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In this paper we study the effect of microwave absorption on the quantum relaxation ratgahacular
clusters. We have determined first the resonant frequencies of a microwave resonator containing a single crystal
of Mn,,-Acetate and measured initial isothermal magnetization curves while microwave power was put into the
resonator. We have found that the tunneling rate changes one order of magnitude for certain frequencies. This
suggests that the microwave shaking of the nuclear spin and molecular vibrational degrees of freedom is
responsible for the huge increasing of the tunneling rate.
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Physical properties of molecular clusters have been stutheratureTg~3 K, following the Curie-Weiss lavM s 1/T.
ied intensively in the past as a function of temperature andhis yields a 172 dependence for the thermal derivative of
applied magnetic field-® The numerous experiments per- the magnetic momentiM/dT, so thatM shows the steepest
formed on Mnj-acetate and Reclusters, together with the variation as temperature decreases clos&go Below this
work of many theorist§;'® have very much improved the temperature, the sample exhibits magnetic hysteresis and the
field of spin tunneling to now become a well defined arena tovalues of the tunneling resonant fields are in full coincidence
test new ideas and perform new experiments. The main advith those previously reporteld®
vantage of working with molecular magnets is that we know Figure 1 presents the magnetic moment for the;Mn
well the spin Hamiltonian ruling classical and quantum mag-single crystal in the superparamagnetic regime as a function
netic properties of these systems, and it is possible to get @f the frequency of the microwave radiation. The tempera-
one-to-one correlation between experimental results antlire of the thermal bath was kept constanTat5 K during
theory. New theoretical suggestions and experimental resultse whole process. The measurement of each point took 10
have recently appeared, making these systems very mugiec. We see that the magnetization of the Miingle crystals
attractive not only for basic research but also for applicationshows sharp peaks for certain frequency values, while be-
in the field of microwave detection and generation. It hastween these peaks the magnetization is constant with an ac-
been theoretically suggested that the molecular clusters mayuracy better than 0.01%. We also found that, while the po-
emit microwave power in their staircase demagnetizatiorsitions of the peaks were not affected by the power of the
process® and it has been experimentally observed that thenicrowave radiation, their intensity increasédr nominal
magnetization process of Mxnsingle crystals occurs faster power up to 10 dBmand depended on the frequency as
when they are placed inside a microwave resonator or bewell. The average full width at half maximugFWHM) of
tween two superconducting Fabry-Perot mirrbrs. these peaks is of the order of 0.2 GHz.

In this paper we show data for the case when a This set of data may be interpreted in the scope of the
Mn,,-acetate single crystal is placed inside a microwavedissipation and absorption of microwaves inside the resona-
resonator which has resonant modes below 20 GHz. Ther. The microwave frequencies whose values coincide with
microwave power was generated using Hewlett Packarthose of the corresponding resonant frequencies are filtered
HP83621 synthesized sweepers whose performances welsg the resonator. The rest of the frequencies are reflected and
accomplished when they were a part of a HP8510C networkjo all the way back through the coaxial cable. This point was
analyzer system. In the experiments shown here we swept

the radiation from 0.1 to 20 GHz in steps of 0.02 GHz. The 1.00

nominal radiation power was 25 dBm, and the power reach-

ing the resonator through the coaxial cable was measured to 0.96 |-

be about—15 dBm. In this work we used a resonant loop of 3 r

5.42-mm diameter which was made up of five coils of 0.1 g 0921

mm thick 99.9%-pure copper wire. The coaxial cable and the E [

resonator-Mg, set up were inside an MPMS superconduct- p 0.88 I ]
ing quantum interference devicgSQUID) magnetometer. 0.84 _ R
The ac magnetic field associated with the microwave radia- L 1
tion was perpendicular to the dc magnetic field applied in a ogobl 1 v vy
parallel direction to the easy anisotropy axis of the molecule. 0 2 4 6 8 10 12 14
The sample was surrounded by a helium gas bath used as a £ (GHz)

thermal contact between the magnetic sample and the reso-

nator. The temperature constancy of the helium gas bath dur- FiG. 1. Magnetization of the Mp-acetate sample inside the

ing the magnetic measurements was better than 2 mK.  copper resonant loop as a function of the frequency of a-25 dBm
Mn,,-acetate is a high-spinS&10) molecular magnet microwave radiation. The magnetic moment was recorded with a

that behaves as a superparamagnet above its blocking temragnetic fielduoH=0.3 T, when the thermal bath was at 5 K.
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FIG. 2. Isothermal magnetization curves of the ;Macetate FIG. 3. Magnetic relaxation rates of the Mracetate sample

sample inside the copper resonant loop obtainetikafor different  inside the copper resonant loop calculated from the differential sus-
microwave frequencies that produced the same amount of dissgeptipility dM/dH derived from Fig. 2.

pated power.

