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We report experimental studies of crystals of ¥imolecular magnetic clusters in pulsed magnetic fields
with sweep rates up t0x410° T/s. The steps in the magnetization curve are observed at fields that are shifted
with respect to the resonant field values. The shift systematically increases as the rate of the field sweep goes
up. These data are consistent with the theory of the collective dipolar relaxation in molecular magnets.
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[. INTRODUCTION reversal occurs is shifted hH from the resonance field.
High-spin molecular nanomagnets, like Mnacetate, The shift increases as the sweep rate goes up. We h:?\ve been
have unusual magnetic properties related to their high maggle t scale the relaxat|onocurves %?ta'ne? at _dlffe;err]l_t
netic anisotropy and to the quantization of the magnetic mo>\Weep rates onto one curve. One possible explanation of this
mentM. For certain values of the magnetic field, quantums.cal'ng can _be g|ven_along the I|nes_ of the model qf collec-
states characterized by different projectionshbfonto the tive magnetic relaxation suggested in Ref. 23. I_n th'TQ' model
anisotropy axis come to resonance. At these fields the maghe magnetic moments of t'he molecules rotate in unison due
netization curve of the crystal exhibits distinct steps due td° electromagnetic interactions. We also consider an alterna-

quantum transitions between the resonant energy lévidis. tive e>(<jp|anat_|on_based UPOZthe existence of fast-relaxing
steps, for a field-sweep experiment, have been successfulﬁ?Con species in Mpacetate:

descr'ibed in terms of sin.gle—molgcule Landaq-Ze(leZ) Il. EXPERIMENT

transitions®~’ To date the information about spin Hamilto-

nians, extracted from the magnetization measureniénts, Mn,, single crystals of high purity were used in the ex-
has been compared with the EPR d&ta’and a good agree- periments. The conventional composition and the structure of
ment has been achieved. the crystals were established by chemical, infrared and X ray

Among interesting effects observed in crystals of molecudiffraction methods. In addition, dc and ac magnetometry of
lar magnets are magnetic avalancHes! At low tempera-  the crystals was carried out in order to verify their conven-
ture, sufficiently large crystals exhibit abrupt magnetizationtional behaviour at low sweep rates. We have checked that
reversal that may take less than 1 ms. Initially, it wasthe values of the blocking temperatures and resonant fields of
suggestetf—2° that the avalanche is some kind of a thermalthe crystals coincide with previously published values.
chain reaction. In large samples at low temperature, the heat Measurements of the magnetization using fast magnetic
released by molecular moments relaxing towards the diredield pulses up to 4 kT/s and at a temperaflired.6 K were
tion of the field does not have sufficient time to flow out of performed at the K.U. Leuven. The pulsed magnetic fields
the sample. Instead, it is absorbed by other moments, causingere generated by a modular capacitor bank whose capaci-
them to relax and generate more heat. Recently this pictur@nce was systematically tuned frofx4 mF toC=28 mF
has been challenged by the observation that the magnetizathile the voltage was adapted frorv=5000 V toV
tion reversal during avalanche occurs much faster than the600 V in such a way that the capacitor enerégvz, re-
temperature ris& The electromagnetic effects associatedmained constant. A homemade coil with an inductance of
with avalanches have been explofédit this point, the na- 650 uH was used to produce the magnetic field pulse. A
ture of the avalanche and the connection between the magrow bar diode of resistand®=0.08() provided a critical
netization reversal, thermal effects, and electromagnetic readamping of the magnetic pulse which has a duration of
diation remain unclear. ~20 ms. The magnetization measurements were performed

In this paper we report low temperature magnetizatiorwith the use of an inductive magnetization sensor designed
studies of Mn, single crystals at a field sweep raig dH/dt  to measure samples of volume up to 1 fnifhe sensor coil
up to 4 kT/s. We find, unexpectedly, that at such high sweepad 640 turns in one direction and 345 turns in the opposite
rates avalanches take place at lower fields as compared to thigection. Its sensitivity reaches T0emu in the fields up to
case of low sweep rate. The field at which the magnetizatiod0 T. During the measurements, the sample and the detec-
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' ' 107 ' tal data, in which the sweep rate was kept constdiy dt

208 g/ =1.1 kT/9, but the measuring temperature changed. The

.= peak position oflM/dH at T=0.723 K isB=1.502 T, and at

T=1.074 K isB=1.510 T (Gaussian fits a difference in

peak position less thanB=0.01 T, i.e., within our experi-

1.00 mental error bar. The sweep rate dependence is thus much
1.25 1.50 1.75 . e

I B | more significant, and for comparable effects, temperature

05 changes much larger thadir=0.3 K would be needed; such

temperature raises were not experimentally observed.

dB/dt (KT/s)

oslh ] Il. THEORY

: ! : ' One possibleexplanation to the above findings can be

obtained along the lines of the collective magnetization re-

versal expected at a very high sweep rate. According to Ref.

