
RAPID COMMUNICATIONS

PHYSICAL REVIEW C 68, 031301~R! ~2003!
Prolate-oblate phase transition in the Hf-Hg mass region
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Experimental data in the Hf-Hg mass region indicate the presence of a prolate-oblate phase transition. The
transition in whichg-soft nuclei exhibit a first-order quantum phase transition in their shape is of the type that
was recently proposed on very general grounds using Landau theory. The transition is situated close to the O~6!
limit of the interacting boson model which is indeed found empirically in this mass region. Our study also hints
at explaining why the quadrupole moments in Pt isotopes deviate from the O~6! value and confirms the recently
proposed prolate-oblate phase transition with experimental data.
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Recently, the topic of quantum phase transitional beha
of atomic nuclei has received a lot of attention, when it w
shown that new symmetries, called X~5! and E~5!, can de-
scribe atomic nuclei at the critical points@1,2# within the
framework of the collective model@3#. The phase transition
considered in these references are those of the ground
deformation, which can conveniently be described by
deformation parametersb and g defining the form of the
nuclear ellipsoid@3#. Remarkably, the parameter free pred
tions provided by these symmetries are closely realized
some atomic nuclei@4,5#.

Following these observations we have shown thatg-soft
nuclei, which are also analytically solvable, are located
actly at a previously unrecognized phase transition@6#. Here
the symmetry at the critical point is the well known O~6!
dynamical symmetry of the interacting boson model~IBM !
@7#, which describes atomic nuclei as an interacting sys
of s and d bosons made up of the valence nucleons. T
prolate-oblate first-order phase transition occurs when
crosses a path extending from O~6! towards the U~5! limit up
to the point where the atomic nucleus becomes spherica
this point the transition is of second order. The new fir
order phase transition completes the equilibrium nucl
phase diagram and allows a general interpretation of all
served shape phase transitions of the IBM within the Lan
theory of phase transitions@8#. Note that strictly speaking the
phase transitions occur only when the number of bosonN
→`.

The resulting shape phase diagram is shown in Fig. 1.
parametrized using the simple Hamiltonian

Ĥ~N,h,x!5h n̂d1
h21

N
Q̂x•Q̂x , ~1!

where n̂d5d†
•d̃ is the d-boson number operator andQ̂x

5(s†d̃1d†s)(2)1x(d†3d̃)(2) is the quadrupole operator.N
in the denominator stands for the total number of boso
The parametersh andx vary within the rangehP@0,1# and
xP@2A7/2,1A7/2#.

While the Hamiltonian is extremely simple, the structur
it generates with its two parametersh and x are very rich
@8,9#. Within the restricted parameter range, describing
extended Casten triangle, there are four dynamical sym
0556-2813/2003/68~3!/031301~4!/$20.00 68 0313
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tries of the IBM, three first-order phase transitions and o
isolated second-order phase transition~see Fig. 1!. Out of the
four dynamical symmetries three, called U~5!, SU~3!, and
SU(3) limits, are located in the vertices. They correspond
vibrational nuclei with a spherical form@U~5!#, an axially
symmetric prolate rotor with a minimum in the energy atg
50° @SU~3!#, and an axially symmetric oblate rotor with
minimum at g560° @SU(3)#. The fourth symmetry is lo-
cated in the middle of the SU~3!-SU(3) leg and correspond
to a rotor with a flat potential ing @O~6!#. Note that, here, we
use the convention of Dieperink, Scholten, and Iachello@10#
with b>0 and 0°<g<60°.

It is the purpose of this work to present a reinterpretat
of atomic nuclei in the Hf-Hg mass region in the context
the prolate-oblate phase transition passing through the O~6!
limit @6#. These nuclei are known to be situated close to
upper right leg of the triangle in Fig. 1 withh50 @11,12#.
Although oblate nuclei or transitions fromg soft to oblate
shapes are rare they do occur in the heavy platinum
mercury isotopes close to196Pt. In order to avoid confusion
we would like to stress that here we are dealing with
normal hole configurations and not with the obla
multiparticle-multihole excitations that are observed in ad
tion to the normal states in the light Pt, Hg, and Pb isoto
@13#.

