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Core breaking and possible magnetic rotation in the
semimagic nucleus zr
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Abstract: The semimagic nucleus QOZr, with Z = 40 and N = 50, is investigated in terms of large scale shell model
calculations. A logical agreement is obtained between the available experimental data and predicted values. The cal-
culated results indicate that the low-lying states are primarily dominated by the proton excitations from the fp orbit-
als across the Z = 38 or 40 subshell into the high-j 1g9,, orbital. For the higher-spin states of *7r, the breaking of the
N =50 core plays a crucial role, and the contribution of different orbitals to each state are discussed in this article.
The evolution from neutron core excitations to proton excitations is systematically studied along the neighboring N =
50 isotones. Furthermore, the strong Al = 1 sequence demonstrates an abrupt backbend attributed to the alignment of
the valence nucleons in fp proton orbitals and is proposed to have a 7(f’ ) 2(1gy /2)2® v(lgg /2)’1(2d5 2/1g7 /2)1 con-
figuration before the backbend, based on the shell model calculations. The properties of this sequence before the
backbend indicate a general agreement with the fingerprints of magnetic rotation; hence, the sequence with the
a(f p)_2(1g9/2)2®v(1g9 /2)_](2d5 12/1g7 /2)1 configuration is suggested as a magnetic rotational band arising from

shears mechanism.
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I. INTRODUCTION

The study on level structures is significantly interest-
ing in weakly deformed and nearly spherical nuclei [1-9].
In particular, the nuclei with N ~50 in the A ~90 mass
region provide a suitable laboratory to study the mechan-
ism of particle-hole excitations. The low-lying states of
these nuclei are well described within the shell model
framework, mainly exhibiting the characteristics of
single-particle excitations [5-10]. With an increase in the
excitation energy, the medium spin states are predomin-
ated by the multi-quasiparticle excitations outside the in-
ert core. As the energy and spin further increase, the
higher-spin states could be dominated by the excitation of
the neutron across the N = 50 core into the next major
shell, such as the breaking of the N =50 core. This phe-
nomenon a critical topic in the A ~90 mass region, and
has been reported systematically in the N = 50 isotones
[6-22]. However, the relevant research for *Zr nucleus
with N = 50 is relatively insufficient [23-26], and earlier
studies on this nucleus mainly focus on lower-spin states.
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Hence, it is necessary to further investigate level struc-
tures and explore possible neutron core excitations in a
semimagic nucleus *7r, using the large scale shell model
calculations. Accordingly, the evolution from the neutron
core excitations to proton excitations across the Z = 38 or
40 subshell along the N = 50 isotones (SSBr, 86Kr, 87Rb,
SSSr, 89Y, QOZr, 9le, 92Mo, 93Tc, 94Ru) is systematically
discussed in the present work.

In addition, the magnetic rotation is another signific-
antly interesting topic in our current study. It can be suffi-
ciently interpreted by the tilted axis cranking covariant
density functional theory (TAC-CDEFT) [27-30]. In addi-
tion, semiclassical calculations can also provide a logical
description for the shears mechanism [31-34]. In the 4
~90 mass region, many magnetic rotational bands have
been reported in Br, Kr, Rb, and Sr nuclei [35-42], which
are strong A/ = 1 bands based on the high-j particle-hole
configurations. Interestingly, a similar structure also
emerges in the *Zr nucleus, and a detailed discussion on
this structure is presented in Sec. IIIC.
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II. SHELL MODEL CALCULATIONS

The level structures of *'Zr are investigated via large
scale shell model calculations with the NUSHELLX code
[43]. The GWB model space and GWBXG interaction are
adopted in the code. The model space comprises four pro-
ton orbitals (1f5/2, 2p3/2, 2p1/2, 189/2) and six neutron or-
bitals (2p1/2, 1g9/2, 1g7/2, 2d5/2, 2d3/2, 351/2) relative to
an inert “°Ni (Z=28, N 38) core. The single-particle en-
ergies relative to the Ni core are set as gy, = -5.322
MeV, &, =-6.144 MeV, & ~=-3.941 MeV, &, =
—1.250 MeV s &, = ~0.696 MeV s 8, = —2.597 MeV
&l,,, = 5159 MeV, &, = 1.830 MeV, &, = 4.261
MeV and &} L= =1. 741 MeV These single- partlcle ener-
gies and the correspondmg values of the strengths of the
residual interactions are adopted to calculate level ener-
gies and provide an optimal description of the spectra for
nuclei with N ~ 50 in the A ~ 90 mass region [7-9, 44].

