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Signature splitting and magnetic rotation in 86Y
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Based on recent experimental data, the band structure of the odd-odd nucleus 86Y has been studied. The
positive-parity yrast band built on the configuration πg9/2 ⊗ νg−1

9/2 shows a large signature splitting, and a signature
inversion occurs at I ∼ 13h̄. The signature inversion is interpreted by the competition between single-particle and
collective excitations in this nucleus. The negative-parity dipole band, which is probably connected with magnetic
rotation, is assigned to the configurations πg2

9/2(p3/2/f5/2)−1 ⊗ νg−1
9/2 before and to πg2

9/2(p3/2/f5/2)−1 ⊗ νg−3
9/2

after the alignment. Self-consistent titled axis cranking calculations based on relativistic mean-field theory are
performed to interpret the rotational structure. Characteristic features of magnetic rotation are found for the
negative-parity band.
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I. INTRODUCTION

Nuclei in the f -p-g shell are very sensitive to polarization
effects of individual particles on the high-j orbital. The
shapes strongly depend on the number of protons Z and
neutrons N , on rotation, and on the orbitals occupied by
the quasiparticles. With increasing neutron number towards
the neutron shell closure at N = 50, the deformation-driving
features diminish. For the nuclei in between, an enhanced
transitional character leads to a very fragile coexistence of
excitation modes based on different deformations. Especially
in the nuclei with 47 neutrons, the intruder subshell g9/2 is
more than half filled and has lost most of its deformation
driving capability [1,2]. Therefore, they provide an excellent
laboratory for studying the interplay between single-particle
and collective excitations. In 84Rb [2], signature inversion
occurs in its positive-parity band with rotation-like structures.
Comparing different isotopes of this nucleus, the inversion
point is shifted slightly to higher spins with increasing neutron
number. For the nuclei with two more protons, the high-spin
structure of 80,82,84Y [3–5] has been well studied and signature
inversion has also been observed in their positive-parity bands.
The investigation of 86Y is motivated by the question of how
this structural evolution is developing for the Y isotopes with
increasing neutron number.

In addition, magnetic rotation (MR) [6,7], which has been
successfully described by the titled axis cranking (TAC) model
and which has been extensively studied in the mass regions
A ∼ 110 [8–10], A ∼ 130 [11,12], and A ∼ 200 [13,14], is
also an interesting phenomenon in the A ∼ 80 mass region.
For instance, as the deformation-driving features diminish with
increasing neutron number towards the neutron shell closure
at N = 50, magnetic rotational bands with negative parity
were observed in 82,84Rb [15–17]. In a systematic study, it
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is probably possible to find similar rotational modes in the
neighboring isotones, such as 86Y.

Recently, high-spin states in 86Y have been studied by Rusu
et al. [18] using heavy-ion fusion-evaporation reactions. The
yrast sequence has been extended and M1 bands with negative
parity have been observed in 86Y. The corresponding level
structures were interpreted by shell-model calculations. These
authors also emphasize the need for theoretical investigations
of a possible magnetic rotation with negative parity, in
particular within the tilted axis cranking approximation [19].

In this paper, we shall first present discussions of the
signature inversion in the positive-parity band, and then use
the recently established self-consistent relativistic tilted axis
cranking theory (TAC-RMF) [20–22] to investigate the dipole
structures in 86Y as candidates for magnetic rotation.

II. SIGNATURE SPLITTING IN THE
POSITIVE-PARITY BAND

In Fig. 1, we replot the level scheme of the yrast band and
the newly established negative-parity band in 86Y obtained
from Ref. [18]. The yrast band of the odd-odd nucleus
86Y is built on the 8(+) isomeric state located at 218 keV
above the 4− ground state. This band has been extended in
Ref. [18] up to a 17(+) state with an energy of 5993 keV.
Its configuration has been already assigned in Ref. [23] to
πg9/2⊗νg−1

9/2. This has been also confirmed by shell-model
calculation in Ref. [18]. In general, many similarities can be
found between rotational bands in nearby nuclei if they are
built on the same intrinsic quasiparticle (qp) structure. This is
the case for the positive-parity yrast bands of odd-odd nuclei in
the A ∼ 80 mass region, which are well described theoretically
by the occupation of two unlike g9/2 nucleons [24–26]. The
rotational hypothesis can be tested by comparing the kinematic
moments of inertia J (1) [27,28] with those of the yrast bands
of nearby odd-odd nuclei. These quantities, deduced from
experimental energies and spins, are often used as a measure
of the change of collectivity between nuclear rotational
bands.
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FIG. 1. Level scheme of positive-parity and negative-parity bands
in 86Y obtained from Ref. [18]. The energies of the γ transitions and
of the levels are given in keV. Parentheses denote that the parities are
assigned tentatively.

