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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 whichy-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 closéjo the O
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(B)ev&lue and confirms the recently
proposed prolate-oblate phase transition with experimental data.
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Recently, the topic of quantum phase transitional behaviotries of the IBM, three first-order phase transitions and one
of atomic nuclei has received a lot of attention, when it wasisolated second-order phase transitisee Fig. 1. Out of the
shown that new symmetries, called5X and E5), can de- four dynamical symmetries three, called3) SU(3), and
scribe atomic nuclei at the critical poinf4,2] within the  SU(3) limits, are located in the vertices. They correspond to
framework of the collective mod¢B]. The phase transitions vibrational nuclei with a spherical forfilU(5)], an axially
considered in these references are those of the ground staigmmetric prolate rotor with a minimum in the energy,at
deformation, which can conveniently be described by the=0° [SU(3)], and an axially symmetric oblate rotor with a
deformation parameterg and y defining the form of the  minimum at y=60° [SU(3)]. The fourth symmetry is lo-
nuclear ellipsoid 3]. Remarkably, the parameter free predic- .4t in the middle of the 90)-SU(3) leg and corresponds

tions provid_ed by these symmetries are closely realized i'?o a rotor with a flat potential iy [O(6)]. Note that, here, we

some atomic nuclei4,5]. use the convention of Dieperink, Scholten, and lachigl@
Fol_Iowmg these observanqns we have shown thatoft | i =0 and 0% y=60°.

nuclei, which are also analytically solvable, are located ex- ¢ js the purpose of this work to present a reinterpretation

actly at a previously unrecognized phase transit®inHere ¢ asomic nuclei in the Hf-Hg mass region in the context of

the symmetry at the critical point is the well known(@ o roiate-oblate phase transition passing through i O

dynamical symmetry of the interacting boson mod&M) it [6]. These nuclei are known to be situated close to the

[7], which describes atomic nuclei as an interacting systen&pper right leg of the triangle in Fig. 1 wity=0 [11,12.

of s and d bosons made up of the valence nucleons. TheAIthough oblate nuclei or transitions from soft to oblate

prolate-oblate first-order phase transition occurs when O”Qhapes are rare they do occur in the heavy platinum and
crosses a path extending froni@Dtowards the (5) limit up mercury isotopes close t5%Pt. In order to avoid confusion

to.the point where t_hg atpmic nucleus becomes sphericql. Ake would like to stress that here we are dealing with the
this point the transition is of second order. The new first-

normal hole configurations and not with the oblate

order phase transition completes th_e eqwhbryum r‘Udearnultiparticle—multihole excitations that are observed in addi-
phase diagram and allows a general interpretation of all oby

" - ion to the normal states in the light Pt, Hg, and Pb isotopes
served shape phase transitions of the IBM within the Landal 13] 9 9 P

theory of phase transitiori]. Note that strictly speaking the :
phase transitions occur only when the number of bodons loc

— 00,

In Fig. 2 we show typical observables that can be used to
ate an atomic nucleus in the shape phase diagram. They
. . . N _are the ratidR,, of the excitation energies of the first 4and
The re_sultmg _shape phase dlagram |s_shown inFig. 1. It 1S5+ states, the spectroscopic quadrupole mom@(rﬂf) of
parametrized using the simple Hamiltonian the first 2" state and th&(E2;2; —2;) value. These quan-
-1 tities are calculated for the realistic valuedf 10. For the
A(N, 7,x)=7ng+ TQx'Qx’ (1)  electromagnetic observables the electric quadrupole transi-
tion operator,

where ng=d"-d is the d-boson number operator ar@, T(E2)=¢[(s'd+d"s)@+ x(d'd)®)], )

=(s"d+d's)@+ y(d"xd)@ is the quadrupole operatdy

in the denominator stands for the total number of bosonswas used in the consiste@-formalism[12], i.e., with the

