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The tilted-axis cranking model based on covariant density functional theory is used to study the candidate
antimagnetic rotation (AMR) bands in '01:192103.1%pq The experimental energy spectra and B(E2) values
are reproduced well in the self-consistent and microscopic calculations. By investigating microscopically the
composition and orientation of angular momentum, an “umbrella”-like antimagnetic rotation (UAMR) mode
resulting from the coupling of four gy, proton holes to neutron particles is clearly illustrated for the first time.
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I. INTRODUCTION

Antimagnetic rotation (AMR) [1-4] is a rotational phe-
nomenon which has attracted extensive attention. The energy
levels in the AMR band differ in spin by 2% and are connected
by weak electric quadrupole (E2) transitions. Another signifi-
cant feature of the AMR is a decrease of the B(E?2) values with
increasing spin [5,6]. Since the prediction of AMR in nuclei
[1,2], much experimental effort has been devoted to exploring
this interesting phenomenon. So far, candidate AMR bands
have been reported in the A ~ 100 and A ~ 140 mass regions
[3,7-11]. Lifetime measurements were performed for the AMR
bandsin '°Cd[12],'°Cd [5], ''Cd [13],'®Cd [14,15], ' Cd
[16],'1°Cd [17], ''Pd [7-9], '™*Pd [10], and "**Eu [11].'®Cd
[18] and ''°Cd [17] were suggested to have a strong interplay
between the antimagnetic and core rotations.

The AMR bands are usually interpreted in terms of a
two-shears mechanism, in which the angular momentum is
increased by a simultaneous closing of the two proton-hole
blades toward the neutron-particle angular momentum vectors
[5,6]. Except for the well-known two-shears mechanism, is it
possible that the AMR with more than two shears could exist in
a nucleus? In fact, candidate AMR bands have been observed
in '°'Pd [7-9] and '™Pd [10] (Z = 46) with four go> proton
holes. In addition, we notice that the observed Al = 2 bands
in the neighboring nuclei 102p4 [19] and '%*Pd [20] also exhibit
the characteristics of AMR. Therefore, it is interesting to study
the possible four-shears mechanism of AMR in the Pd isotopes.

The previously theoretical studies for the candidate AMR
bands in Pd isotopes were based on the semiclassical parti-
cle rotor model (PRM) and titled-axis cranking (TAC) shell
model [7-10,21]. References [7,21] inferred the 7 g;/‘;-based

configuration for the AMR band of '°'Pd within the framework
of the PRM. However, Refs. [8,9] favored the ngg/zz -based

configuration for the AMR band of '°'Pd based on the TAC and
PRM calculations. In addition, the ng;fz -related configuration
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for the AMR band of '"Pd [10] was tentatively assigned
by analogy with the AMR band of the neighboring nuclei
106Cd [5]. Therefore, it is necessary to investigate the AMR
bands in the Pd isotopes by adopting a self-consistent and
microscopic model. Recently, covariant density functional
theory (CDFT) has succeeded in describing many nuclear
properties microscopically [22-34]. Moreover, without any
additional parameters, the tilted-axis cranking model based on
covariant density functional theory (TAC-CDFT) [3,4,35,36]
can self-consistently describe the nuclear rotation excitations.
TAC-CDFT has been employed to investigate the magnetic
rotation (MR) bands [37-46], the AMR bands [6,18,46-49],
and the stapler bands [50,51]. In this work, we adopt the
self-consistent and microscopic TAC-CDFT to investigate
the candidate AMR bands in Pd isotopes and to explore
the possible AMR mechanism generated by closing the four
protons blades toward neutrons.

II. THEORETICAL FRAMEWORK

In the TAC-CDFT, the equation of motion for the nucleons
derived from the rotating Lagrangian is written as

- (p—V)+Bm+S+V -2 Jlyp =y, (1)

where J = L + %2 is the total angular momentum of nucleon
spinors, and the fields S and V* are linked to the densities
and current distributions in a self-consistent way. The solution
of these equations yields single-particle energies, expectation
values of three components (J;) of the angular momentum,
energy, quadrupole moments, B(E2) transition probabilities,
etc. Moreover, by taking into account the quantal corrections
[52], the total angular momentum J calculated corresponds to
the quantum number of the angular momentum / + 1/2. The
detailed formulism can be found in Refs. [3,6,44,45,47]. In
the present work, a basis of ten major oscillator shells and
the point-coupling interaction parameters PC-PK1 [53] are
adopted. Pairing correlations are neglected.

