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Resonant coherent quantum tunneling of the magnetization of spin-12 systems:
Spin-parity effects
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We perform quantum dynamical calculations to study the reversal of the magnetization for systems of a few
spin-12 particles with a general biaxial anisotropy in the presence of an external magnetic field atT50 and with
no dissipation. Collective quantum tunneling of the magnetization is demonstrated to occur only for some
specific resonant values of the magnetic field proving the invalidity of semiclassical approximations for clus-
ters of a few spin-12 particles. Quantum tunneling of the magnetization direction at zero field is shown to be
spin-parity dependent: whereas clusters with an odd number of particles do not exhibit quantum tunneling of
the magnetization due to the degeneration between the first two levels, clusters with an even number of spins
present resonant coherent quantum tunneling of the magnetization. On the contrary, resonant coherent quantum
tunneling of the magnetization at finite magnetic field has no detectable parity dependence. We study the
dependence of such collective tunneling of the magnetization on the magnetic field, the number of spins, and
the anisotropy.@S0163-1829~97!08201-5#
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Quantum tunneling of macroscopic variables provides
of the most striking manifestations of quantum mechanic1

The phenomena of macroscopic quantum tunneling~MQT!
and coherence~MQC! of the magnetization in small mag
netic particles have been the subject of active research
the last few years.2–4 For a single-domain ferromagnetic pa
ticle the magnetic anisotropy creates easy directions for
total magnetization which correspond to the local minima
the energy. For such particles, MQT consists of the tunne
of the magnetization out of metastable easy directions in
presence of external fields, and MQC consists of the re
nance between equivalent easy directions, or in other wo
MQC occurs when all the spins coherently tunnel back a
forth between the two minima of the energy.5,6

Quantum tunneling in spins systems has been theo
cally studied in the semiclassical limit and for a single sp
model~SSM! by means of two approaches, one using a g
eralization of the conventional WKB method7,8 and the
other9–12 based on Feynman’s path-integral formulation
quantum mechanics. In such semiclassical approximati
all spins are considered to behave dynamically as a sin
quantum spin, and in consequence, uniform and cohe
rotation of all the spins is imposed. However, rece
experiments13,14 and theoretical works15–17 have found that
the reversal mechanism of the magnetization in sing
domain particles could differ from the simple uniform rot
tion. A theoretical approach to the problem has been rece
made by the authors performing quantum dynamical ca
lations on the magnetization reversal in systems of a
spins by calculating a numerically exact solution of the tim
dependent Schro¨dinger equation.18,19 These calculations
demonstrate that the model considered~clusters of spin-12
particles described by an anisotropic Heisenberg Ham
tonian atT50) for small magnetic particles exhibits colle
550163-1829/97/55~2!/931~6!/$10.00
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tive tunneling of the magnetization only for some speci
resonant values of the magnetic field, at variance with
Stoner-Wohlfarth model which fails to predict the pheno
enon of resonant tunneling. Similar conclusions have b
reached performing full quantum mechanical calculations
the single-spin quantum model,20 demonstrating that coher
ent tunneling of the magnetization occurs at specific val
of the resonant magnetic field only. In addition, exact qu
tum calculations of MQC on the two-dimensional anisotrop
Heisenberg antiferromagnetic have been presented in a
cent paper.21

For a general biaxial anisotropy~which leads to the exist-
ence of easy, medium, and hard axes! spin-parity effects in
quantum tunneling have been found for uniform spin s
tems using path-integral analysis.22,23 These calculations
have shown the suppression of tunneling for half-inte
spins at zero field. In this formalism, this phenomena
caused by destructive interference between different tun
ing paths, these interference effects being much related to
symmetries of the spin Hamiltonian. For some Hamiltonia
Kramers’ degeneracy24 in half-integer spins has been show
to imply absence of tunneling at zero field. Later works25,26

considering external magnetic fields have reached the c
clusion that this quenching of tunneling is far more gene
than Kramers’ theorem, finding that the tunnel splitting o
cillates with the field and vanishes at certain values~vanish-
ing at zero field for half-integer spins also follows fro
Kramers’ theorem!. A recent paper27 has associated thes
spin-parity effects with a selection rule due to an underly
rotational symmetry.