III. DISCUSSION

The semimagic nucleus *Zr has 12 valence protons
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and 12 valence neutrons in the configuration space. Con-
sidering the large dimensionality of the matrices in-
volved, truncations are employed to make the calcula-
tions feasible. In this study, two sets of shell model calcu-
lations (SM1 and SM2) are performed. For the SM1 con-
figuration space, no neutron excitation is allowed across
the N =50 magic core, and the valence protons are redis-
tributed in the 1f52, 2p32, 2pij2, and 1gos2 single-
particle orbitals. SM2 adopts the same proton configura-
tion space as SM1, and the influence of neutron core ex-
citation v(1go/2)~'(2ds/2/1g7/2)" is considered, i.c., one
neutron is allowed from the completed filled 1go;, orbit-
al across the N =50 core into the 2ds;, or 1g7,, orbitals.

A. Proton excitations and neutron core breaking

The level scheme of *'Zr deduced from Ref. [23] and
the results of the shell model calculations (SM1 and
SM2) are compared in Fig. 1. The main partitions of the
wave function for each state within SM1 and SM2 are
summarized in Table 1.

It can be seen from Fig. 1 that the 27, 47, 6], and 87
states are well reproduced in both SM1 and SM2. As
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Fig. 1. Level scheme of ~Zr deduced from Ref. [23], compared with the results obtained from the shell model calculations (SM1 and
SM2).
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Table 1. Main partitions of the wave functions for *Zr with SM1 and SM2 configuration spaces. The wave function for a particular
angular momentum state would contain several partitions. Each partition is of the form P=x[p(l), p(2), p(3), pd)]®V[n(l),
n(2), n(3), n(4)], where p(i) represents the number of valence protons occupying the 1fs5,2, 2p3/2, 2p1/2, and 1gg)» orbitals, and n(j) rep-
resents the number of valence neutrons in the 2p; )2, 1g9/2, 17,2, and 2ds;, orbitals.

SM1 SM2

I"(h)  Eexpy/keV X — — - — —
E(cal)/keV Wave function 7®v  Seniority v  Partitions (%) E(cary/keV Wave function 7®v  Seniority v  Partitions (%)

0F 0 0 6420221000 0 45.25 0 6420221000 0 30.26
6402®21000 0 22.45 6402®21000 0 20.89
27 2186 2276 6402®21000 2 50.68 1818 6402®21000 2 36.62
442221000 2 16.21 442221000 2 16.69
47 3077 3168 6402®21000 2 54.83 2824 6402®21000 2 40.93
442221000 2 14.36 442221000 2 15.55
67 3448 3440 6402®21000 2 59.52 3236 6402®21000 2 48.94
442221000 2 12.43 442221000 2 14.05
8 3589 3577 6402®21000 2 63.07 3336 6402®21000 2 50.65
442221000 2 12.07 442221000 2 13.48
8 5164 5178 5412®21000 2 47.53 4957 5412®21000 4 40.82
5322®21000 2 25.20 6312®21000 4 19.89
9F 5247 4969 5412®21000 4 73.08 4990 5412®21000 4 66.91
5322®21000 4 11.91 5322®21000 4 10.64
9 5792 5737 6312®21000 4 67.49 5902 5412®21000 4 44.86
5412®21000 4 13.93 6312®21000 4 21.38
107 5644 5703 5412®21000 4 76.91 5751 6312®21000 4 38.86
5322®21000 4 13.72 5412®21000 4 20.99
103 7026 7202 440421000 4 55.80 6726 440421000 4 48.21
442221000 4 8.65 431421000 4 7.85
1y 6280 5999 5412®21000 4 73.52 6123 5412®21000 4 65.31
5322®21000 4 14.18 5322®21000 4 12.46
113 7194 8234 440421000 4 34.60 7631 6402®2901 4 34.74
5304®21000 4 24.19 44222901 4 16.23
121 6770 7933 440421000 4 62.69 7538 440421000 4 51.58
431421000 6 12.98 431421000 6 10.90
123 7224 8699 5304®21000 4 29.17 7621 6402®2901 4 38.10
440421000 4 26.84 44222901 4 17.05
137 7438 8891 5304®21000 6 38.03 7830 6402®2901 4 42.29
440421000 6 33.83 44222901 4 17.69
147 8058 8869 440421000 6 70.98 8526 6402®2901 4 40.74
431421000 6 22.62 44222901 4 14.72
157 9836 10816 5304®21000 6 29.71 9866 54122901 6 54.25
5214®21000 6 22.90 44222901 6 7.32
167 10126 11088 5304®21000 6 38.12 10033 54122901 6 73.92
5214®21000 8 27.82 5322®2901 6 13.27
177 10765 12736 341421000 8 53.79 10821 54122901 6 66.57
431421000 8 32.73 5322®2901 6 14.64

