Steps in the hysteresis loops of a high-spin molecule
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We report the first observation of steps in the hysteresis loop of a high-spin molecular magnet. We
propose that the steps, which occur every 0.46 T, are due to thermally assisted resonant tunneling
between different quantum spin states. Magnetic relaxation increases dramatically when the field is
in the neighborhood of a step. A simple model accounts for the observations and predicts a value for
the anisotropy barrier consistent with that inferred from the superparamagnetic blocking
temperature. ©1996 American Institute of Physids$s0021-897@6)41008-(
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Experiment$ indicate that it has arB=10 ground state. tre mdepe@ent and no steps are qpparent. _The step; occur

A S ._only at specific values of magnetic field. The inset to Fig. 1
These molecules crystallize into a tetragonal lattice in WhlchShOWS the field at which a step occurs plotted versus ste
magnetic interactions between molecules are thought to br(?umber where the steps are Iabpeled b in?e ers and the fieldps
negligible® All experimental work=>°to date on this sys- ’ P y Integ

tem indicates that it has a large magnetocrystalline anisof? lotted are the points in the hysteresis curves where the

. . _ slope,dM/dH, is maximal. The excellent linear fit indicates
ropy. Superparamagneticlike behavior has been repbrfed. .
) .. that a step occurs at approximately every 0.46 T. If data from
Below a blocking temperature of-3 K, hysteresis is

observed® and slow exponential relaxation of the magneti- all temperatures are used, then a total of seven steps, includ-

. ) : . ing the one at zero field, are observed and it is quite possible
zation has been fourlduith relaxation times that obey an that more would be seen at lower temperatures. We note that
Arrhenius law,7 = 7,e*¥*eT, down to 2.1 K; studi¢s'® at P '

temperatures down to 175 mK show deviations from thisdS temperature is lowered, steps that were apparent at higher

form that have been interpreted as possible signs oizrpv%%raﬁjg\?vzj;er% tt?]edlf:'cip:l?r\./v-r:ir::is?hztii%sl dC?sn :\Elé btei;)b-
temperature-independent quantum tunneling. ' ' P

In this article, we report the observation of steps in the
hysteresis loops of a powdered sample of;MWe suggest

that the steps are manifestations of thermally assisted, field- <015
tuned resonant tunneling through the molecule’s anisotropy I
barrier. We show that the relaxation rate increases dramati- o0 ¢ 20k
cally when the applied field is tuned to a field at which one [
of the steps occurs. I
o.0s |- °

EXPERIMENTS AND RESULTS 'g i

The sample was prepared following the published !

) _ =

procedur& and was then ground into a powder consisting of I stop mumber
submicron-sized crystallites. The powdered sample was -0.05 | MU
mixed into Stycast 1266 and allowed to setin a field of 5.5 T [ R 3
at 300 K. This served to orient the crystallites suspended in -0.10 & é o ]
the epoxy such that their easy axes aligned with the field due s aof ]
to the anisotropy of the susceptibility tensor. No corrections I‘ o |4 Lo 3]
were made for the diamagnetism of the epoxy, which was ~ “*1° =~~~ o . . 3
considered negligible. The dc magnetization measurements H (Tesla)

were taken at temperatures between 1.7 and 15 K with a

Quantum Design MPMS5 magnetometer equped with ?:IG. 1. Hysteresis loops of Mg for six different temperatures, as shown.

5-5'T_ superconducting magnet. _ _ _ The inset shows the fields at which steps occur as a function of step number.
Figure 1 shows the hysteresis loops taken with the field'he straight line is a least-squares fit.
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FIG. 3. Magnetic relaxation at 2.4 K plotted on a semilogarithmic scale.

N s After cooling in zero field, a field of 0.9 or 0.95 T was applied, as indicated.
for 0.9 T(bpld ling) is anomalous, shifting abrgptly toyvard lower tempera Mg is the asymptotic value of the magnetization; the straight lines indicate
tures. The inset shows the superparamagnetic blocking temperaguras . .

. S ) h exponential behavior for>2000 s.
a function of magnetic field. The anomalous dips occur at approximately the

same fields as the steps in the hysteresis loops.

FIG. 2. Zero-field-cooled data for seven different measuring fields. The dat

the straight lines in Fig. 3. The fit yields time constamxf

reduced sufficiently. Similar steps have been obsérae.6 1048 and 2072 s at 0.9 and 0.95 T, respectively.
K in [Fe(OMe),(O,CCH, C1)];o5, a molecular paramagnet
comprised of a ring of F& ions which order antiferromag- DISCUSSION
netically and exhibit no hysteretic effects. Our results appear
to be the first observation of such steps in a hysteretic m
lecular system.

