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Energy levels and saturation of molecular nanomagnet Fe8 crystals were investigated using a 95 and
141 GHz electron paramagnetic resonance �EPR� technique based on a standard superconducting
quantum interference device �SQUID� magnetometer. The technique provides quantitative
determination of the dc magnetic moment as a function of microwave power, magnetic field, and
temperature. © 2005 American Institute of Physics. �DOI: 10.1063/1.2011793�

Single molecule magnets �SMMs� are of interest as po-
tential components in high density memory storage, quantum
computing,1 and, due to high frequency resonances at low or
no applied magnetic field, spintronics devices: Such as spin-
based oscillators and signal processors.2 Knowledge of the
spin Hamiltonian parameters are generally obtained by high-
field electron paramagnetic resonance �HFEPR� and neutron
scattering measurements.3–7 Current experimental interest are
dynamic quantities such as the relaxation of the spins along
the longitudinal axis, �1, which is a measure of the time for
energy to be transferred from the spins to the phonons, and
the transverse relaxation �2 which is a measure of the time
that individual moments contributing to the transverse mag-
netization remain in phase. At low temperatures, when the
magnetic heat capacity Cm� lattice heat capacity Cph, a pho-
non blockade may arise limiting the heat flow from the
phonons to the cryostat.8–11 We define �ph as the time con-
stant characterizing the transfer of energy from the phonons
to the cryostat, and �b as the time constant characterizing the
energy transfer from the combined system of electron spins
and phonons to the cryostat.8,9 At high temperatures, when
Cm�Cph,�b becomes equal to �1.8,9 Recently, efforts have
been made to measure these dynamical quantities by micro-
�superconducting quantum interference device� SQUID
based magnetometry and micro-Hall magnetometry in the
presence of microwave radiation, as well as by standard
high-field EPR spectroscopy.12–17 We use another new tech-
nique that is based on a standard commercial SQUID mag-
netometer coupled with high-power microwave energy gen-
erated by a klystron. This SQUID-based EPR technique was
previously used to study DPPH and cupric sulfate pentahy-
drate, both simple S=1/2 paramagnetic systems.18,19 Here
we apply this technique to a high spin S=10 system to obtain
qualitative data on �b as a function of temperature, field, and
magnetic quantum state Ms �where Ms denotes the compo-
nent of angular momentum along the easy axis of magneti-
zation� as well as to determine
a lower bound on �2. We study �Fe8O2�OH�12�1,4 ,
7-triazacyclononane�6�Br8 ·9H2O, or Fe8, which has been
well characterized.3–7,10,12–17,20–22 These studies have deter-

mined that the ground state is S=10. There are 2S+1 Ms
energy levels �−10,−9, ¯ 9, 10�. The energy as a function of
moment angle is generally modeled as a double-well poten-
tial with the 10 negative Ms levels on one side and the 10
positive Ms on the other. The height of this barrier has been
shown by ac susceptibility measurements to be about 22
K.20,21

A detailed description of the apparatus is given in Ref.
18. Briefly, we used a commercial SQUID magnetometer
capable of field sweeps from 0 to 7 T and temperature
sweeps of 1.8–400 K to obtain the magnetic moment. A 400
mW klystron operating at 95 GHz or a 141 GHz �100 mW�
klystron generates the microwaves. The sample consisted of
a single crystal ��3 mm3 grown by the typical method�23

with the high symmetry magnetic axis aligned approximately
parallel to the applied dc magnetic field. The alignment was
confirmed by comparison with powder spectra and iterative
rotations to find the peak turning points.

In Fig. 1 is the magnetization as a function of magnetic
field of an Fe8 crystal in the absence �squares� and presence
�stars� of microwave irradiation at 95 GHz at a cooling bath
temperature of Tb=4 K. The exact sample temperature is not
known but it is expected to be greater than Tb. Dips in the
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FIG. 1. Magnetization of a single aligned crystal of Fe8 with �H � z as a
function of magnetic field and microwave irradiation. The inset shows the
percent of suppression as a function of swept field.
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magnetization are spaced at regular intervals. These dips cor-
respond to resonant absorption of the microwave power at
magnetic fields corresponding to the eigenstates of the stan-
dard spin Hamiltonian.3–7,19 The lack of return to the baseline
is attributed to nonresonant microwave heating.

The inset to Fig. 1 shows the suppression of the magne-
tization expressed in percent �1−Mon/Moff��100, where
Mon and Moff are the z axis magnetization in the presence and
absence of microwave irradiation, respectively. These peaks
are assigned to the S=10 ground state and labeled with num-
bers representing the Ms from which the spins are excited by
the �Ms=1 transition; i.e., Ms=−8 represents the transition
from Ms=−8 to −7. Some deviations of the peak positions
from the published spin Hamiltonian values are
observed.3–7,19 These are attributed to small misalignments
and temperature dependent line-shifts from the buildup of
internal dipolar fields.7 These data represent quantitative val-
ues of the magnetization without recourse to normalization
as function of Ms, magnetic field, and known microwave
irradiation power for these high spin systems. The micro-
wave irradiation power is known within only a factor of two
to four.18

For a linearly polarized electromagnetic rf field and a
system at thermal equilibrium the power absorbed Pa �in
W/mol� in a transition between a lower and upper state is
Pa= � 1

2
�����0H1

2 ,� is the angular frequency in rad/s ,�� is
the imaginary component of the transverse susceptibility in
m3/mol, and H1 is the magnitude of the magnetic component
of the oscillating field in A/m, which is proportional to the
square root of the microwave power. For an S=1/2 system
and in conjunction with the classical Bloch solutions for �1 it
can be shown that Pa=�0�0H2�1−Mon/Moff��1

