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Anomalous magnetic moment of9C and shell quenching in exotic nuclei

Yutaka Utsuno1
1Japan Atomic Energy Research Institute, Tokai, Ibaraki 319-1195, Japan

(Received 15 January 2004; published 14 July 2004)

The mechanism is studied which causes an anomalous magnetic moment of9C, i.e., too large isoscalar spin
for theTz=±3/2 mirror pair ofA=9, from a shell-model viewpoint. Based on the empirically determined shell
energies varying from stable to unstable nuclei, the effectiveN=8 shell gap forZ=3 is evaluated to be rather
narrow in a reasonable way. Under this condition, an additional shell quenching by the Thomas-Ehrman effect,
arising for 9C only, allows its ground state to be substantially mixed with the intruder configurations. This
mirror asymmetry in the mirror wave functions accounts for the obviously large spin expectation value.

DOI: 10.1103/PhysRevC.70.011303 PACS number(s): 21.10.Ky, 21.60.Cs, 27.20.1n

Isospin is a basic quantum number in nuclei, reflecting the
approximate charge independence(or isospin symmetry) of
the nucleon-nucleon interaction[1]. Although the Coulomb
interaction can violate this symmetry, its effect is predomi-
nantly to raise overall energy and then nuclear wave func-
tions still have a sufficiently good isospin yielding various
features in the nuclear structure. It is thus of importance to
investigate to what extent the isospin symmetry is valid and
how its breaking, if it exists, affects the nuclear structure.

For instance, assuming the isospin symmetry, the isoscalar
spin expectation valuekszl can be deduced from magnetic
moments of mirror nuclei. Experimentally, most of its abso-
lute values in odd nuclei do not exceed the single-particle
estimate[2]. However, the magnetic moment of9C, mea-
sured for the first time by Matsutaet al. several years ago
[3], has proved to lead to anomalously largekszl=1.44 com-
pared to the single-particle estimate of 1. The magnetic mo-
ment of 9C was remeasured later[4], where this anomaly
was confirmed. It is noted that the use of the effective
nucleong factors hardly solves this anomaly, partly because
their isovector correction does not affect the isoscalar ob-
servables, and partly because in general the isoscalar spin
correction works unfavorably(for reviews of the effective
M1 operator, see, e.g., Refs.[5,6]).

Realisticp-shell-model calculations assuming the isospin
symmetry generally givekszl,1 due to strong pairing inter-
action bringing about the spin saturation. A certain improve-
ment ofkszl by 0.09 was obtained by ap-shell model includ-
ing isospin nonconserving terms[4], but some deviation still
remains. Other models, including a microscopic cluster
model [7] and the antisymmetrized molecular dynamics
(AMD ) [8], result in the value comparable to thep-shell
model, probably because their wave functions rather re-
semble one another. These previous results might indicate
the possibility of large mirror asymmetry, which was not
sufficiently considered so far, between the ground states of
9Li and 9C.

In loosely bound nuclei, it is known that the so-called
Thomas-Ehrman effect[9,10] gives rise to the large asym-
metry in the energy levels of mirror nuclei associated with a
penetrating proton single-particle wave function. In the
present case, although the one-proton separation energysSpd
of 9C is as small as 1.3 MeV[11], such a large asymmetry in

the wave function is scarcely expected from the conventional
p-shell picture, because thep orbit is less influenced by the
loosely binding effect than thes orbit owing to the presence
of the centrifugal barrier. In addition, a modification of the
radial single-particle wave function by the Thomas-Ehrman
effect does not directly change the magnetic moment since
its operator has no radial dependence. Accordingly, the origin
of the largekszl has not been cleared yet.

In this study, we investigate, from the viewpoint of a re-
alistic shell-model, the possibility of another mechanism,
i.e., the interplay of an evolving shell structure in exotic
nuclei. This has not been explored in depth so far in the
present context. We now include in this shell-model calcula-
tion not only thep orbits but also the fullsd ones as a
valence shell(i.e., full p-sdvalence orbits), and our attention
will be focused upon their role.

