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More evidence for a distribution of tunnel splittings in Mn 1o—acetate
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In magnetic fields applied parallel to the anisotropy axis, the magnetization ¢f Mrs been
measured in response to a field that is swept back and forth across the resonances corresponding to
stepsN=4,5,...9. The fraction of molecules remaining in the metastable well after each sweep
through the resonance is inconsistent with expectations for an ensemble of identical molecules. The
data are consistent instead with the presence of a broad distribution of tunnel splittings. A very good
fit is obtained for a Gaussian distribution of the second-order anisotropy tunneling paratpeter
=—In(|E//2D). We show that dipolar shuffling is a small effect and is not responsible for the
nonexponential relaxation. @003 American Institute of Physic§DOI: 10.1063/1.1543857

In the single molecule magnet Nhracetate, The magnetization of small single crystals of
(IMn150;5(CH;C0O0),4(H,0),]- 2CH;COOH- 4H,0), a Mnj,—acetate was determined by methods described
recent study of the magnetic relaxation at temperatures be-elsewher€. The relaxation of the magnetization was studied
low 0.5 K for different sweep rates of a magnetic field ap-for each observable ground state resonance as follows: start-
plied along the longitudinaleasy axis have yielded evi- ing from zero magnetization, the external field was swept

dence that the symmetry breaking term that drives thdrom zero up to and beyond a given resonahcéVhen the
tunneling in this material is locally varying, broadly distrib- field reached the middle of the plateau just above $tejt

uted second-order anisotropy which is forbidden by the teWas reversed and swept back across this resonance. When

tragonal symmetry of the Ma—-acetate crystal, but which is the field reached the middle of the previous plateau, the field
presen n real ysals dus pernaps to ongange eyl SUSPL D20 P 2 e Process s et
dislocation$ or local chemical environmenrtOther studies ' P b

. . . o resonancedN=4,5,...9, as shown in the normalized magne-
have yielded corroborating evidenteThe distributed tization curves of Fig. 1. The turning points were chosen so

second-order transverse anisotropy gives rise to a distribu-
tion of tunnel splittings. In this article, we present additional
experimental evidence that the tunnel splittings are broadly
distributed.

The Hamiltonian for Mnp,—acetate is given byH
=—-DS2—AS —g,ugH,S,+ V1, where the anisotropyD
=0.548(3K, the fourth-order longitudinal anisotropp
=1.173(4)X 10 2 K, g, is estimated to be 1.9%),° andV+
contains all symmetry-breaking terms responsible for the ob-
served tunneling. For temperatures below approximately 0.5
K, it has been shown that essentially all the tunneling pro-
ceeds from the ground state level = —10 of the meta-
stable well® Ground state tunneling, indicated by the arrow
in the double-well structure in Fig. 1, occurs at magnetic
fields: H,=N(D/g,ug)[1+ (A/D)(N?— 20N+ 200)],
whereN= —(m+m’) is the step number. The data reported Field (T)

in this article were obtained at 0.25 K, where only ground

state tunneling is observed. FIG. 1. Normalized magnetization vs magnetic field for a field that is swept

back and forth across each resonance. The field was swept at a rate of

|dH,/dt|=5.83 mT/s. The upper inset shows the labeling described for the

dAuthor to whom correspondence should be addressed; electronic maifirst few oscillations forN=7. The arrow in the lower inset designates
mertes@sci.ccny.cuny.edu tunneling from the ground state of the metastable well for tefb.
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that the amplitude of the field oscillations were the same for 0.5
eachN and the turning points of the field occurred near the
center of a plateau. The field was swept at a tetd,/dt| 0.4l
=5.83 mT/s. e
As the field is swept back and forth across the field reso- :?:
nance, the magnetization relaxes in steps. The manner ir.g 0.3
which it relaxes is expected to be different for a set of iden- '3
tical molecules than for the case of a distribution of tunnel %
splittings. We will show below that an ensemble of identical ﬁ

