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Effects of the environment on nonadiabatic magnetization process in uniaxial
molecular magnets at very low temperatures
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We discuss the effect of the thermal environment on the low-temperature response of the magnetization of
uniaxial magnets to a time-dependent applied magnetic field. At very low temperatures the stepwise magne-
tization curves observed in molecular magnets such ag, simd Fg display little temperature dependence
where the apparent thermal assisted process are suppressed. We show that the changes of the magnetization at
each step cannot be analyzed directly in terms of a quantum-mechanical nonadiabatic transition. In order to
explain this nonadiabatic behavior, we study the quantum dynamics of the system weakly coupled to a thermal
environment and propose a relation between the observed magnetization steps and the quantum-mechanical
transition probability due to the nonadiabatic transitid®0163-18209)04045-X]

Magnetization processes of nanoscale molecules such &gonment at very low temperatures on nonadiabatic transi-

Mny, and Fg have attracted much interest. For such smalltions and find a relation between the observed data and the
systems the discreteness of energy level plays an importafiue quantum-mechanical transition probability, from which
role and staircase structures of the response of the magnethe energy gap at the avoided level crossing point via the
zation to a sweeping magnetic field have been obseffed. 7S formula can be deduced.
The staircase is explained as a quantum-mechanical transi- | et us consider the change of magnetization when the
tion at the avoided level crossing points, where levels of thexternal field is swept from a negative value to a positive
Hamiltonian become almost degenerate, and form repulsivgy e nitially the system is assumed to be in the ground
structures as shown in Fig. 1, which has been called resonagi,ie with the magnetizatiom,=— S (approximately. As

tunneling. This quantum-mechanical transition has bee':?ne field increases, the state witly crosses states with the

studied from the point of view of the nonadiabatic P _ :
transition’~° There are two characteristic features of eachm2dnetizations S—1,..., and 0. Ateach avoided level

nonadiabatic transitiohOne is the localization of the tran- crossing point a nonadiabatic transition occ(kg. 1). We

sition because it occurs only around avoided level crossinﬁsSlgn numbers(i=1,2, . . .) for theavoided level crossing

points. The other is the dependence of the transition pro +Oint ngesri ihe state ahg t.CrOISST_S ta stgte V\t"tr?r S- Ib
ability on sweeping rate of the magnetic field, the energy (=S, .-+ Tespectively. Let p; denote the prob-

gap, and the gradients of the levels. Since at each avoideebbIIIty _sttaxln(‘t:]hthe same le‘f' a:jthlth a_v0||ded level Cr:OSS'th
level crossing point only two levels play an important role,Ing paint. in the pure guantum dynamical case, we have the

the transition probability can be described by the weII—knownfOHOWing relation between the change of the observed mag-

Landau-Zener-Stikelberg(LZS) mechanisnt! =13 netization at the crossing poiffAM;=M;—M;_, and the
However, the behavior of these magnetic systems can ealfansition probabilitied p;}:

ily be affected by thermal fluctuations even at low tempera-

tures, because the energy scales involved are rather small. At
relatively high temperaturesT-1 K) the temperature de- s /
pendence of the magnetization process is very significant, ™

where excitations to higher levels provide other channels of  m,, Y
resonance tunneling, which is called thermally assisted reso- i
nant tunneling?~2® The external noise may affect the LZS
mechanism itself which has been also studied®
On the other hand, at very low temperatur&s-(60 mK),
the magnetization curve shows very little change with tem-
peratures and only quantum-mechanical phenomena seem tc
be dominanf However, as we will show below, even at such
low temperatures, thermal fluctuations cause inevitable ef-
fects, which prevent a direct application of mechanism of the FIG. 1. Schematic energy level diagram and the nonadiabatic
nonadiabatic transition. transitionsp; denotes the probability that the system remains in the
In this paper, we investigate the effect of the thermal ensame eigenstate.
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' nljl ( P) AL P) iPi] of @ Hex- The white and black diamonds correspond to the ¢asand

the casg?2), respectively.

where M; is the observed magnetization between avoided ) _ .

level crossing point andi+1. By this relation(1), all the ~ t€mperature. Replacingy by m, in the relation(1), the
transition probabilitiesp;} are obtained from the magneti- change of the magnetization in this case is given by
zations in pure quantum cases.

