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Microwave absorption and magnetization tunneling in Mn12-acetate molecular clusters
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~Received 8 April 2003; published 17 June 2003!

In this paper we study the effect of microwave absorption on the quantum relaxation rate of Mn12 molecular
clusters. We have determined first the resonant frequencies of a microwave resonator containing a single crystal
of Mn12-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 s
ied intensively in the past as a function of temperature
applied magnetic field.1–8 The numerous experiments pe
formed on Mn12-acetate and Fe8 clusters, together with the
work of many theorists,9–15 have very much improved th
field of spin tunneling to now become a well defined arena
test new ideas and perform new experiments. The main
vantage of working with molecular magnets is that we kn
well the spin Hamiltonian ruling classical and quantum ma
netic properties of these systems, and it is possible to g
one-to-one correlation between experimental results
theory. New theoretical suggestions and experimental res
have recently appeared, making these systems very m
attractive not only for basic research but also for applicati
in the field of microwave detection and generation. It h
been theoretically suggested that the molecular clusters
emit microwave power in their staircase demagnetizat
process,16 and it has been experimentally observed that
magnetization process of Mn12 single crystals occurs faste
when they are placed inside a microwave resonator or
tween two superconducting Fabry-Perot mirrors.17

In this paper we show data for the case when
Mn12-acetate single crystal is placed inside a microwa
resonator which has resonant modes below 20 GHz.
microwave power was generated using Hewlett Pack
HP83621 synthesized sweepers whose performances
accomplished when they were a part of a HP8510C netw
analyzer system. In the experiments shown here we sw
the radiation from 0.1 to 20 GHz in steps of 0.02 GHz. T
nominal radiation power was 25 dBm, and the power rea
ing the resonator through the coaxial cable was measure
be about215 dBm. In this work we used a resonant loop
5.42-mm diameter which was made up of five coils of 0
mm thick 99.9%-pure copper wire. The coaxial cable and
resonator-Mn12 set up were inside an MPMS supercondu
ing quantum interference device~SQUID! magnetometer.
The ac magnetic field associated with the microwave ra
tion was perpendicular to the dc magnetic field applied i
parallel direction to the easy anisotropy axis of the molecu
The sample was surrounded by a helium gas bath used
thermal contact between the magnetic sample and the r
nator. The temperature constancy of the helium gas bath
ing the magnetic measurements was better than 2 mK.

Mn12-acetate is a high-spin (S510) molecular magne
that behaves as a superparamagnet above its blocking
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peratureTB'3 K, following the Curie-Weiss lawM}1/T.
This yields a 1/T2 dependence for the thermal derivative
the magnetic moment,dM/dT, so thatM shows the steepes
variation as temperature decreases close toTB . Below this
temperature, the sample exhibits magnetic hysteresis and
values of the tunneling resonant fields are in full coinciden
with those previously reported.1–6

Figure 1 presents the magnetic moment for the M12
single crystal in the superparamagnetic regime as a func
of the frequency of the microwave radiation. The tempe
ture of the thermal bath was kept constant atT55 K during
the whole process. The measurement of each point took
sec. We see that the magnetization of the Mn12 single crystals
shows sharp peaks for certain frequency values, while
tween these peaks the magnetization is constant with an
curacy better than 0.01%. We also found that, while the
sitions of the peaks were not affected by the power of
microwave radiation, their intensity increased~for nominal
power up to 10 dBm! and depended on the frequency
well. The average full width at half maximum~FWHM! of
these peaks is of the order of 0.2 GHz.

This set of data may be interpreted in the scope of
dissipation and absorption of microwaves inside the reso
tor. The microwave frequencies whose values coincide w
those of the corresponding resonant frequencies are filt
by the resonator. The rest of the frequencies are reflected
go all the way back through the coaxial cable. This point w

FIG. 1. Magnetization of the Mn12-acetate sample inside th
copper resonant loop as a function of the frequency of a-25 d
microwave radiation. The magnetic moment was recorded wit
magnetic fieldm0H50.3 T, when the thermal bath was at 5 K.
©2003 The American Physical Society02-1
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verified by analyzing the reflection coefficient measured w
the HP8510C network analyzer. For each resonant freque
standing waves are formed in the resonator that live a cer
time t according to the quality factorQ, which may be esti-
mated at each frequency as the ratio between the frequ
at the resonance and the FWHM of that resonance. This
is the characteristic decay time of the energy stored at e
resonant mode and ranges from 1028 to 1027 s for the dif-
ferent magnetization peaks. A part of this energy will dis
pate as heat in the surface of the copper resonator, due t
electrical currents induced, and another part will be direc
absorbed by the magnetic sample.