Continued on next page
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Table 1-continued from previous page

SM1 SM2
I"()  Eexpy/keV ) . . ; . .
Ecal)/keV Wave function 7®v  Seniority v  Partitions (%) E(cary/keV Wave function 7®v  Seniority v Partitions (%)

187 11404 12864 431421000 8 81.57 11679 54122901 6 65.78
422421000 8 17.73 5322®2901 6 12.87
197 12111 24861 321621000 10 100 12416 54122910 6 68.21
5322®2910 6 12.66
37 2748 2663 6321®21000 2 71.33 2837 6321®21000 2 54.93
6303®21000 2 7.63 6303®21000 2 13.05
4 2739 2649 6411®21000 2 79.08 2883 6411®21000 2 70.69
6213®21000 2 10.19 6213®21000 2 10.68
57 2319 2316 6411®21000 2 79.03 2587 6411®21000 2 72.94
6213®21000 2 9.54 6213®21000 2 10.42
107 6376 6073 5403®21000 4 74.49 6539 5403®21000 4 31.26
5313®21000 4 14.55 441321000 4 20.56
105 6721 6799 5403®21000 4 47.07 6800 5313®21000 6 37.61
441321000 4 19.40 441321000 4 10.78
117 6954 6561 5403®21000 4 69.58 6634 441321000 4 33.02
5313®21000 6 14.42 5403®21000 4 17.60
115 7009 6991 441321000 4 35.76 7147 5313®21000 6 31.19
5403®21000 4 24.91 5403®21000 4 17.75
157 8958 9112 441321000 6 52.52 8998 441321000 6 39.89
5313®21000 6 29.21 5313®21000 6 31.59
167 (9707) 13367 430521000 8 55.59 10273 5403®2901 6 60.04
421521000 8 19.80 5313®2901 6 13.34

presented in Table 1, two sets of calculations predict that
the above states are predominated by the #(fp)~2(1g9/2)*
configurations, including the proton excitations from the
completely filled 2p;,, orbital into the 1g9,» orbital, and
the angular momentum of the 87 state arises from the full
alignment of two 1gg,» protons. With an increase in the
excitation energy, the higher 87 and 97 states are primar-
ily dominated by the coupling of two proton holes in fp
orbitals and two unpaired proton particles in the 1gg/, or-
bital, namely n(1fs52)"'(2p1/2)"'(1g9/2)> configurations.
As presented in Table 1, both SM1 and SM2 calculations
give the same results for the 97 and 107 states, with
n(fp)~2(1gos2)* configurations. It should be noted that the
1575, 1658, 2203, and 2055 keV rays are de-excited from
the observed (8%), 9%, (9*), and 10* states, respectively.
In the neighboring isotone Mo [9], the presence of high-
energy transitions of approximately 2 MeV at the levels
I =28 ~ 107 is suggested as an experimental indication of
nucleons across the Z = 38 subshell, which supports the
interpretation of excitations across the Z = 38 subshell for
the aforementioned states in the ~Zr nucleus. SM2 pre-
dicts that the 107 state is mainly dominated by the excita-

