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Suppression of quantum phase interference in the molecular magnet ge
with dipolar-dipolar interaction
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Renormalized tunnel splitting with a finite distribution in the biaxial spin model for molecular magnets is
obtained by taking into account the dipolar interaction of enviromental spins. Oscillation of the resonant tunnel
splitting with a transverse magnetic field along the hard axis is smeared by the finite distribution, which
subsequently affects the quantum steps of the hysteresis curve evaluated in terms of the modified Landau-Zener
model of spin flipping induced by the sweeping field. We conclude that the dipolar-dipolar interaction drives
decoherence of quantum tunneling in the molecular magngtviAgich explains why the quenching points of
tunnel splitting between odd and even resonant tunneling predicted theoretically were not observed experi-
mentally.
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Macroscopic quantum phenomena in magnetic moleculaence is suppressed by the local stray field, and the steps in
clusters have been an attractive field of research in recetihe hysteresis curve corresponding to odd resonant tunneling
years'~8 Octanuclear irofill ) oxo-hydroxo cluster Reis of ~ are understood.
special interest because it shows not only regular steps in the We start with the biaxial spin model for the molecular
hysteresis curve but also oscillation of the tunnel splittingmagnets Fg®~> The Hamiltonian is given by
due to quantum phase interfereric@scillation of tunnel ) ) .
splitting of the ground state with respect to the external field H=K,S;+K;§—~gugS-(B+h), 1)

along the hard axis was predicted theoretically by Gama whereK,;>K,>0 andB is the external magnetic field. The

consequence of the quantum phase interference of tunn{a‘irm —gMBS'ﬁ is the dipolar-dipolar interaction between

paths, and it was subsequently g_enerahzed to tunneling e magnetic molecular cluster and the environmental spins,
excited states and resonant tunneling for the quantum transi

tion between different quantum states with xt€omponent Ib?)rlr?ziﬂjs:iis WSQEE:?I thse Z:Enmat'?hr?sri?%&\éerbéhz nneqlgg:-_
of the spinS;= —10 and 16-n (along the easy axis of ge 9 ' Yy sp 9 y

recently? The quenching points between even and aud body problem. In this papeﬁ is treated approximately as a

have a shiftm/2. However, a serious problem—why the local stray fieldh==,J;(S)). Both experimentaf and the
theoretically predicted shift of quenching points of tunnelMonte Carlo studie§” show thath has a random distribu-
splitting between odd and even resonant tunneling was ndton with a distribution width in proportion to (2|M|) and
observed in the experimental hysteresis cu”fes-remains  its mean value proportional tel whereM is the total mag-
to be solved. This is the main motivation of this paper. Herenetization of the system. Here we assume thhas a Gauss-
we use the Landau-Zener motigt®to describe the spin ian distribution with an equal distribution width in all
flipping induced by the sweeping field with a modified baredirections®®

tunnel splitting considering the dipolar interaction with envi-

ronmental spins. There are two basic interactions to be con- - 1 TN

sidered: spin-phonon and spin-spin interactions. For the mo- P(h)= (Zwaz)wexp[—(h—ho) 120%]. @
lecular magnets ken the mK temperature region, the spin- ) ) )
phonon interactidhcan be safely ignored as the spin-lattice TO Simulate the experimental setiighe external magnetic
relaxation time is extremely lorid. The interaction between field is taken to beB={B,,0B,}: a uniform fieldB, along

the big spin and the environmental spins was considered 48€ hard axis and the sweeping fid on the easy axi8,
=nAB=*ct wheren is an integerAB is the field interval

the main source of decoherence of tunneling in magneti% iahbori i B, /d
macromolecul€’ and recently it was shown that the nuclear etween neighboring re.sonant tunneling, arddB, /dt. In
the following calculation, we takeK;=0.310 K, K,

spin plays an important role in magnetic relaxatdn? In " =
this paper, starting from the mean-field approximation, th _0'3229 K, andc=0.1T/sec for the molecular magnets

dipolar interaction is treated as a local stray fibldsee the Theoretically, quantum tunneling for a spin system with-
following) with a Gaussian distribution. The tunnel splitting gyt a |ocal stray field can be understood in the instanton
in the Landau-Zener transition rate should be considered agethod?® the Landau-Zener mod&t° and by diagonaliz-
an average over the local stray fiegld In doing so we find ing the Hamiltonian numerical¥*® The instanton method
that the quenching of the tunneling due to quantum interferean give the tunnel splitting. When the field along the easy
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axis satisfies the resonant conditiBp+ h,=nAB, the tran- N en