The parameterg and y vary within the rangeye[0,1] and  samey value as the Hamiltonian. As this choice yields non-

xel—712+712). zero quadrupole moments for nuclei in the spherical phase
While the Hamiltonian is extremely simple, the structureswhen y#0, we have plotted the signatures on a square

it generates with its two parametersand y are very rich  rather than on the extended triangle. One clearly notices in

[8,9]. Within the restricted parameter range, describing therig. 2 that the variations are the sharpest aroysd on the

extended Casten triangle, there are four dynamical symmesU(3)-SU(3) side. The signatures are chosen because each
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O(3) groups. From structural point of view the lowest states
are formed by those states with the maximal vadte N.
The next class of states have=N—2,N—4, ..., 1 or O.
Within a given o the 7 values can take the values
=0,1,2...,0. The wave functions consist of either odd
(even numbers ofd bosons whemr is odd(even. Therefore
the quadrupole moments vanish singe=0. Besides this
property selection rules alloyA 7|=1 transitions, yielding
the nonzerd3(E2;2; —2;) transition rates, and forbid the
|A7|=0 and|Ac|#0 transitions. The latter selection rule
allows the most direct distinction between@8p and U5)-

SUE)

=X

L}

O Y
UGt y=-/72 SU@E)
FIG. 1. The extended Casten triandlé] and its different

phases: spherical nuclghase J and deformed nuclei with prolate . S
(phase 1), and oblate(phase I) shape. The open circles indicate like nuclei. It involves, however, the knowledge of absolute

the location of the IBM dynamical symmetries. The solid dot in theB(EZ) valugs of highly eX.C|ted Iow-spm states which are
center represent the triple point of nuclear deformafh where ~ ONly known in a few nuclei. The atomic nucled$Pt was

all phases coalesce. The dashed lines correspond to the first-ordefoposed in Ref[14] as an excellent example of the(&
shape phase transitions. limit of the IBM. While this was strongly debated, due to the
nonvanishing guadrupole moment of Q(27)
=+40.66(12k b [15], the Q6) character was clearly estab-
lished for 1Pt [16,17 by the |Ao]| selection rule, which
allows to place this nucleus negr=0.

reveals important structural information. A sm@&i(2;) and
large B(E2;2; —2;) situate a nucleus along the(%)-O(6)

line. Along this !ineR4,2 varies from near 2.0 at U(5) to pear In an attempt to span a larger part of the extended Casten
2.5 at O(6).Going towards SU(3) anBU(3) ther,, ratio triangle we investigate the mass region arodf@®t, going

increases rapidly to 3.33 a_nd the experimental quadrupolgown to 18%Hf where the nuclear shape is already well de-
moment attains large negative values towards prolate SU(3J.iheq by a prolate ellipsoid. To have a smooth variation in
and positive towards oblat8U(3). 'Q the+same direction  strycture ‘a series of isotopes with varying boson nuner
there is a steep decrease of BE2;2, —2;) value which  N=N_+N,, was chosen which fulfilled the following two
is strictly forbidden for SY3)- andSU(3)-like nuclei. The conditions: the sequence involved atomic nuclei which differ
same transition is collective, albeit varying, on thés)JO(6)  from each other by one boson number and the three signa-
line. tures needed to be experimentally known. The sequence ob-
To summarize, in a SU(3) O(6)— SU(3) transitional re- tained was 8Hf, 182184.18¢y 188,190.19¢yg 19419t gnd
gion, Ry, ratios around and above 2.5 need to be observed:®®2Hg which spans in a uniform way boson numbers from
The experimental quadrupole moment, which is related tdN=14 down toN=4.
the order parametd8], should change sign and increase In order to extract the control parametgr for each
rapidly when going away from location of the prolate-oblatenucleus, the knowledge that the Pt isotopes have tf& O
transition, wherebyQ(2;) is negative for S(B)-like, posi-  symmetry was used to fix the value gfto zero for these
tive for SU(3)-like, and zero for they-unstable @6)-like calculations. Vanishing; values have been found in the Os
nuclei. TheB(E2;2; —2;) value should peak with a col- nuclei as Well[ll_] and ef_fects of finitey values would not
lective value at @) and then decrease quickly &g| in- ~ change the qualitative picture that emerges below. The ob-
creases. servableRy,, Q(2;), andB(E2;2, —2;) were calculated
While the quadrupole moment provides a clear signaturélsing Hamiltonian(1) and the transition operat¢2) with an
for the deformation, it is more difficult to clearly distinguish constant effective charge=0.15eb. These calculated ob-
where a given nucleus is situated between th@) @nd U5)  servables thus depend only on the control paramets the
limits, although theR,,, gives an indication. This is due to boson numbeN is given. In Table | the values of resulting
the fact that the Hamiltonian in Eq1l) conserves the ) from these fits are given while Fig. 3 compares the theoret-
symmetry wheny=0. We first examine the situation for the ical and experimentaR,,, Q(2;), andB(E2;2; —2;) as
Pt isotopes in more detail. Atomic nuclei representing thea function ofy. Note especially the change of sign@{2;)
O(6) structure are classified byN,o,7,L) with the labels indicating the transition from prolate to oblate deformation.
N,o, 7, andL given by the irreps of the (6), O(6), O(5), and  The experimental observables all clearly indicate the prolate-

