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Resonant magnetization tunneling in Mn12 acetate:
The absence of inhomogeneous hyperfine broadening

Jonathan R. Friedman*
Department of Physics and Astronomy, The State University of New York at Stony Brook, Stony Brook, New York 11794-3

M. P. Sarachik
Physics Department, City College of the City University of New York, New York, New York 10031

R. Ziolo
Wilson Center for Research and Technology, Xerox Corporation, Webster, New York 14580

~Received 13 July 1998!

We present the results of a detailed study of the thermally assisted-resonant-tunneling relaxation rate of
Mn12 acetate as a function of an external, longitudinal magnetic field and find that the data can be fit extremely
well to a Lorentzian function. No hint of inhomogeneous broadening is found, even though some is expected
from the Mn nuclear hyperfine interaction. This inconsistency implies that the tunneling mechanism cannot be
described simply in terms of a random hyperfine field.@S0163-1829~98!51346-X#
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The molecular magnet Mn12 acetate, with spin 10 and
large uniaxial anisotropy, has garnered much attention s
its hysteresis loop was found to exhibit steps at regular
tervals of magnetic field.1 This phenomenon, now confirme
by other experiments on this2–6 and other materials,7–10 has
been interpreted as a manifestation of resonant tunnelin
the magnetization, first suggested to occur in this system
Refs. 11 and 12. The system is modeled as a double-
potential ~Fig. 1! with energy levels that correspond to th
different projections of the spin along the easy axis. An
ternal magnetic field will tilt the potential. At specific value
of field, levels in opposite wells come into resonance a
thermally assisted tunneling between the wells becomes
sible ~solid arrows in Fig. 1!, increasing the interwell relax
ation rate and thereby producing steps in the hyster
loops. The dashed arrows in Fig. 1 schematically illustr
the nonresonant process of simple thermal activation o
the classical energy barrier~which in some cases may diffe
from the full barrier shown13!.

Mn12 acetate has been quantitatively described1,3,14by the
Hamiltonian

H52DSz
22gmBHzSz1H 8, ~1!

whereD'0.6 K represents the anisotropy energy that bre
the 21-fold zero-field Zeeman degeneracy andH 8 is a per-
turbation that does not commute withSz . ~Recent electron-
paramagnetic-resonance experiments15,16 have indicated the
presence of additional terms in the Hamiltonian that
fourth order in the spin operators.! In the absence of a
symmetry-breaking term,H 8, Sz is conserved and hence n
tunneling is allowed between levels. The symmetry ofH 8
determines a selection rule that governs which level cro
ings may give rise to tunneling. Many early theoretic
treatments17–19 of tunneling in spin systems focused on
transverse anisotropy of the formkSx

2 , which leads to a se
lection rule Dm52i for integer i . It was then somewha
surprising that this selection rule was violated1,3,20in the case
PRB 580163-1829/98/58~22!/14729~4!/$15.00
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of Mn12. That is, the rule implies that every other ste
should be missing. In fact, all steps are observed and the
no discernible difference between steps that obey the se
tion rule and those that violate it. This prompted t
suggestion20,21 that the tunneling must instead be produc
by a transverse magnetic field,H 85gmBSxHT , which im-
poses no selection rule. Since no such field was applied
ternally in the experiments, it was concluded that the tra
verse component of an internal field of dipolar or hyperfi
origin may be responsible.20 Dipolar fields have now largely
been ruled out by recent experiments.22 On the other hand,
hyperfine fields within a Mn12 cluster have been estimated
be on the order of a few hundred Oe~Ref. 23! and
estimates13,20,24have shown that this is sufficient for tunne
ing to occur between levels near the top of the energy bar
allowing the thermally assisted tunneling process illustra
in Fig. 1.

FIG. 1. Double-well potential for the Mn12 acetate, described by
Eq. ~1! with H50. The levels represent different projections of t
spin along thez axis ~different values of the magnetic quantu
numberm). For an initial excess population in the left well, th
model of thermally assisted resonant tunneling is represented b
solid arrows, while the nonresonant process of simple thermal a
vation over the classical barrier is represented by the dashed arr
R14 729 ©1998 The American Physical Society
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FIG. 2. Relaxation rate as a function of ap
plied magnetic field for the zero-field resonan
at 2.6 K. Fits to both Lorentzian and Gaussia
functions~with the same number of free param
eters! are shown. The inset shows the actual ma
netization versus time~on a semilogarithmic
scale! at 100 Oe. The long-time tail of the relax
ation was fit to an exponential~dashed line! to
determine the relaxation rate for this field value
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Much recent theoretical activity21,25–32has focused on de
termining the details of the relaxation process. Many of th
studies predict a resonance width that is much narrower
that observed, a discrepancy that has been addressed b
suming that the resonances are inhomogeneo
broadened21,26,27,30by dipolar or hyperfine fields or by mis
alignment of the crystallites in oriented-powder samples
this article, we present the results of detailed measurem
of the relaxation rate as a function of magnetic field in t
neighborhood of a resonance. We find that the data can b
with high fidelity to a Lorentzian function and show no hi
of inhomogeneous broadening. The linewidth correspond
a time scale that does not match any relevant microsc
time known for the system. We suggest that it may repres
a hitherto unrecognized component of the relaxation proc