sition rate, while the field on the easy axis sweeps over the Ap~ 7e_s°{|ezqhy+ e 2ahy

resonant point, is given by the Landau-Zener transition

formula®~°P, ,=1—exp(—mA%v,), whereA,, is the tunnel +2 co$2(sm—nm/2—d,h,—d,B) 1Y% (6)
splitting andv,=2gugh(2s—n)c. It should be noted that in
this way we have assumed tacitly that the tunnel splitting forV
all spins inside the resonant window are gsmeand thus

hereS] is the instanton action,

all spins tunnel with thsametransition rate. However, when  _, (7 %n \/ V(¢)—E,

the local stray field due to the dipolar-dipolar interaction is Se= fo d K, (1—\sir?é)+ (gugnAh/s)cose’
taken into account, such a picture should be modified. A 7)
random distribution of local stray fields like E() with a

distribution widtha~0.05 T typical for the molecular mag- V(¢)=K,s?sirPp—gugnAhscose

nets Fg will block the resonant tunneling of either the

ground state or the low-lying excited statéd\evertheless, [gug(h,+B,)]?

such a problem can be circumvented by using a sweeping B 2Kl(l—)\sin2¢>)+2(g,uBnAh/s)cos¢>’ ®

field along the easy field. WheB,, sweeps over the resonant

point, it will make the spins with differen,’s satisfy the E, is the energy of theith excited stateg, is the turning
resonant condition and allows continuous relaxation. Sincgoint determined bW (7 — ¢,)=E,, Q, is the prefactor,
the tunnel splitting is very sensitive to the transverse local
fieldsB,+h,, andh,,* ®the spins tunnel witiifferenttun- Qn=4m/\V"(0)(2K,+gugnAh/s), 9
nel splitting while B, is sweeping over the resonant point.
Consequently, the spin transition rate observed in the experﬂzg'“BTr)\l/Z/ZKZ(l_)‘)l/Z’ A=K /Ky, and
ment should be given by

Que (™ do
__ _ 2 dn= o
(P o)=1—exp{— m(A2)/v,}, () ZKJO 1_sin2¢—§:BsnAhCOS¢
2

where(- - -) represents the average over the distribution of
the local stray field, i.e.{A2)=[A2(h)p(h)dh. Accord-  Using the parameters in Feit is found that the contribution
ingly, the tunnel splitting extracted from the measured tranfrom h, andh, to S{ and thusQne‘SE is very small under

sition rate should bg/(AZ) but notA,,. In other words, the the conditiongug|f|/(K,S)<1. The average value @ is
starting point to understand the experimental observatiogiven by
should be\/(A,%) instead ofA ,. The two quantities are quali-

tatively different from each other as we shall show in the Q2, n -
<Aﬁ>* 7672sco{e2q o (ethO_’_e*tho)

following.
The instanton methdd® is efficient and powerful to
evaluate the tunnel splitting,. The Lagrangian for the bi- +2e’2dﬁ"2005{2(577—n77/2— dyho—dnB,) 1},
axial model, Eq(1), is (11)
L(n)=—sh(1-cosd)p—(n/H|n), 4 where Quu=Q,(h,=h,=0), and S;=S0(h,=h,=0). In

the absence of a stray field, i.ez=hy=0, the above expres-

where |n) is the spin-coherent state. With the help of the .
sion reduces to

mapping technique,&,p=sh cosé) is regarded as a pair of
canonical variables. To calculate the excited-state tunneling e

or resonant tunneling, one needs to apply the Bohr- <An>|ff=ho=0:An(h><:hy:o)

Sommerfeld quantization rugpd¢=n# to define the clas- g

sical orbits @ is an integex. Then a propagator with both =Qnoe ™ “o|cogsm—n7/2—d,B,)],
imaginary and real time will be used to describe the tunnel- (12)

ing between two degenerate states, o o o .
which indicates the oscillation of the tunnel splitting with the

