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Quantum dynamics of the molecular magnet driven by external magnetic fields
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The quantum dynamics of the mesoscopic molecular magnet under the influence of external magnetic fields
is studied. We show that when the frequency and the reduced amplitude of the longitudinal magnetic field are
related in a specific manner, the magnetization tunneling will be dynamically suppressed during time evolution.
The effects of external noise and anisotropy on this dynamic spin localization are studied. In particular, we
show that the anisotropy interaction may enhance the spin localization phenomenon.
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Study of the quantum properties of the magnetic particlesanisotropy. In the absence of a magnetic field, the anisotropy
especially molecular magnets such ag, Rdn;,, and Vs, stabilizes the degenerate spin statesnof +1016 These
has been an active research focus for the past décHuese states correspond to opposite directions of the magnetization
molecular magnetic clusters possess several advantages tlirathe classical sense. Given the initial state conditjgf)
make them ideal candidates to study quantum phenomena at>__,(0)|S,m), the subsequent evolution of the state is
the mesoscopic level. Quantum tunneling, quantum determined by the time-dependent Schrodinger equdfion
interferencé,® and quantum coheren®'? had been ob- =1
served in these nanoscale molecular magnet systems. Quan-
tum resonance tunneling is characterized by the observation d
of discrete steps in the magnetic hysteresis loops at low tem- Id_tw(t) =H®¥(). 2
peratures, whereas quantum interference is featured by the
tunneling Spllttlng that oscillates as a function of the StatiCA quantity tailored to the dynamics of the System is the lon-
external magnetic field. Study of these mesoscopic quantugjitudinal magnetization given by
phenomena is not only for academic interest but also for the
future applications, e.g., in quantum computatidt ML(1) = (D] S (D) 3)

In this paper we investigate quantum tunneling dynamics z '
of the molecular magnet in the presence of external magnetighroughout this paper the initial state is assumed to be one
fields with longitudinal and transverse field strengti$t)  of the ground stateS,S) in the absence of magnetic fields.
and H,, respectively. Here the longitudinal magnetic field Rabi oscillations and dynamic spin localization with no
lifts the energy degeneracy of the spin states through Zeemaghisotropy In this section, we analyze time evolution of the
effect, while the transverse field appears as a coupling bemagnetization in the absence of anisotrd@=0). The ef-

tween different spin components. We assume the longitudingbct of anisotropy will be discussed afterwards. Assuming
field to be time-dependent and that the transverse field I8 at w(t):eideTbZ(T)Asz(P(t) we obtain

static. Using perturbation theory, a general formula for the

oscillation period to describe the passing across the initial d

spin state is obtained. Another aspect we are interested is the i—o(t) =H,t)e(t), (4)

effects of the external noise and anisotropy on the quantum dt

coherent behavior of the molecular magnet. - A A - ~
The molecular structure of Ma contains four MA* ions ~ Where  H(t)=—b, exp(~i[od7bA7)S)S, exp(i[d7b,(7)S).

in a central tetrahedron surrounded by eight®¥ions. The ~ Making use of the identity

Mn3* and Mrf* ions are antiferromagnetically coupled, so o . . R

that these molecules possess a high-spin ground sta®e of explinS,)S exp(—iAS) = S cos\ - §; sin,

=1015 The coupling between the eight #dons in Fg re- , _ _

sults, like in Mn, in a net total spirs=10. Both compounds the formal solution of Eq¢4) is obtained,

can be well described by a single-spin Hamiltonian,

T o(t) = Tl XASYS] (0 (5)
HO =-b,0S,~ bS5~ DS, @ here X(t)=by cod fidrb,(7)], Y(t)=b, sinlfid7b,(7)], and

where b,(t)=usgHA1), b,=usgHy, 9=2 and ug is Bohr T genotes time ordering. Considering the situation in which
magneton;S(i=x,y,z) are the components of spin spin op- the transverse magnetic fiely is weak, we may approxi-
erators;D is the anisotropy constant defining an Ising-typemate Eq.(5) by the following solution:
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o(t) = @ModXSHR 4 (0) 6)

This solution is valid to the first order ib, and preserves
unitarity. After a straightforward calculation, we obtain the
time evolution of the population of the spin-state as

2

S
Prlt) = [cn(®D2= | X oS (/2)dS (/2)e o0 b igink
n=-S

(7)

where A= \(JidmX(n))2+(fid7Y(7)% and the matrix ele-
ment is defined as

dS () =(Sme |sn), (mn=S, ...,-9).