A powder of Mn12 prepared according to Ref. 33 wa
oriented in a 5.5 Tesla field and set in a paraffin matrix in
manner similar to the procedure described in Refs. 1 and
Hysteresis loops for this sample were published in Ref.
the squareness of the loops indicates the crystallites w
well oriented. Measurements were performed with a Qu
tum Design MPMS-5 magnetometer; the superconduc
magnet was quenched prior to taking data to eliminate
remanent field. We estimate the misalignment of a typi
crystallite to be'1 degree. For the largest magnetic field
500 Oe applied in the present study, this misalignment c
responds to a maximum unintentional transverse field
'9 Oe, a value much too small to have any effect on
tunneling, which is thought to be produced by a transve
field of several hundred Oersteds.

Measurements were performed as follows. The sam
was cooled in zero field from 5 K~where the sample is
superparamagnetic! to below the blocking temperature of
K. After allowing the system to thermally stabilize, a ma
netic field was applied and the magnetization was meas
e
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as a function of time to obtain its relaxation rate. W
note20,34 that the field experienced by a molecular cluster
the superposition of the externally applied field and the
ternal mean dipolar field produced by the other cluste
Compared with measuring the relaxation from a finite ma
netization towardM'0, the above procedure provides th
advantage that the internal field associated with the chang
the sample magnetization changes little compared to the
ternally applied field, so that the total field is almost co
stant.

A typical relaxation curve is shown on a semilogarithm
scale in the inset to Fig. 2. As noted in several previo
publications,1,20,35,36 the single-exponential relaxation ex
pected for a sample ostensibly comprising identical m
ecules is not observed. We suggest that this may be du
slight variations in the local environment of the clusters, p
haps related to the number of proximal molecules of sol
tion. To eliminate the effect of such variations, we measu
the longest relaxation time by fitting the long-time tail of th
relaxation to a single exponential, as shown in the inse
Fig. 2. The high quality of the fit indicates that all fast
processes have died out. The relaxation rate obtained
way at 2.6 K is plotted as a function of applied field in th
main part of Fig. 2.37 The qualitative signature of resona
tunneling is apparent: when the field increases from zero,
relaxation rate decreases as matching levels in opposite w
become detuned. The figure also shows the results
fitting the data to a Lorentzian and to a Gaussian, each
perimposed on a background of the formGnonres
cosh(gmBSH/kBT), which represents the nonresonant, ov
barrier part of the relaxation.38 The Lorentzian fit is excellen
while the Gaussian fit clearly is not, failing especially in th
tails.

On a semilogarithmic scale, Fig. 3 shows data taken
four different temperatures, as indicated. A Lorentzian fit



t
K

t-

ic
re
rg
e

t
o
n

rg

n
nc

a
d

s
le
n
d-
i
in

It

ri
ts
of
l
ge

mo-
fine
the
res
re-

n-
al

r-
mag-
cy
p
lds

ed
ian

ort
rel-

a
atic
be a
ge-
oad

field
the
er
ach
so-
l-
erse
ory
odd
inho-
so-

n of
rin
di-

ob-
om-

ible

hat
eso-

of
des,
10

re-
9
re-
er-

uld
ect

ag
ra
ow

RAPID COMMUNICATIONS

PRB 58 R14 731RESONANT MAGNETIZATION TUNNELING IN Mn12 . . .
applied to each set. From these fits the full width is found
be 267, 236, 270, and 271 Oe for 2.5, 2.6, 2.7, and 2.8
respectively. This is consistent with the width found by fi
ting ac susceptibility data to a Lorentzian.6 The present ex-
periments were limited to a small temperature range in wh
a large portion of the relaxation could be measured in a
sonable time. Because of this limitation, the effective ene
barrier ~an Arrhenius plot! could not be deduced from th
data, as has been done in ac measurements.6,12,39 However,
one can get a crude estimate of the difference in the heigh
the energy barrier on resonance and off resonance if
assumes that in both cases the relaxation obeys an Arrhe
law, G5v0e2U/kT, with a prefactorv0 that is approximately
independent of field. Then, the change in the effective ene
barrier,DU, is given byDU5T ln@G(H50)/Gnonres#. The fits
then yieldDU53.58, 4.73, 5.00, and 5.40 K forT52.5, 2.6,
2.7, and 2.8 K, respectively.

