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We investigate the reversal of magnetization and the coherence of tunneling when an external
magnetic field is rotated instantaneously in systems of a(féwspin 1/2 particles described by an
anisotropic Heisenberg Hamiltoniant 0. The temporal evolution is calculated by a numerically
exact solution of the time-dependent Sainger equation, and the mean value in time of each spin
component is computed as a function of the magnetic field. The correlation function and the
spectrum are analyzed in terms of the macroscopic quantum coherence. Our calculations
demonstrate that this model for sm@ll<<11) magnetic particles exhibit collective tunneling of the
magnetization only for some specific resonant values of the applied magnetic field, at variance with
the Stoner—Wohlfarth model. @996 American Institute of Physids$S0021-897¢06)76708-5

The ability to miniaturize magnetic materials and studyexperimentaf and theoreticdf works have studied the
the magnetic properties of a single isolated particle has remechanism of the nonuniform reversal of the magnetization
vealed classical and quantum phenontehshat questions in this kind of particles.
the present understanding of the fundamentals of magnetism. In the present work we have assumed that there is no
The phenomenon of macroscopic quantum tunnelinglissipation,T=0 and we have considered applied magnetic
(MQT)*® has received a lot of attention and consists of thefields for which the energy barrier is present, giving rise to
tunneling of a macroscopic variable through the barrier bethe appearance of tunneling phenomena in the reversal of
tween two minima of the effective potential of a macroscopicmagnetization. The results we have found calculating the ex-
system. For small single-domain ferromagnetic clustér§, act quantum evolution of the spins show a qualitatively dif-
these minima correspond to the two states of opposite maderent landscape to what has been explained above: There is
netization. When there is a repeated coherent tunneling bagssentially a sharp resonance corresponding to coherent
and forth between the two wells we have a case of macroguantum tunneling of the magnetization but only for a par-
scopic quantum coherend@MQC). The Stone—Wohlfarth ticular magnetic field, whereas for lower and larger fields this
(SW) model? due to its success in the explanation of manyphenomenon does not appear. Notice that in general, the
classical magnetic phenomena, provided the idea that the dguantum evolution of the spins is noncoherent. This resonant
namics of small magnetic particles in the single-domain re€oherent quantum tunneling occurs at fields much lower than
gime would keep its simplicity. However, the SW model hasthe values corresponding to the vanishing of the barrier in
been found inadequate for explaining some details in experithe Stoner—Wohlfarth modeThe former model is at vari-
mental system3The quantum mechanical effects have beerance with the exact calculations presented in this paper.
studied theoretically by the quantization within a path inte- We need to introduce the two-time correlation function
gral formalism of the classical micromagnetic theory of mag-of the magnetizatiofiwhich compares the component oS
netic dynamic$-8 Chudnovsky and Gunthshowed thatin  at one time with its value at a time latgiS*(t') S¥(t’ +1t)).
addition to superconducting devices, single-domain magnetitn the present work, it has been calculated the symmetrized
particles represent a rich field for MQT study. In the semi-correlation functionC(t) defined asC(t) =1/2¥(0)|S*(0)
classical approximation, a uniform and coherent rotation ofx S*(t) + S*(t)S*(0)| ¥ (0)). With negligible dissipation
all spins is imposed, that is, spins are considered to behay@esent, coherent tunneling back and forth between the two
dynamically as a single quantum spin. This is known asstates(magnetization up and dowteads to a sinusoidal os-
single spin mode{SSM). In experiments with superconduc- cillation of C(t) at a frequency twice the off-diagonal matrix
tivity quantum interference device microsusceptomef®es, element. For two measurements of the magnetization sepa-
well-defined resonance in the frequency-dependent magnetiated by the time intervalt, one should have
susceptibility Y’(w) has been found and it is tempting to be (S(t")S(t’ +1)) =S5 cog2I't). As the fluctuation—dissipation
associated with a MQC phenomenon although there is somtheorem shows that the frequency-dependent magnetic sus-
controversy on this interpretatidh.On the other hand, the ceptibility ¥’(w) is essentially the Fourier transform of the
process of magnetization reversal in single partfél&Sis  correlation function, the former equation predicts a reso-
also being studied nowadays with much interest. Recemiance atwr=2I" for y'(w).
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We have represented a system contaimiirgpin 1/2 par- 0.0 00250703
ticles in presence of an applied magnetic fieldhrough its -0.2 — r
Heisenberg Hamiltonian: 0.4 ]
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whereo{(a=X,y,z) are the Pauli-spin matrices at sitee- 1
lated to the spin operators I8=#0/2, the sum(ij) is over J i
nearest-neighbor paird, ,J, ,J, are the exchange constants, =
and H, ,H, are the components of the external magnetic S

field. We have limited ourselves to systems with uniaxial g
anisotropy A along the z direction [J,=J,<J,=J, »
A=(J,—J)/J], containing N particles (2<N<11) with T T
different geometrical forms and to instantaneous rotations of (b) 0 2°°°t?me 40000
the magnetic field of several angles. The range of the param-

eters is 0.01=<A<0.1J for the anisotropy and € H=<0.2] FIG. 1. (a) & for each different spiias a function of the size of the second
for the magnetic field. The temporal evolution of the systemmagnetic field for a linear chain of seven spins, witk0.1 and6;=45°,

is calculated by a numerically exact solution of the time-a':io(_?zssg%mgir';ig hzz"ﬁg’l‘ggnar;‘lﬂgt'(i’t?“)fﬂ:g‘_gz;S(;rr‘lzn(tm)f'e'd
dependent Schdinger equatiofTDSE).™ This requires the  =0.028-(iii) curve has been shifted 0.25 in thexis in order to clarify
computation of all eigenvalues and eigenvectors of thehe picture.

