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Resonant magnetization tunneling in Mn, acetate:
The absence of inhomogeneous hyperfine broadening
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We present the results of a detailed study of the thermally assisted-resonant-tunneling relaxation rate of
Mn,, 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 fi¢80163-182808)51346-X

The molecular magnet Mp acetate, with spin 10 and of Mn,,. That is, the rule implies that every other step
large uniaxial anisotropy, has garnered much attention sincshould be missing. In fact, all steps are observed and there is
its hysteresis loop was found to exhibit steps at regular inno discernible difference between steps that obey the selec-
tervals of magnetic field.This phenomenon, now confirmed tion rule and those that violate it. This prompted the
by other experiments on tHi& and other material§;'° has suggestioff"?! that the tunneling must instead be produced
been interpreted as a manifestation of resonant tunneling dfy a transverse magnetic fielti; ' =gugSHt, which im-
the magnetization, first suggested to occur in this system iRoses no selection rule. Since no such field was applied ex-
Refs. 11 and 12. The system is modeled as a double-welernally in the experiments, it was concluded that the trans-
potential (Fig. 1) with energy levels that correspond to the verse component of an internal field of dipolar or hyperfine
different projections of the spin along the easy axis. An ex-0rigin may be responsibf€.Dipolar fields have now largely
ternal magnetic field will tilt the potential. At specific values been ruled out by recent experimeft<On the other hand,
of field, levels in opposite wells come into resonance anchyperfine fields within a Mgy cluster have been estimated to
thermally assisted tunneling between the wells becomes pobe on the order of a few hundred OfRef. 23 and
sible (solid arrows in Fig. 1, increasing the interwell relax- estimate$*?°?*have shown that this is sufficient for tunnel-
ation rate and thereby producing steps in the hysteresi®g to occur between levels near the top of the energy barrier,
loops. The dashed arrows in Fig. 1 schematically illustrateallowing the thermally assisted tunneling process illustrated
the nonresonant process of simple thermal activation ovein Fig. 1.
the classical energy barriéwhich in some cases may differ
from the full barrier showt?).

Mn,, acetate has been quantitatively describedby the
Hamiltonian

H=—-DS.—gugH,S,+H ', (1)

whereD ~0.6 K represents the anisotropy energy that breaks
the 21-fold zero-field Zeeman degeneracy &nd is a per-
turbation that does not commute wisl). (Recent electron-
paramagnetic-resonance experim&htshave indicated the
presence of additional terms in the Hamiltonian that are
fourth order in the spin operatoysin the absence of a
symmetry-breaking termi{’, S, is conserved and hence no
tunnellr_lg IS aIIowed_ between levels. The symmetry)-of FIG. 1. Double-well potential for the Mp acetate, described by
_determlnes a Sel_ectlon rule th‘fﬂ governs which level CrOSSEq. (1) with H=0. The levels represent different projections of the
INgS may give rse to tunneling. Many early theoretical g a1ong thez axis (different values of the magnetic quantum
treatmentS”™*° of tunneling in spin systems focused on apnumberm). For an initial excess population in the left well, the
transverse anisotropy of the fork&;, which leads to a se-  model of thermally assisted resonant tunneling is represented by the
lection rule Am=2i for integeri. It was then somewhat solid arrows, while the nonresonant process of simple thermal acti-
surprising that this selection rule was violatéd’in the case  vation over the classical barrier is represented by the dashed arrows.
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Much recent theoretical activity?®~3?has focused on de- as a function of time to obtain its relaxation rate. We
termining the details of the relaxation process. Many of thes@mote?>3* that the field experienced by a molecular cluster is
studies predict a resonance width that is much narrower thatie superposition of the externally applied field and the in-
that observed, a discrepancy that has been addressed by senal mean dipolar field produced by the other clusters.
suming that the resonances are inhomogeneousl€ompared with measuring the relaxation from a finite mag-
broadenett2%2"* by dipolar or hyperfine fields or by mis- netization towardM~0, the above procedure provides the
alignment of the crystallites in oriented-powder samples. Inradvantage that the internal field associated with the change in
this article, we present the results of detailed measurementhe sample magnetization changes little compared to the ex-
of the relaxation rate as a function of magnetic field in theternally applied field, so that the total field is almost con-
neighborhood of a resonance. We find that the data can be #tant.
with high fidelity to a Lorentzian function and show no hint A typical relaxation curve is shown on a semilogarithmic
of inhomogeneous broadening. The linewidth corresponds tecale in the inset to Fig. 2. As noted in several previous
a time scale that does not match any relevant microscopipublications:?%% the single-exponential relaxation ex-
time known for the system. We suggest that it may representected for a sample ostensibly comprising identical mol-
a hitherto unrecognized component of the relaxation procesgcules is not observed. We suggest that this may be due to