In Fig. 2 we show the kinematic moments of inertia J (1) for
the positive-parity band in 86Y. For comparison we also present
the values for the corresponding bands in 84Rb [2] and 84Y [5].
It can be seen that for 86Y the J (1) value is about 18 h̄2MeV−1 at
I = 9h̄, and it remains (except for I = 14h̄) for higher angular
momenta nearly constant, ranging from 18 to 20 h̄2MeV−1,
which is close to the rigid-body value of nuclei in the

FIG. 2. (Color online) Kinematic moments of inertia J (1) as a
function of spin for the positive-parity yrast bands in 86Y, 84Rb, and
84Y.

A ∼ 80 mass region [16,25]. As shown in Fig. 2 this behavior
is rather similar to that in the nearby odd-odd nuclei 84Rb and
84Y. The relatively constant values of J (1) in a relatively large
range of spins suggest a collective rotation for high-spin states
in the yrast band. However, before a lifetime measurement,
further theoretical investigations about the collectivity could
include the study of nuclear deformation in self-consistent
relativistic mean field calculations [29] and the comparison
of the rotational structure with that deduced from the particle
rotor model [30].

One attractive feature of almost all odd-odd nuclei in this
region is the large signature splitting in the positive-parity yrast
band and a reversal of the splitting pattern near spin I = 9h̄.
It has been pointed out earlier [24] that the signature inversion
in the A ∼ 80 mass region is related to the filling of the high-j
g9/2 proton and g9/2 neutron subshells, and that reflects the
transition from mainly single-particle excitations at low spins
to more rotational, i.e., collective, motion at higher spins. It
can be well visualized by plotting the experimental quantity
[E(I ) − E(I − 1)]/2I as a function of spin. This is shown in
Fig. 3 for the yrast bands of 86Y, 84Rb [2], and 84Y [5].

The pattern for each graph shown in Fig. 3 is essentially
the same. At higher spins, beyond the level crossing, the
odd-spin states (filled circles) are increasingly low in energy
and display a relatively high degree of signature splitting.
This agrees with the theoretical expectation that odd-spin
states should be favored for rotational bands built on the
πg9/2⊗νg−1

9/2 configuration. At low spins, the even-spin states
(opened circles) are lower in energy and the degree of signature
splitting is reduced. The splitting pattern is one of the indicators
for nuclear collectivity. A reduced splitting may indicate that
rotation plays a less important role at low spins than at high
spins. Near the region of Iπ = 13(+)h̄, there is an inversion in
the phase of the pattern for 86Y. In the other two cases 84Rb [2]
and 84Y [5], the inversion point occurs at about Iπ = 11(+)h̄.

A rather similar signature inversion was predicted near
I = 9h̄ in 76Br and 82Y on the basis of two-qp-plus-rotor cal-
culations [24,25]. In these calculations, the change in signature
splitting represents the onset of collective rotation above the
maximum spin available for two unlike g9/2 qp’s, namely, 9h̄.
At low spins the increase in spin comes mainly from recoupling
of the two qp’s, while collective rotation dominates above the
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FIG. 3. Plot of the quantity [E(I ) − E(I − 1)]/2I as a function
of spin for the positive-parity yrast bands in 86Y, 84Y [5], and 84Rb [2].
Solid (open) circles represent signature α = 1 even-spin sequence
(α = 0 odd-spin sequence).

reversal point. With increasing proton or neutron number, the
small shift of the inversion point to higher spins is also likely
due to the competition between single-particle and collective
degrees of freedom. With nucleon numbers increasing up to the
shell closure N = 50, single-particle character plays a more
and more important role at lower spin states, and remains
important to slightly higher spins for excited states. This could
be a possible reason for the rise of the inversion point.

