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Abstract: In this paper the Quasiparticle-Phonon Nuclear Model (QPNM), based on QRPA (Quasiparticle Random
Phase Approximation) phonons, has been utilized to investigate spin polarization effects on the ground-
state magnetic properties such as intrinsic magnetic moment (gK ) and effective spin gyromagnetic factor(geff.s ) of odd-mass deformed 165−179Hf isotopes with K > 1/2. Investigations of the spin polarization effects
of the even core on the magnetic moments show that the spin gyromagnetic factors (gs) of the nucleons
in the nucleus differ noticeably from the corresponding values for free nucleons and that the spin-spin
interactions play an important role in the re-normalization of gs factors of the odd-mass 165−179Hf isotopes.
In addition, some theoretical predictions are presented for the magnetic moments of 165Hf, 167Hf, and 169Hf,
whose ground state magnetic moments haven’t been experimentally determined yet.
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1. Introduction

Theoretical study of magnetic properties such as magneticmoment (µ), intrinsic magnetic moment (gK ), and effectivespin factor (geff.s ) of odd mass deformed nuclei forms an
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important branch of nuclear structure physics as it eluci-dates the nature of the nuclear interaction acting insidea nucleus and also tests the applicability of a particularnuclear model.
It is well known that the experimental values of the in-trinsic magnetic moments of odd-mass nuclei deviate con-siderably from the theoretical predictions if the spin gyro-magnetic factor (gs) in calculations is set equal to the freenucleon value. The discrepancy between the theoreticalpredictions and the experimental values of the gK factorsis usually explained in terms of the spin polarization of an
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even core by an odd nucleon [1]. The spin dependent partof the interaction between the odd nucleon and the nucle-ons in the core tends to align the spins of like nucleonsantiparallel and the spins of the unlike nucleons parallelto the spin of the odd particle. This always has the effectof reducing the spin contribution to the magnetic momentof the nucleus, due to the opposite signs of the magneticmoments of proton and neutron. The reduction may belarge because the contributions from many nucleons addwith the same sign [2].The spin polarization effect on the magnetic moments canbe taken into account by introducing an effective gyro-magnetic factor (geff.s ). It was shown by De Boer andRogers that the theoretical calculations can be broughtinto agreement with the experimental data by replacingthe free-nucleon value with an effective spin gyromag-netic factor equal to about (geff.s = 0.6 − 0.7gfrees ) [3].Good agreement is achieved with the experimental data,however from the theoretical point of view the accuracyof this approximation seems to be doubtful. A quantitiveand universal description of the effective spin gyromag-netic factors would definitely require further theoreticalinvestigations. Over the past three decades many theo-retical attempts for the explanation of spin polarizationeffects on the ground-state magnetic properties of odd-mass nuclei have been made. Theoretical studies of thisproblem were carried out in perturbation theory [2] andmore extensively in KPM (Kuliev-Pyatov Method) usingthe Tamm-Dancoff Approximation (TDA) [4–6]. Recently,using the QPNM [7–10] we have developed a method toinvestigate the spin polarization effects on the ground-state magnetic properties of odd-mass nuclei for the firsttime. The demonstration of the method was made withnumerical calculations in 157−167Er [11] and 155−165Dy [12]isotope chains. The results of our previous work [11, 12]have indicated that the QPNM interpretation of the mag-netic moments seems most appropriate, so at present itrepresents the only possible approach to an improved un-derstanding of the spin renormalization effects experimen-tally observed for the magnetic dipole moments. There-fore, it would be important to expand the calculations onother isotope chains to test if the method can reproducethe intrinsic magnetic moment (gK ) and the effective spinfactor (geff.s ) observed in other rare-earth nuclei.In view of the above remarks, odd neutron Hf nuclei inthe rare earth region are of special interest since duringthe last few decades the nuclear spins and moments of

neutron-deficient Hf isotopes have been extensively in-vestigated by several groups [13–15]. In view of the richexperimental information gained for Hf isotopes, we intendto expand our QPNM calculations to test if the methodallows a detailed analysis of the observed magnetic prop-erties of these isotopes. In addition, some predictions arepresented in the current paper for the magnetic moments(experimentally unknown as of yet) for 165Hf, 167Hf, and169Hf nuclei.The method based on QPNM is briefly reviewed in Sec-tion 2, the results of the calculation are discussed in Sec-tion 3, and a summary is given in Section 4.
2. Theory
A detailed description of the method based on QPNM canbe found in Ref. [11]. Here is a brief reminder that onestarts with an intrinsic Hamiltonian having the followingcomposite structure:

H ≈ Hsqp +Hcoll. +Hint. (1)
The first term (Hsqp) is a single-quasiparticle Hamiltonianof the simple form

Hsqp =∑
s,τ

εs(τ)Bss(τ) (2)
which includes a deformed axially symmetric Woods-Saxon potential. The second term (Hcoll.) describes the1+ phonon excitations in the even-even core of a nucleusand is defined as

Hcoll. = 12∑
τ,τ ′
χττ ′

∑
ss′
σ (µ)
ss′ Lss′giss′ [Q+

i (τ) +Qi(τ)]+∑
mm′

σ (µ)
mm′Lmm′gimm′ [Q+

i (τ ′) +Qi(τ ′)] . (3)

The last term (Hint.) is the Hamiltonian for the core-singlequasiparticle interaction and describes the connection be-tween the single-particle and collective motions, and itsexpression is
Hint. =∑

τ,τ ′
χττ ′

∑
mm′

∑
ss′

{
σ (µ)
ss′Mss′σ (µ)

mm′Lmm′Dss′ (τ)gimm′ [Q+
i (τ ′) +Qi(τ ′)] +σ (µ)

ss′ Lss′σ
(µ)
mm′Mmm′giss′ [Q+

i (τ) +Qi(τ)]Dmm′ (τ ′)} .
(4)
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In the Hamiltonian, εs(τ) is the quasi-particle energy ofthe nucleons, the quantities Mss′ = usus′ + vsvs′ and
Lss′ = usvs′ − us′vs are expressed in terms of the Bo-goliubov canonical transformation parameters, us and vs.
σss′ are single-particle matrix elements of the Pauli spinoperator. Bss′ = ∑

ρ=±α+
sραs′ρ and Dss′ = ∑

ρ
ρα+

s−ραs′−ρ ,where α+(α) is the quasi-particle creation (annihilation)operator. gss′ is the sum of the two-quasiparticle ampli-tudes (giss′ = ψi
ss′ + φiss′ ). The summation over ss′(mm′)means that the sum is taken over the average field singleparticle levels of the neutron (proton) system. Q+

i (Qi) isthe phonon creation(annihilation) operator. χ is the spin-spin interaction parameter with ττ ′ denoting the corre-sponding proton-proton, neutron-neutron (χ = χnn = χpp)and proton-neutron spin-spin interactions (χnp = qχ , qexpresses the isovector and isoscalar characteristics of theneutron-proton spin-spin interactions). Both spin interac-tion parameters (χ) are expressed in terms of spin inter-action strengths (κ), χ = κ
A MeV.In this model, the wave functions of odd-mass nuclei (forodd-neutron Hf isotopes τ=n) consist of the sum of one-quasiparticle and one-quasiparticle⊗phonon [11]:

φjK (τ) = {NKj (τ)α+
Kj (τ) +∑

i,j,υ
GKjKν
i,j (τ, τ ′)α+

Kν (τ)Q+
i

}
|Ψ0〉,

(5)with the normalization condition:
〈
φjK (τ)|φjK (τ)〉 = N2

Kj (τ) +∑
i,j,υ

[
GKjKν
i,j (τ, τ ′)]2 = 1, (6)

where the index j stands for the level with a given
K π value. The function Ψ0 represents the phonon vac-

uum which corresponds to the even-even core of thenucleus. The quantities NKj (τ) and GKjKν
i,j (τ, τ ′) deter-mine the contribution of the one-quasiparticle and thequasiparticle⊗phonon component in the wave function, re-spectively. In calculating the energies and wave functionsof the non-rotational states in odd-A nuclei we find theaverage value of the Hamiltonian over φjK (τ). By using thevariational principle the secular equation is determined asfollows:

P(ηjK )≡εK − ηjK −∑
i

∑
ν

1(χFn(ωi))2 Z (ωi) M2
KKνσ

2
KKν

εKν + ωi − ηjK= 0, (7)where
Z (ωi) = 1(−χFn(ωi))2 Yn(ωi) + q2(1 + χFp(ωi))2 Yp(ωi),
Fτ (ωi) = 2∑

ss′

εss′σ 2
ss′L2

ss′

ε2
ss′ − ω2

i
, Yτ (ωi) = 4ωi∑

ss′

εss′σ 2
ss′L2

ss′(ε2
ss′ − ω2

i )2 .(8)
Here, ωi is the energy of the collective 1+ excited states inthe even-even core. The solutions of the secular equationare the energies η1

K , η2
K , . . . η

j
K . The energy of the groundstate of the odd-mass nucleus is the first root of the secularequation, i.e. η1

K . The functions N2
Kj (τ) and GKjKν

i,j can beeasily derived by using the secular equation (7) and thenormalization condition of the wave function [11].For a K>1/2 state of an odd-mass nucleus the intrinsicmagnetic moment (µK = gKK ) is the expectation value ofthe z component of the magnetic dipole operator, whichcan be derived as

µK ={gns(1 + 2N j
K

2 1
χ2Fn(ωi)Z (ωi) MKKν (τ)(εKν (τ) + ωi − η

j
K (τ))

)
−

(gps − gpl )2N j
K

2 qFp(ωi)
χFn(ωi)(1 + χFp(ωi))Z (ωi) MKKν (τ)(εKν (τ) + ωi − η

j
K (τ))

}
σKKν2 + gp`K. (9)

From the comparison of Eq. (9) with the conventional Nilsson formula [2, 11] the effective spin gyromagnetic factor forodd-neutron nuclei can be written as follows:
geff.s
gns

=1 + 2N j
K

2∑
i

1
χ2Fn(ωi)Z (ωi) 1(εK (τ) + ωi − η

j
K (τ))−(gps − gpl )

gns
2N j

K
2∑

i

qFp(ωi)
χFn(ωi)(1 + χFp(ωi))Z (ωi) 1(εK (τ) + ωi − η

j
K (τ)) , (10)
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where geff.s is the effective spin gyromagnetic factor whichrepresents the quenching value of the spin gyromag-netic factor from its free value. The second term inthe bracket and the last term on the right side of theEq. (10) express to the coherent contribution coming fromthe quasiparticle⊗phonon interactions in the polarizedcore. This contribution leads to a significant reductionof the gs factor.
3. Results and discussion

Previous investigations have showed that the spin part ofthe residual interaction in odd nuclei leads to polariza-tion effects that influence greatly the intrinsic magneticmoments (gK ) [2–6]. In the present paper we adoptedour own techniques in order to investigate the role of thespin-spin interaction on the gs and gK factors of odd neu-tron 165−179Hf isotopes in the framework of the method [11]which is based on QPNM. The calculations were per-formed following two alternative approximations. First,the QRPA phonons of the corresponding even-even corewere used to generate the phonon basis. Second, thephonon states of the doubly even core were calculated us-ing TDA. The formalism briefly sketched in Section 2 canbe easily converted in TDA by not taking into accountthe ground-state correlations of even core, i.e. φiss′=0.The omission of these correlations does not change thegeneral form of the system Hamiltonian and the analyt-ical expressions of gK and geff.s . For both calculations,single-particle energies and wave functions were com-puted by using the deformed axially symmetric Woods-Saxon potential [16, 17] following the procedure outlinedin Ref. [11]. The mean-field deformation parameters (δ2)were calculated according to Ref. [18] using β2 defor-mation parameters defined from experimental quadrupolemoments [19], and the pairing-interaction constants werechosen according to Ref. [7] based on the single-particlelevels. The pairing quantities ∆ and λ, the mean-fielddeformation parameters (δ2), ground-state Nilsson config-urations, and experimental magnetic moments (µ) [20] ofodd neutron Hf nuclei (K > 1/2) are shown in Table 1.Before the presentation of the results of our calcula-tions, we briefly discuss the ground-state properties ofthe odd mass Hf isotopes on which the QRPA is built.The contributions of the one-quasiparticle state (NKj ) andquasiparticle⊗phonon mixture (GKjKν
i,j > 0.01) to the wavefunction φjK (τ) are given in Table 2 for 175Hf and 177Hf asexamples. Here, the phonon excitation energies (ωi) andtwo-quasiparticle configurations corresponding to thesestates with two-quasiparticle amplitudes Ψss′ of the even-even core are also given. It is well known that as a con-