From Eq.(7), we obtain the population of the initial sp-
state at time as follows:
t
J

Thus to the first-order approximation im, we obtain the

Py(t) = |cgt)2=co| | dr bgladnbim)| (g

analytical expression of the evolution probability for the mo-
lecular magnet remaining in the initial spin state. Expression
(8) is valid for arbitrary time-dependent external magnetic

fields. Obviously,e/0974? can be expanded as a discrete
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FIG. 1. Anisotropy-free quasienergies as a functiorbbb for
the value of(a) by=0 and(b) by=w.

the whole driving process. This is just the phenomenon of
spin localization.

(b) A combination of static and sinusoidal magnetic fields
b,(t)=by+b coqwt). In this case, the oscillation period is

ko
sin(bymN/w) ~
NN sin(bgrla) 20 P

T=

: (11)
b,lim

Fourier series, and the time integral is either bounded ofyhereJ is the Anger functiol defined by

increases linearly in timéon top of an oscillatory piegeln
the former casePg remains close to unity at all times be-
cause of the smallness &f. This high population of the

dxcogax-bsinx).

1[’7
0

initial spin state is just the spin localization. In the latter case,
Ps oscillates between 0 and 1, implying population transfeWhenby/ w # k (k is an integey, T tends to be infinite. When

between initial statéS,S) and other spin states. Hence we

have the spin delocalization, i.e., Rabi oscillation. The oscil-

lation periodT is given by

™

1 t . 71
—f dr; b,e f dr, b(7)
t 0 0

T= 9)

lim;_..

by/ w=Kk, the oscillation period becomes

T _ o
" bJ(blw)’

where J, are k-th-order Bessel functions. Whel/ o be-
comes a root of],, again, the oscillation period approaches
infinity, and we have the spin localization.

The phenomenon of dynamic spin localization closely re-

(12)

Below we give two examples of special time-dependent ®XJated to the property of the dressed energy spectrum of the

ternal magnetic fields.
(a) Sinusoidal fieldo,(t)=b coqwt). According to Eq(9),
the oscillation period is

T _ o
" bJo(blw)’

whereJ, is the zeroth-order Bessel function of the first kind.
From this result, it can be seen that whigb/w) # 0, there

(10)

exists a finite oscillation period, indicating that the popula-

system. In the presence of an oscillating magnetic field, the
time periodicity of the Hamiltoniall) enables us to describe
quantum evolution of the system in terms of Floquet formal-
ism. Supposé,(t)=by+b codwt); we plot the quasienergy
spectrum versus rescaled oscillating amplitbde for two
values ofb,. The results are shown in Fig(a) (b,=0) and

Fig. 1(b) (by=w), respectively. In Fig. @) one can see that
the quasienergies collaspes to a poirthiab=2.4, which is a
root of the zeroth order Bessel functidyp This energy col-

tion weight can transit from an initial spin-ground state tolapse completely suppresses quantum coherent tunneling,

other spin states within the driving process. W0, the
longitudinal field-free oscillation has perioty=/b,. The
fact |Jp(b/w)| <1 implies thatT=T,. This shows that the

consistent with the prediction from E@L0). If the longitu-
dinal magnetic field consists of both static and oscillating
components, then when static-component strefgtis re-

invasion of the longitudinal magnetic field will suppress thelated to the frequency of the oscillating component via the

coherent spin tunneling. The extreme case occurs \athen
is a root ofJy. In this case, we hav&— e, which implies

relationby=kw (k is an integey, the quasienergies will col-
lapses into a point at the values of oscillating-component

that the spin tunneling is totally suppressed. Hence the syssmplitudeb satisfying J,(b/ w)=0, which is shown in Fig.

tem will mostly stay in the initial spin-minimum state during

1(b).
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FIG. 3. The time evolution of the magnetization with and with-
out external noise in the sinusoidal magnetic fidhd2.4w, by
=0.1lw. (8) The case without the noisé)) the case with the noise
A=0.1w (solid line), A=0.50 (dashed ling andA =w (dotted ling.

