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Abstract:

Based on tilted axis cranking relativistic mean-field theory within point-coupling interaction PC-PK1,

the rotational structure and the characteristic features of antimagnetic rotation for AI = 2 bands in '°®!%In are

studied. Tilted axis cranking relativistic mean-field calculations reproduce the experimental energy spectrum well

and are in agreement with the experimental I ~w plot, although the calculated spin overestimates the experimental

values. In addition, the two-shears-like mechanism in candidate antimagnetic rotation bands is clearly illustrated

and the contributions from two-shears-like orbits, neutron (gd) orbits above Z =50 shell and Z =50, N =50 core are

investigated microscopically. The predicted B(E2), dynamic moment of inertia J (2)7 deformation parameters 3 and -,
and 3@ /B(E2) ratios in tilted axis cranking relativistic mean-field calculations are discussed and the characteristic

features of antimagnetic rotation for the bands before and after alignment are shown.
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1 Introduction

Similar to rotational bands observed in molecules,
many nuclei have an energy spectrum with a pronounced
rotational character and the study of nuclear rotation
has been at the forefront of nuclear structure for several
decades. In particular, antimagnetic rotation (AMR) [1-
3] is an exotic rotational phenomenon observed in near-
spherical or weakly-deformed nuclei with weak electric
quadrupole (E2) transitions, as compared to the rotation
built on states with substantial quadrupole deformation
resulting in strong E2 transitions. In antimagnetic ro-
tation, the relation of energy and angular momentum is
characterized by the so-called “two-shears-like mecha-
nism” | i.e., by simultaneous closing of the two blades of
protons and neutrons toward the total angular momen-
tum vector.

To date, antimagnetic rotation has attracted a lot
of attention. Most AMR bands have been observed in
the A ~ 110 mass region, and several AMR bands has
been confirmed in Cd and Pd isotopes from lifetime
measurements, including '°°Cd [4],'°°Cd [5], '°"Cd [6],
108¢d [7, 8], M°Cd [9], °'Pd [10] and '©*Pd [11].
The other candidates include °°Pd [12], '°%1°Tn [13],
121n [14] and **Dy [15].
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During the last two decades, covariant density
functional theory (CDFT), including relativistic mean-
field (RMF) framework with point-coupling or mesonic-
exchange interaction [16-18], has been a great suc-
cess in describing many nuclear properties microscop-
ically [19-22]. Moreover, without any additional pa-
rameters, the rotation excitations can be described self-
consistently with the tilted axis cranking relativistic
mean-field (TAC-RMF) approach [2, 3]. The TAC-RMF
model has been successfully used in describing mag-
netic rotation (MR) and AMR microscopically and self-
consistently, such as the AMR bands in '95-11°Cd [23, 24]
and "?In [14], and also the MR bands in 5Fe [25],
SONi [26], 31Rb [27], *6Sr [28], 5¢Y [29], 113114In [30, 31],
M2Gd [32] and '°%°Pb [33]. In the A ~ 110 mass re-
gion, the Al =2 bands in '°'°Tn were observed with
AMR characteristics and the corresponding configura-
tions were also suggested early in 2001 in Ref. [13]. Thus,
it is necessary to study the candidate AMR bands in
108,110 within TAC-RMF theory.

2 Theory and numerical details

In the TAC-RMF theory, nuclei are characterized by
the relativistic fields S(r) and V#(r) in the Dirac equa-
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tion in the intrinsic frame rotating with a constant an-
gular velocity vector §2 as

[a'(p—v)+ﬂ(M+S)+V_Q'j]¢k:€k1/)k- (1)

. . 1.
Here J = L+ 52 is the total angular momentum

of the nucleon spinors, €, represents the single-particle
Routhians for nucleons, and the fields S and V#(V,V)
are connected in a self-consistent way to the densities
and current distributions, for details see Refs. [22, 32].
The iterative solution of the above equation yields single-
particle energies, expectation values of three components
<jl> of the angular momentum, energy, quadrupole mo-
ments, B(M1) and B(E2) transition probabilities, etc.
The magnitude of the angular velocity §2 is connected to
the total angular momentum quantum number, i.e., spin
I, by the semiclassical relation (J)-(J)=I(I+1). More-
over, by taking into account the quantal corrections [34],
I can be approximately calculated by the approximation
J=/I(IT+1)~=I1+1/2.