III. MAGNETIC ROTATION IN THE
NEGATIVE-PARITY BAND

As shown in Fig. 1, the negative-parity band built on the
I = 11h̄ state located at 2758 keV above the 4− ground state
[31] is mainly composed of a series of dipole transitions, and
has been extended in Ref. [18] up to the Iπ = 21(−) state with
the energy 8444 keV. The large energy separation to the ground
state and other low-lying states indicates a predominantly four-
quasiparticle nature in the negative-parity band. The decay out
at the Iπ = 11(−) bandhead state happens only to the Iπ =
10(+) state of the yrast band, and it further supports a four-
quasiparticles nature of the bandhead. In 86Y, the proton Fermi
level is located near the Nilsson orbitals 2p3/2, 2p1/2, 1f5/2

and the high-j orbital of the πg9/2 subshell, while the neutron
Fermi level lies at the upper end of the νg9/2 subshell. Thus
the proton or neutron configurations may include the filling of
these orbitals. In fact, it has been pointed out in Refs. [15,16]
that the lowest-lying four-quasiparticle (4qp) configuration for
the neighboring nuclei with Z = 37 and N = 45, 47 turns out
to be πg2

9/2(p3/2/f5/2)−1 ⊗ νg−1
9/2.

To investigate its structure, the experimental angular mo-
mentum is shown in Fig. 4 as a function of rotational frequency
for the negative-parity band in 86Y. The experimental rotational
frequency has been extracted as in Ref. [32],

h̄ω = 1

2
[Eγ (I + 1 → I ) + Eγ (I → I − 1)] ≈ dE

dI
. (1)

FIG. 4. (Color online) Angular momentum as a function of
rotational frequency for the negative-parity band in 86Y, in comparison
with TAC-RMF calculations and similar M1 bands in 84Rb.

It is easy to see that in the negative-parity band of 86Y a
backbend is observed at spin 17h̄.

In contrast with its isotone 84Rb [2], a similar M1 band
has also been observed in its level structure, and it has
been interpreted as magnetic rotation band based on the
πg2

9/2(p3/2/f5/2)−1 ⊗ νg−1
9/2 configuration [15,17]. For com-

parison we show in Fig. 4 the observed spins I as functions of
the rotational frequency ω for the similar band in 84Rb [15,17].
It is clear that both nuclei show almost the same behavior, and
the striking similarities in excitation energy have been shown
already in Ref. [18]. Therefore, before the backbend of the
negative-parity band, 86Y may have the same configuration as
the M1 band in 84Rb.

For the higher spin states of the negative band in 86Y,
the backbend shown in Fig. 4 is possibly attributed to the
alignment of a neutron pair in the g9/2 orbital with a gain in
angular momentum. It also has been proposed by shell-model
calculations in Ref. [18] that the high-spin states have the
largest components characterized by the coupling of three
neutron holes in the g9/2 orbital with one proton hole and a
broken pair of protons in the f5/2 and g9/2 orbitals, respectively.
Thus, after backbend in the negative band, the corresponding
configuration could be πg2

9/2(p3/2/f5/2)−1 ⊗ νg−3
9/2. Moreover,

the shell-model calculation in Ref. [18] predicts strong M1
transitions in the negative band. All of the indications show
that the negative-parity band may have the nature of a shears
mechanism, and is thought of tentatively as a MR band. In
the following, we perform the TAC-RMF calculations [21] to
study the candidate for the MR band.

TAC-RMF theory is based on sophisticated covariant den-
sity functional theory (CDFT). During the past two decades,
CDFT has received wide international attention due to its
success in describing many nuclear phenomena in stable
as well as in exotic nuclei [33–35]. On the basis of the
same functional and without any additional parameters, the
rotational excitations can be described in practical applications
within the TAC-RMF framework. In Ref. [36], cranked RMF
theory with arbitrary orientation of the rotational axis, i.e.,
three-dimensional cranking, has been developed. However,
due to its numerical complexity, it has only been applied for
the magnetic rotation in 84Rb [36]. Focusing on magnetic
rotation, the cranked RMF model was improved greatly
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and a two-dimensional cranking version of the RMF model
based on a nonlinear meson-exchange interaction has been
established [20]. Very recently, the TAC model based on
relativistic point-coupling Lagrangians was constructed with
further simplifications [21]. This version is more suitable
for systemic investigations. This self-consistent TAC-RMF
model based on a point-coupling interaction has been applied
to shears bands in the nuclei 58Fe [37], 60Ni [21], 113,114In
[10,38], and 198,199Pb [39]. Furthermore, with the same density
functional PC-PK1 [40] antimagnetic rotational bands were
also successfully described in the nuclei 105Cd [41,42] and
112In [43]. For a review of TAC-RMF theory and its application
in nuclear magnetic rotation, see Ref. [22].