FIG. 2. Time evolution of the magnetization with and without
external noise in the sinusoidal magnetic fidbe;0.2w, by=0.1w.
(@) The case without the nois€b) the case with the nois&
=0.02w (solid line), A=0.04w (dashed ling and A=0.1w (dotted

line). by, is fixed to be 1.0 for the case with the noise. ) ) o
=0.2w and b,=0.1w, corresponding to the Rabi oscillation

. . ) L . with period T=Ty/Jy(0.2), as shown in Fig. @). In the case
We emphasize that this spin localization effect is purely a f a weak noise\/b,=0.2 [the solid curve in Fig. @)], the

consequence of the collapse of quasienergies, which full RN . . : .
d b d g gnetization is still oscillatory in our scope of time, but its

suppresses interference among Floquet states. So it does 2 ) L
depend on whether the initially populated level feels theoscnlatlon amplitude decreases with time. When the strength

“ends” of the spin ladder or ndt of the noise increases W/b,=1.0 (dotted curvg, the Rabi

Effect of the external noisén practice, since the external oscillation breaks down completely and the system decays

magnetic field may have a fluctuation component, the effec st.towe}rds. equilibrium. This suggests.that th_g coherent
abi oscillation for a molecular magnet is sensitive to the

of external noise has to be considered. Another motivatio " | o d is dest d . K i
for the introduction of an external noise is to provide the EXIErNAl NOISE and IS destroyed even in a weak coupling re-

fluctuations required to destroy the coherence of the quanturwme' Figure 3 plots the -tlme evolution MZ.(t) for the yalue
tunneling process and, in suitable cases, leads to a rate pr T—,b/“’.:z'd" correspondmg' to the dynamlg: Iopallzatlon con-
cess for the decay of the population. Leuenbergenl® ition in the absence Of noise, as shoyvn N F@)Sln Fig.
have generalized the Landau-Zener théof coherent tun- 30, We can see that in the case of intermediate; ~ 1)
neling transitions to an incoherent region by taking into ac-NCiS€ modulation(solid curve, the magnetization still re-

count the thermal relaxation effect. Remarkably, this inco-M&iNS its initial value for an extremely long time. This in-

hent transition has been detected by Wernsdaefeal2! in sensitivity to the_ presence of weak noise reflects_ thg strength
Fe; molecular nanomagnets. In this section, we study th&f the systemauq field. When the strength of noise increases
dynamics of the magnetization when the external magnetit? & Strong coupling regime, a more rapid and less oscillatory
field has a fluctuating component. Compared to the previoud€cay is observed in the population evolution, as shown in
thermal relaxation studié€?! the introduction of external 9. Ib) (dotted curve _ _

fluctuation permits the investigation of the role of the Anisotropy effectin the above discussions we have not
strength and size of the noise on the time evolution of thd@Ken the spin anisotropy effect into account. In this case, the
molecular magnets. As a versatile choice for the noise, aHynamics of the magnet system is nothing but the equivalent
Ornstein-UhlenbeckOU) proces# is used: the longitudinal ©f @ driving charge moving in a finite lattice with a tight-
magnetic fieldh,(t) is assumed to contain two components, gPinding description. Thus the dynamic spin localization is

stochastic parf(t) and a systematic +bcogwt), ie.. simply reminiscent of the charge localization reported by
part(V y pah swt) Dunlap and Kenkré* However, this similarity is broken by

b,(t) = by + b coq wt) + f(t) (13) the presence of the anisotropy term in Eb, which shuffles
the equally-spaced spin ladders. How this nonlinear spin in-
The noisef(t) is assumed to be characterized by an OUteraction influences the driving dynamics is what we concern
process whereby it has a zero average value and correlatign the following.
function, Figure 4 shows the quasienergies in the presence of a
o weak anisotropy. The other system parameters are the same
(fF(s)) = A% expl~ [t = sl/7) (14 as used in Fig. (8). Compared to Fig. (8), two prominent

Here the quantitied and 7, are the strength and decay con-
stant of the noise, respectively. When the noise is external to
the system, and therefore not necessarily thermal in charac-
ter, A and 7, can be varied in a controlled manner, and are
not restricted by the physical properties of the system. The
population distribution in th€2S+1) spin components with
the external noise are solved numerically by generating
trajectorie$? for the different realization of the noise.