R,» Q21) B(E2;25->21)

: B(E2) [e*b” ] FIG. 2. Ry, Q(27), and
B(E2;2; —27]) as a function of
7 andy for N=10. For the calcu-
lation of Q(27) and B(E2;2;
—27) an effective charge of
=0.1eb was used.
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TABLE I. The Table lists the number of bosoNs the corresponding atomic nuclei considered here, and
the deduced value for the control paramegeisee text

N 4 5 6 7 9 10 11 12 13 14
Nucleus Hg !%%Hg 19%pt 199pt 190s 1900s 188 18y B4y 1Bay  1804f
X 061 030 0.10 0.00-0.15 -0.20 —-0.26 —-030 -0.39 -0.50 -0.60

oblate phase transition. ThB(E2;2; —2;) values and plain why %Pt has a nonvanishing quadrupole moment
quadrupole moments are very well described in view of thealthough in most other respects it behaves as a ga@l O
very simple one-parameter Hamiltonian used. The generalucleus. In fact inspecting Fig. 2 one clearly notices that
behavior of the quadrupole moment together with theexactly at @6) (y=0) there is the most significant change in
B(E2;2, —27) values are strong indicators of a prolate- these variables already fdi=10. In view of the integer
oblate phase transition. The very rap|d change of the quachumber of bosons associated with each atomic nucleus, the

rupole moment and th&(E2;2; —2;) values might ex-

Q(27) [eb]
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FIG. 3. Comparison between the experimental observahlgs
Q(2]), andB(E2;2; —27) for the nuclei:'8Hf [18], 182:184.18¢y
[19], 1881901995 [20], 19419t [21], and '%2°Hg [22] and the
theoretical valuegdashed linesobtained using the one-parameter

Hamiltonian.

finite values for the quadrupole moments of the two Pt iso-
topes are thus also not a big surprise. The atomic nucleus
199pt seems to be the closest to the phase transition and is
here fitted withy=0.

The one-parameter Hamiltonian also describes very well
the Ry, ratio on the prolate side of the phase transition, i.e.,
for negativey values. At the phase transition and on the
oblate side deviations in th,, ratio are observed. In par-
ticular, the Pt isotopes have a slightly smalRey, ratio than
can be achieved with the simple Hamiltonian indicating that
for N=<7 the path is no longer on the leg but slightly inside
the triangle. Surprising are the signatures fo¥2%Hg.
While they are not very well described quantitatively by the
one-parameter Hamiltonian, they qualitatively reveal unex-
pected features since they do not resemble a vibrational or
shell model structure that might have been expectet?®b
is approached. Such structures would h&g around or
below 2. Instead a slight increaseRy,, suggests an increase
in the deformation which indicates a deviation from the
U(5)-0(6) line towardsSU(3). The origin of the increased
deformation should be related to the quenching of the pairing
correlations at the oblat2=80 andN=120 subshell$23].
Starting from 2°Hg the observable®,, and Q(2;) de-
crease again, indicating that one is now approaching the dou-
bly magic nucleus®Pb. Here, more knowledge on neutron-
rich nuclei belowZ=282 would be of interest.