tions of two 2p,, and 1f5,, protons across the Z =40 and
38 closed subshells into the high-j 1go,, orbital. As
presented in Fig. 1, the energy difference between the
predicted 117 and 97 states of SM2 is 1133 keV, which is
close to the energy of the observed 1032 y ray. The shell
model calculations indicate that the 117 state mainly de-
cays to the 9] state by the transition with £2 multipolar-
ity. Thus, the observed first (11*) state may correspond to
the predicted 117 state with an energy of 6123 keV ob-
tained from the SM2 calculations, which is also consist-
ent with the temporary spin-parity assignment suggested
in Ref. [23]. It is predicted that the 117 state has the same
configuration as the 97 state, i.e., the n(lfs )7
(2p12)~'(1gos2)* configuration, mixed with n(1f5;)!
(2p3/2)"(1g9j2)* configuration. For the 12} state, it has
the same 7(fp)~*(1g9/2)* configuration as the 10 state.
In Table 1, it can be observed that the primary contri-
bution to the positive-parity states from the 27 state to the
8] state comes from the 2p;/, proton excitations. For the
states from 87 to the 12 state, the proton excitations of
1f5,2 begin to participate in the contribution of the angu-
lar momentum. In general, the states from the 07 ground
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state to the 12} state (0 ~ 7000 keV), are reproduced sat-
isfactorily in both SM1 and SM2. However, for the states
above the 127 state, the values for the excitation energies,
calculated within the two different configuration spaces
(SM1 and SM2), exhibit significant differences.

It can be seen from Fig. 1 that the predicted energies
of the 117 and 127 states in SM2, which involve neutron
core excitations, are more reasonable than those in SM1.
Within SM2 calculations, the observed 117 and 127
states could be interpreted as 7(fp)2(1g92)> ®v(1go2)™"
(2ds;2)! configurations with seniority v = 4, including the
coupling of two unpaired 1gg» protons and one 1gg/»
neutron hole as well as a single 2ds;, neutron located
above N = 50 core, while both states are assigned to the
n(fp)~*(1gos2)* configurations in SM1 calculations. It
should be noted that the order of levels 113 and 127 is
opposite in SM2 and is normal in SM1 compared to the
data. Considering the differences in configurations ob-
tained by SM1 and SM2, the inverse order of levels 115
and 127 given by SM2 may be attributed to the influence
of the neutron-proton interaction [45], as an additional
neutron is excited to the 2ds;, orbital. Furthermore, the
excitation energies for the observed 113 and 127 states
are very close to each other (about 30 keV), and the pre-
dicted energy difference between the both states in SM2
is only 10 keV. Such a small energy difference is signific-
antly sensitive to change of configuration space, which is
also likely to affect the order of levels in the shell model
calculations. In addition, the presence of high-energy
1550 and 1580 keV transitions decaying from the second
(11%) and (12%) states may be an experimental indication
of the N =50 core breaking. Similar features are also ob-
served in *'Nb [8], Mo [9], “Ru [11, 17], and 9°7%Ru
[46]. For example, in the neighboring N = 50 isotone
“Ru, the initial states of the high-energy 2200, 2402,
2584, and 2565 keV transitions, namely 133, 13, 147,
and 157 states, respectively, also involve the breaking of
the N = 50 core.

The improved description for the 115 and 127 states
in SM2 indicates that the neutron core excitations may
play a significant role in the higher-spin states of "7r. 1t
is clear from Fig. 1 and Table 1 that within SM2 calcula-
tions, the observed (13*) and (14") states may corres-
pond to the calculated 137 and 14] states, with the
m(fp)~2(1g9/2)* ®v(1g9/2)"' (2ds)2)'  configurations con-
tributing maximally. In addition, the energy difference
between the calculated 137 and 147 states is 696 keV,
which is close to the energy of the observed 621 keV vy
ray [23]. Nevertheless, in SM1 calculations, the pre-
dicted excitation energies of 137 and 14] states are 1453
and 811 keV higher than the experimental values, re-
spectively, and the order of these two states is inverted.
As can be deduced from Fig. 1, the calculated 157, 16,
177, and 187 states of SM2 may correspond to the experi-

