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Dynamical calculations on the reversal of single quantum spins: Quantum coherence
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Quantum coherence in small single-domain ferromagnetic particles is studied using dynamical calculations
of the reversal of a single quantum spin resulting from a rotation of an external magnetic fie§§3§r75.
The analysis of the time evolution of the spin, the temporal correlation, and the spectrum leads to the conclu-
sion that, for small spirs<15, coherent tunneling back and forth between the easy directions occurs at some
specific resonant fields only. Away from resonance, quantum coherence in the spin temporal evolution is
absent. These results are in qualitative accordance with those obtained for a Heisenberg Hamiltonian with exact
guantum calculations and are at variance with semiclassical approximations. However, as the spin becomes
larger, the number of resonant fields increases, the resonances become very small, and coherence in time
evolution is lost for any value of the magnetic fie[0163-18207)08101-0

Both fundamentaéland applie@questions arise when con- dependent Schdinger equation. We investigate the quan-
sidering the phenomena of macroscopic quantum tunnelintum coherence in small single-domain ferromagnetic par-
(MQT) and macroscopic quantum cohererit#QC) of the  ticles performing zero-temperaturgT=0) dynamical
magnetization* in small magnetic particles, generating greatcalculations of the reversal of quantum single spins up to
activity in nanoscale investigations over the last few y&ars.S=75 due to a rotation of an external magnetic field. The
The magnetic anisotropy present in single-domain magnetig@lculations presented in this work show that for small spins,
particles creates two or more energy minima for the totathere are only some s_pecn‘lc resonant fle!ds for which quan-
magnetization. Tunneling of the total spin between such lowium coherence, that is, coherent tunneling back and forth
energy directions is attracting much attention. In particularbetween easy directions, occurs. Out of such resonant fields,
the resonance between equivalent easy directions is knowi@ntum coherence in the spin temporal evolution is absent.
as MQC3* and it implies that all the spins coherently tunnel These resuits are in qualitative agreement with those ob-
back and forth between the two minima of the energy. Theained for a Heisenberg Hamiltonign'“and are at variance
effect of dissipation in this phenomenon has been activelyVith semiclassical approximation®.However, as the spin
investigated but will not be considered in this wdrk. ecomes Iarger_ more resonant fields are shown to appear but

Most theoretical work on gquantum tunneling in small the corresponding resonances become very small. As a con-
magnetic particles is based on the assumption that the senfi€quence, coherence in time evolution becomes absent for
classical limit is valid for such particles. In this limit, two any magnetic field. We consider the following quantum spin
approaches, one using a generalization of the conventionilamiltonian for the single-domain ferromagnetic particle,
WKB method’ and the othér!!using the path-integral for-
malism of quantum mechanics, are applied to a single spin 5)2( 55 S§
model(SSM). On the other hand, quantum dynamical calcu- ==y §2_Jy S -J, = 2ug(HS+HSS,), D
lations without applying any assumption have been carried
out to investigate the reversal of magnetization in clusters of
a few spins particles represented by a Heisenbergwhere the spin operat@ represents the particle’s total spin,
Hamiltonian'?~2* The results obtained from a numerically M=2ugS is the corresponding magnetic momeps; the
exact solution of the time-dependent Salinger equation ~Bohr magneton),, J,, andJ, are the anisotropy constants,
for systems of a few spins are at variance with those obtainednd H, ,H, are components of the applied magnetic field.
with semiclassical approximations for a SSM. Although this Hamiltonian permits the study of systems with

In the present work, the total spin of the single-domaingeneral biaxial anisotropyd(# J,# J,# Jy), in this work we
ferromagnetic particle formed by the alignment of the atomswill concentrate on systems with uniaxial anisotropy and
spin is treated as a single quantum spin, adopting the generalhoosez along the easy-magnetization axig, % J,=J,).
but sometimes questiond!®assumption that the exchange We will study the situation where initially dt<0, there is a
coupling is large enough to ensure coherent rotation of alinagnetic fieldH, applied along the easy axi,=(0,0H,,),
spins. However, in contrast to most theoretical \iotkwe  H,; <0 preparing the system to be in its ground state
will not use a semiclassical approach but instead we willV=|SMg) with Mg= —S. Here and in the following we de-
study the quantum problem by solving exactly the time-note the eigenstates of the spin operators ®ils) where
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FIG. 1. Single-domain particle in the magnetic field. Initially,
the fieldH, is applied along the easy axis preparing the system in
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|

