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Nonexponential relaxation and quantum tunnel splitting in the molecular magnet Fg
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Magnetic relaxation in molecular magnets under a sweeping field is studied by taking into account local
stray fields. It is found that the randomness of local stray field leads to a distribution of the relaxation rate
which subsequently makes the relaxation deviate from the exponential law as predicted by the Landau-Zener
model such that the Landau-Zener method needs to be revised to deduce an exact tunneling splitting. The
tunneling splitting and distribution width of local stray fields are derived from the experimental data for
molecular magnets ke
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Magnetic relaxation by quantum tunneling in high spin ponential law we can derive the two quantities from experi-
molecular magnets has become an attractive field of researchental data of molecular magnetsgFsiccessfully.
in recent years~® One of the well-studied systems is octa- The biaxial spin model for the molecular magnets; Fe
nuclear iron(lll ) oxohydroxo clusters e which has a well-  with a local stray field is written &&'%22
defined temperature-independent region below 0.3 %K.

Theoretically the key to understanding magnetic relaxation H=K;S;+K,S —gusS (B+h), (1)

by the quantum tunneling is the tunnel splitting. The tunnel . . . .
s?ollittingqand the magnetgation relaxationpare %onnected Vi hereK1>K2>Q, andB is the app!lgd magnetic f|el¢1 IS

the Landau-Zener mod&517Since the Landau-Zener tran- 1€ local stray field which may originate from the interac-
sition rate is explicitly related to the tunnel splitting, the tions b_etween th_e giant spin and the gnwro_nmgntal SpIns
measurement of the change of the magnetization after on(érICIUdIng other giant spins or nuclear s_pm"éq sw_nplllfy the_
sweep over the resonant point can give the tunnel splitfing. problem We assume th."th"?‘s a Ggusglan distribution with
Usually the tunnel splitting is very smallike the ground- an equal distribution width in all directiorts,

state tunneling of kg, and the transition rate due to tunnel- 1

ing is also very low. One sweep cannot lead to an observable _ i h\2/9.2

magnetization relaxation. In this case, the tunnel splitting is P(h= o2 72~ (N~ ho)%/207]. @
determined by the Landau-Zener metHodmultisweeps are

done and the tunnel splitting is deduced from the experimenSince our main interest is the magnetization relaxation under
tal data in a short time region. Up to now, the Landau-Zene® sweeping field, the external magnetic field is taken to be
method > has served as a basic tool to study quantum tunB={B,,0,0}: B,=nAB=*ct wheren is integer,AB is the
neling in molecular magnets and many other interesting phefield interval between neighboring resonant tunneling, and
nomena including the oscillation of tunnel splitting with re- c=dB,/dt. In the following calculation, we takeK,
spect to the field along the hard axis and the parity effect for=0.321 K, K,=0.229 K for the molecular magnets &

odd and even resonant&®'°The tunnel splitting from the When the field along the easy axis is sweeping over the
Landau-Zener method is found to be sweeping-rate indeperiesonant fieldnAB, the biased local stray field, will be
dent and agrees with the result found by using a square-rogompensated by the sweeping field which brings spins into
decay method-® However, there is still a puzzle that mag- the resonant tunneling and leads to a continuous relaxation.
netization relaxation under a sweeping field shows a clealf we omit the transverse component of the local stray field,
deviation from the exponential behavior as predicted by théhen all the spins will have the same tunneling rate inside the
Landau-Zener modél° Such a consequence may lead to aresonant window. The resulted relaxation is the simple expo-
question of how the tunnel splitting is deduced from thenential decay according to the Landau-Zener médel,
experimental data in short time region exactly. This is the

main motivation of the present paper. M(t)=Mqe ', )

In the present paper, we start with the biaxial spin model ) .
with a local stray field to study the magnetization relaxationVherel'=kPzc/A andZPLZ is the Landau-Zener transition
behaviors. It is shown that the “uncompensated” transversé@(€, PLz=1—exp(-mAy/vc), A, is the tunnel splittingy,
component of the local stray field leads to a distribution of=29uxgf(2s—n), k=2 forn=0, k=1 forn=123...,
relaxation rates which makes the relaxation in molecula@NdA is the amplitude of the ac field used in the experiment.
magnets follow a different mechanism as in some complexn the low transition rate limit, i.e.2, z<1, which holds for
systems like spin glag8:?* Our analysis shows that the re- the Fg system;” the above equation leads to
laxation is determined by two independent quantities: the 5
tunnel splitting and the distribution width of the local stray In M(t) _ km }( WAH) @

