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Quantum Dynamics and Response in
Nanoscale Spin Systems

SEIJI MIYASHITA, MASAMICHI NISHINO and KEIJT SAITO

Department of Applied Physics, University of Tokyo 7-3-1 Bunkyo-ku,
Tokyo, 113-8656 Japan

We study the quantum dynamics with the effect of dissipative envi-
ronments in nanoscale magnetic systems, e.g. the molecular magnets
such as Mnjs, Feg and V5 and also the locally induced magnetiza-
tions in the so-called gaped spin systems. We analyze the dynamics
from a view point of nonadiabatic transition at the avoided level
crossing points which is called the resonant tunneling point. By the
quantum master equation, we study effects of the heat coutact on
an adiabatic process (magnetic Fohn effect) which is relevant for
systems with a large gap such as Vi5. By the quantum Langevin
equation we study how successive random crossings cause a nonex-
ponential decay of the magnetization in the systems with very small
cnergy gap such as Mn;, and Fesg.

Keywords  nanoscale magnets, quantumn dynamics, nonadiabatic
transition quantuin master equation, quantum Langevin equation

INTRODUCTION

Since the technology to treat nanoscale objects has been developed,
it has become possible to observe the real time behavior which re-
flects the quantum mechanical dynamics of the system. For example,
we see the quantum hysteresis in nanoscale molecular magnets such
as Mnjo[l, 2, 3] and Feg[4, 5, 6] which is called the resonant tun-
neling. This phenomenon is directly attributed to the nonadiabatic
transitions at the avoided level crossing points [7]. The transition
probability was obtained by Landan, Zener and Stiickelberg vears
ago[8]. In realistic materials, however, there exist various effects
which cause the decoherent process, and the pure quantum mechan-
ical process is easily smeared out[9]. In this paper we will study the
following two typical examples of dissipation effects.
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When the energy gap is large. the system shows an almost adi-
abatic transition. An interesting structure has been found in the
magnetization process of Vis where the probability of the nonadia-
batic transition is almost zero[10]. That is, the magnetization curve
shows a plateau just after the resonant point. It is found that this
plateau is due to an inflow of the heat from the thermal reservoir. We
will see the sweeping velocity dependence of the magnetic process.

In the so-called gaped spin systems, such as the bond-alternate
antiferromagnetic Heisenberg chain, almost free local magnetizations
are induced when the lattice has some inhomogeneity [11, 12]. There
magnetizations responds to the sweeping field in a similar way to the
case of Vy5 [12].

For the molecules Mnjs and Feg, the energy gap at the resonant
point is very small and the random noise on the external field causes
successive nonadiabatic transitions. We simulate such processes by
solving Schrodinger equation with a noise (quantum Langevin equa-
tion), and analyze the data by a simplified master equation. There
we study how the random successive transition causes nonexponei-
tial decay of the magnetization, which would be relevant for the
square-root time dependences observed in experiments.

MAGNETIZATION PROCESS IN A SWEEPING FIELD

In nanoscale magnets, the energy structure consists of discrete
levels because of small munber of atoms. When the external field is
swept and cross the resonant point, the system undergoes a nona-
diabatic transition between the two levels. This situation can be
modelized by a two-level system, whose Hamiltonian is

H=-To, — h(t)o.. (1)

Let us set the initial value of the field at far from the resonant point,
say —Hy. The ground state |G) at this point is almost the down
state |—). Here we use the eigenstate of o, as the basis set

o:|%) = *|£). (2)

When we sweep the field with a velocity ¢, the nonadiabatic transi-
tion occurs near the crossing point and the population of the ground
state after the crossing is given by LZS as

W(AE)2>

PAD = 1 —exp < e

(3)



Downloaded by [University of Haifa Library] at 20:49 13 August 2012

QUANTUM DYNAMICS AND RESPONSE 329

and the population of the excited state |E) is p = 1 — pap. Here the
scattering occurs only in very narrow region of the field (resonant
point) and the scattering rate depends on the velocity (o< ¢71). These
properties are the characteristics of the nonadiabatic transition, and
have been observed in experiments, and the relation (3) has been
used to estimate the energy gap AFE[5].

In realistic materials, this pure quantum mechanical process is
affected by the effects of dissipative environments. In order to study
such effects, we exploit the quantum master equation where the effect
of the thermal bath is taken into account in a perturbational way[13].
Wlien the noise causes strong effects we study the dynamical process
with noise directly by the quantum Langevin equation. In this paper
we will study two typical examples of dissipation effects, i.e. the case
where the energy gap is large and the system shows almost adiabatic
process, and the case where the gap is very small and the noise causes
the field to cross the resonant point successively.