Table 1. The ground-state configurations, pairing correlation quan-
tities ∆ and λ(in MeV), the mean-field deformation parame-
ters (δ2), and the experimental magnetic moments (µ) [20]
for odd neutron (K > 1/2) Hf isotopes.

Nucleus [NnzΛ]Σ ∆n ∆p λn λp δ2 µexp. [20]
165Hf [523] ↓ 1.12 0.99 -9.341 -3.198 0.171 -167Hf [523] ↓ 1.07 0.99 -9.175 -3.472 0.218 -169Hf [523] ↓ 1.01 0.99 -8.901 -3.893 0.240 -171Hf [633] ↑ 0.95 0.99 -8.568 -4.335 0.263 -0.674(12)175Hf [512] ↑ 0.86 0.99 -7.701 -5.517 0.250 -0.539(32)177Hf [514] ↓ 0.82 0.99 -7.258 -6.020 0.258 +0.7935(6)179Hf [624] ↑ 0.81 0.99 -6.816 -6.629 0.245 -0.6409(13)

sequence of the quasiparticle⊗phonon interactions, thesingle-quasiparticle and phonon components are spreadover several states (ground and excited) of odd-mass de-formed nuclei [7]. However, it can be inferred from thepresent results given in Table 2 that the ground state isweakly affected by the quasiparticle⊗phonon interactionsand they have predominantly one-quasiparticle character.As a result, the low-lying states contain less than about1% of quasiparticle-phonon admixture.Although the amplitudes of the one-phonon componentsare relatively small, it has rather a strong effect inrenormalization of the g-factors. In order to demon-strate the effect of renormalization all of the elementsof Eq. (9) have been calculated and given in Table 2.Here, the analytical expression of gK is the sum ofthree terms. These are the quasiparticle-quasiparticle(I),quasiparticle-phonon(II) and phonon-phonon(III) terms.The first term (I) gives the largest contribution to the mag-netic moment. The contribution of quasiparticle⊗phononterms to the wave function norm is very small, as can beseen from Table 2. But these terms have an extremelylarge effect on the magnetic moment and spin polariza-tion. Small quasiparticle⊗phonon admixtures, which addup coherently, make a macroscopic contribution and leadto a noticeable polarization of the core. On the other hand,the second term in the bracket and the last term on theright side of the analytical expression of geffs shows the co-herent contribution coming from the quasiparticle⊗phononinteractions in the polarized core.The theoretical QPNM calculations of gK and geffs fac-tors were carried out using QRPA. Besides KPM, singleparticle model (SPM) and QPNM calculations based onTDA were performed in order to compare with our QPNMresults based on QRPA. The analysis leads to the con-clusion that due to a strong cancelation of the neutronand proton gs factors in the isoscalar part, the isovectorpart dominates in the magnetic moments. As a result, thestrongest influence of the neutron-proton interaction oc-
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Table 2. The structure of low lying (ground) states of odd-mass Hf isotopes. Here only quasiparticle
⊗

phonon amplitudes | GKKνj |> 0.01 and two quasiparticles (ψiss′ )
with a contribution to the norm of the phonon wave function larger than 0.5% are listed.