In the microscopic TAC-CDFT calculations, all the energy
and angular momentum come from the individual nucleons
and there is no core. In the ideal case, the configuration
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FIG. 1. Excited energies E(I) for the negative-parity sequences
in 190183pd and positive-parity sequences in 1°*1%Pd calculated by the
TAC-CDFT compared with the experimental data [7,10,19,20]. The
energies at I = 13.5h, 18%, 15.5h, and 16/ are taken as references
for 101:102.103.104pq respectively.

should contain the information about all the occupied levels
of the nucleons. Usually, the configuration may be simplified
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FIG. 2. Calculated B(E2) values and I?/B(E2) ratios for the m(go)
4 ® l)l’lll/z(g7/2,d5/2)6 band in 103Pd, and the ﬂ(gg/z)_4 ® U(h]l/z)z(g7/2,d5/2)6 band in 104Pd

U(h11/2)2(87/2,d5/2)4 band in lOZPd, the 7T(g9/2)_
compared with the available experimental data [7-10].

by omitting the nucleons in a closure shell, such as in
Refs. [6,18,47]. In the present work, the configuration for the
AMR band is adopted by setting the '°°Sn(Z = 50,N = 50)
as a reference. Therefore, ﬂ(gg/z)_4 is taken as the proton
configuration, and v(h11/2)"(g7/2,ds5/2)" (m = 1,2;n = 4,6)
are taken as the neutron configurations for the Pd isotopes
(Z = 46). The configuration-constrained calculations are per-
formed to keep these configurations.

III. RESULT AND DISCUSSION

The energy spectra, B(E?2) values, the ratios of the dynamic
moments of inertia I® to the B(E2) values, deformation
parameters, the angular momentum vectors and compositions
in 101:102.103.104p are calculated and discussed in the following.

The calculated energy spectra E(I) as a function of I in
101,102,103.104pq are compared with the experimental data in
Fig. 1. The data are taken from the ° vhll({z band” in '9'Pd
[7], “band 2" in '*Pd [19], “band 1” in '®Pd [20], and the
states above 104 in '%Pd [10]. It is clear from Fig. 1 that
the experimental energy spectra in 101:102:103.104pq are well
reproduced by the present self-consistent calculations at the
corresponding spin region. The converged solutions are not
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FIG. 3. Evolutions of deformation in the (8,y) plane with
rotational frequency in the TAC-CDFT calculations. The rota-
tional frequencies increase from 0.26 to 0.48 MeV correspond-
ing to the 7(go/)™* ® vh11/2(g7/2,ds/2)* configuration in '°'Pd,
from 0.35 to 0.62 MeV from corresponding to the 7'r(g9/2)*4 ®
v(h“/z)z(g7/2,d5/2)4 in 192Pd, from 0.36 to 0.64 MeV correspond-
ing to the 7(go/)™* ® vh11/2(g7/2,d5/2)° configuration in '"Pd,
and from 0.26 to 0.72 MeV corresponding to the rr(gg/z)*“@
V(hl1/2)2(87/2,615/2)6 in '“*Pd.

obtained for the lower and higher spin regions in the present
TAC-CDFT calculations for the selected configurations.
Typical characteristics of AMR include weak E2 transi-
tions, which result in large ratios of the dynamic moments
of inertia 3® to the B(E2) values, as well as the decreasing
B(E?2) values with increasing spin [2,54]. The calculated
B(E?2) values and 3»/B(E2) as functions of spin are com-
pared with the available experimental data [8—10] in Fig. 2. As
shown in Fig. 2, the calculated B(E2) values and J®/B(E2)
ratios are in good agreement with the data in '°*1%Pd [8-10]. It
should be noted that all the calculated B(E2) values show slight
decrease with increasing spin, and the calculated 3®/B(E2)
ratios exceed 100 MeV~!(eb)~2, which are consistent with the
expected characters for AMR [2,54]. Therefore, the present

calculations show that the 7 (g9/2) ™ ® vh11/2(g7/2,ds/2)* band
in ''Pd, the 7(g9/2) ™ ® v(h11/2)*(g7/2,d5/2)* band in '®*Pd,
the 7(g9/2)™* ® vhi1/2(g7/2,ds,2)® band in '®Pd, and the
ﬂ(gg/z)_4 ® V(h11/2)2(g7/2,d5/2)6 band in 104Pd are AMR
bands. It is noted that the bands in '°>'*Pd are suggested as
the AMR bands for the first time.

We present the evolutions of the calculated deformation for
101,102.103.104pq in the (B,y) plane with increasing rotational
frequency in Fig. 3. One can see from Fig. 3 that the S
values decrease as the rotational frequency increases. The
decreasing behavior of the § values is consistent with the
decrease of the B(E2) values. Moreover, the calculated S
values of 101:102.103.104pq are 411 larger than 0.15, which means
that the collective rotation should also contribute to the total
angular momentum.