Figure 2 shows the time dependence of the magnetization
M,(t) in the longitudinal magnetic field with the systematic  FIG. 4. Quasienergy spectrum in the presence of weak aniso-
part b,=b coqwt). The field parameters are chosen las tropy D=0.004v. Other parameters are the same as in Fig). 1
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features can be seen from Fig.(#: The anisotropy removes 10|

the exact level crossing amorigS+1) spin states and thus | e
induces avoided crossings. This breakdown of the exact )
crossing is due to the fact that the quadratic anisotropy dis-
arranges the spin levels which are equally spaced without 8r
anisotropyj(ii ) with increasing the value of the amplitude of
the driving field, the quasienergies evolve into many dou- s 200 200 00

blets and every doublet has an exact degeneracy in the field ot

parameter space. To label these doublets, we note that in the ] ] o o
absence of longitudinal magnetic field, the spin sté§es FIG_. 5. Time evo!utlon of _the mag_netlzatlc_)n witkolid line)
and|S, —m) are nearly degenerate, with mixed by weak trans-and without(dashed lingan anlsotropy interaction. Parameters are
verse magnetic field. Therefore, we can label the doublef!'0Se" t© correspond to level crossing of the dout8etS) shown
formed by these two states with a notatign,-m). In the n Fig. 4.

presence of a time-dependent longitudinal magnetic field, th@/hich compose the doubléB, —S) are dominated by the spin
corresponding Floquet states developed from the doubleftatesS,S) and|S,-S), respectively. Thus in contrast to the
(m,—-m) will evolve into an exact crossing with increasing anisotropy-free case, the initial spin sta®S) can be ap-
driving amplitudeb, as shown in Fig. 4. Note that the differ- proximated by one Floquet state of the doul§&t-S), sub-
ent doublets feel different coupling strength induced by thesequent time evolution. This is different from the case for a
transverse magnetic field, so every doublet crossing occurs ilouble-well trap?> wherein an initial localized state always
the parameter space with different parameter values. In patan be described by a superposition of two delocalized and
ticular, the crossing of doublés, -S) is indicated explicitly  degenerate Floquet states. In the present case, both of two
in Fig. 4 Floquet states in doublé§, —S) is spin localized at the level
Due to the fact shown in Fig. 4 that the quasienergies argrossing. Therefore, we arrive at a conclusion that the aniso-
scattered by the anisotropy, the spin localization phenomtropy may enhance the localization, as shown in Fig. 5.
enon cannot persist at parameter points that correspond to In summary, by application of the external magnetic fields
otherwise level crossings. As a result, the magnetization willvhich may contain a random component, we have shown
oscillate during its time evolution. However, we find that if magnetization dynamics of the molecular magnet. A general
the system parameters are chosen at the exact degeneracyf@imula is obtained for the oscillation period to describe the
the doublet(m,-m), then the dynamic spin localization re- quantum transition from the initial spin sta8,S) to other
vives again. As an example, we show in Fig. 5 time evolu-spin states. In particular, when the frequency and reduced
tion of M,(t) for the value ofb/w=2.52, andD/w=0.004, amplitude of the longitudinal magnetic field are related in a
corresponding to the degeneracy of the doul&tS) in specific manner, the magnetization tunneling is dynamically
Fig. 4. The initial state is chosen to I8 S). As a compari- suppressed during time evolution. In addition, the effects of
son, we also show the case without anisotréggshed line external noise and nonlinear anisotropy are studied. It has
in Fig. 5]. Interestingly and surprisingly, compared to the been shown that while the Rabi oscillation is sensitive to the
case without anisotropy, the localization effect is enhance@xternal noise, the dynamic spin localization may remain for
by the presence of anisotropy. To make the mechanism afxperimentally relevant times in the presence of a weak
this enhancement of the localization more clear, by projechoise field. We have also found that the dynamic spin local-
tion to the spin-state space, we find the two Floquet stateization may be enhanced by the spin anisotropy interaction.
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