MAGNETIC FOEHN EFFECT

Chiorescu, et al. have found alimost perfect adiabatic transition
in the system of V;5[10]. There they found a plateau in the mag-
netization process just after the crossing, which shows the deviation
from the adiabatic behavior. The nonadiabatic transition process
maybe a possible candidate of the origin for this deviation. How-
ever, when the sweeping velocity decreases, the magnetization at the
plateau decreases, which means that the deviation increases. This is
the opposite direction to that we expect in the nonadiabatic tran-
sition process. This process has been found as a phenomenon due
to the insufficient heat inflow during the process. Chiorescu, et al.
attributed the shortness of the heat to the small heat capacity of the
lattice at low temperatures, and called it ‘phonon-bottlencck effect’.
We simulated the system (1) with a contact to the thermal reservoir
by quantum master equation

ap(t) 1
ot = [H,p(t)] = A ([X, Rp(t)] + [X. Rp(t)]') , 4
o = 7 o) = M (X, Ro)] + (X Ro(t)') . (4)
where X is a system operator through which the system and the
bath couple. The first term of the right-hand side describes the
pure quantum dynamics of the system while the second term repre-
sents effects of environnients at a finite temperature. There R is an
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operator which reflects the effects of the thermal reservoir[13]. We
studied overall sweeping velocity dependence of the magnetization
curve. There we find two regions: When the velocity is very large
the system undergoes the nonadiabatic transition and the plateau
appears with the magnetization (Fig.1(a))

mizs = ]\[0(1 - QT)AD)- (5)

Here the the deviation is brought coherently and we see the preces-
sion between the states. When the velocity decreases, myzs increases
(Fig.1(b)).

1 P 1 r~ T 1 ;i P
05 05 05 ; ‘
s y V=04 | w01 bt
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FIGURE 1  Sweeping velocity dependence of the magnetization
process. (a) nonadiabatic process, (b) almost adiabatic process,
and (c) magnetic Fohn phenomenon

On the other hand, we find another plateau when the velocity
decreases further (Fig.1(c)). The plateau in this case decreases as
the velocity decreases and finally the magnetization tends to the
isothermal one, i.e.

Miherm = ]\10 ]\’TBT )

H tanh( (6)
Ny eEn v
We find that this dependence does not depends on the details of the
system, and is general for a wide range of systems[14]. The plateau
at the slow sweeping region can be understood as follows. The ratio
of the populations pg/pe at the initial field is very small because the
cnergy gap there is much larger than the temperature. However the
gap at the crossing point is very small and the ratio corresponds to
a very low temperature, i.e.

PE QH() ) ( AFE )
e —R & ¢ - =@ —_— . T eff
P exp < T exp "o > Teq (7)

Thus, there is a big temperature difference between the system and
the environments, and the heat tends to flow in the system. This
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inflow of heat causes the deviation from the adiabatic behavior, and
the population at the excited state increases. Here the deviation
is brought incoherently and the precession does not occur in this
case. This situation is similar to the Fohn effect in the meteorology.
That is, when the wet air climbs up a mountain and undergoes the
adiabatic expansion and the temperature decreases. There the vapor
becomes the rain and releases the heat. When the air goes down
the mountain, the temperature becomes higher than that before.
Noting this analogy, we call the present phenomenon ‘magnetic Fohn
phenomenon’{15].

NONEXPONENTIAL DECAY AT RESONANT POINTS

When the amplitude of noise is larger than the resonance region,
the noise causes successive crossings which brings successive nonadi-
abatic transitions. In this section we study how the magnetization
decays in the noise[18]. Because the relevant transition occurs only
when the field crosses the resonant point, the relaxation of the mag-
netization is mainly governed by the frequency of the crossings. Here
we assume that the external field H(t) behaves as a random walk with
a weak restoring force, which is expressed by the Ornstein-Uhlenbeck
process

dH

= —yH(®) +n(t), (5

where n(s) is a white gaussian noise (n(t)) = 0, and (n(t)n(s))
= 2D4(t — s). The pure random walk, i.e. the Wiener process,
corresponds to the case without the damping factor v = 0. The
distribution of H(t) for this process is given by

1 (H
= e (e

where

‘ D
a?(t) = 5 (1 — exp(—27t)]. (10)
We solve the time dependent Schrodinger equation with various sam-
ple of H(t), and study the dynamics of the magnetization. In Fig. 2,
we show the time dependence of the magnetization (A (t)) averaged
over 10000 samples. At the early stage, where the process is regarded
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as the Wiener process, we find a stretched exponential function

M = Myexp (—a'(?/_.ED)Q\/;) , (11)

while at the late stage where the noise distribution reaches the sta-
tionary one, we find a normal exponential decay

M = M, exp (—/3(AE)2\/%1€) , (12)

where o and /3 are positive constants. Making use of a master equa-
tion for the populations in the ground and the excited states, we
derived a formula for (Af(¢)) under assumption that each crossing
gives the same mixing of the populations between the states

y ) poio(AE)? Vi—e 1 ‘
(M(t)) = exp <_ 0\/027TW log N 1') . (13)

This gives the relations (11) and (12) in limiting cases, putting

o = ]3 and /3 = L V\/here [} = . (14)

V2
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FIGURE 2 (Af(t)) obtained by simulation and the formula (13)

In the nanoscale molecular magnets, various types of v/t depen-
dence have heen found [16, 17]. For example, in the experiment of
Feg[5, G]. the magnetization increases from zero proportionally to v/#
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when they apply a weak field. For the hole digging phenomena in
this experiment, the present study predicts that both of the depth
and the width of the hole increase with v/#, which is apparently
consistent with the experiment although further detail analysis is
necessary[6]. Relaxation of the saturated magnetization also shows
the v/t dependence which is very similar to that in Fig.2 [, 3].
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