In conclusion, we have interpreted nuclei betwe&Mf
and ?Hg as situated on or very near the @YSU(3) leg of
the extended Casten triangle. They exhibit a prolate-oblate
phase transition in their shape which can be described at the
transition by the @) limit of the IBM. The results obtained
reinforce this new interpretation with experimental data and
reveal once more how useful the general concept of phase
transitions is in naturg24.
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S. Heinze, P. Pejovic, and V. Werner for producing figures
and many discussions.

031301-3



RAPID COMMUNICATIONS

J. JOLIE AND A. LINNEMANN PHYSICAL REVIEW C68, 031301R) (2003
[1] F. lachello, Phys. Rev. Let85, 3580(2000. Kane, H.G. Boerner, and W.F. Davidson, Phys. Rev. 148}.
[2] F. lachello, Phys. Rev. Let87, 052502(2001). 167 (1978.
[3] A. Bohr and B. R. MottelsonNuclear Structure(Benjamin,  [15] M.P. Fewell, Phys. Lett167B, 6 (1981).
New York, 1975. [16] R.F. Casten and J.A. Cizewski, Phys. Lett185 293(1987.
[4] R.F. Casten and N.V. Zamfir, Phys. Rev. L&, 3584(2000.  [17] H.G. Boerner, J. Jolie, S.J. Robinson, R.F. Casten, and J.A.
[5] R.F. Casten and N.V. Zamfir, Phys. Rev. LeifZ, 052503 Cizewski, Phys. Rev. @2, R2271(1990).
(200D. [18] E. Browne, Nucl. Data Shee®d, 81 (1996.

[6] J. Jolie, R.F. Casten, P. von Brentano, and V. Werner, Phys[.lg] B. Singh and R.B. Firestone, Nucl. Data She@t 383
Rev. Lett.87, 162501..(2001). ) (1995; R.B. Firestoneijbid. 58, 243(1989; 55, 583 (1988.

[7] F. lachello and A. ArimaThe Interacting Boson ModéCam- [20] B. Singh, Nucl. Data Sheef9, 133 (1990; 61, 243 (1990
bridge University Press, Cambridge, 1987 VS Shirieyibid 64 205(1996 T '

[8] J. Jolie, P. Cejnar, R.F. Casten, S. Heinze, A. Linnemann, anEIZl] E. Browne and B. Singh, Nucl. Data She@@ 277 (1996

V. Werner, Phys. Rev. LetB89, 182502(2002. : : .
[9] P. Cejnar and J. Jolie, Phys. RevBE 6237(2000. Zhou Chunmei, Wang Gongqing, and Tao Zhenldond. 83,

[10] A.E.L. Dieperink, O. Scholten, and F. lachello, Phys. Rev. 145 (1998. .

Lett. 44, 1747 (1980. [22] Zhou Chunmei, Nucl. Data Sheef&, 259 (19995; M.R.
[11] R.F. Casten and J.A. Cizewski, Nucl. Phy&09, 477 (1978, Schmorakjbid. 75, 667 (1993. _
[12] D.D. Warner and R.F. Casten, Phys. Re\2& 1798(1983. [23] M. Vergnes, G. Berrier-Ronsin, G. Rotbard, J. Skalski, and W.
[13] A.N. Andreyevet al., Nature(London 405, 430(2000. Nazarewicz, Nucl. PhysA514, 381(1990.

[14] J.A. Cizewski, R.F. Casten, G.J. Smith, M.L. Stelts, W.R. [24] D.D. Warner, NaturéLondon 420, 614 (2002.

031301-4