For the present calculations, self-consistent two-
dimensional cranked RMF theory [21] is used for the pa-
rameter set PC-PK1 [40] in order to examine the shears
mechanism in the nucleus 86Y, while pairing correlations are
neglected. The Dirac equation for the nucleons is solved
in a three-dimensional harmonic oscillator basis [44], and
a basis of eight major oscillator shells is adopted. For the
nucleus 86Y, the negative-parity M1 band has been calculated
based on the configurations πg2

9/2(p3/2/f5/2)−1 ⊗ νg−1
9/2 be-

fore the alignment and πg2
9/2(p3/2/f5/2)−1 ⊗ νg−3

9/2 after the
alignment.

The calculated total angular momenta are also given
in Fig. 4 as functions of the rotational frequency for the
negative-parity band and are compared with the experimental
data. It is found that the calculated results agree well with
the experimental data both before and after the backbend,
which further supports the configuration assignment. This
also indicates that the present TAC-RMF calculations can
reproduce the relative changes of the moment of inertia
within the different bands rather well. In addition, the TAC
calculations also support that the backbend arises through
an excitation of a neutron-hole pair in the g9/2 shell, i.e.,
by the transitions in the configurations πg2

9/2(p3/2/f5/2)−1 ⊗
νg−1

9/2 → πg2
9/2(p3/2/f5/2)−1 ⊗ νg−3

9/2 for the negative-parity
band in 86Y. Figure 4 shows that the calculated values for
these states between I = 14h̄ and I = 17h̄ are missing. This
is caused by the fact that the level crossing connected with
a sharp backbending phenomenon [20] is not described well
in the cranking approximation, and converged solutions for
these angular-momentum values could not be obtained at
present.

In order to examine the shears mechanism for the magnetic
rotational bands in the nuclei 86Y, we show in Figs. 5(a) and
5(b) the proton and the neutron angular-momentum vectors
Jπ and Jν as well as the total angular-momentum vectors
Jtot = Jπ + Jν at both the minimum and the maximum rota-
tional frequencies in TAC-RMF calculations for the negative-
parity band before and after the backbend of 86Y. The proton
and neutron angular momenta Jπ and Jν are defined as

Jπ = 〈Ĵπ 〉 =
Z∑

p=1

〈p | Ĵ | p〉, (2)

Jν = 〈Ĵν〉 =
N∑

n=1

〈n | Ĵ | n〉. (3)

FIG. 5. (Color online) Composition of the total angular momen-
tum at both the minimum and the maximum rotational frequencies
in the TAC-RMF calculations for the negative-parity band. Upper
(a) and lower (b) panels represent the results before and after the
backbend, respectively.

where the sum runs over all the proton (or neutron) levels
occupied in the cranking wave function in the intrinsic system.

For the magnetic dipole band in 86Y, the contributions to
the angular momenta come mainly from the high-j orbitals
g9/2 for both neutron(s) and protons. At the bandhead, the
proton particle(s) filling the bottom of the g9/2 shell mainly
contribute to the proton angular momentum along the short
axis, and the neutron hole at the upper end of the g9/2 shell
mainly contributes to the neutron angular momentum along
the long axis. In this case, the proton and neutron angular-
momentum vectors form the two blades of the shears. As the
frequency increases, the two blades move toward each other
to provide larger angular momentum, while the direction of
the total angular momentum does not change much. In this
way, the shears mechanism is clearly presented. By comparing
the upper panel (before backbend) with the lower one (after
backbend) in Fig. 5, one finds that after the backbend the
neutron angular-momentum vectors are considerably larger,
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FIG. 6. (Color online) Reduced E2 transition probabilities B(E2)
(a) and reduced M1 transition probabilities B(M1) (b) as functions
of the total angular momentum in the TAC-RMF calculations.

because they contain the contributions of an aligned pair of
g9/2 neutron holes.