In the following, we use the point coupling La-
grangian PC-PK1 [35] to investigate the candidate AMR |

bands in '°In and '°In. The calculations are free of
additional parameters, and the pairing correlations are
neglected. The Dirac equation for the nucleons is solved
in a three-dimensional harmonic oscillator basis and a
basis of eight major oscillator shells is adopted.

3 Results and discussion

In Fig. 1, the level scheme of candidate AMR bands 4
and 5 in '%In and '*°In taken from Ref. [13] is presented.
All four bands shown in Fig. 1 are E2 bands with AT =2.
In '%1n, band 4 is assigned to be a negative-parity band
with an I™ = 8(7) bandhead directly feeding into the
I™ =7*% ground state via a 1861 keV transition; band 5
decays to band 4 through several transitions, which even-
tually decays to the ground state. Analogously, band 4 in
10Ty is a negative-parity band with an I™ = 8~ bandhead
and band 5 is assigned to be a negative-parity band with
a I™ =9 bandhead and decays to band 4. Moreover,
the similar gamma decay pattern and the excitation en-
ergy behaviour for bands 4 and 5 in '°In and ''°In in
Fig. 1 show evident structural similarity.
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Fig. 1.

In Ref. [13], bands 4 and 5 in '%In and ''°In have
been suggested to be candidate AMR bands. Moreover,
configurations have been assigned to 7'[99’/22515 /2@Vhq1 s for
band 4 in 1°8In, T[g;/22d5/2 ®@Vhi1,2 and ng;/zzdg,/g ®vh‘;’1/2
(after the alignment) for band 4 in °In, 7gy%g7/2 ®
Vhii2 and g, 59772 @ Vh, j, (after the alignment) for
band 5 both in '°®In and '°In. The above configurations

Level scheme of candidate AMR bands 4 and 5 in '%In and ''°In, taken from Ref. [13].

| are adopted in our TAC-RMF calculations. It should be
noted that the tilt angle is 90°, which is obtained self-
consistently in the TAC-RMF calculations for all config-
urations, in accordance with the Al =2 character of the
bands.

The calculated total energies of these four bands are
given in Fig. 2 and compared with the corresponding
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data [13]. One observes that the experimental energy
increases smoothly with the spin and is well reproduced
by the present self-consistent TAC-RMF calculations for
all four bands. It should be noted that there are no
converged solutions found in the backbend region where
the calculated values are missing, due to the level cross-
ing [36].

Spin as a function of rotational frequency for bands 4
and 5 in *°In and *!°In obtained from the TAC-RMF cal-
culations in comparison with the corresponding data is
shown in Fig. 3. It should be emphasized that for direct
comparison with results of the theoretical calculations
for AT =2 bands, the experimental rotational frequency

1
can be extracted as in Ref. [34]: fwey, = §EW (I—1-2).

In Fig. 3, it is easy to see that both bands 4 and 5 in
10Ty show distinct backbend, while there is no backbend
observed for band 5 in '®In. In Ref. [13], the backbend
has been explained as the rotational alignment of one
pair of hq/5 neutrons. Based on the suggested configura-
tions, the present TAC-RMF calculations are in general

agreement with the experimental I ~ w plot and sup-
port the configuration assignment, although the calcu-
lated spins overestimate the experimental values. For the
present TAC-RMF calculations of band 4 in '°In, it can
be seen that the calculated spin increases nearly linearly
with increasing rotational frequency and reproduces the
trend of the experimental data except for an 1-2A overes-
timate. For band 5 in '°In, the TAC-RMF calculations
reproduce the data well before the alignment and over-
estimate the data by a relatively large amount after the
alignment. It is not surprising that the alignment of one
pair of hq1 /2 neutrons after the backbend will increase the
spin by about 8 . Considering the implicit alignment in
band 5 of '°In, strong configuration mixing may exist
in the high-spin region, which requires more theoretical
studies. For bands 4 and 5 in ''°In, the TAC-RMF cal-
culations are in good agreement with the experimental
data, although they overestimate them slightly. Taking
the pairing correlation into account might improve the
result, as discussed in Ref. [37].