The energy absorbed by the magnetic molecules can
due to molecular, mostly vibrational levels, hyperfine a
electronic spin transitions. As a result of all these effects,
magnetization of the sample changes and the intensity o
change is related to the amount of energy delivered to
sample at each mode. Similar results have been obta
using different microwave resonators as coaxial cavities
superconducting coils,18 suggesting that strong temperatu
dependent magnetic materials as the molecular cluster
their superparamagnetic regime can be used as spectros
bolometers.

In a second set of experiments we studied the influenc
the microwave absorption on the tunnelling rate
Mn12-acetate at temperatures belowTB . We cooled the
sample down to 2 K, saturated its magnetization in a m
netic field of 3 T, and measured the demagnetization proc
until 23 T while irradiating the sample inside the resonat
The isothermal magnetization data obtained for different
crowave frequencies are shown in Fig. 2. For this experim
we selected those microwave frequencies that produced
same variation in the equilibrium magnetization
Mn12-acetate at 5 K; that is, the microwave power dissipa
in the resonator-Mn12 setup was the same for all the select
frequencies. This fact suggests that the microwave freque
dependence of the isothermal magnetization cannot be
plained only in terms of the pure thermal heating associa
with the microwave power dissipation in the resonator.

To check this point, we should estimate the maximu
thermal heating at 2 K produced by the microwave powe

FIG. 2. Isothermal magnetization curves of the Mn12-acetate
sample inside the copper resonant loop obtained at 2 K for different
microwave frequencies that produced the same amount of d
pated power.
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dissipation at the resonator-Mn12 setup at the different micro
wave frequencies of Fig. 2. However, this kind of measu
ment is pointless, for Mn12-acetate is blocked at 2 K and s
its magnetization is out of equilibrium. Instead we used
single crystal of a Fe8 molecular magnet, which is superpar
magnetic down to 1.5 K,19 and measured the magnetizatio
variation at 2 K for each microwave frequency. The therm
heating estimated for all the frequencies used correspond
a maximum temperature variation in the sample ofDT
5170620 mK. The uncertainty in the heating associated
the different microwave frequencies can therefore not
plain by itself the huge differences observed in the isoth
mal magnetization curves.

Figure 3 shows the relaxation rateG calculated from the
differential susceptibilitydM/dH derived from the curves o
Fig. 2. It is clear from the figure that the induced accelerat
in the relaxation rate at the different microwaves frequenc
depends strongly on the applied magnetic field. For exam
if we look at theM (H) curves corresponding to the freque
cies of 5.72 and 11.15 GHz~topmost and lowest curves!, we
see that the ratio between the tunneling rates for these
frequencies goes from 4.60 atH56.4 kOe (G.9.7631024

and 2.1231024 s21 for 5.72 and 11.15 GHz, respectively!
down to 1.97 atH59.9 kOe (G.1.7731022 and 0.89
31022 s21 for 5.72 and 11.15 GHz, respectively!. The rela-
tive variation of the relaxation rate for the different micr
wave frequencies suggests the presence of two contributi
a first one which is independent of the magnetic field and
due to the absorption of microwaves by the molecular vib
tional modes, and a second one which is field dependent
is due to the microwave absorption by either the hyperfine
the electronic spin levels. The observed acceleration in
tunneling rates for the different microwave frequenc
might be then interpreted by considering the hyperfine c
pling between the electronic and nuclear spins. It has b
shown15,20–23 that the interaction between electronic a
nuclear spins results in certain selection rules for the sim
taneous coflipping of these spins via quantum tunneli
Since the low temperature dynamics of nuclear spins can
very slow, the acceleration of these dynamics by the exte
ac field associated with the microwave power can sign
cantly increase the tunneling rate.

si-

FIG. 3. Magnetic relaxation rates of the Mn12-acetate sample
inside the copper resonant loop calculated from the differential s
ceptibility dM/dH derived from Fig. 2.
2-2



fe
e
i

a
o

te

in
o

us
os
ro

pin
rge

ion
er
spec-
uld
ve
lar

u-

e

B

.S

n,
ou

,

G

-
-

ez,

,

schi,

B

s.

C.

nd

lal,

nd

RAPID COMMUNICATIONS

MICROWAVE ABSORPTION AND MAGNETIZATION . . . PHYSICAL REVIEW B67, 220402~R! ~2003!
Our data actually suggest that tunneling is the most ef
tive cause for explaining the entire demagnetization proc
in Mn12. The experimental fact is that the demagnetization
accelerated by the microwave power not only at reson
fields, but at many different field intensities. The existence
a large distribution of tunneling splitting was first associa
with dislocations8,24 and hyperfine levels,20,22–24and very re-
cently to a discrete form of disorder due to a distribution
the positions of solvent molecules around the periphery
the Mn12 core.25–28This manifests itself as the simultaneo
tunneling from different spin states and could make it p
sible to have that large variation in the demagnetization p
cess of Mn12 due to the absorption of microwave power.
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