similar to that used in the Skyrme HFRPA in
Ref. [75]. In Eq. (5), ϕk(k′ )(r) are the radial single-particle
wave functions of the k(k′)th single-particle levels. The term
γkk′ (Eγ , T )/Fkk′ , which plays the same role as the RPA ma-
trix element, stands for the contribution of the kk′ transition
strengths to the total transition density at energy Eγ and tem-
perature T . This quantity is obtained within the PDM or EP +
PDM using Eq. (3).
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FIG. 1. The E1 strength functions of 80Ge obtained within the
PDM and EP + PDM at T = 0 by using the value of smoothing
parameter ε = 0.1 MeV.

III. RESULTS AND DISCUSSION

The PDM and EP + PDM are used to calculate the
E1 strength distribution of 80Ge nucleus. The neutron and
proton single-particle spectra are calculated by using the
Skyrme Hartree-Fock mean field [75]. The SLy5 interac-
tion is employed for illustration. The obtained results do not
significantly change with the different version of the interac-
tions. The obtained single-particle spectra and wave functions
are then used to calculate the E1 strength functions (1)
and transition densities (5). Since 80Ge is slightly deformed
(the quadrupole deformation parameter β2 = 0.182 [76]), its
GDR lineshape is split into two components, whose ener-
gies and widths can be retrieved from the RIPL-3 nuclear
database [77], namely, at EI

1 ≈ 15.9 MeV, EII
1 ≈ 18.2 MeV,

�I
1 ≈ 4.11 MeV, and �II

1 ≈ 6.40 MeV. Once the GDR is fixed,
the low-lying E1 transitions can be observed from the GDR
tail below Sn, as shown in Fig. 1 for T = 0 case. The energy
region used to investigate the PDR is from 6 to 8 MeV, as
suggested by the latest experiment in Ref. [70]. Although
deformation influences the GDR, causing it to split into a
double-bump structure, this splitting in the PDR region is
not clearly observed in our study. This is consistent with the
results reported in Ref. [3].

In Fig. 1, one can clearly observe the appearance of reso-
nances at Eγ ≈ 6–8 MeV within both PDM and EP + PDM.
Within the PDM, there appears a strong resonance, whose
peak position is located at Eγ ≈ 6.5 MeV. This resonance
is shifted to Eγ ≈ 7.5 MeV within the EP + PDM (see the
inset of Fig. 1). The wide energy distribution of this resonance
indicates the possibility that the resonance is formed by two
or more E1 transitions. In addition, the shift of the resonance
to the higher energy position as that obtained within the
EP + PDM is attributed to the effect of exact pairing, which
minimizes the system’s energy. Consequently, the resonances
at lower energies require more energy to occur. Here, we
recall that the PDM and EP + PDM calculations in Fig. 1 are
performed based on the conventional GDR at T = 0, namely,
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FIG. 2. The E1 strength functions of 80Ge obtained within the
EP + PDM at T = 0–1 MeV by using the value of smoothing pa-
rameter ε = 20 keV.

the E1 transitions from the 1− excited states to the ground
state. Thus, the resonances observed from the GDR tail might
have the same nature, i.e., resonances built on the ground state.

To study the PDR built on the excited states, we perform
the EP + PDM at T �= 0. Figure 2 shows the E1 strength
functions obtained within the EP + PDM in the region of
GDR’s low-lying tail at T = 0–1 MeV. Here, one can see the
presence of the resonances at Eγ ≈ 6–8 MeV at all considered
temperatures. However, with increasing T , the peak position
of the largest resonance, fully filled by colors in Fig. 2, is
shifted towards lower energy due to the thermal effect, which
reduces the pairing correlation. For example, at T = 0.6 MeV,
the peak position of the largest resonance is shifted to Eγ ≈
7.3 MeV, which is about 0.2 MeV smaller than that obtained
from the largest resonance built on the ground state in Fig. 1.
Hereafter, the energy region 6–8 MeV will be carefully ana-
lyzed as this is where the experimental observation of the PDR
built on excited states was reported [70].