L oo o e e B L o e o o o L L e s o s e
14 - ]
o 108Tpy + 10 .,' g
12 j -+ j P
L 4 ’.’ i
10 - ’ =
o e 1 o ]
ERs T (')‘ |
a .-
5} i ] T = 1
£ 6| - 4+ a® -
r " @® Exp.(band 4) T .‘ ® Exp.(band 4) ]
ar ./,/' —— Ngspdsy®Vhy T —ﬂg9/2d5/z®Vh11/2(h11/2)
r ° ] Exp (band 5) T ™ m Exp.(band 5) 1
2 e ....ng9/2g7,2®vh11/2(h11/2) ——‘.‘ -- -ng9/2g7/z®th/z(h11/z)
O 1 | I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 1 | I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I
10 15 20 25 30 10 15 20 25 30
spin (%)

Fig. 2

(color online) Energy spectrum of candidate AMR bands 4 and 5 in '°In (left) and '*°In (right) obtained

from the TAC-RMF calculations, in comparison with the corresponding data [13].
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Fig. 3.

(color online) Spin angular momentum as a function of rotational frequency for bands 4 and 5 before and

after alignment in '°In (left) and "'°In (right) obtained from the TAC-RMF calculations in comparison with the

corresponding data [13].
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To examine the two-shears-like mechanism for the
candidate AMR bands in 1°In and !°In, the calculated
angular momentum vectors contributed from the two-
shears-like mechanism, J,;,, which consists of two pro-
ton holes gy /22, proton particle 7ds/2(g7/2), and neu-
tron particles vhy5(hY, ;) for the corresponding con-
figurations, are shown in Fig. 4. Taking band 4 of '°In
with the configuration ng;fzds/z ®Vhi1/, as an exam-
ple, the two gy, proton holes angular momentum vectors
are almost perpendicular to J,, at the beginning (hw =
0.28 MeV). Together with the valence particles (ds/, pro-
ton and hyq /2 neutron particles) angular momentum vec-
tors, they form the blades of the two shears. With the
increasing rotational frequency (Aiw = 0.40 MeV), the
gradual alignment of the proton holes angular momen-
tum vectors toward the particle vectors generates the
higher angular momentum while the direction of Jg
stays unchanged, which leads to the closing of the two
shears simultaneously by moving one blade toward the
other. A similar mechanism can also be seen in TAC-
RMEF calculations with assigned configurations for other
candidate AMR bands in '°In and ''°In as shown in

Fig. 4. It should be noted that here only the angular
momentum of orbits for the two-shears-like mechanism,
i.e., J,p, is involved and the angular momentum apart
from the two-shears-like mechanism will be discussed
later.

The angular momenta come from the individual nu-
cleons in the self-consistent and microscopic TAC-RMF
calculation. In the following, we extract the j, contri-
butions of nucleon angular momenta in order to inves-
tigate the two-shears-like mechanism in a more micro-
scopic way. It should be mentioned that there is no j.
contribution of neutron angular momenta for the present
configurations, which is required by the two-shears-like
mechanism. The j, contributions of the two-shears-like
orbits (sh), the neutron (gd), shell, the Z =50, N =50
core and total angular momenta for the assigned config-
urations of candidate AMR bands in '°In and '°In are
shown in Table 1. The angular momenta of gy, proton
holes, g7/2(ds/2) protons and hyi,, valence neutrons are
the contributions of the two-shears-like mechanism. The
remaining neutrons occupying in the gz2,ds,2,ds 2 orbits
above N =50 shell are defined as (gd),.
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(color online) Angular momentum vectors of the two-shears-like orbits, Jsp, contributed from two proton

holes 7'[5797/227 proton particle 7tds/2(g7/2), and neutron particles VA, (h?l/z) for candidate AMR bands in '°®In

and ''°In calculated with TAC-RMF theory.
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Table 1.