A powder of Mn, prepared according to Ref. 33 was slight variations in the local environment of the clusters, per-
oriented in a 5.5 Tesla field and set in a paraffin matrix in ahaps related to the number of proximal molecules of solva-
manner similar to the procedure described in Refs. 1 and 2Qion. To eliminate the effect of such variations, we measured
Hysteresis loops for this sample were published in Ref. 20the longest relaxation time by fitting the long-time tail of the
the squareness of the loops indicates the crystallites wemelaxation to a single exponential, as shown in the inset to
well oriented. Measurements were performed with a QuanFig. 2. The high quality of the fit indicates that all faster
tum Design MPMS-5 magnetometer; the superconductingrocesses have died out. The relaxation rate obtained this
magnet was quenched prior to taking data to eliminate anyay at 2.6 K is plotted as a function of applied field in the
remanent field. We estimate the misalignment of a typicatain part of Fig. 2’ The qualitative signature of resonant
crystallite to be=~1 degree. For the largest magnetic field of tunneling is apparent: when the field increases from zero, the
500 Oe applied in the present study, this misalignment correlaxation rate decreases as matching levels in opposite wells
responds to a maximum unintentional transverse field obecome detuned. The figure also shows the results of
~9 Oe, a value much too small to have any effect on thditting the data to a Lorentzian and to a Gaussian, each su-
tunneling, which is thought to be produced by a transvers@erimposed on a background of the form, g, es
field of several hundred Oersteds. cosh@ugSHkgT), which represents the nonresonant, over-

Measurements were performed as follows. The samplearrier part of the relaxatioft. The Lorentzian fit is excellent
was cooled in zero field from 5 Kwhere the sample is while the Gaussian fit clearly is not, failing especially in the
superparamagneji¢co below the blocking temperature of 3 tails.

K. After allowing the system to thermally stabilize, a mag- On a semilogarithmic scale, Fig. 3 shows data taken at
netic field was applied and the magnetization was measurefdur different temperatures, as indicated. A Lorentzian fit is



RAPID COMMUNICATIONS

PRB 58 RESONANT MAGNETIZATION TUNNELING IN Mny,. . . R14 731

wee—— AR that the larger observed widths are associated with inhomo-
- » 1 geneous broadening due to random dipolar or hyperfine
: :ﬁi 1 fields. We note that the discrepancy may in part be due to the
—e—26K | fact that the relaxation is thermally assisted at temperatures
1 as low as 750 mK and there is evidence for temperature-
dependent relaxation even as low as 60 fAKherefore it
seems unlikely that the observed relaxati@specially the
present datacan be described in terms of ground-state tun-
neling. In a calculation that does not incorporate thermal
activation, Gunthéf has calculated the width of the hyster-
esis steps and concludes that a dynamical transverse mag-
netic field must be invoked to account for the discrepancy
between his theory and experiment. Prokof'ev and StAmp
have argued that the dynamics of hyperfine and dipolar fields
must play a role in the relaxation and explicitly calculated
how the hyperfine interaction should give rise to Gaussian
oS L L broadening of the resonancén more recent worR?! the
-600  -400 -200 0 200 400 600 same authors offer a calculation of the relaxation at short
H (Oe) times and very low temperatures; those results are not rel-
evant to the present studly.

FIG. 3. Semilogarithmic plot of the relaxation rate versus mag- Garanin and Chudnovs%’y (see also Friedmdf) have
netic field_ fqr the zero-field resonance_at four differt_ant temperatreated the relaxation of Mg using a model of thermally
tures, as indicated. Each data set was fit to a Lorentzian, as showjggisted tunneling in which the tunneling takes place from a