Since semiclassical methods have been shown inadeq
to examine the quantum tunneling phenomenon for clus
of a few spins with uniaxial anisotropy,18,19 we have also
considered systems with general biaxial anisotropy and
931 © 1997 The American Physical Society
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vestigated with quantum dynamical exact calculations s
total spin-parity effects. We are interested in studying m
els of small magnetic particles without assuming that all
spins must behave as a rigid single one and not emplo
semiclassical approximations. As pointed out previou
there are experimental and theoretical works that ques
these assumptions. Performing quantum dynamical calc
tions for systems of a few spin-12 particles described by a
Heisenberg Hamiltonian with general biaxial anisotropy
T50, quantum tunneling of the magnetization direction
zero field is shown to be spin-parity dependent: wher
clusters with an odd number of particles do not exhibit qu
tum tunneling of the magnetization due to the degenera
between the first two levels, clusters with an even numbe
spins present resonant coherent quantum tunneling of
magnetization. On the other hand, the phenomenon of r
nant coherent quantum tunneling is shown to be spin-pa
independent at finite magnetic fields: both clusters with e
and odd numbers of spins can present off-zero-field re
nances corresponding to coherent tunneling.

We have represented a system containingN spin-12 par-
ticles in the presence of an applied magnetic field through
Heisenberg Hamiltonian:

H52Jx(̂
i j &

s i
xs j

x2Jy(̂
i j &

s i
ys j

y2Jz(̂
i j &

s i
zs j

z2Hx(
i

s i
x

2Hz(
i

s i
z , ~1!

wheres i
a (a5x,y,z) are the Pauli-spin matrices at sitei

related to the spin operators byS5\s/2, the sum^ i j & is
over nearest-neighbor pairs,Jx , Jy , Jz are the exchange
constants, andHx ,Hz are the components of the extern
magnetic field. This model can represent a single-dom
ferromagnetic particle with general biaxial anisotropy
making different the exchange constantsJx , Jy , andJz , so
that if Jz.Jx.Jy then the system has its easy, medium, a
hard axes of magnetization alongz, x, andy, respectively
~Fig. 1!. ~In other words, in that casez is the easy-
magnetization axis andxz the easy-magnetization plane.! We
consider instantaneous rotations of the external magn
field and calculate the temporal evolution of the system

FIG. 1. System ofN spin-12 particles with easy, medium, an
hard axes of magnetization alongz, x, and y, respectively, in the
presence of magnetic fields. Initially, the fieldH1 is applied along
the easyz axis preparing the system with all spins down. Sub
quently, the magnetic field is rotated forming an angleu f545° with
the z axis.
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study the magnetization reversal for these systems. Att50
there is a field applied along thez direction,H15(0,0,Hz1)
with Hz1,0. Then the ground state of the ferromagnet h
all spins down and we prepare the system in such state
t.0, the magnetic field is rotated instantaneously about
y axis so thatH25(Hx2,0,Hz2) with Hx2 ,Hz2.0 forms an
angleu f with thez axis and the dynamical evolution is com
puted.

The temporal evolution of the system is calculated by
numerically exact solution of the time-dependent Sch¨-
dinger equation.28 This requires the computation of all eigen
values and eigenvectors of the Hamiltonian. The limiti
factor of this approach is the amount of memory needed
store all eigenvectors, which scales as 22N. The formal solu-
tion of the time-dependent Schro¨dinger equation, given an
initial wave functionuC(t50)& is expressed as

uC~ t !&5e2 i tHuC~ t50!&, ~2!

and the temporal evolution of thea (a5x,y,z) component
of each spin and the total spin can be obtained, respectiv
as

^Si
a&~ t !5^C~ t !uSi

auC~ t !& ~3!

and

^Sa&~ t !5K C~ t !U 1N (
i
Si

aUC~ t !L , ~4!