0.2}
-3.6f

molecules cannot describe the data presented here. A methc 2 o agl

of fitting different distributions to the magnetization data will & 0.1} N= _3:9_

be developed, and an excellent fit is obtained for a lognormal™ N=9 a1k
Gaussian distribution. It will also be argued that dipolar N=8 ) 34567809N
shuffling® would produce an asymmetry in the steps which is 0 100 200 300 400 500 600 700
not observed. Oscillation Number, j

The fraction of molecules remaining after each step can

be determined from the magnetization curves. At the turnin{'G' 2. Fraction of molecules remaining in the metastable well as a function
f the oscillation numberj. With a Gaussian distribution ofXg

points labeled by o,f1,f5,..., forN=7, shown in the upper _ —In(|E|/2D), the fits to Eq.(1) for eachN shown by the solid lines are
inset of Fig. 1, the fraction of molecules remaining in the nearly indistinguishable from the measured data. The upper inset shows the
metastable well is related to the normalized magnetization bfjrst few data points foN=7 and 8 on a linear scale to illustrate that dipolar
f]_ =(1- Mj)/2, WhereMJ- is the normalized magnetization at z?t:;fglgir:e;?eg;m;! efoects. The lower inset shows the dependence of the
the turning points of the field. For eadh Fig. 2 shows the ° '

fraction of molecules remaining in the metastable well after

each field pass plotted as a function of how many tinmes,

the field was swept past the resonance. The issue is whether The probability of remaining in the metastable well is
or not the fraction remaining after each field sweep is congiven by the incoheretft Landau—Zener—Stueckelberg
sistent with the behavior expected for a sample comprised dprmula Py=exp(—mA¥/2k|vy|), whereAy is the tunnel

an ensemble of identical molecules. splitting andv y= (25— N)g,ugdH,/dt is the energy sweep

For a set of identical molecules, the probabilRy; of rate. The tunnel splitting can be calculated through high or-
remaining in the metastable well for resonahtis the same  der degenerate perturbation theory. For the case of second
for each molecule. If the fraction of molecules in the meta-Order transverse anisotropgieglecting the fourth order lon-
stable well before sweeping past théh resonance i§y,,  ditudinal anisotropy the tunnel splitting has the forndy
then the fraction of molecules remaining in the metastable= 7nIn(|E[/2D)*N, where
well after swegping the field thrqugh.the resonance gfter 2D (25—N)I(29)!
passes of the field igy ;=fy o(Py)’. This form implies that gN:[(ZS— N—2) 112 !
for a set of identical molecules$y, ; would depend exponen- o '
tially on j, and a semilog plot of the remaining fractidg ; and we seD=0.65 K (instead ofD=0.548 K) to compen-
versus the number of oscillatiopshould yield straight lines
for eachN. As can be seen in Fig. 3, which shows the data of
Fig. 2 on a semilogarithmic scale, this is not the case. The
simple assumption that all the molecules are identical is
clearly inconsistent with our data.

We now consider the case of a distribution of tunnel
splittings. Chudnovsky and Garafioalculated the effect of %%
such a distribution due to transverse anisotropies caused bj_°°0.10
crystal dislocations which produce deformations that require. .
inclusion of a magnetoelastic term in the Hamiltonian. The
dislocations give rise to a transverse anisotrcﬁm@&f—Sﬁ)
that varies with the distance from the dislocation. Thus, the
second order transverse anisotropy prefakta distributed.
Alternatively, Corniaet al2 have pointed out that there are

tion Remainin
=)
o
ey

5,

i ,
six different isomers of Mp—acetate, four of which are only '.'I\I=9"£:¢l"§=8