. . . . - + +
field. Although the magnetization relaxation deviates the ex- Mg v, AT 2\ y,C At
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In the Taylor series expansion, one has 1- 6=0.08T, h =c/4
’\3& O odd resonance
Mo—M(t) kmt 1| (kwt\? 7%kt P A even resonance
2 4 \ T,
— = -5 + Ap+---. 1
Mo AT 2 VnA) yﬁCA .

(4)

In a short time region, we can keep the first term on the right
side of Eq.(4), and then the tunnel splitting,, can be de-
duced from the magnetization relaxation of the molecular
magnets.
However, the tunnel splitting strongly depends on the \

strength of the transverse local stray field. In other words, the 0o o1 02 03 04 05
local stray field will leads to a distribution of the tunneling

splitting, and furthermore a distribution of the relaxation
rates. Consequently, the resulted relaxation is modified as  FIG. 1. Short time relaxation behavior for both odd and even

resonant tunneling witle=0.08 T andhy= o/4.

In(M/M,)

M(t)=M0J dhP(h)e Tt (5)
h the relaxation deviates strongly from the exponential law. On
where the other hand, consider the local stray fields one obtains
I'(hy={1—exd — mA2(h)/v,c]}kc/A. (6)
. .{ , 8 (e} _ Mo—M(t) kat , 1 (km 2+ w2kt A%+
;r:ihtgggc’ezlgspllttmgﬁn(h) can be calculated by the instanton Mg VAV TS DA yﬁcA n )
’ (10)
2/ 11y 2
An(h)=y=(h)Aq, @) where (X)= [dhP(h)X. Comparing with Eq.(4), one can

where the renormalized factor is caused by the local strage® that the tunnel spliting determined frofiM ()
field, y.(h)=[cosh(zjh)=cos(2;h,)})/2 and = stands for ~—Mol/Mg under such an apprommatlomgAnz) instead of

the even and odd resonant tunneling. A, . From Eq.(7), one has
Ous (7 db V(AD)=Q. A, (11)
T K nag @
10, —Zsir12¢>— 9uenas where the averaging renormalization factor due to the local
Ky 2sK, stray fields is

q=gupsm2(KK,—K3)'2 and A, is independent of the

; iti irfy 1 2
transverse field. In the low transition rate liffritwe have Q.= [ezqz"zcosr(tho)ie‘Zdn"cos{dnho)]”Z.

2
MO =M, [ dP(exp—y.(let), @ 12
) Dependence o .. on the distribution widthr is plotted in
wherel'o=kmAfo/ (vA). Fig. 2. It is seen tha®.. increase rapidly with increasing

The above equation shows that, in the low transition rate
limit, the magnetic relaxation is sweeping-rate independent,
provided that the sweeping rate is large enough, namely, for 2
dB,/dt=1.0 mT/s*?%In the absence of the transverse local
stray field, i.e.P(h) = &(h), we haveM (t)=Mgye "' for an
even resonant tunneling amd(t) =M, for an odd resonant
tunneling as expected. The effect of the transverse local stray
field can be observed by doing the integration in E®). o 24 4
Numerical result$ as shown in Fig. 1 show that the magne- 2
tization relaxation deviates apparently from the exponential -
decay as the distribution width becomes larger than 0.03 T,
which is in qualitative agreement with the experimental mea-
surement. The nonexponential decay indicates the Landau- 0 . : . : |
Zener model cannot be applied to measure the tunneling
splitting explicitly. In fact, for a system with a distribution of
relaxation time, the resulted relaxation can be a large variety FiG. 2. Illustration of the dependence @f. on the distribution
of shapes of deca** The above analysis shows that we width . The dashed and solid lines represent @r and Q_,
cannot deduce the tunnel splitting according to @y when  respectively.
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FIG. 3. Relaxation curve of ground state tunneling in thg Fe 0- e '--"'"““”” ||||”||"'”'“““' 4 }
molecule using a sweeping field witA=7.2495<102 T and 6 8 10
dB, /dt=1.4 mT/s. Ad O‘8K)

L FIG. 4. Distribution of ground-state tunnel splitting for agFe
and become coincident a_zs>0.08 T. For an even reso- model with higher-order te?rﬁ:(SiJrS‘l) in Hamilfoniar? undersa
nance,Q. =1, and y(A;) is always larger than the exact |ocal stray field with a Gaussian distribution.C —2.95
tunnel splittingA o, while for an odd resonance, the tunnel x 1075 k).

splitting \/<A2n) is not always quenched once the local stray
field appears.