the |S—S) state. Subsequently, the magnetic field is rotated, form- 0.5 — 3 4—
ing an angleg;=45° with thez axis. | £
S,|SMs)=M4|SMs). Subsequently, z:ltz_o the magnetic 0.0 S
l;fld |1§ rotated, forming an anglé =45° with thez axis(see o 000 0.005 5 A0
ig. 1. Y
The time evolution of the quantum spin system is calcu- Hy =Hz

lated from the numerically exact solution of the time-
dependent Schdinger equation(TDSE). In principle this
requires the knowledge of all eigenvectors and eigenvalues
of the Hamiltonian. In contrast to the Heisenberg-like models
where the matrix representing the Hamiltonidn is of di-
mension 35X 225 and dedicated methotfsare required to
solve the problem fo6=6, for the single-spin modéll) the
Hamiltonian having only a dimension §-1)X(2S5+1)

can be diagonalized by standard numerical techniques. The
formal solution of the TDSE, given an initial wave function  FiG. 2. (a) S, as a function of the applied magnetic field for the
|¥(t=0)) is expressed agl(t))=exp(—it.7)|[¥(t=0)) and  model of Eq.(1) with J,=J,=0.9 andJ,=1.0 for spin 3.(b) Sys-
the temporal evolution of theth (a=x,y,z) component of tem energy(thick line) and low-lying eigenenergies numbered in

0 20000 40000
time

®

the total spin is given by increasing order of energy as a function of the applied magnetic
field; the inset shows the energy splitting between levels two and
(Sa(1))=(¥(1)[S,|¥(1)). (2)  three at the resonant fielét) Eigenstates weights in the decompo-

sition of the system statgéW (t=0))=3,c,|E,), labeled by the
number given to the corresponding leveld) Symmetrized corre-
L 1 [+ lation functionC(t) for the resonant fielth,=H,=0.005 55(i) and
S,= lim _f dt(S,(1)), ®) two fields around it,(ii)) Hy=H,=0.0053 andH,=H,=0.0059.

7o T J0 Curve (iii) has been shifted by 0.25 along theaxis in order to

. ) clarify the picture.
is a useful magnitude to study the dependence of the tempo-

ral evolution of the total spin on the value of the applied A well-defined resonance ig’(w) has been found in ex-
magnetic field. In order to study the quantum coherence iperiments with superconducting quantum interference device
the system evolution, we compute the time-depen@®m-  microsusceptometef$,and it is tempting to associate this
metric) correlation function of the magnetizatigtotal spin  resonance with a MQC phenomenon. Weak dissipation is an
N important requirement for MQC to be observable and in
C(1)=32((0)[SA0)S,() + S, ()S,(0)[¥(0)). (4  these experimerfts the coupling to the environment is
ought to be weak, as indicated by the sharpness of the
sonance. Many recent investigations have focused on the
ﬂnportance of dissipation in macroscopic quantum
henomend?® analyzing the possibility that it could
Stevent® the occurrence of MQC.
In the present work we study the reversal of a single
/ / quantum spin due to the rotation of an external magnetic
(StF)S(t))cosTt. © field, at zero temperature and in the absence of dissipation.
As the frequency-dependent magnetic susceptibilitw) is  We show results for increasing values of the total sBjn
essentially the Fourier transform of the correlation functionstarting fromS=3. For S=3 the model withJ,=J,=0.9,
(fluctuation-dissipation theoremthe former equation pre- J,=1.0, andé;=45° (these values are kept constant for all
dicts a resonance if'(w) at wp=2I". calculations in this work exhibits a peculiar behavior at a