Two-quasiparticle characteristicsof the even-even phonon coreNuclei [NnzΛΣ] Nj
K GKKνj gIK gIIK ωi [NnzΛΣ] ψiss′175Hf [512] ↑ 0.999 0.014 -0.582 0.007 3.11622 nn521 ↓ −510 ↑ 0.7030.015 0.019 6.49925 nn640 ↑ −651 ↓ 0.276

pp541 ↑ −532 ↓ 0.4660.015 0.021 7.67737 nn523 ↑ −514 ↓ -0.389
nn420 ↑ −400 ↑ -0.3140.016 0.031 9.02255 nn402 ↑ −642 ↑ 0.414
pp523 ↑ −514 ↓ 0.3290.014 0.025 9.32258 pp532 ↓ −512 ↓ 0.657

177Hf [514] ↓ 0.999 0.015 0.401 -0.006 3.0322 nn521 ↓ −510 ↑ -0.7020.012 -0.011 7.54238 nn523 ↑ −514 ↓ -0.240
pp532 ↑ −523 ↓ -0.5520.013 -0.013 8.21250 nn642 ↑ −633 ↓ -0.302
pp541 ↑ −521 ↑ 0.4010.021 -0.038 9.12160 nn532 ↓ −512 ↓ 0.382
pp523 ↑ −514 ↓ -0.429

curs at q=-1. The dependence of the theoretical gK and
geff.s results on the parameters κ and q is demonstratedin Figure 1 for the 177Hf nucleus as an example.
As can be seen from Figure 1, the isovector part of theinteraction is dominant (q = −1) as mentioned above andbetter agreement with the experimental data is achievedfor about χ = 30/A MeV. Multipole-multipole strengthparameters used in the nuclear structure calculation weredetermined empirically. In an earlier study [21], an equa-tion for the determination of the spin-spin interaction pa-rameter (χ = κ/A) has been suggested in an investigationof Gamow-Teller beta decays to odd mass deformed nucleiby Gabrakov and Kuliev, κ = 0.8A−1/3.
The advantage of QPNM in the description of ground-state magnetic properties of the studied isotope chain isdemonstrated in Table 3 by the comparison of QPNM re-sults with KPM and SPM calculations and with the ex-perimental data. The results of the present analysis em-phasize not only the importance of using the QPNM inthe description of nuclear structure but also exhibit thesuperiority of QPNM based on QRPA in describing themagnetic properties of odd-mass nuclei to the independentquasiparticle model. As shown in Table 3, the calculated
geffs
gns

and gK values in QPNM using QRPA agree betterwith experimental data than those calculated accordingto KPM and SPM. The SPM results for gK shows largedeviation from experimental data and other model calcu-lations. It should be noted that the uses of the QPNM on

the basis QRPA increases the absolute values of geffs
gns

and
gK .
Table 3. Comparison of g

eff.s
gns

and gK values calculated in QPNM (QRPA) and
QPNM (TDA) with KPM and SPM calculations and with the experi-
mental data for the odd-neutron Hf isotopes. The empirical data of
the gK were estimated from the Nillson formula [2, 11] by using ex-
perimental magnetic moments [20] as pointed out by Y.F. Bow [1].

geff.s
gns

gK

Isotope KPM TDA QRPA Exp. [20] SPM KPM TDA QRPA Exp. [20]
165Hf 0.508 0.509 0.598 - 0.337 0.171 0.171 0.201 -167Hf 0.514 0.514 0.602 - 0.393 0.202 0.202 0.237 -169Hf 0.498 0.504 0.593 - 0.415 0.207 0.209 0.246 -171Hf 0.497 0.498 0.592 0.737(11) -0.413 -0.205 -0.206 -0.245 -0.305(4)175Hf 0.477 0.478 0.579 0.655(31) -0.583 -0.278 -0.278 -0.338 -0.382(18)177Hf 0.482 0.482 0.583 0.583(1) 0.402 0.194 0.194 0.234 0.234(4)179Hf 0.472 0.472 0.577 0.600(1) -0.364 -0.175 -0.175 -0.210 -0.219(4)

It is apparent from Table 3 that QPNM in the QRPA ba-sis produces considerable differences from the predictionof QPNM in the TDA basis. If we compare the generalproperties of the TDA and QRPA, the difference can beseen clearly. It is well known that the basic premise ofthe TDA is to accept independent quasiparticle vacuumas the ground state, whereas QRPA admits the possibilitythat the ground state is not of purely independent quasi-particle character and contain correlations. In other word,the RPA ground state is different from the TDA groundstate because of the ground state correlations. We shouldnote that taking into account the ground-state and pairing
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Figure 1. Calculated gK and geffs
gns

factors for 177Hf as a function of κ
and q.