Within the PDM or EP + PDM, the proton and neutron
mean fields are separately treated and the total strength func-
tion is simply the sum of the strength functions for neutron and
proton. Thus, it allows us to examine the contribution of pro-
ton and neutron strengths to the total one in each resonance.
Figures 3 and 4 show the proton and neutron E1 strength
functions obtained within the EP + PDM at T = 0 and 0.6
MeV using a very small value of smoothing parameter ε. By
separately analyzing the proton and neutron E1 strengths that
contribute to the total GDR, one can investigate the origin
of the resonances in the PDR region. At T = 0 MeV, it is
evident that in the region of Eγ = 7–7.6 MeV, only proton
transitions contribute, yielding two peaks at Eγ ≈ 7.45 and
7.55 MeV (see the inset of Fig. 3). However, at T = 0.6
MeV, the neutron transitions emerge alongside the proton
transitions in this energy region, accompanied by a shift of
two proton-dominated resonance peaks towards lower ener-
gies Eγ ≈ 7.25 and 7.35 MeV (see the inset of Fig. 4). This
result implies that at T = 0.6 MeV, there should be at least
two enhanced E1 transitions at Eγ ≈ 7.25 and 7.35 MeV to
some low-lying excited states, not the ground state. Notably,
this result is in agreement with the experimental results in
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FIG. 3. The proton (Z) and neutron (N) E1 strength functions of
80Ge obtained within the EP + PDM at T = 0 MeV by using a very
small value of smoothing parameter ε = 10 keV.

Ref. [70], in which two γ transitions of 7181(53stat + 18sys)
and 7337(53stat + 19sys) keV associated with the PDR built
on exited 2+

1 states were reported.
To further investigate the nature of the obtained reso-

nances, we plot in Fig. 5 the neutron and proton transition
densities in the PDR region (6–8 MeV) at several tem-
peratures below T = 1 MeV. Traditionally, the PDR was
considered to be of ph nature. However, recent stud-
ies based on the transition probabilities from the low-
lying 1− state to the ground state using the microscopic
Skyrme Hartree-Fock RPA [3] have suggested that the
PDR is not purely based on ph configurations, and it can-
not even be described as a collective resonance. In our
EP + PDM model, a similar situation occurs. The GDR
phonon, which can be described as collective ph excitations
within the microscopic HF + RPA, interacts with single-
particle p and h states via its couplings to ph, pp, and hh
configurations at finite temperatures [45], leading to an im-
purity in the ph nature of the PDR (ph + pp + hh). Our
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FIG. 4. Same as Fig. 3 but at T = 0.6 MeV.
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FIG. 5. The neutron and proton transition densities along with
their IS and IV modes in the PDR region (6–8 MeV) obtained within
the EP + PDM for 80Ge at finite temperatures.

present calculations are in good agreement with the findings
in Ref. [3].

Figures 5(a)–5(j) show the transition densities of 80Ge from
T = 0 to 0.9 MeV obtained within the EP + PDM. The sig-
nature of the PDR, including in-phase behavior of transition

densities in the core and the presence of only neutrons at the
nuclear surface, are faintly observed at T = 0.5 MeV, become
pronounced at T = 0.6 MeV, and then gradually disappear
as the temperature becomes higher than 0.7 MeV. In Fig. 5,
we find that, in low-temperature region T = 0–0.5 MeV, the
oscillations in the 6–8 MeV region are more isovector (IV)
than isoscalar (IS) because they are simply the tail of the GDR.
In the T = 0.6–0.7 MeV region, one can see that the IS part
increases to be compatible with the IV part. At higher tem-
peratures 0.6 < T < 1.0 MeV, the IS part increases further
and becomes dominant. At T > 1 MeV, the IV part becomes
dominant. To analyze in detail the typical T = 0.6 MeV case,
we plot in Fig. 6 the neutron and proton strength functions in
the PDR region together with the neutron and proton transi-
tion densities in the PDR and GDR (≈14–16 MeV) regions
obtained within the EP + PDM at T = 0 and 0.6 MeV.
Figure 6(a) clearly shows that at T = 0, two peaks, whose
peak positions at Eγ ≈ 7.45 and 7.55 MeV are found. Those
peaks are shifted to Eγ ≈ 7.25 and 7.35 MeV at T = 0.6 MeV
[Fig. 6(d)]. As for the transition densities, Fig. 6(e) shows a
typical PDR nature, namely, protons and neutrons are oscil-
lated in-phase in the core (r < 4 fm) and out-of-phase near
the surface (4 < r < 6 fm). At the surface (r > 6 fm), the
neutron transition density still survives, while the proton one
is almost quenched. This suggests the isospin mixing at the
nuclear surface in the investigated PDR, offering the possi-
bility of applying both isovector and isoscalar probes in 80Ge
nucleus, which is in line with previous suggestions [3,4,11].
Meanwhile, Figs. 6(c) and 6(f) reveal a typical GDR nature
(proton and neutron oscillations are out of phase), in which the
neutron oscillations are stronger than the proton ones at T = 0
as this 80Ge nucleus is neutron-rich. In the PDR region, the
out-of-phase proton-neutron oscillations in the core present
at T = 0, as seen in Fig. 6(b). It is hard to say if those
oscillations have the PDR nature or are simply remnants of the
GDR. However, the neutron and proton oscillations are com-
patible at T = 0.6 MeV [Fig. 6(e)]. Concerning the variation
of neutron transitions at T = 0.6 MeV mainly about the phase
change, generally, it arises from the presence of neutron pp
(dominant) and hh (minor) excitations within the EP + PDM
at finite temperature together with the shift of ph excitations to
the lower energy region due to the thermal pairing correlation.
This phenomenon occurs only at finite temperature. The phase
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FIG. 6. The neutron and proton strength functions in the PDR region together with the neutron and proton transition densities summed
over the PDR and GDR regions obtained within the EP + PDM for 80Ge at T = 0 and 0.6 MeV.
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TABLE I. The contribution C(%) of excited states of 80Ge into the EP + PDM thermal equilibrium background at finite temperatures. The
unit of excited energies and temperatures are in MeV.