In Fig. 2 we show typical observables that can be used
locate an atomic nucleus in the shape phase diagram. T
are the ratioR4/2 of the excitation energies of the first 41 and
21 states, the spectroscopic quadrupole momentQ(21

1) of
the first 21 state and theB(E2;22

1→21
1) value. These quan

tities are calculated for the realistic value ofN510. For the
electromagnetic observables the electric quadrupole tra
tion operator,

T~E2!5e@~s†d̃1d†s!(2)1x~d†d̃!(2)#, ~2!

was used in the consistent-Q formalism @12#, i.e., with the
samex value as the Hamiltonian. As this choice yields no
zero quadrupole moments for nuclei in the spherical ph
when xÞ0, we have plotted the signatures on a squ
rather than on the extended triangle. One clearly notice
Fig. 2 that the variations are the sharpest aroundx50 on the
SU~3!-SU(3) side. The signatures are chosen because
©2003 The American Physical Society01-1
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reveals important structural information. A smallQ(21
1) and

largeB(E2;22
1→21

1) situate a nucleus along the U~5!-O~6!
line. Along this lineR4/2 varies from near 2.0 at U(5) to nea
2.5 at O(6).Going towards SU(3) andSU(3) theR4/2 ratio
increases rapidly to 3.33 and the experimental quadrup
moment attains large negative values towards prolate SU
and positive towards oblateSU(3). In the same direction
there is a steep decrease of theB(E2;22

1→21
1) value which

is strictly forbidden for SU(3)- andSU(3)-like nuclei. The
same transition is collective, albeit varying, on the U~5!-O~6!
line.

To summarize, in a SU(3)2O(6)2SU(3) transitional re-
gion, R4/2 ratios around and above 2.5 need to be observ
The experimental quadrupole moment, which is related
the order parameter@8#, should change sign and increa
rapidly when going away from location of the prolate-obla
transition, wherebyQ(21

1) is negative for SU~3!-like, posi-
tive for SU(3)-like, and zero for theg-unstable O~6!-like
nuclei. TheB(E2;22

1→21
1) value should peak with a col

lective value at O~6! and then decrease quickly asuxu in-
creases.

While the quadrupole moment provides a clear signat
for the deformation, it is more difficult to clearly distinguis
where a given nucleus is situated between the O~6! and U~5!
limits, although theR4/2 gives an indication. This is due t
the fact that the Hamiltonian in Eq.~1! conserves the O~5!
symmetry whenx50. We first examine the situation for th
Pt isotopes in more detail. Atomic nuclei representing
O~6! structure are classified byuN,s,t,L& with the labels
N,s,t, andL given by the irreps of the U~6!, O~6!, O~5!, and

χ=   7/2

χ= −   7/2

I
II

III

η=1

η=0

η=0

U(5)

O(6)

SU(3)

SU(3)

FIG. 1. The extended Casten triangle@6# and its different
phases: spherical nuclei~phase I! and deformed nuclei with prolate
~phase II!, and oblate~phase III! shape. The open circles indica
the location of the IBM dynamical symmetries. The solid dot in t
center represent the triple point of nuclear deformation@8#, where
all phases coalesce. The dashed lines correspond to the first-
shape phase transitions.
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O~3! groups. From structural point of view the lowest stat
are formed by those states with the maximal values5N.
The next class of states haves5N22, N24, . . . , 1 or 0.
Within a given s the t values can take the valuest
50,1,2, . . . ,s. The wave functions consist of either od
~even! numbers ofd bosons whent is odd~even!. Therefore
the quadrupole moments vanish sincex50. Besides this
property selection rules allowuDtu51 transitions, yielding
the nonzeroB(E2;22

1→21
1) transition rates, and forbid the

uDtu50 and uDsuÞ0 transitions. The latter selection rul
allows the most direct distinction between O~6!- and U~5!-
like nuclei. It involves, however, the knowledge of absolu
B(E2) values of highly excited low-spin states which a
only known in a few nuclei. The atomic nucleus196Pt was
proposed in Ref.@14# as an excellent example of the O~6!
limit of the IBM. While this was strongly debated, due to th
nonvanishing quadrupole moment of Q(21

1)
510.66(12)e b @15#, the O~6! character was clearly estab
lished for 196Pt @16,17# by the uDsu selection rule, which
allows to place this nucleus nearh50.

In an attempt to span a larger part of the extended Ca
triangle we investigate the mass region around196Pt, going
down to 180Hf where the nuclear shape is already well d
scribed by a prolate ellipsoid. To have a smooth variation
structure a series of isotopes with varying boson numbeN,
N5Np1Nn , was chosen which fulfilled the following two
conditions: the sequence involved atomic nuclei which dif
from each other by one boson number and the three sig
tures needed to be experimentally known. The sequence
tained was 180Hf, 182,184,186W, 188,190,192Os, 194,196Pt, and
198,200Hg which spans in a uniform way boson numbers fro
N514 down toN54.