correlations by the use of the QRPA are the most impor-tant ingredients necessary to improve the description ofthe one-phonon vibrational states. The results of QPNMbased on TDA are therefore much smaller than the exper-imental values for the gK .In order to compare the QPNM results calculated usingboth QRPA and TDA with the KPM results, the mainpoints of KPM should be recalled briefly (a detailed pre-sentation of the method can be found in [4]). KPM de-pends on the independent quasiparticle model and startswith the assumption of the oscillations of magnetic dipolemoment. These oscillations generate the 1+ excitationsabove the energy gap in the even-even nuclei. On thisassumption the spin polarization effects in the odd-massnuclei are interpreted as resulting from the scattering ofthe odd nucleon on the 1+ excitations of the even core. Thewave functions of KPM consist of one quasiparticle in ad-dition to three quasiparticles [4]. Because only quasipar-ticle interactions are considered in KPM, the predictionsof this method for both geff.s
gns

and gK are considerably lowerthan QPNM (QRPA) predictions. As expected, the calcu-lated gK factors using QPNM base on TDA and KPMare approximately equal since in TDA and KPM the BCSvacuum corresponds to the even-even core of odd mass

nuclei. This situation causes the asymmetric behaviorsof the ground and excited states in KPM. However, theQPNM based on QRPA method considers quasiparticleinteractions in both the excited and ground state.The results of the geff.s
gns

ratio for Hf isotopes prove thatthe spin polarization of the even core by the odd-nucleonexplains quite well the general assumption of De Boer
geff.s = 0.6− 0.7gns [3].QRPA results for intrinsic magnetic moments are com-pared with the available experimental data and with theKPM and SPM results in Figure 2. As can be seen fromFigure 2, the QPNM results are reasonably close to theexperimental values and the trend of the experimental val-ues with increasing mass-number A is well reproduced bythe QRPA calculations. It may be noted that QPNM givesa better description for gK factors of Hf nuclei.

Figure 2. Experimental and theoretical gK factors as a function of
mass number (A) .

It is known that the changes in mass number (A) causesthe changes in deformation parameter. It is clear fromFigure 2 that intrinsic magnetic moments change due tothe change of deformation. These results indicate that theintrinsic magnetic moments of odd-mass deformed nucleiare sensitive to the changes in deformation.It may be concluded that the interaction of quasiparticleswith phonons in QPNM leads to the appearance of ad-mixtures to the one-quasiparticle states and improve thedescription of these states compared to KPM and the in-dependent quasiparticle model. Moreover, the magneticmoments are sensitive to such admixtures, as was firstpointed out by Blin-Stoyle [22] and Arima and Horie [23].Although the spin and the Nillson configuration of theground states of 165Hf, 167Hf, and 169Hf isotopes are wellknown, the ground state magnetic moments (µ) of theseisotopes haven’t been determined experimentally yet. Us-ing the calculated intrinsic magnetic moments (gK ) from
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Table 3 and the well-known relation [18] given below:

µ = 〈µz〉 = K
I + 1 (gKK + gR ) , (11)

and also assuming that I = K for the ground state, wepredicted the magnetic moments (µ) of 165Hf, 167Hf, and169Hf isotopes. The rotational gyromagnetic factor (gR ) ischosen in the range of gR = 0.20− 0.30; these values of
gR are consistent with the experimental ones known for177Hf and 179Hf [24]. The values of magnetic moments for165Hf, 167Hf, and 169Hf isotopes determined using equation(7) are presented in Table 4.
Table 4. Predicted magnetic moment values using gR = 0.20− 0.30