Frac

twofold symmetric. This lowers the symmetry group for the 0 50 100 150 200 250 300 350 400
Hamiltonian and also perm|.ts inclusion of IocaI_Iy varying Oscillation Number, j
second-order transverse anisotropy terms. In either case, a
distribution of second-order anisotropy gives rise to a distri-FIG. 3. The fraction of molecules remaining in the metastable well should
bution of tunnel splittings. The following analysis is valid have an exponential dependence on the oscillation numpésr an en-

. L . emble of identical molecules. Since the data is not linear on a semiloga-
regardless of the origin of such a distribution of the seconGitmic piot, our results are inconsistent with expectations for identical mol-

order transverse anisotropy prefackr ecules.
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sate for the neglect of the fourth order term. For e?¢n now above the resonance field and vice versa. For the long
En=S—N/2 and py=1. For oddN, {&y=S—(N—1)/2 and thin sample studied here a&40um, b~40um,
pn=N/221 c~150um), this is expected to introduce an asymmetry be-

For an arbitrary initial distributiorfo(E) the fraction of ~tween up and down sweeps: during an up sweep many of the
molecules remaining in the metastable well with a transversgipole-shuffled molecules will skip the resonant field result-
anisotropy prefactor betweeB and E+dE is T,(E)dE N in & lower tunneling rate while during a down sweep
=P1(E)~fO(E)dE, where P,(E) is the probability of re- molecules will have gddltlonal opportun|t|e§ to tunnel giving
maining in the metastable well for thé=1 resonance. In- an enhanced tunneling rate. This would yield a tilted stair-

: . : case for the curves shown in Fig. 2, with successive points
tegrating over all possible transverse anisotropy prefactors, . .

. ; L ying above and below the curve expected in the absence of

one obtains the fraction of molecules remaining in the meta-

stable well after having swept the field entirely through thedIIOOIar Shl.Jfﬂmg' The (_jata plotted on an expa_nded SC"’_"? n
o ~ i the upper inset of the figure show that the fraction remaining
resonance,f;= - P,(E)fo(E)dE. The total fraction of

varies smoothly with oscillation number. We conclude that

moIecufs frﬁg‘i'n'lg md tfhe hmetastabﬂ:: well after having,, the zero-field cooled samples studied here, dipolar shuf-
swept the field back and forth across We=1 resonance fling is not responsible for the nonexponential behavior.

times is, f1;=f"Z(P1(E))/To(E)dE. Note that forN>1,

the field is swept once through each of the lower resonances. Work at City College was supported by NSF Grant No.
Therefore, the fraction of molecules remaining in the metaDMR-0116808 and at the University of California, San Di-

stable well, after sweeping the field back and fgrtimes ~ €go by NSF Grant Nos. CHE-0095031 and DMR-0103290.

across resonand is given by Support for G. C. was provided by NSF Grant Nos. DMR-
N—1 0103290 and CHE-0123603. E. Z. and H. S. acknowledge
+ oo . .
_ iF the support of the Israel Science Foundation Center of Ex-
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. Jfoc k[[o PUE)(PN(E) To(E)IE, @ cellence Grant No. 8003/02.

WhereHE;olPk( E) determines how much of the distribution 1k . Mertes, Yoko Suzuki, M. P. Sarachik, Y. Paltiel, H. Shtrikman, E.
remains after having swept through the previdlis1 reso- Zeldov, E. M. Rumberger, D. N. Hendrickson, and G. Christou, Phys. Rev.
nances andPy(E) is the probability of remaining in the Lett 87, 227205(2000. _ .
metastable well for thélth resonance. Equatiofi) can be = M- Chudnovskyand D. A. Garanin, Phys. Rev. L8R 187203(2001;

. ) . L D. A. Garanin and E. M. Chudnovsky, Phys. Rev6g 94423(2002.
used to model the data shown in Fig. 2. Different distribu- sa. comia, R. Sessoli, L. Sorace, D. Gatteschi, A. L. Barra, and C. Daigue-

tions fo(E) can be chosen and all the curves in Fig. 2 should&ognei(P’{AePA””’EIConf'mﬁlﬂgllljzll@gﬁh_” 4P A Rikvold. Phve. R

. . f _.ar,..ovony,..aa,.l,an . A. RIKvOId, yS. ReV.
b.e. fit S|multaneou~sly for the same choice of parameters de-g'o-"1)1562002: B. Parks. J. Loomis, E. Rumberger, D. N. Hendrick-
fining the shape of o(E). son, and G. Christoubid. 64, 184426(2002).