Since the dimension of the Hamiltonian matrix becomes
huge toward the mid-shell, the model space is often trun-
cated. To sufficiently include important correlations, the fol-
lowing calculation is performed now. In the case that only
the normal states(i.e., those composed of the configurations
having the lowest"v) are taken into consideration, we take
all the s0+2d"v and s1+3d"v basis states excited from the
lowest "v for positive- and negative-parity states, respec-
tively. The full calculation is otherwise performed. Now a
multi-"v valence space is taken, the spurious center-of-mass
(c.m.) motion should be removed. In the present study, a
prescription by Gloeckner and Lawson[12] is adopted with
b taken assb /Ad"v=100 MeV. Unless this c.m. removal is
carried out, one sees that unphysical inter-shell mixing oc-
curs even for states regarded asp-shell dominated.

Our first task is to obtain in this framework a good de-
scription of 9Li (i.e., the mirror nucleus of9C) where the
ordinary shell-model approach is considered to be valid. As
for the effective interaction, we start with two different in-
teractions of the WBP and the WBT[13] both of which are
often used in this region. Theirp-shell and cross-shell matrix
elements were determined to reproduce well 216 cross-shell
energy levels[13]. Both interactions adopted the USD inter-
action [14] as thesd-shell part, and in the present study the
strength of the USD is fixed forA=10.

Although many cross-shell properties are reproduced by
those interactions, there are some reasons to introduce em-
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pirical modifications in the present context as follows. First,
the original WBP and WBT interactions are designed to be
used in a pure"v model space, while the present calculation
incorporates the mixing with higher excited configurations
across theN=8 shell gap(often called intruder configura-
tions). Due to the inclusion of the intruder configurations,
some changes of the interaction may be needed, and the ma-
trix elements sensitive to the mixing should be examined.
Second, energies of theZsor Nd=3 and 4 isotopes, which are
indeed the target of the present study, are not included in the
cross-shell fit of the original interactions, probably due to
few experimental data.

With respect to the mixing, thekppuVusd sdlJT matrix el-
ements, particularly the pairing ones[i.e., sJ,Td=s0,1d], are
responsible because they do not conserve"v. Quite recently,
Shimouraet al. have found the 02

+ state of12Be [15], whose
position is sensitive to the mixing. Those two interactions
have almost vanishing cross-shell pairing matrix elements
concerning the 1s1/2, leading to lower excitation energy than
the experiment. We thus enlarge them byd G=0.5 MeV
where G is defined by k0pj 0pjuVu1s1/21s1/2lJ=0,T=1

=GÎs2j +1d /2. The 02
+ of 12Be is located at around 2.4 MeV

by our final Hamiltonian for Be(see later discussions), com-
pared to the experimental level of 2.24 MeV[15].

We next examine the single-particle structure ofZ=3 iso-
topes. It should play an important role in their nuclear struc-
ture, but has not been studied in depth by the original inter-
actions, because in Li isotopes there is no direct
experimental information about the position of thesd orbits
such as the abnormal parity states. ForZù4, however, the
abnormal parity states have been observed, and we shall
make effective use of this experimental information to fix the
location of thesd orbits atZ=3.

Before proceeding to the concrete method, we introduce
the so-called effective single-particle energy(ESPE) [16]. It
varies as the proton and neutron numbers move, depending
on the strength of the monopole interaction. In general, the
neutron ESPE can be rather steeply changed in proportion to
the proton number due to the strong proton-neutron interac-
tion. Figure 1 shows, with thin lines, the effectiveN=8 shell
gap on the top of thens0p3/2d4 core obtained by the WBP and
WBT interactions. Their gaps linearly move forZ increasing
from 3 to 6 where the proton occupies the 0p3/2 orbit. The
energies of both the 1s1/2 and the 0d5/2 are similarly nar-
rowed asZ goes to 3, whose general mechanism has been
argued in terms of the spin-isospin dependence of the
nucleon-nucleon interaction[17].