FIG. 1. Field dependence of the sweep rate. 23, for such a sweep the relaxation of the magnetization at
the level crossing occurs in two stages.

o ol were submerged i . The'e tempers. e 112120 1 e Landay Zenerprocess it eaves e
ture probe was made entirely of nonmetallic materials; we 9

P ; SR
have verified that during a 50 T field pulse the temperatur upperLZr:]ngg_gggb ;erlj]lg";)lsﬂllz;;fftl)o n |€vrg];é\$n by
change, measured by a calibrated RuO sensor, did not excee o Lzm A e

e . A?/2hv, A is the tunnel splitting and is the energy
100 mK. The sweep rate versus magnetic field of a typical " ' .
magnetic field pulsg is shown in Fig.gl. PP weep ratah/= 1t=g|Am ug(H(1) ~Hr) =6y ~ey- During the

The typical field dependence of the differential suscepti-second stage, these excited states decay due to the Dicke

bility, dM/dH, of a single crystal of M, acetate, taken at superradiance onto the lower branch(Fig. 4). In the limit
various sweep rates ane=670 mK, is shown in Fig. 2. The ©f @ very small sweep rate,>1, almost all molecules fol-
magnetization reversal occurs at a field that is close to thEpW the_lower energy branch, S0 that the evolution of the
third resonant fieldugH ~ 1.3 TX The most surprising fea- system is ent.lrely dgtgrmlned by the Landau-Zener effect and
ture of the data is the dependence of the position and thi'® supre]:_rrﬁdlance IS wrelevanrt]. ity of the molecul
height of the peaks on the field sweep rate. According to the _’_A‘t a high sweep rate; <1, the majority of the molecules
conventional theory of resonant spin tunnelingonfirmed ~ Nitidlly cross to the upper branch and then decay to the

by all previous experimental studies, the positions of the®Wer branch due to the superradiance. At this st&ge

peaks are determined entirely by the Hamiltonian of the na_-zMZ/'vI (M being the magnetic moment of the sysjesat-

nomagnet and should not depend on the sweep rate. Notglies the following equatiof’
that some dependence of the peaks on the rate may occur in d o
the case of thermal avalanchi@s?! =s,(t) = —[1 - )W), (1)
In this case, however, the magnetization reversal is always dt h
accompanied by a measurable increase of the temperature 0[1
: o . . Where
the sample. In our experiments no significant change in the

B(T)

temperature has been detected, making avalanches an im- 1 2 A )2
probable explanation. Figure 3 shows additional experimen- a= 6N<Sl>zgz<%>(@> , (2
0.30 | ' ' '_mm - N is the total number of My molecules in the crystals
. kT =10 is the spin of the moleculg,is the gyromagnetic ratio,
0.25 - ' TiTae e andm, are the electron charge and masss the speed of
! YA\\ e a0kTe light, and (S)=(m’'-m)/2. In the last expressiorn=-10

andm’ =7 are the magnetic quantum numbers or the resonant
levels at the third resonant fielggH~1.3 T.

The exact solution of Eq(l) depends strongly on the
initial condition for the superradiance stage. The latter is
difficult to predict because of the contribution of both coher-
ent and incoherent processes to the initial Landau-Zener
stage?®2® However, one observation immediately follows
from Eq.(1). Consider crossing of the third resonance, where
H=Hpg, by a linear field sweepsH =H(t)—Hg=rt. The rela-
tion between the energy sweep rateintroduced earlier, and

FIG. 2. Field dependence dM/dB for different sweep rates at the field sweep rate, is v=2gug(S)r. Equation(1) can then
B=13T. be rewritten as

dM/dB (arb.units)

B(T)
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1 f 1 : 1 FIG. 4. A pair of tunnel-split levels*/&™ versus the energy bias
1.401.421.441.461.481.501.521.541.561.58 1.60 W=gn—em =glm-m'|ug(H(t)—Hg). Hg denotes thethird) reso-
B(T) nance field. The total magnetization reversal occurs after crossing

the resonancéd(t) >Hg via superradiant magnetic dipolar transi-
FIG. 3. Field dependence of the third resonance peak for a fixegons petween the levels and m'’, with unperturbed energies,,
sweep rate(dB/dt=1.1kT/g and for different temperature$  5nq. . respectively.
=0.723 K andT=1.074 K.
to be three to four orders of magnitude higher than expected
at the third resonance. When taking this value Aqithe LZ

d o @
d_? = %(1 -t = gg|Am|MB(1 ~SHre=c(L-SH, probability P_,(¢) becomes reasonable, sinee wA2/2%v
~ 1. One should note, however, that the tunnel splitting de-
whereC=(a/f)g|Am|ug, leading to the scaling relation: pends exponentially on the magnetic anisotropy that, in turn,
q depends strongly on the elastic stress. A small change in the
—§:C(1-§)\Jﬁ, magnetic anisotropy can have a dramatic influence on the
dvrt tunnelling probability?® It is not inconceivable, therefore,

that at very high magnetic field sweep rates the magnetostric-
ds - H tion effects are responsible for the high value of the tunnel
' ca1 _82‘1)7 splitting at the third resonance.
‘ It has been suggested in Ref. 24 that the shift of the ava-
One observation immediately follows from these equationslanches to lower fields at a very high sweep rate, as well as
Since S,~M,, the dependence ofr(dM,/dsH) on SH/+r the sweep-rate dependence of the field at which the magne-
must be independent ofif the initial condition forS, at the  tization reversal occurs, can be due to a faster relaxing spe-

beginning of the superradiant relaxation is independent o€ies of Mn,. While this might be worthy of testing in ex-
r.26 periment, our setup does not permit the experimental

