
Tale 5Tunneling of MagnetizationIn this Tale about the tunneling of magnetization in mole-ular lusters, we use the results of Tale 75.Imagine a large moleule - a luster hosted by a rigid matrixand ontaining atoms of transition elements. The exhangeinteration between the spins of these atoms leads to mag-neti ordering whih we assume to be ferromagneti, so thatthe moleule has a total magnetizationM. Let s be the spinassoiated with this magnetization and let the magnetiza-tion be direted along the unit vetor n haraterized byspherial angles � and �. We assume that the energy ofmagneti anisotropy EA is of the "easy-plane" type and itdependene on spherial angles has the form :EA(�; �) = Kz os2 �+Ky sin2 � sin2 �; Kz > Ky > 0; (1)where Ky;z are the onstants of anisotropy.The lines of equal energy EA, as it is given by Eq (1), areshown in Fig 1. One an see that the energy EA has twomaxima at M+ (� = 0) and M 0+ (� = �), two minima atM� (� = �=2; � = 0) and M 0� (� = �=2; � = �) and1



2
Z

X
Y

M+

M − S1

S 2 M’−

M’+Figure 1: The lines of equal energy of magneti anisotropy EA in amoleular luster. M+ and M 0+ denote maxima, M� and M 0� - minimaand S1;2 - saddle points of EA. Solid linesM�S1M 0� andM�S2M 0� showoptimal trajetories for tunneling between the minima.two saddle points at S1 (� = �=2; � = �=2) and S2 (� =�=2; � = 3�=2). For s!1, the magnetization is at one ofthe mimima and is direted either along or opposite to thex-axis. Sine the spin omponents do not ommute at �nitevalues of s, the magnetization is involved in a zero-pointmotion whih results in its tunneling between the minimaand a possible splitting of the energy of the ground state. asin the ase of a quantum partile in the two-well potential.The di�erene between this well-known ase and that themagnetization may tunnel along di�erent trajetories onthe sphere. In partiular, the ation A orresponding tothe motion along the trajetories M�S1M 0� and M�S2M 0�is the same, whih makes these trajetories equivalent.In order to �nd the energy splitting, one must alulate the



3mixing amplitudeGt = hM 0�je�HtjM�i = Z D�(t) D�(t) e� R Ldt0; (2)where the Hamiltonian of the lusterH and the LagrangianL ontain the energy of magneti anisotropy EA as a po-tential energy. The kineti energy ontribution to the La-grangian of moving spin is the same as for a harged partilemoving around a magneti monopole as disussed in Tale75. Therefore, the Lagrangian has the formL = is � _�� _� os ��+ EA(�; �) (3)The equation of motion for the Lagrangian (3) is the thewell-known Bloh equation : the �rst term in (3) generatesthe time derivative, while the seond term - the term with atorque. For s� 1, probability of tunneling is small and themixing amplitude (2) an be estimated using the method ofsteepest desend for Feynman's path integral. Two optimaltrajetories for the tunneling are shown by the solid linesin Fig 1. Therefore,Gt / e�E0t hm+liXm;l�1 (Dt)m+lm!l! eis�(m�l)e�A0(m+l); (4)where the sum is taken over the numbersm and l of passingalong di�erent optimal trajetories respetively. Here D isthe determinant related to the integration over Gaussianutuations in the method of steepest desend, A0 is theation orresponding to a single optimal path:e�A0 = 0�1�p�1 +p�1As ; � = KyKz : (5)



4and hki means that k is an odd integer.Evaluating the sum in the right-hand side of Eq (5), obtainthe following expression for GtGt / e�E0t sinh h2Dt os �s e�A0i ; (6)whih shows that, due to the tunneling, the twofold degen-erate level of energy E0 splits into two levels of energiesE0 ��=2, where � = 4Dj os�sj (7)Note that for a half-integer s splitting vanishes and de-generay remains unbroken. This is a general phenomenon(Kramers degeneray), related to the symmetry with re-spet to time inversion. In our alulations, this phenomenonreveals itself in the anellation for half-integer s of the on-tributions of two optimal trajetories.If a magneti �eld H is applied along the "hard" (z) axis,the symmetry with respet to time inversion is broken re-sulting in the energy splitting. Indeed, the extra ontribu-tion to the Lagrangian ould be written in the formÆL = H� _� sin � (8)whih gives for the splitting �� = 4Dj os(�s+H)j (9)Figure 2 presents the data of an experiment in whih theosillations of Delta as a funtion of magneti �eld H havebeen observed.


