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Using the cranked interacting boson model, we estimate critical frequencies for the rotation-induced
spherical-to-deformed shape transitionAir- 100 nuclei. The predictions are shown to roughly agree with the
backbending frequencies deduced from experimental yrast sequences in these nuclei.
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It is now well documented that the nuclear ground-statenoncollective Coriolis-driven pair breaking leading to align-
shapes exhibit sudden changes with varying nucleoment[21] have to be involved. The latter mechanism can
numbers—changes that are described in close analogy withiso be consistently described within the cranked shell
thermodynamic phase transitio(see, e.g., Ref§1-13). In model, applicable around mass 100, based on the alignment
particular, signatures of transitions between spherical andf a (h;;,,)? neutron pair coupled to spin £J22].
various deformed shapéprolate or oblate axisymmetric el- The purpose of this Rapid Communication is to interpret
lipsoids clearly follow from spectroscopic data characteriz- experimental results given in Rgfl9] from new theoretical
ing some chains of nucldil,3,7,9,11,18 Real nuclei thus perspectivd23] using the Landau theory of phase transitions
seem to sample—depending on underlying energies and ot the framework of the cranked IBM. In the cranking exten-
cupancy of the single-particle orbitals—the phase diagram o§jon, the IBM is handled as a semiclassical made total
the quadrupole geometric model or, equivalently, of the inyymper of bosonsl— =) to determine Bohr variable8 and
teracting boson modglBM). o y as a function of the rotational frequenay and Hamil-

Another kind of a structural “phase transition,” the one (onjan parameters; and y coordinates in the extended Cas-
that concerns individual nuclides rather than isotopicen triangle[10]). Various phases are located in distinct re-
isotonic sequences of nuclei, manifests itself as the We”gions of the parameter spaeex 7 y [23,24.
known backbending effe¢d4,15. Observed in many yrast- = \hile earlier attempts to apply the Landau theory to ro-
band sequences, this phenomenon is usually interpreted asging (hot) nuclei [25] implied that the rotation did not in-
crossing of two rotational bands with different deformations,q,ce a crossover between spherical and deformed shapes
pairing properties, and/or angular-momentum alignmentgsince the deformation evolves smoothly with the onset of
along the rotational axif16-18. The yrast state thus flips cranking, the cranking in the IBM case leads to the conclu-
between the corresponding configuratiowgth differentval-  gjon that the rotation-induced spherical-to-deformed phase
ues of the moment of inerfiawhich can be seen as a yansition is theoretically possible with a more general ansatz
rotation-driven quantum phase transition, similar to phasgqr quadrupole geometric variables employed in the calcula-
transitions of the ground-state shape. However, as recentlyyy The dependence of nuclear deformation on the rota-
pointed out by Regaet al. [19], the picture involving the 54 frequency, as determined in Ref&3,24, closely re-
crossover between two rotational deformed bands may bgemples the abrupt quenching of superconductivity under
misleading if applied to nuclei with vibrational-like ground- increasing magnetic field. In this analogy, the superconduct-
state properties. For these nuclei, a change from :spheric;Hg and normal phases correspond to the sphefiaD) and
(vibrationa) to deformedrotationa) structure was proposed deformed(8+ 0) shapes, respectively, while plays the role
as an alternative explanation of the observed backbendingf the field strength. At a certain critical frequenay the
behavior. Indeed, making use of theray energy over spin shape flips from spherical to deformed, similarly as the

(E-GOS plqts, the thed af\ut_ks)or? Clailmcéh?at dthe ;ér%st-ban;j aired superconducting phase breaks into a normal phase at a
Séquences in a number of vibrationa » PO, and RU NUCIq e field. Due to the analogy of the backbending phe-
exhibit a signature of the spherical-to-deformed evolution ah omenon with the behavior of superconductors, the idea of a

spins of about 10 or 12. airin - . L . i
. . S g transition[16] has been invoked in high-spin physics.
Microscopically, the evolution is caused by several effect n view of the new resulf23], however, it turns out that the

related_ to the fe”'_“o”'c degrees Of_ fre_edom. N_otably, botIE(':\me behavior can be associated with a shape transition, as
collective two-particle—two-hole excitations leading to more,, .\, ik supports the viewpoint proposed in R
deformed intruder states with a characteristic energy depen- T’o compare experimental data on the yrast-band shape
dence on the number of valence nucleg@6] as well as transition in vibrational nuclei with predictions of the

cranked IBM, one may try to determine from the theory the
critical angular momentum for which the spherical yrast state
*Electronic address: pavel.cejnar@mff.cuni.cz transforms into a deformed one. This angular momentum is,
"Electronic address: jolie@ikp.uni-koeln.de in principle, available from experimental data, using for ex-
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TABLE I. Comparison of experimental and theoretical values of 0.6
the critical rotational frequency, the latter obtained from the cranked
IBM with 7 fitted to low-spin yrast energigdE,, measures the 0al
quality of the fif. &
N deformed
3