IV. COMPARISON WITH EXPERIMENT

It has been observed in the past that as the temperature
goes down or the field sweep rate goes up, avalanches typi-
cally shift towards higher fields. At 0.6 K and low sweep rate
one would typically observe an avalanche above 3 T. The
fact that at a very high sweep rate the magnetization reversal
takes place at a significantly lower field is, therefore, surpris-
ing and invites explanation outside the conventional frame-
work of thermal runaway. The above theoretical model pre-
sents one such possibility. As can be seen from the inset of
Fig. 1, the field sweep in the field range shown in Fig. 2 is,
with good accuracy, linear on time. The scaling of the ex-
perimental data along the lines of the theoretical model con- (H()-Ho) /7 (arb.units)
sidered above is shown in Fig. 5. Given the approximations
involved, the scaling appears to be rather good. FIG. 5. Plot of \r(dM,/dsH) versus sH/\T with SH=H(t)

It allows one to estimate the constamtin Eq. (1), @  -Hg at ugHgr=1.34 T for all curves at different sweep rates from
~108 For N~ 10'8 this requiresA ~ 1072 K, which seems 1 to 3 kT/s.

\rdM/dH (arb.units)
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protocol suggested in Ref. 24. At this point the relevance osplitting and narrow distribution of the magnetic field felt by
the second species to our findings is a higher speculativthe spins. Both conditions must be satisfied if.Fe Mn,,
suggestion which has not been investigated theoretically nahe situation is less clear due to solvent disorder, large hy-
experimentally. The existence of the second species itself igerfine interactions, dislocations, etc., which result in a dis-
an idea periodically brought up to explain the mirror imagetribution of the tunnel splittind:'117-2%If that distribution

of the staircase hysteresis loop at low fields, as well as othefonsists of a finite number of narrow lines due to, e.g., finite
unexplained phenomena in MinThe percentage of the sec- nymber of nuclear spin states, finite number of isomers in the
ond species, if any, has to be small. If not, the initial fastgiycture of the Mp, molecule? etc., the collective effects
relaxation due to that species would significantly affect themay still be possible. As for the narrow distribution of the
main part of the magnetization curve. The second speciegagnetic field, it should be achieved automatically when the
cannot simply include all defective molecules because, themyins of the initially saturated sample rotate coherently due
quantum steps in the magnetization curve would be smeareag collective electromagnetic relaxation. We emphasize that

out. A second species of Mpwith a known molecular struc-  {he |atter is only a conjecture until one measures electromag-
ture has never been identified. Even if one assumes the exgtic radiation that accompanies relaxation.

istence of such a species, it is not clear why it should trigger
a low-field avalanche at a high sweep rate but not at a low
sweep rate. Independent evidence that the effect observed by
us is not due to any defective molecules comes from the We have found a new spin relaxation effect in a single
field-pulse measurements of molecular magnets that are netystal of Mn, molecular magnets at a high field-sweep rate.
known to have any second species. Our recent measuremertie magnetization reversal occurs at a significantly lower
of Fe; crystal$’ have revealed exactly the same features thafield as compared to experiments with low sweep rate. This
we observed in Mgy This suggests that the observed effectsfield shifts away from the tunnelling resonance with increas-
have universal nature and are not due to the presence {Hg the sweep rate. The observed dependence of the differ-
impurities. ential susceptibility on the magnetic field correlates with the
The authors of Ref. 24 also stated that they did not diStheory of collective electromagnetic relaxation.
miss the possibility of collective effects based upon spin-spin
interactions, referring to their earlier pap@The exchange
interaction between Mp molecules is considered in Ref. 28
in the framework of an analysis which is based upon an The Belgian IUAP, the Flemish GOA/2004/02 and FWO
incorrect model that reduces a spin chain to a hydrogen mohave supported this work. J.V. acknowledges financial sup-
ecule. On the contrary, our model employs conventionaport from the FWO—Vlaanderen. The work of the group of
electromagnetic interaction between magnetic dipoles. It i8arcelona has been supported by the EC through Contract
based upon the assumption that the inhomogeneous broadédwe. 1ST-2001-33186 and by the Spanish Government
ing of the Landau-Zener parameteis small. This translates through Contract No. MAT-2002-03144. The work of E.M.C.
into a requirement of a narrow distribution of the tunnelhas been supported by the NSF Grant No. EIA-0310517.

V. CONCLUSIONS
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