N being the number of particles. Actually, the expectati
value ofs i

a instead ofSi
a is calculated. In addition, we hav

calculated the expectation value ofSi
a for each nonequiva-

lent spin i ~i.e., spins with different numbers of couplings!
averaged over time

S̄i
a5 lim

t→`
Ft21E

0

t

dt^Si
a~ t !&G ~5!

for different values of the magnetic fieldH2, and the same
quantity for the total spin,S̄a.

It is essential to introduce the two-time correlation fun
tion of the magnetization,5 which compares thez component
of S at one time with its value at a time late
^Sz(t8)Sz(t81t)&. In the present work, the symmetrized co
relation functionC(t) is calculated using the definition

C~ t !5 1
2 ^C~0!uSz~0!Sz~ t !1Sz~ t !Sz~0!uC~0!&. ~6!

With negligible dissipation present, coherent tunneli
back and forth between easy directions leads to a sinuso
oscillation ofC(t) at a frequency twice the tunneling ra
G. For two measurements of the magnetization separate
the time intervalt, one should have5,6

^S~ t8!S~ t81t !&5S0
2cos~2Gt !. ~7!

As the fluctuation-dissipation theorem shows that
frequency-dependent magnetic susceptibilityx9(v) is essen-
tially the Fourier transform of the correlation function, th
former equation predicts a resonance atvR52G for
x9(v). In experiments with superconducting quantum int

-
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55 933RESONANT COHERENT QUANTUM TUNNELING OF THE . . .
ference device microsusceptometers,29 a well-defined reso-
nance inx9(v) has been found and it is tempting to b
associated with a MQC phenomenon although there is s
controversy on this interpretation.30 The sharpness of th
resonance indicates that the coupling to the environmen
weak, which is an important requirement for MQC, and it
also found that the resonance frequency is very sensitiv
small fields. Many research works in MQC have studied
effect of dissipation on this resonance.5

According to the method previously described, the te
poral evolution of the system of spins is calculated when
external magnetic field is rotated instantaneously. This e
lution is not coherent in general, the nonuniformity depen
ing on the values of the anisotropy and the magnetic field.
it was demonstrated in Ref. 18, only for some specific re
nant fields coherent tunneling of the magnetization occur
systems of spins with uniaxial anisotropy. We will now sho
that for clusters with a general biaxial anisotropy (JxÞJy
ÞJz in our Hamiltonian!, in addition to resonances for off
zero-magnetic fields, a zero-field resonance correspondin
coherent quantum tunneling can be present or not depen
on the even or odd character of the numberN of spin-12
particles.

Let us analyze a cluster of six spins with easy axis alo
z andxz as easy plane (Jx50.9, Jy50.85, andJz51.0) that
is initially prepared with all spins down by applying a ma
netic field along the easy direction@H15(0,0,20.06)#. Sub-
sequently, the magnetic field is rotated forming a 45° an

FIG. 2. ~a! S̄z as a function of the applied magnetic field for th
model of Eq.~1! with Jx50.9, Jy50.85, andJz51.0 ~easy axis
alongz andxz as easy plane! for a cluster of six spins.~b! System
energy ^CuHuC& ~thick line! and low-lying eigenenergies num
bered in order of increasing energy as a function of the app
magnetic field; an inset shows the energy splitting between the
two levels at zero field.~c! Eigenstates weights in the decompo
tion of the system state,uC&5(cnuEn&, labeled by the numbe
given to the corresponding energy levels.
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with thez axis and the dynamical evolution is computed f
different values of the magnetic field. Two peaks can be s
in the curve ofS̄z versus the magnetic field@Fig. 2~a!#: a
sharp one at zero field and a broader one at a field withHx
andHz close to 0.04. These resonances correspond to co
ent reversal of all the spins. The correlation function for t
resonance of the six spins cluster atH50 can be seen in Fig
4, it being a pure sinusoidal oscillation as it must be in t
case of quantum coherence phenomena. On the contrary
fields out of resonances the correlation function does
present this sinusoidal aspect but a complicated shape c
to the value 1,18 which means that the total spin is not r
versed and the spins do not evolve coherently.