K(ng,T/2;n; ,_T/z):<nf|eiHT/ﬁ|ni> transverse field and a shift/2 of quenching point between
) the odd and even resonant tunneling, recovering the results
:f dQex;{l—fm L(n)dt} (5 N the previous works-® This is known as a result of the
il 1o ' guantum interference of the tunneling along two different
paths. The qualitative difference betweé(‘nAﬁ) and A, (hy
The tunnel splitting is found by integrating over two degen—:hyzo) can now be seen by comparing Ej2) with Eq.
erate classical orbits. In moIecuLar magnetsg Bee local  (11). In the case oB,=0 and integer spin, Eq12) predicts
stray field is rather weak, i.egug|h|/(K,s)<1. We calcu- that oddn resonant tunneling quenches due to the quantum
late the tunnel splitting at thath resonant tunneling point interference, while in the presence of the stray field, (&),
with the transverse fiel@,+h, andh, and obtain that gives nonzero tunnel splitting,
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TABLE I. Tunnel splitting{A2) (the unit is kelvin for Fe; in 3.51

the case oB,=hy=0.
3.0 6=0.08T

n o=00T 0=0.02T 0=005T ¢=008T 251
0 839101 8547x10°1° 1.087x10°° 2.312x10°° "i 201
1 0.0 2.45%10°° 3.266<10°° 6.450<10 ° z
2 3414<10°® 3.473x10°% 4.418<10°% 9.393x10® 3
3 0.0 2.39%10°7 3.187x10 7 6.293x 10’ oM
4 2015<10°° 2.050<10°° 2.608<10 ° 5.544x10°° g
5 0.0 9.87&10°® 1.312<10°° 2591x10°° =~
6 6.224<10°° 6.333x10°° 8.055<10°° 1.713x10°*

2 n
mq:\/?_Qnoe_sco\/m’ 13

for hg=0. The quenching due to the quantum interference i¥
suppressed by the local stray field. In another word the quan-’
tum tunneling for oddh is decoherenced because of the di-js shown that the oscillation of the tunnel splitting due to
polar interaction with the environmental spins. The tunnel
splittings of all six resonant tunnelings for the molecularFor a distribution widtho=0.05 T which is estimated for

magnets Fgwith and without a local stray field are shown in Fes, %3 the oscillation of tunr;el splitting with respect to the
Table I. We see thay(Ay) for an oddn increases from zero g4 a10ng the hard axis is still visible, while the oscillation

while the random field becomes stronger. The random fiel suppressed completely for the width as large as 0.08 T. In

also increases the tunnel splitting of even resonant tunneling, ¢ \hen the distribution width approaches the half oscilla-
It increases about 2.7 times asbecomes as large as 0.08 T, (ion period, the oscillation due to quantum interference dis-

which resolves the puzzle that the experimental observa’tiogppears and the classical behavior—i.e., tunnel splitting in-

is about 30 times Iarger than the numerical result .fo_r th&reases monotonously witB,—is resumed. The above
tunnel splitting® A detailed evolution of the tunnel splitting analysis leads to a decohererzme mechanism for quantum in-
with the distribution width around the topological quenching g ference due to the dipolar-dipolar interactions between the
points is shown in Fig. 1. As the width of the d|str|b-ut|on is spins without dissipatiof?

proportional to (|M]), the calculated results for different The magnetization jump from the spin flipping at resonant

M are shown in Fig. 1, which are in good agreement with th,nneling can be calculated from the modified Landau-Zener
experimental observatiofsee Fig. 10 in Ref. 200ne can  ransition rate given in Eq(3). In principle the time evolu-

see from Eq(1]) that the main effect o is to provide an oy of the spin system in Eq1) can be obtained by solving
initial phase and thus shifts the oscillation. ForgFéy, e time-dependent  Schtimger equation i%(3/dt)|®)
=qg/41® and the effect of modification for nonzetw, is  _|d), which contains a set of €+ 1) coupled differen-
almost omissible. » _ _ tial equations for the model in Eql). It was showr’ that
The oscillation of the tunnel splitting fa&= 10 with vari- e coupled differential equations can be reduced to that of
ous distribution widthy’s is shown in Fig. 2. From Fig. 2, it g effective two-level system with the effective Hamiltonian.
Here we have

FIG. 2. The oscillation of\(A2) with different distribution
idth ¢'s for s=10. From top to bottoms=0.08 T, 0.05 T, 0.02
and 0.0 T.