Although theN=8 shell gap of the WBP and WBT inter-
actions becomes narrow for smallerZ, it turns out that a
much narrower shell gap is needed in the present calculation
scheme: with the original interactions used in the mixed"v
configuration space, the parity inversion of11Be does not
occur, and the ground state of12Be is dominated by the nor-
mal configurations bringing about much higher 21

+ level than
the experimental one. We emphasize that the need for the
narrowerN=8 shell gap atZ=4 does not mean a defect of
the original interactions but is due to the difference of the
adopted model space, since in the pure 0"v and 1"v space
(to be used in the original interactions) they reproduce the

parity inversion of11Be. We now assume the4He core to be
inert for both parity states equally, and include the mixing
with configurations excited across theN=8 gap.

We then empirically search for the ESPE suitable to the
present model space on an isotope by isotope basis as fol-
lows. First, the single-particle energies of the 1s1/2 and the
0d5/2 are determined to reproduce the 1/21

+ and 5/21
+ levels

of 13C, and the 0d3/2 is fixed to obtain experimental 5/21
+-

3/21
+ splitting of 17O. Next, the ESPE of thesd orbits for Z

=4 and 5 is adjusted to fit the experimental abnormal(nega-
tive) parity levels ofN=7 isotones. There are two similar
methods for this purpose, i.e., the adjustment of the mono-
pole interactions or the single-particle energies, and we now
take the latter for simplicity. This adjustment of thesd orbits
is controlled by one parameter: all the ESPE’s of thesd
orbits are equally shifted from those of the C isotopes. For
Z=4, the energy difference between the 1/21

+ and the 1/21
− is

used in the adjustment. As forZ=5, in order to weaken the
effect by a specific proton-neutron coupling matrix element,
we consider the angular-momentum averaged energy defined
by oJs2J+1dEJ/oJs2J+1d. As positive- and negative-parity
energies, we, respectively, takeJ=11

+, 21
+ andJ=11

−, 21
−.

The empirically adjusted ESPE of the 1s1/2 is presented
by the filled circles in Fig. 1. The error bar in Fig. 1 is
determined to obtain the experimental energy within accu-
racy of 0.3 MeV which is a typical deviation of the realistic
shell model[13]. The agreement between the original and the
empirical Hamiltonians is good atZ=6 as expected, whereas
the difference between them is enhanced toward smallerZ:
the shell gap should vary more transparently in the suffi-
ciently extended model space. Note that this situation is
similar to the quenching of theN=20 shell gap for neutron-

FIG. 1. Effective neutron single-particle energies of the 1s1/2

(solid line) and the 0d5/2 (dashed line) on the top of theN
=6 sns0p3/2d4d core, measured from the 0p1/2. The thin lines are
those of the original WBP and WBT interactions, while the thick
ones are drawn to fit experimental levels as presented by filled
symbols. See the text in detail.
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rich nuclei discussed with the Monte Carlo shell model cal-
culation [16]. Those three empirical ESPE’s are almost lin-
early placed for both interactions as shown in Fig. 1, being
consistent with the general trend of the ESPE given by the
shell model. Therefore, it is most likely that the ESPE of Li
isotopes withZ=3 is located at values where those ESPE’s
are extrapolated. Figure 1 also shows, with the unfilled
circles, the extrapolated ESPE atZ=3 with thex-square fit-
ting. The estimated error bar atZ=3 is,0.5 MeV. Hereafter,
the Hamiltonians with the extrapolated ESPE are referred to
as WBP’ and WBT’. The WBP’ and WBT’ Hamiltonians are
hereafter used forNùZ nuclei, while for N,Z nuclei the
Hamiltonians of their mirror partner are used to keep the
mirror symmetry at this stage.