T g.s. E (2+
1 ) = 0.659 E (2+

2 ) = 1.573 E (4+
1 ) = 1.742 E (6+

1 ) = 2.978 E (8+
1 ) = 3.445

0.0 100% 0% 0% 0% 0% 0%
0.1 99.7% 0.3% 0% 0% 0% 0%
0.2 90.6% 9.3% 0.1% 0% 0% 0%
0.3 69.7% 27.7% 1.3% 1.3% 0% 0%
0.4 43.3% 46.2% 4.7% 5.3% 0.4% 0.1%
0.5 22.3% 55.3% 8.9% 11.4% 1.4% 0.7%
0.6 <20% 50.4% 11.0% 14.9% 2.7% 1.7%
0.7 <20% 38.3% 10.4% 14.7% 3.6% 2.4%
0.8 <20% 27.1% 8.6% 12.6% 3.9% 2.8%
0.9 <20% 19.1% 6.9% 10.3% 3.8% 2.9%
1.0 <20% 13.7% 5.5% 8.3% 3.5% 2.9%

changes in the PDR region can be seen in Fig. 5. Meanwhile,
the weakening of transition densities especially for protons
in Fig. 6(f) is simply explained by the thermal damping of
the GDR phonon, which is effectively described within the
EP + PDM.

To determine which excited states the PDRs are built on,
we analyze the EP + PDM thermal equilibrium background,
on which the transitions are built at finite temperature. To
do this, the partition function Z of the system is constructed
within the EP + PDM. However, to ensure the multiplicity
of the system, the partition function must be built on all
microstates. This will make the partition function realistic and
can correctly describe the thermodynamic quantities of the
system such as free energy, heat capacity, and entropy [62].
Since the EP method is calculated using only a truncated space
as mentioned in Sec. II, ZEP is incomplete. To supplement
it, we take into account the contribution of the levels outside
the truncated space using the finite-temperature independent-
particle model (IPM), namely,

Z (T ) = ZEP(T ) + ZIPM(T ). (6)

The explicit expressions of these functions can be found in
Refs. [78,79]. The contribution of the excited states of 80Ge
to the EP + PDM thermal equilibrium can be evaluated based
on the ratio between the partial partition function of excited
states and the total partition function as follows:

C = (2J + 1)e−E (Jπ )/T

Z (T )
, (7)

where E (Jπ ) is the excited energy of state Jπ collected from
the experimental level scheme on the National Nuclear Data
Center (Brookhaven) database [76]. The results obtained are
presented in Table I, which indicates the percentage contri-
bution of the ground state (g.s.) and excited states Jπ to the
EP + PDM thermal equilibrium background in the tempera-
ture range T = 0–1 MeV. At T = 0, all the transitions (100%)
fall to the ground state. As temperature increases, this ratio
rapidly decreases, with more transitions distributed to higher
excited states. The higher the temperature goes, the larger the
contribution from these excited states reaches. In the range of
T = 0.6–1 MeV, the contribution of the ground state drops
continuously below 20% and becomes difficult to be accu-

rately estimated due to the increasing contribution of higher
excited states, which are not taken into account in our estima-
tion. Nevertheless, as seen in Table I, at T = 0.6 MeV where
the PDR emerges, the contribution of the first 2+ excited
state is dominant (≈50%). This means that the PDRs are
mainly contributed to this 2+

1 state, which is consistent with
the conclusion in Ref. [70].

The above analysis suggests that there should be two en-
hanced E1 transitions of Eγ ≈ 7.25 and 7.35 MeV, carrying
the PDR nature, to some low-lying excited states in 80Ge
nucleus. Notably, these characteristic transitions are only ob-
served at T ≈ 0.6–0.7 MeV. Hence, the present work shows
the possibility of the emergence of the PDR at finite tem-
perature in 80Ge. This finding suggests that the Brink-Axel
hypothesis (BAH) [80,81], which states that there exists a res-
onance built on each excited state the same properties as those
built on the ground state, is violated in the PDR region. In
particular, the PDR appears only within a specific temperature
range (≈0.6–0.7 MeV), driven by the in-phase behavior of
proton- and neutron-transition densities at the nuclear center,
thus leading to a violation of the BAH. Other studies have
also shown this feature, but at much higher temperatures
(T > 3 MeV), where low-lying resonances appear [82,83].
Although there is considerable controversy surrounding the
validity of the BAH, recent experimental [84] and theoreti-
cal [85,86] studies have demonstrated the violation of BAH
in the PDR region for lighter nuclei, such as 22–27Ne, as well
as for heavier nuclei such as 208Pb. Our results are consistent
with the conclusions of these studies. On the other hand,
the partition function-based analyzing results show a high
probability that the PDRs are built on the 2+