An excellent fit to the data is obtained for a log-normal °A- L. Barra, D. Gatteschi, and R. Sessoli, Phys. Re@638192(1997;
M. Hennion, L. Pardi, I. Mirebeau, E. Suard, R. Sessoli, and A. Caneschi,

etrih I r — a— (Xg—Xq)?/40?
distribution of the form T(Xg) =e~ Xe~ %0 7, whereXg ibid. 56, 8819(1997; Y. Zhonget al, J. Appl. Phys85, 5636(1999; I.
=—In(|E)/2D). This form captures the behavior remarkably Mirebeau, M. Hennion, H. Casalta, H. Andres, H. U.daly A. V. Irodova,
well for all observed resonances, and is indistinguishable and Ai) Caneschi, Ph>|’5|- Rev. ';1933» 628 (19?93 S. "('j'": J. A Qﬂié
from the data shown in Figs. 2 and 3. However, rather than ggrgzsg%ggg' S. Dalal, T. Hathaway, T. Stalcup, and J. S. Braioiks,
being constant, the parame®éy required for a best fit was s p. kent, Y. Zhong, L. Bokacheva, D. Ruiz, D. N. Hendrickson, and M.
found to vary weakly with step numbé. The values o, P. Sarachik, Europhys. Le#9, 521(2000; K. M. Mertes, Y. Zhong, M.
chosen for eaclN in the fit are shown in the lower inset to P Sarachik, Y. Paltiel, H. Shtrikman, E. Zeldov, E. Rumberger, D. N.
. . _— . _ Hendrickson, and G. Christoihid. 55, 874 (2001).
Flg.'2. The width of the dIStrIbL'Jtlomr—0.0.98. 14 Wa§ con- K. M. Mertes, Y. Suzuki, M. P. Sarachik, Y. Paltiel, H. Shtrikman, E.
strained to be constant for the fit. The variationXgfwith N Zeldov, E. M. Rumberger, D. N. Hendrickson, and G. Christou, Phys. Rev.
could be due perhaps to the existence of other symmetry-B 65, 212401(2002.
breaking terms in the Hamiltonian. In our previous studies, 8 A magnetic field was swept back and forth acrossihe0 resonance in
deviations from full scaling were attributed to a small admix- ,-% Py W. Wemsdorfert al, J. Appl. Phys87, 5481(2000.
. L J. Liu, B. Wu, L. Fu, R. B. Diener, and Q. Niu, Phys. Rev6B 224401

ture of tunneling due to transverse magnetic fields. (2002.

“Dipolar shuffling” has been recently proposed as an°p. A. Garanin and E. M. Chudnovsky, Phys. Rev56 11102(1997; V.
explanation for an unexpected dependence of tunnel split-V. Dobrovitsky and A. K. Zvezdin, Europhys. Lef(i‘& 3;7(1997): M. N.
: ; Leuenberger and D. Loss, Phys. Rev6B 12200(2000.
tings on sweep raﬂé).Thls.effect refgrs to Fhe fact that when 1L, D. Landau, Phys. Z. Sowjetunidh 46 (1932; C. Zener, Proc. R. Soc.
a molecule tunnels, the internal dipole fleldg are locally al- | gndon, ser. A137, 696(1932; E. C. G. Stueckelberg, Helv. Phys. Acta
tered so that some molecules that were previously below ares, 370(1932.

Downloaded 15 Jan 2004 to 212.199.50.186. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