In the experiment of Perenboost al. for Mn;,(S=10)
(T=59 mK),® shape of the magnetization process seems to
saturate with the lowering of the temperature. When we ana-
lyze the data using the relatidf), we cannot find any con- Using the data of Perenbooet al® now yields a reasonable

sistent set of the transition probabiliti¢p;}. In the experi-  solution for the{ﬁi}’s: 57:0-0313,5820-185,5920-515,
ment, the stepwise changes of the magnetization occur at tl}ﬁdﬁloZ 0.898.

avoided level crossing points where the state witl In order to demonstrate that the above three properties are
=—10 crosses with states wit;=3, 2, 1, and 0 i  |eq)ly possible at very low temperatures, we simulate a re-
=7,8,9, and 10, respectivelyThe changes of the magneti- |axation phenomena of a magnetic system, which very

zation at the points are 0.62, 3.54, 8.00, and 6.77, respegzeakly couples to the external bath. Here we use a quantum
tively. The relation(1) yields p;=0.0480, pg=0.315, pg  master equatiof®

=1.13, andp,p= —7.976, in contradiction to the trivial con-
dition O=p;<1. Therefore a naive application of nonadia- ap(t)
batic transition theory fails to explain the saturated magneti- e —i[H,p()]- N[ X,Rp()]+[X,Rp(1)]T), (3)
zation curve in the very low temperature.
We attribute this failure to the effect of thermal environ- \\hare
ment even at such a low temperature. In terms of the poten-
tial picture(Fig. 2), the states witiM >0 belong to the right E.—E
valley and we expect that these states easily relax to the <k|R|m>=§< 7 m) Ng(Ex—Em)(kIX|m),
bottom of the valley, i.e., to the state with=S. Thus, once
a quantum-mechanical transition from the metastable state of
M= —Sto a state oM >0 takes place, the state is expected 1
to relax easily to the lowest level due to some dissipation {(w)=l(w)=l(-w), and ng(w)= Qho_ 1
mechanism in the absence of an energy barrier. In the case of

a pure quantum transition, such a relaxation to the state qfiere, 8 is an inverse temperature of the reservoif,14nd
M =S is prohibited because of the large separation betweefye setzi=1. |k) and|m) are the eigenstates f with the
the levels. If the time scale of dissipation is much ShortereigenenergieEk andE,,, respectivelyl () is the spectral
than that of the system and the scale on which the magnetigensity of the boson bath. We take here an infinite number of
field changes, the transfer to the lowest state takes a Sh%honons with the Ohmic dissipatiofw) = qw.?* As a more
time. As a result the magnetization curve will show a stair-regjistic bath for the experimental situation at very low tem-
case as in the case of pure quantum dynamics, but the changgrature, we may take the dipole-field from the nuclear
of magnetization at each step is different because of the r&sping? or other types of spectrum such as super-Ohmic type.
laxation transitiorM — Sinstead ofS—i+1. This additional X is an operator of the magnetic system that interacts linearly
process causes changes of the steps. with the bosons of the reservoir. The relaxation process can
In this scenario, we assume the following three propertiespe affected by the form of interaction of the system with the
(i) First, a quantum-mechanical transition folo(=—S)  thermal bath, i.e., by the choice of. Here, we takeX
—m; occurs with the probability of the pure nonadiabatic = 1(S, +S,). GenerallyX=S, is more efficient tharX=S,
(LZS) transition {p;*}, and then(ii) the relaxation from for the relaxation. A detailed comparison with other choices
m;—m,(=S) occurs by some dissipation mechanisfiii)  will be presented elsewhere. Different choices of the con-
There is no direct relaxation frorm, by the dissipation crete form of the thermal bath, however, do not cause any
mechanism and therefore the amount of magnetizatiosignificant qualitative change because the couplings to the
change depends only dp-“%} and does not depend on the bath is very weak.

i-1
AMi= 11 (1=P){Imo(1=P) +mipi]=mo}. (2
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FIG. 4. Magnetization as a function &f,. The dashed line

denotes the pure quantum dynami€g, and the solid line denotes

the dissipative quantum dynamicB].

For Mny;,, a detailed form of the Hamiltonian has been

proposed® However, the energy gap of the Mnis too
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TABLE I. The changes of magnetizatioAM [ andAM g are
the changes for the ca$B] and[D], respectively.

Cross point fng,m;) AMp; AMp
(—10,5) 0.511 0.693
(—10,4) 8.32 13.3
(—10,3) 3.50 5.03

lo=1.0, and\ =1.0x 10~ 4. We study the relaxation for both
cases by solving E(q23). These probabilities are given by a
diagonal element op(t), i.e., (1|p(t)|1) and (2|p(t)|2),
respectively. We observe almost no damping in the ¢ase
whereas a rather fast relaxation occurs in the ¢as€eThus,
at a fairly low temperature, the thermal environment causes
significant difference in the relaxation process depending on
the presence of a potential barrier. The difference between
the caseq1) and (2) can be understood by analyzing the
matrix elements of Eq.3).