Nucleus o wtch 7 AEms o2f spherical

(MeV/h) (MeV/h) (keV)
108Cd O4Q17) 037 094 177 OD.7 0.75 0.8 O/,7/8)5 0.9 0.95 1
10cd 0.3215) 0.38 0.97 168
tcd 0.382) 031 0.93 36 FIG. 1. Cranking phase diagram of Hamiltonigl.
H4cd 0.3@6) 0.32 0.99 74
104pq 0.3%5 0.33 0.94 132 : . : . :
106pg 0 358) 0.33 0.97 120 tures of basic collective states in these nufleii,13. H in
0 -368) ' ' Eq. (1) has in principle three control parametefs; the

%Pd 0.336) 0.23 0.89 93 quadrupole parameteg, taking values from the interval

10%Ry 0.455) 0.14 0.82 83 [-V7/2, +\7/2] as the deformed shape evolves from a pro-
10Ru 0.365) 0.24 0.88 91 late to oblate form; we sef=0 for the A=100 nuclei
1000 0.372) 0.22 0.87 49 studied here(implying that we stay at or close to the

v-soft transitional line of the Casten triangle(ii) »
€[0, 1] governing the evolution between the deformed,
ample the E-GOS plofd 9]. However, since the IBM spheri- O(6) in case ofy=0, and spherical, (5), ground state,
cal phase is formed by a condensate of oslposons, it and (iii) the overall scaling frequencf2>0. The phase
carries zero angular momentum for aayp to w.. One thus  transition from a deformed to spherical ground-state shape
has to extract from yrast data not the critical spin but ratheappears as; crossesy.=0.8. Thus the nuclei with poten-
the critical frequency. This is indeed possible with the aid oftial to host the spherical-to-deformed transition along their
the backbending diagram, where the yrast dpil(1+1) yrast line must be located close to th€é5lvertex—within

(or a related quantily is plotted againstE)/2=(E;,; the intervaly[0.8, 1.

-E,_))/2, with E, denoting the yrast-state energy for spjn The values ofy and Q) in Eq. (1) were fitted to experi-
thus E}/2=0E//dl ~w, approximating the rotational fre- mental yrast energies below the critical spin in the nuclei
quency at angular momentum The well-knownS-shaped studied, namely to yrast states upltol0% in Cd isotopes
structure in backbending plots which wouid the rotational ~andl=12%4 in Pd, Ru, and Mo. The resulting values pfare
picture) be interpreted as a change of the moment of inertiagiven in_Table |. The rms deviation of level energies,
is correlated with the evolution from hyperbolic to roughly AE,; =V, AE,2/n (with n standing for the number of fitted
constant behavior in the corresponding E-GOS plots, as olevels andAE, for the difference between experimental and
served in vibrational nuclgil9]. Therefore, it can be used to theoretical energies for the yrast state with a givgrmea-
estimate the critical frequenay.. sures the quality of the fit.

Experimental values of the critical frequency, as extracted Properties of the Hamiltonia(l) in the rotating frame
from the datg19,26—28,3Dfor a subset of nuclei studied in were analyzed in Ref§23,24 yielding the deformation pa-
Ref.[19], are given in Table I. The mean val(e:") and its  rametersg and y as a function of dimensionless cranking
error (in parenthesgswere obtained as the central point and frequencyw=w/{). Note that the deformation parameters in
the width, respectively, of th8-shaped structure in the back- the cranked IBM are not directly connected with the
bending plot corresponding to the given nucleus. Let usoherent-state coefficients, as in the standard IBM geometric
stress that this method does not imply the insistence on thanalysis[1], but follow from an analogous parameterization
rotational interpretation of the backbending effect in vibra-of the average quadrupole-moment components, i.e., from
tional nuclei: in the present picture, the yrast sequence abou&),) =8 cos y and Vv2(Q,)= sin y. The dependence of de-
. is assumed to be rotational, while the spectrum belgw  formation parameters opandw, as it follows from the IBM

rather corresponds to an anharmonic vibrator. cranking calculations, can be found in Figs. 3 and 5 of Ref.
To analyze experimental data in tiée= 100 region, we [24]. The critical cranking frequency is an increasing func-
use the well-known IBM Hamiltonian tion of »e[0.8, 1] with @.=0 at <0.8 andw,=0.5 aty
=1, see Fig. 1. By fitting the values gfand(}, as explained
H= ﬁﬂ{ g - %’Q ) Q] (1) abpve, we aretht_h~erefore able to determine the_ab;olute theo-
retical valuew;'=w.(7)€). In Table I, this quantity is com-