In the calculation of the magnetic moment, the free-
nucleong factors are adopted. When a complete major shell
is taken as valence orbits, the magnetic moment is usually
fairly well described by them(see, e.g.,[14] for the sd-shell
calculation). Under the assumption that the mirror symmetry
is valid between two mirror states, their spin expectation
value is deduced[2] as

kszl =
msTz = + Td + msTz = − Td − J

sgs
p + gs

n − 1d/2
, s1d

wherem andJ are their magnetic moment and the total an-
gular momentum, respectively. Thegs

p,n are the sping factors
of the proton and the neutron, respectively, producing the
denominator of Eq.(1) to be 0.3796 with the free-nucleon
ones. Regardless of the validity of the mirror symmetry, this
expression forkszl is hereafter used to easily compare the
result with the experiment.

The ground state of9Li calculated with the WBP’(and
WBT’ ) is dominated by the normal state even with the nar-
rowing shell gap: the probability of the 0"v configurations is
88%s88%d for the WBP’ (WBT’ ). Assuming the mirror
symmetry, thekszl is calculated to be 1.02(1.01) comparable
to the 0"v value of 1.03(1.02) with the same interaction.
Namely, as far as the wave function with the mirror symme-
try is adopted, the mixing with thesd-shell configurations
does not account for the experimentalkszl. Note that a simi-
lar conclusion was drawn in a recent shell-model study[18]
with the same valence shell. In order to confirm that the
present interactions do not give a too narrow 0p3/2-1s1/2 gap,
it would be helpful to calculate the 1/21

+ level of 9Li. It is
located as high as at 4.8s5.0d MeV with the WBP’ (WBT’ )
interaction, being consistent with the experimental fact that
there has not found a low-lying positive-parity state in9Li.

While 9Li is a moderately bound nucleus withSn
=4.06 MeV, theSp of 9C is only 1.30 MeV[11]. Thus, the
proton single-particle levels for9C, in particular the 1s1/2,
can be shifted from those of neutrons for9Li by the Thomas-
Ehrman effect[10]. Indeed, such a shift has been experimen-
tally studied for the11Be-11N mirror pair in this neighbor-
hood [19]: the 1/2+ and the 5/2+ levels of 11N are,
respectively, lowered by 0.4 and 0.1 MeV from the 1/2−

state, and the shift was studied theoretically by the complex
scaling method[20]. In the shell-model, these energy shifts
are reproduced by lowering the 1s1/2 energy by 0.6 MeV.

The 0p3/2-0p1/2 energy difference can be varied also since
only the 0p1/2 of 9C will not be bound, and its shift is evalu-
ated to be 0.5 MeV by the Woods-Saxon potential with the
standard potential parameters[1] for the 8Li and 8B cores.
We can make use of these values to estimate the single-
particle levels of9C: the ESPE of9C is shifted from that of
9Li with a parameterx as d(es1s1/2d−es0p3/2d)=0.6x MeV
and d(es0p3/2d−es0p1/2d)=0.5x MeV, where d denotes the
difference between9Li and 9C. Note that the precise evalu-
ation of the shift would need to incorporate the many-body
effect, which is rather difficult to carry out though, but that
this kind of the simple single-particle evaluation does not
give so large deviation when adopted around the16O core.

Since the ESPE of9Li is somewhat ambiguous due to the
extrapolation and model errors(see Fig. 1 and related discus-
sions), we take two sets of the ESPE for9Li, i.e., the central
value and the lower limit in Fig. 1. Once a fixed ESPE for
9Li is taken, the ESPE of9C is shifted from it with the
varying parameterx. In Fig. 2, we show the effect of the
narrowing shell gap by the Thomas-Ehrman shift on the
magnetic moment. Thekszl increases asx is larger, and the
experimental value is reproduced betweenx=1 and 2 by both
interactions. In the case of the lower ESPE, the fittedx is
rather close to unity where the Thomas-Ehrman shift is esti-
mated by the simple single-particle picture as discussed
above. As Fig. 2 shows, this agreement with the experiment
coincides, in the present model, with a large mixing
s,40%d with the intruder configurations in9C caused by the