The absence of any apparent inhomogeneous broade
of the resonance is quite unexpected. Since all resona
appear to have the same height,1,3,20 the tunneling must in
large part be driven by a transverse magnetic field of at le
a few hundred Oe.20 The most likely source for such a fiel
is the Mn nuclear spins. This has been estimated23 to be
300–500 Oe. We stress that even were the hyperfine field
play no role in the tunneling, their presence is neverthe
expected and should give rise to inhomogeneous broade
of the resonance. Luiset al.6 have suggested that the broa
ening they observe is due at least in part to interactions w
hyperfine and dipole fields. We note, however, that such
teractions should give rise to a Gaussian line shape.
puzzling that no such broadening is observed.

There are now numerous theories of relaxation in Mn12,
but none are able to provide accurate, quantitative desc
tions of the resonance line shape and linewidth. Dobrovi
and Zvezdin27 have considered a model of tunneling out
the ground state that predicts a resonance width severa
ders of magnitude lower than that observed. They sug

FIG. 3. Semilogarithmic plot of the relaxation rate versus m
netic field for the zero-field resonance at four different tempe
tures, as indicated. Each data set was fit to a Lorentzian, as sh
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that the larger observed widths are associated with inho
geneous broadening due to random dipolar or hyper
fields. We note that the discrepancy may in part be due to
fact that the relaxation is thermally assisted at temperatu
as low as 750 mK and there is evidence for temperatu
dependent relaxation even as low as 60 mK;40 therefore it
seems unlikely that the observed relaxation~especially the
present data! can be described in terms of ground-state tu
neling. In a calculation that does not incorporate therm
activation, Gunther28 has calculated the width of the hyste
esis steps and concludes that a dynamical transverse
netic field must be invoked to account for the discrepan
between his theory and experiment. Prokof’ev and Stam26

have argued that the dynamics of hyperfine and dipolar fie
must play a role in the relaxation and explicitly calculat
how the hyperfine interaction should give rise to Gauss
broadening of the resonance.~In more recent work,31 the
same authors offer a calculation of the relaxation at sh
times and very low temperatures; those results are not
evant to the present study.!

Garanin and Chudnovsky21 ~see also Friedman34! have
treated the relaxation of Mn12 using a model of thermally
assisted tunneling in which the tunneling takes place from
level near the top of the barrier and is produced by a st
transverse magnetic field. They predict the resonance to
superposition of Lorentzians, and also invoke inhomo
neous broadening by random fields to account for the br
resonances observed. Fortet al.29 have offered a calculation
of the resonance line shape that fits the data for the zero-
resonance reasonably well. Their calculation is based on
assumption that the tunneling is driven by a fourth-ord
transverse anisotropy. As the authors note, this appro
fails to account for the presence of half of the observed re
nances. Luiset al.30 considered a model in which the tunne
ing is driven by both a transverse anisotropy and a transv
field. This allows all the resonances, although their the
does predict some difference in amplitude between the
and even resonances that has not been observed. Here,
mogeneous broadening is invoked to smooth the multire
nant results into a single peak.41

Some theories have attempted to explain the relaxatio
Mn12 in terms of mechanisms other than tunneling. Bu
et al.25 have suggested that the relaxation can occur via
polar flip-flop processes. This possibility has now been
viated by measurements that show that the resonant phen
enon is substantially unchanged when the Mn12 molecules
are dispersed in a glassy matrix and thereby have neglig
dipole interactions.22 Very recently, Garg32 has suggested
that the relaxation may be due to a lattice distortion t
occurs when levels near the top of the barrier are near r
nance. This theory implies a correlation between the width
the resonance and its height and therefore, Garg conclu
the effective barrier is reduced on resonance by about
mK; in contrast, experiments indicate that the barrier is
duced by several Kelvin~see above and also Refs. 6 and 3!.