Calculated angular momenta along the z axis (jr) in the two-shears-like orbits (sh), the neutron

97/2,ds/2,ds/2 orbits above N = 50 shell ((gd)~), the Z = 50, N = 50 core and total angular momenta for the
assigned configurations of candidate AMR bands in *°®In and '°In.

Conf. 7‘9;/2297/2 ®@vhyy)2 7[9;/2297/2 ®Vh?1/2 gy ds /2 @Vh11 /2 ngg/zzdf)/z ®Vh?1/2
nuclei Ja(R) Ajz Je(R) Ajz J=(R) Ajz Je(R) Ajz
hw/MeV 0.26 0.42 0.37 0.57 0.28 0.40
1087, sh 9.2 10.3 1.1 14.8 17.5 2.7 7.5 8.9 1.4
(gd)~ 3.9 5.5 1.6 5.0 6.8 1.8 3.2 4.3 1.1
core 0.2 0.3 0.1 0.5 0.6 0.1 0.3 0.5 0.2
total 13.3 16.1 2.8 20.3 24.9 4.6 11.0 13.7 2.7
hw/MeV 0.26 0.50 0.42 0.82 0.38 0.54 0.38 0.50
1107, sh 9.4 10.8 1.4 15.6 19.9 4.3 8.7 9.8 1.1 14.0 15.5 1.5
(gd)~ 2.3 4.1 1.8 5.9 10.0 4.1 3.1 4.4 1.3 5.4 6.2 0.8
core 0.3 0.4 0.1 0.5 1.0 0.5 0.4 0.5 0.1 0.6 1.3 0.7
total 12.0 15.3 3.3 22.0 30.9 8.9 12.2 14.7 2.5 20.0 23.0 3.0

It is found that the angular momentum contribu-
tions from the Z = 50,N = 50 core are quite small
(< 1h), except for the configuration 7gy 5ds /2 © VAT, 5
in °In. Instead, the contributions to the angular mo-
menta along the x axis originate mainly from the two-
shears-like orbits, and the (gd), shell contribution is rel-
atively small. For example, for the assigned configura-
tion 7'[9;/2297/2 ® Vhiy2 of candidate band 4 in 108y,
two-shears-like orbits contribute 9.2 ~ 10.2 kA, 8 neu-
trons in the (gd), shell contribute 4.2 ~ 5.2 h and the
core contributes 0.3 ~ 0.4 h. However, with the increas-
ing rotational frequency, both sh and (gd), contribute
with a comparable increment to the angular momentum,
0.7 h and 1.0 h, respectively. Although the two-shears-
like mechanism is important, the remaining neutrons in

the (gd), shell are still making large contributions. As
the pairing correlations always tend to hinder the angu-
lar momentum alignment of nucleons, it is expected that
the inclusion of the pairing correlations will decrease the
calculated values of the total angular momentum, and
give a better description of the I ~w relations in Fig. 3.

Typical characteristics of AMR include weak E2 tran-
sitions, reflecting the small deformation of the core, as
well as a decreasing tendency of the reduced transition
probability B(E2) values with increasing spin, which re-
sults in large ratios of the dynamic moments of iner-
tia 3@ to the B(E2) values. In Fig. 5, B(E2) and
J@/B(E2) as a function of the spin for bands 4 and
5 in 1%In and '!°In obtained from the TAC-RMF calcu-
lations are shown in comparison with the data.
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obtained from the TAC-RMF calculations in comparison with the corresponding data [13].
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It can be seen that the B(E2) values show smooth
decreasing tendencies with increasing rotational frequen-
cies in the calculations for all four bands and are all lower
than 0.20 e%-b? before the alignment or 0.30 e%b? after the
alignment, which are relatively small values. This means
that the E2 transitions are relatively weak. Besides, the
J®/B(E2) ratios are around 100 h2MeV~"'-e"2-b~2 or
more, which are much higher than 10 A22MeV ~'-e~2.b~2
for well deformed heavy nuclei and 5 i?2MeV ™" -e~2.b~2
for superdeformed nuclei [1]. This result is consistent
with the expectation for a two-shears-like mechanism.