We now investigate the time evolution of the system for a

small to observe the phenomena within the available CompUs:weeping fieldc=1.0x 10"° starting atH,=—0.05. We

tation time. Thus, here, we demonstrate the qualitative fe

tures of the dynamics, i.e., the three propertigs(ii), and

(iii ). We believe that the key ingredients of the general quali
tative feature are the existence of the avoided level crossin
points and weak coupling to the external bath. For the real
istic model with a much smaller energy gap, the feature§0
observed here should be realized on a much longer timgtr

scale. Thus, we adopt a minimal model of a uniag@a 10
spin system with the two ingredients:

H=-DS4TS,~He(1)S,, (4)

with a linearly increasing external fieltl,=ct—Hy where
c is the sweeping velocity. The transverse fi€ldepresents
the terms causing quantum fluctuations. We cho@se
=0.1I"=0.5 in what follows.

85tudy the case of pure quantum dynamixs-Q) [P] and the

case with a weak dissipation\ €1.0x10 %) [D]. These
magnetization curves are shown in Fig. 4. We show data for
ﬁext>0.45 because almost no change is observedHfgg
<0.5. For the casgP], we observe oscillating behavior due
spin precession, whereas in the céBg this detailed
ucture is smoothed out by the dissipation. We find steps-
wise magnetization curves in both cases. The changes of the
magnetization are listed in Table I.

From these data we estimate the transition probabilities by
the relationg1) and(2) which are listed in Table IlI. First we
obtain the transition probabilities from the data in Table |
settingmy=—S and m;=S—i+1. From the data\Mp,,
unacceptable valuep; i} are obtained from the relation

(1), while acceptable one{sf)[D],i} are obtained by the rela-

In order to see the difference of relaxations between th&on (2). {pio.i} agree with{p(p) i} obtained by the relation
case with and without the potential barrier, we compare twd1) from the dataAMp;. This agreement shows that the

typical cases: (1 Hqy=0.05 and(2) H.=0.15 and set the

three propertiegi), (ii), and (iii) are really realized in the

sweep velocitxc=0. As the initial state we take the second present model and therefore we can estimate the quantum-

level, as indicated in Fig. 3. The second level as —10

mechanical nonadiabatic transition by the relati@ Al-

in the casé1) andM =9 in the case 2. In the both cases, thethough the magnetization; is almost constantmg=

ground state haM=10. The parameters are setTe-0.1,
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FIG. 5. The time evolution of the probability of individual lev- 8

els.

—S,m=S—i+1(i=1), they show a little dependence on
the magnetic fieldH.,;. Taking theH,; dependence oin;

into consideration, we also calculated the transition prob-
abilities in the casd¢D] with Eq. (2). They are shown as
{Poy,i}- We confirmed thafpp; i} agree with the probabili-
ties{pry,i} directly obtained from the diagonal elements of
the density matrix. The difference betwehé[b]'i and pip, i
simply comes from the large value &f taken for conve-

TABLE II. The transition probabilities obtained in various
ways, see the text.

i (Mmo,m)  Prryi Piey.i Poli  Poni Proli

6 (—10,5) 0.0280 0.0341 0.0460 0.0346 0.0291

7 (—10,4) 0.730 0.616 0.995 0.688 0.716
(—10,3) 1.000 0.726 78.0 0.835 0.970
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nience of simulation. IT" is very small as in the case of the conclude that we can estimate the energy gap from the de-
experiment,m; is very close toS—i+1 and it is expected ceptive apparent magnetizatio.n by the relatﬂﬁh_
that jp;,; and pypy.; are very close. We present the time In summary, we have considered a mechanism for nona-

evolution of(i|p|i) in Fig. 5. This figure explicitly shows the diabatic magnetization process at very low temperatures
three propertiesi), (i), andiii) where apparently no temperature dependence is observed.

We estimate the energy gap from the transition probabili—We proposed the general relati) between the steps in the

. . 75 magnetization and the energy-level splittings at very low
ties with the extended LZS formutaq" temperatures. Using relatid®) we have estimated the quan-

tum transition ratép;} at the low temperatures for which the
L7S experiment$have been performed. We demonstrated an ex-

piT=1-exg - ' ©) ample of apparent nonadiabatic magnetization process in a

minimal model with the avoided level crossing points and
wherec is the changing rate of the Zeeman energy. Usingveak cc_)upllng to_the external bath. Elsewhere we will report
{Poy.i}, We obtain the energy gaps for the avoided levelOn OUr Investigation of the energy gapSE;} of Mn,, and
crossings asAE,=1.83x 10 %, AE,=10.1x10 3. These Fe; based on t_he detailed information of the values of jumps
estimates agree with the correct valNEg=1.54x 103 and and the scanning speed

AE;=10.0<10"° directly obtained from the energy  The present study is partially supported by the Grant-in
levels®* If we use Poi» We have, of course, almost the Aid for Research from the Ministry of Education, Science
exact valuesAEg=1.57x10 3,AE;=9.9x10 3. Thus, we and Culture.

7(AE;)?
2(m;—mg)c
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