FIG. 2. Spin expectation value of the9Li- 9C mirror pair and the
2"v probability in the ground state of9C as a function ofx by the
WBP’ and WBT’ interactions. As the ESPE of9Li, we adopt and
compare two values: one is the extrapolated value in Fig. 1, i.e., the
unfilled circle in Fig. 1, and the other is the lower limit of its error
bar. The circles and the triangles correspond to the former and the
latter ESPE’s, respectively. The crosses denote the experiment
(Refs.[3,4]).

ANOMALOUS MAGNETIC MOMENT OF 9C AND SHELL… PHYSICAL REVIEW C 70, 011303(R) (2004)

RAPID COMMUNICATIONS

011303-3



proton shell quenching. This narrowing shell gap against
stable nuclei is produced predominantly by the character of
the nucleon-nucleon interaction affecting both mirror nuclei
(see Fig. 1), and the additional Thomas-Ehrman effect work-
ing only on 9C triggers the mixing.

We next discuss how the large mixing of the intruder con-
figurations in9C can account for the anomalous spin expec-
tation value. Table I shows the calculated magnetic moment
of 9C decomposing into its orbital and spin components with
the WBP’ interaction. To clarify the effect of the intruder
state, the pure 0"v and 2"v calculations are also presented
as well as thes0+2d"v ones with and without the Thomas-
Ehrman effect. In the single-particle model, the total angular
momentumJ=3/2 is decomposed into the neutron orbital
angular momentum 1 and spin 1/2 leading tokszl=1. Due to
the strong pairing correlation all the calculations give the
spin part quite close to one another, from which the conven-
tional shell-model calculation results in an almost equal spin
expectation value. Thus, the orbital part seems to play an
essential role, which we shall examine in detail. We first
consider two limit cases, i.e., the 0"v and 2"v lowest states
without the mixing. The 0"v calculation gives the distribu-
tion of the orbital angular momentum basically similar to the
single-particle model, although little fraction of the orbital
angular momentum is taken by the protons. On the other
hand, the 2"v lowest state carries a large proton orbital an-
gular momentum. This happens because the extensive va-
lence space allows the nucleus to be strongly deformed,
yielding the orbital angular-momentum distribution nearly
proportional to the number of the valence nucleons(4:1 in
this case). Sincegl

p is positive, the magnetic moment moves
positively beyond the experimental value.

When the large mixing occurs due to the narrowing shell
gap, one can expect that the expectation values of the
angular-momentum operator are located in between. In fact,
in the case that the Thomas-Ehrman effect is switched on
(seex=optimum in Table I), the orbital angular momentum
is approximately halved by protons and neutrons. This be-
havior reflects that the 2"v component of the mixed ground

state predominantly consists of the lowest state of the 2"v
calculation: the overlap probability of the mixed ground state
with the lowest 2"v eigenstate reaches 36%, accounting for
86% of the total 2"v component. Since the ground state of
9Li corresponds tox=0 by exchanging between the proton
and neutron, there is a large mirror asymmetry in the
angular-momentum distribution. The resultingkszl by Eq.
(1) then becomes seemingly large due to the mirror asymme-
try, while the actualkszl calculated directly from the wave
function is still normal. The property about the angular-
momentum distribution in Table I is considered to be basi-
cally independent of the detail of the shell-model interaction.