Magnetic Moment(µ), µNNucleus gR = 0.20 gR = 0.25 gR = 0.30165Hf 0.502 0.538 0.573167Hf 0.566 0.602 0.638169Hf 0.582 0.618 0.654
In order to evaluate the sign of the magnetic moment (µ) forthese isotopes the comparison of the odd nucleon orbitalscalculated in the present study and our previous works forEr and Dy isotopes is given in Table 5.From Table 5, the sign of the magnetic moment (µ) forthese isotopes has been determined to be positive. Thisseems reasonable because of 163Er [11], whose last oddneutron orbital is the same as that of 165Hf, 167Hf, and169Hf isotopes.The determination of the spin-spin interaction parame-ter (χ) will serve as a basis for calculating various char-acteristics such as magnetic dipole transitions of evenand also odd mass Hf nuclei. This value of χ is veryclose to that used earlier with scissors mode calculationsin even 176,178,180Hf isotopes [25]. In the study, collec-tive 1+ scissors mode states of 176−180Hf isotopes are in-vestigated in the framework of the rotationally invariantQRPA model [25]. The results are compared with nuclearresonance fluorescence (NRF) experiments [26]. The M1strengths as well as the total M1 in these well-deformedisotopes in 2 − 4 MeV are calculated to be in a generalagreement with the NRF values especially. For an ex-ample, the calculated energy and B(M1) strengths withinQRPA (using spin-spin interaction parameter χ = 30/AMeV) for each 1+ state in even mass 176Hf isotope is givenin Fig. 3.

Table 5. The ground-state configurations, spin matrix elements σKK ,
the calculated geff.s

gns
and gK values, and the experimental

magnetic moments (µ) [20].

Nucleus [NnzΛ]Σ σKK
geff.s
gns

gK gexp.K µexp. [20]
165Hf [523] ↓ -0.44 0.598 0.201 - -167Hf [523] ↓ -0.514 0.602 0.237 - -169Hf [523] ↓ -0.542 0.593 0.246 - -163Dy [523] ↓ -0.510 0.690 0.269 0.265(1) +0.6726(35)163Er [523] ↓ -0.530 0.605 0.245 0.252(2) +0.557(4)165Er [523] ↓ -0.542 0.598 0.248 0.300(1) +0.643(3)
171Hf [633] ↑ 0.756 0.592 -0.245 -0.305(4) -0.674(12)165Dy [633] ↑ 0.772 0.686 -0.290 -0.271(10) -0.520(7)167Er [633] ↑ 0.772 0.596 -0.251 -0.250(10) -0.5638(12)
155Dy [521] ↑ 0.510 0.711 -0.463 -0.477(2) -0.339(2)157Dy [521] ↑ 0.492 0.707 -0.444 -0.434(2) -0.301(2)159Dy [521] ↑ 0.542 0.701 -0.485 -0.493(3) -0.354(3)157Er [521] ↑ 0.546 0.623 -0.434 -0.558(3) -0.412(3)159Er [521] ↑ 0.584 0.619 -0.437 -0.438(2) -0.304(2)161Er [521] ↑ 0.558 0.611 -0.435 -0.506(3) -0.365(3)

Figure 3. Calculated energy and B(M1)strengths within QRPA [25]
(using spin-spin interaction parameter χ = 30/A MeV) for
each 1+ state in even mass 176Hf isotope. The experi-
mental NRF results are filled circles [26].

4. Conclusion
We hope that the availability of theoretical estimations onthe ground state magnetic moments of these isotopes canencourage further experimental work in this field.In the present paper, the first QPNM results of the effec-tive and intrinsic gyromagnetic factors for seven odd neu-tron Hf isotopes were presented. The calculations wereperformed using equations derived analytically within theframework of QPNM in the bases of TDA and QRPA. Ourresults indicate a significant role of the spin-spin inter-actions in the renormalization of the g-factors of the odd-neutron 165−179Hf (K > 1/2) isotopes. For the Hf isotopechain the spin polarization of the even core by the odd-particle explains quite well the experimentally observedvalues of gK with calculated data for χ = 30/A MeV
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and q = −1 . The determination of spin-spin interactionparameter (χ) will serve as a basis for calculating vari-ous characteristics such as magnetic and electric dipoletransitions of even [25–35] and also odd mass Hf nuclei .In addition, theoretical predictions were presented usingthe calculated gK factors for the magnetic moments (µ) of165Hf, 167Hf, and 169Hf whose ground state magnetic mo-ment haven’t been experimentally determined, yet. Theagreement between our calculations and the experimen-tal data show that the method is considerably better thanother theories in order to explain spin polarization effectson magnetic properties of odd-mass 165−179Hf (K > 1/2)isotopes.
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