−1, where �0

is the molar dc susceptibility in m3/mol.9,11,18 Hence, for a
S=1/2 system by measuring the percent suppression and Pa
in the low power linear region one can explicitly determine
the energy transfer time as outlined in Refs. 11 and 18. How-
ever, for higher spin systems a quantum mechanical ap-
proach is essential and the absorbed power in W , Pabs, for a
transition between states Ms and Ms−1 can be written:9

Pabs = 1
8 �Ni − Nj��	
�����0H1�2�J�J + 1� − Ms�Ms − 1��f ���

�1�

where Ni and Nj are, respectively, the populations of the
lower and upper states, J is the total angular momentum and
f ��� is a shape function in seconds. Equation �1� predicts that
power absorption should be: Linear with H1

2 when Ni�Nj;
nonlinear with H1

2 as Nj populates and �N becomes a com-
plex function of H1

2; approach zero as Nj approaches Ni; and
strongly Ms dependent. The population difference �N is a
function of temperature, magnetic field strength, and a bal-
ance between the upward transition rate induced by the H1
field and the downward relaxation rate �b. The �b is depen-
dent on the Ms of the relaxing spin levels,24 as well as the
factors outlined in the introduction. At low temperatures in
the presence of a phonon blockade the temperature of the
sample may be a function of the microwave power compli-
cating the �N term. At higher temperatures the excited states
such as S=9 which is 24 K above the ground state would
need to be considered.6

In Fig. 2 we plot the percent of magnetic suppression as
a function of incident microwave power for the Ms=−8,
−7,−6,−5 transitions. Despite the complications of heating

from a phonon blockade these data can be qualitatively ex-
amined in the light of Eq. �1�. There are three relaxation
regimes, as marked �the dotted lines are guides for the eyes�:
Low and medium power linear regimes �Ni�Nj� and a high-
power �Ni�Nj� nonlinear regime. For higher energy levels
the system becomes more difficult to saturate. Suppression of
the magnetic moment by 80% is attainable under these con-
ditions for the Ms=−8 to −7 transition. This value is consid-
erably larger than the 5% suppression expected if the two
levels are completely saturated �Ni=Nj�. Upper excited states
must then be populated. The transition from the low to me-
dium power linear regimes is attributed to the transition from
mostly photon generated transitions and relaxation between
two levels to photon excitation followed by phonon-assisted
processes over many levels. These data show Pabs is not a
simple product of a two level resonance and the �N term in
Eq. �1� is a complicated function of many energy levels.

In Fig. 3 we plot the percent suppression as a function of
magnetic field for microwave irradiation of 141 GHz at 4 K
�stars� and 10 K �solid line�. A temperature-dependent low-

FIG. 2. The percent of suppression as a function of magnetic quantum
number and microwave power at bath temperature of 4 K and 95 GHz.

FIG. 3. A semilog plot of the percent of suppression as a function of swept
field at two bath temperatures, 4 �stars� and 10 K �line�, and microwave
irradiation. The inset shows the �H1/2 as a function of Ms.
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field peak 1 T is present. We find that this peak is en-
hanced in powder spectra and thus attribute it to sample de-
pendent impurities or conformations of Fe8 resulting from
solvent loss. The appearance of a peak at zero field is attrib-
uted to nonresonant heating, in good bath conditions, i.e.,
liquid helium, it is diminished. At 4 K, only the lower states
Ms=−10 to −6 are sufficiently populated to allow power
transfer. At 10 K, thermal population of the excited levels
produces additional maxima in the field sweep corresponding
to EPR �Ms=1 resonances over the range of Ms=−10 to −2.
In the inset of Fig. 3 we show the width at half-height,
�H1/2, at 10 K �circles� and 4 K �triangles� as a function of
Ms. In agreement with conventional EPR work,6,7 the line-
widths decrease rapidly as a function of 	Ms	. Linewidths
found by this method are about 35% broader at 10 K than
those determined by conventional EPR.6,7 It is currently un-
clear why. Small misalignments and sample degradation can
dramatically increase linewidths. One can estimate a lower
bound on the coherence times from the linewidths such that
�2�2/ ���H1/2�, i.e., for the Ms=−3 transition the lower
bound to �2 is 3�10−10 s , in rough agreement with conven-
tional EPR results.4–7

Figure 4 shows the temperature dependence of the per-
cent suppression of the magnetization of the Ms=−8 and −7
transitions. The Ms=−7 level shows a monotonic increase
whereas the Ms=−8 level shows a clear maximum in the
percent saturation at �2.3 K. We attribute this, at least
partly, to thermal population of these states �Ni� increasing as
the temperature increases, allowing more power absorption
�see Eq. �1�� and hence more suppression of Mz. When the
Boltzmann distribution has sufficiently populated the Ms=
−8 state such that thermal population is not dominating
power transfer, when the bath temperature is Tb�2.5 K, the
percent suppression begins to decrease. The decrease in per-
cent suppression and thus �b with increased temperature is
typical of the main EPR spin lattice relaxation processes.9,18

The large magnitude of the magnetization suppression indi-
cates significant population of upper excited states.25 At
these low temperatures, nonresonant heating and phonon
blockades resulting in large resonant heating and can be in-
voked. However, measurements also show anomalous large

suppression at 35 K. At high temperatures the phonons
should be in equilibrium with the bath, and other mecha-
nisms may be involved; for instance, cross relaxation.26,27

We find this method to be a useful complement to the
micro-SQUID and micro-Hall based techniques, in that it is
�a� based on a standard SQUID-magnetometer, hence a quan-
titative method, �b� is a bulk technique, as opposed to a
micro-crystal methodology and �c� easily used over a broad
range of temperatures and fields �d� and for S=1/2 systems
explicit determination of �1 can be obtained.11,18
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