1 state of the
80Ge nucleus. Our finding is consistent with the experimental
results in Ref. [70]. However, due to the limitation of the
present model, we are unable to explicitly indicate from which
excited states come those γ transitions. To do so, the model
needs further developments, which will be reported in the
forthcoming studies.

IV. CONCLUSION

The present work investigates the resonances in the low-
lying tail of the GDR of a neutron-rich 80Ge nucleus at zero
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and finite temperatures. The microscopic phonon-damping
model with the exact pairing solution is used for this purpose.
The obtained results show the appearance of two γ transitions
of Eγ ≈ 7.25 and 7.35 MeV at T = 0.6–0.7 MeV. Those
transitions have the PDR nature, thus implying the possible
existence of the PDR built on excited states. These PDRs
are most likely built on the first 2+ excited state of the 80Ge
nucleus. This finding is in good agreement with the latest
experimental results in Ref. [70]. In addition, the inclusion of
exact pairing is crucial to obtain the precise γ transitions when
compared with the experimental observations. In particular,
within the framework of the present model, we found that
the coupling of the GDR phonon to (noncollective) ph as
well as pp and hh configurations at finite temperature, which
causes the increase in the damping of the GDR, along with

the shift of particle-hole excitations to the lower-energy region
due to thermal pairing, is the primary mechanism underlying
the emergence of PDR built on excited states. Analysis of
transition densities also reveals the isospin mixing character
at the nuclear surface in the investigated PDR, which offers
the possibility to apply both isovector and isoscalar probes for
this 80Ge nucleus.
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and H.-K. Chang, Elasticity of nuclear medium as a principal
macrodynamical promoter of electric pygmy dipole resonance,
Phys. Lett. B 664, 258 (2008).

[25] K.-J. Hara, An extended boson approximation in the theory of
nuclear structure, Prog. Theor. Phys. 32, 88 (1964).

[26] D. J. Rowe, Methods for calculating ground-state correlations
of vibrational nuclei, Phys. Rev. 175, 1283 (1968).

[27] F. Catara, N. D. Dang, and M. Sambataro, Ground-state corre-
lations beyond RPA, Nucl. Phys. A 579, 1 (1994).

[28] L. T. Phuc, N. Q. Hung, and N. D. Dang, Renormalizing
random-phase approximation by using exact pairing, Phys. Rev.
C 99, 064322 (2019).

064323-7

https://doi.org/10.1016/j.ppnp.2022.104006
https://doi.org/10.1016/j.ppnp.2013.02.003
https://doi.org/10.1103/RevModPhys.29.547
https://doi.org/10.1016/S0370-2693(98)00907-1
https://doi.org/10.1016/j.nuclphysa.2004.04.105
https://doi.org/10.1016/j.physrep.2007.02.006
https://doi.org/10.1103/PhysRevC.91.044318
https://doi.org/10.1016/j.physletb.2017.07.062
https://doi.org/10.1016/j.ppnp.2019.02.001
https://doi.org/10.1088/0034-4885/70/5/R02
https://doi.org/10.1103/PhysRevC.76.051603
https://doi.org/10.1103/PhysRevC.81.041301
https://doi.org/10.1103/PhysRevC.81.051303
https://doi.org/10.1103/PhysRevC.73.044325
https://doi.org/10.1103/PhysRevC.83.034319
https://doi.org/10.1103/PhysRevC.85.024601
https://doi.org/10.1103/PhysRevC.92.034311
https://doi.org/10.1103/PhysRevC.107.064614
https://doi.org/10.1515/zna-1950-0801
https://doi.org/10.1103/PhysRevC.3.1740
https://doi.org/10.1103/PhysRevC.45.R13
https://doi.org/10.1016/j.physletb.2008.05.036
https://doi.org/10.1143/PTP.32.88
https://doi.org/10.1103/PhysRev.175.1283
https://doi.org/10.1016/0375-9474(94)90790-0
https://doi.org/10.1103/PhysRevC.99.064322


PHUC, DANG, LI, AND HUNG PHYSICAL REVIEW C 110, 064323 (2024)

[29] J. D. Walecka, A theory of highly condensed matter, Ann. Phys.
(NY) 83, 491 (1974).
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