Finally, it may be interesting to compare the9Li- 9C pair
with anotherZ sor Nd=3 mirror pair of 7Li- 7Be. The mag-
netic moment of7Be has been recently measured to be
−1.398s15dmN [21] quite close to that of9C, while the ex-
perimental magnetic moment of7Li sm= +3.256mNd is some-
what different from that of9Li sm= +3.439mNd [11]. As a
result, the experimentalkszl value of the7Li- 7Be pair is a
normal one, 0.94. A large difference between those two pairs
can be seen in the binding property: the experimentalSn of
7Li and Sp of 7Be are, respectively, 7.25 and 5.61 MeV[11],
which are rather close to each other and larger than theSn of
9Li s4.06 MeVd. In this relatively well bound case, effects of
the sd orbits should be quite small when these orbits lie as
loosely-bound or resonance states. Furthermore, for the
7Li- 7Be pair all nonspurious c.m. states with the 2"v exci-
tation involve the excitation to thepf shell or the breaking of
the 4He core(out of the present model space) whose excita-
tion energy should be rather high. On the other hand, for the
9Li- 9C pair, many nonspurious c.m. states with the 2"v ex-
citation can be constructed within the presentp-sd-shell
space: additional two nucleons in thep shell can block the
sd- to p-shell step-down operation byBm (see, e.g.,[22] in
detail) due to the Pauli principle. Thus, for theA=7 pair, it is
reasonable to calculate the ground state within thep shell.
Even though the difference of the single-particle energies
between the 0p3/2 and the 0p1/2 is narrowed by 0.5 MeV for
7Be (a typical value, but it may be overestimated because of
DZ=1), the magnetic moment is changed by only 0.02mN

with the WBP’ interaction. The calculatedkszl value is thus
still a nearly normal one, 1.05. On the other hand, the isovec-
tor moment of the7Li- 7Be pair defined as(msTz= +Td
−msTz=−Td) /2 is calculated to be smaller by 0.11mN than
the experimental one, which may indicate the need for the
refinement of the isovectorg factors.

In conclusion, we investigated with a realistic shell-model
calculation the mechanism which causes the anomalous iso-
scalar spin expectation value deduced from magnetic mo-
ments of the9Li- 9C mirror pair. The shell structure evolving
from stable to unstable nuclei was carefully examined. It is
pointed out that theN=8 shell gap forZ=3 can be empiri-
cally well determined from its trend ofZ=4–6 isotopes and
should be rather narrow. With this shell structure, the ground
state of9Li is still dominated by thep-shell configurations,
whereas its mirror nucleus9C would have the ground state

TABLE I. Expectation value of the angular-momentum opera-
tors for the ground state of9C, compared between the single-
particlens0p3/2d1 state(SP), the 0"v and 2"v shell-model calcula-
tions without the mixing, thes0+2d"v mixed ones, and the
experiment(Exp.). For thes0+2d"v calculations, the values atx
=0 (i.e., without the Thomas-Ehrman effect) and the optimumx for
kszl are presented. The WBP’ is used.

SP 0"v 2"v s0+2d"v Exp.

x=0 x=optimum

klz
pl 0 0.14 0.83 0.24 0.44

klz
nl 1 0.84 0.15 0.75 0.56

ksz
pl 0 0.02 0.02 0.02 0.01

ksz
nl 0.5 0.50 0.50 0.49 0.49

kml −1.91 −1.66 −0.95 −1.54 −1.38 s−d1.3914s5da

s−d1.396s3db

aTaken from Ref.[3].
bTaken from Ref.[4].
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considerably mixed with the intruder configurations due to
the additional shell quenching by the Thomas-Ehrman effect.
This mirror asymmetry can account for the anomalous spin
expectation value: in the present calculation, about 40% mix-
ing in 9C accounts for the experiment. The mirror asymmetry
which has been studied so far was mainly just a modification
of the single-particle wave function in a many-body state. In
the present case, on the other hand, the component of many-
body configurations is changed too, which enables the iso-
scalar magnetic moments to be shifted substantially. This
kind of the Thomas-Ehrman effect, referred to now as
“Thomas-Ehrman mixing,” may inspire theoreticians with

exploring a more sophisticated approach to reconcile the
single-particle property and the many-body correlation.
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