How to interpret the observed line shape and width
mains an open question. One tempting, but unlikely, int
pretation is that the line shape represents the bare~coherent!
tunneling rate. If this were the case, then the linewidth wo
be a sensitive function of applied transverse field, an eff
that is not borne out by experiments.5 Another interpretation
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is that our results reflect the natural line shape of the lev
that are involved in the tunneling, the width then being
measure of the levels’ lifetimes. If we assume that the t
neling is occurring between, say, levelsm53 andm523,
then the observed width of'250 Oe corresponds to a life
time h/gmB(2m)H of 2.5310210 s. While this is typical of
spin-lattice relaxation times in many magnetic systems,
note that the measured Arrhenius prefactort0(52p/v0) for
Mn12 is around 1027 s and it is this number that i
expected42 to characterize the typical lifetime of excite
states in the system. We note this value fort0 is anomalously
large for superparamagnetic systems, a fact that has
addressed theoretically.42 It seems, then, that there are thr
time scales involved in the relaxation process:t0 , the tun-
neling time and the time scale corresponding to the re
nance width, whatever its meaning.
els
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To summarize, the data presented here leave two my
ies: ~i! Why, even in the presence of significant hyperfi
fields, is there no apparent inhomogeneous broadening o
resonances?~ii ! What is the origin of the observed Lorent
ian line shapes? We conjecture that these questions ma
related and may be resolved simultaneously. At this poin
is clear that the role of the hyperfine interactions in the
laxation of Mn12 cannot simply be understood in terms of
random field superimposed on the external field. A m
sophisticated model of the interaction of the molecular s
with the nuclear spins seems essential to understand th
laxation mechanism for Mn12.

We thank Philip Stamp for some useful remarks about
work. Partial support for this work was provided by the U
Air Force Office of Scientific Research under Grant N
F49620-92-J-0190 and the National Science Foundation
der Grant No. DMR-9704309.
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19J. L. van Hemmen and A. Su¨tö, Europhys. Lett.1, 481 ~1986!;

Physica B & C 141, 37 ~1986!.
20J. M. Hernándezet al., Phys. Rev. B55, 5858~1997!.
21D. A. Garanin and E. M. Chudnovsky, Phys. Rev. B56, 11 102

~1997!.
22A. Caneschi et al., J. Magn. Magn. Mater.177–181, 1330

~1998!.
23F. Hartmann-Boutronet al., Int. J. Mod. Phys. B10, 2577~1996!.
24D. A. Garanin, J. Phys. A24, L61 ~1991!.
25A. L. Burin et al., Phys. Rev. Lett.76, 3040~1996!.
26N. V. Prokof’ev and P. C. E. Stamp, J. Low Temp. Phys.104,

143 ~1996!.
27V. V. Dobrovitski and A. K. Zvezdin, Europhys. Lett.38, 377

~1997!.
28L. Gunther, Europhys. Lett.39, 1 ~1997!.
nic29A. Fort et al., Phys. Rev. Lett.80, 612 ~1998!.
30F. Luis et al., Phys. Rev. B57, 505 ~1998!.
31N. V. Prokof’ev and P. C. E. Stamp, Phys. Rev. Lett.80, 5794

~1998!.
32A. Garg, Phys. Rev. Lett.81, 1513~1998!.
33T. Lis, Acta Crystallogr., Sect. B: Struct. Crystallogr. Cryst.

Chem.36, 2042~1980!.
34J. R. Friedman, Ph.D. thesis, The City University of New York,

New York, 1996.
35C. Paulsen and J.-G. Park, inQuantum Tunneling of Magnetiza-

tion, edited by L. Gunther and B. Barbara~Kluwer, Dordrecht,
1995!, p. 189.

36C. Paulsenet al., J. Magn. Magn. Mater.140–144, 379 ~1995!;
140–144, 1891~1995!.

37The fits of the long-time tail of the data to an exponential yield
negligible statistical errors. The largest identifiable random erro
in the data presented in Figs. 2 and 3 is due to a'5 Oe uncer-
tainty in the field produced by the superconducting magne
However, we note there is a large error in the absolute value o
the relaxation rate: If we ignore the long-time tail of the relax-
ation and fit a limited region of the earlier part of the data to an
exponential, then the resulting rates can be as much as 20
larger than those presented. Rates obtained in such a way also
a Lorentzian function extremely well and so our conclusions
remain unchanged.

38This form for the nonresonant relaxation rate is valid forH
!Hc , whereHc'10 T is the critical field at which the barrier
disappears.Gnonres, the nonresonant relaxation rate atH50, is
the only fitting parameter in the expression.

39A. M. Gomeset al., Phys. Rev. B57, 5021~1998!.
40J. A. A. J. Perenboomet al., Phys. Rev. B58, 330 ~1998!.
41J. F. Ferna´ndez has suggested~1998 March Meeting of the

American Physical Society, Los Angeles! that the inhomoge-
neous broadening of the superposition of two Lorentzian peak
of different widths could give rise to an overall line shape tha
resembles a Lorentzian. We believe it is unlikely that such
scheme would yield results that fit a single Lorentzian function
with the high fidelity that our data do.

42J. Villain et al., Europhys. Lett.27, 159 ~1994!.