To examine the
101,102,103,104
Pd,

possible AMR mechanism in
the angular momentum vectors of the
g9 /2 proton holes (j) and the Ay, neutron particles (j,) for
101,102.103.104pq were calculated and presented in Fig. 4. As
shown in Fig. 4, the four proton angular momentum vectors
of 101:102.103.104pq divide into two pairs, which are pointing
in opposite directions to each other and nearly perpendicular
to the angular momentum vectors of neutrons at the initial
frequency. With the rotational frequency increasing, the
vectors j; of the four gg,» proton holes gradually align toward
the vectors j,, and the vectors j, of the hy;/, neutrons are
almost unchanged. The increment of angular momentum is
generated by the closing of the two pairs of proton blades
toward the neutron angular momentum vectors, and all the
four go,» proton holes contribute to the angular momentum.
It presents a picture of the two pairs of shears closing
simultaneously. As shown in Fig. 4, the closing of two pairs
of shears is similar to the closing of an umbrella. Thus we
give the term “umbrella-like antimagnetic rotation” (UAMR)
mode to this coupling mechanism. For the higher j orbital
(e.g., i13/2), the AMR with three pairs of shears is expected,
which could be also classified as UAMR mode.

To investigate the umbrella-like antimagnetic rotation
(UAMR) mode, the components of the proton and neutron
angular momenta in 101:102103.194pq are shown in Fig. 5.
In the present TAC-CDFT calculations, all of the angular
momentum come from the individual nucleons. As shown
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FIG. 5. The compositions of the proton and neutron angular momentum in

in Fig. 5, for the protons, the angular momentum and its
increment mainly come from the four proton holes in the
go/2 shell, while the Z = 50 core barely contributes to the
angular momentum. For the neutrons, the angular momentum
mainly comes from neutron particles in the 211, and (g7/2,ds,2)
shells whereas the N = 50 core barely contributes to the
angular momentum. As the rotational frequency increases, the
increment of neutron angular momentum mainly arises from
the neutron particles in the (g7/2,ds,2) shells. We could divide

TABLE 1. Calculated angular momenta along the x axis (j,) for the AMR, v(gd), '°°Sn core, and total angular momenta in

6
v [g7/2d5/2]

v[h

ll/2]

0.6 0.7 04 0.5 0.6 0.7 0.80.30.40.50.60.70.8
hio [MeV]

101.102,103,104Pd

the contribution of the angular momentum into three parts: the
AMR mechanism, v(gd), and '°°Sn core, which are defined by
the angular momentum coming from the g9/, proton holes and
hi1/2 neutron particles, the neutrons in the (g7/2,ds/2) shells,
and the orbits below Z = 50 and N = 50, respectively. The
detailed contributions of the AMR, v(gd), and '°’Sn core for
101,102,103,104p( are presented in Table I. As shown in Table I,
the '%°Sn core barely contributes to total angular momentum,
which indicates that the '°°Sn core stays relatively inert. The

101,102,103,104Pd

Nuclei Configuration () Ajy Ratio
fiw = 0.26 MeV fiw = 0.48 MeV (1) (%)
10Tpq 7(goy2)~* ® vhiia(g2,ds ) AMR 7.94 10.95 3.01 49.1
v(gd) 4.11 6.92 2.81 45.8
1008y core 0.39 0.71 0.31 5.1
Total 12.44 18.58 6.13
fiw = 0.35MeV hiw = 0.62MeV
1%2Pd 7(89/2) ™" ® v(h1/2)*(872.d52)° AMR 11.52 16.38 4.86 59.9
v(gd) 4.76 7.71 2.95 36.4
1008n core 0.78 1.08 0.30 3.7
Total 17.06 25.17 8.11
hiw = 0.36 MeV fiw = 0.64 MeV
'%pd 7(89/2)™* ® vhi1/2(872.d52)° AMR 8.63 12.98 4.35 54.3
v(gd) 5.48 8.93 3.45 43.1
1008y core 0.56 0.77 0.21 2.6
Total 14.67 22.68 8.01
fiw = 0.26 MeV fiw = 0.72MeV
104pq 7(goy2) ™" ® v(h112)*(g72,ds)2)° AMR 9.89 16.68 6.79 54.2
v(gd) 3.91 8.29 438 35.0
10081 core 0.60 1.96 1.36 10.8
Total 14.40 26.93 12.53
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contribution from the AMR to total angular momentum is
larger than those from the v(gd). The contributions from
the AMR to total angular momentum increment are 49.1%,
59.9%, 54.3%, and 54.2% for '"'Pd, '©2Pd, '®Pd, and '*Pd,
respectively.

IV. SUMMARY

In summary, we use a fully self-consistent and microscopic
TAC-CDFT to investigate the gg_/é ® vhi12(872,ds /2)4 band
in ''Pd, the 7 g5} ® v(/11/2)*(87/2.d5/2)* band in '*Pd, the
T[gg_/é ® l)h]l/z(g7/2,d5/2)6 band in 103Pd, and the 7Tg9_/é ®
v(h11/2)%(g7/2.d5/2)° band in '™Pd. The calculated energy
spectra and B(E?2) values are in reasonable agreement with
the available data and consistent with the typical characteristics
of AMR. By investigating the composition and orientation of
the angular momentum, a microscopic picture of the AMR

mechanism with two pairs of shears is clearly exhibited for
the first time. We give the term umbrella-like antimagnetic
rotation (UAMR) mode to the coupling mechanism. It is of
great scientific interest to search for the AMR bands with three
pairs of shears for the higher j orbits.
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