quantum interference is suppressed by the local strayﬁield

—— ¢ =0.00T

—(10-n)gugct (AZ)/2
Het(t) = B2 togeect) 0¥

near the resonant condition, and the time-dependent state is

1E-8 7

:’; 1E-9 5 given by |® ) =a_,o(t)| —10)+aso_,(t)|10—n). The tun-
< neling splitting in Eq.(14) is \/<A2n) instead ofA, as we

discussed. Correspondingly, the magnetization jump from the
nth resonant tunneling is obtained as

AMn:<(I)eff|Sx|q)eff>|t:+oo_<(I)eff|sx|q)eff>|t:—oo-

-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20 0.25 0.30
B,(T) Numerical results are shown in Fig. 3. It is worth emphasiz-
ing that the resulting jump is modified as a rather smooth one
FIG. 1. lllustration of \(AZ) (n=0,1) around topological ~due to the local stray field. The hysteresis curves in Fig. 3 are
guenching points due to quantum interference with different distri-drawn with the initial condition ofS,=—10, i.e.a_(t
bution width o’s. =—mw)=1. As is shown in Fig. 3 the steps in the hysteresis
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laxation timer, due to the dipolar-dipolar interaction. This
- === means that the field sweeping rate-co~A,/(2ugScr).
y : In Fey,**® the ground-state tunneling\o~10" 'K,
——0=0.05T s ~10 ° sec, andt, is estimated to be 1F T/sec., which is
---- 6=0.02T ) : in good agreement with the experimental conditiéf.On
09 ---ev-- 6=0.00T / : the other hand, a finite distribution of tunnel splitting due to
] ' : the local stray field has a deeper impact on the magnetic
relaxation. If all the spins tunnel with the same tunneling
rate, the magnetic relaxation should obey the exponential
law, i.e.e 't wherel'=2P ,c/A, whereA is amplitude of
the ac field used in the experiméfitinstead, in the present
picture, there is a finite distribution of tunnel splittipgA )
: : : . i . which will lead to a finite distribution of the relaxation rate
0.4 0.6 0.8 1.0 1.2 p(T') characteristic of a complex system like spin gl&ss.
Consequently the resulting relaxation will obviously deviate
FIG. 3. Hysteresis curves with different distribution width gg&rimgnﬁsolrggrl?he?);%c;?;;gavlv“:%v; pars)viggze(;\l/see?/vr:gret.he
TS We have studied the effect of dipolar interaction between
o ) ... giant spins in the molecular magnetsgfhe the mean-field
curve are smeared gradua_lly with increasing the d'St”bUt'_O%pproximation which leads to a Zimman term of the spin in
width of the local stray field and the observed curve ing jocal stray field. Our main observation is that the topologi-
experimertt® can be recovered from the present theory.  cal quench due to the quantum phase interference of tunnel
In this paper, the local stray field is treated as a “frozen” yaths js suppressed by the finite distribution of the local stray
one inside the resonant window. Strictly speaking, both thgig|q and the steps in the hysteresis curve corresponding to
width and mean value of the distribution of the field shouldqq resonant tunneling are explained theoretically. Thus we
vary with the time-dependent magnetization during the résogoncjyde that the dipolar-dipolar interaction leads to the de-
nant_ tun_nehng. However, it shoul_d.be noted that a “frozen” conerence of quantum tunneling ingEeFinally it is worth
distribution is based on the validity of the Lar_1dau—Zenerpoimmg out that the mechanism of decoherence may not be
model. If the spins “feel” the change of the local field due 10 ;s jimited in Fe, but can be generalized to other molecular
spin flipping, the spin transition rate is no longer the one iNmagnets such as Mpsince the local stray field due to the

Eq. (3). In that case, one should consider the nonlineayio|ar.dipolar and hyperfine interactions always exists.
Landau-Zener tunnelif§ and the “hole-digging”

mechanisnt®! This indicates that our result is valid when  This work was supported by the Nature Science Founda-
the field sweeping rate is not too small such that the evolution of China under Grant No. 10075032, the Fund “Na-

tion of the local field is relatively slower than the sweepingnomic Science and Technology” of Chinese Academy of Sci-
field. Namely, the overlap time of two levels in resonanceence, a RGC grant of Hong Kong, and a CRCG grant of the
71~A,/(21gS0 should be less than the characteristic re-University of Hong Kong.
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