The expectation value &, averaged over time

In the absence of dissipation, coherent tunneling back anﬁﬂ
forth between easy directions leads to a sinusoidal oscillatio
of C(t) at a frequency twice the tunneling rate. For two
measurements of the magnetization separated by the ti
intervalt, one should hav
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FIG. 3. Same as Fig. 2 for spi®=6. Plot (d) showsC(t) for
two resonant fields indicated bg) H,=H,=0.002 78 and(ii)
H,=H,=0.004 17.
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FIG. 4. Same as Fig. 2 for spiB=9. Plot (d) showsC(t) for
three magnetic fields indicated by) H,=H,=0.001 855 9,(ii)
H,=H,=0.002 47, andiii) H,=H,=0.003 085.

certain value of the magnetic field. The spin goes back and
forth between the two easy directions with a coherent evolua predominanf3—3) component so that no tunneling occurs.

tion. A sharp resonance &t,=H,=0.005 55 shows up in
the plot ofS, as a function of the applied magnetic fi¢kig.

2(a)]. The corresponding correlation functi@{t) displays a
pure sinusoidal oscillatiofFig. 2(d), curve(i)] as it must be

In a few words, the anisotropi=3 model exhibits a coher-
ent evolution between easy directions only for a specific
resonant field for which the second and third eigenvalues are
almost degenerate. The small splittindge between the sec-

when coherent quantum tunneling occurs. In contrast, foond and third eigenstates energies is related to the pé&riod

fields different from the resonant valué;(t) [Fig. 2d)

but mstead it looks very noisy.
Analyzing the spectrumiFig. 2(b)], it follows that at the

in the correlation function b}Docﬁ/AE

of the anisotropy constants. More ‘“crossinggin fact,
strictly speaking there are no crossiffypecause there al-

resonant field, the second and third eigenstates are very clogays are small energy splittings that cannot be resolved on

in energy (see inset both slightly below the energy
E=(¥(t=0)|H|¥(t=0)) of the system. Expressing the
state of the system in terms of the eigenstat&s)) of the
Hamiltonian(att=0), i.e.,| ¥ (t=0))==,c,|E,), the condi-
tion for resonant tunneling is thaE~E,, E~E,,,
Emn~En, (Y|E)#0, and(V|E )#0 for somem,m’.

For the case at hanii=2 andm’=3 (see Fig. 2 At the

resonant fieldH, , the weights of the second and third eigen-

the scale of the figuyebetween levels below the system en-
ergy occur Fig. 3b)], leading to the appearance of less pro-
nounced resonances for two resonant values of the applied
magnetic field see Fig. 8a)]. The correlation function€(t)

at such values of the field are shown in Figd)3 Although

not as “pure” as in theS=3 model, the sinusoidal oscilla-
tions found forS=6 also indicate that the spin tunnels co-
herently at these two values of. As Figs. 3b) and 3c)

states are both approximately 0.5, in contrast to the situatioshow, for increasindd, first the system is essentially in the
at lower and larger fields for which the projection of the second eigenstate until there is a field for which it switches
initial state onto the eigenstates is dominated by only onéo a linear combination of the second and third eigenstates,
eigenstate. FoB=3, these states af@—3) and|3+2) result-  with equal weights. For larger fields, the system is mainly
ing in resonant tunneling of the spin at that field. Out of thethe third eigenstate up to another resonant field for which the
resonance, the system stays essentially in one eigeiitate third and fourth eigenstates are equally relevant. Further on,
second forH<H, and the third foH >H, [Fig. 2(c)]) with  the largest component in the system state decomposition is
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FIG. 6. 5 as a function of the applied magnetic field for the
model of Eq.(1) with J,=J,=0.9 andJ,=1.0 for several values of
the spin 3<S<75.

Quantum spin systems f@<75 have been analyzed. We
show in Fig. 6 the plots 08, as a function of the magnetic
field for several values of the sp# As S increases, the field
needed to overcome the energy barrier becomes smaller and

more resonances appear. These resonances for $agge

less pronounced until they become unobservable. The coher-
ent evolution exhibited by the system for smaliat certain
resonant fields disappears with increasthgnd more eigen-
states become involved, complicating the problem.