level near the top of the barrier and is produced by a static
applied to each set. From these fits the full width is found tatransverse magnetic field. They predict the resonance to be a
be 267, 236, 270, and 271 Oe for 2.5, 2.6, 2.7, and 2.8 Ksuperposition of Lorentzians, and also invoke inhomoge-
respectively. This is consistent with the width found by fit- neous broadening by random fields to account for the broad
ting ac susceptibility data to a Lorentzi&Mhe present ex- resonances observed. Fettal?° have offered a calculation
periments were limited to a small temperature range in whictof the resonance line shape that fits the data for the zero-field
a large portion of the relaxation could be measured in a reaesonance reasonably well. Their calculation is based on the
sonable time. Because of this limitation, the effective energyassumption that the tunneling is driven by a fourth-order
barrier (an Arrhenius plgt could not be deduced from the transverse anisotropy. As the authors note, this approach
data, as has been done in ac measureniéatS.However, fails to account for the presence of half of the observed reso-
one can get a crude estimate of the difference in the height afances. Luiet al3° considered a model in which the tunnel-
the energy barrier on resonance and off resonance if onieg is driven by both a transverse anisotropy and a transverse
assumes that in both cases the relaxation obeys an Arrhenifisld. This allows all the resonances, although their theory
law, ' = wge~ VKT, with a prefactom, that is approximately does predict some difference in amplitude between the odd
independent of field. Then, the change in the effective energgnd even resonances that has not been observed. Here, inho-
barrier,AU, is given byAU=T IN[['(H=0)Toned. The fits  mogeneous broadening is invoked to smooth the multireso-
then yieldAU=3.58, 4.73, 5.00, and 5.40 K f@r=2.5, 2.6, nant results into a single pe&k.
2.7, and 2.8 K, respectively. Some theories have attempted to explain the relaxation of

The absence of any apparent inhomogeneous broadenifdn,, in terms of mechanisms other than tunneling. Burin
of the resonance is quite unexpected. Since all resonances al?® have suggested that the relaxation can occur via di-
appear to have the same heidfit® the tunneling must in  polar flip-flop processes. This possibility has now been ob-
large part be driven by a transverse magnetic field of at leastiated by measurements that show that the resonant phenom-
a few hundred O&° The most likely source for such a field enon is substantially unchanged when the;Mmolecules
is the Mn nuclear spins. This has been estindtéd be  are dispersed in a glassy matrix and thereby have negligible
300-500 Oe. We stress that even were the hyperfine fields @ipole interactiond® Very recently, Garf has suggested
play no role in the tunneling, their presence is neverthelesthat the relaxation may be due to a lattice distortion that
expected and should give rise to inhomogeneous broadeniragcurs when levels near the top of the barrier are near reso-
of the resonance. Luiet al® have suggested that the broad- nance. This theory implies a correlation between the width of
ening they observe is due at least in part to interactions witlhe resonance and its height and therefore, Garg concludes,
hyperfine and dipole fields. We note, however, that such inthe effective barrier is reduced on resonance by about 10
teractions should give rise to a Gaussian line shape. It isK; in contrast, experiments indicate that the barrier is re-
puzzling that no such broadening is observed. duced by several Kelvifsee above and also Refs. 6 and.39

There are now numerous theories of relaxation inyMn How to interpret the observed line shape and width re-
but none are able to provide accurate, quantitative descripnains an open question. One tempting, but unlikely, inter-
tions of the resonance line shape and linewidth. Dobrovitskpretation is that the line shape represents the tmneerent
and ZvezdiR’ have considered a model of tunneling out of tunneling rate. If this were the case, then the linewidth would
the ground state that predicts a resonance width several dpe a sensitive function of applied transverse field, an effect
ders of magnitude lower than that observed. They suggeshat is not borne out by experimeriténother interpretation
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is that our results reflect the natural line shape of the levels To summarize, the data presented here leave two myster-
that are involved in the tunneling, the width then being aies: (i) Why, even in the presence of significant hyperfine
measure of the levels’ lifetimes. If we assume that the tunfi€lds, is there no apparent inhomogeneous broadening of the

neling is occurring between, say, leveis=3 andm=—3,

then the observed width et 250 Oe corresponds to a life-

time h/gug(2m)H of 2.5x10 1% s. While this is typical of

resonancesf@i) What is the origin of the observed Lorentz-
ian line shapes? We conjecture that these questions may be
related and may be resolved simultaneously. At this point it
is clear that the role of the hyperfine interactions in the re-

spin-lattice relaxation times in many magnetic systems, weaxation of Mn, cannot simply be understood in terms of a

note that the measured Arrhenius prefactgr= 27/ w) for

random field superimposed on the external field. A more

Mn;, is around 10’ s and it is this number that is sophisticated model of the interaction of the molecular spin
expectetf to characterize the typical lifetime of excited With the nuclear spins seems essential to understand the re-

states in the system. We note this valuefgis anomalously

laxation mechanism for Mp.

large for superparamagnetic systems, a fact that has been e thank philip Stamp for some useful remarks about his
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time scales involved in the relaxation procesg; the tun-

Air Force Office of Scientific Research under Grant No.

neling time and the time scale corresponding to the resoF49620-92-J-0190 and the National Science Foundation un-

nance width, whatever its meaning.

der Grant No. DMR-9704309.