Now we are ready to derive the tunneling splitting from
the experimental data of geThe experimental data of the
ground-state tunneling in ke were provided by
Wernsdorfef® To fit the experimental data we chookg
=6.5x10 %/sec ando=0.05 T. Both theoretical and ex-

rate approximation becomes valid for a sufficiently lamge
the transition rate is independent®fThis is consistent with
the experimental measurement. Another problem is that the
above analysis is based on the adiabatic approximation. It is

perimental results are plotted in Fig. 3. One can find that Oupssumed that all the spins havg §uff|p|ent time to tu_nngl no
analytic result fits the experimental curve quite well. TheMatter how small the tunnel splitting is. When the distribu-
estimated value-=0.05 T is consistent with the linewidth of tion width of the local stray field is taken into account, the
the resonance for E& However, the hole-digging methdél distribution of tu_nnel splitting becomes qL_Jit_e large. Approxi-
gives a value of 0.03 T, which is smaller than what we esti-mately there will be a cutoff tunnel splitting nc=nc/
mated. The tunnel splitting from the chosEgis A,=7.85  Such that the spins with the tunnel splitting lower thag,
X 10~ 8 K, and the renormalization factor i@+(0’ will have no sufficient time to tUnnéE'ZS To find out the
=0.05 T)=1.292. Therefore we have (AZ)=1.01 distribution of the tunnel splitting due to the local stray field,
%107 K, which is very closed to 1010 7 K in the con-  We have made Monte Carlo simulation forgFsystems with
ventional Landau-Zener model by Wernsdortgral*® So  higher-order terms in the Hamiltonian. The resulted distribu-
what measured in the Landau-Zener mode|{a2) instead tion of tunngl splitting is plotted in Fig. 4 far=0.05 T. The .
of A, in the short time limit. ClearlyA, andm are two  tunnel splitting spreads over _about 2 to 3 orders which is
different concepts. For Resince the averaging renormaliza- MUch narrower than that in Mg molecules due to
tion factor is as large as 1.292, we should consider the effedislocation.>*>As the local stray field from dipolar-dipolar
from the local stray field. Our result shows that the magne®r hyperfine interaction in Mp is stronger than that in e
tization relaxation is determined by the tunnel Sp||tt|ng andmOIGCUIGS and dislocation will lead to a wider distribution of
the distribution width of the local stray field. The later quan-the tunnel splitting. The Mp system will have a much wider
tity leads to the relaxation deviating from the exponentialdistribution of relaxation time than gesystem. It implies
decay. On the other hand, after the local stray field is introthat the magnetization relaxation in Mrsystem will deviate
duced, the main modification to the kinetic equation of thefar away from the exponential decay.
relaxation is to replaca o with \(AZ) in the low transition In conclusion we have studied the effect of the local stray
rate limit. field on the magnetic relaxation under a sweeping field in
It should be noted that the tunnel splitting from the ex-Fe molecules. The uncompensated transverse local stray
perimental data is sweeping-rate independent since the mafjeld leads to a distribution of the transition rate such that the
netic relaxation is independent of the sweeping rate when relaxation deviates from the exponential law. The interplay
>1.0 mT/sec. From Eq6) we found that, rigorously speak- of the quantum tunneling and the distribution of the local
ing, the magnetization relaxation depends on the sweepingiray field determines the magnetization relaxation. Based on
rate ¢ via the expression fof (h). However, the largec  this picture we proposed a revised scheme to deduce the
leads to a smaller transition rate. When the low transitiortunnel splittingA, from experimental measurement instead
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of the conventional Landau-Zener method. Our conclusion The authors thank W. Wernsdorfor for his providing the
can be generalized to other molecular magnets since the locakperimental data in Fig. 3. The work was supported by a
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