the fourth eigenstate, and so on. At the resonant field, In summary, we have performed exact numerical calcula-
H,=H,=0.004 17, the most relevant components of thetions of the dynamics of the reversal of single quantum spins
fourth and third eigenstatethese eigenstates have equalinduced by a rotation of an external magnetic field. We have
weights in the system state at that fielte |6—6), [6—5),  shown that for small spins, there are only some specific reso-
|6+2), and |6+4), resulting in the tunneling phenomenon. nant fields for which quantum coherence, that is coherent
Out of the resonance, the system state consists essentially minneling back and forth between easy directions, is present.
one eigenstate and no tunneling occurs. An equivalent bedut of such resonant fields, quantum coherence in the spin
havior is shown by larger spins as for instance$er9 (Fig.  temporal evolution is absent. These results are in concert
4). Three, not very pronounced, resonances can be observedlith those obtained for a Heisenberg Hamiltonian, showing
They correspond to blurred sinusoidal oscillations in the corthat systems of a fewup to 12 spin- particles exhibit co-
relation functionC(t), again indicating that there is still herent tunneling of the magnetization only for some specific
some coherence in the spin evolution for those specific valresonant values of the applied magnetic fiéttf and are at

ues of the magnetic field. At these resonant fields the waveariance with semiclassical calculations that fail to predict
function consists, to a very good approximation, of a linearthe phenomenon of resonant tunnelifigWe have also
combination of consecutive eigenstates with almost the samghown that, as the spin becomes larger, more resonant fields
weight [see Fig. 4c)]. When considering larger spirisve  appear, leading to very small resonances and the absence of
present results fo8=40 in Fig. 5, we find that the spectrum coherence in the temporal evolution of the quantum spin at
becomes more complicated, and many ‘“‘crossings” betweemny magnetic field. Finally, we want to add that systems with
energy levels appedFig. 5b)]. We find that the resonances a general biaxial anisotropyd,# J, # J,# J, in our mode]
weaken until they can almost no longer be obserfléid.  not only exhibit resonances similar to the ones discussed in
5(@)]. If we look at the correlation functiol©(t) at those this paper, but also show a resonance at zero field. This is
fields corresponding to energy levels crossifigig. 5(d)], due to the presence of an easy direction and an easy plane,
we do not find sinusoidal oscillations any longer, leading udeading to an energy splitting between the first two levels at
to the conclusion that the evolution in time is much compli-zero field. This splitting appears only for integer spins and is
cated and there is not quantum coherence at any field, iabsent for half-integer spins, suggesting the existence of
contrast to what we found for smal spin-parity 342526 As S increases, large

FIG. 5. Same as Fig. 2 for sptB=40. Plot(d) showsC(t) for
two magnetic fields indicated bgi) H,=H,=0.000 627 andii)
H,=H,=0.000 721.

effects:
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anisotropies are needed for the zero-field resonance to libat the magnetization goes from the initial negatipesi-
observable. A more detailed study of this model will be pre-tive) value to the final positivénegative value showing sev-
sented elsewhere. eral steps at the resonant magnetic fields as those found in
The resonant tunneling results presented here and in otigcent experiments:?® These steps correspond to resonant
previous work?~** are in qualitative agreement with recent tunneling of the magnetization and are obtained in the ab-
experimental dat&’28showing that minima in the relaxation Sence of dissipation. Therefore, magnetization curves with a
time appear at discrete values of the applied magnetic fiel§t@ircase structure as those reported in Ref. 27 and 28 can be
corresponding to level crossings. We have shown that, ex@Ptained atT=0 and without assuming any dissipation
actly for such resonant magnetic fields for which levelsmechanism. This |ndlcate_s that the effect of dissipation is
cross, coherent quantum tunneling occurs. small and temperature is not needec_j to u_nde_rstand tr_]e
Note added in proofRecently we have carried out quan- mechamsr_‘n of resonant quantum tunnellng_whlch is theo_retl-
tum dynamical calculations for a single spin model e cally possible af =0. A detailed study now in progress will

with S=10, biaxial anisotropy J,>J,>J,), and a time- be presented elsewhere.
dependent magnetic field along the easy-axjs with an We are grateful to P. A. Serena for fruitful discussions.

angle deviation of 1° which varies from a negat{p®sitive  This work is supported by Spanish, Dutch, and EEC research
value to a positivénegative value in a certain time. We find contracts.
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