dissipation at the resonator-lyysetup at the different micro-
verified by analyzing the reflection coefficient measured withwave frequencies of Fig. 2. However, this kind of measure-
the HP8510C network analyzer. For each resonant frequencgent is pointless, for Myp3-acetate is blocked at 2 K and so
standing waves are formed in the resonator that live a certaiits magnetization is out of equilibrium. Instead we used a
time t according to the quality factd®, which may be esti- single crystal of a Remolecular magnet, which is superpara-
mated at each frequency as the ratio between the frequenayagnetic down to 1.5 R® and measured the magnetization
at the resonance and the FWHM of that resonance. This timeariation & 2 K for each microwave frequency. The thermal
is the characteristic decay time of the energy stored at eadmeating estimated for all the frequencies used corresponds to
resonant mode and ranges from £@o 10 7 s for the dif- a maximum temperature variation in the sample /5f
ferent magnetization peaks. A part of this energy will dissi-=170=20 mK. The uncertainty in the heating associated to
pate as heat in the surface of the copper resonator, due to thiee different microwave frequencies can therefore not ex-
electrical currents induced, and another part will be directlyplain by itself the huge differences observed in the isother-
absorbed by the magnetic sample. mal magnetization curves.

The energy absorbed by the magnetic molecules can be Figure 3 shows the relaxation rafecalculated from the
due to molecular, mostly vibrational levels, hyperfine anddifferential susceptibilitydM/dH derived from the curves of
electronic spin transitions. As a result of all these effects, théFig. 2. Itis clear from the figure that the induced acceleration
magnetization of the sample changes and the intensity of thia the relaxation rate at the different microwaves frequencies
change is related to the amount of energy delivered to theéepends strongly on the applied magnetic field. For example,
sample at each mode. Similar results have been obtaindfiwe look at theM (H) curves corresponding to the frequen-
using different microwave resonators as coaxial cavities andies of 5.72 and 11.15 GHzopmost and lowest curvgsve
superconducting coif$ suggesting that strong temperature see that the ratio between the tunneling rates for these two
dependent magnetic materials as the molecular clusters frequencies goes from 4.60 Ht=6.4 kOe ['=9.76x10 *
their superparamagnetic regime can be used as spectroscagyd 2.1% 10 % s ! for 5.72 and 11.15 GHz, respectivgly
bolometers. down to 1.97 atH=9.9 kOe ({'=1.77x102 and 0.89

In a second set of experiments we studied the influence ok 102 s~ for 5.72 and 11.15 GHz, respectiveliThe rela-
the microwave absorption on the tunnelling rate oftive variation of the relaxation rate for the different micro-
Mnj,-acetate at temperatures belolg. We cooled the wave frequencies suggests the presence of two contributions:
sample down to 2 K, saturated its magnetization in a maga first one which is independent of the magnetic field and is
netic field of 3 T, and measured the demagnetization procesfue to the absorption of microwaves by the molecular vibra-
until —3 T while irradiating the sample inside the resonator.tional modes, and a second one which is field dependent and
The isothermal magnetization data obtained for different miis due to the microwave absorption by either the hyperfine or
crowave frequencies are shown in Fig. 2. For this experimenthe electronic spin levels. The observed acceleration in the
we selected those microwave frequencies that produced thanneling rates for the different microwave frequencies
same Vvariation in the equilibrium magnetization of might be then interpreted by considering the hyperfine cou-
Mn,-acetate at 5 K; that is, the microwave power dissipategling between the electronic and nuclear spins. It has been
in the resonator-My setup was the same for all the selectedshowrt®?°~23 that the interaction between electronic and
frequencies. This fact suggests that the microwave frequenayuclear spins results in certain selection rules for the simul-
dependence of the isothermal magnetization cannot be exaneous coflipping of these spins via quantum tunneling.
plained only in terms of the pure thermal heating associate&ince the low temperature dynamics of nuclear spins can be
with the microwave power dissipation in the resonator. very slow, the acceleration of these dynamics by the external

To check this point, we should estimate the maximumac field associated with the microwave power can signifi-
thermal heating a2 K produced by the microwave power cantly increase the tunneling rate.
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Our data actually suggest that tunneling is the most effec- We can conclude that the decoupling of the nuclear spin
tive cause for explaining the entire demagnetization procesom the electronic spin may be the main cause of the large
in Mny,. The experimental fact is that the demagnetization isvariation of the tunneling rate when the Mrsample is irra-
accelerated by the microwave power not only at resonarffiated with microwaves. The measurement of the variation
fields, but at many different field intensities. The existence o the equilibrium magnetization with the microwave power
a large distribution of tunneling splitting was first associatedSU99€sts that it is possible to use these results as a new spec-
with dislocation&?* and hyperfine level®22-24and very re- troscopic magnetic bolqm_eter. Future experiments should
cently to a discrete form of disorder due to a distribution in2/S¢_consider the possibility to use moderate microwave
the positions of solvent molecules around the periphery Opulses to produce the population inversion in molecular
the Mny, core?®~28 This manifests itself as the simultaneous magnets.

tunneling from different spin states and could make it pos- We gratefully acknowledge financial support from the Eu-
sible to have that large variation in the demagnetization proropean CommissiofContract No. IST-2001-3318@&nd the
cess of MR, due to the absorption of microwave power.  Spanish GovernmeriContract No. MAT2002-03144
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