The off-zero-field resonance although not sharp is one
the type shown in Ref. 18 and it appears since at that spe
field, the system state is essentially a superposition of
second and third eigenstates@see in Fig. 2~c! that for
Hx5Hz.0.04, eigenstates 2 and 3 have equal importanc
the system state decompositionuC&5(cnuEn&, where cn
represents the weight of thenth eigenstateuEn& in the system
state# which are both combinations of vectors with spins
and down. The system energy^CuHuC& is slightly above
this approach between levels 2 and 3@Fig. 2~b!#. This fact
permits a resonant tunneling of the magnetization. Howe
for fields lower than the resonant one, the system stat
essentially the second eigenstate@Fig. 2~c!#, which corre-
sponds to all spins down~this can be understood realizin
that the second eigenstate energy increases with the mag
field, which implies that the eigenstate has mainly all sp
against the field, in the same way that when the energy o
eigenstate decreases with the field, such behavior sugg
that the important vectors in the eigenstate decomposi
are those with all the spins in the field direction!, and for
fields above the resonant field the system state is fundam
tally the third eigenstate@Fig. 2~c!#, which corresponds again
to spins down. The role played by the total-energy curve
be understood in a qualitative way: if it is very close to
eigenvalue curve, then most of the weight on the state i

d
st

FIG. 3. S̄z as a function of the applied magnetic field for th
model of Eq.~1! with Jx50.9, Jy50.85, andJz51.0 for systems
with 4 ~squares!, 5 ~circles!, 6 ~solid circles!, 7 ~rhombus!, and 8
~solid rhombus! spins.



y
te
pl
th
gh

th
th
o
ge
so
s t
a

tu
oe
io
l
e
th
.

ym
rs

al
th
st

tr
rs

s
y
ng
e

state

tum
of
nt
nant
ys-
ven
dd
. In
t

h
eld
clear
t
la-
ns
u-

he

l
in

wo

th
s
e

of

The
he

934 55D. GARCÍA-PABLOS, N. GARCÍA, AND H. DE RAEDT
that eigenvalue. At the resonant field, the system energ
very close to the involved eigenvalues and the system sta
essentially a superposition of both levels. The above ex
nation fits more dramatically to sharper resonances like
one shown in Ref. 18 or that appearing in the cluster of ei
spins for the same parameters~Fig. 3!, but we have chosen
this picture since we are specially interested in discussing
zero-field resonance. We want to point out that although
cases presented in this paper do not exhibit more than
off-zero-field resonance, unpublished calculations for lar
clusters with uniaxial anisotropy show more than one re
nance corresponding to coherent quantum tunneling, as i
case of, for instance, a cluster with eleven spins forming
open line which exhibits six resonances.

In the S̄z curve of Fig. 2~a! a sharp peak atH50 can be
observed which corresponds to resonant coherent quan
tunneling of the magnetization since only at such a field d
the correlation function present a pure sinusoidal oscillat
between11 and21 ~Fig. 4!. All the spins coherently tunne
back and forth between the two easy directions. It happ
that the system state at zero field is a combination of just
first two eigenstates of the system@see their energies in Fig
2~b! and their weights in Fig. 2~c!, both indicated with a
circle# and these eigenstates consist essentially of the s
metric and antisymmetric combination of the vecto
uall spins up& anduall spins down&. This fact as well as
the proximity of the system energy to the involved eigenv
ues permits the phenomenon of coherent tunneling of
spins. As the magnetic field becomes present the system
turns out to be essentially the second eigenstate@Fig. 2~c!#,
which does not anymore correspond to an antisymme
combination with equal weights of the vecto
uall spins up& and uall spins down& but to a state with
all spins down~the energy of the second eigenstate increa
with H). Similarly, the first eigenstate becomes essentiall
state with all spins up when a small magnetic field formi
an angle of 45° with thez axis is applied. Let us remind th

FIG. 4. Symmetrized correlation functionC(t) at zero field for
clusters containing from five up to ten spins, wi
Jx50.9, Jy50.85, andJz51.0.C(t) for ten-spins cluster oscillate
between11 and21, but due to its large period, only part of th
oscillation is shown in the figure.
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reader that the system does not escape to the ground
when a resonant field is applied~zero field in this case! since
no dissipation is taken into account in this work.