Hamiltonian. For larger systemdNE&8) we use Suzuki's
fourth-order fractal product formuta™t’to solve TDSE.

In our pe}rncqlar model, at=0 there is a field applied Fig. 1(b) we presenC(t) at the resonant fielfFig. 1(b)-(i)]
along thez direction, H,=(0,0H,,) with H,,<0. Then the 54 o o fields around [Fig. 1(b)-(ii), (iii)] for the same
ground state of the_ferr(_)magnet has all spins d‘?WF‘ an_d Whnear cluster. Clusters witN<5 do not show this behavior
prepare the system in this state.tA0, the ma_gnet|c field is and the reason can be explained in terms of the spectrum and
rotated mstantar_leously about thg axis so t_hat the curve ofH, vs N. Clusters with eight and more spins
HZ:(HX.Z’O’H 2.2) with Hy,,H,,>0 forms an angled; with present more than one peak although only one is really sharp.
t_hezaX|s (I’]Otlfe that nothing happens in the exact propaga In order to understand why a particular magnetic field
tion for ef:.o ).' We h?ve studied th_e depend_gnce Sif provokes the resonant MQC we have studied the system
mean value in time o(fSi(t)>_for.each different spim, on the spectrum calculating its eigenstates energies for each mag-
size of the second magnetic fiet: netic field applied. For a complete discussion of the spectrum

analysis see Ref. 18. This point of view has also been con-
: 2 sidered for the study of a SSM.To give a slight idea, the

specific field that produces the resonance makes practically
The correlation functiorC(t) for the second Hamiltonian is equal the energies of the second and third eigenstates of the
also analyzed, as well as the eigenvalues, eigenstates amgstem, which correspond essentially to all spins in one di-
system energy for each magnetic field considered. Dependection and in the opposite, respectively, and which are the
ing on the value of the magnetic field the barrier between thenly relevant eigenstates in the system state at that field. The
two directions of the magnetization can exist or not, and thisystem energy for that field is slightly above these two levels
way we can speak about two regiorie) tunneling region of energy. This fact permits a resonant tunneling of the mag-
when there is a barrier between the two wells @bdnon-  netization for a determined field in each case. It must be said
tunneling region when that activation barrier has vanished. that the levels do not cross, there is a small splitting

Let us concentrate on the results for uniaxial anisotropybetween their energies that is related to the tunnel frequency
A=0.1J,=J,=0.93,) and a magnetic field forming an and in consequence to the oscillating peribdf the corre-
angle 6;=45° with the z direction, H,=(H,,,0,H,,) with lation functionC(t) by T=27AAE . The values ofl and
H,,=H,,. The result obtained is the following: clusters with AE fit very well to this formula.

N=5, and with different geometrical forn{shain, ring, and Other anisotropy values and other directions have been
others present a pronounced resonance in the cung af studied and we have also found sharp resonances corre-
terms of H,,=H,, for a specific magnetic fieldH, that sponding to sinusoidal correlation functiotsThis way it
clearly falls in the tunneling regiofa). In Fig. 1(a) we show can be said that the resonance found is a general feature of
this result for an open linear chain of seven spins. We havéhe system considered; it appears for several sizes with any
found that these resonances correspond to pure sinusoidgd¢ometrical configuration, different values of the anisotropy
oscillations in the correlation functio@(t) as it must occur and for all the directions of the magnetic fidi}, studied.

when there is MQC. However, for points around these reso- In Fig. 2 we show the dependence of the resonant fields
nancesC(t) does not present this sinusoidal shape at all. IrH, and the fieldH, that makes the barrier disappear in the

w [ Tayso)

S’= lim

T
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0.06 In conclusion, we have studied the reversal of magneti-

zation and the coherence of tunneling when an external mag-

netic field is rotated instantaneously in systems for a few

spin 1/2 particles described by an anisotropic Heisenberg

Hamiltonian atT=0. Our calculations demonstrate that the

8 model studied for systems withdN<<11, for any geometri-

cal configuration and for different anisotropy values exhibits

~ collective tunneling of the magnetization only for some spe-

3 456 7 8 9 10 cific resonant values of the magnetic field, at variance with
N the Stoner—Wohlfarth model that predicts coherent rotation

at all fields.
FIG. 2. Dependence of the resonant fiéld (solid circleg and the field . .
needed to vanish the activation barrtég (open circles on the number of This work has been partlally Squorted by the CICYT of

spins for a fixed geometrical configuration. The solid triangular symbolsSPain and the European Community.
correspond to the second peak in Bfecurve for clusters with more than
seven spins.
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