A typical characteristic of magnetic rotation is strongly
enhanced M1 transitions at low spins as well their decreasing
tendency with increasing angular momentum. In contrast to
the enhanced M1 transitions, the E2 transitions are very weak
for magnetic rotational bands. In Figs. 6(a) and 6(b) we show
the calculated B(E2) as well as B(M1) values as functions
of the total angular momentum for the negative-parity band in
86Y. For the B(M1) values, the smooth decreasing tendency
shown in the negative-parity band before and after the
backbend obviously presents further evidence of the shears
mechanism. It should be pointed out that, although there are no
experimental B(M1) values at present, the calculated B(M1)
values (0.4 ∼ 1.4μ2

N ) are in the same order as the experimental
B(M1) values (0.2 ∼ 0.8μ2

N ) of a similar band in neighboring
nucleus 84Rb [17]. In addition, owing to the gain of angular
momentum from the alignment of a pair of g9/2 neutrons
after the backbend and the very similar shears angles for
the negative-parity band before and after the backbend, the
B(M1) values after the backbend are much larger than the
corresponding values before the backbend.

The calculated B(E2) values are shown in the upper panel
of Fig. 6 as functions of the total angular momentum. In
contrast to the large B(M1) values (about several μ2

N ), the
B(E2) values are very small for both bands [<0.05 (eb)2].
This will lead to large calculated B(M1)/B(E2) values
[>25μ2

N (eb)−2], and indicates that the rotation has prominent
magnetic character. Unfortunately, lifetimes have not been

extracted in Ref. [18]. However, the fact that there are strong
M1 transitions but no crossover E2 transitions shows that
the experimental B(M1)/B(E2) must be very large in the
negative-parity band. At relatively lower spins of the negative
band, the B(E2) values show a roughly constant trend. It
implies that the nucleus stays at a small deformation along
the band. Moreover, with increasing spin, a sharp decreasing
trend of the B(E2) values can be found from the calculated
results for the band after the backbend. This indicates a signal
for the termination of the corresponding shears band.

IV. SUMMARY

In conclusion, the positive-parity yrast band and the
negative-parity M1 band observed in the odd-odd nucleus 86Y
have been studied. It is found that the positive-parity yrast
band shows a signature splitting and signature inversion, and
the inversion point occurs around spin 13h̄, somewhat shifted
to higher spin when compared with the neighboring isotope
84Y and the isotone 84Rb. It is likely that this shift has its
origin in the competition between single-particle and collective
degrees of freedom. In addition, the relatively constant values
of kinematic moments of inertia in a rather large range of spins
values suggest a collective rotational interpretation for the high
spin states of the yrast band.

The regular negative-parity M1 band displays charac-
teristics of magnetic rotation and a backbend occurs at
Iπ ∼ 16(−)h̄ due to the alignment of a g9/2 neutron-hole
pair. The configuration πg2

9/2(p3/2/f5/2)−1 ⊗ νg−1
9/2 before the

alignment and the configuration πg2
9/2(p3/2/f5/2)−1 ⊗ νg−3

9/2
after the alignment have been assigned. The fully microscopic
and self-consistent TAC-RMF model based on the point-
coupling density functional PC-PK1 has been applied to
examine the shears mechanism in the negative-parity band.
The angular momenta, titled angles, and reduced M1 and E2
transition probabilities have been calculated. The experimental
angular momenta as a function of rotational frequency have
been studied and compared with the TAC-RMF calculations,
and good agreement has been obtained, showing that the
TAC-RMF calculations can reproduce the moments of inertia
rather well. The calculated decrease of B(M1) values with
increasing angular velocity indicates the appearance of a shear
mechanism in 86Y. In addition, a shear mechanism has been
clearly illustrated in the candidate band for MR. However,
more investigations in the future, such as lifetime measure-
ments, should be useful to make a conclusive interpretation.
Additional work is necessary for systematic calculations for
other isotopes in this region.
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