It has been shown that the resonant coherent quan
tunneling of all the spins occurs at zero field in a cluster
six spins forming a line. Studying clusters with differe
numbers of spins, we reach the conclusion that this reso
coherent quantum tunneling at zero field occurs only for s
tems with a general biaxial anisotropy that have an e
number of spin-12 particles whereas systems with an o
number do not exhibit the above-mentioned phenomenon
Fig. 3, the S̄z curves forN54, 6, and 8 show a peak a
H50 in contrast to the curves forN55 and 7, which do not
present any peak atH50. To the contrary, both clusters wit
even and odd numbers of spins can present off-zero-fi
resonances corresponding to coherent tunneling as the
ones shown in Fig. 3 forN58 and 7. This fact means tha
there is no parity effect at finite magnetic field. The corre
tion function at zero field for clusters with a number of spi
from five to ten is presented in Fig. 4 showing a pure sin
soidal oscillation in the case of evenN ~six, eight, and ten—
for N510 the period is so large than only a small part of t
oscillation appears on that scale! and a different behavior for
odd N ~five, seven, and nine!. The periodT of the oscilla-
tions of C(t) for evenN depends on the splittingDE be-
tween the two resonant states~values obtained fit very wel
to T52p\DE21) and is related to the resonance width
the S̄z curve. In Fig. 5, a zoom of theS̄z curves for small
fields as well as the energy splitting between the first t

FIG. 5. ~a! Same as Fig. 3 but for small magnetic fields.~b!
Energy splitting between the first two eigenstates as a function
the applied magnetic field for systems withN spins, 2<N<8. Sys-
tems with an even number of spins have a nonzero splitting.
small splitting forN58 cannot be resolved on the scale of t
figure.
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eigenstates are shown. Figure 5~b! explains why in the case
of evenN the period of the oscillations inC(t) increases
with the number of spins since the energy splitting betwe
the resonant states becomes smaller@Fig. 5~b!#. As a conse-
quence, the zero-field resonance becomes narrower for la
clusters with an even number of spins@Fig. 5~a!#.

The reason why there is a total spin-parity-dependent
havior can be found in the spectrum. Clusters with an o
number of spins present at zero field a degeneration betw
the first two eigenstates@Fig. 5~b!#, which consist of all spins
up and all spins down, respectively, so that no tunneling
occur. On the other hand, clusters with an even numbe
spins have a splitting in energy between the first two eig
states @Fig. 5~b!#, which correspond, as previously me
tioned, to symmetric and antisymmetric combinations of
spins down and all spins up so that tunneling between
two states can take place. The sinusoidal aspect of the
relation function for the resonances indicates that the tun
ing is coherent.

Finally, we analyze the role played by the anisotropy
the phenomenon of resonant coherent quantum tunnelin
zero field ~for clusters with an even number of spins!. All
cases mentioned until this moment have considered the
ues Jx50.9, Jy50.85, andJz51.0 (z easy axis,xz easy
plane! for the exchange constants. Decreasing the value
Jy we can reach larger transverse anisotropies for comp
tively smaller anisotropies in the easy planexz, that is, as
Jy decreases the spins are more strongly forced to lie in
easy plane. It can be seen in Fig. 6 whereS̄z is plotted versus
the magnetic field for different values ofJy (Jx50.9 and
Jz51.0) that, in a cluster of six spins forming a line, th
zero-field resonance becomes broader and shorter as
transverse anisotropy increases (Jy decreases!. In the pres-
ence of applied magnetic fields the reversal of the magn
zation becomes easier~although not coherent! as the trans-
verse anisotropy gets larger. For instance, atHx5Hz50.02
the mean value in time of the total spinz component for a
cluster of six spins withJy50.85 isS̄z520.940 25 whereas
for Jy50.6, S̄z5204651. The first value corresponds to