In order to extract the control parameterx for each
nucleus, the knowledge that the Pt isotopes have the O~6!
symmetry was used to fix the value ofh to zero for these
calculations. Vanishingh values have been found in the O
nuclei as well@11# and effects of finiteh values would not
change the qualitative picture that emerges below. The
servablesR4/2, Q(21

1), andB(E2;22
1→21

1) were calculated
using Hamiltonian~1! and the transition operator~2! with an
constant effective chargee50.15e b. These calculated ob
servables thus depend only on the control parameterx as the
boson numberN is given. In Table I the values ofx resulting
from these fits are given while Fig. 3 compares the theo
ical and experimentalR4/2, Q(21

1), andB(E2;22
1→21

1) as
a function ofx. Note especially the change of sign inQ(21

1)
indicating the transition from prolate to oblate deformatio
The experimental observables all clearly indicate the prola

der
FIG. 2. R4/2, Q(21
1), and

B(E2;22
1→21

1) as a function of
h andx for N510. For the calcu-
lation of Q(21

1) and B(E2;22
1

→21
1) an effective charge ofe

50.1 e b was used.
1-2
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TABLE I. The Table lists the number of bosonsN, the corresponding atomic nuclei considered here,
the deduced value for the control parameterx ~see text!.

N 4 5 6 7 8 9 10 11 12 13 14

Nucleus 200Hg 198Hg 196Pt 194Pt 192Os 190Os 188Os 186W 184W 182W 180Hf
x 0.61 0.30 0.10 0.00 20.15 20.20 20.26 20.30 20.39 20.50 20.60
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oblate phase transition. TheB(E2;22
1→21

1) values and
quadrupole moments are very well described in view of
very simple one-parameter Hamiltonian used. The gen
behavior of the quadrupole moment together with
B(E2;22

1→21
1) values are strong indicators of a prolat

oblate phase transition. The very rapid change of the qu
rupole moment and theB(E2;22

1→21
1) values might ex-

FIG. 3. Comparison between the experimental observablesR4/2,
Q(21

1), andB(E2;22
1→21

1) for the nuclei:180Hf @18#, 182,184,186W
@19#, 188,190,192Os @20#, 194,196Pt @21#, and 198,200Hg @22# and the
theoretical values~dashed lines! obtained using the one-paramet
Hamiltonian.
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plain why 196Pt has a nonvanishing quadrupole mome
although in most other respects it behaves as a good O~6!
nucleus. In fact inspecting Fig. 2 one clearly notices t
exactly at O~6! (x50) there is the most significant change
these variables already forN510. In view of the integer
number of bosons associated with each atomic nucleus
finite values for the quadrupole moments of the two Pt i
topes are thus also not a big surprise. The atomic nuc
194Pt seems to be the closest to the phase transition an
here fitted withx50.

The one-parameter Hamiltonian also describes very w
the R4/2 ratio on the prolate side of the phase transition, i
for negativex values. At the phase transition and on t
oblate side deviations in theR4/2 ratio are observed. In par
ticular, the Pt isotopes have a slightly smallerR4/2 ratio than
can be achieved with the simple Hamiltonian indicating th
for N<7 the path is no longer on the leg but slightly insid
the triangle. Surprising are the signatures for198,200Hg.
While they are not very well described quantitatively by t
one-parameter Hamiltonian, they qualitatively reveal un
pected features since they do not resemble a vibrationa
shell model structure that might have been expected as208Pb
is approached. Such structures would haveR4/2 around or
below 2. Instead a slight increase inR4/2 suggests an increas
in the deformation which indicates a deviation from t
U~5!-O~6! line towardsSU(3). The origin of the increase
deformation should be related to the quenching of the pair
correlations at the oblateZ580 andN5120 subshells@23#.
Starting from 202Hg the observablesR4/2 and Q(21

1) de-
crease again, indicating that one is now approaching the d
bly magic nucleus208Pb. Here, more knowledge on neutro
rich nuclei belowZ582 would be of interest.

In conclusion, we have interpreted nuclei between180Hf
and 200Hg as situated on or very near the SU~3!-SU(3) leg of
the extended Casten triangle. They exhibit a prolate-ob
phase transition in their shape which can be described a
transition by the O~6! limit of the IBM. The results obtained
reinforce this new interpretation with experimental data a
reveal once more how useful the general concept of ph
transitions is in nature@24#.
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the subject of shape phase transitions, D. Balabanski for
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and many discussions.
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