* Author to whom correspondence should be addressed. Electronf@A. Fort et al, Phys. Rev. Lett80, 612 (1998.

address: Jonathan.Friedman@sunysb.edu
1J. R. Friedmaret al, Phys. Rev. Lett76, 3830 (1996; J. R.
Friedmanet al., J. Appl. Phys79, 6031(1996.
2J. M. Hernadezet al, Europhys. Lett35, 301(1996.
3L. Thomaset al, Nature(London 383 145 (1996.
4F. Lionti et al, J. Appl. Phys81, 4608(1997).
5J. R. Friedmaret al, J. Appl. Phys81, 3978(1997.
SF. Luis et al, Phys. Rev. B65, 11 448(1997.
7S. M. J. Aubinet al, Mol. Cryst. Lig. Cryst. Sci. Technol., Sect.
A 305 181(1997.
8C. Sangregori@t al, Phys. Rev. Lett78, 4645(1997.
°S. M. J. Aubinet al, J. Am. Chem. Soc120, 839(1998.
10D, Ruiz et al, Angew. Chem. Int. Ed. EngB7, 300(1998.
1B, Barbaraet al, J. Magn. Magn. Materl40-144, 1825(1995.
2M. A. Novak and R. Sessoli, iuantum Tunneling of Magneti-
zation edited by L. Gunther and B. Barbatéluwer, Dordrecht,
1995, p. 171.
133, R. Friedman, Phys. Rev. %7, 10 291(1998.
14R. Sessolit al, J. Am. Chem. Socl15 1804(1993.
1SA. L. Barraet al, Phys. Rev. B56, 8192(1997).
165 Hill et al, Phys. Rev. Lett80, 2453(1998.
M. Enz and R. Schilling, J. Phys. €9, 1765(1986.
8E. M. Chudnovsky and L. Gunther, Phys. Rev. L&6, 661
(1988; Phys. Rev. B37, 9455(1988.
193, L. van Hemmen and A. & Europhys. Lettl, 481 (1986:
Physia B & C 141, 37(1986.
203, M. Herradezet al, Phys. Rev. B55, 5858(1997).
21D. A. Garanin and E. M. Chudnovsky, Phys. Rev58 11 102
(1997.
22, Caneschiet al, J. Magn. Magn. Mater177-181, 1330
(1998.
23F. Hartmann-Boutroet al,, Int. J. Mod. Phys. B0, 2577(1996.
24D. A. Garanin, J. Phys. &4, L61 (1991).
25A. L. Burin et al, Phys. Rev. Lett76, 3040(1996.
26N. V. Prokofev and P. C. E. Stamp, J. Low Temp. Phy84,
143 (1996.
27y, V. Dobrovitski and A. K. Zvezdin, Europhys. Let88, 377
(1997.
28, Gunther, Europhys. LetB9, 1 (1997).

30F Luiset al, Phys. Rev. B57, 505 (1998.

3IN. V. Prokof'ev and P. C. E. Stamp, Phys. Rev. L&®, 5794
(1998.

32, Garg, Phys. Rev. LetB1, 1513(1998.

33T, Lis, Acta Crystallogr., Sect. B: Struct. Crystallogr. Cryst.
Chem.36, 2042(1980.

343. R. Friedman, Ph.D. thesis, The City University of New York,
New York, 1996.

35C. Paulsen and J.-G. Park, Quantum Tunneling of Magnetiza-
tion, edited by L. Gunther and B. Barba¢&luwer, Dordrecht,
1995, p. 189.

36C. Paulseret al, J. Magn. Magn. Materl40-144, 379 (1995;
140-144 1891(1995.

%7The fits of the long-time tail of the data to an exponential yield
negligible statistical errors. The largest identifiable random error
in the data presented in Figs. 2 and 3 is due te ®Oe uncer-
tainty in the field produced by the superconducting magnet.
However, we note there is a large error in the absolute value of
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 fit
a Lorentzian function extremely well and so our conclusions
remain unchanged.

%8This form for the nonresonant relaxation rate is valid for
<H,., whereH_ ~10 T is the critical field at which the barrier
disappearsl,,nres; the nonresonant relaxation ratetht= 0, is
the only fitting parameter in the expression.

39A. M. Gomeset al, Phys. Rev. B57, 5021(1998.

403. A. A. J. Perenbooret al, Phys. Rev. B58, 330(1998.

413, F. Fernadez has suggestel998 March Meeting of the
American Physical Society, Los Angelethat the inhomoge-
neous broadening of the superposition of two Lorentzian peaks
of different widths could give rise to an overall line shape that
resembles a Lorentzian. We believe it is unlikely that such a
scheme would yield results that fit a single Lorentzian function
with the high fidelity that our data do.

423 Villain et al, Europhys. Lett27, 159 (1994.