In Fig. 2 we show magnetization data of the ]Mn

We suggest that the observed steps are due to thermally
O3ssisted resonant tunneling between quantum spin states in
the Mny, system. In zero field, the molecule has two degen-

. ) ) erate ground states, corresponding to the spin being parallel
sample after it was cooled from 5 to 1.7 K in zero field and(m:S) or antiparallel = —S) to the easy axis. An anisot-
thgn measured in an applled field as th_e temperaturta_ W%py barrier separates the states and a magnetic field breaks
raised. Data for seven different measuring fields, as 'nd'ihe symmetry, making one state a true ground state and the
cated, are showr{Some curves at other fields were omitted other a metastable ground state. This model is illustrated in
for C"'?‘”ty-) As expected for a superparamagnetic system, th%ig. 4. When an excited level in the right well is resonant
blockmg temperatureTg (the temperature of the CUVE S \yith the metastablen= S ground state on the left, transitions
maximum decreases systematically as the measuring field 'Jcross the barrier are induced. Once the system has crossed

raised. However, the curve at 0.9 T shifts abruptly. tOWardthe barrier, there is presumably a rapid spontaneous decay
lower temperatures. In the inset, we show the blocking Mtom the excited state to the ground state. In this way the

peratqre as a function of magngtlc field from 0.01 to 1.9 T'metastable state is depleted and the system enters the
Superimposed on the monatonic decrease of these tempera-_ _ S state

tures with increasing field are several sharp dips. These dips The simplest Hamiltonian for this system is

occur at approximately the same fields as the steps in the

hysteresis loops of Fig. 1. Ignoring these anomalous dips, we . 7#=—DS.—gugS-H, (1)
extrapolate the zero-field blocking temperature to435 K.

This corresponds to an energy barri®E, of 45 cm L.

An interesting feature of the zero-field-cooled curves is
that some of them cross: in Fig. 2, one can see that within a
certain temperature range the magnetization attains a higher
value at 0.9 than at 1 T and sometimes even 1.1 T. This
implies that the relaxation rate of the system must be signifi-
cantly faster at the lower field value than at the higher ones.
Direct evidence for this is provided in Fig. 3, where we have "
plotted the difference between the magnetization and its as-
ymptotic value M, as a function of time on a semilogarith-
mic plot. The curves show the relaxation of the magnetiza-
tion after the sample was cooled to 2.4 K in zero field and
then exposed to a field of 0.9 or 0.95 T, as marked. There is
a dramatically faster relaxation rate at 0.9 than at 0.95 T. , _ _ ,
During the il ~2000 s, the magnetization decays fastery'™. . A\ >cheiaie spesenaton o e senent toneing mechanin
than exponentially. The data fox=2000 s can be fitted very y—s'to an excited staten=—S+n is followed by a rapid spontaneous
well to an exponentiaM = My(1 — e ("10)/7) ‘asshown by decay into the ground state.
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where D represents the anisotropy energy that breaks theaumbered steps have progressively faster magnetic relax-
zero-field Zeeman degeneracy. If the field is applied alongtion times since the tunnel barrier is lowered by the applied
the easy axis, then the eigenstates of this Hamiltonian arkeld.

|S,m). The first term in Eq(1) implies that the ground state In summary, we have found steps in the hysteresis
will be m==S, as expected; the sign depends on the direceurves of Mn,0;,(CH;C00);¢H-,0), and propose that they
tion of the field. For clarity, we tak{S,S) as the initial state  result from thermally assisted resonant transitions between
of the system. We propose that a step occurs when the energpin states. The magnetic relaxation rate of the system in-
of this state is equal to the energy of a state on the other sidereases dramatically when the field is tuned to a step; that is,
of the anisotropy barrier. A simple calculation revealswhen there is a level crossing. A simple model has been
that the field at which the statfS,S) crosses the state proposed that accounts for the even interval of field between
|S,—S+n), is neighboring steps and is in quantitative agreement with mea-

_Dn surements of the anisotropy barrier.

HSﬁSJrn:%- 2 Note added in proofSince we submitted this manu-
script, two papers? have appeared on My reporting
Thus, steps occur at even intervals of field, as observed. Ilgnomalously fast relaxation rates at zero field and 0.3
terestingly, when the field is tuned such that the metastablg 12 Novak and Sessdf suggest that these results are due to
ground state in the left well is resonant with a state in thehermally assisted resonant tunneling. A similar suggestion

right well, all of the excited states in the left well are also has been made previously by Barbataal1° to explain the
resonant with states on the other side of the barrier. Thus, gero-field anomaly.

multiple resonance is set up whenever the field is tuned to a
step. Using the fact that a step occurs every 0.46 T, we findCKNOWLEDGMENTS
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