, pared with experimental critical frequencies in the nuclei
whereN is the total number~of bosongd thed-boson num- ¢4 gied.
ber operator, an@=(d"3+s'd)@+ y(d'd)® the quadrupole Before discussing the degree of agreement between theo-
operator. It is clear that this Hamiltonian is too simple toretical and experimental values in Table |, we should point
fully describe complete spectra of real even-even nuclei, buput that not all nuclei considered in R¢L9] are listed here.
at the same time, it is known to capture some essential fe@rhe fits of experimental yrast energies in Mo isotopes with
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A=102 and in Ru witlA= 106 place these nuclei well to the = We are aware that the weakest point of the present analy-
deformed side of the Casten triangle, implymﬁzo. Thisis  sis is the oversimplified form of the Hamiltonia) in con-
in accord with mostly rotational character of the correspondfrontation with experimental spectra, for instance the absence
ing E-GOS plotg19]. The %Mo, %Ru, and also'%'Pd  of an anharmonic term in the(B) limit. This may in some
nuclei seem to be very close to the separatrix between spheigases lead to unphysical fits gfand thus to incorrect esti-
cal and deformed shapes. Although the E-GOS plots in thesmates Ofw::h. To use the Hamiltoniaril) was necessary to
nuclei still show behaviors characteristic for the sphericakeep a link with the analysis of Ref23]. The form (1) is
ground-state configuration, our fit gives valueszpélready = common in studies of nuclear shape phd$e8,10-13 and
near to7,., implying w. zero or negligible(namely, we get the extension into the cranking framework led to a particu-
7=0.81 for 19119d, »=0.80 for ®4Ru, and »=0.68 for larly simple and clear perspective on the rotation-induced
102\10). For 1%Ru, the latter result in fact agrees with Ref. shape transitions. Nevertheless, similar analyses can in prin-
[31], where this nucleus was proposed as a candidate for theple be done for other, more sophisticated nuclear collective
E(5) critical-point symmetry. Finally, we did not analyze Hamiltonians, even beyond the IBM scheme. The crucial ob-
%Mo because of the lack of data, aftf1°Cd and°%Pd, servation is that with the generalized Landau theory of shape
where IBM only gives yrast states up kg8 or 104 (since  phase transitions in rotating nucl@pecifically, using gen-
N=4 or 5). eral non-Hermitian coherent-state coefficients vyielding a
The theoretical and experimental critical frequenciesHermitian physical quadrupole tensi3]) one can obtain
listed in Table I show very good agreement for the nucleiresults that overcome previous analy$2s] just in the di-
placed close to the 3) vertex, i.e., for those withy>0.9.  rection required by the new interpretation of experimental
However, as the fitteqy approaches 0.8, the predicted critical data[19].
frequency decreases and deviates from the experimental et us finally note that the approach proposed here differs
value. An extreme example 18°Ru, which is located indeed sypstantially from that of Ref32] (recently reconsidered in
t0o close toy in our fit and thus exhibits rather small value gef, [33]) where the backbending phenomenon in vibrational
of ;. This cannot be improved by allowing for nonzero ncjej was interpreted using the IBM Hamiltonian in the
values ofy. Let us note that qualitatively the same trend as ingy 5.1 (5 limit with a negative coefficient at the second-
the cranked IBM would be generally expected in the micro-g yer y5) invariant. In this case, one indeed observes the
scopic picture, since the intruder orbitals lower in energy a%rast-band transition between=1/2 andny=N configura-
the midshell is appro_aphed. The presently analyzed da.t. ions(having, in this sense, different “deformatiopdiut the
however, seem to exhibit rather a constant value of the Critigivergence of solutions fd¥— o makes it impossible to use

cal frequency and then a sqdden changex{t=0. This be- the model in the classical lim{to speak in this context about
havior should be checked in other relevant regions of th B— o “phase transition,” as in Ref33], is thus very mis-

nuclear chart. On the other hand, we see that in spite Qbaging. The cranking approach, in contrast, results in a pic-
apparent simplifications involved in our approach it is poS+,re \yhere the yrast-band structural transition is indeed be-

sible to correctly reproduce the critical frequencies in trulyyyeen spherical and deformed shapes and remains physical
vibrational nuclei and to roughly predict the border of the;, iha classical limit

vibrational-like region in the given part of the nuclear chart.

Let us note that on the microscopic level, the delayed back- The authors thank R. F. Casten for valuable comments on
bend observed it®Ru seems to be connected with a sup-the manuscript. This work was supported by the DFG and
pressed population of théh;,,»)? neutron configuration, GACR under Grant Nos. 436 TSE 17/6/03 and 202/02/0939,
which is linked to the backbending plots in the given massespectively. P.C. also thanks the University of Cologne for
region[19,22. hospitality.
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