FIG. 6. S̄z as a function of the applied magnetic field for
system of six spins forming an open line for different values
Jy , with Jx50.9 andJz51.0 ~easy axis alongz and xz as easy
plane!.
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evolution of the spin’sz component between approximate
21 and20.88 whereas the second one corresponds to
evolution between21 and 0.07.

At zero field, the correlation function remains sinusoid
with decreasingJy although the period of the oscillation
becomes smaller and the oscillations do not appear so p
In Fig. 7 the energy splitting between the first two eige
states atH50 as a function ofJy for clusters withN spins
from 4 up to 8 is presented. It is confirmed again that clust
with an odd number of spins have a degeneration betw
the first two levels. For evenN it can be observed that th
splitting increases with decreasingJy , which explains the
increasing width of the resonance and the smaller period
the oscillations inC(t) atH50. Also it is appreciated again
that the splitting decreases for larger systems of spins.

In the limit whenJy5Jx ~50.9! there is uniaxial anisot-
ropy and the first two levels are degenerate correspond
respectively, to all spins up and all spins down: no tunnel
occurs. WhenJy decreases, the degeneration is broken
tunneling and the first two eigenstates atH50 consist of
symmetric and antisymmetric combinations of all spi
down and all spins up. The weight of the ground state
comes more important in the system state as the anisot
increases (Jy decreases! and although the first two
levels remain symmetric and antisymmetric, respective
the weights of the vectors uall spins up&, and
uall spins down& become lower~still the largest in the
system states decomposition! and new vectors with couple
and groups of spins up and down become relevant.

As a conclusion, we have performed quantum dynam
calculations to analyze the reversal of magnetization for s
tems of a few spin-12 particles with a general biaxial aniso
ropy in the presence of an external field atT50 and with no
dissipation. The reversal of the spins in small clusters
shown to be coherent only for some specific resonant fie
which in the case of systems with general biaxial anisotro
includes the absence of applied magnetic field if the to
number of spin-12 particles is even. Quantum tunneling of th
magnetization direction at zero field is shown to be sp

f
FIG. 7. Energy splitting between the first two eigenstates a

function of Jy (Jx50.9, Jz51.0) for systems withN spins,
4<N<8. Jy5Jx50.9 corresponds to uniaxial anisotropy.
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parity dependent: whereas clusters with an odd numbe
particles do not exhibit quantum tunneling of the magneti
tion due to the degeneration between the first two lev
clusters with an even number of spins present resonant
herent quantum tunneling of the magnetization. Contrary
the zero-field resonance, the phenomenon of resonant co
ent quantum tunneling of the magnetization at finite m
f

ce
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e-
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netic field is shown not to have any detectable parity dep
dence: both clusters with even and odd numbers of spins
present off-zero-field resonances corresponding to cohe
quantum tunneling.

We are grateful to P. A. Serena for fruitful discussion
This work has been supported by Spanish, Dutch, and E
research contracts.
t,

J.

s.

il-
1A. J. Legget, inQuantum Implications: Essays in Honour o
David Bohn, edited by B. J. Hiley and F. David Peat~Routledge,
Kegan, and Paul, London, 1987!.

2D. D. Awschalom and D. P. Di Vincenzo, Phys. Today48~4!, 43
~1995!.

3D. D. Awschalom, D. P. Di Vincenzo, and J. F. Smyth, Scien
258, 414 ~1992!.

4L. Gunther, Phys. World3, 28 ~1990!.
5For a review, see A. J. Leggetet al., Rev. Mod. Phys.59, 1

~1987!.
6For a review, see P. C. E. Stamp, E. M. Chudnovsky, and
Barbara, Int. J. Mod. Phys. B6, 1355~1992!.
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