mental levels at 9836, 10126, 10765, and 11404 keV, re-
spectively. The deviations between predicted excitation
energies and experimental ones are less than 280 keV,
whereas using the SM1 configuration space leads to relat-
ively large differences of 1.0 ~2.0 MeV. Within SM2
calculations, the aforementioned states are predominated
by 7(1£5,2)7'2p12)7" (1g9/2)* ®@v(189/2) "' (2ds/2)" config-
urations with seniority v = 6, including the excitation of a
single 1g9,» neutron across the N = 50 core into the 2ds,»
orbital. This further indicates that the contribution from
the particle-hole excitations across the N = 50 inert core
cannot be ignored. The observed (19*) state with an en-
ergy of 12111 keV may correspond to the calculated 197
state of SM2 at an energy of 12416 keV. Although it has
the same proton configuration as that of the 187 state, it
involves neutron excitations across the N = 50 core into
the 1g7,2 orbital, i.e., the 7T(1f5/2)_1(2p1/2)_1(1g9/2)2®
v(1g92)"'(1g7/2)! configuration. However, in the SMI
configuration space, the predicted 19* is significantly
higher than the experimental one, with a difference of
more than 10 MeV. In general, it can be inferred from
Fig. 1 that the predicted energies of higher-spin states
within the SM2 configuration space are more logical than
those in SM1.

A similar situation also emerges in the negative-par-
ity states of *Zr. As can be seen from Fig. 1, the calcula-
tions within SM2 containing neutron core excitations
provide an improved description for higher-spin states in
comparison with the SM1. Hence, the breaking of the N =
50 core plays an important role in the higher-spin states
of *Zr, for positive-parity states as well as negative-par-
ity states. The calculated 16] state primarily originates
from the configuration of n(fp)~3(1go2)*®@v(1ggs2)~!
(2ds)2)! with v = 6. For the other negative-parity states of

Zr, the predicted excitation energies within SM1 and
SM2 configuration spaces are in logical agreement with
the experimental ones. The observed state with an energy
of 8958 keV, corresponding to the predicted 157 state at
an energy of 8998 keV, could be interpreted as the con-
figuration of 7(1f5/2)72(2p1/2) "' (1g9,2)*, involving the ex-
citations of two 1f5,, proton holes across the Z = 38 sub-
shell. The 105 and 115 states have the same configura-
tions, i.e., 71'(1f5/2)_1(2p3/2)_1(2])1/2)_](1g9/2)3. For the
107 state, it mainly arises from the coupling of one 1fs5/»
proton hole and three 1g9/> proton particles. The 37 state
could be described as the m(2p32)~'(1g9/2)! configura-
tion, with seniority v = 2. The calculated wave functions
of 47 and 57 states indicate a multiplet character, with the
predominated 7(2p12)~'(1g9/2)! configuration.

B. Evolution from the neutron core excitations to
proton excitations

The core excitations are systematically observed in
N = 50 isotones, generally for the higher-spin states.
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However, we note that some specific lower-spin states
also include the breaking of the N = 50 core. To further
understand the core breaking of the lower-spin states, the
systematic study of the states for the N = 50 even-even
isotones *Kr [47], **Sr [6], "°Zr [23, 48], Mo [9], **
[11], and odd-A isotones “Br [49], “Rb [50], Y [7],
’'Nb [8], "Tc [10], is presented in Figs. 2(a) and 2(b), re-
spectively, where the states, including the neutron core
excitations, are marked in red.
In Fig. 2(a), the 6] and 7] states of “Kr [47] and Sy
[6] are predominated by the v(1g9/2)7(2ds5)2)! configura-
tions, assoc1ated w1th the breaking of the N = 50 core.
Conversely, in *7r, the 6, and 7 states mainly arise
from the proton conﬁguratlons 7r( fp)2(1gop)*. In the
heavier Mo and *‘Ru nuclei, the 61 and 7] states are
also mainly dominated by the couphng of the two un-
paired 1gg/> protons, without neutron core excitations.
This indicates an evolution from the neutron core ex-
citations to proton excitations for low-lying states, along
the N =50 even-even isotones. This phenomenon ap-
pears to be related to the change in the proton Ferm1 sur-
face With the decrease in the proton number from *Zr to
*Kr, the proton Fermi surface moves away from the 1g9/»
orbital, i.e., the proton excitations from the fp orbitals in-
to the 1gg» orbital become more difficult. In fact, it can
be deduced from Fig. 2(a) that for the yrast 6* and 7*
states, the neutron core excitations seem to be more