Experimental B(E2) values and J® / B(E2) ratios for
band 5 in "°In obtained from Ref. [13] are given in the
right panel of Fig. 5. It is easy to see that the experi-
mental B(E2) values before and after alignment in band
5 of "'%In are approximately 0.14e?-b? and 0.265 e? - b2,
respectively, in agreement with the present TAC-RMF
calculations for the configuration ﬂg;/2297 /2 @ vh}, ), be-
fore alignment and the configuration g, /2297 /2 @ VhY, o
after alignment as shown in Fig. 5, which further indi-
cates that the present calculations are reasonable. A
similar conclusion can also be obtained for the experi-
mental J® /B(E2). Moreover, the available experimen-
tal B(E2) and J®/B(E2) for band 5 in '*°In are in nu-
merical agreement with the confirmed AMR bands in

101Pd [10] and **Pd [11].

It should be noted that the experimental J® /B(E2)
at I = 16 h is very large, as it is in the alignment re-
gion. However, the available experimental B(E2) does
not exhibit a decreasing behavior. Similar behavior has
also been observed in the higher part of the vh;,, band
in ''Pd [10] and the negative-parity yrast sequence of
109Cd [36, 38, 39]. Besides the two-shears-like mecha-
nism, the collective motion from the core may also pro-
vide a large contribution. However, more lifetime mea-
surements and further theoretical explanations need to
be demonstrated for a more conclusive interpretation.

The decrease of the B(E2) values can be understood
by the changes in nuclear deformation. Deformation pa-
rameters § and «y as a function of spin for bands 4 and 5
in 1%In and *°In obtained from the TAC-RMF calcula-
tions are shown in Fig. 6. In comparison with Fig. 5, it
is found that the decreasing tendencies of 5 and B(E2)
with increasing spin are similar, which could be inter-
preted as the nuclear deformation reflecting the charge
distribution in the nuclei, which has effect on B(E2). Tt
can be seen in Fig. 6 that § values are lower than 0.25 but
higher than 0.18 for all bands, which means that '°In
and ''°In are not well-deformed nuclei. The calculated
values increase with increasing rotational frequency for

05Cq [4],106Cd [5], °7Cd [6], °3Cd [7, §], 1°Cd [9], all bands except for band 4 in ''°In.
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(color online) Deformation parameters 3 (upper panel) and v (lower panel) as a function of spin for bands

4 and 5 in '%In (left) and *°In (right) obtained from the TAC-RMF calculations.

4 Summary

In this paper, based on the tilted axis cranking rela-
tivistic mean field theory within point-coupling interac-

tion PC-PK1, the candidate AMR bands in °%11%In have
been studied. Based on the previous suggested config-
urations, TAC-RMF calculations reproduce the experi-
mental energy spectrum well and are in agreement with
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the experimental I ~ w plot, although the calculated
spins overestimate the experimental values. In addition,
the two-shears-like mechanism in candidate AMR, bands
has been clearly illustrated and the contributions from
the two-shears-like orbits, the neutron (gd) orbits above
Z = 50 shell and the Z = 50, N = 50 core have been
investigated microscopically. The predicted B(E2), dy-

namic moment of inertia 3(2), deformation parameters
B and ~, and J®/B(E2) ratios in TAC-RMF calcula-
tions have been discussed and the characteristic features
of AMR for the bands before and after alignment have
been shown. However, more investigations such as life-
time measurements will be useful to make a conclusive
interpretation in the future.
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