6 +I T T T T T T
g —  —

5—7I+ e 4

4—6T_ -

Y —

86Kr SSSI. 9OZr 92M0 94Ru

Excitation energy [MeV]
(3]

6 23/2¢ — 7
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2 ko — i

oL ® ]
1 L 1 L 1 L 1 L 1 L 1 L 1
$58r SRb ®Y 9'Nb %Te
(color online) Excitation energies for the low-lying
88

Sr [6],

Fig. 2.
states in the N = 50 (a) even-even isotones “Kr [471,
*7r [23, 48], Mo [9], and **Ru [11], and (b) odd-A isotones
“Br[49], *'Rb [50], 'Y [7], °'Nb [8], and "’Tc [10]. The states
including the neutron excitations across the N = 50 core are
marked in red.

favored than proton exmtatlons In contrast, as the pro-
tons increase from * Zr to * Ru, the proton excitations be-
come relatively easy.

A similar situation also emerges at the 23/2* states in
the N = 50 oddA isotones. From Fig. 2(b), the yrast
23/2* states of *'Rb [50] and Y [7] nuclei, with Z < 40,
are dominated by the neutron core excitations. The yrast
23/2+ states of the *'Nb [8] and " Te [10] nuclei, with Z >
40, are generated by the proton excitations instead of the
neutron core excitations, whereas the yrare 23/2* state of

Nb includes the neutron core excitation. In particular,
the *Zr nucleus with Z = 40, of which the proton Fermi
surface lies at the 2p;,, orbital, may be a critical nucleus
for the structural evolution along the N = 50 isotones.

In addition, for the 8] states with n(1 g9/2)* configura-
tions in even-even nuclei, the excitation energies de-
crease with increasing proton numbers, as illustrated in-
Fig. 2(a). Similarly, in Fig. 2(b), the excitation energies
of the 9/21 and 13/2] states in the odd-A4 nuclei also ex-
hibit a decreasing character. The behavior of the afore-
mentioned excitation energies also indicates the influ-
ence of the change in the proton Fermi surface.

C. Possible magnetic rotation

In Fig. 1, the positive-parity sequence 1 primarily
comprises relatively strong M1 transitions with absent £2
crossover transitions. To further interpret this sequence,
the observed spins [ are presented in Fig. 3(a) as a func-
tion of the rotational frequency hw, where hw(l)=
[E(I)-E(I-2)]/2. In Fig. 3(a), a sudden backbend oc-
curs at iw ~ 1.2 MeV, owing to the alignment of the two
fp proton holes, which agrees well with the shell model
prediction. Based on SM2 calculations, we suggest that
the sequence 1 of “Zr has the n(fp)” 2(1g92)*®
v(1g9/2)"1(2ds2/1g7/2)' configuration before the sharp
backbend.

In this mass region, the high-j particles and holes are
known to play active roles in the magnetic rotation [35].
In fact, these basic conditions for the occurrence of mag-
netic rotation can be satisfied in the positive-parity se-
quence 1. Hence, it is interesting to investigate whether
sequence 1 emerges from magnetic rotation. Accordingly,
the dynamic moment of inertia J@ of sequence 1 in "Zr
and those of the magnetlc rotational bands in the neigh-
boring PKr [38], “Rb [35, 36], and *Sr [41] nuclei are
presented in Fig. 3(b), where J® of sequence 1 is similar
to those of magnetic rotational bands in the neighboring
nuclei. Another typical characteristic of magnetic rota-
tion is the decrease in B(M1) values with i 1ncreasmg spin.
The B(M1) values for sequence 1in nucleus Zr [23] and
magnetic rotational bands in YKr [51], “Rb [36], and *’Sr
[42], are plotted 1n Fig. 4. As illustrated in Fig. 4, the
B(M1) values of "Zr exhibit a decreasing tendency with
increasing spin up to I™ = 14*, similar to magnetic rota-
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Fig. 3. (color online) (a) Angular momentum as a function
of rotational frequency Aw for sequence 1 in nucleus *7r. (b)
Comparative dynamic moment of inertia J2 versus #w plot for
the magnetic rotational bands in “Kr [51], “Rb [36], and Sy
[41], with the M1 sequence in 7. The dash line indicates the
value for the rigid spherical rotor.

tional bands of 83Kr, 84Rb, and *Sr. Meanwhile, the
B(M1) values of these nuclei are close to each other, ap-
proximately 1.0 u%. Hence, we suggest that the positive-
parity sequence 1 of *7r before the backbend (~14%)
may also be a candidate magnetic rotational band.

In order to examine the conjecture of magnetic rota-
tion, the theoretical reduced transition probabilities
B(M1) for sequence 1 before the backbend are presented
as a function of the rotational frequency based on the
large scale shell model calculations in the insert of Fig. 5,
where the calculated B(M1) values are large (about sever-
al #sz) and exhibit a smooth decreasing trend with the in-
creasing spin, which is consistent with the characteristic
of magnetic rotation.

To further elucidate the shears mechanism, we per-
form the semiclassical calculations proposed by A. O.
Macchiavelli and R. M. Clark et al. [31-34], based on a
schematic model with the objective of extracting informa-
tion on the effective interaction. The calculated energies
of sequence 1 are presented as a function of shears angle
0, in comparison with the available data, as illustrated in
Fig. 5, where the shears angle decreases gradually with
spin increasing. In addition, the data are logically repro-
duced for Vv, = 2.51 MeV before the band crossing.
Meanwhile, we estimate that the interaction strength per
proton/neutron-hole pair is ~ 840 keV for 9OZr, which is
close to the value ~ 900keV adopted for the magnetic ro-
tational band in the neighboring “Rb [34]. Primarily, the
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Fig. 4. Comparison of transition rates B(M1) for sequence 1
of nucleus (a) "7r [23] and B(M1) values for magnetic rota-
tional bands in (b) “Kr [51], (¢) “Rb [36], and (d) *Sr [42]
nuclei.
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Fig. 5.
shears angle. The solid curve represents the fit to the experi-

(color online) Effective interaction as a function of

mental data for V, =2.51 MeV. The insert presents the experi-
mental and calculated B(M1) values of the candidate magnet-

ic rotational band in *°Zr.

positive-parity sequence 1 of *Zr before the backbend
may originate from the shears mechanism.

IV. SUMMARY

Large scale shell model calculations were performed
for *"Zr based on two different configuration spaces. Al-
though SM1 calculations reproduce the lower-spin states
well, they fail to logically describe higher-spin states. In
contrast to SM1, the SM2 configuration space, including
the neutron core excitations, provides an improved de-
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scription of the higher-spin states. The SM2 calculations
predict that the higher-spin states of *Zr can be predom-
inated by (i) proton excitations from the fp orbitals across
the Z = 38 or 40 subshell into the higher orbitals, and (ii)
neutron excitations from the interior of the N = 50 core to
the next major shell. This indicates that the neutron core
excitations play a significant role in the higher-spin states
of “Zr. Meanwhile, the evolution from the neutron core

excitations to proton excitations was systematically stud-
ied along the neighboring N = 50 isotones for lower-spin
states, and Zr may be the critical nucleus for the evolu-
tion. Furthermore, based on lifetime measurements and
characteristics of sequence 1, the positive-parity A/ =1 of
sequence 1 before the backbend is proposed as a candid-
ate magnetic rotational band with the 7(fp)2(1go2)*®
V(lgg/z)_l(2d5/2/1g7/2)l conﬁguration.
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